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Abstract         Part I 

 

Introduction: Around 3-7% of Non-Small Cell Lung Cancer (NSCLC) patients harbor 

rearrangements in the Anaplastic Lymphoma Kinase (ALK) gene. ALK inhibitors 

(ALKi) approved by FDA are potent in reducing tumor growth and extending survival 

of lung cancer patients. However, most of the tumors invariably relapse. In recent 

years, Immune Checkpoint Inhibitors (ICI) have shown dramatic changes in the 

treatment of advanced NSCLC. However, their efficacy varies among different 

immune and molecular profiles. Particularly, the clinical significance of ICI for ALK-

driven NSCLC has been controversial. Not only PD-L1 expression but also tumor-

infiltrating lymphocytes (TILs) correlate with the efficacy of ICIs and ALK-driven 

NSCLC display a tumor environment in which PD-L1 is expressed through ALK 

signaling and TILs are low. Previously, we designed an ALK-DNA-based vaccine 

directed against the cytoplasmic portion of the human ALK (hALK) and demonstrated 

the capability of hALK to elicit a strong CD8+ T-cell response in BALB/c mice that 

blocks tumor growth. In our preclinical mouse models, triple combination of ALKi, 

ICIs and vaccination, has shown to be more effective than other treatment combination.  

 

Methods: First, we evaluated the synergistic effect of ALKi in combination with ICIs. 

Lung tumor volume was measured by MRI in EML4-ALK transgenic (Tg) mice which 

express the hALK and in mice where tumors with the EML4-ALK translocation were 

induced in vivo by CRISPR/Cas9 system (Ad-EA mice; expressing the murine ALK 

[mALK]). Mice were stratified before treatment based on the total tumor volume and 

enrolled into 14, 30 or 60 days of ALKi (crizotinib or lorlatinib) with or without ICIs 

treatment (either anti-PD-1 or anti-PD-L1). Second, we generated a syngeneic hALK-

expressing cell line by transducing an immortalized cell line generated from Ad-EA 

mice with the hEML4-ALK full length. Mice were injected subcutaneously and enrolled 

into 14 or 30 days of ALKi (lorlatinib) with anti-PD-1 and with or without the ALK 

vaccine.  

 



vi 
 

Results: Tg EML4-ALK mice showed reduced tumor progression when treated with a 

combination of crizotinib and ICIs as compared to mice treated with crizotinib alone. 

Ad-EA mice treated with lorlatinib combined with anti-PD-1 showed a significantly 

slower tumor progression when compared with mice treated with lorlatinib alone in all 

treatment protocols (14, 30 or 60 days of treatment) (*P<0.05, to Mann-Whitney U test), 

however, this effect was transient and lost during follow-up. The triple combination of 

lorlatinib, anti-PD-1 and ALK-DNA-based vaccine eradicated cells expressing hALK 

much more efficiently than the lorlatinib+anti-PD-1 double combination in 

subcutaneous tumors grown in syngeneic mice. Importantly, disseminated metastases 

were completely abrogated by triple combination of lorlatinib, anti-PD-1 and DNA-

based ALK vaccine compared to lorlatinib+anti-PD-1 double combination (0% vs 

83.3%). 

 

Conclusions: Mouse models confirmed preliminary observations in ALK-rearranged 

NSCLC that the addition of ICIs to an ALK inhibitor has limited effect. In this context, 

the addition of an ALK vaccine strongly potentiates the therapeutic activity of ALK 

TKIs and prevents metastatic dissemination of ALK+ lung cancer cells. 

 

 

 

 

 

 

 

 

 

 

Keywords: Anaplastic Lymphoma Kinase (ALK); ALK inhibitors (ALKi); ALK 

DNA-based vaccine; Immunotherapy; Non-Small Cell Lung Cancer (NSCLC); anti-PD-

1; anti-PD-L1.  
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Abstract          Part II 

 

Introduction: Several evidences show that Anaplastic Lymphoma Kinase (ALK) is able 

to generate per se an immune response. The presence of anti-ALK antibodies in 

Anaplastic Large Cell Lymphoma (ALCL) patients’ serum, together with the 

identification of several HLA-A2.1 restricted CD8+ T-cell epitopes in neuroblastoma 

and ALCL cell lines, show us the ability of ALK protein to elicit a humoral and cellular 

immune response. It is also known that PD-L1 expression is upregulated through ALK 

signaling in NSCLC cell lines. Even though all facts suggest that patients with ALK-

driven tumors were suitable for immune checkpoint inhibitors therapy, several clinical 

trials have shown disappointing results. One aspect that can hamper the activity of 

immune checkpoint is the low number of cytotoxic T-cells that infiltrate the tumor. In 

our orthotopic tumor transplantation mouse model we were able to increase the 

number of CD8+ T-cell by vaccinating mice with the ALK-specific-CD8+ T-cell peptide 

and consecutively, extend substantially the overall survival of the mice.  

 

Methods: First, we performed an in vitro screening by using splenocytes isolated from 

mice immunized with the previously used hALK-DNA-based vaccine and pulsed with 

21 synthetic long peptides in order to identify the exact CD8+ T-cell epitope. Once 

identified the epitope, we have genetically modified a murine cell line that expresses 

the endogenous mEML4-ALK in order to express the human ALK immunogenic 

epitope. Once edited, this cell line was able to generate a spontaneous CD8+ T-cell 

response in BALB/c background. Sequentially, this cell line was used in an orthotopic 

tumor transplantation model. Mice were intravenously injected and consecutively 

enrolled into 15 days of ALKi (lorlatinib) either with anti-PD1, or anti-CTLA-4 or 

peptide vaccine.  

 

Results: We have identified the human ALK-specific-CD8+ T-cell epitope that 

generates an immune response in BALB/c mice. By using a genomic edited cell line that 

expresses the specific identified epitope, we were able to develop an orthotopic tumor 

transplantation mouse model. Vaccinated mice presented a significantly overall 
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survival extension. However, in vaccinated mice that relapsed, tumor cells have lost 

MHC-I expression. In all vaccinated cohorts, brain metastases were not observed.  

 

Conclusions: Our orthotopic mouse model has confirmed that by increasing the 

number of ALK-specific-CD8+ T-cells through vaccination, mice survival was greatly 

extended. Also, our data confirmed preliminary observations in preclinical ALK-

rearranged NSCLC mouse models that the addition of a strong immune response, 

completely abrogate brain metastasis.  
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 “To be great, be entire: nothing 

yours exaggerate or exclude. 

Be whole in everything. Put all you are  

Into the smallest thing you do. 

So, in every pond the whole moon shines 

Because it blooms up above.” 

 

Ricardo Reis 
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1) Introduction 

 

 Anaplastic Lymphoma Kinase (ALK) is a validated molecular target in several 

ALK-driven malignancies, particularly in 3-7% of Non-Small-Cell Lung Cancer 

(NSCLC) patients. The discovery of ALK rearrangements in this small percentage of 

lung cancer patients has generated considerable interest and effort in developing ALK 

inhibitors (ALKi). However, the clinical benefit observed in targeting ALK in NSCLC 

either with first/second- or third-generation of ALKi is almost universally limited by 

the emergence of drug resistance.  

 The elucidation of the diverse mechanisms through which resistance to ALKi 

emerge has led us to a dead end. The more potent the ALKi is, the more difficult it is to 

overcome the resistance mechanism that arises from it. Thus, possible therapeutic 

strategies that may overcome the development of resistance are urgently needed for 

these patients.  

 In recent years, immunotherapy has given a new hope to cancer patients, more 

precisely to melanoma and lung cancer diseased. Immunotherapy is based in the 

principal that the immune system is able to recognize a tumor as a malignant mass but 

it has lost the ability to fight against it due to the escape mechanisms that cancer cells 

develop after encounter the immune system.  

 Now-a-days, several publications attest that ALK expression is able to generate 

a humural and cellular immune response. Not only anti-ALK antibodies in serum of 

patients but also ALK-specific CD8+ and CD4+ T-cells responses have been described in 

patients across ALK malignancies, and vaccination with an ALK-DNA-based vaccine 

has led to protection against Anaplastic Large Cell Lymphoma (ALCL) and NSCLC in 

murine models. All together, these data suggest that the ALK-specific immune 

response is involved in the control of the disease [1].  

 The scope of this thesis is the development of new immunotherapeutic 

approaches for ALK-driven NSCLC using murine models. 

 To fully understand it, in this introductory chapter, the reader will be 

conducted through the state-of-art of ALK-driven NSCLC. For that, I will start by 

explaining the importance of Receptor Tyrosine Kinases (RTK) in oncogenesis, 
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followed by what it is known regarding the physiologic role of ALK and its role in 

cancer. Next, the reader will be elucidated regarding ALK-driven NSCLC patients’ 

features, which treatment lines are available and which problems the cliniscians face 

when there is no other treament option. Finally, the immunology concepts behind 

ALK-driven malignancies will be reviewed by stepping back in tumor immunology 

history and knowlodge to understand how we can develop, now-a-days, 

immunotherapeutic approaches that possibly will overcome ALKi resistance 

mechanisms.  
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A1) Protein Tyrosine Kinases  

 

 One of the fundamental mechanism by which cells in multicellular organisms 

communicate is the biding of polypeptide ligands to cell surface receptors that carry 

tyrosine kinase catalytic activity. The enzymes that carry out this mechanism are the 

protein tyrosine kinases (PTKs). The specific reaction catalyzed by PTKs is the transfer 

of the γ phosphate of ATP to the hydroxyl group of a tyrosine residue in a protein 

substrate. Consequently, tyrosine residue phosphorylation is the result of intercellular 

communication, which modulates enzymatic activity and creates biding sites for the 

recruitment of downstream signaling proteins [2].  

 There are two classes of PTKs: (I) the transmembrane receptor PTKs and (II) the 

non-receptor PTKs. The transmembrane receptor PTKs, or simply known as receptor 

tyrosine kinases (RTKs), are membrane glycoproteins involved in controlling a wide 

range of complex biological functions, including cell growth, mobility, differentiation, 

and metabolism [2, 3]. The human genome encodes 58 RTKs [4] which are further divided 

into 20 subfamilies, including the receptor for insulin and many growth factors, such as 

the epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived 

growth factor (PDGF), vascular endothelial growth factor (VEGF), and nerve growth 

factor (NGF), among others (figure 1) [2, 5, 6]. 

 Due to the fact that RTK are critical components of cellular signaling pathways, 

their catalytic activity is strictly regulated, and the need for such tight regulation is 

emphasized by the numerous RTKs that have been identified as oncogenes. Given the 

recent advances of the genomic era and the implementation of next-generation 

sequencing (NGS) in cancer research and clinical routine practice, mutational 

landscapes have been established in almost all types of human tumors, reveling the 

presence of several different types of alterations in genes encoding RTKs, such as ALK, 

EGFR, HER2/ErbB2, MET, amongst many others [7].  

 The second class of PTKs is a large family of non-receptor tyrosine kinases 

(NRTKs) or also known cytosolic TK, which includes Src, the Janus kinases (Jaks), and 

Abl, etc. The NRTKs are integral components of the signaling cascades triggered by 

RTKs and by other cell surface receptors such as G protein-coupled receptors [2]. Even 
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though NRTKs can also have a key role in oncogenicity, they are not the main subject 

of this thesis; therefore their role as oncodrivers will not be mention.  

 

A1.1) Receptor Tyrosine Kinase structure, activation and regulation 

 

 In general, RTKs exhibit similar structure. They consist of a ligand-biding 

extracellular hydrophilic domain (which recognizes the polypeptide ligands), followed 

by a hydrophobic transmembrane helix (also called transmembrane domain [TMD], 

that makes the embedding possible within the lipid bilayer of the plasma membrane), a 

juxtamembrane (JM) region and a cytoplasmic portion (that possesses tyrosine kinase 

catalytic activity) and, finally, a flexible carboxyl-terminal (C-terminal) tail (that is 

dedicated to signal transduction within the cell). Typically, ligands are soluble and the 

binding to their receptor is specific, reversible and involves a large number of low-

energy bonds (hydrogen, ionic, hydrophobic, and Van der Waals). The vast majority of 

RTKs exists as a single polypeptide chain and is monomeric in the absence of the 

ligand.  

Briefly, extracellular domains (ECD) vary between subfamilies, with different 

binding motifs that specify ligand recognition and assembly. Through such diversity, 

the receptors are able to bind ligands with high specificity, preventing unwanted signal 

amplification and increasing signal precision. Characteristically, ECDs of RTKs contain 

globular domains such as immunoglobulin (Ig)-like domains, fibronectin type III-like 

domains, cysteine-rich domains, and EGF-like domains. The organization of the 

cytoplasmic portion is simpler and more conserved through receptor families. The JM 

and the C-terminal tail regions differ in size and tyrosine content among family 

members, and these differences generate and propagate different intracellular signals [2, 

8-10]. Both regions, together with the tyrosine kinase insert, contain tyrosine residues 

that in normal conditions are autophosphotylated upon ligand binding [2].  
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Figure 1 - Receptor Tyrosine Kinase Families. Human receptor tyrosine kinases are divided into 20 

families, shown here schematically with the family members listed beneath each family. Structural 

domains are marked according to Lemmon MA, et al [11]. Created with biorender.com.  

 

Even though each RTK family has their own characteristics, the classical model 

of RTK activation requires two steps:  

1) The enhancement of intrinsic catalytic activity and; 

2) The creation of binding site to recruit downstream signaling proteins.  

As a consequence of ligand-biding, the autophosphorylation of tyrosine 

residues within the kinase domain activation loop, results in stimulation of kinase 

activity and autophosphorylation of tyrosine residues in the juxtamembrane, in the 

kinase domain itself, and in the C-terminal region, generating biding sites for modular 

domains that recognize phosphotyrosine in specific sequence contexts [11-14].  
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 Downregulation of RTKs occurs via several processes, including receptor 

mediated endocytosis [15], ubiquitin-directed proteolysis [16], and the action of NRTKs 

[17]. In the next paragraphs, it will be discussed the known mechanisms of 

dysregulation of RTK in cancer.   

   

A1.2) Mechanisms of receptor tyrosine kinase activation in cancer  

  

 The RTK activity is tightly balanced under normal physiologic conditions [18], 

nevertheless, the acquired dysregulation of RTKs results in the disruption of the 

balance between cell growth/proliferation and cell death [11, 19]. This abnormal RTK 

activation in cancer is mediated by four principal mechanisms: I) gain-of-function 

mutations, II) genomic amplification, III) chromosomal rearrangements and IV) 

autocrine activation (figure 2A) [3, 11].  

 

A1.2.1) Activation by gain-of-function mutations  

 

It is known that gain-of-function mutations in RTKs lead to abnormal 

downstream signal transduction, escaping to the normal “checks and balances” that 

occur in the normal physiological signaling. These mutations that confer a selective 

growth advantage to the cells are defined as “driver mutations” and their identification 

and functional characterization have shed light on the understanding of cancer 

initiation and progression, providing potential opportunities for targeted treatments [7]. 

These somatic or germline mutations can occur in any domain of RTK and 

typically cluster in evolutionally conserved residues, such as the DFG motif in the 

kinase activation loop and around the nucleotide-binding pocket. 
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Figure 2 - Mechanisms of physiological and 

oncogenic RTK activation. A) Schematic 

representation of the RTK activation in 

normal conditions. RTKs are activated 

through formation of inter-molecular 

dimerization upon ligand-binding, resulting 

in kinase activation and phosphorylation of 

the C-terminal tail. B) Schematic 

representation of gain-of-function point 

mutations in all subdomains of an RTK. The 

point mutations lead to constitutive 

activation of the RTK, usually in the absence 

of the ligand. C) Overexpression of RTKs as 

a result of genomic amplification of the RTK 

gene, leading to increased local 

concentration of receptors. D) Chromosomal 

rearrangements resulting in the formation of 

a hybrid fusion oncoprotein consisting 

partly of the RTK and partly of the fusion 

partner. These proteins can be membrane 

bound (left side of the figure) or cytoplasmic 

(right side of the figure) depending on the 

location of the genomic breakpoint. In either 

case, the result is an activated kinase 

domain. E) Duplication of the tyrosine 

kinase domain that can possibly form an 

intra-molecular dimer in the absence of 

ligands, resulting in RTK activation. F) 

Autocrine activation of RTK signaling. Local 

increased concentration of ligand activates 

de RTK, resulting in RTK dimerization and 

increased kinase activity, and 

phosphorylation of the C-terminal tail. 

Figure and legend adapted from Du and 

Lovly, Molecular Cancer (2018) [3].
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Those conserved residues (D, F, and G) are known for playing key roles in the 

ATP binding and catalytic activity [20, 21].  

One example is the somatic EGFR mutations. The entire EGFR TKD is encoded 

by exons 18-24 and mutations predominantly cluster among exons 18-21 (which are 

adjacent to the ATP-binding pocket) [22]. Around 90% are small in-frame deletions 

within exon 19 or L858R point mutation within exon 21 [23-25]. This mutation 

constitutively activates the kinase domain and, consequently, the downstream 

signaling, giving rise to oncogenic properties [22, 26, 27].  

Mutations in the TMD of RTKs are also described in the literature. One example 

is the HER2 G660D and V659E mutations in the TMD of the HER2 receptor in non-

small cell lung cancer (NSCLC) [28]. These mutations disturb specific protein-protein 

and protein-lipid interactions within the HER2 TMD, which are essential for the correct 

receptor dimerization [29].  

Mutations within the JM domains bring auto-inhibitory juxtamembrane 

interactions and consequently hyperactive the RTKs, such as Kit V560G and PDGFRα 

V561D mutation in GIST (figure 2B) [30].  

 

A1.2.2) Overexpression and genomic amplification 

 

 Overexpression and genomic amplification leads to increased local 

concentration of the receptor, which results in elevated RTK signaling, overwhelming 

the antagonizing regulatory effects [3, 31].  

 Gene amplification is characterized by the increased number of copies of a 

define RTK genomic region and might be influenced by common chromosomal fragile 

sites, defects in the DNA replication, or telomere dysfunction [32]. It can occur as 

extrachromosomal elements (which tend to result in high level amplification with more 

than 25 copies), repeated units at a single locus (distributed in a tandem fashion) or 

distributed throughout the genome (distributed insertions that tend to low level 

amplification with 5 to 25 copies) [33, 34]. 

 Several RTKs genomic amplification have been reported in lung cancer, such as 

ALK, EGFR, ERBB2 and MET [32, 35, 36]. Other RTK amplifications include FGFR1 in lung 

and breast cancer [37, 38], FGFR3 in breast and bladder cancer [39, 40], ERBB4 in breast and 
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gastric cancer [41, 42], FLT3 in colorectal cancer [43], c-Kit in melanoma and 

GastroIntestinal Stromal Tumor (GIST) [44, 45], and PDGFRα in Glioblastoma (GBM) [46].  

Finally, RTK amplification can also happen either in the context of a wild-type 

(WT) or a mutated allele. For instance, EGFR amplification was found to occur 

preferentially on the mutated allele in EGFR-mutant lung cancer [47]. RTK genomic 

amplification can also act as an avenue for tumor cells to escape target therapies. For 

example, MET, HER2 and ALK amplification can be detected in ALK-driven lung 

cancers that became resistant to ALK inhibitors therapy [48]. 

 Although gene amplification is the major mechanism by which RTKs get 

overexpressed, additional mechanism of overexpression comprise 

transcriptional/translational enhancement [49, 50]: oncogenic viruses, or the loss of normal 

regulatory mechanisms such as phosphatases [51] or other negative regulators (figure 

2C) [52, 53].  

 

A1.2.3) Chromosomal rearrangements  

 

 The importance of identifying chromosomal rearrangements (figure 2D), which 

lead to the formation of novel tyrosine kinase fusion oncoproteins, is underscored by 

the fact that these aberrant fusion proteins are often therapeutically targetable with 

small-molecules inhibitors [54-56].  

 The first tyrosine kinase fusion identified was BCR-ALB, characteristically 

found in patients with Chronic Myeloid Leukemia (CML) and in some patients with 

Acute Lymphoblastic Leukemia (ALL) [57-59]. This chromosomal rearrangement (the so 

called “Philadelphia Chromosome”) is the result of the t(9;22)(q34;q11) which fuses the 

gene encoding the ABL1 tyrosine kinase on chromosome 9 to the BCR gene on 

chromosome 22, forming the BCR-ABL fusion oncoprotein [59]. With the discovery of 

fusion oncoproteins, the treatment of patients bearing such chromosomal aberrations 

was revolutionized and the first tyrosine kinase inhibitor that was developed and 

approved by the United States (US) Food and Drug Administration (FDA) was 

imatinib that specifically targets the ABL kinase [60, 61].  Whereas the Philadelphia 

Chromosome occurs exclusively in leukemia, many others subsequently discovered 

tyrosine kinase fusions occur in multiple tumor types, both hematologic and solid 



11 

Chapter I - Introduction  

 

 
Immunotherapeutic approaches for ALK-driven Non-Small-Cell Lung Cancer (NSCLC) – Inês Mota 

malignancies. For instance, the t(2;5)(p23;q35) fuses the gene encoding ALK tyrosine 

kinase on chromosome 2 to the NPM gene on chromosome 5, forming the NPM-ALK 

fusion oncoprotein [62] and it is found in approximately 50% of the anaplastic large cell 

lymphoma (ALCL) [48, 63]. Similar ALK tyrosine kinase fusions have been found in other 

tumor types, particularly ALK rearrangements in 3-7% of NSCLC [64, 65], approximately 

50% of all inflammatory myofibroblastic tumors (IMT) [66, 67], as well as small 

percentages in colon cancer [54, 68, 69], thyroid cancer [54, 70], and several other types of 

malignancies [48, 54, 62, 71]. Several other tyrosine kinase fusions have been described, such 

as those that incorporate EGFR [54, 72], HER2 [73], MET [54, 74], PDGFRα [75] PDGFRꞵ  [54, 67], 

ROS1 [54, 76, 77], RET [54, 78, 79] that are found in a wide panoply of tumor types, such as 

sarcoma, melanoma, gliomas, thyroid, lung, colon, breast, head and neck cancer, etc. 

[54].  

 Numerous risk factors have been considered to contribute to the chromosomal 

rearrangements events. Those include exposure to ionizing radiation [80, 81], 

topoisomerase poisons [82] and oxidative stress [83]. However, the precise molecular 

mechanisms remain elusive.  Notwithstanding the variety of tyrosine kinase fusions 

described, the resultant structure of the fusion proteins conserves similarity among 

them. Fusions can occur either in the N-terminal or the C-terminal of the RTK, and in 

both cases, the TK domain is preserved. In case the genomic breakpoint occurs 

downstream the exons that encode the full kinase domain (with preservation of the 

ECD, TMD, and JM domains), the resultant fusion protein functions as a membrane-

bound receptor, as it is in the case of the EGFR-RAD51 fusion protein [72]. However, if 

the genomic breakpoint occurs upstream the exons encoding the full kinase domain 

but with loss of the ECD, TMD and JMD, then the resulting fusion protein will not be 

membrane bound. Typically, such fusion proteins are localized in the cytoplasm, as it 

is in the case of EML4-ALK fusion protein [64].  

 An additional characteristic of kinase fusions is the occurrence of multiple 

fusion partners within the same disease [54, 67, 84]. For example, there are up to 10 known 

ALK fusion partners found in ALCL, including NPM1 (5q35.1), TPM3 (1q21.3), ATIC 

(2q35), TFG (3q12.2), TRAF1 (9q33.2), CLTC (17q23.1), RNF213 (17q25.3), TPM4 

(19p13.1), MYH9 (22q12.3), and MSN (Xq12) [48].  
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 Albeit the variety of the translocation partners, all of them share three features: 

1) The regulatory unit of the fusion partner is the one dictating the expression of the 

fusion, which places the tyrosine kinase oncoprotein under the endogenous 

promoter of the fusion partner [68, 85]; 

2) Most fusion partners contribute with an oligomerization domain that will promote 

ligand independent constitutive activation of the kinase [54, 86]. It is known that the 

most common oligomerization domains that were found in the fusion partners are 

coiled-coil domains. One example is EML4-ALK detected in NSCLC, which 

homodimerizes due to a coiled-coil domain in EML4 [64]. In case the coiled-coil 

domain is disrupted, the EML4-ALK fusion protein losses the ability of 

transforming cells [64]; 

3) The subcellular localization of the fusion protein is determined by the fusion 

partner [87, 88], and it might have profound effects on the protein interactions that the 

fusion will encounter, which might affect activation, signaling, function, and 

degradation of the fusion protein. As a result, tyrosine kinase fusion proteins can 

regulate similar cell signaling pathways as the “parental” RTK, such as 

RAS/MAPK, PI3K/AKT, and JAK2/STAT [67, 72], and/or possibly even new pathways, 

based on their altered cellular localization.  

 

A1.2.4) Constitutive activation by kinase domain duplication  

 

 Another known mechanism of constitutive activation of RTK is the intragenic 

partial duplication, which is a type of chromosomal rearrangement that confers cancer 

cells the ability to acquire new protein isoforms (figure 2E) [89]. One type of intragenic 

partial duplication is the kinase domain duplications (KDDs). It is known that these 

duplications are a method by which species introduce genetic novelty or redundancy, 

turning them, in this way, more adapted to environmental conditions. One example is 

the oncogenic EGFR-KDD that has been reported in human cancers such as NSCLC, 

gliomas, sarcoma and Wilms’ tumor [90, 91]. EGRR-KDDs have also been reported in 

post-treatment biopsy of patients treated with afatinib, which suggests that KDD can 

also be involved in the acquired resistance of EGFR TKI [92].  



13 

Chapter I - Introduction  

 

 
Immunotherapeutic approaches for ALK-driven Non-Small-Cell Lung Cancer (NSCLC) – Inês Mota 

 The mechanism of activation of KDD variants involves constitutive intra-

molecular dimerization; therefore, signaling can be activated in a ligand independent 

manner [90].  

 

A1.2.5) Autocrine activation 

 

The constitutive autocrine activation can lead to clonal expansion and tumor 

formation [93], and this phenomenon has been well characterized (figure 2F) in diverse 

types of cancers, including TGFα-EGFR [94], HGF-MET [95, 96], and SCF-KIT autocrine 

loops [97-99]. RTK autocrine loop may work synergistically with other autocrine growth 

pathways and drive tumor development [97]. Autocrine pathways could act as a rational 

target for cancer therapy [94]. For example, ligand/receptor autocrine loops renders 

EGFR-mutant lung cancer cells less sensitive to EGFR TKI inhibition [100]. 

 

A1.2.6) Other mechanisms  

 

 There are emerging mechanisms described in the literature that are responsible 

for the constitutive activation of RTK. One of such is the MicroRNAs that can directly 

modulate the expression of RKTs and function as both tumor suppressors and 

oncogenes [101]. It has been reported that MicroRNAs inhibitors could have synergist 

effects when combined with, for instance, monoclonal antibody against EGFR, 

improving the treatment outcome in GBM [102]. Also, MicroRNAs could function as 

potential prognostic markers and assist in patient stratification [102]. Therefore, a better 

understanding of the involvement of MicroRNAs in RTK signaling may have future 

implications in cancer detection, therapy and prognosis.  Another mechanism that has 

been described is the alteration in the tumor microenvironment. This mechanism has 

been notable due to the advances made in the last decade in the recognition of the 

importance of the tumor microenvironment [103].  One example is the RET and GFRA1 

that have been shown to be expressed in stromal cells of the bone marrow 

microenvironment and associate with the development of Acute Myeloid Leukemia 

(AML) [104]. Therefore, RTKs activation in the tumor microenvironment may represent 

an attractive potential target for drug design.  
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B1) Anaplastic Lymphoma Kinase (ALK)  

 

 The Anaplastic Lymphoma Kinase (ALK) was original identified in 1994. ALK 

acquired transforming capability was described when truncated and fused with 

nucleophosmin (NPM) as a result of the t(2;5)(p23;q35) chromosomal rearrangement 

associated with Anaplastic Large Cell Lymphoma (ALCL) [105].  

 Now-a-days, several point mutation and chromosomal rearrangements, which 

lead to enhanced ALK activity, have been described in the literature together with their 

implications in a wide number of cancer types. Most likely, it was EML4 (echinoderm 

microtubule-associated protein like 4)-ALK fusion protein, reported for the first time 

back in 2007 by Soda and collaborators in a subset (3-7%) of Non-Small-Cell Lung 

Cancer (NSCLC) [64], together with the identification of activating point mutations in 

neuroblastoma that have highlighted ALK as a significant player and target for drug 

development in cancer [35, 36]. In this subchapter, I will address the physiologic role of 

ALK across species, and in disease.  

 

B1.1) ALK conserved structure, function and signal transducing 

through species  

 

The characteristics of the full-length ALK were not revealed until 1997 when, 

for the first time, it was reported by two groups [106, 107] in simultaneous. Based on its 

overall characteristics, initially ALK was categorized in the insulin receptor 

superfamily but now-a-days it has its own RTK family together with LTK receptor [8, 11, 

106-108].   

ALK display classical structural features of RTKs, consisting of an extracellular 

ligand-binding domain, a transmembrane region followed by an intracellular tyrosine 

kinase domain (figure 3) [106, 107]. 

In humans, the ALK gene is located on the chromosomal region 2p23 and 

encodes a protein of 1620 amino acids, approximately 180 kDA. However, as a result of 

post-translational modifications such as N-linked glycosylations, ALK full-length 

protein migrates at approximately 220 kDa on SDS/PAGE [106, 107].  
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 Structurally, the ALK extracellular region contains a unique combination of 

domains among the RTKs families. It exhibits an N-terminal signal peptide that is 

followed by two MAM (meprin, A5 protein and receptor protein tyrosine phosphatase 

µ) domains, an LDLa (low-density lipoprotein 

class A) motif and a large glycine-rich region 

that is proximal to the membrane (figure 3) [106, 

107, 109, 110]. Even though LDLa mediates the 

biding between the LDL receptor and LDL [111, 

112], suggesting a potential role in ligand 

binding for this domain of ALK, its function 

on ALK has an unknown function.  

 The MAM domains are thought to 

participate in cell-cell interactions [113], but, as it 

is with the LDL domains, their function in 

ALK is still unclear. However, MAM domains 

importance is emphasized in studies using 

Drosophila melanogaster in which a point 

mutation altering a highly conserved aspartic 

acid residue in the MAM domain to arginine 

renders dALK (Drosophila ALK) inactive [114]. 

The function role of the glycine-rich domain in 

the extracellular domain of the full-length ALK has also been reported in Drosophila 

melanogaster. Several loss-of-function dALK mutants display point mutations that 

convert a single glycine residue within the glycine-rich region into an acidic amino acid 

[114].  

 ALK receptor structure organization is conserved throughout evolution, having 

the highest conservation within the kinase domain. Actually, mouse and human ALK 

show 87% overall homology at the protein level, and more importantly, within the 

kinase domain they differ at only four amino acids. However, even though both mouse 

and human ALK are very similar, it should be mention that human ALK contains one 

extra tyrosine residue, Tyr 1604, which has been implicated in tumor progression [115].  

Figure 3 - Domain structure of human ALK 

and human LTK. The N-terminal region of 

human ALK (hALK) comprises two MAM 

domains (amino acids 264–427 and 480–

626), one LDLa domain (amino acids 453–

471) and a glycine rich (G-rich) region 

(amino acids 816–940). A transmembrane 

(TM) which connects the extracellular 

region with the tyrosine kinase (TK) 

domain (amino acids 1116–1383). The 

closest family member, LTK (hLTK), is 

illustrated with the corresponding regions. 

Figure and legend according to R. H. 

Palmer Biochem. J. (2009) [1]. Created with 

Biorender.com. 
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B1.1.1) Drosophila melanogaster ALK (dALK) 

 

 Studies performed in Drosophila melanogaster have been shown the in vivo 

function of ALK [109]. During embryonic development of D. melanogaster, dALK plays 

an important role in the formation of the visceral musculature of the gut [114]. In the 

absence of dALK, fruit fly embryos hatch into gut-less larvae and consequently die due 

to a lack of specification of a particular cell type in the developing gut musculature of 

D. melanogaster embryos [116-118]. The dALK signal transduction pathway in D. 

melanogaster WT is activated through the binding of the Jeb (jelly belly) ligand to a 

specific set of cells in the embryonic visceral mesoderm (the so called founder cells), 

that in turn is fused with competent myoblasts to give rise to the visceral musculature 

of the gut [116-120]. For that reason, loss of dALK results in an absence of founder cells, as 

well as muscle cell fusion, leading to defective assembly of a functional gut 

musculature in dALK mutant fruit flies.  

 The Jeb ligand is a secreted protein of approximately 61 kDa containing a 

secretory signal and an LDLa domain [121]. Ligand-receptor interaction appears to be 

mediated fashion the LDLa domain in Jeb, as a Jeb mutant ligand, lacking the LDLa 

domain is unable to bind dALK [117]. Jeb/dALK signaling pathways leads to ERK 

activation and further downstream transcription of target molecules such as Duf 

(dumbfounded)/Kirre (kin of irregular chiasm) [116-118], Org [117], Hand [122], and Dpp 

(decapentaplegic) [123]. Jeb/dALK pathway is also critical for the development of the D. 

melanogaster embryonic endoderm in an indirect manner since dALK activity in the 

visceral mesoderm is required for Dpp [TGFβ (transforming growth factor β)] 

transcription and subsequent signaling in the adjacent endoderm [123].  

 Finally, dALK and Jeb play a central role acting as an anterograde signaling 

pathway mediating neuronal circuit assembly in the fruit fly visual system. In the 

development of the D. melanogaster eye, dALK is expressed in, and required for, the 

targeting of neurons in the optic lobe, whereas Jeb is primarily produced by 

photoreceptor axons, functioning to control target selection of R1–R6 axons in the 

lamina and R8 axons in the medulla. Lack of either proteins results in mistargeting of 

the R8 axons during later maturation of the optic lobe neuropile [124].  
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B1.1.2) Caenorhabditis elegans ALK [SCD-2 (suppressor of constitutive dauer-

2)] 

 

 In studies performed in C. elegans, ALK has been implicated in neuronal control 

of entry into dauer and synapse stabilization [125, 126]. C. elegants ALK (formally known as 

SCD-2), was identified as an effector through which the F-box protein Fsn-1 (F-box 

protein at the synapse-1) stabilizes synapse formation in GABAergic neuromuscular 

junctions [125]. Finally, epistatic analysis in C. elegans suggests that SCD-2 modulates the 

TGFβ pathway upstream of Daf3 (abnormal dauer formation 3; Smad)/Daf5 (Sno/Ski) 

[126]. The SCD-2 ligand has been identified as Hen-1 (hesitation-1) [127], which as it 

happens in D. melanogaster, is a secreted ligand containing an LDLa domain, and the 

genetically mapped signal transduction pathway employs the adaptor SOC-1 

(suppressor of Clr-1) and the MAPK (mitogen activated protein kinase) SMA-5 (small 

body size-5) [126].  

 

B1.1.3) Danio rerio ALK (Zebrafish LTK/ALK)  

 

 The LTK/ALK family in Zebrafish comprises two genes: LTK and ALK, both 

containing MAM domains [128], contrasting with mouse and human LTK which both 

lack MAM domains. 

 Several studies in Zebrafish have demonstrated the in vivo role of LTK. During 

embryogenesis, LTK signaling leads to specification of iridophores from the neural 

crest linage and mutants in LTK display defects in pigmentation patterns [128].  Even 

though LTK in Zebrafish has no reported ligand to date, its expression in the 

developing neural crest is of particular interest given the human ALK activating 

mutations in neuroblastoma.  

 

B1.1.4) Mammalian ALK  

 

 In mammals, ALK has been postulated to play an important role in the normal 

development and function of the nervous system. This hypothesis arises from the 

extensive expression of ALK mRNA throughout the nervous system during mouse 

embryogenesis [106, 107, 129]. A similar pattern has been described in a subtype of Dorsal 
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Root Ganglia (DRG) neuros during DRG development in the rat [130]. However, the 

expression pattern of ALK diminishes after birth, reaching the minimum level at 3 

weeks of age and is maintained at low levels in the adult animal [106].  

 Studies in human tissues carried out by immunohistochemistry approaches, 

have revealed the same pattern reported in the mouse ALK, with a weak ALK signal 

observed in the Central Nervous System (CNS) [131]. However, different sizes of ALK 

transcripts have also been reported in the testis, small intestine, colon, prostate and 

brain of adult human material, which suggests that differents splicing of ALK may 

occur [132].  

In the early 2000’s, Souttou and colleagues have supported the role of ALK in 

the neuronal development in mammals. They substituted the extracellular region of 

ALK with the mouse IgG Fc domain, which resulted in the establishment of a 

constitutively active membrane-bound ALK-IgG Fc hybrid protein that had the 

capability of inducing the neuronal differentiation of PC12 cells. When the MEK 

(MAPK/ERK kinase) was inhibited, the hybrid protein signaling was blocked, meaning 

that neurite outgrowth activity is mediated via the MAPK pathway [133]. Besides, when 

using antibodies to activate ALK, it has been described that the association of ALK 

with Shc (Src homology and collagen homology) is required for downstream ERK1/2 

activation and neurite extension, further underscoring the hypothesis that neuronal 

differentiation induced by ALK is mediated via the MAPK pathway [134, 135].  

 

B1.1.4.1) Mouse ALK (mALK) 

 

 Morris and his group have developed ALK mutant mice that are viable without 

any gross alteration [136]. Bilsland et al. [137] and Lasek et al. [138], also reported that ALK 

deficient mice are viable and fertile without obvious changes. Remarkably, the loss of 

ALK signaling results in a decrease in newborn neurons and in impaired progenitor 

generation of myelinated axons [139] and increased number of progenitor cells within 

the hippocampus [137], also increased performance in hippocampal-associated tasks, as 

well as increased levels of dopamine within the basal cortex [137].  However, the closest 

ALK relative, LTK, is expressed in pre-B-cells and adult neurons in the hippocampus 

and cerebral cortex [140], which gives the idea that LTK might compensate for ALK loss 
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given the fact that the ALK mutant phenotype is hippocampus related. Also because it 

is known that LTK is able to promote neuronal differentiation of PC12 cells, which, 

again, underscores the fact that ALK and LTK may potentially compensate for one 

another [141]. Nevertheless, mouse LTK appears to be expressed only in the adult life of 

the mouse and not during development [140], which suggests a clear distinction from 

ALK that is extensively, but not exclusive, expressed during embryogenesis [106, 107, 129]. 

Furthermore, whereas LTK and ALK share high similarity within the tyrosine kinase 

domain, the extracellular region is completely different, with LTK lacking several 

domains that are found in ALK, such as the MAM and LDLa domains (figure 3).  

 Up to the present time, there are no reports in the literature with mouse LTK 

knockout to suggest a role for this RTK in vivo, and therefore the question of whether 

or not LTK may substitute ALK in its absence remains unclear.  

 

B1.1.4.2) Human ALK (hALK)  

 

 The hALK is presented in two ways: as a 140 kDa protein, as well as the better 

known 220 kDa full-length ALK [106]. The 140 kDa ALK is thought to be the result of a 

cleavage within the extracellular region of full-length ALK, generating an 80 kDa form 

of unknown function [142]. The 140 kDa ALK protein is phosphorylated in response to 

activation of ALK [134, 135, 143]. Moreover, the presence of an 85 kDa ALK protein that is 

phosphorylated in response to activating ALK antibodies has also been observed in 

NIH 3T3 cells expressing full-length human ALK [135]. It is possible that these shorter 

forms of ALK are generated after activation of the receptor as part of the down-

regulation/degradation processes within the cell. Up on the present time, it is not 

known the physiological function of these shorter ALK variants.  

 The specific role of ALK in human development and physiology is still poorly 

understood because no studies have been performed with this scope; however, as it 

was mention above, studies performed in other species have predicted the specific role 

of ALK in humans.  

 In 1997, Morris and colleagues [62] have reported that ALK mRNA is expressed 

in adult human brains, small intestine, testis, prostate, and colon but not in normal 

human lymphoid cells, spleen, thymus, ovary, heart, placenta, lung, liver, skeletal 
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muscle, kidney, or pancreas. Historically, several proteins have been reported to be the 

activating ligands of mammalian ALK, such as pleiotrophin (PTN), midkine (MK), 

osteoblast-specific factor-1 (OSF-1), heparin affinity regulatory peptide (HARP) and 

heparin-binding neurotrophic factor (HBNF) [144]. However, recent studies have shown 

that augmentor α and ꞵ  (FAM150) are validated ligands of ALK [145-147].  

 

B1.2) Structure of ALK protein kinase domain 

  

The ALK protein kinase domain has a small amino-terminal lobe and a large 

carboxyl-terminal lobe that contain several conserved α-helices and ꞵ -strands [148].  

 The small lobe is dominated by a five-stranded antiparallel ꞵ -sheet (ꞵ 1-ꞵ -5) 

[149], and it contains an important regulatory C-helix that occurs in active or in quiescent 

position. Also, contains a conserved glycine-rich (GxGxxG) ATP-phosphate-biding 

loop (P-loop) which is localized between the ꞵ 1- and ꞵ 2-strands (figure 4). This 

glycine-rich loop, which is the most flexible part of the small lobe, helps to position the 

ꞵ - and γ-phosphates of ATP for catalysis. The ꞵ 1- and ꞵ 2- strands harbor the adenine 

component of ATP. The glycine-rich loop is followed by a conserved valine (V1130) 

that makes hydrophobic contact with the adenine group of ATP.  

 The ꞵ 3-strand typically contains an Ala-Xxx-Lys sequence. This lysine couples 

the α- and ꞵ -phosphates of ATP to the αC-helix. A conserved glutamate occurs near 

the middle of the αC-helix (E1167) in protein kinases. The presence of a salt-bridge 

between the ꞵ 3-lysine and the αC-glutamate is a pre-requisite for the formation of the 

activated state and corresponds to the “αC-in” conformation. The αC-in conformation 

is necessary but not sufficient for the expression of full kinase activity. However, the 

absence of this salt bridge indicates that the kinase is dormant.  

The large lobe of ALK protein kinase domain is mostly α-helical (figure 4) and 

it has six conserved segments (αD-αI) [149]. Plus, it contains two short conserved ꞵ -

strands (ꞵ 7-ꞵ 8), which contain most of the catalytic residues associates with 

phosphoryl transfer from ATP to ALK substrates. 
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Figure 4 - Ribbon diagram of human ALK. A) The numbers in the N-lobe label ꞵ -strands 1-5. This 

structure corresponds to a dormant enzyme with the activation segment blocking the peptide binding site. 

The αC-helix is viewed from its N-terminus. The αAL-helix occurs in the activation loop or activation 

segment. It is shown the space-filling model of staurosporine, which is an inhibitor of many protein 

kinases, and it is occupying the ATP-binding site beneath the glycine-rich loop, and a glycerol molecule is 

shown above the αC-helix and behind the αAL-helix. B) The orange lines denote the residues (space-filling 

models) that constitute the catalytic and regulatory spines. Although the regulatory spine of quiescent 

enzymes may be broken, the structure of unphosphorylated ALK has the DFG-Asp in conformation, 

which is usually associates with a completed R-spine [150]. Although the isoleucine and phenylalanine of 

the spine are aligned, they do not contact one another as shown in the picture. The ALK gatekeeper 

(Leu1196) contacts both spines. Figure and legend adapted from Robert Roskoski Jr; Pharmacological 

research, 2013 [151]. 

   

 The primary structure of the α-strands occurs between those of the αE- and αF-

helices. The quiescent form of ALK tyrosine kinase domain contains an additional helix 

within the activation loop (αAL [152] or αEF [153], which immediately follows the ꞵ 8-

strand. Some groups have identified 12 subdomains (I-Via, VIb-XI) with conserved 

amino-acid residue signatures that constitute the catalytic core of protein kinases [154]. 

Of these, the following three amino-acids, which define a K/D/D (Lys/Asp/Asp) motif, 

illustrate the catalytic properties of ALK. 

 An invariant ꞵ 3-strand lysine (K1150) forms salt bridges with the α and ꞵ -

phosphates of ATP (figure 5). The catalytic loops surrounding the actual site of 

phosphoryl group transfer are different between the protein-serine/threonine and 

protein-tyrosine kinases. This loop is made up of an YRDLKPEN canonical sequence in 
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protein serine/threonine kinases and an HRDLAARN sequence in protein-tyrosine 

kinases.  

 The AAR sequence in the catalytic loop represents a receptor tyrosine kinase 

signature, and RAA represents a non-receptor tyrosine kinase. D1249, which is a base 

occurring within the catalytic loop, plays an important role in catalysis. Zhou and 

Adams [155] suggested that this aspartate places the substrate hydroxyl for an in-line 

nucleophilic attack. 

 The second aspartate of the K/D/D signature, D1270, is the first residue of the 

activation segment. The activation segment of almost all tyrosine kinases begins with 

DFG (Asp-Phe-Gly) and ends with APE (Ala-Pro-Glu). The ALK activation segment 

begins with DFG but it ends with PPE.  Asp1270 binds Mg2+, which in turn coordinates 

the α- ꞵ  - and γ-phosphates of ATP. The primary structure of the catalytic loop of 

ALK, which occurs before the ꞵ 7-strand, contains His1247, Arg1248, and Asp1249 

(figure 5). The primary structure of the activation segment occurs after that of the 

catalytic loop.  

 The activation segment is the most important regulatory element in protein 

kinases [156]. It influences both substrate binding and catalytic efficiency. The five 

residues magnesium-positioning loop begins with the DFG of the activation segment. 

The middle of the activation segment is known as the activation loop. This loop in ALK 

contains three phosphorylatable tyrosines. It is located close in the three-dimensional 

sense to the magnesium-binding loop, the amino-terminus of the αC-helix, and the 

conserved HRD component of the catalytic loop. The interaction of these three 

components is hydrophobic in nature, and it is indicated by the double arrows in 

figure 5.  

 Negatively charged phosphate in the activation loop of active protein kinases 

serves as an organizer for the active site and for the P+1 binding site. The 

phosphorylation site of the peptide/protein substrate is numbered as 0 (zero), the 

residue immediately after the phosphorylation site is P+1 and the residue immediately 

before phosphorylation site is P-1. The P+1 binding site of protein kinases helps 

determine the substrate specificity of these enzymes by selecting amino acid residues 
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in protein substrates that fit into this site. The P+1 site is generally composed of the last 

eight 

residues of the activation loop.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 5 - Diagram of the inferred interaction between human ALK catalytic core residues, ATP and a 

protein substrate. Catalytically important residues that are in contact with ATP and the protein substrate 

picturated within the light background. Secondary structures and residues that are involved in regulation 

of catalytic activity are represented within the gray background. Hydrophobic interactions between the 

HRD motif (the first D of K/D/D), the DFG motif (the second D of K/D/D), and the αC-helix are shown by 

the double arrows while polar contacts are shown by dashed lines. Pho is the phosphate attached to 

Tyr1283. Figure and legend adapted from Robert Roskoski Jr; Pharmacological research, 2013 [151].  
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The most important residues in human ALK are summarized in table 1.  

 

Table 1 - Important residues in human ALK. Table adapted from Robert Roskoski Jr; Pharmacological 

research, 2013 [151] 

 

Characteristics of Anaplastic Lymphoma Kinase 

Protein kinase domain 116-1393 

Glycine-rich loop 1123-1128 GHGAFG 

The K of K/D/D, or the ꞵ3-lysine 1150 

αC-glutamate 1167 

Hinge residues 1197-1201 

Gatekeeper residue L1196 

Catalytic loop lysine 1267 

Activation segment DFG, the second D of K/D/D 1270-1272 

Activation segment tyrosine phosphorylation sites 1278, 1282, 1283 

End of the activation segment  1297-1299 PPE 

No. of residues 1620 

UniProtKB ID Q9UM73 

 

B1.3) ALK in disease; activation and downstream signaling 

 

 As it was mentioned before, the physiologic role of ALK in humans is still 

unclear. The knowledge that the scientific community has acquired overtime regarding 

this tyrosine receptor comes, in great part, from ALK-driven tumors.  

 The constitutive activation of ALK activates many different pathways that are 

interconnected or overlapping [157]. These include the Ras/Raf/MEK/ERK1/2 pathway, 

the JAK/STAT pathway, the PI3K/Akt pathways, and finally, the PLC-γ pathway. Both 

PLC-γ and Ras/ERK1/2 pathways participate in cell proliferation, and the JAK/STAT 

and PI3K/Akt pathways mediate cell survival (figure 6). 

Akt is a protein-serine/ threonine kinase that binds phosphatidylinositol 

bisphosphate or trisphosphate with high affinity [158]. The phosphoinositide-dependent 

protein kinase 1 (PDK1) and the mammalian target of rapamycin complex 2 (mTORC2) 

catalyze the phosphorylation of Akt Thr308 and Ser473, respectively and the 

bisphosphorylated and activated Akt catalyzes the phosphorylation and activation of 

mTOR (mammalian target of rapamycin).  
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mTOR is also a protein-serine/threonine kinase that has several substrates and 

participates in many cellular processes including cell survival. Upon activation of ALK, 

the tyrosine residues 1139, 1358, 1385, and 1401 in the tyrosine kinase domain and the 

tyrosine residues 1507, 1585, 1586 and 1604 in the carboxyl-terminal tail became 

phosphorylated [108]. Some of these residues serve as docking sites for the binding of 

molecules that participate in ALK-mediated signal transduction.   

The protein tyrosine kinase Scr interacts with oncogenic ALK and it may 

participate in some of the phosphorylation reactions within the ALK protein.  

 Studies in NPM-ALK have reported that pTyr1096 is the binding site for insulin 

receptor substrate 1 (IRS1); pTyr1507 for Shc and pTyr1604 for PLC-γ [108]. Furthermore, 

Grb2 interacts with the protein tyrosine kinase Src, which binds to pTyr1358, and it 

also binds to Shc.  

IRS1, Shc, PLC-γ, Grb2, and Src are upstream the growth-promoting 

Ras/ERK1/2 pathway [157]. The activation of the ERK1/2 MAP kinase pathway by, in this 

case NPM-ALK, is intricate. Marzec and colleagues have demonstrated that the 

depletion of ERK1 or ERK2 separately or together, impairs cell proliferation, whereas 

ERK1 but not ERK2 depletion increases the apoptotic cell rate in KARPAS-299 ALK-

positive cell line [159].   

Fujimoto and colleagues have described that the interaction of NPM-ALK with 

IRS1 and Shc is not required for cellular transformation and oncogenesis due the fact 

that NPM-ALK mutants that are unable to interact with Shc and IRS1 are still able to 

transform rat fibroblast NIH 3T3 cells [160]. Thus, IRS1 and Shc do not play an essential 

role in the activation of ERK1/2 MAP kinase pathway.  

 JAK/STAT pathway is an important downstream signaling molecule of NPM-

ALK [108], and it was demonstrated that NPM-ALK induces the continuous cellular 

activation of STAT3. STAT3 is activated upon its phosphorylation on a tyrosine residue 

that is catalyzed by a receptor or by a member of the activated JAK protein tyrosine 

kinase enzyme family.  

Galkin et al. have reported that the ALK inhibitor TAE-684 reduces STAT3 

phosphorylation in KARPAS-299 and SU-DHL-1 ALK-positive ALCL cell lines [161]. 

Another group has shown that STAT3 is phosphorylated and activated in KARPAS-299 
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cells, and they demonstrated by immunoprecipitation that NPM-ALK and STAT3 form 

a complex.  

However, the nature of the binding site was not determined. Therefore, STAT3 

is activated by ALK either directly or indirectly through JAK [157]. Finally, the PLC-γ 

pathway is downstream NPM-ALK and participates in the activation of Ras/ERK1/2 

MAP kinase pathway. Following its activation, PLC-γ catalyzes the hydrolysis of 

phosphatidylinositol bisphosphate to form inositol trisphosphate and diacylglycerol 

[157].   

Inositol trisphosphate increases the release of Ca2+ from the endoplasmic 

reticulum and diacylglycerol activates the protein-serine /threonine kinase C (PKC). 

One of the downstream effectors of PKC is the Raf/MEK/ERK1/2 pathway leading to 

cell 

proliferation in a process that bypasses Ras [151].  
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Figure 6 - ALK downstream pathways and bypass signaling. A) ALK mediates signaling via the 

P13K/AKT, RAS/MAPK, PLC-γ and JAK/STAT. Figure and legend adapted from Sharma et al, Cancers, 

2018 [48].  

 

As mentioned before, ALK has been associated with a large variety of tumors. 

Figure 7 schematically summarizes the different categories of ALK-driven cancers.   

 

 

 

 

 

 

 

Figure 7 - ALK in cancer: an overview. Schematic summary of the different categories of ALK-positive 

cancer. Shown in green, some of the ALK fusion proteins that have been described in numerous cancers, 

ALCL, IMT, Diffuse Large B cell Lymphoma (DLBCL), NSCLC, Renal Medulla Carcinoma (RMC), Renal 

Cell Carcinoma (RCC), breast cancer, colon carcinoma, Serous Ovarian Carcinoma (SOC) and Esophageal 

Squamous Cell Carcinoma (ESCC). ALK overexpression has been reported in various cancer types and cell 

lines (violet). ALK mutations comprise a third category (blue), and include both primary tumor-associated 

mutations and secondary mutations that are observed in crizotinib-resistant patients. Secondary mutations 

in the context of ALK fusions have been described in NSCLC, IMT and Anaplastic Thyroid Cancer (ATC). 
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ALK point mutations have been found mainly in neuroblastoma, as well as in NSCLC and ATC; most of 

the mutations are situated within the kinase domain of ALK. Figure and legend adapted from Hallberg B 

et al, Nat Rev Cancer, 2013 [144].  

 

ALK overexpression can be due to different genetic mechanisms, like gain-of-

function mutations, amplification and most known, chromosomal rearrangements 

(figure 8).   

 

Figure 8 - ALK 

signaling in normal 

and cancer cells. WT 

ALK activation 

through ligand 

binding is shown 

(ligand pictured in 

orange); ALK 

mutations result in 

ligand-independent 

constitutive activation 

of the downstream 

ALK pathway; 

whereas ALK 

amplification results in 

ligand-dependent 

constitutive activation 

of ALK signaling. In expressed ALK fusion proteins, ligand-independent dimerization with the 

oligomerization domains of the partner genes leads to the constitutive activation of the ALK pathway. 

Finally, an aberrant form of ALK that lacks exons 2 and 3 was amplified, leading to the high-level 

expression of an N-terminal truncated kinase. This short form of ALK is mainly locates at endoplasmic 

reticulum (ER) and aberrantly activates the STAT3 pathway from ER. Figure adapted from Takita J, 

Cancer Sci, 2017 [162].  
 

 

B1.3.1) ALK Gain-of-Function Mutations 

 

 Gain-of-function mutations in the full-length ALK  were first described in 

sporadic and familial neuroblastomas, which are common childhood solid tumors [163-

166]. Subsequently, activating ALK mutations were reported in adult cases of anaplastic 

thyroid cancer [167], pediatric cases with rhabdomyosarcoma, primitive 

neuroectodermal tumor  (PNET) and osteosarcoma. Most of these mutations are 

located in the kinase domain and can be classified into three groups: 1) ligand-

independent mutations (F1174I, F1174S, F1174L, and R1275Q); 2) ligand-dependent 

mutations (D1091N, T1151M, and A1234T), and 3) a kinase-dead mutation (I1250T) 

(figure 9).  
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 ALK mutations are also acquired in ALK fusion genes as a result of resistance 

to ALK inhibitors in cases of NSCLC as well as ALCL [168, 169].  

 

Figure 9 - Some examples of mutations ALK mutations detected in neuroblastoma, ganglioneuroblastoma, 

glioma, osteosarcoma, PNET, and rhabdomyosarcoma. COSMIC frequencies of ALK mutations from 

published reports with functional and/or with therapeutic significance are shown. A missense mutation is 

indicated by a blue circle, and a frameshift mutation is indicated by a red circle. The numbers in the circles 

are the reported mutation numbers. a.a., amino acids. Figure and legend adapted from Takita J, Cancer Sci, 

2017 [162].  
 

 

B1.3.1.1) Neuroblastoma 

 

 Neuroblastoma is the most common pediatric extracranial solid tumor and 

accounts for 15% of all pediatric oncology deaths [170].  This disease is derived from 

neural crest cells of the sympatic adrenal lineage and therefore can arise throughout 

the sympathetic nervous system [171, 172]. It has a broad spectrum of clinical behaviors, 

ranging from localized disease with spontaneous regression with little or no therapy, 

to aggressive clinical course difficult to cure with current regimes and death from 

progressive disease [171, 172]. The best characterized genetic alteration associated with a 

poor prognosis is the amplification of the N-MYC oncogene [171]; also, deletions of part 

of chromosome arms 1p and 11q, gain of parts of 17q and triploidies were also found to 

correlate with poor prognosis [173, 174].  Several groups have reported ALK to be a major 

oncogene target in sporadic and familial neuroblastoma cases [163-166]. In familial cases, 
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germline ALK mutations were observed in 50% of the cases, whereas approximately 

10% of sporadic cases showed ALK oncogenic mutations. Greater than 90% of all ALK 

mutations occur within the kinase domain (but not exclusive), being the F1174, R1275, 

and F1245 positions three mutations hot spots. The R1275 mutation is more frequent in 

familial cases compared to the F1174 mutation, which is a common mutation is 

sporadic cases[175].  

 According to RTK homology models, F1174 is located at the end of the αC-

helix1, whereas the other two common mutations are located in the two ꞵ  sheets: 

before the catalytic loop (ꞵ 6) (F1245) and within the activation loop (ꞵ 9) (R1275). The 

R1192P mutation, which has been reported only in familial cases, is found in the ꞵ 4-

strand of the kinase domain [152]. Expression of the F1174L and K1062M mutant 

proteins in NIH 3T3 cells induces neoplastic transformation [163]. In accordance with 

these findings, molecules located downstream ALK (Akt, STAT3, and ERK) were 

found to be activated in cells expressing ALK mutant forms [163-166].  Interestingly, 

RNAi-mediated ALK knockdown resulted in a reduced cell proliferation in cell lines 

harboring the F1175L mutation, but these effects were less clear in wild-type ALK-

expression neuroblastoma cell lines [163, 164].   

 Finally, ALK mutations were found to be highly correlated with N-MYC 

amplification: approximately 50% of ALK mutations co-exist with N-MYC 

amplifications [163, 176]. And their synergy is highlighted in transgenic and knock-in ALK 

mutation models [177, 178].  

 

B1.3.2) Amplification/overexpression of ALK in cancer 

 

ALK amplification, copy number gain, and rare structural variants ALK gene 

amplification can occur in a variety of cancers, and are also recognized as a therapeutic 

target. It has been reported ALK overexpression in thyroid carcinoma, NSCLC, breast 

cancer, melanoma, neuroblastoma, glioblastoma, astrocytoma, retinoblastoma, Ewing 

sarcoma and rhabdomyosarcoma, leiomyosarcoma and malignant peripheral nerve 

sheath tumors, and fibrous histocytoma [179, 180]. However, the significance of ALK 

overexpression in many of these types of cancers is uncharacterized at the molecular 

level.  
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In neuroblastoma, high grade amplification of ALK has been found in cell lines 

and primary tissues, and the subsequent overexpression of ALK protein correlates with 

tumorigenesis [157]. In this case, the constitutive activation of ALK results in the 

phosphorylation of downstream molecules, including Shc and MAPK pathway-related 

proteins [181] and, as it is in point mutations, strongly correlates with N-MYC 

amplification [178]. In addition, recurrent copy number gain of chromosome 2p23.2 

involving the ALK locus has been reported in neuroblastoma with a frequency of 35–

40% [163, 178]. High ALK expression has been shown to be tightly associated with ALK 

amplification/mutation, as well as copy number gain of the ALK locus, suggesting the 

upregulation of ALK expression by increasing DNA dose [178]. 

Amplification or copy number gain of the ALK locus, as reported in a subset of 

rhabdomyosarcoma cases, is also intriguing from a therapeutic perspective. 

Rhabdomyosarcoma is the most common soft-tissue sarcoma in children and can be 

divided into two histological subtypes, embryonal (ERMS) and alveolar (ARMS). 

Alveolar rhabdomyosarcoma shows an aggressive phenotype, whereas embryonal has 

a more favorable prognosis [182]. 

In the case of glioblastoma, PTN has been reported to induce ALK 

phosphorylation and subsequent downstream PKB/Akt activation. Consequentially, 

glioblastoma cell lines that are depleted of ALK signaling grow at a reduced rate when 

compared to the parental cell line [183]. When treated targeting ALK and PTN, U87 

glioblastoma cell line tumor growth is impaired in an in vivo xenograft model [184].  

 In breast cancer, the role of overexpression of ALK has not been established. 

First, ALK is strongly expressed in several different subtypes of human breast cancer in 

a pattern that is not consistent with normal tissue [185]. Second, PTN, the historically 

ligand associated with ALK, is extensively expressed in breast cancer [186, 187], and 

expression of a truncated form of PTN in a human breast cancer cell line impairs tumor 

formation in nude mice [188]. Finally, the PTN receptor, RPTPꞵ /ζ, is strongly expressed 

in different subtypes of human breast cancer. Taken together with the hypothesis that 

ALK is indirectly activated via PTN/RPTPβ/ζ signaling, it is possible that ALK has 

oncogenic potential in breast cancer development [188]. 
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B1.3.3) Chromosomal rearrangements 

 

 Since the initial discovery of ALK in form of NPM-ALK fusion protein in 

patients with ALCL [62, 189], various chromosomal rearrangements have been reported at 

the ALK locus on chromosome 2q23.2, leading to the generation of fusion genes that 

encode the entire intracellular domain of ALK at the 3’-end fused to several 5’-end 

partner genes. With the enormous advance of genome-wide studies, it has been 

revealed the presence of nearly 30 different ALK fusion partner in multiple type of 

cancer (table 2). Even though a large number of different N-terminal partners have 

been identified, they all share common oncogenic features, and the subsequent 

expression of fusion proteins is regulated by the promoter of the N-terminal partner, 

which is generally expressed in normal tissues and can lead to the ectopic expression of 

ALK [190]. The presence of oligomerization domains in the N-terminal of the partner 

genes is essential for the oncogenic potential of the fusion protein.  

ALK fusion proteins have also been identified in IMT [191], NSCLC [64, 192], DLBL 

[193] and Squamous Cell Carcinoma (SCC) of the esophagus [194].  

 

Table 2 - ALK rearrangements in human malignancies. Table and legend adapted from Sharma et al, 

Cancers, 2018 [48]. 
 

Cancer Type 
ALK Fusion Partner 

(Chromosomal Localization) 
Frequency % 

ALCL 

NPM1 (5q35.1) 

TPM3 (1q21.3) 

ATIC (2q35) 

TFG (3q12.2) 

TRAF1 (9q33.2) 

CLTC (17q23.1) 

RNF213 (17q25.3) 

TPM4 (19p13.1) 

MYH9 (22q12.3) 

MSN (Xq12) 

Aditional rare rearrangements 

~55% (in adults) 

Breast cancer EML4 (2p21) N.D. 

Colorectal cancer 
EML4 (2p21) 

WDCP (2p23.3) 
<1% 

DLBCL 

CLTC (17q23.1) 

RANBP2 (2q13) 

EML4 (2p21) 

SEC31A (4q21.22) 

SQSTM1 (5q35) 

NPM1 (5q35.1) 

<1% 
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B1.3.3.1) Anaplastic Large Cell Lymphoma (ALCL) 

 

 ALK has been extensively studied in the context of ALCL, a disease first 

described in 1985 [195]. ALCL is a T-cell non-Hodgkin’s lymphoma, and is characterized 

by the expression of CD30. It is mostly observed in young adults and children, 

accounting for 3% of adult non-Hodgkin’s lymphoma and 10-30% of all non-Hodgkin’s 

lymphoma in children [196, 197]. Moreover, ALK-driven patients have a significantly 

higher 5-year survival rate as compared with ALK-negative patients [198-202].

 Currently, there is no FDA or European Medicines Agency (EMA) approved 

treatment for ALK-positive ALCL aimed at directly targeting ALK. Thus, 

combinatorial chemotherapy treatment is still applied for treatment of ALCL patients 

as a first approach [200, 202, 203].  

Esophageal cancer TPM4 (19p13.1) N.D. 

IMT 

TPM3 (1q21.3) 

RANBP2 (2q13) 

ATIC (2q35) 

SEC31A (4q21.22) 

CARS (11p15.4) 

PPFIBP1 (12p11) 

CLTC (17q23.1) 

TPM4 (19p13.1) 

Up to 50% 

NSCLC 

EML4 (2p21) 

TPR (1q31.1) 

CRIM1 (2p22.2) 

STRN (2p22.1) 

TFG (3q12.2) 

HIP1 (7q11.23) 

PTPN3 (9q31) 

KIF5B (10p11.22) 

KLC1 (14q32.3) 

CLTC (17q23.1) 

3–7% 

Ovarian cancer FN1 (2q35) N.D. 

RCC 

VCL (10q22.2) 

TPM3 (1q21.2) 

EML4 (2p21) 

STRN (2p22.2) 

<1% 

RMC VCL (10q22.2) N.D. 
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 The most frequent ALK fusion protein found in ALCL is NPM-ALK. The kinase 

domain of ALK is fused to NPM, creating the constitutively expressed fusion protein 

NPM-ALK [62]. NPM is a multifunctional protein which serves as a molecular 

chaperone involved in the shuttling of pre-ribosome subunits from the nucleus to the 

cytoplasm during ribosome biogenesis; in addition, it plays a role in DNA repair, 

transcriptional and genomic instability [204].  

 In NPM-ALK fusion protein, the oligomerization is mediated via NPM 

juxtaposes two tyrosine kinase domains, resulting in autophosphorylation and 

activation of ALK kinase activity [160, 205].  NPM-ALK fusion protein is present both in 

the cytoplasm and the nucleus and its location seems not to be critical for NPM-ALK-

mediated transformation. Besides the dimerization ability of NPM, the kinase activity 

of the fusion protein is an absolute requirement for transforming activity, since 

mutation in the ATP-binding site (K219R) renders NPM-ALK kinase dead and 

eliminates transformation [205]. After NPM-ALK, numerous other fusion partners have 

been reported in ALCL, namely ALO17 [206], TFG [207, 208], MSN [209], TPM2 and 3 [210-212], 

ATIC [213-215], MYH9 [216] and CLTL [217]. 

 As it happens in other diseases, in which several ALK fusions have been 

described, the fusion partners of ALK share several common characteristics, 

specifically: 1) the transcription of the fusion protein is driven via the promoter of the 

ALK partner protein; 2) the localization of the fusion protein is determined by the ALK 

partner proteins and; 3) oligomerization via the ALK partner protein induces 

autophosphorylation and thereby activation of the ALK kinase domain.   

 The TPM3 and TFG fusion partners contain dimeric α-coiled-coil structures that 

are hypothesized to mediate the dimerization of TPM3-ALK [210] and TFG-ALK [207], 

respectively. Due the fact that ATIC exists as a homodimer [218], this property is 

assumed to be responsible for the activation of ATIC-ALK [213-215]. Regarding MSN, 

MYH9 and CLTC, the means of dimerization seems to be more complex [209, 217].  

 

B1.3.3.2) ALK-positive Diffuse Large B-Cell Lymphoma (DLBCL) 

 

 Among DLBCL there is an ALK-positive subpopulation which shows some 

features of plasmablastic morphology. ALK-positive DLBCL usually expresses markers 
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such as epithelial membrane antigen, CD138 and cytoplasmic Ig, together with ALK 

expression. Additionally, ALK-positive DLBCL lacks the expression of some B-cell 

markers (CD20, CD79a), and is typically negative for CD30 expression [219, 220]. ALK-

positive DLBCL has been reported in all age groups and displays an overall 

predominance in males (male/female ratio 5:1). Also, it is correlated with an aggressive 

clinical outcome as well as a poor response to treatment [220-224].  

 The most frequent chromosomal rearrangement involving ALK that has been 

found in DLBCL is the t(2;17)(p23;q23) which generates CLTC-ALK fusion protein, 

although a few cases of NPM-ALK fusions have also been described [225, 226]. As 

previously discussed, NPM-ALK translocation induces activation of STAT3 [227, 228], and 

this also seems to be true in CLTC-ALK-driven DLBCL, but not in ALK-negative 

DLBCL [221].  

 

B1.3.3.3) Inflammatory myofibroblastic tumors (IMT)  

 

IMT is a benign malignancy of mesenchymal origin with a prominent 

inflammatory component that consists of plasma cells and lymphocytes [229]. When it 

was described for the first time in the literature, IMT was considered a post-

inflammatory condition rather than a malignant process [230]. It can be manifested in 

any age, even though affects mostly young people and in almost any anatomical site, 

although this type of benign tumors are most common in tissues such as the lung, 

abdomen and retroperitoneum [229, 231].  

 Back in 1999, Griffin and colleagues [191] have reported an association between 

the 2p33 chromosomal rearrangement and expression of ALK with IMTs. This was the 

first indication that IMTs, or a subpopulation of IMTs, had neoplastic origin rather than 

reactive [191].  After that, several studies have confirmed the presence of different ALK-

fusion proteins in IMTs, all of them containing the kinase domain of ALK together with 

one of a variety of partner proteins that are responsible for dimerization of the ALK 

kinase domain and consequentially its activation.  Some of these different ALK fusion 

proteins are: TMP3–ALK and TMP4–ALK [232], ATIC–ALK [233], CLTC–ALK [234, 235], 

CARS (cysteinyl-tRNA synthetase)–ALK [206, 236], RANBP2 (Ran-binding protein 2)–ALK 

[237] and SEC31L1 (SEC31 homologue A)–ALK [238]. Actually, 35-60% of all IMTs appear 
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to harbor ALK rearrangements [232, 239, 240]. Even though the prognosis appears to be 

better, and low risk of distant metastasis, around 50% of the ALK-positive cases re-

occur [66].  

Armstrong and colleagues have reported that TPM3-ALK fusion protein is 

present in 50% of the ALK-driven IMTs and its downstream signaling involves STAT3 

[190]. Still little is known about this disease and what is the functional relevance and 

consequences of ALK signaling.  

 

B1.3.3.4) Non-Small-Cell Lung Cancer (NSCLC)  

 

 Lung cancer is the most common cause of cancer death worldwide and in 2007, 

when a novel gene fusion between ALK and EML4 was reported in NSCLC [238, 241], the 

scientific community put a tremendous effort in the development of a series of ALK 

TKI in different companies. About 3-7% of NSCLC patients harbor the EML4-ALK 

fusion protein. Since its first report [64], several EML4-ALK fusion variants have been 

described, among them eight different breakpoints in different exons of the EML4 gene 

(exons 2,6,13,14,15,17, 18 and 20 [242] but all of them containing the same portion of ALK 

gene [exon 20-29] which encodes the entire intracellular segment of ALK). The 

downstream signaling includes the Ras/ERK1/2 Akt and JAK/STAT pathways [243].  

Many other studies have identified several additional ALK fusion proteins 

(table 2) which occur less frequently than EML4-ALK.  

 ALK-driven lung cancers are mostly adenocarcinomas, and unfortunately, only 

a small proportion of patients are diagnosed before the spread of the tumor from its 

original site. Even though the proportion of NSCLC with ALK rearrangements is low, 

the number of total cases is large. Thus, the total number of cases of NSCLC amenable 

to treatment with ALK inhibitors is greater than that for all other known ALK-related 

cancers combined. 
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C1) Non-small-cell lung cancer (NSCLC) 

 

 Lung cancer is the second most frequently diagnosed malignancy in the world 

and it is the leading cause of cancer-related death in both men and women in the 

United States. About 13% of all new diagnosed cancers are lung cancers. The American 

Cancer Society (ACS) estimates about 228,150 new cases (116,440 in men and 111,710 in 

women) and about 142,670 deaths from lung cancer (76,650 in men and 66,020 in 

women) in the United States in 2019 [244]. 

 Most frequently is detected at advanced stages, usually with clinical and 

symptomatic evidence of metastatic disease [245], constituting a diminished survival 

rate, ranging from a 5-year survival rate to 97% for stage IA1 tumors (<1 cm in 

diameter and no lymph node involvement) to 10% for patients with stage IV 

(metastatic disease) [246].  

According to World Health Organization (WHO), lung cancer is divided into 

two major categories based on its biology, prognosis and therapy: NSCLC and Small-

Cell Lung Cancer (SCLC). NSCLC accounts for more than 80%, and SCLC accounts for 

less than 20% of all lung cancer cases [247]. Both lung cancer subtypes have distinct 

histology, biologic features and, of course, treatment strategies. However, for the 

purpose of this thesis, the focus will be given to NSCLC subtype [248, 249].  

 As it is known even outside the scientific community, tobacco exposure is the 

main risk factor of lung cancer [250, 251]. Smoke contains approximately 70 carcinogens 

including the polycyclic aromatic hydrocarbons, and N-nitrosamines. All these 

compounds cause DNA damage which results in the onset of oncogenic mutations 

leading to lung carcinogenesis [252]. Moreover, second-hand smoking is also an 

important factor that is related with lung carcinogenesis, and it is responsible for 7.330 

deaths from lung cancer each year in the United States [253, 254].  However, lung cancer is 

not restricted to patients with smoking history. Non-smokers, defined as individuals 

who have smoked less than 100 cigarettes in a lifetime, are also at risk of lung cancer. 

Worldwide, approximately 25% of lung cancers occur in non-smokers, and the 

incidence of this disease in never smokers is particularly high among Asian population 

[255-257]. These epidemiological differences between smoking status, geographic 
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localization and race are also correlated with significant differences in the molecular 

profile of NSCLC patients, particularly in the adenocarcinoma histology. Several 

environmental factors have been linked to the development of lung adenocarcinoma in 

never smoker’s population. For instance, residential radon gas exposure is the leading 

cause of lung cancer in never smokers and second cause after smoking, which accounts 

for 21.000 deaths annually in the US [258, 259]. Also, exposure to asbestos, air pollution 

and, in lesser extent, germline mutations that result in hereditary lung cancer 

predisposition syndromes [260-262], have also been associated to risk factors that lead to 

NSCLC. However, it is still unclear why the prevalence of lung cancer in non-smoking 

patients around the world, and especially in Asia, is increasing lately. 

 

C1.1) Histological classification of NSCLC 

 

 The evolution of pathology and molecular biology has shed light into the 

different subtypes of NSCLC in the last decades [263]. NSCLC accounts for about 80% of 

all lung cancers, and several histological subtypes of lung cancer can be found within 

NSCLC; lung adenocarcinoma, squamous cell carcinoma, large cell neuroendocrine 

carcinoma, and sarcomatoid carcinomas, amongst others [247]. This sub-classification is 

supported, beside histology features, by the distinct molecular profiles of these tumors 

[55, 264]. Regarding prevalence, lung adenocarcinoma is the most frequent histological 

subtype in smokers and non-smokers patients, whereas lung squamous cell carcinoma 

is the second most common histologic subtype of NSCLC, however rare in patients 

with no history of tobacco exposure. 

 The histological classification was the first step towards a better distinction of 

the intrinsic molecular, phenotypical and prognostic features of NSCLC, and had 

become the first approach to develop “personalized” treatment strategies based on the 

tumor characteristics. However, the development of molecular biology techniques 

applied to the study of cancer genomics has revealed the complexity of genomic and 

epigenetic differences between these histologic subtypes. The discovery of potent 

oncogenic drivers in lung adenocarcinoma has given rise to the era of targeted 

therapies for lung cancer [265]. 
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Figure 10 – Histologic subtypes of lung cancer. (40x magnification, 100µm). Adapted from Travis, 2015 [247]. 

 

C1.2) Molecular classification of lung adenocarcinomas 

 

 Lung adenocarcinomas are classified in molecular subtypes, according to the 

presence of well-identified and characterized molecular alterations that drive cancer 

initiation and progression [55]. This genomic classification relies on the detection of 

point mutations, copy number alterations, insertions and deletions (indel), and 

rearrangements in key oncogenes. Most of these oncogenic drivers are RTK and NRTK. 

In the majority of the cases, several tyrosine kinase inhibitors (TKI) have been 

successfully developed to target these alterations. The most relevant oncodrivers and 

the molecular alterations leading to classification of genomic subtypes of lung 

adenocarcinoma are the following: KRAS mutations, EGFR mutations and indels, ALK 

and ROS1 fusions, MET exon 14 skipping mutations and amplifications, BRAF 

mutations, RET fusions and NTRK fusions [266]. The distribution of these alterations 

varies across geographical regions, race, sex, and methods used to study tumor 

genomics. In 2016, the French Cooperative Thoracic Intergroup (IFCT) has 
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characterized the prevalence of the oncogenic alterations in advanced lung 

adenocarcinoma [267]. This extensive characterization has analyzed a total of 18.679 

samples from 17.664 patients, and mostly were adenocarcinoma histology (76%). In the 

adenocarcinoma subtype, the prevalence of KRAS mutations was 32%, EGFR 

mutations 12%, BRAF mutations 2%, HER2 exon 20 insertions 2% and the prevalence 

of ALK rearrangement was 5%. 1619 patients were never smokers and the proportion 

of EGFR mutations reached 44% and ALK rearrangements 14%. KRAS mutation in 

non-smokers is present in only 9% (figure 11). 

 

 

Figure 11 - Distribution of molecular 

alterations in lung adenocarcinoma. 

A) Charts of the overall genomic 

view from patients with diagnosis of 

lung adenocarcinomas and B) in 

never-smokers. Figure and legend 

adapted from Barlesi F et al. Lancet 

Oncology 2016 [267]. 

 

  

Also, the Lung Cancer Mutation Consortium (LCMC), pioneered in the 

molecular characterization of lung adenocarcinomas in 14 academic institutions in the 

US, has analyzed 1.102 eligible patients and had found KRAS mutations in 25% of the 

tumors, EGFR mutation in 17%, ALK rearrangements in 8%, HER2 exon 20 insertions 

in 3%, and BRAF mutations in 2% of cases [268].  

 Recently, the development of high-throughput NGS platforms, has allowed an 

expansion within testing for multiple genes by targeted sequencing using customized 

gene panels that require small quantities of tumor DNA [269]. Furthermore, whole-

exome and RNA sequencing have provide a more comprehensive view of the 

molecular landscape alterations in coding regions and gene expression.  

 The Cancer Genome Atlas (TCGA) program is currently ongoing and has 

characterized over 20.000 tumor samples from 33 different types of cancer using whole-

exome and RNA sequencing.  In the first report on lung adenocarcinoma, mainly from 

early stage resected specimens, the driver alterations detected were, without any 

surprise, KRAS in 32.2% of samples with driver alterations, EGFR mutations in 11.3%, 
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BRAF mutations in 7%, ALK 

rearrangements 1.3%, ROS1 fusions 1.7%, 

RET fusions in 0.9%, and MET exon 14 

alterations in 4.3% (figure 12). Worth 

mentioning that the differences in the 

prevalence in ALK rearrangements in the 

set, in which most of the samples were from 

stage I/II resected tumors, can suggest that 

the prevalence of molecular alterations 

might also be stage-dependent.  

 As mentioned before, the prevalence of oncodrivers varies according to the 

geographic distribution. Across Asia Pacific, the prevalence of EGFR mutations is 

significantly higher than in western countries, reaching an impressive 49% of cases of 

lung adenocarcinoma, and inversely, the prevalence of KRAS mutations is low in Asia 

compared to western countries [270]. However, the prevalence of ALK rearrangements in 

Asia population is similar to the observed in Europe and/or United States (4.2%) [270, 271]. 

Presently, there are no scientific explanations for these differences that are observed 

among western and Asian populations; however, the role of radon exposure and air 

pollution is being studied [272, 273].  

 For the purpose of this thesis, only ALK rearrangements will be approached.  

 

C1.3) The role of ALK in NSCLC 

 

 ALK rearrangements occur in about 3-7% of lung adenocarcinomas. As 

mentioned before, the activation of ALK is due to the complex formation of fused 

proteins between the translocation partner and ALK gene, and this is the sole 

mechanism of ALK oncogenicity in lung cancer. In 2007, Soda and colleagues have 

published the first report that characterized the EML4-ALK rearrangement in lung 

cancer [64]. They identified a 3.926 bp cDNA, coding for a 1.059 amino-acid protein with 

an amino-terminal sequence identical to EML4 and a C-terminal sequence identical to 

ALK. This fusion protein EML4-ALK (variant 1) was the product of a disrupted EML4 

Figure 12 - Prevalence of molecular alterations 

in key oncogenic drivers in lung 

adenocarcinomas using whole exome 

sequencing from The Cancer Genome Atlas 

Project. Figure and legend adapted from TCGA, 

Nature 2014, (68). 
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in the exon 13 with ALK in exon 20, including the full ALK kinase domain in the 3’ 

extreme.  

 Echinoderm microtubule like proteins (EML) are a family of proteins that have 

an active role in the microtubule regulation. In humans, there are six different subtypes 

of expressed EML proteins [274]. EML4 is a member of the EML family and is composed 

of an amino-terminal coiled-coil domain and a C-terminal domain that contains a 

hydrophobic EML protein (HELP) domain. The coiled-coil region of EML4 protein is 

necessary for oligomerization and the C-terminal region also contains a tandem 

atypical ꞵ -propeller in EML protein (TAPE) domain that participates in the 

hydrophobic core of this protein. Also, the hydrophobic core of EML4-ALK mediated 

the biding to tubulin in human cells (figure 13).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 - Overview of EML proteins. A) Domain structure of human EML4 with structural features 

labelled. Primary sequence features are labelled in black: CC, coiled-coil; basic region; HELP, Hydrophobic 

motif found in EML proteins; WD repeats, Trp-Asp repeats. Tertiary structure features are labelled in red 

text: TD, trimerisation domain; TAPE, tandem atypical propeller domain found in EML proteins. The 

TAPE domain N-terminal region is colored teal and the C-terminal region is colored orange. B) 

Hypothetical model of the overall trimeric architecture of the EML4 protein. Crystal structures of the 

EML4 TD and EML1 TAPE domain are connected with dotted lines to show the basic region that is 

predicted to be unstructured. One protomer of the trimer is colored using the scheme in 1a – this shows 

how the N- and C-terminal regions of the TAPE domain (teal and orange, respectively) come together to 

close the fold of this domain. Figure and legend adapted from Bayliss et al, Cell Mol Life Sci, 2016 [275].  
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EML4-ALK fusion protein forms homodimers through the coiled-coil domain of 

EML4, inducing trans-phosphorylation of the kinase domain and activation of 

oncogenic downstream pathway signaling. Both EML4 and ALK are oriented in 

opposite directions within the short arm of chromosome 2 in humans (and 

chromosome 17 in mice) and EML4-ALK fusion is produced by paracentric inversions 

[inv(2)(p21p23) in humans] in this locus. However, different breakpoints in the EML4 

gene give rise to a spectrum of EML4-ALK fusion variants [275]. At least 15 different 

EML4-ALK variants have been identified, and the most common EML4 break points 

occur in intron 13 (variant 1) in 43% of cases, intron 20 (variant 2) in 5% and intron 6 

(variant 3) in 40% (figure 14A) [276]. The EML4-ALK variant 3 was identified in 2008 by 

Choi and colleagues. This variant comprises two isoforms: variant 3a and variant 3b, 

which are the result of alternative splicing.  Worth mentioning is the fact that the 

EML4-ALK variants 3a/b and 5a/b (figure 14A) are the only variants that lack the EML4 

TAPE domain. This domain confers instability, which can explain the higher sensitivity 

of these variants to ALK inhibitors [277]. For that reason, shorter variants that do not 

contain the TAPE domain are more stable. Nevertheless, all variants of EML4-ALK 

confer transforming properties in vitro, and phosphorylated EML4-ALK is successfully 

inhibited with ALK inhibitors [278]. Furthermore, the variant type also determines the 

sub-cellular localization of the fusion protein. For instance, the variant 1 is detected in 

the cell cytoplasm while the variant 3 is located in the microtubules and in the nucleus 

[279]. Even though clinical studies have not shown a significant impact of the different 

variant types in the response to ALK inhibitors in ALK-driven lung cancer patients, 

this subject is still scope of study [276, 280]. However, regarding resistance to TKI, there is 

an initial evidence showing associations between the type of variants and specific 

mechanisms of resistance [276].  

After 2007, multiple fusion partners have been described, including KIF5B, 

KLC1, PTPN3, STRN, SLC2A, CMTR1, VIT, GCC2, CUX1, BCL11A and KLC1. 

Nonetheless, EML4-ALK rearrangements are the most common fusions in patients 

with ALK-driven lung adenocarcinoma (figure 14B) [281]. 

Interestingly, most of the ALK-driven lung cancers are lung adenocarcinomas. 

Rarely ALK is rearranged in squamous cell carcinomas and large cell carcinomas 
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however have been reported in non-smoker patients [282]. Adenocarcinomas with ALK 

rearrangements may present signet cell features under pathology revision, and is 

associated with poor prognostic [283].  

ALK-driven lung cancer can be diagnosed in pathologic specimens of lung 

cancers in different ways, for instance, by immunohistochemistry (IHC) using the FDA 

approved ALK D5F3 CST antibody, fluorescence in situ hybridization (FISH) using the 

Vysis ALK Break Apart FISH probe kit (FDA approved) and NGS (figure 15) [284].  

 

Figure 14 - Schematic structural composition of ALK fusion proteins. A) EML4-ALK fusion proteins. The 

breakpoint in ALK gene is always at exon 20 (intron 19); the breakpoint in EML4 gene can be in different 

introns (for instance, exon 2, 6, 13, 14, 15, 18 and 20), which results in variable EML4-ALK fusion proteins. 

Variant 1 (E13; A20) and variant 2 (E20; A20) contain exons 1 to 13 and 1 to 20 of EML4, respectively, that 

are fused to exon 20 of ALK gene. In these two variants, the EML4 portion includes its C-terminal coiled-

coil domain, the HELP domain and parts of the WD repeat domain of EML4. The variant 3a/b (E6a/b;A20) 

is shorter, consisting of exons 1 to 6 of EML4, with exon 6b being 188bp downstream of exon 6a, fused to 

exon 20 of ALK. Variant 4 (E14;A20) contains exons 1 to 14 of EML4, the insertion of four amino-acids of 

unknown origin, and fusion to exon 20 of ALK, that lacks in its N-terminal 49bp. The variant 5 (E2a/b;A20) 

contains the first two exons of EML4 fused to exon 20 of ALK (E2a;A20) or to 117 bp upstream of exon 20 

of ALK (E2b;A20). Variant 6 (E13b;A20) contains exons 1 to 13 of the EML4 gene fused to exon 20 of ALK 

with and insertion of 19 amino acids derived from upstream intron 19. Variant 7 (E14;A20), is very similar 

to variant 4, but exon 20 of ALK lacks the first four amino-acids. Variant “4” (E15; A20) is characterized as 

a fusion product of EML4 at exon 15 and ALK at exon 20. Variant “5” (E18;A20) contains exon 1 to 18 of 

EML4 fused to exon 20 of ALK. B) Other X-ALK fusion proteins, in which the X represents any fusion 

partner including, among others that are not pictured, KIF5B-ALK (K24;A20 and K15;A20), TFG-ALK 

(T3;A20), DCTN1-ALK (D26;A20), SQSTM1-ALK (S5;A20), TPR-ALK (T15;A20), STRN-ALK (S3;A20), 

HIP1-ALK (H21;A20); and CTLC-ALK (C31;A20). Protein domans are indicated by color and include: 

coiled-coil (CC, light orange), HELP (dark orange), WD repeats (dark green), ALK kinase domains (blue), 

kinesin (ocher), PB1 (dark grey), CAP-Gly (light green), dynactn (dark red), zinc finger (ZZ, light violet), 

striatin (dark violet), ANTH (light yellow), clathrin-biding (light red), clathrin propeller (olive green), 

clathrin link (light grey), and clathrin (petrol) domains. Figure and legend adapted from Wu et al, Cancers, 

2017 [285].  

 

Regarding the epidemiology of ALK-driven lung cancers, it tends to occur at 

younger age and can be detected in about 13% of patients with less than 50 years old 
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who have lung adenocarcinoma [286-288]. It was been reported a strong association 

between this molecular subtype and light history (<10 pack/year) or never smokers and 

its prevalence is higher in women. 

  Usually, the diagnose is done at advanced stages and ALK+ tumor cells have a 

high tropism for the central nervous system (CNS), which represents a frequency of 

20% of brain metastasis at the time of diagnosis. However, the incidence of brain 

metastasis increases during the course of treatment with ALK tyrosine kinase 

inhibitors (TKI) rising up to 60%, which conveys significant morbidity and mortality 

[289, 290].  

 For this reason, effective and highly CNS penetrant TKI have been developed to 

achieve both intracranial and extracranial disease control. Now-a-days, there are five 

effective ALK TKI available for the treatment of these patients, with proven efficacy 

and conferring prolonged disease control and survival. In the next subchapter, each 

one of the ALK inhibitors will be refer with more detail.  
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D1) ALK Inhibitors 

 

 Currently, there are five ALK TKIs available for treatment of ALK-driven 

NSCLC patients: the first-generation ALK inhibitors crizotinib, second-generation ALK 

inhibitors ceritinib, alectinib and brigatinib and the third and last-generation ALK TKI 

lorlatinib (table 3). After the creation of ALK inhibitors, the ALK-rearranged patients’ 

survival and life quality increased substantially, and greatly, this has been achieved by 

the sequential use of first-, second-, and third-generation ALK inhibitors.  

 

Table 3 - Summary of the clinical settings in which the ALK TKIs have been tested.  Approval status by 

EMA and FDA. 
 

 

 

Drug Generation Clinical Setting Approval 

Crizotinib First First Line EMA/FDA 

Ceritinib Second 
First Line 

Second after crizotinib 
EMA/FDA 

Alectinib Second 
First Line 

Second after crizotinib 
EMA/FDA 

Brigatinib Second 
First Line 

Second after crizotinib 
No EMA/FDA 

Lorlatinib Third 

After two lines of ALK TKIs including 

crizotinib or 2nd line after a second-

generation ALK TKI 

EMA/FDA 

 

 The original approach for ALK-driven lung cancer patients’ treatment consists 

of providing first-line treatment with crizotinib and switching to second- or third-

generation ALK inhibitors after progression. Patients who have received crizotinib as 

first line achieve responses around 74% of cases, with median progression-free survival 

(PFS) of 10.9 months (figure 16) [291]. Second-generation ALK TKIs can overcome most 

of the on-target resistant mutations developed with crizotinib (see next subchapter). 

Treatment with ceritinib, alectinib or brigatinib as second or further lines after disease 

progression with crizotinib originates response rates ranging from 37% to 73% of 

patients and median progression-free survival durations between 5.4 and 12.9 months 

[292]. Regarding the third-generation ALK inhibitor, lorlatinib, it was then developed to 

overcome resistance mechanisms to first- and second-generation ALK TKIs, in 



47 

Chapter I - Introduction  

 

 
Immunotherapeutic approaches for ALK-driven Non-Small-Cell Lung Cancer (NSCLC) – Inês Mota 

particular the highly resistant mutation G1202R [292].  Recent reports from phase I/II 

studies in lorlatinib, have shown that in patients treated with >2 previous lines of ALK 

TKI, lorlatinib elicited responses in 39% of patients and the median PFS duration in this 

groups was 6.9 months [293].  

 In the past years, we have seen the placement of more and more potent and 

selective second-generation ALK inhibitors in the first line setting. This has been 

supported by improved PFS observed with ceritinib, alectinib and brigatinib in the first 

line [280, 294-296].  

 

D1.1) Crizotinib  

 

 Crizotinib (PF-2341066, Pfizer), first-generation ALK inhibitor, is an oral 

available ATP-competitive inhibitor of ALK, MET and ROS1 [297]. The first preclinical 

studies have shown that crizotinib is a potent ALK inhibitor in KARPAS-299 and SU-

DHL-1 ALCL cells (IC50: 24 nM). ALK-driven cells when treated with crizotinib enter 

in G1-S-phase cell cycle arrestment and are induced to apoptosis [298]. Other earlier in 

vitro studies have reported crizotinib inhibitory properties in NSCLC cell lines, such as 

H3122 (which harbor the EML4-ALK variant 1 rearrangement) that has been 

extensively used to characterize ALK inhibitors [299].  

 Four clinical trials were conducted and had shown the efficacy of crizotinib in 

the treatment of patients with ALK+ lung cancer (table 4). The most relevant study was 

the PROFILE 1014, a phase III trial that compared the efficacy of crizotinib with 

chemotherapy as first line setting [291, 300]. Treatment with crizotinib has resulted in an 

increased response rate (74% vs 45%), in a prolonged the PFS (10.9 months vs 7 

months), and in an impressive survival rates in patients, having reached 4-years 

survival in 56.6% patients [291, 300]. 

 Contrary of what was said initially, crizotinib does penetrate the blood brain 

barrier and can confer higher intracranial disease control when compared with 

chemotherapy (DCR 85% vs 45%) [301]. However, in patients with baseline treated brain 

metastasis, approximately 43% of patients experienced intracranial disease progression 

and 22% of patients without baseline brain metastasis have developed CNS 

progression. This, of course, has highlighted the need for the development of enhanced 
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brain penetrating ALK inhibitors to confer better CNS disease control. However, the 

above described evidences have accelerated the approval in 2011 of crizotinib for the 

treatment of patients with advanced ALK-driven NSCLC as a first or subsequent line 

of treatment (subsequent to chemotherapy).  

 

Table 4 - Clinical trials with crizotinib. ORR, overall response rate; DOR, duration of response; TTR, time 

to treatment response; PFS, progression free survival; OS, overall survival. Adapted from Recondo el al 
[292]. 
 

Trial 

(references) 

Trial design (phase, 

primary end point, and 

treatment arms) 

Median follow-up 

(months) 

Outcomes 

*ORR; 

* median PFD and 

* median OS 

PROFILE 1001 

[302, 303] 

I 

ORR, DOR, TTR, PFS, 6-12 

mo OS, safety profile 

Crizotinib (n= 149) 

16.3 

* 60.8% 

*9.7 mo 

* 1-year OS 74.8% 

PROFILE 1005 

[304] 

II 

ORR 

Crizotinib (n=1069) 

NA 

*54% 

*8.4 mo 

*21.8 mo 

PROFILE 1007 

[305] 

III 

PFS 

Crizotinib (n=173) vs  

pemetrexed or docetaxel 

(n=174) 

12.2 mo (crizotinib) 

and 12.1 mo 

(chemotherapy) 

*65% vs 20% 

*7.7 mo vs 3.0 mo 

(HR 0.49; P<0.001) 

*20.3 mo vs 22.3 mo (HR 1.02, 

P=0.54) 

PROFILE 1014 

[291, 300] 

III 

PFS 

Crizotinib (n=172) vs 

platinum + pemetrexed 

(n=171) 

46 mo 

*74% vs 45% 

*10.9 mo vs 7.0 mo (HR 0.45, 

P<0.001) 

*NR (45.8 mo-NR) vs 47.5 mo 

(32.2 mo – NR; HR 0-76; 

P<0.048) 

 

D1.2) Ceritinib  

 

 Ceritinib (LDK375, Zykadia, Novartis) is a second-generation ATP-competitive 

ALK inhibitor. It can also inhibit the Insulin Growth Factor Receptor (IGFR) [306]. It was 

designed to overcome the most frequent point mutations that led to crizotinib 

resistance in patients at disease progression, like L1196M gatekeeper mutations [307]. 
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 This compound was the first second-generation ALK inhibitor tested in the 

context of resistance to crizotinib and has shown responses rates in about 40% of 

patients with median PFS durations of 6 months (table 5) [308-311].  

 As first-line setting, ceritinib was superior to chemotherapy, producing higher 

response rates (72.5% vs 26.7%) and PFS (16.6 months vs 8.1 months) [295]. Thus, 

ceritinib is an upfront treatment option for ALK-driven lung cancer patients. However, 

given the fact that other very potent and better tolerated second-generation ALK 

inhibitors have been developed, the current role of ceritinib in the second- or first-line 

treatment seems to be declining.  

 

Table 5 - Clinical trials with ceritinib. ORR, overall response rate; DOR, duration of response; TTR, time to 

treatment response; PFS, progression free survival; OS, overall survival. Adapted from Recondo el al. [292].  
 

Trial 

(references) 

Trial design (phase, 

primary end point, and 

treatment arms) 

Median follow-up 

(months) 

Outcomes 

*ORR; 

* median PFD and 

* median OS 

ASCEND-1 

[308, 309] 

I 

MTD 

Ceritinib (n=246) 

First line (33%) or second 

line after crizotinib (66%) 

11.1 mo 

*72% or 56% 

* 18.4 mo or 6.9 mo 

*NR or 16.7 mo 

ASCEND-2 

[310] 

II 

ORR 

Ceritinib  (n=140) 

Second line after crizotinib 

11.3 mo 

*38.6% 

*5.7 mo 

* 14.9 mo 

ASCEND-3 

[312] 

III 

ORR 

Ceritinib (n=124) 

First line 

8.3 mo 

*63.7% 

* 11.1 mo 

* NA 

ASCEND-4 

[295] 

III 

PFS 

Ceritinib (n=189) vs 

platinum + pemetrexed 

(n=187) 

First line 

19.7 mo 

*72.5% vs 26.7%  

*16.6 mo vs 8.1 mo (HR 0.55; 

P<0.00001) 

*NE (29.3 mo-NE) vs 26.2 mo 

(22.8 mo-NR); HR 0.73; 

P=0.056 

ASCEND-5 

[311] 

III 

PFS 
16.5 mo 

*39.1% vs 6.9% 

* 4 mo vs 1.6 mo (HR 0.49; 
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Ceritinib (n=115) vs 

pemetrexed or docetaxel 

(n=116) 

Second line after crizotinib 

P<0.0001)  

* 18.1 mo vs 20.1 mo (HR 

1.00; P=0.5) 

 

D1.3) Alectinib  

 

 Alectinib (CH5424802; Chugai-Roche) is a benzo[b]carbozole derivative that 

was developed to be highly potent, with an IC50 of 1.9 nM in cell-free assays and 

confers high levels of ALK inhibition in EML4-ALK positive cell lines in vitro and in 

vivo [169]. Initially, alectinib was developed as a second line regimen for patients who 

had been treated with crizotinib (table 6). The phase III study ALUR, has compared 

alectinib to single agent docetaxel or permetrexed in patients who had previously 

progressed on treatment with crizotinib, and similarly to ceritinib, higher responses 

rates than chemotherapy were achieved (37.5% vs 2.9%) as well as and prolonged PFS 

(9.6 vs 1.4 months) [313]. Based on these results, alectinib was approved for the treatment 

of patients who had had disease progression after treatment with the first-generation 

ALK inhibitor crizotinib.  

 Contrarily to what happen with crizotinib and ceritinib, alectinib is not a 

substrate of the P-glycoprotein (P-gp), also known as multidrug resistance protein 1 

(MDR1) or ATP-binding cassette sub-family B member 1 (ABCB1) [314]. P-gp is a key 

efflux transporter present in the capillary endothelial cells of the blood brain barrier, 

and by this mean, it can reduce the bioavailability of drug in different body 

compartments, like the brain. Thus, alectinib is a highly penetrant drug and it can 

achieve high concentrations in the CNS [315]. Phase II studies have revealed that in 

patients with measurable brain metastasis, the intracranial ORR with alectinib was 

64%, with a median intracranial duration of response of 10.8 months [316].  

 In Japan, a phase III trial J-ALEX, and the international ALEX trial, have 

compared the efficacy of first-line alectinib treatment to crizotinib treatment [317, 318]. 

Achieving a median duration of PFS of 34.8 months, alectinib has been associated with 

a significant PFS benefit as well as a more favorable toxicity profile than crizotinib. 

Also, the intracranial responses rates were superior with alectinib (81% vs 50%, 
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compared with crizotinib) and lower incidence of brain metastases. Based on ALEX 

and J-ALEX trials, alectinib has become the standard choice for the first line treatment 

of patients with ALK-driven NSCLC worldwide.  

 

Table 6 - Clinical trials alectinib. ORR, overall response rate; DOR, duration of response; TTR, time to 

treatment response; PFS, progression free survival; OS, overall survival. Adapted from Recondo et al [292]. 
 

Trial 

(references) 

Trial design (phase, 

primary end point, and 

treatment arms) 

Median follow-up 

(months) 

Outcomes 

*ORR; 

* median PFD and 

* median OS 

AF-001 JO 

[317, 318] 

I/II 

DLT and MTD (phase I) 

or ORR (phase II) 

Alectinib (n=46) 

First line  

36 mo 

*93.5% 

*NR; 3-year PF; 62% 

*NE; 3-year OS; 78% 

AF-002 JG 

[319] 

I/II 

Recommended phase II 

dose 

Alectinib (n=47) 

Second line after 

crizotinib 

4.2 mo 

*55% 

*NA 

* NA 

NP28761/ 

NP28673 

[320] 

III 

ORR 

(n=225; n=189 evaluable 

for response) 

Second line after 

crizotinib 

92.3 weeks 

*51.3% 

*8.3 mo 

*29.1 mo 

ALUR 

[313] 

III 

PFS 

Alectinib (n=72) vs 

docetaxel or pemetrexed 

(n=35) 

Second line after 

crizotinib 

6.5 mo 

*37.5% vs 2.9% 

*9.6 mo vs 1.4 mo (HR 0.15; 

P<0.001) 

*12.6 mo (9.7 mo-NR) vs NR 

(NR-NR; HR 0.89) 

AF-001 JP 

[317, 318] 

I/II 

DLT and MTD (phase I) 

or ORR (phase II) 

Alectinib (n=46) 

First line 

36 mo 

*93.5% 

*NR; 3-year PFS: 62% 

*NE; 3-year OS: 78% 
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J-ALEX 

[321] 

III 

IRC-assessed PFS 

Alectini (n=103; 300mg 

BID) vs crizotinib (n= 104) 

12 mo (alectinib) and 

12.2 mo (crizotinib) 

*92% vs 79% 

*NR (95% CI 20.3 mo-NE vs 

10.2 mo; HR 0.34; P<0.0001) 

*NA (immature data) 

ALEX  

[280, 294] 

III 

Investigator – assessed 

PFS  

Alectinib (n=152; 600mg 

BID) vs crizotinib (n=151) 

22.8 (alectinib) and 

27.8 (crizotinib) 

* 82.9% vs 75.5% 

*34.8 mo vs 10.9 mo (HR 

0.43) 

* 1-year OS 84.3% vs 82.5% 

(HR 0.76; P=0.24) 

 

D1.4) Brigatinib  

 

 Brigatinib (AP26113; Ariad) is, as ceritinib and alectinib, a second-generation 

ALK inhibitor. It was originally developed as an ALK inhibitor that could potentially 

overcome the point mutation G1202R (known mechanism of resistance to first- and 

second-generation ALK inhibitor, see next subchapter). 

 The in vitro results were very enthusiastic; brigatinib inhibited the kinase 

activity of WT EML4-ALK with an IC50 of 0.6nM and its inhibition activity in acquired 

resistance mutations was impressive: C1156Y (0.6 nM), F1174L (1.4 nM), L1196M (1.7 

nM), and G1202R (4.9 nM). However, and unfortunately, the in vitro activity for the 

G1202R mutation was not replicated in vivo or in patients. Worth mentioning is the fact 

that brigatinib has a modest activity against EGFR mutants, namely the T790M 

mutation [322]. The pre-clinical models have also revealed the high CNS penetration, as 

it was proven by the significant tumor reductions in orthotopic mouse brain tumor 

models.  

 Regarding the clinical setting, three clinical trials have supported the efficacy of 

brigatinib as a second line after crizotinib relapse (table 7). Phase II study ALTA trial 

showed that treatment with brigatinib resulted in 56% response rate with a median PFS 

of 15.6 months. Brigatinib was compared to crizotinib in the first line setting in a phase 

III randomized study, (ALTA1L trial) resulting in improved responses rates (71% vs 

60%) and disease control [296]. Like it was observed with alectinib in the first line, 

brigatinib conferred higher intracranial response rates (78% vs 29%) and lower 

incidence of brain metastasis during treatment, when compared with crizotinib. 
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Consequently, brigatinib was approved as a second line treatment option for patients 

who were previously treated with crizotinib.  

 

Table 7 - Clinical trials with brigatinib. ORR, overall response rate; DOR, duration of response; TTR, time 

to treatment response; PFS, progression free survival; OS, overall survival. Adapted from Recondo et al 
[292]. 
 

Trial 

(references) 

Trial design (phase, primary 

end point, and treatment 

arms) 

Median follow-up 

(months) 

Outcomes 

*ORR, 

*median PFS and 

*median OS 

NCT01449461 

[323, 324] 

Recommended phase II dose 

(phase I) or ORR (phase II) 

Brigatinib (n=79) 

First line (10%, n=8), second 

line after crizotinib (85%, 

n=68), or third line after 

crizotinib and ceritinib (5%, 

n=3) 

>31 mo 

First-line brigatinib (n=8) 

*100% 

*34.2 mo 

*NR (2-year OS 100%) 

Brigatinib after crizotinib 

(n=71) 

*73% 

*13.2 mo 

*30.1 mo (2-year OS 61%) 

ALTA 

[325] 

II 

ORR 

Brigatinib 90 mg daily 

(n=112) vs brigatinib 180 mg 

with a 7-day lead in of 90 

mg/d (n=110) 

Second line after crizotinib 

19.6 mo (90 mg daily) 

24.3 mo (standard 

dose) 

*46% vs 56% 

*9.2 mo vs 15.6 mo 

*29.5 mo (18.2 mo-NR) vs 34.1 

mo (27.7mo-NR) 

ALTA1L 

[296] 

III 

PFS 

First line: Brigatinb 180 mg 

with a 7-day lead in of 90 

mg/d (n=137) or crizotinib 

250 mg BID (n=138) 

11.0 mo in the 

brigatinib group and 

9.3 months in the 

crizotinib group 

*71% vs 60% 

*12-month PFS: 67% (95% CI, 

56 to 75) vs 43% (95% CI, 32 to 

53) 

*12-month OS: 85% (95% CI, 

76 to 91) vs 86% (95% CI, 77 to 

91) 

 

D1.5) Lorlatinib  

 

 Lorlatinib (PF-06463922, Pfizer) is the most potent, sole third-generation ALK 

inhibitor, the last to receive FDA approval and is currently available in the clinical 

setting for the treatment of ALK-driven NSCLC patients. Besides ALK, lorlatinib is a 
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potent reversible and ATP-competitive ROS1 inhibitor and it was developed to inhibit 

ALK in the presence of all known single resistant mutations within the kinase domain 

[326]. Its inhibition capacity is clearly shown by the impressive IC50 of <0.07 nM. Also, its 

unique macrocyclic structure confers different conformational binding properties, 

which remains unaffected by amino-acidic changes that can occur due to single known 

secondary resistance mutations (figure 15) [327]. Plus, its lipophilic properties and low 

susceptibility to P-glycoprotein efflux confer high levels of CNS penetration and 

intracranial activity.  

 

Figure 15 - The acyclic structure of 

crizotinib and the macrocyclic 

structure of lorlatinib. Adapted 

from Akamine et al, OncoTargets 

and therapy, 2018 [328] 

 

  

 

Preclinical studies have shown that lorlatinib has elevated potency in ALK 

suppression and cell death in Ba/F3 cells expressing WT ALK, non-mutant rearranged 

and a wide spectrum of mutant forms that can occur with first- and second-generation 

ALK inhibitors, namely L1196M, I1171T, L1152R, 1151Tins, C1156Y, G1269A, F1174L, 

S1206Y and G1202R [326]. In addition, lorlatinib has shown significant activity in G1202R 

mutant expressed in H3122 cells in vivo. The IC50 of lorlatinib in Ba/F3 cells expressing 

this mutant form is about 50 nM and the IC50 values for all other single resistant 

mutations range from this value to 4.6 nM.  

 Moreover, lorlatinib has achieved important and impressive tumor responses in 

brain orthotopic mice models and prolonged survival of mice bearing patient-derived 

tumors [326]. Also, in these models, the lorlatinib pharmacokinetic was analyzed 

showing that the free fraction of lorlatinib in brain in reference to plasma was 4-fold 

higher than crizotinib.  

 Lorlatinib is orally bioavailable and the established dose for humans is 100 mg 

daily based on the safety and the estimated plasma concentration needed to target the 
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G1202R mutation. The maximum time in plasma is between 1-2 hours and its half-life 

extends from 19 to 28.8 hours [329].  

 The phase I trial has enrolled 41 ALK-driven lung cancer patients heavily 

pretreated, among which 72% had brain metastasis at the time of enrollment, 12 of 

whom had not received radiation therapy. The response rate was 57% among patients 

treated with one previous line of ALK TKI, and 42% among patients treated with two 

or more lines of ALK TIKs. In patients with measureable and non-measurable brain 

metastasis, a partial or complete response was observed in 31% of the cases, of whom 

50% had been previously treated with two or more ALK inhibitors lines. This efficacy 

in the treatment of brain metastasis is relevant in the context of elevated levels of CNS 

progression with first- and second-generation ALK TKIs.  

 The multicohort phase II study of lorlatinib included patients with treatment 

naïve disease (EXP1, n=30), patients who had received crizotinib without a second-

generation ALK TKI (EXP2, n=27) or with previous chemotherapy (EXP3A, n=32), 

patients previously treated with one non-crizotinib ALK TKI with or without 

chemotherapy (EXP3B, n=28), and finally, patients who had previously received two 

(EXP4, n=66) or three (EXP5, n=46) lines of ALK TKI. About 60% of the patients 

previously treated with an ALK TKI had baseline brain metastasis. The response, PFS 

and CNS activity for all cohorts are summarized in table 8. In patients crizotinib only 

pre-treated, the ORR was 69% and the median PFS has reached almost one year, and 

intracranial responses were observed in 87% of cases. In patients treated with second-

generation ALK inhibitors alone or treated with two or three ALK TKIs, responses 

rates ranged between 32-39% with median PFS duration of 5.5 months and 6.9 months, 

respectively. An increased intracranial activity was observed in heavily pretreated 

patients, with approximately 55% of intracranial responses and median duration of 

response reaching 14.5 months (95% CI, 6.9-14.5). Plus, this multicohort phase II study 

also provided a hint on the activity of this drug in treatment naïve patients, with 90% 

response rates and long PFS durations. Also, lorlatinib was highly active in patients 

with detectable mutant forms that occur in earlier generation of ALK inhibitors but 

also active in patients with undetectable kinase domain mutations. In patients 

previously treated with crizotinib, there were no differences in response rates among 



56 

Chapter I - Introduction 

 

Immunotherapeutic approaches for ALK-driven Non-Small-Cell Lung Cancer (NSCLC) – Inês Mota 

patients with detectable ALK resistance mutation compared to patients without 

detectable resistance mutation (ORR: 73% vs 75%) and median PFS was similar 

between groups (HR, 1.03 [95% CI, 0.39 to 2.69]) [330]. In contrary, the response rate of 

lorlatinib in patients with detectable ALK resistance mutation was 62% compared to 

32% for patients with undetectable ALK resistance mutation in plasma, after 

progression to second generation ALK TKI. Median PFS was significantly longer in 

patients with detectable ALK mutant forms in tissue (11 vs 5.3 months), as it was the 

median duration of response (24.4 vs 4.3 months), reflecting that patients with 

undetectable on-target resistance to previous ALK TKI have less benefit with lorlatinib 

than patients whose tumors had developed on-target resistance mechanisms.  More 

importantly, lorlatinib was highly effective in patients with detectable G1202R 

mutation, with response rates of 57% and median duration of PFS of 8.2 months [330].  

 Finally, based on the clinical efficacy and safety, lorlatinib has received 

approval from FDA in November 2018 and EMA in May 2019 for the treatment of 

patients who have experienced disease progression with first- and second-generation 

ALK TKIs, or to first line treatment with alectinib or ceritinib.  

In accordance with this new paradigm, in which we can observe a shift in the 

treatment of ALK-driven patients, moving second-generation to the first line setting, 

and due to the fact that in preclinical models, first line treatment with lorlatinib was 

highly efficacious, there is already an ongoing phase III study which compares first line 

treatment with lorlatinib to crizotinib (CROWN trial, NCT03052608).    

 

 

Table 8 - Expansion (EXP) cohort from the phase I/II study of lorlatinib. ORR, overall response rate; PFS, 

progression free survival; IC, intracranial Adapted from Solomo BJ, et al [293].  
 

Cohort 
Previous ALK 

TKI 
N ORR 

Median PFS 

months (95% 

CI) 

IC 

ORR 

EXP 1 None 30 90% 
NR 

(11.4-NR) 
66.7% 

EXP 2 
Crizotinib no 

chemotherapy 
27 

69.5% 
NR 

(12.5 – NR) 
87% 

EXP 3A 
Crizotinib no 

chemotherapy 
32 
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EXP 3B 

Second-

generation ALK 

TKI +/- 

chemotherapy 

28 32.1% 5.5 (2.7-9.0) 55.6% 

EXP 4 
Two lines of ALK 

TKI 
66 

38.7% 
6.9 

(5.4 – 9.5) 
53.1% 

EXP 5 
Three lines ALK 

TKI 
46 
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Figure 16 - Comparison of PFS results in selected clinical trials testing TKI sequencing in ALK-driven NSCLC. Summary of PFS durations in different trials of frontline ALK 

inhibitors in NSCLC patients. Adapted from Recondo et al, Nat Rev Clin Oncol, 2018 [292]. 
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E1) ALK inhibitors resistance 

 

E1.1) ALK TKI resistance mechanism 

 

Resistance to targeted therapies can be either primary or acquired. Primary 

resistance to a targeted therapy implies an intrinsic lack of response to the treatment 

from the beginning while acquired resistance denotes disease progression after an 

initial response (partial or complete) to the therapy [331]. Though mechanisms of 

intrinsic resistance are poorly understood, acquired resistance mechanisms broadly fall 

under two categories: ALK-dependent or ALK-independent mechanisms of resistance. 

 

E1.1.1) ALK-Dependent Resistance Mechanisms 

 

E1.1.1.1) Secondary mutations in the ALK tyrosine kinase domain 

 

In general, secondary mutations within the target kinase cause drug resistance 

by re-activation of the kinase and its downstream signaling pathways despite the 

presence of the TKI. These resistance mutations often occur around the surface lining 

the drug binding site, although a number of mutations have been described far from 

the active site. Depending on their location, mutations can directly hamper TKI 

binding to the target kinase, alter the conformation of the kinase, and/or modify the 

ATP-binding affinity of the kinase.  

 

o Resistance against Crizotinib 

 

Despite the remarkable responses that have been observed in patients with 

ALK rearrangements, resistance to crizotinib eventually develops and rather quickly, 

making durable response unachievable.  

One of the important mechanisms of acquired resistance to crizotinib is the 

selection of point mutations within the drug target that alter drug sensitivity (table 9). 

The first case of resistance against crizotinib in EML4-ALK+ NSCLC patient was 

reported in 2010 [168]. The tumor resumed growth after an initial partial response over a 
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period of 5 months. Deep sequencing analysis of the patient sample revealed a L1196M 

mutation and a C1156Y substitution at a relatively high frequency.  

 

Figure 17 - Crystal structure of ALK in complex with crizotinib (PDB:2XP2). A) Close view of crizotinib 

bound in the active site of WT ALK. The gatekeeper residue L1196 is shown as red surface. Crizotinib is 

shown as cyan sticks. The green dashed line indicates the hydrogen bonding to the backbone nitrogen of 

M1199 (indicated in sticks). Secondary structures are represented as grey ribbon. B) The native L1196 from 

panel A mutated in silico to M1196, to show steric clash with crizotinib. C) Overall architecture of ALK 

bound to crizotinib. Key residues associated with resistance to crizotinib are shown as red surface and 

labeled. Some important regulatory regions of the kinase are indicated by arrows. Figure and legend 

adapted from Sharma et al, Cancers, 2018 [48]. 

 

The L1196 residue is a conserved gatekeeper residue located close to the ATP 

pocket and crizotinib binding site. In this secondary mutation, a smaller residue 

(leucine) is replaced by a larger residue (methionine) (figure 17A/B). In contrast to a 

larger residue, a smaller one does not block the access of the inhibitor to the adjacent 

hydrophobic pocket [332]. Methionine substitution, in addition, has been reported to 

increase the enzyme activity by strengthening the hydrophobic R-spine which then 

promotes the formation of the active protein conformation [333]. L1196M mutant EML4-
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ALK protein was found to have higher phosphorylation levels [334] conferring drug 

resistance by increasing the protein kinase activity. On the other hand, the C1156Y 

mutation creates a displacement of crizotinib along with some conformational changes 

in the binding site of the drug that eventually decreases crizotinib affinity and leads to 

drug resistance [335]. Interestingly, a different gatekeeper mutation (L1196Q) was 

identified in crizotinib-resistant ALCL cells in vitro [336]. The same group described an 

I1171N mutant that was resistant to all tested inhibitors; this mutation was later 

identified in an ALCL patient progressing on crizotinib [337].  

Sasaki and colleagues have described another case of crizotinib resistance in an 

IMT patient [338]. These investigators found the F1174L mutation in the RANBP2-ALK 

kinase domain in the relapsed tumor lesions. Also, the F1174L mutation had earlier 

been detected in neuroblastoma [163]. The 1174 residue is found at the C-terminal end of 

the αC-helix and has been shown to reduce ALK sensitivity to crizotinib by increasing 

ATP binding affinity in neuroblastoma cell lines and in in vivo models [339]. Another 

mutant variant at the same position, F1174V, was also found in an ALK+ NSCLC 

patient resistant to crizotinib [340].  

Secondary mutation L1152R with an EGFR and c-Met hyperactivation was 

reported in a cell line established from the NSCLC patient who relapsed after 3 months 

of crizotinib treatment [341]. The L1152R mutation affected crizotinib-mediated 

inhibition of downstream AKT and ERK phosphorylation in the resistant cells. As the 

L1152R mutation does not seem to be in direct contact with the ATP-binding pocket 

[153], how L1152R mediates ALK inhibitor resistance is still unclear.  

A number of other secondary mutations such as S1206Y, G1202R, 1151Tins, 

G1269A were also found in crizotinib-refractory NSCLC patients (figure 17C) [342, 343]. 

Both, G1202R and S1206Y, are located at the solvent front of the TKD and presumably 

interfere with inhibitor binding due to steric hindrance and conformational changes of 

the kinase, while the insertion of a threonine residue at 1151 position is speculated to 

lead to a change in the affinity of ALK for ATP [153]. The Gly1269 residue is situated at 

the end of the ATP-binding pocket of ALK and its substitution with the larger Ala 

residue leads to a decrease in the binding of crizotinib to ALK due to steric hindrance 

[343].  
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Table 9 - Mutational profile of ALK that induce TKI resistance 
 

TKI 
Sensitive 

Mutants 
Resistant Mutants Disease 

Evidence 

(in vitro/in vivo/clinical) 
Reference 

Crizotinib L1198F 

I1151Tins 

L1152R 

C1156Y 

I1171T/N 

F1174L 

L1196M 

L1196Q 

L1198P 

G1202R 

D1203N 

S1206Y 

G1269A 

NSCLC 

NSCLC 

NSCLC 

NSCLC 

IMT 

NSCLC 

NSCLC 

EML4-ALK BaF3 cells 

NSCLC 

NSCLC 

NSCLC 

NSCLC, IMT 

Clinical 

Clinical 

Clinical 

Clinical 

Clinical 

Clinical 

Clinical 

in vitro 

Clinical 

Clinical 

Clinical 

Clinical 

[342] 

[341] 

[168] 

[344] 

[341] 

[168] 

[345, 346] 

[342] 

[342, 343, 

345, 347] 

Ceritinib 

G1269A, 

I1171T, S1206Y, 

L1196M 

R1275Q 

L1152P/R 

D1203 

G1202R 

F1174C/V 

L1198F 

C1156Y/T 

Neuroblastoma 

NSCLC 

NSCLC 

NSCLC 

NSCLC 

NSCLC 

NSCLC 

in vitro 

in vitro 

Clinical 

Clinical 

Clinical 

in vitro 

in vitro 

[176] 

[307] 

[348] 

[307] 

[307] 

[314] 

[307] 

Alectinib 

G1269A, 

S1206Y, 

L1152R, 

F1174L, 

1151Tins 

I1171T 

V1180L 

G1202R 

NSCLC 

NSCLC 

NSCLC 

Clinical 

in vitro 

Clinical 

[349] 

[340] 

Brigatinib 

G1269A, 

S1206Y, 

L1152R, 

F1174C, 

1151Tins, 

I1171T, 

D1203N, 

E1210K, 

F1245C 

F1174V+L1198F 

G1202R 

S1206C/F 

ALCL 

NSCLC 

NSCLC 

in vitro 

Clinical 

Clinical 

[350] 

[351] 

Lorlatinib 

L1196M, 

G1202R, 

G1269A 

L1198F 

I1171N + L1198F 

I1171N+D1203N 

G1202R+G1269A 

NSCLC Clinical 

[352] 

[353] 

[354] 



63 

Chapter I - Introduction  

 

 
Immunotherapeutic approaches for ALK-driven Non-Small-Cell Lung Cancer (NSCLC) – Inês Mota 

G1202R+L1196M 

L1196M+D1202N 

F1174L+G1202R 

C1156Y+G1269A 

 

o Resistance to Second-Generation ALK TKIs (ceritinib, alectinib, brigatinib) 

 

Even though the second-generation of ALK inhibitors is proven to be more 

potent and highly selective with tolerable adverse events, the biggest setback still stays 

in the form of acquired resistance against them. For instance, while ceritinib was able 

to overcome some of the secondary ALK resistance mutations that arise after crizotinib, 

G1202R, F1174C/V mutations were reported to be selected by ceritinib treatment. 

Structural analysis revealed that G1202R substitution causes a significant loss in 

ceritinib binding due to steric hindrance [307].  Other secondary mutations such as 

C1156Y, 1152Tins, and L1152R, G1123S have also been documented to be associates 

with resistance against ceritinib [344, 355]. 

 On the other hand, alectinib was shown to be effective against crizotinib or 

ceritinib resistant mutations, but it was described that alectinib leads to the acquisition 

of I1171T and V1180L resistant mutations in vitro and in a patients upon alectinib 

treatment. Interestingly, these two mutations can be overcome with ceritinib treatment, 

which supports the idea of using two different inhibitors/combinatorial therapy. 

Again, the G1202R emerged as a highly intractable mutant [356]. Indeed, this mutation 

was reported to be resistant to all clinically available inhibitors before the third-

generation had been developed [357].  

 Point mutations L1122V, F1174V+L1198F, S1206C, and L1198F were shown to 

confer resistance against brigatinib in ALCL cell lines. Except for the S1206C mutation, 

most of the brigatinib resistance could be overcome by switching back to crizotinib or 

other ALK TKIs [350].  

 Given the structural differences among the available ALK TKIs, it is perhaps 

not surprising that each ALK TKI appears to be associated with a specific profile of 

secondary ALK resistance mutations (table 9). One such example of this compound 

mutation phenomenon include detection of C1156Y and I1171N double mutation after 

progression on crizotinib, ceritinib, and alectinib sequential treatment and also the 
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presence of E1210K with D1203N mutations after sequential crizotinib and brigatinib 

treatment  [358].  Given the number of different ALK TKIs that are being approved and 

their implementation in clinic for sequential TKI treatment, we are bound to see an 

increase in the number and variety of compound mutations (table 9). 

o Preclinical and clinical evidences on resistance mechanism to third-generation ALK 

inhibitor, lorlatinib  

 

Unlike first- and second-generation ALK TKI, mechanisms of resistance to 

third-generation (lorlatinib) still need to be intensively explored. 

The first report was derived from the molecular study of a patient’s tumor at 

the time of lorlatinib progression in the context of the phase I study performed by Alice 

Shaw and her colleagues [359]. The patient had been treated with crizotinib in the first 

setting and upon progression a resistant ALK C1156Y mutation was detected. This 

mutation conferred resistance to crizotinib and ceritinib. The patient was treated 

sequentially with ceritinib and a HSP90 inhibitor without any benefit and fourth line 

chemotherapy with a total duration of response of 6 months. Then, the patient has 

received lorlatinib and achieved a partial response that lasted for 8 months. When the 

disease progressed, a liver biopsy was performed and NGS analysis of the tumor 

sample had revealed two ALK mutations: the previously detected crizotinib resistant 

C1156Y and a new L1198F mutation. These two mutations were present in the same 

allele (compound mutation), and clonal analysis using whole-exome sequencing data 

has showed that the cancer cells containing the compound mutation resistant to 

lorlatinib were sub-clones derived from tumor cells that had acquired the C1156Y 

mutation with crizotinib.  

Using crystallography modeling, the substitution of a leucine for a 

phenylalanine in position 1198 leads to a steric clash with lorlatinib, which affects the 

binding (figure 18). The binding affinity (ALK L1198F and L1198F+C1156Y mutant) 

was lower with lorlatinib and most second-generation ALK inhibitors. However, the 

L1198F mutation did not clash with crizotinib, and in fact, improved crizotinib binding 

and affinity for ALK. The patient was then treated with crizotinib, experiencing a 

significant response and proving that this compound mutation re-sensitized this 

patient to crizotinib. The increased affinity for crizotinib binding, induced by the 
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presence of the phenylalanine counteracted the negative effect of C1156Y. The 

induction of resistance to lorlatinib and the re-sensitization to crizotinib by the 

sequential acquisition of the C1156Y and the L1198F mutation was also demonstrated 

in vitro in Ba/F3 models. 

Compound mutations acquired sequentially with first- and second- generation 

ALK TKI had also been reported to drive resistance to brigatinib, like the D1203N + 

E1210K, but these compound mutations remain sensitive to lorlatinib inhibition [358]. 

These initial observations suggested that compound mutations had differential activity 

on resistance to ALK TKI. Also, the same group has further explored the role of 

compound mutations in lorlatinib resistance by performing an N-ethyl-N-nitrosourea 

(ENU) mutagenesis screen in Ba/F3 cells expressing non-mutant EML4-ALK 

rearrangements and EML4-ALK rearrangement with known single resistance mutation 

to first- or second-generation ALK inhibitors. After exposure to ENU, Ba/F3 cells were 

treated with crizotinib and lorlatinib. In Ba/F3 cells harboring non-mutant form of 

EML4-ALK, there were no resistant clones to lorlatinib, but as it was expected, multiple 

clones have emerged with crizotinib. This suggested that no single ALK mutation 

conferred resistance to lorlatinib at physiological doses that are achieved in patients. 

These findings were then proved in vivo by injecting H3122 cells in immune-

compromised mice and treated with lorlatinib. After tumor regrowth, none of the 

resistance cancer cells harbored a single ALK mutation [353].  

To check the effect of the sequential acquisition of resistance mutations, Ba/F3 

harboring the most common resistance mutations to first- and second-generation ALK 

inhibitors (C1156Y, F1174C, L1196M, G1202R, and G1269A) underwent ENU 

mutagenesis screen with lorlatinib. Multiple compound mutations were then identified 

in lorlatinib resistant clones (G1202R+L1196M, G1202R+L1198F and L1196M+L1198F 

compound mutations). However, the compound mutations containing the L1198F 

mutation were sensitive to crizotinib [353].  

In patients, the following compound mutations were identified as lorlatinib 

resistant forms: I1171N + L1198F, I1171N + D1203N, G1202R + G1269A, G1202R + 

L1196M, including the “triple mutants” G1202R + L1204V + G1269A and E1210K + 

D1203N + G1269A. This study has then demonstrated that the consecutive acquisition 
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of kinase domain mutations after sequential exposure to first- and second-generation 

ALK TKI and lorlatinib (third-generation) can induce conformational changes in the 

kinase domain that hamper lorlatinib binding and can also result in increased kinase 

ATP affinity in about 35% of cases [353].  

 

 

 

Figure 18 - Structural Basis for Resistance to Lorlatinib and Sensitivity to Crizotinib Mediated by ALK 

C1156Y–L1198F. Non-phosphorylated WT ALK and mutant (C1156Y, L1198F, C1156Y-L1198F) kinase 

domains were co-crystallized with crizotinib or lorlatinib. A) Co-crystal structures of crizotinib bound to 

the single ALK C1156Y mutant. B) Lorlatinib bound to the single ALK C1156Y mutant. C) Crizotinib 

bound to the ALK C1156Y-L1198F double mutant. D) Modeling of lorlatinib bound to the double ALK 

C1156Y-L1198F mutant, highlighting the steric clash between the phenylalanine residue and lorlatinib. 

L1122 is a g-loop leucine residue that creates a binding pocket with L1198F just above the piperidine and 

nitrile groups. Figure and legend adapted from Alice Shaw et al, NEJM, 2016 [359].  

 

In another study, Okada and colleagues have also performed ENU mutagenesis 

screen on G1202R and I1171N mutant EML4-ALK Ba/F3 cells and have shown similar 

findings [360]. In total, the group has identified 13 ALK compound mutations involving 

G1202R and I1171N, including the new compound mutation that caused lorlatinib 
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resistance but remained targetable with alectinib (L1256F). The G1202R + G1269A 

compound mutation was also identified by this group in a patient derived cell line 

resistant to lorlatinib. Even though most compound mutations will cause resistance to 

all available ALK inhibitors, in few selected cases, resistance can be overcome with an 

earlier generation ALK TKI.  

These studies apparently suggest that sequential administration of ALK TKIs is 

more likely to develop third-generation resistance in form of compound mutations.  

 

E.1.1.1.2) Amplification of ALK  

 

Another ALK-dependent resistance mechanism is the amplification of ALK 

gene which occurs less frequently than secondary mutations.  

Katayama and colleagues have reported high-level of WT EML4-ALK gene 

amplification in 1 of the 15 patients that had progressed on crizotinib [342]. It was not 

found any additional secondary mutations. Also, Doebele and colleagues have 

documented an increase in the copy number of rearranged ALK gene per cells in 2 out 

of 13 patients’ samples from post-crizotinib treatment [343]. However, copy number gain 

(CNG) in rearranged ALK gene was accompanied by the resistant mutation G1269A in 

1 of these 2 samples.  

Genomic amplification of the ALK locus has also been described to mediate 

ALK TKI resistance in ALLC cell lines [350, 361]. Ceccon and colleagues have observed 

that brigatinib resistant ALCL cells had overexpressed NPM-ALK due to the ALK 

amplification [350]. Interestingly, the resistant cells were addicted to the TKI for their 

growth and proliferation [362], because as soon as the drug was removed, the drug 

addicted cells experienced an apoptotic death. Most likely, cell death was mediated by 

the activation of the DNA damage response pathway due to an unbalanced NPM-ALK 

signaling [362].  

Nevertheless, and based on the present clinical evidences, it is difficult to say 

under which circumstances and/or factors, amplification of ALK gene is sufficient 

enough to render tumor cells resistant.  
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E1.1.2) ALK-Independent Resistance Mechanisms 

 

E1.1.2.1) Activation of Bypass Signaling Pathways 

 

 Another important category is the ALK-independent resistance mechanism as 

bypass signaling pathways through genetic alterations, autocrine signaling, or 

dysregulation of feedback signaling, which leads to the survival and growth of tumor 

cells even when the target driven gene is inhibited by the TKI (figure 19).  

 In first- and second-generation ALK inhibitors, several bypass mechanisms 

have been extensively reported in the literature. One example is the EGFR activation 

[341, 342, 363]. Studies conducted in ALK-rearranged lung cancer cell lines have shown an 

increment of EGFR phosphorylation in crizotinib-resistant cell lines which did not 

present secondary ALK mutations or upregulations of ALK, when compared with the 

parental crizotinib-sensitive cells. This has led to a persistent activation of the 

downstream ERK and AKT signaling. However, those cells did not present EGFR 

mutation or amplification, telling that EGFR activity may result from receptor or ligand 

up-regulation [341, 363].  

 Gene expression profiling of crizotinib-resistant vs crizotinib-naïve NSCLC 

tumor samples using RNA sequencing followed by single-sample gene set enrichment 

analysis (ssGSEA) has identified EGFR and HER2 (member of the HER receptor 

family) signatures as two of the most enriched gene expression marks in resistant 

tumors  [364].  

Doebele and colleagues have reported mutation in KRAS gene in two out of the 

eleven NSCLC patients who relapsed on crizotinib [343]. One patient had a KRASG12C 

mutation which was detected in both, pre- and post-crizotinib biopsy samples.  

The second patient had a G12V substitution in KRAS gene only in the post-

crizotinib biopsy sample. Interestingly, when the author introduced the G12V 

substitution in H3122 cells to evaluate its effects on resistance, they did not see a 

significant difference in the IC50 values between parental and mutant dells [343]. 

Additionally, re-activation of MAPK signaling pathway due to CNG of WT KRAS gene 
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or reduced levels of MAPL phosphatase DUSP6 was also reported to impart resistance 

against ALK TKI in mouse models [365].  

However, using an upfront dual ALK and MEK-inhibitor therapy, the authors 

were able to suppress the development of resistance in vitro.  In addition, c-KIT gene 

amplification in the presence of stem cell factor (SCF) has also been reported to impart 

some degree of resistance against crizotinib in patient samples [342]. However, a 

combination of crizotinib and imatinib (c-KIT/ABL inhibitor) treatment was able to 

overcome the resistance in c-KIT overexpressing crizotinib resistant H3122 cells [342].  

 Laimer and colleagues [366] have shown that, in a mouse model of NPM-ALK+ 

lymphoma, the activator protein 1 family member JUN and JUNB promote lymphoma 

development and tumor dissemination via transcriptional regulation of PDGFRꞵ . 

When PDGFRꞵ  is inhibited therapeutically, the survival of NPM-ALK transgenic mice 

is prolonged. Also, its inhibition leads to an increased efficacy of an ALK-specific 

inhibitor in transplanted NPM-ALK tumors. Remarkably, a patient with refractory 

late-stage ALK+ ALCL treated with PDGFRα/PDGFRꞵ  inhibitors had a rapid and 

complete remission [367]. Also, in ALK-driven lung adenocarcinoma cell lines and 

mouse xenograft models, the RAS-MEK pathway was found to be the critical 

downstream effector of EML4-ALK. In a recent study using NGS analysis in a patient-

derived ALK+ lung cancer cell line after ceritinib treatment, a MAP2K1-K57N 

activating mutations was found as the primary genetic alteration which has led to MEK 

activation.  

More importantly, a separate study verified that ALK/MEK dual blockade may 

be effective not only in overcoming but also in delaying ALK TKI resistance [365, 368].  

Other examples of bypass mechanisms clinically implicated in ALK TKI resistance 

mechanism include PIK3CA mutations (one out of 27 samples [3.7%], post-alectinib; 

one case post-ceritinib) [358, 368]. IGF1R activation (four out of five samples [80%], post-

crizotinib) [369], and SRC activation [368]. Also for the third-generation ALK inhibitors, 

lorlatinib, ALK-independent mechanisms of resistance have been already reported.  

For instance, the off-target mechanisms of resistance in ALK rearranged NSCLC cell 

lines have also been characterized in vitro by exposing H3122 and H2228 ALK+ NSCLC 

cell lines to increasing lorlatinib concentrations. The resulting lorlatinib resistant cell 
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lines showed over-activation of EGFR as a bypass mechanism to ALK inhibition in vitro 

[370].  This over-activation of EGFR has been previously seen in H3122 cell lines resistant 

to crizotinib, which suggests that EGFR activation might be a recurring mechanism of 

resistance in this cell line [341].  

Another example, neuroblastoma cell lines with full length ALK carrying the 

R1275Q point mutations were exposed to lorlatinib and resistant clones harboring a 

truncated mutation in NF1 have emerged. However, combined treatment with 

trametinib and lorlatinib overcame resistance in this in vitro model.  

From the largest reported series of patients with lorlatinib resistance, 65% of 

tumor samples did not present any compound mutation that could explain resistance 

to lorlatinib. This fact suggests that bypass mechanisms or histologic transformation 

could cause resistance in a significant proportion of patients [353].  

Reported cases of neuroendocrine transformation at the time of resistance to 

lorlatinib with a concomitant L1196M mutation, has demonstrated that histologic 

transformation, like it happens in EGFR mutant lung cancer, can occur independently 

of acquired resistance mutations. Also suggests that relying only on liquid biopsies 

without tissue analysis can lead to underdiagnoses of histological transformation.  

More recently, Gonzalo Recondo and colleagues have analyzed five ALK-

driven lung cancer patients resistant to lorlatinib. Tumor biopsies were analyzed by 

high-throughput NGS and patients-derived models were developed by this group to 

better characterize the acquired resistance mechanism.  

Recondo et al have described several biological mechanisms that led to 

lorlatinib resistance, such as Epithelial Mesenchymal Transition (EMT), which 

mediated resistance in two patients-derived cell lines; three new ALK kinase domain 

compound mutations (L1196M+D1202N; F1174L+G1202R; C1156Y+G1269A); and a 

novel bypass mechanism of resistance caused by NF2 loss of function mutations. The 

two patients-derived cell lines that experienced EMT were susceptible to dual SRC and 

ALK inhibition; the ALK compound mutations had different susceptibility to ALK 

inhibition by lorlatinib and finally, the novel bypass mechanism described by this 

group is sensitive to treatment with mTOR inhibitors [354].  
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Figure 19 - ALK downstream pathways and bypass signaling. ALK-independent resistance mechanisms. 

Activation of bypass signaling pathways when ALK is inhibited with TKIs: EGFR activation, without 

EGFR mutations or amplifications; HER2 activation; c-KIT gene amplification in the presence of Stem Cell 

(SCF); MET activation bypassing ALK inhibitors without anti-MET activity; regulation via transcriptional 

of PDGFRꞵ  and IGFR activation. Mutations in KRAS and copy number gain of WT KRAS; JM, 

Juxtamembrane. Figure and legend adapted from Sharma et al, Cancers, 2018 [48].  

 

E1.1.2.2) Histologic Transformation  

 

 One of the less understood mechanisms of resistance is the shift of the 

histologic phenotype that tumors can experience upon exposure to TKIs in lung cancer; 

namely 1) epithelial-mesenchymal transition (EMT), 2) small-cell lung cancer (SCLC) 

transformation, and 3) squamous cell carcinoma (SCC) transformation from originally 

lung adenocarcinoma tumors. 

 

o Epithelial-Mesenchymal Transition  
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Epithelial-Mesenchymal Transition (EMT) is a dynamic and usually reversible 

process that consists in the transient acquisition of mesenchymal features from 

epithelial cells [371].  

 Briefly, cells can shift from an epithelial to a partial or even full mesenchymal 

state and backwards. In normal and physiological conditions, this process is important 

during embryogenesis and in wound healing in adulthood. However, in cancer, this 

phenomenon favors cell migration and metastasis. It can also be induced by treatment 

exposure and trigger resistance to chemotherapy and TKI therapy.  

To better understand this phenomenon, it is necessary to mention that normal 

epithelial cells usually display apico-basal polarity and are in contact with each other 

by lateral cell-cell junctions, such as adherent and tight junctions by multiple proteins 

including cadherin molecules like E-cadherin. What is known is that the expression of 

E-cadherin in epithelial cells is repressed by various transcription factors (TF), such as 

SNAIL, SLUG, ZEB1, TWIST1/2, while N-cadherin, vimentin and fibronectin 

expression is induced. Tumor cells lose the apico-basal polarity and polygonal shape 

and induce the degradation of the basal cell membrane, resulting in the acquisition of 

mesenchymal phenotype, shifting their polarity and acquiring higher capacity to 

invade and metastasize. The TF involved in this biologic process are activated through 

several signaling pathways, such as TGFꞵ , WNT, NOTCH, SRC, AXL and MET [372-377]. 

The TGFꞵ  pathway is frequently involved in EMT. The binding of TGFꞵ  ligand to its 

receptor triggers the downstream phosphorylation of SMAD proteins that form SMAD 

complexes and induce the transcription of EMT related genes that finally inhibit the 

expression of E-cadherin and induce the differentiation to mesenchymal phenotype. 

Finally, SRC is also a key determinant of EMT by localizing to the peripheral cell-

substrate adhesions, regulating its disassembly through phosphorylation of focal 

adhesion kinase (FAK) and promoting the degradation of cell-adhesion components 

[378]. Also, it can suppress the function of E-cadherin [375].  

Depending on the mechanism of induction of EMT, resistance to TKIs can be 

potentially reversed in vitro by combining the TKI targeting the primary oncogenic 

driver and a second drug targeting the EMT pathway activation. Nevertheless, this has 

not translated into clinical development, and there is an unmet need to design effective 
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strategies to diagnose and target EMT as a resistance mechanism to targeted therapies 

in lung cancer.   

 EMT was reported in about 40% of tissue samples from twelve ceritinib 

resistant tumors with IHC staining showing loss of E-cadherin and gain of vimentin 

expression [358]. It was also reported that EMT has mediated resistance to crizotinib in 

H3122 cells [379].  

    

o Small-Cell Lung Cancer and Squamous Cell Carcinoma transformation   

 

Histological transformation from NSCLC (most commonly lung 

adenocarcinoma) to the high grade neuroendocrine SCLC phenotype has been 

extensively reported as a mechanism of resistance to TKIs in lung cancer [380-382], and 

also in ALK-driven lung cancer, even though it seems to be a rare event. Only single 

cases of SCLC transformation in the context of treatment with crizotinib, ceritinib, 

alectinib and lorlatinib have been reported [383-386].  

Transformation from lung adenocarcinoma to SCC histology has also been 

recently reported as a mechanism of resistance to ALK inhibitor alectinib in a single 

case [383]. The biological bases of resistance to ALK inhibitors in this context are still 

unknown.  
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Figure 20 – The optimal sequencing for the treatment sequence with TKIs (either first- or next-generation), based on the type of acquired mechanisms of resistance in patients with NSCLC harboring ALK rearrangements. In 

first-line treatment with crizotinib, secondary kinase domain mutations can select for specific second generation ALK TKIs based on the differential sensitivity to these compounds. This is repeatedly the case in the second line 

setting, were for the exception of the G1202R mutation, other secondary kinase domain mutations could be overcome by switching to another second generation TKI. In the presence of the G1202R, the sole effective ALK 

directed treatment is lorlatinib. Off target mechanism in resistance to crizotinib can be overcome with second generation TKI. If resistance mutations are not identified at progression with a second generation TKI, lorlatinib is 

still an option, but in the presence of a known bypass mechanisms, a potential benefit could be obtained with clinical trials of combination therapies. KD: kinase domain. Figure and legend adapted from Recondo et al. Nat Rev 

Clin Oncol, 2018 [292]. 
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E1.2) Therapeutic Strategies to Overcome ALK-Related Resistance 

 

E1.2.1) ALK TKIs Combined with Other Inhibitors Targeting Different 

Kinases 

 

The majority of studies performed on ALK TKI resistance have focused on the 

development of next-generation ALK inhibitors, which can overcome at least some of 

the resistant mutants. Around 30% of crizotinib resistance in ALK-driven NSCLC is 

related to secondary ALK mutations and/or amplifications, which maintain their 

sensitivity to next-generation ALK inhibitors. However, approximately 40% of the 

resistant cases to second-generation inhibitors are no longer ALK-dependent. The 

activation of bypass signaling has emerged as other potential strategy to combat ALK 

TKI resistance. Combination strategies that target both ALK and a second kinase might 

be needed to overcome the different bypass pathways that mediate ALK resistance.  

MEK reactivation is a key example of resistance mechanism involving other 

TKIs. Crystal and colleagues have shown that MEK inhibitor selumetinib was a potent 

hit when combined with ceritinib in a patient-derived ALK-rearranged lung cancer cell 

line post-ceritinib harboring MAP2K1K57N activation mutation of MEK [368]. Confirming 

these results, an independent study led by Hrustanovic and colleagues, demonstrated 

that the dual blockade of ALK/MEK may be effective not only in overcoming but also 

in delaying ALK TKI resistance [365]. These findings suggest that combining therapies 

such as ALK and MEK inhibitors might be a potential therapeutic strategy to overcome 

bypass resistant mechanisms.  

Clinical trials are testing the efficacy of ALK TKI in combination with other 

target agents. Alectinib combined with bevacizumab (angiogenesis agent targeting 

vascular endothelial growth factor–VEGF) is being tested in patients with ALK-

rearranged NSCLC with at least one target lesion in CNS (NCT02521051) and 

combinations of ceritinib with either LEE011 (CDK4/6 inhibitor) or everolimus (mTOR 

inhibitor) are in early-phase testing in NSCLC (NCT02292550 and NCT02321501, 

respectively). Other potential combinations include ALK TKI with EGFR inhibitor, c-

KIT inhibitor and SRC inhibitor. The selection of the appropriate combination should 
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be individualized based on the resistance mechanism identified. However, toxicities 

due to combination of drugs may be the major concern/limitation.  

MET activation is a very well-known bypass signaling pathway in EGFR-

mutant NSCLC but in ALK-rearranged NSCLC does not cause resistance to the first-

generation TKI crizotinib, which is also a potent MET inhibitor [381, 387]. However, some 

of the next-generation ALK TKIs do not have activity against MET and indeed, it has 

been reported as a bypass signaling mechanism in a patient who has failed second-

generation ALK inhibitors. As expected, this patient subsequently responded to 

crizotinib [388]. Similarly, the fact that each ALK TKI is associated with a unique 

spectrum of ALK resistance mutations, suggests that combinations of ALK TKIs could 

also be beneficial and enable more durable responses than those achieved in 

monotherapies.  

 

E1.2.2) What comes next?  

 

ALK inhibitors resistance has prompted the development of more and better 

inhibitors that would overcome all ALK-dependent resistance. However, what really 

took the scientific community by surprise was the fact that, even with the most potent 

ALK inhibitor (third-generation lorlatinib), cancer cells invariably develop resistance, 

leading to cancer proliferation and disease progression. It seems that the stronger the 

ALK inhibitor is, the stronger and more complicate the mechanism of resistance tends 

to be. Besides the emergence of compound mutations causing resistance to lorlatinib, 

the spectrum of biologic mechanisms that drives resistance is enormous and 

sometimes, the same patient can harbor more than one mechanism of resistance. This 

represents a significant barrier to the successful treatment of ALK-positive patients. 

Therefore, the development of strategies to overcome/prevent/delay resistance is a 

priority. With the current knowledge of the complex and heterogeneous mechanisms 

process behind ALK resistance, multiple next-generation ALK inhibitors and 

combinatorial treatment approaches can be envisioned. These potential new 

therapeutic strategies have the promise to improve the treatment of an increasing 

portion of patients ALK-positive cancers.  One such therapeutic strategy is 

immunotherapy.  
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Immunotherapy aims to establish or enhance an effective immune response 

against tumor cells and this could be accomplished fashion different strategies, 

including tumor vaccination, adoptive transfer of immune cells, and modification of 

the immune system to boost an already established immune response [389]. With the 

discovery of inhibitory pathways in immune cells, the so-called immune checkpoints, 

and the development of antibody-based blockades against these checkpoint molecules, 

such as Cytotoxic T Lymphocyte-Associated protein 4 (CTLA-4) and Programmed Cell 

Death Protein (PD-1)/PD-1 Ligand 1 (PD-L1), cancer immunotherapy entered in a new 

era [390]. 

NSCLC patients with high PD-L1 expression have been experiencing good 

responses to immune checkpoint inhibitors (ICI) against PD-1 with an objective 

response rate of up to 20% [391-393]. In general, patients with squamous NSCLC respond 

to ICI better than patients with non-squamous-NSCLC, and amongst the latter, a better 

response is observed in patients with heavy smoking history than those with light- or 

non-smoking recorder [394]. The differences between smoker and non-smoker NSCLC 

patient cohorts that might be linked to their ICI response may include the following:  

1. Smokers usually harbor higher mutational burden and thus have a higher 

number of expressed neo-antigens than non-smokers;  

2. The tumor microenvironment (TME) in smokers is characterized by an 

increased frequency of active tumor-infiltrating CD8+ T-cells as well as 

increased levels of anti-tumor cytokines such as IFN-γ and granzyme, while the 

TME in non-smokers shows elevated immunosuppressive features such as a 

high number of FOXP3+ regulatory T cells, the accumulation of M2-like 

macrophages and less activated  effector CD8+ T cells [395].  

 

As it was mentioned before, ALK-rearranged NSCLC patients are non- or light-

smokers which may represent a lower number of non-synonymous mutations than 

other subtypes of NSCLC [396]. Clinical trials, where the effect of ICI in these patients 

was evaluated, have shown minimal responses [391, 393]. Experimental evidences have 

demonstrated that ALK-driven NSCLC patients harbor an immunosuppressive TME 

and T-cell exhausted state [397]. Therefore, the strategy seems to be the conversion of the 
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TME in ALK-driven NSCLC to such extent that an effective immune response against 

the tumor will be possible. So, how can we convert an immune-unresponsive TME into 

a responsive TME?  

Tumor associated antigens (TAA) / neo-antigens-based cancer vaccination can 

activate T-cells and promote tumor-associated infiltrating effector lymphocytes into the 

TME [398]. TAA and tumor neo-antigens are the products of all genetic alterations 

accumulated in the cancer genome during tumorigenesis. TAA are co-expressed by 

normal and tumor cells, however, in tumor cells its expression usually is stronger due 

to gain-of-function mutations, overexpression of a given gene, etc. The neo-antigens 

are superior to other TAA due to:  

1. Neo-antigens are presented only in tumor cells; 

2. Neo-antigens are not subject to central tolerance in the thymus;  

3. Neo-antigens produce strong immunogenicity, with persistent cytotoxic T-cell 

activation.  

These antigens can arise not only from missense mutations but also fusion 

proteins [399] or any altered open reading frame that encodes a novel protein sequence 

that is not encoded in the normal genome.  

 As it was mentioned before, ALK expression is restricted to a subset of cells in 

the nervous system. ALK expression in lung cancer and other malignancies is due to 

point mutations in the kinase domains, amplification or chromosomal translocations 

that lead to the formation of ALK fusion proteins, which are overexpressed and 

constitutively activated in cancer cells. The high level of ALK expression in ALK-

driven malignancies, the ALK-addicted status of cancer cells in line with the fact that 

normal ALK expression is expressed at such low levels, makes it an ideal tumor-

specific target for immunotherapy.  

In the literature is possible to find evidences that ALK generates per se an 

immune response. For instance, the presence of anti-NPM-ALK antibodies in ALCL 

patients has been reported [400]. Another example, two HLA-A2.1 restricted CD8+ T-cell 

epitopes, p280–289 (SLAMLDLLHV) and p375–389 (GVLLWEIFSL) from the ALK 

kinase domain, were identified and confirmed to be immunogenic in HLA-matched 

ALCL and neuroblastoma cell lines [401]. In principle, these peptides could be used for 
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vaccination in ALK-driven tumors. In fact, Chiarle et al [402] have shown that ALK-

DNA-based vaccination with plasmids encoding portions of the cytoplasmic domain of 

ALK protects mice from local and systemic lymphoma growth. Chiarle has reported 

that the protection is potent and durable by eliciting an ALK-specific IFN-γ response 

and CD8+ T cell-mediated cytotoxicity. The efficacy of ALK-DNA-based vaccination 

was also observed in lung cancer graft models with EML4-ALK+ cell lines as well as in 

a EML4-ALK and TFG-ALK transgenic lung cancer mouse model [397]. However, in 

animals with high tumor burden, the anti-tumor effect of an ALK-DNA-based vaccine 

is diminished. This may correlate with an exhausted phenotype of CD8+ T-cells and 

PD-L1 expression. Thus, the combination of an ALK vaccine and ALK inhibitors, as 

expected, increased the anti-tumor efficacy [397] due to an increase of ALK antigens 

exposure and possible TME changes (e.g., more tumor-infiltrating lymphocytes).  

PD-L1 expression is increased in ALK+ lung cancer cells through downstream 

pathway signaling, in particular ERK and AKT activation but not JAK/STAT3/5 

signaling [403]. Given a higher objective response rate of anti-PD-1 and anti-CTLA-4 in 

PD-L1 positive lung cancer, it is reasonable to consider adding anti-PD-1 and/or anti-

PD-L1 antibodies to the treatment of ALK+ lung cancer, particularly if in combination 

with an ALK vaccine. These findings indicate that ALK represents a compelling tumor 

antigen for vaccination-based therapies. Thus, neo-antigen-based vaccines could 

provide an alternative therapeutic option to treat refractory ALK+ cancers such as lung 

cancer. To fully understand the concepts behind this statement, in the next subchapter 

the reader will be guided through the evolution of the immunotherapy concept. 
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F1) From Cancer Immunesurveillance to Cancer Immunoediting  

 

 Now-a-days, it is established and accepted within the scientific community that 

the immune system plays an important and major role in host-protecting and tumor 

sculpting on developing tumors. However, this concept took a long way until it got 

accepted. In the last two decades, several groups have unequivocally documented that 

immunity can, in fact, facilitate cellular transformation, prevent or control tumor 

outgrowth and shape the immunogenicity of tumors. These apparently paradoxical 

functions of the immune system are separable based on their temporal occurrence 

during tumor formation, the nature of the transforming event, the particular 

components of immunity involved in each process, and in the nature of the tumor 

specific antigens expressed in the transformed cell [404].   

 Several studies have revealed that an intact immune system can prevent/control 

and shape/promote cancer by a process called “Cancer Immunoediting” [405, 406]. The 

evolution of this concept from the older (and perhaps more controversial) “Cancer 

Immunosurveillance” hypothesis has helped to interpret the predictive and prognostic 

significance of immune infiltrated into tumors. The immunesurveillance theory was 

originally proposed more than 50 years ago by Burnet and Thomas, whom claimed 

that the immune system acts as a sentinel in recognizing and eliminating nascent 

transformed cells [407]. However, extensive work over the past two decades has revealed 

that this surveillance function of the immune system was only a part of the story and 

encouraged the scientific community to re-define and extend the concept into one 

called “cancer immunoediting”, which can describe the many facets of immune 

system-tumor interactions more accurately [405, 406]. This new dynamic proves that the 

immune system not only protects against cancer development but also shapes the 

characteristics of the emerging tumors. Cancer immunoediting hypothesis is composed 

of three phases: 1) Elimination, 2) Equilibrium and 3) Escape [404].  

 

F1.1) Elimination  
 

 Elimination, the first phase of cancer immunoediting, represents a modernized 

and expanded view of the Cancer Immunosurveillance hypothesis, where the 
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molecules and cells of innate and adaptive immunity work together to recognize and 

destroy a developing tumor [408].  

 The key components involved in the Elimination phase include cells of both 

innate immunity (natural killers [NK], macrophages and dendritic cells [DC]) and 

adaptive immunity (NKT, CD4+ and CD8+ T-cells) [409, 410]. Similarly, host effector 

molecules such as tumor necrosis factor-alpha (TNF-α), Fas/FasL, granzyme, perforin, 

TNF-related apoptosis-inducing ligand (TRAIL), as well as recognition molecules such 

as NKG2D in protective antitumor immunity have been shown to play critical roles in 

the Elimination phase [404, 411, 412]. Both type I interferons (IFN-α/ꞵ ) and IFN-γ are 

required for the development of protective antitumor immune responses but play 

distinct roles in this Elimination phase. Whereas IFN-γ targets both tumor and 

hematopoietic cells, IFN-α/ꞵ  acts primarily on host cells [413]. Specifically, in mice, type 

I IFNs enhance the cross-presentation activity of tumor antigens by CD8α+/CD103+ DCs 

while IFN-γ promotes the induction of CD4+ T helper I (Th1) cells and CD8+ cytotoxic T 

lymphocytes (CTL), and is critical for enhancing MHC-class-I (MHC-I) expression on 

tumor cells [413, 414]. If all cancer cells are eliminated, then the Elimination phase 

represents the full extent of the Cancer Immunoediting process (figure 21).  

 

F1.2) Equilibrium  

 

 However, if some cancer cells survive, then the process can progress to the 

second phase – the Equilibrium phase, a period in which immunity is able to control 

the net outgrowth of cancer cells and thereby keep them clinically unapparent without 

completely eliminating them [408]. 

 Evidences for the Equilibrium phase came from observations of cancer transfer 

following organ transplantation. A particularly well-documented event was the case of 

two patients who received kidney transplant from the same cadaver donor. Both 

subsequently developed malignant melanoma [415]. The origins of the cancer were then 

traced back to the donor who had been diagnosed with melanoma and was 

successfully treated 16 years before death, and presumed to be cancer free. However, 

by transfer of a kidney from this donor into naïve recipients who were then 

immunosuppressed to protect against graft rejection, it was presumed that tumor cells 
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held in equilibrium by the donor’s immune system were then released from their 

dormant state and began to grow in a progressive manner. This clinical scenario was 

then recapitulated, back in 2007, in a defined preclinical model which provided the 

first experimental evidence of the postulated Equilibrium phase [416]. In this study, 80% 

of mice that were treated with low doses of MCA (chemical tumor-inducer) remained 

free of clinically apparent cancers for more than 200 days. However, when these mice 

were treated on day 200 with a cocktail of monoclonal antibodies that depleted CD4+ 

and CD8+ T-cells and blocked IFN-γ, they showed a rapid appearance of sarcomas at 

the original site of MCA injection. Subsequent studies have shown that adaptive 

immunity was the driver of the Equilibrium phase due to the fact that antibodies that 

inhibited the adaptive immunity released the dormant tumor cells from their 

equilibrium state while antibodies that inhibit innate immunity did not [408]. 

Interestingly, dormant tumor cells were found in lesions that contained actively 

proliferating lymphocytes. Tumor cells held in equilibrium retained their highly 

immunogenic phenotype and thus remained unedited. In contrast, the rare dormant 

cancer cells that spontaneously progressed to actively growing tumors displayed 

reduced immunogenicity and thus had undergone editing. Thus, the Equilibrium 

phase can represent an end stage of Cancer Immunoediting where cancer cells remain 

in a durable state of immunity-induced dormancy throughout the remaining lifespan 

of the host without progressing to clinically apparent cancer (figure 21) [408].  

 

F1.3) Escape  

 

 An immune-suppressive TME is developed when immunoediting results in a 

reduction of tumor immunogenicity such that the immune system can no longer 

control tumor cell growth. The immune-suppressive TME results in the outgrowth of 

tumor cells that eventually became clinically apparent tumors. This phenomenon 

pictures the third phase of Cancer Immunoediting – Escape [408]. 

 Immune escape can occur through many different mechanisms involving both 

changes in the tumor cells and/or in the tumor microenvironment. Tumors may avoid 

immune recognition through loss of NKG2D ligands, down-regulation of MHC-I, ꞵ -2 

microglobulin and calreticulin, reduced expression of costimulatory molecules, and/or 
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antigen loss [417, 418]. Tumor cells also upregulated proteins that allow increased 

resistance to apoptosis and promoting of survival (such as STAT3 or the anti-apoptotic 

molecules BCL-2) [419]. The development of an immune-suppressive TME is due to the 

recruitment of suppressive cells such as Myeloid-Derived Suppressor Cells (MDSC) 

and regulatory T-cells (Tregs), secretion of immune-suppressive cytokines such as IL-

10 and TGFꞵ  or expression of immune checkpoints of the B7 family such as PD-1/PD-

L1, CTLA-4, Lymphocyte-Activation Gene 3 (LAG-3), T-cell Immunoglobulin and 

Mucin domains 3 (TIM-3) by either tumor cells, immune cells, or both (figure 21) [408].  

  

Figure 21 - Cancer Immunoediting is an extrinsic tumor-suppressor mechanism that engages after cellular 

transformation has occurred and intrinsic tumor-suppressive mechanisms have failed. Cancer 

Immunoediting consists of three phases: Elimination, Equilibrium, and Escape. Figure and legend adapted 

from Ward et al, Adv Immunol, 2016 [408]. 
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F1.4) Cancer cells are immunogenic: antigenic targets of Cancer 

Immunoediting 

 

 The principal of Cancer Immunoediting is that the recognition of tumor 

antigens by T-cells drives the immunological sculpting of cancers. Tumor antigens can 

be divided into three major categories; 1) tumor-associated antigens (TAA); 2) cancer-

germline/cancer testis antigens (CTA); and 3) tumor-specific antigens (TSAs) or 

neoantigens [408, 420, 421].  

 TAA are comprised of proteins encoded in the normal genome that may 

represent either normal differentiation antigens or aberrantly expressed normal 

proteins that are also expressed by normal cells [408]. Overexpressed normal proteins 

that possess growth/survival-promoting functions represent TAA that directly 

participate in oncogenesis [422, 423]. CTA is the second category of tumor antigens which 

are normally expressed in germ cells (testis and ovary) and trophoblast tissues as well 

as in cancer cells. Due the fact that their expression is relatively restricted to certain 

tissues, these antigens have represented attractive targets for immunotherapy [408]. The 

third antigen category, TSA or neoantigens, includes genes that are exclusively 

expressed in tumor cells and may represent either oncogenic viral proteins or abnormal 

proteins that arise as a consequence of somatic mutations or posttranslational 

modifications. Spontaneous arising mutations, from exposure to carcinogens and/or 

from the genomic instability that is characteristic of neoplastic cells, can produce 

mutations (missense mutations), alterations in the reading frame, extending the coding 

sequence beyond the normal stop codon (nonstop mutations), DNA insertions or 

deletions (Indel), or by chromosomal translocations [421]. In contrast to TAA, TSA are 

almost exclusively unique to an individual.  

 

F1.5) Antigenic presentation  

 

Antigenic recognition is made by T-cells that are constantly searching for non-

self-antigens. T-cells are derived from hematopoietic stem cells that are found in the 

bone marrow. The progenitors of these cells migrate to and colonize the thymus. 
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The thymus selects newly produced T-cells to generate a functionally 

competent and self-tolerant T-cell pool. After migrating into the microenvironment of 

the thymic-cortex, T-cell progenitors are induced to develop into T-cell antigen 

receptor (TCR)-expressing CD4+CD8+ double-positive (DP) thymocytes. The V(D)J 

rearrangement of TCRα and TCRβ genomic loci in early T-cells allows the formation of 

a great diversity in the pre-selected repertoire of TCR recognition specificities in newly 

generated cortical DP thymocytes, which are individually selected for their fate 

according to their TCR recognition specificities.  

DP thymocytes that express TCRs interacting at low affinity with self-peptide-

associated with MHC-I or MHC-class-II (MHC-II) molecules displayed in the thymic 

cortex, are rescued from cell death to survive and differentiate into CD4+CD8– or CD4–

CD8+ single-positive (SP) thymocytes, a process called positive selection in the thymus 

[424-426]. Positively selected thymocytes start to express the chemokine receptor CCR7 

and migrate to the thymic medulla, where a subpopulation of medullary thymic 

epithelial cells (mTECs) produces CCR7 ligands (CCL19/CCL21) [427, 428], which attracts 

the newly positively selected thymocytes. There, a distinct subpopulation of mTECs 

produces a wide range of self-molecules, including ‘tissue-specific’ self-proteins (i.e. 

proteins that are otherwise only found in specific peripheral tissues) and displays the 

vast majority of self-antigens, in cooperation with dendritic cells (DCs) [429-431]. 

Medullary thymocytes that express TCRs with high affinity for self-peptide–MHC 

(self-pMHC) complexes displayed in the medullary microenvironment are either 

deleted by apoptosis or destined to become regulatory T-cells (Treg) [426, 432, 433]. Negative 

selection in the thymus conventionally refers to the process of self-antigen-mediated 

deletion of developing thymocytes through apoptosis, including deletion of the high-

affinity self-reactive thymocytes in the medulla. Thus, the TCR affinity threshold in the 

thymocyte selection has great importance in this process.  

 

F1.5.1) TCR affinity  

 

The affinity between TCRs and their peptide–MHC ligands determines the fate 

of developing thymocytes. Early studies have shown that differences in ligand 

concentration and ligating TCR valency (valency is reported to be the measure of the 
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combining power of an element with other atom) as well as differences among agonist 

and antagonist peptide ligands affect life-or-death determination in immature 

thymocytes [434-437]. The findings that agonist peptide ligation promotes differentiation 

into unconventional T-cell lineages, including Treg, pointed to the view that the quality 

of TCR signals triggered in developing thymocytes not only determines life-or-death 

selection in generating a conventional T-cell pool but also contributes to determining a 

way to direct cells towards Treg subpopulation [438, 439]. 

It is now understood that the affinity between TCRs expressed by developing 

thymocytes and self-pMHC complexes displayed in the thymus is the major parameter 

that determines the fate of newly generated T cells. The TCR–ligand affinity 

determines positive or negative selection as well as lineage direction to become 

functionally distinct cells (e.g. conventional CD4+ helper and CD8+ killer T cells). 

A low-affinity interaction between TCR and pMHC promotes thymocyte maturation to 

give rise to functionally competent T-cells (i.e. positive selection), whereas a high 

affinity interaction causes the deletion of self-reactive T-cells (i.e. negative selection) or 

the generation of Tregs [424, 440]. 

The narrow TCR–pMHC affinity range sets the threshold for life or death in 

developing thymocytes, contributing to the enrichment of functionally potent and self-

protective T-cells while excluding potentially harmful self-reactive T-cells from the 

mature T-cell pool [441, 442].  

 

F1.5.2) MHC-class-I and II  

 

Antigenic peptides are recognized by T-cells receptors but only in the context of 

MHC-I or -II molecules that display the antigens on the cell surface.  

 Endogenously synthesized antigens in the cytosol of all cells are presented to 

CD8+ T-cells as peptides bound to MHC-I molecules, and antigens ingested into 

endocytic (exogenously) compartments of macrophages, dendritic cells or B-cells are 

presented to CD4+ T-cells as peptides bound to MHC- II molecules. However, the 

exogenous pathway also presents antigens in the context of MHC- I to CD8+ T-cells.  

 Briefly, MHC-I and -II molecules have two Ig-domains topped by two parallel 

α-helixes resting on a platform of ꞵ -pleated sheets.  
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This structure generated a peptide-binding groove between the α-helixes (figure 22) [443, 

444].   

 

Figure 22 - Structure of MHC-I (left panel) 

and -II (right panel) molecules. Created 

with Biorender.com.  

 

 

The extreme polymorphism 

(>10,000 different of MHC-I have 

been identified so far) turns MHC-I 

and -II molecules unique in the 

proteome, and this has interesting consequences. Polymorphic residues on the top α-

helixes interact with the T-cell receptors and are the basis for the specificity of TCRs for 

both an antigen peptide plus a particular allelic form of an MHC molecule (a 

phenomenon called MHC restriction).   

Polymorphic residues in the MHC peptide binding groove change the nature 

and location of so-called pockets. These variable pockets are filled by complementary 

variable amino-acid side chains of peptides (so-called anchor residues), meaning that 

different fragments from a defined antigen are presented by different polymorphic 

MHC molecules [445, 446].  

Also, next to the anchor residues, the other amino-acids of the peptide fill a free 

space and can be (almost) any of the 20 amino-acids [447, 448]. Due the fact that these 

molecules have pockets with specificity for only a few side chains and the remaining 6-

10 amino-acids can vary between all possibilities, each kind of MHC molecules can 

present a very large repertoire of peptides (figure 23).  

Moreover, by having 3 to 6 different MHC-I as well as 3 to 12 different MHC-II 

molecules (the exact number depends on how many different MHC alleles were 

inherited from one’s patents and how the MHC-II subunits paired), cells can present a 

large fraction of the universe of peptides, although not all sequences.  
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Figure 23 - Comparison of peptide conformation presented by MHC I and II. (A) pMHC I and (B) pMHC 

II binding grooves; it is shown the key anchor sites in the floor of each groove that determine which 

peptide can be associate and the conformation it can assume. C) The structural database of pMHC I 

complexes shows that peptides presented by MHC I molecules (represented as ribbon cartoons) generally 

assume a central bulged conformation. As peptide length increases, the “closed” nature of the pMHC I 

binding groove forces the central residues of the peptide up out of the groove to accommodate the extra 

residues. D) In contrast, the pMHC II binding is “open” enabling longer peptide to extend out of the 

groove at form peptide flanking regions. Thus, peptides presented by MHC II molecules (represented as 

ribbon cartoons) generally assume a much flatter conformation in the MHC II binding groove, irrespective 

of the length of the peptide presented. Figure and legend adapted from Christopher J. Holland, Front. 

Immunol. 2013 [449].  

 

In theory, MHC-I molecules can present a peptidome of around 6x20(6-7) 

different peptides, and MHC-II can display up to 12x20(10) peptides. However, such a 

large array of peptides cannot all be presented at the same time due the fact that there 

are only around 200,000 MHC-I and 20,000 MHC-II molecules on some subsets of 

antigen presenting cells [450].  

Additionally, since some peptides are presented in high number (coming from 

highly expressed proteins), the real number of different peptides presented by one cell 

is likely less than 10,000. Worthy mentioning is the fact that when a specific pathogen 

alters a critical anchor residue in one of its antigenic epitopes, it may prevent 

presentation of this specific antigen in one individual but not in another person with 

different MHC molecules that will simply select different peptides from the same 
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pathogen [451]. Therefore, it seems reasonable that MHC polymorphisms are good for 

the survival of the species and not necessarily the individual.  

 

F1.5.2.1) MHC-I and CD8+ T-Cells 

 

 As mentioned above, MHC-I molecules present peptides from proteins that are 

synthesized by cells. In healthy cells, all proteins presented in a MHC-I manner are 

autologous and therefore, CD8+ T-cells are tolerant to them. However, when cells are 

expressing mutant sequences, as it is in cancer, microbial genes or polymorphic genes, 

these “non-self” antigenic peptides are included in the presented peptidome, which 

allows CD8+ T-cells to detect and eliminate the abnormal cells.  

 Briefly, normal and pathogenic/neoplasytic proteins are degraded by the 

proteasome into small peptide fragments [452-454], which are further trimmed to a large 

extent and destroyed by cytosolic peptides [455]. However, some survive by escaping 

into the endoplasmic reticulum (ER) through a peptide transporter called Transporter 

Associated with antigen Processing (TAP) that is embedded in the ER membrane [452]. 

 Within the ER, TAP forms the center of a peptide loading complex (that 

includes a chaperone called tapasin, empty MHC-I molecules waiting for peptides and 

two other common chaperons, calreticulin and protein disulfide isomerase ERp57 [456]) 

and translocates the peptides that are considered for binding by MHC-I molecules. 

 Tapasin helds empty MHC-I molecules in a peptide-receptive state and 

promotes MHC-I binding of peptides with a slow-off rate, consequently helping to 

shape the repertoire of presented peptides [457]. Therefore, MHC-I molecules test the 

binding of many peptides and subsequently release most of these until a proper (slow-

off rate) peptide is bound [458]. Usually, these are peptides of a very specific length of 8-

10 amino acids with appropriate anchor residues.  

Peptides that are too long can be trimmed by an ER resident aminopeptidase, 

ERAP1 [459, 460] before consideration by MHC-I molecules that are either in the peptide-

loading complex or associating with another tapasin look-alike chaperone in the ER 

called TAPBPR. Like tapasin, TAPBPR also shapes the peptide repertoire on MHC-I 

molecules [461, 462]. Interestingly, binding of peptides longer than 8–9 residues, but not 

shorter ones, triggers a conformational change in ERAP1 that activates its hydrolysis 
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[463-465]. Through this mechanism, ERAP1 trims most peptides only down to 8–9 

residues, corresponding to the size needed for optimal binding to MHC-I molecules.  

In the end, the peptides that are available to be presented are the ones that have 

been cleaved to the right size and have somehow escaped further hydrolysis to a size 

that is too small to stably bind to MHC-I molecules. Peptides that are unable to bind an 

MHC-I molecule are ultimately translocated back into the cytosol for degradation [466]. 

Whether there are mechanisms that help to protect some of these peptides from 

destruction or release from the ER during the time before they bind MHC-I molecules, 

is not entirely clear. 

Peptides form the third subunit of MHC-I molecules as they are required to 

stabilize these complexes when the MHC-I molecules are not bound to chaperones in 

the ER [467]. Also, they allow the MHC-I molecules to be released from the ER for 

transport to the cell surface for presentation to CD8+ T-cells [468, 469]. 

This system of low off-rate peptide selection, exporting only peptide-loaded 

MHC-I complexes may help prevent healthy cells from easily replacing their bound 

endogenous peptides for exogenous antigenic peptides, an event that would lead to the 

presentation of peptides that does not reflect the status of a given cell and possible 

execution by CD8+ T-cells (figure 24). However, the described mechanism is much 

more complex if it is taken in consideration the diversity of the MHC-I family. Indeed, 

the different loci expressed (in human, HLA-A, -B and –C) and the many polymorphic 

allelic forms behave differently with respect to expression, peptide binding and 

stability [470, 471]. Also, peptides derived from abnormal cells may be produced in greater 

amounts during high protein synthesis conditions (such as neoplastic transformation) 

and their degradation would quickly generate peptides after initial translation of the 

antigen and this may allow rapid detection of unhealthy cells [472, 473]. Furthermore, also 

the cleavage of these antigens can be done by different proteasomes. The development 

of the immune system coincided with the evolution of alternate forms of active site 

subunits of the proteasome, leading to the assembly of an immunoproteasome. A set of 

these subunits (β1i, β2i, β5i) [474] is constitutively expressed in dendritic cells and 

lymphocytes and can be induced in all other cells by interferons [475, 476]. When these 

subunits are expressed, they preferentially incorporate into newly assembling particles 
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to form immunoproteasomes, which generate a distinct set of peptides during protein 

degradation [477]. This shift from constitutive to immunoproteasome in cells often 

enhances the generation of peptides presented by MHC-I molecules, including many 

unique ones [478].  

Generation of new peptides will be at the cost of other peptide fragments that 

are cleaved to make the new fragment [479]. Another set of alternate active site subunits 

of the proteasome (β1i, β2i, β5t) are expressed uniquely in cortical thymic epithelial 

cells (cTECs), where they incorporate into thymoproteasome particles [480]. Among the 

peptides generated by thymoproteasomes, certain are unique and these play a critical 

role in the auditioning of developing CD8+ T-cells during positive selection and also in 

allowing many of these cells to avoid subsequent negative selection [478]. Proteasomes 

but also the cytosolic and ER associated peptidases are variable in content and 

numbers. From proteolytic activities only an estimated 0.02% of the peptides generated 

by the proteasome survive for presentation to the immune system [481]. Moreover, cells 

may also alter signaling in response to transformation of infection, which results in an 

altered phosphoproteosome [482], acetylome, glycome [483] or many other small post-

translational modifications [484-486]. TAP allows peptides with these small modifications 

to enter in the ER and some of these can bind to MHC-I molecules for presentation to 

CD8+ T-cells. These modified peptides are in fact not genetically-encoded but neo-

epitopes to which the immune system may not be tolerant [487, 488], and consequently be 

able to eliminate cells that express them.  

 Through these various mechanisms, the repertoires of MHC-I presented 

peptides is expanded beyond the genetically-encoded sequences and add an additional 

option for the detection of abnormal cells, but also provides risks for auto-immune 

reactions.  

 

F1.5.2.2) MHC-CLASS-II and CD4+ T-cells 

 

 MHC-II molecules are expressed on immune cells such as B-cells, monocytes, 

macrophages, DC and on epithelial cells following inflammatory signals. 

 MCH-II molecules on DCs present antigens to naïve CD4+ T-cells to activate 

them, and later participate in the interaction of B-cells and macrophages with these 
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specific CD4+ effector T-cells [489]. The structure of MHC-II resembles that of MHC-I and 

both are polymorphic proteins [489, 490]. However, the nature of the peptides presented 

by MHC-II is different and so does the underlying biology of MHC-II antigens 

presentation.  

 MHC-II presents peptide fragments that are larger than those that are presented 

by MHC-I, due the fact that the peptide-binding groove of MHC-II is open and so 

allows the peptides to extend out of their site (figure 22) [491]. These peptides are 

derived from extracellular proteins and from self-proteins that are degraded in the 

endosomal pathway [492]. During their assembly in the ER, MHC-II molecules associate 

with the invariant chain Ii that acts as a pseudo-peptide by filling the MHC-II peptide-

binding groove and in addition targets MHC-II molecules into the endosomal pathway 

through its cytosolic dileucine motif [452, 493]. In a compartment named MIIC [494], MHC-II 

molecules meet the antigen fragments that are generated by resident proteases. For the 

biding to occur, the invariant chain has to be degraded by the same mix of proteases, 

especially cathepsin L and S [489]. This leaves an invariant chain fragment (namely CLIP) 

inaccessible for proteases, that remains in the peptide-binding groove of MHC-II 

molecules [495]. Then, this CLIP fragment has to be exchanged for higher affinity 

peptides with the help of a MHC-II-like chaperone called DM (in human, HLA-DM)) 

[496]. The structure of this chaperone in association with MHC-II reveals that DM locally 

opens the groove to release low-affinity peptides such as CLIP. After DM is released 

from MHC-II, it locks the proper peptide fragments in the MHC-II peptide-biding 

groove [497]. Finally, MHC-II molecules move to the plasma membrane either via 

vesicular transport or in the form of tubules [498-500]. Since the targeting information in 

the invariant chain has been removed after its degradation in MIIC, MHC-II molecules 

can stably reside on the plasma membrane (figure 24).  

 Similar to MHC-I molecules, there are also different MHC-II loci in most species 

(in humans three named HLA-DR, HLA-DQ and HLA-DP). Also, MHC-II molecules 

are polymorphic (>3,000 alleles known) [489] and their polymorphic amino-acids 

similarly cluster in and around the peptide-binding groove, shaping the peptide-

binding pockets. As a consequence, different MHC-II alleles bind different peptides 

according to their different anchor residues [501]. 
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 There are some variations involving the transport and surface half-life of MHC-

II molecules [502]. For instance, the MHC-II transport from MIIC to the plasma 

membrane is not constitutive but controlled in DCs, monocytes and B-cells. The 

activation of DCs promotes MHC-II transport to the cell membrane and strongly 

enhances the half-life of these molecules [503, 504]. As a result, the activated DCs have 

high numbers (around 2 million per cell) of MHC-II molecules on the cell surface that 

continue to present antigens for long peptides. Another control mechanism is the fact 

that in human monocytes, IL-10 increases the expression of an ubiquitin ligase 

membrane associated RING-CH1 (MARCH-1) that ubiquitinates the tail of cells surface 

MHC-II molecules, which initiates their rapid internalization and destruction [504].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 - Schematic representation of the two models of antigens processing. The left panel shows the 

endogenous pathway, which presents the peptide products from a target cell to a CD8+ T-cell in the 

context of MHC-I. The right panel represents the exogenous pathway, which present the peptide products 

from an APC to CD4+ T-cell in the context for MHC-II.  Figure source: nature.com  
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F1.6) Cancer antigenic presentation 

 

 Cancer antigens are presented to T-cells either at tumor sites or in draining 

lymph nodes by DC.  Cancer antigens, soluble and cell-bearing are transported to 

lymph nodes via lymphatic vessels. The soluble antigens are captured by the lymph-

node-resident DCs, whilst tissue-resident DCs capture at tumor sites. DC population 

can either present antigens locally or migrate through lymphatic vessels to present in 

the lymph nodes [505].  DCs display the protein antigens in both MHC-I and -II context, 

allowing the selection of rare antigen-specific T-cells (CD8+, CD4+, and NK T-cells). DCs 

are extremely efficient in their ability to induce antigen-specific T-cell responses, 

justifying the “professional APCs” designation [506]. Once in contact with the specific 

antigen, CD8+ T-cells differentiate into cytotoxic T-cells (CTLs) in lymphoid organs 

through co-stimulation signals (CD80, CD70, and 4-1BB, as well DC-derived cytokines 

such as IL-12, type I interferon, and IL-15) [507]. The priming of new T-cell repertoires 

during tumorigenesis may be critical for the success of therapeutic agents that aim to 

unleash antigen-specific CTL activities. Also, naïve CD4+ T-cells can give rise to helper 

cells with distinct cytokines profiles or to FoxP3+ Tregs that diminish the CTL activity 

and avoid autoimmune responses (figure 25) [508].  

 

 

 

 

 

 

 

 

 

 

Figure 25 - Anti-tumor immunity cycle starts with presentation of cancer antigens that are released during 

the natural process of cell turnover. The antigens are sensed and captured either by tissue-resident DCs or 

by DCs in draining lymph nodes. Dcs initiate an immune response by presenting those antigens in the 
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form of pMHC complexes, to naïve T-cells in the lymphoid tissues. Figure and legend adapted from Chen 

DS, Immunity, 2013 [509]. 
 

 

F1.6.1) The role of T-cells in tumor-suppressive mechanisms and tumor 

outgrowth 

  

 It is known that the intrinsic tumor-suppressive mechanisms of healthy cells are 

active before the immune system becomes involved in tumor surveillance [510]. It is also 

known that the aberrant activation of oncogenes in normal cells is able to induce a p53-

dependent stat of stable cell-cycle arrest that is called cellular senescence. Cells that are 

in senescent stage exhibit a secretory phenotype called SASP (senescence-associated 

secretory phenotype) [511] that is characterized by the secretion of several cytokines that 

mediate the attraction of immune cells, which, ultimately lead to clearance of senescent 

cells in a process called senescence surveillance [512]. This process is restricted to the pre-

malignant state and requires macrophages and CD4+ T-cells. Surprisingly, it has been 

shown that CD8+ T-cells are not required in this mechanism as long as the pre-

malignant cells can be identified by SASP. However, in case the senescence state is no 

longer maintained due to the accumulation of additional genetic alterations, cells 

become finally malignant and lose SASP, thereby no longer recognized by senescence 

surveillance. It is at this point that CD8+ T-cells start to play a crucial role in mediating 

tumor growth control [513], and this control mechanism minimizes the risk of CD8+ T-

cells to drive autoimmunity, since they are only induced in the last stage of tumor 

development. Additionally, the reactivation of cellular senescence in tumor by Th1-

cytokines derived from CD4+ T-cells has been identified as an additional mechanism of 

controlling tumor growth [514]. 

 The tumor outgrowth is mainly controlled by CD4+ and CD8+ T-cells [405] during 

the three phases of cancer immunoediting I have discussed in the previous subchapter. 

However, an incomplete elimination process promotes the generation of tumor cell 

variants with decreased immunogenicity, which leads to an expansion of a clinically 

manifest tumor. This low immunogenicity has considerable impact on the induction 

and expansion of T-cell immune responses that can determine accessibility to 

immunotherapies [394, 515-517]. 
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 Another important mechanism that affects tumor-suppressive T-cell responses 

is the induction of a dysfunctional state, anergy or even apoptosis of these cells [518]. 

Under certain conditions, suppression of CTLs can be established upon direct cell-to-

cell contact with their corresponding target cell. Tumors are able to suppress T-cell 

once they migrate into tumor margin or infiltrate the TME. Highly dynamic cell 

signaling networks, cross-talks, and adaptations within components of the TME during 

tumor progression, often confer resistance to tumor immunity and negatively influence 

therapeutic regimens by numerous mechanisms, such as T-cell exhaustion [519]. In 

addition, the low immunogenicity is not always a result of immunoselection, but may 

also derive from a lack of suitable target structures for T-cell recognition. As tumor-

directed CD4+ and CD8+ T-cells belong to the adaptive arm of the immune system, they 

can only develop in dependence on their corresponding antigens. This makes TSAs to 

be a very decisive molecular determinant for tumor growth control and the 

fundamental source of all T-cell responses against cancer.  

 

F1.6.1.1) Tumor-specific antigens of CD8+ and CD4+ T-cells 

 

 As mentioned before, MCH is a highly variable genomic region that encodes a 

large number of different loci comprising genes with many allelic variants [520]. Whereas 

all nucleated cells express MHC-I that binds endogenous peptides, MHC-II presents 

peptides of exogenous origin and is predominantly expressed by APCs [452]. However, 

under abnormal conditions, some cells also express MHC-II and tumor cells can fall in 

this category [521-524]. Moreover, MHC-II expression can also vary depending on the 

location of the tumor cells: expression levels can be high in primary tumor lesions but 

absent in distant metastases [525]. Abundant expression of MHC-II can also lead to 

potent tumor-specific CD4+ T-cell responses that dampen cytotoxic CD8+ T-cell 

responses in a TNF-related manner [526]. However, most tumor cells do not express 

MHC-II at all [527].  

 Several preclinical studies have investigated the role of CD4+ T-cell responses in 

MHC-II positive tumors and determine that MHC-II expression on tumor cells 

crucially affects tumor immunity. In a murine model of pancreatic ductal 

adenocarcinoma (PDA), two different cell lines were transduced with the MHC-II 
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transactivator (CIITA) and injected into syngeneic mice [528]. CIITA-positive PDA 

tumors were rejected, long-lasting memory responses were established, and 

recruitment of T-cells to the tumor area was evident. In another study, it has been 

shown in humans that the magnitude of CD4+ T-cells in microsatellite-unstable (MSI-

H) colon carcinomas is significantly higher in HLA-II-negative tumors harboring 

mutations in HLA-II-regulatory genes such as RFX5, CIITA, and RFXAP [529]. This study 

suggests that lacking HLA-II expression on MSI-H colon carcinoma cells favored 

tumor progression in an environment of dense CD4+ T-cell infiltration. Taken together, 

these studies indicate that expression of MHC-II on tumor cells and corresponding 

CD4+ T-cell responses behave differently in a variety of tumor entities.  

 Besides the presence or absence of MHC-II on the tumor cell surface, it is 

worthy mention that the frequency of tumor-specific MHC-II epitopes is usually much 

higher than MHC-I epitopes [530, 531], because of the stringent sequence requirements and 

the defined length of peptides binding MHC, which can explain the different effects 

CD4+ T-cells play in the tumor immunogenicity.   

 MHC-I is essential for CTL-mediated tumor elimination and therefore 

frequently downregulated in tumors. However, a complete loss is a rare event, 

probably due to other counter regulations of the immune system such as recognition of 

MHC-I depleted cells by NK cells [532]. Usually, MHC-I binding peptides are tumor-

derived peptides that can significantly shape the tumor immunity and their 

recognition by CD8+ T-cell is very important for the development of new 

immunotherapeutic approached. For that reason, in silico approaches of cancer 

neoantigen prediction have been extensively used based on genomic sequencing data 

to generate putative peptide:MHC binders, such as NetMHC [501, 533]. Using such 

prediction algorithms, the identification of high affinity neoepitopes that are able to 

elicit a strong CD8+  T-cell response, has been very successful in several studies [394, 534-

537].  

The binding affinities between antigenic peptides and MHC-I together with the 

binding affinity of peptide:MHC-I complex to the corresponding TCR are critical 

determinants for CD8+ T-cell reactivity and ultimately for  tumor rejection [538]. 

However, there are several caveats to focus on single high affinity binding epitopes. 
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First of all, neoepitope patterns are more or less unique among cancer patients with 

very little overlap. Immunotherapies such as DC-vaccination targeting a specific 

neoepitope are therefore at best limited to a small number of patients. Even if more 

common neoepitopes bind to MHC-I with high affinity it is likely that such epitopes 

have undergone high selection pressure during immunoediting. Consistently, potent 

CD8+ T-cell responses against a particular epitope can also promote the occurrence of 

antigen-loss variants by epigenetic gene silencing of protein expression [539].  

A study performed by Zhong et al. suggests that binding affinities above a 

certain threshold do not necessarily improve efficacy [540]. Additionally, neoepitope-

directed CD8+ T-cell responses of lower affinity have also been shown to play a role in 

immunotherapeutic applications when regarding polyvalent responses [541, 542]. These 

responses would probably be best suited to prevent the generation of escape variants 

by the tumor.  

Taken together, occurrence of tumor-specific CD4+ and CD8+ T-cells in tumor 

tissue is regarded as a good prognostic factor [543, 544], but tumor immunogenicity is not a 

general characteristic of tumor development [545].  

 

F1.6.2) The interplay of CD4+ and CD8+ T-cells in controlling tumor growth 

 

 CD8+ T-cell responses are usually considered of supreme importance for the 

control of tumor growth due to their potent cytotoxicity effect and by the observation 

that tumors can prevent elimination by downregulation of MHC-I expression [546, 547]. 

On the other hand, the role of CD4+ T-cell in cancer immunity is much less understood. 

However, it has now become increasingly clear that tumor-specific CD4+ T-cells display 

a complex biology and their roles are far beyond the mere task of providing helper 

signals to CD8+ T-cells [548]. 

 Naïve CD4+ T-cells are able to differentiate into multiple effector subsets that 

can mediate various functions. The predominant helper cell subtypes are Th1 and Th2. 

Th1 commitment depends on local IL-12 secretion, while Th2 cells arise in dependence 

on IL-4 and in the absence of IL-12. Even though Th2 cells have been reported to exert 

antitumor effects [549, 550], Th1 cells are considered the most important helper cell type 

for cancer immunity, being involved in the killing of tumor cells by secretion of 
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cytokines that activate death receptors on the tumor cell surface and in the induction of 

epitope spreading [550, 551]. Th1 cells are also able to activate DC cytotoxic functions that 

eliminate tumor cells in an IFN-γ-dependent manner and provide a source of tumor-

associated antigens derived from the killed tumor cells [552].  

In cellular immunity, the mutual relationship between antigen-experienced 

CD4+ and CD8+ T-cells is required for both populations to trigger antitumor immunity. 

On other words, the crosstalk of these T lymphocytes is part of the cancer cycle [509, 553]. 

This cycle describes the sequence of events that leads to the generation of tumor-

directed T-cells responses induced by DCs that have captured TSAs, migrate to the 

lymph nodes and presented their antigens to T-cells. Upon presentation, tumor-specific 

T-cells clonally expand and subsequently migrate to the TME. There, malignant cells 

are successfully eliminated by these tumor-antigen-experienced T-cells. Any 

interruption or defect within a single step of this crucial cycle can lead to failure of the 

whole process.  

 Pioneering in vitro studies that addressed CD4+ and CD8+ T-cells interplay 

emphasized the importance of both population for tumor immunity [554]. The use of 

TCR transgenic mice with specific TCRs for both MHC-I and –II specific peptides of 

malignant mesothelioma has shown a great enhanced T-cell response and tumor 

rejection when CD4+ T-cells and a suboptimal number of CD8+ lymphocytes were co-

transferred; whereas adoptive transfer of CD8+ T-cells alone was not sufficient to 

induce tumor remissions  [555].  Consistently, in another study performed by Church 

and colleagues, it was demonstrated that tumor-specific CD4+ T-cells help to maintain 

functionality of tumor-specific CD8+ T-cells [556]. This group observed that CD8+ T-cells 

expressed lower levels of PD-1 suggesting that the presence of CD4+ T-cells partially 

inhibits CD8+ T-cell exhaustion (T-cell exhaustion will be further addressed). It has also 

been shown that the presence of tumor-specific CD4+ T-cells enhanced recruitment, 

proliferation, and effector function of CD8+ T-cells by IFN-γ-dependent manner and 

production of chemokines as IL-2 [557]. Another study has shown that the cooperation of 

CD4+ T-cells enabled further improvement of the functionality of CD8+ T-cells with 

high affinity TCRs [558], but controversially, Wong and colleagues reported that CD4+ T-

cells render the TME permissive for infiltration by low avidity CD8+ T-cells [559].  This 
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might be explain by the fact that CD4+ T-cells are able to lower the threshold of tumor 

immune recognition for CD8+ T-cell epitopes by inducing epitope spreading to 

antigens that do not trigger tumor remission without CD4+ T-cells. In an interesting 

study performed by Surman and colleagues [560] is suggested that lowering the 

threshold for immune recognition was only achieved by CD4+ T-cells that enhanced the 

ability of APCs to trigger CTLs to a model antigen. The interaction between CD4+ T-

cells and APCs revealed CD40-CD40L crosstalk to trigger effective CTLs in a CCL5-

dependent manner [561]. This group also showed that CCR5+-DCs were attracted to the 

tumor site and were then licensed by CD4+ T-cells prior to the generation of CD8+ T-

cells. This CD4-mediated CD40-depended licensing of DCs as a precondition for 

functional CTLs has also been shown in vitro for human cancers [562]. Another study 

demonstrating the importance of CD4+ T-cells in a murine model showed that CD8+ T-

cell tolerance to the self-antigen MDM-2 could be overcome by adoptive transfer of 

TCR-modified CD4+ T-cells [563]. TCR-engineered CD8+ T-cells displayed an exhausted 

phenotype lacking cytotoxic function, and engineered CD4+ T-cells allowed for T-cell 

help that facilitated a partial reversal of tolerance with the same MDM-2-specific TCR. 

Similar results of converting tolerized CD8+ T-cells were observed in a rodent TCR 

transgenic model with weakly immunogenic tumors [564]. Finally, the group of Hans 

Schreiber [565] has demonstrated that co-expression of MHC-I and –II antigens is 

required for bystander elimination of cancer cells. However, an inoculation of a 

mixture of tumor cells with separated antigens for either MHC-I or II led, in sharp 

contrast to double MHC-I and II positive cancer cells, to progressive growth of mosaic 

tumors. The required expression of both MHC-I and –II antigens by the same cell 

clearly demonstrated a local cooperation of CD4+ and CD8+ T-cells during the effector 

phase. These results also highlight that the orchestration of immune responses by CD4+ 

T-cells is not only limited to local tumors, is also able to differentiate between 

individual sub-clones within the tumor tissue that are class II-positive or -negative.  

However, the majority of these experiments here described have used 

transgenic T-cells with high affinity model antigens that do not match with the nature 

of most human tumors. In humans, the individual mutanome gives rise to neoantigens 

of various affinities and is itself subject to a high plasticity of de novo generation and 
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elimination of neoantigens [566]. Theoretically, the generation of high affinity T-cell 

epitopes during advanced tumor stages by a subset of cells merely slows down the 

tumor progression due the fact that only a fraction of the whole tumor mass bearing 

the mutation would induce potent responses and be eliminated. However, neopitopes 

that arise in early stage of tumor development should be present in most, if not all, 

tumor cells.   Nonetheless, the interplay of CD4+ T-cells and CD8+ T-cells is not always 

beneficial in terms of tumor control growth. Regulatory T-cells were initially defined as 

CD4+ T-cells with high expression of CD25. The FoxP2 gene, a member of the 

Forkhead/winged‐helix family of transcriptional regulators, was then discovered as a 

master regulator in developing Treg cells [567]. The forced expression of FoxP3 in naïve 

T-cells results in an immune suppressive function. CD4+CD25- naïve T-cells that are 

transfected with FoxP3 can convert to CD4+CD25+ Treg-like cells that produce 

inhibitory cytokines and express typical Treg-cell molecules, such as CD25, CTLA-4 

and TNF receptor-related protein (GITR) [568]. Thus, FoxP3 is a lineage-specific marker 

and a master regulatory gene in the generation, maintenance, and immune suppressive 

functions of Treg cells.  

 Regulatory T-cells are classified into natural/thymic and peripheral induced 

Treg cells based on where they develop [569]. FoxP3+ natural Treg cells are generated in 

the thymus as the functionally mature T‐cell subpopulation specialized for immune 

suppression (natural/thymic Treg cells). Some Treg cells are converted from 

conventional T-cells following in vitro TCR stimulation with TGFβ or retinoic acid 

(peripherally induced Treg cells) [570, 571]. Because human T-cells transiently 

express Foxp3 in conventional T-cells following TCR stimulation, FoxP3+ T-cells in 

humans are heterogeneous in function and phenotype. CD25+CD4+ Treg cells express 

low levels of CD127 (the α‐chain of the IL‐7 receptor); thus, CD4+CD25+CD127lo T cells 

are considered to be Treg cells with suppressive activity [572]. Regulatory T-cells 

suppress abnormal/excessive immune responses to self‐ and non-self‐antigens to 

maintain immune homeostasis. In tumor immunity, Treg cells are involved in tumor 

development and progression by inhibiting antitumor immunity. There are several 

Treg cell immune suppressive mechanisms: inhibition of costimulatory signals by 

CD80 and CD86 expressed by dendritic cells through CTLA-4; IL-2 consumption by 
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high‐affinity IL‐2 receptor with high CD25 (IL‐2 receptor α‐chain) expression; secretion 

of inhibitory cytokines, metabolic modulation of tryptophan and adenosine, and direct 

killing of effector T cells.  Infiltration of Treg cells into the TME occurs in multiple 

murine and human tumors. These cells are chemoattracted to the TME by chemokine 

gradients such as CCR4‐CCL17/22, CCR8‐CCL1, CCR10‐CCL28, and CXCR3‐

CCL9/10/11. Once in the TME, they are then activated and inhibit antitumor immune 

responses. A high infiltration by Treg cells is associated with poor survival in various 

types of cancer. Therefore, strategies to deplete Treg cells and control of Treg cell 

functions to increase antitumor immune responses are urgently required in the cancer 

immunotherapy field. Various molecules that are highly expressed by Treg cells, such 

as immune checkpoint molecules, chemokine receptors, and metabolites, have been 

targeted by antibodies or small molecules, but additional strategies are needed to fine‐

tune and optimize for augmenting antitumor effects restricted in the TME while 

avoiding systemic autoimmunity [573].  

CD4+ T-cells and CD8+ T-cells interplay is an intricate balance of positive and 

negative signals that even now-a-day is difficult to picture. However, CD4+ and CD8+ 

T-cells responses frequently fail to maintain proper function during tumor remission. 

Therapeutic intervention to sustain and promote T-cell immune reactions directed to 

the tumor is therefore a major aim in clinical oncology.  

Figure 26 schematically represents a briefly overview of the immune response 

against cancer.  

 

F1.7) CD8+ T-cells role in tumor immunity: function and dysfunction  

 

It is well known that CD8+ T-cells play a central role in cancer immunity due to 

their capacity to kill malignant cells upon recognition of specific antigenic peptides. 

The anti-tumor function of CD8+ T-cells is highly dependent on two crucial 

factors: 1) CD8+ T-cell differentiation, and 2) infiltration of CD8+ T-cells into the tumor 

site which occurs by trafficking or transporting CD8+ T-cells into the TME [574]. 

Researchers have linked elevated levels of cytotoxic CD8+ T-cells in the TME 

with positive anti-tumor effects in several types of tumors, such as breast [575], 

colorectal, glioblastoma [576], and cervical cancers [577]. Thus one can positively link 
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elevated cytotoxic CD8+ T cells in the TME with a good prognosis in various types of 

cancer. 

 

Figure 26 - Immune response to cancer. A) The main antitumor immune effectors are NK and CD8+ T-cells, 

which are capable of responding directly against the tumor with cytotoxicity or by secreting cytokines. 

Inflammatory cells infiltrate the TME and exert antitumor immune responses; B) Cytotoxic CD8+ T-cells 

are the main adaptive immune effectors. CD4+ T-cells help to improve the antitumor response through the 

secretion of Th1 cytokines. CTLs-mediated antitumor responses are effective but ultimately insufficient to 

prevent disease progression; C) When inflammatory responses become chronic, regulatory cell 

populations generate a tolerant pro-tumor immune response via cytokine secretion and the production of 

growth factors. Tumor-promoting activity favors angiogenesis, invasion and metastasis, and is capable of 

suppressing adaptive immunity; D) Aberrant expression of classical and non-classical HLA-I contributes 

to the establishment of an immunosuppressive TME, promoting tumor growth by controlling immune 

stimulation and suppression signals. BMDC, bone marrow-derived cells; CAF, cancer-associated. Figue 

and legend adapted from Josefa A. Rodríguez, Cancer letters, 2017 [578]. 

 

The activation of CD8+ T-cells is a 3-step process that follows T-cell priming and 

includes 1) the interaction between TCR and the antigenic peptide-MHC-I complex, 2) 

the delivery of a costimulatory or coinhibitory signals from DCs, and lastly 3) the 

stimulation from extracellular cytokines [579-582]. 
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F1.7.1) Effector CD8+ T-cells 

 

Naïve CD8+ T-cells differentiate into Effector T-cells (TEFF) upon TCR 

engagement with antigen and costimulation by APCs. In antitumor responses, robust 

CD8+ T-cells priming occurs primarily in tumor-draining lymph nodes, however, 

activation and differentiation of effector CD8+ T-cells can also occur directly in the 

tumor by tissue-resident, cross-presenting APCs as well as tumor cells themselves [583-

586]. 

TEFFs are identified based on the expression of surface markers such as CD25, 

CD69, CD95 and CD137 [587, 588], and when terminally differentiated are dependent on 

IL-2 and highly cytotoxic, expressing high levels of IFN-𝛾, TNF𝛼, perforin, and 

granzymes following activation [589, 590]. Tumor-antigen-specific TEFFs that efficiently 

invade primary tumor lesions are termed TILs and likely represent the majority of TIL 

population in well-controlled tumors, being responsible for positive clinical responses 

[591-594]. In acute immune responses, TEFFs are short-lived and undergo apoptosis upon 

elimination of the antigen [595]. However, tumor load or prime-boost cancer vaccines 

can chronically stimulate CD8+ T-cells, leading to phenotypic changes and functional 

impairment.  

 The switch from a highly active CD8+ TIL population to chronically stimulated 

CD8+ T-cells favor the tumor over the host immune response and can ultimately lead to 

immune scape [596]. These dysfunctional CD8+ T-cell fates that are induced by 

uncontrolled tumor load will be further discussed in this chapter. 

 

F1.7.2) Trafficking of Effector CD8+ T-cells and Memory CD8+ T-cells differentiation   

 

In order for CD8+ T-cells to be successfully trafficked into the tumor site, certain 

chemokine receptors on the T-cells should interact with the corresponding chemokines 

that are secreted by tumor cells and other cells in the TME [597].  

 Some molecules, such as CXCR3, are expressed on activated CD8+ T-cells in 

breast and colorectal cancers and additionally in melanoma. CXCR3 attracts CXCL9, 

CXCL10, and CXCL11 chemokines which are highly secreted by tumor cells in a 

variety of solid tumors [598-601]. Conversely, certain tumors may express low levels of 
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CXCL9, CXCL10, and CXCL11 which in turn results in decreased infiltration of CD8+ T 

cells into the TME.  

Once in the microenvironment, in several types of acute infectious challenges, 

TEFFs undergo into a rapid, apoptosis-induced contractile phase following antigen 

clearance. After acute infection resolution, a small subset of antigen-experienced CD8+ 

T-cells remains as memory CD8+ T-cells [602-605]. However, this adaptive “memory” 

implies the absence of antigen, a condition that is not often met in an antitumor 

immune response. I will continue to refer to these cells as memory CD8+ T-cells, even 

though their characterization might be more appropriate as “persistent” CD8+ T-cells in 

the context of the antitumor immune response.  

 Memory CD8+ T-cells can be broadly subdivided into two subsets, central 

memory (TCM) and effector memory (TEM), distinguished by the relative expression of 

two homing molecules: CD62L and CCR7 [606-608]. 

TEM have a phenotype more similar to that of effector cells, characterized by a 

loss of CCR7 expression and intermediate to negative CD62L expression. These cells 

exhibit rapid effector function, ready to differentiate into TEFF that secrete high amounts 

of IFN𝛾 and are highly cytotoxic [609]. In contrast, TCM are less differentiated, acquiring 

effector functions less rapidly, have increased proliferative potential and greater self-

renewal capability and can produce high amounts of IL-2. Upon secondary antigen 

challenge, both subsets give rise to progeny that differentiate into TEFF [610-612]. Subsets of 

tumor-specific TEM and TCM have been identified in breast and colorectal cancer patients 

[613-615]. Similarly, studies in both mice and humans have demonstrated that memory 

CD8+ T-cells develop in vivo following adoptive transfer, maintain effector capabilities, 

and mediate tumor regression [616, 617].  

 

F1.7.3) Immunosuppressive tumor microenvironment and Exhausted CD8+ T-

cells 

 Cells and factors of the TME have an immunosuppressive effect on tumor 

infiltrated CD8+ T-cells. Immune cells express checkpoint proteins, which bind to 

corresponding ligands presented on tumor cells, leading to the activation of a 
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coinhibitory checkpoint pathways and inhibiting CD8+ T-cell function and tumor 

cellular death [592]. From this inhibition a new cell type arises: Exhausted T-cells (TEX). 

TEX are defined as a persistent T-cell population with low IL-2 and IFN-𝛾 

production, reduced cytotoxic activity, reduced proliferative potential, and eventual 

deletion of the population of antigen-specific T cells. It is believed that chronic antigen 

exposure drives CD8+ T-cells to an exhausted fate [579, 618, 619]. A number of inhibitory 

receptors are upregulated on TEX, indicating a role for these receptors in the attenuation 

of T cell function. In healthy individuals, inhibitory receptors on CD8+ T cells promote 

self-tolerance and prevent autoimmunity by competing for costimulatory receptor 

ligands, attenuating positive TCR signaling, and/or inducing immunosuppressive 

genes.  

In the context of an antitumor immune response, elevated expression of 

multiple inhibitory receptors promotes CD8+ T-cell exhaustion and immune evasion.  

Some of these receptors include PD-1, CTLA-4, TIM-3, LAG-3, CD160, BTLA, 

TIGIT, and 2B4 [618, 620, 621]. However, for the scope of this thesis, only PD-1/PD-L1 

and CTLA-4 pathways will be mentioned.  

 

F1.7.4) Immune checkpoints  

 

F1.7.4.1) CTLA-4 pathway  

 

 As it was mention before, T-cell activation is a process that requires more than 

one stimulatory signal. TCR binding to MHC provides specificity to T-cell activation; 

however, further costimulatory signals are required. Binding of B7-1 (CD80) or B7-2 

(CD86) molecules on the APC with CD28 molecules on the T-cell leads to signaling 

within the T-cell. Sufficient levels of CD28:B7-1/2 binding lead to proliferation of T-

cells, increased T-cell survival and differentiation through the production of growth 

cytokines such as IL-2, increased metabolism, and upregulation of cell survival genes.  

 CTLA-4 is a CD28 homolog with much higher binding affinity of the B7 

molecules [622, 623]. However, differently from CD28, the binding of CTLA-4 to B7 

molecules, does not provide a stimulatory signal. Consequently, this competitive 
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binding can prevent the co-stimulatory signal normally provided by CD28:B7 binding 

[622, 624, 625].  

 

Figure 27 – CTLA-4 pathway. A) T-cell activation. T-cell priming in response to a specific antigenic epitope 

requires coordination of multiple signals. The initial signal is created when a full-length peptide is 

processed and presented on the surface of an APC. The resulting fragments, or tumor-associated antigens 

(TAA), are bound to MHC molecules present on the surface of the APC. This MHC/TAA complex then 

allows for detection and binding of the TAA by the TCR. A second costimulatory signal, however, is 

necessary to complete T-cell activation and expansion. The binding of CD28 on the T-cell with B7 on the 

APC creates this second signal, which leads to activation of the PI3K/AKT pathway, upregulation of the 

anti-apoptotic proteins BCL-2 and BCL-XL, and an increase in the nuclear transcription factor NF-κB. This 

collectively leads to increased cellular proliferation, cytokine production, and prolonged survival. Initially, 

regulatory proteins like CTLA-4 are primarily inactive and remain complexed with AP-2 within the 

intracellular compartment. B) Upregulation of CTLA-4 and maintenance of immune tolerance. TCR 

activation induces upregulation of CTLA-4 via a number of mechanisms. ARF-1 and PLD bind to enhance 

the exocytosis of CTLA-4–containing vesicles as they exit the Golgi apparatus. Phosphorylation of the 

cytoplasmic tail of CTLA-4 prevents binding of AP-2, which normally functions to promote receptor 

internalization, resulting in an increase in CTLA-4 surface expression. CTLA-4 is then capable of directly 

competing with CD28 for binding of B7. CTLA-4 may also exert a direct negative effect on CD28 signaling, 

mediated by the binding of the phosphatases PP2A and SHP-2. Additional regulatory molecules, 

including PD-1, are also important in limiting T-cell activation and may also inhibit TCR-mediated 

signaling via blockade of specific downstream effectors. The resultant decrease in pro-survival signaling 

serves to limit T-cell activation and expansion. Figure and legend adapted from Edward Cha, Cancer 

Medicine, 2013 [626]. 

 

 The relative amount of CD28:B7 binding vs CTLA-4:B7 binding determines 

whether a T-cell will undergo into activation or anergy [627]. Moreover, there are 

evidences that suggest that CTLA-4 binding to B7 molecules may actually produce 

inhibitory signals that counteract the stimulatory signals from CD28:B7 and 

TCR:pMHC binding [628, 629]. The mechanisms proposed in the literature for such 

inhibition include the direct inhibition at the TCR immune synapse, inhibition of CD28 

or its signaling pathway, or the increased mobility of T-cells leading to decrease ability 

to interact with DCs [624, 629, 630].  
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 However, CTLA-4 expression itself is subject of regulation, particularly by 

localization within the cell. In resting naïve T-cells, CTLA-4 is located primarily in the 

intracellular compartment [631]. The stimulatory signals resulting from both TCR:pMHC 

and CD28:B7 binding induce the upregulation of CTLA-4 on the cell surface by 

exocytosis of CTLA-4 containing vesicles. This process operates in a graded feedback 

loop in which a stronger TCR:pMHC binding elicits more CTLA-4 translocation to the 

cell surface (negative signal, preventing the full activation of T-cells through inhibition 

of IL-2 production and cell cycle progression) and weaker TCR:pMHC binding results 

in less CTLA-4 is translocated to the cell surface (positive signal, which gives rise to full 

activation of the T-cells) [632].  

 Moreover, CTLA-4 is also involved in other aspects of the immune control, as it 

is in the case of Tregs. Unlike effector T-cells, Tregs constitutively express CTLA-4. 

And this is thought to be important for their suppressive functions [633, 634]. One of the 

mechanisms whereby the Tregs are thought to control effector T-cells is the 

downregulation of B7 ligands on APCs, leading to reduced CD28 costimulation (figure 

27) [635, 636]. 

 

F1.7.4.2)  PD-1/PD-L1 pathway 

  

 PD-1 is a member of the B7/CD28 family of costimulatory receptors. It regulates 

T-cell activation through the binding to its ligands PD-L1 and PD-L2. As it is with 

CTLA-4, PD-1 binding inhibits T-cell proliferation, IFN-γ, TNF-α and IL-2 production, 

reducing T-cell survival [637]. If a T-cell experiences coincident TCR and PD-1 binding, 

PD-1 generates signals that prevent phosphorylation of key TCR signaling, which ends 

in early exhausted T-cells that have experienced high levels of stimulation or reduced 

CD4+ T-cell help [618]. This exhaustion state, that is known to occur during chronic 

infection and cancer, is characterized by T-cell dysfunction that ultimately results in 

suboptimal control of infections and tumors. Both CTLA-4 and PD-1 binding have 

similar negative effects on T-cell activity, however, the timing of downregulation, the 

responsible signaling mechanisms, and the anatomic location of immune inhibition by 

these two immune checkpoints are different.  
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 Unlike CTLA-4 (which is confined to T-cells), PD-1 is broadly expressed on 

activated T-cell, B-cells, and myeloid cells [637, 638]. CTLA-4 functions during the priming 

phase of T-cell activation, whilst PD-1 functions during the effector phase, which is 

predominantly within peripheral tissues [637]. Also, the distribution of PD-1 ligands 

differs from the ligands of CLTA-4. The B7 ligands for CTLA-4 are expressed by 

professional APCs, but PD-L1 and PD-L2 are more widely expressed [625, 638-640].  PD-L1 

is expressed on leukocytes, on non-hematopoietic cells, and in non-lymphoid tissues, 

and can be induced on parenchymal cells by INF-γ or tumorigenic signaling pathways 

[641]. One mechanism of tumor evasion that has been extensively described in the 

literature recently is the fact that PD-L1 expression is also found in many different 

tumor types, which can be associated with an increased amount of tumor-infiltrating 

lymphocytes [642-644]. PD-L2 is primarily expressed on DCs and monocytes, but can be 

induced in a wide variety of other immune cells and non-immune cells, depending on 

the microenvironment [645]. Curiously, PD-1 has a higher binding affinity for PD-L2 

than for PD-L1 and this difference may be responsible for differential contributions of 

these ligands to immune responses [646]. Since PD-1 ligands are expressed in peripheral 

tissues, PD-1:PD-L1 and PD-1:PD-L2 interactions are thought to maintain tolerance 

within locally infiltrated tissues [638].  

Expectedly, the plurality of ligands for PD-1 leads to variation in biological 

effects, depending upon which ligand is bound. One model showed opposing roles of 

PD-L1 and PD-L2 signaling in activation of natural killer T cells [647]. Inhibition of the 

PD-L2 binding leads to enhanced TH2 activity [648], whereas PD-L1 binding to CD80 has 

been shown to inhibit T-cell responses [649]. These different biological effects are likely 

to contribute to differences in activity and toxicity between antibodies directed at PD-1 

(preventing binding to both ligands) as opposed to those directed at PD-L1, and 

therefore have potential therapeutic implications. Although Tregs express PD-1 as well 

as CTLA-4, the function of PD-1 expression on these cells remains unclear. PD-L1 has 

shown to contribute to the conversion of naive CD4+ T cells into Treg cells and to 

inhibit T-cell responses by promoting the induction and maintenance of Tregs 

[650]. Consistent with these findings, PD-1 blockade can reverse Treg-mediated 

suppression of effector T cells in vitro [651].  
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The binding of PD-1 with its ligands decreases the magnitude of the immune 

response in T cells that are already engaged in an effector T-cell response [618]. This 

results in a more restricted spectrum of T-cell activation compared with CTLA-4 

blockade, which may explain the apparently lower incidence of immune-mediated 

adverse events (AEs) associated with PD-1 compared with a CTLA-4 blockade [652].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28 - PD-1/PD-L1 pathways. PD-1 is a receptor of the CD28 family and it has two ligands: PD-L1 

(also named B7-H1; CD274) and PD-L2 (B7-DC; CD273), that are both co-inhibitory.  PD-1 is inducibly 

expressed by T cells and B cells after activation as well as natural killer T (NKT) cells, NK cells, activated 

monocytes and some subsets of DCs. PD-1 is upregulated after TCR or BCR engagement on naïve 

lymphocytes and persistent antigen stimulation maintains high PD-1 expression. The common γ-chain 
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cytokines (IL-2, IL-7, IL-15 and IL-21), TLRs and interferons also can potentiate PD-1 expression on T-cells. 

NFATc1 together with AP-1 and NF-kB constitute the most critical transcription factors activated upon 

antigen recognition by T-cells. PD-1 transduces an inhibitory signal when it is bound by its ligands in the 

presence of TCR or BCR activation. Phosphorylation of the ITSM motif of PD-1 leads to the recruitment of 

SH2-domain containing tyrosine phosphatase 2 (SHP-2), and possibly SHP-1, to the cytoplasmic domain of 

PD-1, which then down-regulates CD28-mediated PI3K activity and consequently, leads to less activation 

of Akt. PD-1 ligation also inhibits the phosphorylation of other signaling molecules including CD3, ZAP70 

and PCK. The PD-1/PD-L1 interaction inhibits T lymphocyte proliferation, survival and effector functions 

(cytotoxicity, cytokine release), induces apoptosis of tumor-specific T-cells, promotes the differentiation of 

CD4+ T-cells into Foxp3+ Tregs, as well as the resistance of tumor cells to CTL attack. PD-L1 is expressed on 

resting T-cells, B-cells, DC, macrophage, vascular endothelial cells and pancreatic islet cells. PD-L2 

expression is seen on macrophages and DCs alone and is far less prevalent than PD-L1 across tumor types. 

PD-L1 is also expressed in various types of cancers, especially in NSCLC, melanoma, renal cell carcinoma, 

gastric cancer, hepatocellular as well as cutaneous and various leukemias, multiple myeloma and so on 

Figure and legend adapted from https://www.abeomics.com. 

  

F1.8) Cancer Immunotherapy  

 

 Over the last few years, cancer immunotherapy evolved into a very promising 

new frontier for fighting some types of cancers and has become an established pillar of 

cancer treatment, improving the prognosis of many patients with a broad variety of 

both hematological and solid malignancies. The two main drivers behind this success 

are the checkpoint inhibitors and the chimeric antigen receptor (CAR)-T-cells. 

However, other immunotherapeutic approaches have also been recognized with potent 

antitumor activity, such as cancer vaccines. Even though cancer immunotherapy has a 

broad spectrum of methods, we will only focus on checkpoint inhibitors and cancer 

vaccines.  

  

F1.8.1) Immune checkpoint inhibitors 

 

The development of immune checkpoint inhibitors was a revolutionary 

milestone in the field of immuno-oncology. As described before, tumor cells evade 

immunosurveillance and progress through different mechanisms, including activation 

of immune checkpoint pathways that suppress antitumor immune responses. Immune 

checkpoint inhibitors reinvigorate antitumor immune responses by interrupting 

coinhibitory signaling pathways and promoting immune-mediated elimination of 

tumor cells. 

Ipilimumab, which targets CTLA-4, was the first approved immune checkpoint 

inhibitor for treating patients with advanced melanoma [625-629]. This antibody prevents 
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T-cell inhibition and promotes the activation and proliferation of effector T cells. 

Following the approval of ipilimumab, other antibodies that target immune 

checkpoints were examined. Currently, hundreds of phase I and II clinical trials and 

phase III/IV clinical trials are being carried out across the globe to evaluate the efficacy 

of multiple ICIs as monotherapy or in combination.  

Pembrolizumab and nivolumab, both targeting PD-1, showed promising results 

in melanoma and NSCLC patients, with an objective response rate of 40–45% [634-638]. 

Additionally, urothelial bladder cancer patients treated with PD-1/PD-L1 inhibitors 

showed an increase in overall response rate, between 13 and 24% [653]. In triple-negative 

breast cancer patients, the response to PD-1 inhibitors was relatively moderate (19%) 

[620]. In contrast, in relapsed or refractory Hodgkin’s lymphoma, nivolumab showed an 

objective response rate of 87% with 17% complete response [654]. Pembrolizumab and 

nivolumab are currently under phase IV clinical trials for treating various 

malignancies.  

Despite the success of anti-CTLA-4 and anti-PD-1/PD-L1 therapies, only a 

fraction of patients benefit from checkpoint inhibitors. Antitumor immunity, regulated 

through complex factors in the TME, could create variable immune responses. The 

TME is segregated into three major types based on the infiltration of immune cells: 1) 

immune desert; 2) immune excluded and; 3) immune inflamed [650]. These phenotypes 

have their own mechanisms for preventing immune responses from eradicating tumor 

cells [650]. Immune deserts are characterized by the absence of T-cells in the TME and the 

lack of suitable T-cell priming or activation. The immune excluded phenotype exhibits 

the presence of multiple chemokines, vascular factors or mediators and stromal-based 

inhibition; however, accumulated T-cells are unable to infiltrate the TME. And finally, 

immune inflamed tumors demonstrate infiltration of multiple immune cell subtypes 

[650]. 

Accumulating evidences suggest that only a fraction of cancer patients benefit 

from checkpoint inhibitors, and severe immune-related adverse events are seen in 

some patients undergoing checkpoint inhibitors therapy [651]. These severe immune-

related adverse events are due to the inhibition of immune checkpoints that reinforce 

the normal physiological barriers against autoimmunity, leading to various local and 
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systemic autoimmune responses. Therefore, the development of predictive biomarkers 

is critical for differentiating responders and non-responders to avoid any adverse 

effects.  

Predictive biomarkers could determine the outcome of therapy in a patient 

before the initiation of a proposed therapy. These biomarkers should indicate whether 

a patient would benefit from a particular checkpoint monotherapy or if there is a need 

for combination therapy.  

 

F1.8.2) DNA and peptide vaccines  

 

 The discovery of TAA has led to the development of therapeutic cancer 

vaccines, based on either synthetic peptides, “naked” DNA, DC, or recombinant 

viruses, that attempt to elicit a stronger antitumor immune response, and particularly 

tumor antigen-specific CTL response [656-660].  

 DNA vaccines have generated widespread global interest for a variety of 

applications due to the fact that are able to generated both humoral and cellular 

response. The DNA plasmid used consisted in basic element elements: eukaryotic 

promoter, a gene of interest and a polyadenylation. However, the use of DNA vaccines 

has become controversial since many advert events have been described. There is the 

possibility that the patient develops auto-immunity overtime due to the fact that the 

antigen presentation is chronical and also, the DNA plasmid can integrated the host 

genome [629].    

 On the other hand, peptide vaccines have many advantages, including 

inexpensive, convenient acquisition of clinical-grade peptides, easy administration, 

higher specificity, potency due to their higher compatibility with targeted proteins, 

ability to penetrate the cell membrane and improved safety with few side effects [656-660]. 

Mechanisms underlying priming of anticancer immune responses by peptide-based 

vaccines, and enhance their efficacy, is dependent, at least in part, on the size of the 

peptides. While short peptides (8–11 aa) bind directly to HLA-I molecules and mount 

MHC-I-restricted antigen-specific CD8+ T-cell immunity [656-664], long synthetic peptides 

(25–50 aa) must be taken up, processed, and presented by APC to elicit a T-cell 

response. Vaccination with long peptides usually results in broader immunity than 
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with short peptides, along with induction of both cytotoxic CD8+ T-cells and CD4+ 

helper T-cells when conjugated with efficient adjuvants [656-660].  

Recent technological advances in identifying mutation-derived tumor antigens 

have enabled the development of patient-specific therapeutic vaccines, including 

peptides, proteins, DC, tumor cells, and viral vectors, that target individual cancer 

mutations [655]. Over the past few years, examples of TSA-based personalized cancer 

immunotherapies have begun to emerge.  

 The antigen presentation prompt by DNA and peptide vaccines is similar to the 

cancer antigen presentation discussed in previous subchapters.   
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G1) ALK immunogenicity  

 

Some specific characteristics make ALK a potentially relevant tumor antigen. 

First, ALK is not expressed by normal somatic cells except in low amounts and in 

specific regions of the central nervous system. Therefore, activated anti-ALK-specific 

CTLs are unlikely to react against normal cells due to the low amount of ALK 

expression in normal physiologic conditions. Second, ALK is required for the 

transformation and maintenance of neoplastic cells and thus, the immune escape of 

tumor cells lacking ALK expression is unlikely, and finally, ALK-positive tumors, 

either point mutation, amplification or chromosomal translocation-driven, have in 

common the cytoplasmic portion of ALK, meaning that an ALK personalized immune 

approach could cover several types of tumors.  

Many pieces of evidence support that ALK is spontaneously recognized as a 

tumor antigen in human patients, which represents a strong potential for the 

development of a clinical ALK-directed immunotherapy. 

 The first clinical observation providing the first hint that ALK generates an 

immune response in patients came from the fact that 60% of children and adolescents 

with ALK-positive ALCL present B-symptoms [655, 656]. Another very peculiar 

observation in ALK-driven ALCL is the fact that a small percentage of patients 

experience spontaneous remission of the lymphoma before treatment, being tumor free 

for weeks or even months, and ultimately relapse.  

 Likewise, very late relapses of ALK-positive ALCL, between five and up to 20 

years from initial diagnosis, have also been observed, which could be explained by a 

weakening immunological control, especially because in some of these patients the 

relapse occurred during a time of immunosuppression such as pregnancy or 

autoimmune disease treatment [657].  

 

G1.1) Humoral Immune Response against ALK 

 

 Karen Pulford and colleagues have described in 2000 the humoral immune 

response against ALK in patients with ALCL, by using an indirect 

immunocytochemical approach. The authors detected circulating antibodies against 
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ALK in the plasma of eleven ALK+ ALCL patients but not in healthy controls [400], and 

in different time points after diagnosis, the presence of anti-ALK antibodies was 

confirmed in subsequent analysis by the same group [658]. Another study, led by 

Mussolin, also described anti-ALK antibodies in the serum of 25 out of 28 pediatric 

ALK-driven ALCL patients [659]. Even though statistically not significant, in this study 

also was reported that patients with higher ALK antibody titers prior to and after 

therapy had a trend toward a reduced relapse risk. 

 These findings were confirmed by a pre-treatment analysis of anti-ALK 

antibodies in 95 ALK-positive pediatric ALCL patients enrolled in clinical studies with 

comparable short-pulse chemotherapies [660]. When categorizing patients’ anti-ALK 

antibody titers into low (≤1/750), intermediate (1/750 to <1/60,750) and high (≥1/60,750) 

titers, a significant correlation with clinical and biological risk factors was 

demonstrated. The anti-ALK antibody titers inversely correlated with the risk of 

relapse, which indicates that ALK antibody titer may be useful as a prognostic 

parameter for risk stratification or as a surrogate marker for the measurement of the 

strength of patients’ ALK-specific immune response.  

 Not surprising, the presence of anti-ALK antibodies was also observed in ALCL 

patients harboring different ALK fusion partners, in ALK-positive DLBCL, and in 

ALK-driven NSCLC [661, 662]. More recently, the epitopes within the intracytoplasmic 

domain of ALK recognized by anti-ALK antibodies were described in nine ALK-driven 

NSCLC patients by our group [662]. However, ALK fusion proteins are expressed 

exclusively intracellularly, and therefore, ALK antibodies might not have a direct anti-

tumor activity but rather represent a surrogate marker for the ALK-specific T-cell 

response. This observation is supported by the fact that ALK-DNA-based vaccination 

of B-cell-deficient BALB/c mice showed protection against tumor growth and a 

cytotoxic T-cell response after challenge with ALK-positive lymphoma cells [402]. 

 

G1.2) Cellular Immune Response against ALK 

 

 ALK is spontaneously recognized as tumor antigen in ALK-driven tumors. 

Several studies have demonstrated the presence and persistence of not only an 
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antibody response to ALK but also an ALK-specific CD8+ and CD4+ T-cells in ALK-

positive patients.  

 

G1.2.1) CD8+ T-cell response against ALK 

 

 Cytotoxic T-cell response against ALK was first demonstrated by Passoni and 

colleagues. In a reverse immunological approach, two HLA-A*02:01-binding ALK-

derived predicted peptides were tested for their capacity to initiate a specific CTL 

immune response in vivo in HLA-A*02:01 transgenic mice. Also, in vitro, functional 

ALK-specific CD8+ HLA-A*02-positive T-cell precursors were detected within the 

peripheral T-cell repertoire in healthy donors. The generated donor-derived ALK-

specific CTLs induced an antigen-specific HLA-A*02:01 restricted response with 

significant IFN-γ release. These cells were able to effectively kill HLA-matched ALCL 

and neuroblastoma cell lines endogenously expressing ALK [401]. 

 Another study performed in ALCL patients, has also reported CTL response 

against ALK. Ait-Tahar performed an ELISPOT analysis to detect ALK-specific CD8+ T-

cells activity against two ALK-derived HLA-A*02:01-restricted peptides after short-

time culture of mononuclear cells of seven ALK-positive ALCL patients, two ALK-

negative ALCL patients, and six healthy controls, and a significant IFN-γ response was 

detected in the patients with ALK-positive ALCL but not in the controls [658]. 

More interesting is the fact that the responsive patients were in clinical 

remission at the time of CD8+ T-cell response analysis, indicating the presence of long-

lived memory T-cells with possible protective immunity.  

The natural frequency and functional phenotype of circulating ALK-specific 

CD8+ T-cell precursors in the peripheral blood of healthy donors and ALK-positive 

ALCL patients was assessed by tetrameric MHC/peptide analysis, IFN-γ ELISPOT 

assay, and in vitro lysis of ALK-positive target cells. Even though high frequencies of 

ALK-specific CD8+ T-cells were found in both patients and health donors, the 

immunological phenotype of ALK-specific CD8+ T-cells revealed effector and memory 

cells only in patients, while in healthy donors the phenotype was clearly naïve. Finally, 

the memory phenotype was evaluated by ALK-specific CD8+ T-cells in vitro stimulation 

with peptide p280-89. Isolated patients ALK-specific CD8+ T-cells released IFN-γ and 
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GM-CSF and successfully killed the ALK-positive ALCL cell lines, demonstrating their 

functional activity [663]. 

Another proof of the ALK-specific CD8+ T-cells comes from our laboratory. 

Chiarle et al have examined the in vivo potential and clinical relevance of ALK DNA-

based vaccine in ALK+ ALCL-bearing mice. Mice were vaccinated and subsequently 

challenged with ALK+ lymphoma cells. The immunization led to a long-lasting local 

and systemic ALK+ lymphoma protection in ALK-vaccinated mice, and has elicited 

ALK-specific IFN-γ responses and CD8+ T-cell-mediated cytotoxicity. Also in the 

therapeutic setting, ALK-DNA-based vaccine has demonstrated its potential. ALK-

driven ALCL-bearing mice were vaccinated and a significant protection against tumor 

growth was observed, even though only in limited tumor burden [402].  

In 2015, our group also has demonstrated that the same ALK DNA-based 

vaccine used in lymphoma, was able to elicit a strong ALK-specific CTL immune 

response that inhibited primary tumor growth in grafted and primary mouse models 

of ALK-positive NSCLC [397].  

Another group has also provided strong evidences. They examined NPM-ALK-

specific CD8+ T-cell responses in NPM-ALK-positive ALCL patients in remission after 

chemotherapy [664]. To circumvent HLA-preselection and to ensure endogenous NPM-

ALK peptide processing, they used autologous dendritic cells as antigen presenting 

cells transfected in vitro with transcribed NPM-ALK mRNA to stimulate donor-derived 

CD8+ T-cells. The stimulated CD8+ T-cells were then analyzed in an IFN-γ ELISPOT 

assay. Three out of five ALCL patients, but none of the healthy donors, had HLA-C-

restricted CD8+ T-cell responses to NPM-ALK. One patient exhibited a CD8+ T-cell 

response after short-time stimulation, indicating a reactivation of persisting ALK-

specific memory cells. Taken together, the in vitro and in vivo data reveal the existence 

of ALK-specific CD8+ T-cell responses in ALK-driven tumors. 

 

G1.2.2) CD4+ T-Cell Response against ALK  

 

 The presence of IgG antibodies and CD8+ memory T-Cell against ALK in 

patients has suggested the involvement of CD4+ T-cells in the ALK immunogenic 

landscape [665, 666].   
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 Another study performed by Ait-Tahar and colleagues has provided the first 

evidence of ALK-specific CD4+ T-Cells in ALK-positive ALCL patients, by using an 

IFN-γ ELISPOT assay, the authors showed that two in silico selected DRB1-restricted 

ALK-derived peptides were immunogenic in ALK-positive ALCL patients but not in 

ALK-negative ALCL patients or healthy controls. Mononuclear cells from all ALK-

positive ALCL patients exhibited a significant IFN-γ response to the peptides, which 

could be intensified following repeated stimulation. The CD4+ T-cell-mediated and 

DRB1-restricted nature of the anti-ALK response was demonstrated by CD4+ T-Cell 

depletion and the addition of anti-HLA-DR antibodies, which abrogated the IFN-γ 

release to both peptides. Peptide-specific CD4+ T-cell lines raised from one patient 

recognized and lysed ALK-positive tumor cell lines in an MHC-II restricted manner 

[667]. The majority of ALK-positive ALCL patients were in clinical remission and 

exhibited an antibody response to ALK at the time of analysis. Therefore, the presence 

of a significant CD4+-mediated IFN-γ response suggests the existence of 

effector/memory CD4+ Th1 subsets in ALK-positive ALCL patients.  

These finding might play an important role in protective tumor immunity as 

well as in the maintenance of the CTL memory response and the production of 

antibodies against ALK.  

 

G1.3) ALK immune escape: Therapeutic implications and 

immunotherapeutic approaches available 

 

 Even though all the above described findings clearly suggested that ALK itself 

is able to generate a humoral and cellular immune response, during carcinogenesis 

ALK-driven cancer cells acquire complex immune escape mechanisms which overcome 

the immune system pressure, turning the tumors clinically apparent.  

 Some mechanisms have been already described; studies have shown that ALK-

positive ALCL cell lines secrete TGF-ꞵ , IL-10 and expression of FoxP3 [668]. In addition, 

it was shown that IL-10 decreases the expression of MHC- II molecules on monocytes 

or dendritic cells [669-671]. However, whether IL-10 secreted by ALK-positive tumor cells 

affects MHC class II expression in ALCL patients has not been shown directly. 
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 Interestingly, in vitro studies have demonstrated that in ALCL tumor cells, ALK 

regulates PD-L1 overexpression through STAT3 [672]. Also in ALK+ NSCLC, it was 

described that tumor cells upregulated PD-L1 expression by activating PI3K-AKT and 

MEK-ERK signaling pathways through ALK activation. Likewise, it has been 

demonstrated that patients with ALK-rearranged NSCLC have higher frequency of 

tumor PD-L1 overexpression when compared with EGFR or KRAS-mutated disease [673, 

674]. This overexpression of PD-L1, regulated by ALK activation, could be one requisite 

to make these patients suitable for immune checkpoint inhibitors therapy.  

 In recent years, immune checkpoint inhibitors have shown dramatic changes in 

the treatment of advanced NSCLC, largely extending patients’ survival [391, 393]. 

However, their efficacy varies among different immune and molecular profiles. 

Particularly, the clinical significance of immune checkpoint inhibitors for ALK-driven 

NSCLC has been controversial. Not only PD-L1 expression but also tumor-infiltrating 

lymphocytes correlate with the efficacy of immune checkpoint inhibitors and ALK-

driven NSCLC display a tumor environment in which PD-L1 is expressed through 

ALK signaling and TILs are low. ALK-rearrangements are supposed to confer a 

survival advantage to the respective cells and it is usually isolated, explaining the low 

tumor mutation burden observed in these tumors [675], which leads to less inflamed 

tumor microenvironments with death of tumor-infiltrating CD8+ T-cells.  Also, ALK 

rearrangements are usually found in non-smokers. It is clearly established that tobacco 

exposure is associated with higher tumor mutation burdens and correlates with higher 

responsiveness to immune checkpoint blockade, while non-smokers will likely respond 

less due to the non-inflamed microenvironment [393, 676-678]. However, pre-clinical studies 

have shown that ALK targeted inhibition promoted T-cell interaction with monocytes 

and tumor cells, enhancing the T-cell proliferation as well as cytokine production, and 

increased T-cell tumor infiltration [679, 680] which has provided the biological rationale for 

combination strategies.  

 Therefore, several clinical trials are investigating the efficacy and safety of an 

ALK TKI combined with immunotherapy in ALK+ NSCLC namely, anti-PD-1 

(pembrolizumab, nivolumab) with ALK inhibition (crizotinib, ceritinib), anti-CTLA-4 
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(ipilimumab) with ALK inhibition (crizotinib) or anti-PD-L1 (durvalumab, avelumab, 

atezolizumab) with ALK inhibition (crizotinib, alectinib, lorlatinib, ensartinib).  

 

G1.3.1) Crizotinib + Nivolumab (NCT02574078) 

 

The CheckMate 370 phase I/II study (ClinicalTrials.gov Identifier: 

NCT02574078) investigated activity and tolerability of crizotinib plus nivolumab in 

untreated ALK-rearranged advanced NSCLC patients. Recruitment was stopped due to 

the occurrence of severe hepatic toxicities in 5 of the first 13 patients, 2 of these 5 

patients died [681]. Efficacy was reduced with the combination treatment as the ORR was 

only ~38% compared to ~65% reported with crizotinib monotherapy [305]. 

 

G1.3.2) Ceritinib + Nivolumab (NCT02393625) 

 

Likewise, combination of ceritinib and nivolumab in a phase I study 

(ClinicalTrials.gov Identifier: NCT02393625) in a cohort of ALK-positive NSCLC 

patients was associated with high rate of adverse effects (83%), which led to protocol 

adjustments in order to address the observed hepatic toxicities [682]. 

 

G1.3.3)  Lorlatinib + Avelumab (NCT02584634) 

 

The JAVELIN Lung 101 (ClinicalTrials.gov Identifier: NCT02584634) is a phase 

Ib/II dose finding trial evaluating lorlatinib plus avelumab in 28 patients with 

advanced/metastatic ALK-negative/WT (ALK−) or ALK-rearranged NSCLC [683]. 

This combination showed a manageable safety profile along with great antitumor 

activity (ORR: 46.4%, PR in 12 patients; complete response in 1 patient), in a heavily 

pre-treated population (on average two prior ALK inhibitors) with ALK-rearranged 

NSCLC, ensuring further development in clinical trials. 

 

G1.3.4) Alectinib + Atezolizumab (NCT02013219) 
 

Finally, the phase Ib study (ClinicalTrials.gov Identifier: NCT02013219) is 

testing alectinib plus atezolizumab in treatment-naïve patients with ALK+ NSCLC 

regardless of PD-L1 status, including patients with untreated asymptomatic brain 
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metastases. Patients received alectinib 600 mg PO BID for 7 days (safety evaluation), 

followed by alectinib 600 mg PO BID with atezolizumab 1200 mg IV every 3 weeks 

(expansion stage) until progression or unacceptable toxicity. Patients showed a grade 

≥3 treatment-related adverse effects rate of 52.4% [684], a rate higher than expected for 

alectinib alone [685]. However, no DLT and grade 4–5 AEs were reported. Early efficacy 

data at a median follow up of 13 months were promising with ORR of 85% and median 

progression-free survival of 21.7 months [684].  

 

Table 10 - Clinical trials of cancer immunotherapy-based combinations in ALK+ NSCLC. 
 

Combination ALK inhibitor Checkpoint 

inhibitor 

ClinicalTrials.gov 

Identifier 

Phase Time 

frame* 

Recruitment 

status* 

Ref 

anti PD-1 

+ ALK 

inhibitor 

Crizotinib 

 

Pembrolizumab NCT02511184 I 2015-2017 Terminated† [686] 

Crizotinib 

 

Nivolumab NCT02574078 I/II 2015-2019 Completed [681] 

Ceritinib Nivolumab NCT02393625 I 2015-2020 Recruiting [682] 

Crizotinib Nivolumab NCT01998126 I 2013-2018 Completed * 

anti CTLA-4 

+ ALK 

inhibitor 

Crizotinib Ipilimumab NCT01998126 I 2013-2018 Completed * 

anti PD-L1 

+ ALK 

inhibitor 

Ensartinib Durvalumab NCT02898116 I/II 2017 Completed * 

Lorlatinib Avelumab NCT02584634 II 2015-2020 Active [683] 

Alectinib Atezolizumab NCT02013219 Ib 2014-2019 Active [684] 

* as stated on the ClinicalTrials.gov webpage.  

†Decision based on the low enrollment mainly due to high efficacy drugs available in 1st line ALK-positive NSCLC, not 

due to safety concerns 
 

  

The poor results achieved with immune checkpoint inhibitors so far, have been 

largely disappointed. It is well known that ALK-driven tumor cells express PD-L1 

through ALK signaling. However, it is also known that ALK-driven tumors present a 

low number of TILs, turning them into a cold tumor.  

A possible alternative therapeutic approach would be increasing the number of 

ALK-specific-CD8+ T-cells in the TME and sequentially treated with immune 

checkpoint inhibitors.  

 

 





 

 

Chapter II 
 

 

 

 

 

“Lack of focus is the major cause of failure;  

Those who do not set aims never reach goals (…)” 
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2. Hypothesis 

 

Part I 

 

 In the Part I of my work, our hypothesis was that the combination of the novel 

and potent ALK inhibitor lorlatinib with anti-PD-1/PD-L1 antibodies and/or ALK-

DNA-based vaccine could have synergistic effects in the treatment of ALK-rearranged 

NSCLC preclinical models.  

 

 

Part II 

 

 In the Part II of my work, our hypotheses were that human ALK (hALK) is 

immunogenic in BALB/c background due to the presence of ALK neoantigens, and the 

therapeutic immune response to a weak neoantigen (weak MHC-I binder) is only 

efficient when the spontaneous immune response is unleashed by a tumor vaccine.  
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3. Material and Methods 

“The repetition makes the technique, 

and the practice the perfection”   

 

Unknown 
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3) Material and Methods 
 

Part I  
 

3.1) Cell lines 

 

 Human ALK-rearranged NSCLC cell line (H3122 – variant 1; E13;A20) was 

obtained from the ATCC collection and passed for fewer than 6 months after receipt 

and resuscitation. This cell line was further internally tested for the presence of EML4-

ALK rearrangement.  

 The murine cell lines (TECLA-1 and TECLA-2) were originated from Ad-EA 

mouse model [687]. Primary cultures were established using the Lung Dissociation Kit 

(Miltenyi Biotec, Germany) according to the manufacturer’s instructions; first cultured 

in 3D culture and finally in 2D culture. These cell lines were further internally tested 

for the presence of murine EML4-ALK (mEML4-ALK) rearrangement, and passaged 

for less than 6 months after primary culture.   

 KP is cloned cell line established in vitro from lung carcinoma that arose 

spontaneously in a K-rasLA1/p53R172HΔg mouse [688]. 

HEK-293FT packaging cells were used for retrovirus and lentivirus production 

and obtained from ATCC collection.  

 All cell lines were maintained in DMEM (Lonza, Switzerland) with 10% fetal 

bovine serum (FBS) (Gibco, USA), 2% penicillin, streptomycin 5mg/mL (Gibco, USA), 

and 1% glutamine (Gibco, USA), and were grown at 37°C in humidified atmosphere 

with 5% CO2.  

 

3.2) Mice strains 

 

 Mice strains used in this study include Tg SP-C-EML4-ALK expressing the 

human EML4-ALK [397] (henceforth referred as Tg EML4-ALK mice), BALB/c TP53 KO 

(Charles River, Italy), WT BALB/c and C57BL/6 (Charles River, Italy) infected with 

Adenovirus carrying the CRISPR/Cas9 system as previously described [687].  

 Mice were handled and treated in accordance with the European Community 

guidelines.  
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3.3) ALK inhibitors 

 

Crizotinib and lorlatinib were kindly provided by Pfizer (Pfizer, USA). 

Alectinib, ceritinib, and brigatinib were purchased from Selleckchem (Selleckchem, 

USA).   

For in vivo treatment, crizotinib and lorlatinib were administrated via oral 

gavage either every day or twice a day. Crizotinib was administrated in a short-term 

treatment (15 days) and lorlatinib either in a short-term or long-term treatment. 

(Crizotinib: 100mg/Kg or 40mg/Kg; Lorlatinib 10mg/Kg or 2mg/Kg; vehicle solution: 

0.5% Methylcellulose, 0.05% Tween-80).  

 

3.4) Antibody dosage for in vivo treatment 

 

For immune checkpoints blockade, anti-PD-1 (clone RMP1-14), anti-PD-L1 

(clone 10F.9G2) and control anti-hamster polyclonal IgG were purchased from BioXcell 

(USA). Mice received either 200μg or 300μg of anti-hamster IgG, anti-PD-1 or anti-PD-

L1 intraperitoneal (i.p.) injections every 3 days or every week for a total of 5 injections.  

 

3.5) DNA vaccination 

 

For DNA vaccination, 50µg of pDEST or pDEST-ALK plasmids were diluted in 

20µL 0.9% NaCl with 6mg/mL polyglutamate and injected at day 1 and day 20 into 

both tibial muscles of anesthetized BALB/c mice. Electric pulses were applied through 

two electrodes placed on the skin; two square-wave 25-ms, 375V/cm pulses were 

generated by a T820 electroporator (BTX). 

 

3.6) hEML4-ALK cloning; retrovirus and lentivirus production and 

mEML4-ALK KO 

 

 hEML4-ALK was amplified from a human NSCLC cell line and cloned into a 

retrovirus backbone vector (pBABE_puro; Plasmid #1764; addgene) using restriction 

enzyme method according to the cloning information provided by the manufacture, as 

previously described [397]. 
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For retrovirus (or lentivirus) production, 5x106 HEK-293FT cells were seeded in 

10 cm dishes the day before transfection. Transfection was performed using Xfect 

transfection reagent kit (Takara, Japan), according to manufacturer’s instructions.  

For each dish, 15µg of pBABE_puro plasmid containing the hEML4-ALK 

construct (pBABE_puro_hEML4-ALK) and 5µg of pCL-ECO Retrovirus Packaging 

Vector (mouse and rat cells only) (Novus Biologicals, USA) were re-suspended in 

600µL of reaction buffer and 9µl of Xfect polymer was added in the mixture. Then, the 

mixture was incubated for 10 minutes at room temperature (RT) before being added to 

the culture dish containing the HEK-293FT cells. After 4 hours incubation at 37°C and 

5% CO2, the medium was removed and replaced with 10mL of fresh DMEM-complete 

medium. After 36 hours, the medium was collected and centrifuged at 2,000g at 4°C for 

5 min to pellet possible death cells in suspension. The supernatant was filtered through 

a 0.45µm low protein-binding membrane (VWR Sterile HV/PVDF).  

 The pBABE_puro_hEML4-ALK virus was used to transduce the human EML4-

ALK into the murine TECLA-1 cell line. 3x106 TECLA-1 cells were seeded 24 hours 

before infection in a 10 cm dish. In the day of infection, 10mL of non-concentrated virus 

was added to TECLA-1 dishes (around 65% confluency) for 24 hours, being replaced 

by fresh DMEM-complete medium. Posteriorly, TECLA-1 cell line was selected with 

puromycin (100ng/mL) for 4 days. hEML4-ALK expression was confirmed by western 

blot by using the human specific antibody ALK D5F3 (Cell Signaling Technology, 

USA) (henceforth, TECLA-1 transduced with hEML4-ALK is referred as hTECLA-1).   

 After transduction of the hEML4-ALK, the mouse EML4-ALK was knocked out 

by using CRISPR/Cas9 system. A sgRNA directly against the exon 20 of mALK was 

designed using deskgene tool (www.deskgen.com) (ALK exon 20 sgRNA: 

ATCTGTCTGCAGTGTACCGT; PAM CGG; cut site: chr17 [+71,897,986 : -71,897,986]; 

GC% : 50; activity score: 57; off-target score: 93) and cloned into lentiCRISPRv2 puro 

(Plasmid #98290; addgene) using restriction enzyme method according to the cloning 

information provided by the manufacture. Lentivirus production, hTECLA-1 infection 

and puromycin selection were performed as described above. After selection, single 

cell clones were obtained through sequential dilutions. Once the single cell clones were 

http://www.deskgen.com/
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expanded, the mEML4-ALK KO was confirmed by western blot by using the mouse 

specific antibody ALK SP8 (Abcam, UK).  

 

3.7) Histology and Immunohistochemistry   

 

Hematoxylin and Eosin (H&E) and Immunohistochemistry staining’s were 

performed in formalin-fixed paraffin-embedded subcutaneous tumors and lung 

sections of WT, Tg EML4-ALK, Ad-EA and graft mice models, and executed as 

previously described [397]. Immunohistochemistry stainings of the hALK protein were 

performed using the anti-ALK D5F3 rabbit monoclonal antibody (Cell Signaling 

Technology, USA).  

 

3.7) Magnetic Resonance Imaging (MRI) 

 

 Anatomical T2-weighted coronal images were acquired with a respiratory-

triggered multislice fast spin echo sequence (TR=4 s, TE=4.5 ms, RF=16, FOV=30 mm2, 

Matrix=256x256, slices=16-20, slice thickness=1mm, 2 averages, providing an in-plane 

spatial resolution of 117µm). Animals were anesthetized through i.p. injection 

containing a combination of Rompun® (5mg/Kg; Bayer, Germany) and Zoletil 100® 

(20mg/Kg; Laboratories Virbac, France); and breathing was monitored during 

acquisition of the MR images with a respiratory sensor (SA Instruments, Inc). Tumor 

volume and number of tumor masses were calculated by manual segmentation (slice 

by slice contouring) with ITK-SNAP software (www.itksnap.org).  

 

3.8) Cell Lysis and Immunoblotting  

 

Cells (5x105) were seeded in 6-well plates in DMEM complete medium. The 

following day, cells were treated either with crizotinib or lorlatinib using an increasing 

concentration scheme from 1nM to 1µM. After 6 hours of in vitro treatment, cells were 

collected and total cellular protein was extracted using GST-FISH buffer (10mM MgCl2, 

150mM NaCl, 1% NP40, 2% Glycerol, 1mM EDTA, 25mM HEPES pH 7.5), mixed with 

1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM NaF, 1 mM Na3VO4, and 

protease inhibitors (Roche, Germany).  

http://www.itksnap.org/
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Total cell lysates were cleared by centrifugation (12,000g) at 4°C in a 

microcentrifuge for 10 minutes and quantified using the Bio-Rad protein assay method 

(Bio-Rad, USA). Protein samples were normalized based on protein concentration, 

denaturated by addition of Laemmli buffer and boiled for 5 minutes at 96°C. Fifty 

micrograms (50µg) of protein were run on sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) under reducing conditions and transferred to 

nitrocellulose membrane (GE Healthcare, USA). Subsequently, membranes were 

incubated with specific antibodies, detected with peroxidase-conjugated secondary 

antibodies (GE Healthcare, USA) and enhanced using chemiluminescent reagent 

(Amersham). The following primary antibodies were used: anti-ALK D5F3 (Cell 

Signaling Technology, USA); anti-ALK SP8 16670 (Abcam, UK) and anti-Actin (Sigma, 

USA).  

 

3.9) Cell viability assay 

 

 Cell viability was measured on TECLA-1 and TECLA-2 after incubation with 

ALK inhibitors, using CellTiter-Glo (Promega, USA) according to manufacturer’s 

instruction. Briefly, cells were seeded into white walled 96-well plates (3wells/sample) 

in DMEM-complete medium and incubated using a ten-point dose titration scheme 

from 1nM to 1µM of ALK inhibitors (crizotinib, lorlatinib, alectinib, ceritinib, 

brigatinib). After 72h, CellTiter-Glo reagent was added to each well and luminescence 

output data were taken by GloMax-Multi Detection System (Promega, USA). The 

correspondent IC50 value for each AKL inhibitor was calculated with GraphPad Prism 

5 software (GraphPad Prism, USA). 

 

3.10) Flow cytometry 

 

PD-L1 cell surface expression in TECLA-1 and TECLA-2 cell lines was evaluated by 

flow cytometry. Briefly, cells were seeded in 6-well plates (5x105cells) in DMEM-

complete medium and the day after were detached using cold PBS 1X. Resuspended 

cells were washed in FACS buffer (PBS containing 1% of FBS and 2nM of EDTA) and 

consequently stained with anti-PD-L1-PE (clone 10F.9G2; BioLegend, USA) for 20 

minutes at 4C in the dark. Next, cells were washed twice with FACS buffer and events 
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were acquired using a FACSCalibur flow cytometer (BS Bioscience, USA). Data 

analysis was performed with FlowJoTM software version 7 (FlowJo LLC, EUA). 

 

3.11) Statistical Methods 

 

Kaplan-Meier analyses for survival curves were performed with GraphPad 

Prism 5 software (USA). Paired data were compared with the Student's t-test and 

Mann-Whitney U test. P values of <0.05 were considered to be significant. Unless 

otherwise noted, data are presented as means ± SEM.  

 Tumor volume was calculated as follows:  

 

Tumor volume = (Length * Width2)1/2 

 

 Quantification of volume changes compared with baseline tumor volume 

(change from baseline) was calculated as follow:  

 

Change from baseline = ((after value-before value)/before value)100 
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Part II  
 

3.12) Cell lines  

 

 The murine cell lines (TECLA-1 – originated before; and Edited-1) were 

maintained in DMEM (Lonza, Switzerland) with 10% fetal bovine serum (FBS), 2% 

penicillin, streptomycin 5mg/mL (Gibco, USA) and 1% glutamine (Gibco, USA) and 

were grown at 37°C in humidified atmosphere with 5% CO2.  

 

3.13) Mice strain  

 

 The mice strain used in this study was Wild-Type (WT) BALB/c (Charles River) 

at 8 weeks of age. Mice were handled and treated in accordance with the Animal 

Resources Children’s Hospital (ARCH) guidelines (Boston Children’s Hospital – 

Harvard Medical School, Boston, US).  

 

3.14) DNA vaccination/ Splenocytes isolation 

 

As performed before, 50µg of pDEST (control) or pDEST-ALK plasmids were 

diluted in 20µL 0.9% NaCl with 6mg/mL polyglutamate and injected at day 1 and day 

20 into both tibial muscles of anesthetized BALB/c mice. Electric pulses were applied 

through two electrodes placed on the skin; two square-wave 25-ms, 375V/cm pulses 

were generated by a T820 electroporator (BTX). Seven days after the second 

vaccination, mice from both groups (ALK unvaccinated [control] and ALK vaccinated) 

were sacrificed and the spleens were harvested. Operating in sterile conditions, spleens 

were mechanically disaggregated in RPMI medium until a single cell suspension was 

obtained.  

 

3.15) Synthetic peptides  

 

 A set of 21 synthetic long peptides, each one 36 amino acids in length, covering 

the entire cytoplasmic portion of ALK encoded in pDEST-ALK DNA vaccine were 

purchased from Genscript (NJ, USA).  
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3.16) IFN-γ ELISPOT assay  

 

 The interferon-γ release enzyme-linked immune absorbent spot (ELISPOT) 

assay was performed using a commercial kit (Mouse IFN-γ ELISPOT, Mabtech, 

Stockholm, Sweden) according to the manufacturer’s instructions.  

 Briefly, the ELISPOT plate was prepared in sterile conditions and washed with 

sterile PBS (200µL/well) for 5 times. Consecutively, the plate was conditioned with 

fresh DMEM medium (200µL/well) contained 10% of the same fetal bovine serum used 

for the splenocytes suspension, and incubated for 30 minutes at room temperature. 

After incubation, the medium was discarded and 2.5x105 splenocytes were plated in 

each well together with the appropriate stimuli. The plate was incubated over/night at 

37°C in humidified conditions with 5% CO2. 

The day after, cells were discarded and the plate was washed 5 times with PBS. 

Biotinylated detection anti-IFN-γ mAb (1 μg/ml) was added into the wells, followed by 

2 hours of incubation at room temperature. Successively, and after another wash step, 

the plate was then incubated for a further 1 hour at room temperature with diluted 

streptavidin-ALP (1: 1000) in PBS-0.5% FCS at 100 μl per well. Finally, the plate was 

washed again for 5 times with PBS, followed by the addition of substrate solution 

BCIP/NBT-plus. Tap water was used to stop the reaction when distinct spots appeared. 

All plates were evaluated by a computer-assisted ELISPOT reader (Cell Technology 

Inc., Jessup, MD, USA). 

 

3.17) CD4+ and CD8+ T-cell discrimination  

 

After identification of the responsive peptides, splenocytes from pDEST-ALK 

vaccinated mice were placed in U-botton 96 well plate (100µL per well in T-cell media 

[RPMI with 10% FBS, P/S, glutamine, HEPES]).  

Splenocytes were then pulsed with the 5 identified long peptides with a final 

concentration of 10µg/mL overnight. The day after, cells were incubated for 4 hours at 

37°C with brefeldin A (E-Bioscienes, USA), (that works as a golgi-plug) which allowed 

cytokine accumulation within the cells. Sequentially, cells were washed with very cold 

FACS buffer and incubated with Fc block for 10 minutes at room temperature. After 
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membrane proteins staining (PE-CD4: clone RM4-4, Biolegend, USA; and FITC-CD8: 

clone G42-8, BD PharmingenTM, USA) was performed, cells were fixed with BD 

Cytofix/Cytoperm fixation solution and incubated for 10 minutes at 4°C. Sequentially, 

intracellular staining was performed (APC-IFN-γ: XMG1.2, Biolegend, USA). After two 

washes with BD Perm Wash solution, cells were ready to be acquired.  

 

3.18) Algorithms 

 

 Peptide-MHC-I binding affinity analysis was performed in silico by using 

prediction algorithms. In this study, three different peptide-MHC-I binding prediction 

algorithms were used.  

1) netMHCpan 4.0 (http://www.cbs.dtu.dk/services/NetMHCpan/); 

2) ANN 4.0 (http://tools.iedb.org/auto_bench/mhci/server/3); 

3) SMM (http://www.cbs.dtu.dk/courses/27625.algo/exercises/ex_SMM/SMM.php). 

 

3.19) H2-Dd-PGPGRVAKI Dextramer Staining / Flow cytometry 

 

 Allophycocyanin (APC)-conjugates H2-Dd-PGPGRVAKI Dextramer reagents 

were obtained from Immudex (Immudex, Denmark).  

 Briefly, 1x106 cells (either from total splenocytes or total lung disaggregation) 

were stained with Zombie Aqua (Biolegend, USA) viability marker for 30 minutes at 

room temperature. After this initial step, cells were treated with 50nM of dasatinib at 

room temperature for 30 minutes and were not washed prior to staining with 

dextramer. Dextramer staining was performed together with mouse Fc block for 20 

minutes at room temperature protected from light. Without prior washing, cells were 

finally stained with mouse FITC-CD8 conjugated (clone G42-8, BD PharmingenTM, 

USA) antibody for 10 minutes at 4°C. After washing step, cells were ready to be 

acquired. When referred, also PD-1 (clone RMP1-30; BV421-PD-1, BD PharmingenTM, 

USA) expression was evaluated together with dextramer staining, being added 

together with FITC-CD8.   

 H2-Dd MHC-I expression was measured on relapsed tumors after treatment. 

Tumor lungs were isolated and cultured ex vivo until an appropriate number of cells 

was reached. Briefly, cells seeded in DMEM complete medium were detached by using 

http://www.cbs.dtu.dk/services/NetMHCpan/
http://tools.iedb.org/auto_bench/mhci/server/3
http://www.cbs.dtu.dk/courses/27625.algo/exercises/ex_SMM/SMM.php
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cold PBS 1x.  Resuspended cells were then stained with APC-anti-H-2Dd (clone 34-1-

2S; ThermoFisher) for 20 minutes, washed and resuspended again in PBS.  

 All cells were acquired in a BD Celesta flow cytometer (BD Bioscience, USA) 

and analyzed by using the FlowJo software (FlowJo LCC, USA). 

 

3.20) Peptide vaccination  

 

 PGPGRVAKI short peptide (ALK-peptide 7) was purchased from Genscript 

(NJ, USA).  Peptide vaccine was prepared by mixing the PGPGRVAKI short ALK-

peptide 7 (10µg) with CDN adjuvant (25µg), according to manufacturer instructions. 

Mice were vaccinated subcutaneously with 100µL of peptide vaccine.  

 

3.21) Genomic editing of mouse ALK   

 

 We have designed one CRISPR shRNA targeting the region of interest. Then we 

designed crRNA that in 5´ end contained a large template of the sequence we wanted 

to edit. The 3´end of the crRNA was complementary with a commercial available 

tracrRNA. To avoid CAS9 off-targets, we have used CAS9 protein that has a life-time 

of only 4 hours. TECLA-1 was electroporated with the mixture solution, collected, 

washed and plated in fresh medium. Once recovered from electroporation, we 

performed single cell clones by consecutive dilutions. Single cell clones were then 

analyzed through DNA and RNA sequencing.  

(crRNA:  TATGAAATTAAGAACCCTGTTTTCTTCCCAGGGATATTGCTGCTAGA 

AACTGTCTGTTGACCTGCCCAGGTCCGGGAAGAGTAGCAAAGATTGGAGACTT

TGGGATGGCCCGAGATATCTA; shRNA: CTGCCCAGGTCCGGGAAGAG). 

 

3.22) DNA and RNA extraction/PCR reaction/ Sanger sequence 

 

 DNA and RNA samples were extracted as previously described [397]. PCR 

reactions were stablished to detect the genomic DNA or cDNA of peptide 7. PCR 

products were purified by using the QIAquick pCR Purification Kit (QIAGEN, USA) 

and the amplicons were sent to Sanger Sequencing through GeneScript Company 

(USA). Sanger sequencing were analyzed by SnapGen software (SnapGen, USA).  
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(Primers: gDNA, For: TATGAAGGCCAGGTGTCTGGAATGC; Rev 

GACAAACTCCAGAACTTCCTGGTTGC) 

(Primers: cDNA, For: ACCTCGACCATCATGACCGACT; Rev: ACACCTGGCCTTCATACACCTC) 

 

3.23) Animal treatment and tumor transplantation  

 

 The designs of the animal studies and procedures were approved by ARCH 

committee.  

 1x106 Edited-1 and TECLA-1 cells were injected subcutaneously into WT 

BALB/c mice and treated with immune checkpoint inhibitors (anti-PD-1; anti-CTLA-4 

or combo) at day 3, 6, and 9 through ip. injection. A cohort was kept for survival and 

the second cohort was sacrificed at day 15 after tumor transplantation to perform anti-

ALK immune response evaluation.  

 1x106 Edited-1 cells were injected intravenously into WT BALB/c mice and 

vaccinated with 10ng of synthetic ALK-7-peptide at day 1, 14, and 21 to elicit an anti-

ALK immune response. In parallel, mice were treated with lorlatinib (2mg/Kg daily) 

through oral gavage and/or immune checkpoint inhibitors (anti-PD-1; anti-CTLA-4 or 

combo) at day 3, 6, and 9 through ip. injection. For this particular experiment, mice 

were kept for survival.  

 

3.24) ALK inhibitors  

 

 Crizotinib and lorlatinib were kindly provided by Pfizer (Pfizer, USA). 

Alectinib, ceritinib, and brigatinib were purchased from Selleckchem (Selleckchem, 

USA).   

For in vivo treatment, lorlatinib was administrated via oral gavage daily for 15 

days.  (Lorlatinib 2mg/Kg; vehicle solution: 0.5% Methylcellulose, 0.05% Tween-80).  

 

3.25) Antibody dosage for in vivo treatment  

  

 For immune checkpoints blockade, anti-PD-1 (clone RMP1-14) and anti-CLTLA-

4 (clone 9D9) were purchased from BioXcell (BioXcell, USA). Mice received 200μg per 

injection (ip. injection) at day 3, 6, and 9 after tumor cells injections (either SC. or IV.).  
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3.26) Histology  

 

Hematoxylin and Eosin (H&E) stainings were performed in formalin-fixed 

paraffin-embedded lung and brain sections of WT BALB/c mice and executed as 

previously described [397].  

 

3.27) Cell lysis and Immunoblotting  

 

TECLA-1 and Edited-1 cells (5x105) were seeded in 6-well plates in DMEM 

complete medium. The following day, cells were treated with lorlatinib using a ten-

point dose titration scheme from 1nM to 1µM. After 6 hours of in vitro treatment, cells 

were collected and total cellular protein was extracted with GST-FISH buffer (10mM 

MgCl2, 150mM NaCl, 1% NP40, 2% Glycerol, 1mM EDTA, 25mM HEPES pH 7.5), 

added with 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM NaF, 1 mM Na3VO4, 

and protease inhibitors (Roche, Germany).  

Total cell lysate were cleared by centrifugation (12,000g) at 4° C in a 

microcentrifuge for 10 minutes and quantified using the Bio-Rad protein assay method 

(Bio-Rad, USA). Protein samples were normalized based on protein concentration, 

denaturated by addition of Laemmli buffer and boiled for 5 minutes at 96°C. Fifty 

micrograms (50µg) of protein were run on sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) under reducing conditions and transferred to 

nitrocellulose (GE Healthcare, USA). Membranes were incubated with specific 

antibodies, detected with peroxidase-conjugated secondary antibodies (GE Healthcare, 

USA) and enhanced using chemiluminescent reagent (Amersham). The following 

primary antibodies were used: anti-pALK (Y1586) (Cell Signaling Technology, USA); 

anti-ALK SP8 16670 (Abcam, UK) and anti-Actin (Sigma, USA).  

 

3.28) Cell viability assay 

 

 Cell viability assay was performed in immortalized cell lines (TECLA-1 and 

Edited-1) by using CellTiter-Glo (Promega, USA) according to manufacturer’s 

instruction. Briefly, cells were seeded into white walled 96-well plates (3wells/sample) 

in DMEM and incubated using a ten-point dose titration scheme from 1nM to 1µM of 
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ALK inhibitors (crizotinib, lorlatinib, alectinib, ceritinib, brigatinib). After 72h, 

CellTiter-Glo reagent was added to each well and luminescence output data were 

taken by GloMax-Multi Detection System (Promega, USA). The correspondent IC50 

value for each ALK inhibitor was calculated with GraphPad Prism 5 software 

(GraphPad, USA). 

 

3.29) ex vivo cell culture 

 

 Three (3) lung lobes were mechanically disaggregated until a single cell 

suspension was obtained. Consecutively, cells were plated in 6-well plates in DMEM 

complete medium. After 15 days in culture and at least 3 passages, cell lines were 

established.  

 

3.30) Statistical Methods 

 

Kaplan-Meier analyses for survival curves were performed with GraphPad 

Prism 5 software (GraphPad, USA). Paired data were compared with the Student's t-

test and Mann-Whitney U test P values of <0.05 were considered to be significant. 

Unless otherwise noted, data are presented as means ± SEM.  

 Tumor volume was calculated as follows:  

 

Tumor volume = (Length * Width2)1/2 

 

Or through the software ImageJ (ImageJ, USA). 
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“Your questions are false if you 

already know the answer” 

   

José Saramago, 

Noble prize in Literature 1998 
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4) Results 

 

Part I 

 

4.1) Combination of immune checkpoint blockade with high doses of 

ALK inhibitors does not provide significant advantage in Tg EML4-

ALK-rearranged NSCLC mice 

 

 In our previous published work, we have proved the efficacy of the ALK-DNA-

based vaccine against the cytoplasmic portion of the human ALK in eliciting a strong 

CD8+ T-cell response that extends overall survival in BALB/c mice bearing ALK-driven 

tumors. With these results, we have proved the immunogenicity of human ALK in 

BALB/c background [397, 402]. The fact that ALK protein elicits indeed an immune 

response, we have hypothesized that the blockade of the immune checkpoint could 

have synergistic effects when combined with ALK inhibitors.  

In order to test the efficacy of both crizotinib (first-generation ALK inhibitors) 

and lorlatinib (third-generation ALK inhibitors) administrated as single agents or in 

combination with immune checkpoint therapy (either anti-PD-1 or anti-PD-L1), we 

used a transgenic mouse model of ALK-driven lung tumors (Tg EML4-ALK mice), in 

which the human rearrangement EML4-ALK (variant 1, E13;A20) is expressed under 

the human lung-specific surfactant protein-C (SP-C) promoter as previously described 

[397]. 

 Few weeks after birth, mice rapidly developed multifocal and well-

differentiated ALK+ tumors. In order to obtain a pairwise comparison of mice between 

all experimental groups (supplementary table of figure 29), mice were screened by MRI 

when 12-16 weeks old and stratified before treatment based on the total tumor volume.  

 Mice were treated with high doses of crizotinib (100mg/Kg once a day) or 

lorlatinib (10mg/Kg twice a day) and two different protocols of immune checkpoint 

therapy were performed: either anti-PD-1/PD-L1 antibodies were administrated 

simultaneously with the ALK inhibitor or after TKI treatment as describe in figure 29A. 

Immune checkpoint monotherapy was also performed as controls.  
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 Follow-up MRIs were performed at the end of the TKI treatment and at 4 and 8 

weeks after treatment suspension (figure 29 B1/B2). Also, after treatment, mice were 

monitored for survival. Change between baseline and post-treatment tumor volume 

was calculated in percentage.  

Regarding the immune checkpoint monotherapy, tumors treated only with anti-

PD-1 or anti-PD-L1 antibodies were stabilized at the end of the treatment (PD-1 vs Ctrl 

Rat IgG, *P<0.05; PD-L1 vs Ctrl Rat IgG, *P<0.05 according to Mann-Whitney U test) 

and showed a slower growth rate during follow-up when compared with tumor 

growth in control mice (figure 29 C/D/E). However, the monotherapy with anti-PD-L1 

antibody was more efficient controlling tumor growth than anti-PD-1 antibody (PD-L1 

vs Ctrl Rat IgG, *P<0.05 at 4 and 8 weeks-follow-up according to Mann-Whitney U test) 

(figure 29 D/E). 

 Mice treated with high doses of TKIs (both crizotinib or lorlatinib) alone 

achieved almost complete tumor regression (≈-100%) at the end of treatment followed 

by a longer lasting lung tumor regression when treated with high doses of lorlatinib 

(compare crizotinib alone from figure 29 F/G/H with lorlatinib alone from figure 

29I/J/K). 

 The combination of anti-PD-1 or anti-PD-L1 antibodies administrated either at 

the same time with lorlatinib or at the end of lorlatinib treatment, did not show any 

statistically significant advantage over single TKI treatment neither at the end of the 

treatment nor at 4 or 8 weeks follow-up (figure 29 I/J/K). However, our data suggested 

that the anti-tumor effect of crizotinib may be potentiated by adding immunotherapy 

checkpoint inhibitors (figure 29 F/G/H) crizotinib vs crizotinib + PD-1 or + PD-L1), even 

though it is not statistically significant.  

 None of the treatment protocols showed any benefit in terms of overall survival 

as it is pictured in the Kaplein-Meier curves (figure 29 M/N/L).  

 

4.2) PD-1 blockade in combination with low doses of the potent ALK 

inhibitor lorlatinib delays tumor relapse in Ad-EA-derived NSCLC 

mouse models 
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 Next, we evaluated the synergistic effect between low, but still clinically 

relevant, doses of crizotinib and lorlatinib either with anti-PD-1 or anti-PD-L1 

antibodies.  

 For this purpose, we used two mouse models: Tg EML4-ALK mice, as in 

previous experiments, and Adeno CRISPR/Cas9 Eml4-Alk infected mice (henceforth 

referred as Ad-EA mice) which models the most common EML4-ALK variant in 

human NSCLC (variant 1, E13; A20). 

CRISPR/Cas9 system was used to induce concomitant double-strand DNA 

(dsDNA) breaks at intron 13 of Eml4 and intron 19 of Alk by using single-guide RNA 

molecules (sgRNA) targeting both Eml4 and Alk mouse loci, respectively. The 

adenovirus carrying this system was inoculated through intratracheal administration 

as previously described [687]. After inoculation, Eml4-Alk rearranged lung tumors 

typically developed within 2-3 months. We have infected two mouse strains (BALB/c 

and C57BL/6) in order to verify the efficacy of the combined treatment on different 

strains. After approximately 10 weeks from inoculation, mice were submitted to tumor 

volume evaluation by MRI as in previous experiments, and stratified before treatment, 

based on the total tumor volume. 

  Mice from both models (Tg EML4-ALK and Ad-EA mice) were treated 

according to the experimental protocol schematically described in figure 30A and 

figure 31A, respectively (supplementary table of figure 30 and supplementary table of 

figure 31). Follow-up MRIs were then performed at the end of treatment and at 4 and 8 

weeks after treatment suspension (figure 30 B1/B2 and figure 31 B1/B2). As in previous 

experiments, mice were monitored for survival. Change between baseline and post-

treatment tumor volume was calculated in percentage.  

In this particular experiment, also the concentration of the administrated 

antibodies was reduced (200µg/mouse). However, at this concentration was not 

possible to reproduce the previous results obtained in Tg-EML4-ALK mice when 

treated with immune checkpoint inhibitors as monotherapy.  

Anti-PD-1 monotherapy seems to have an effect that is maintained until 8 

weeks follow-up (even though not statistically significant when compared with 

untreated control mice). But, anti-PD-L1 seems to have, paradoxically, the reverse 
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effect of what was observed before. This effect is not statistically significant, most likely 

because of the low number of mice (n=3).  

However, and as expected, Tg-EML4-ALK treated with lower doses of 

crizotinib (40mg/Kg twice a day) had significant tumor regression compared to the 

control group (figure 30 F and 30 C, respectively), although less effective when 

compared to higher doses (100mg/Kg daily) (compare figure 29 F to figure 30 F). At 4 

weeks follow-up (figure 30 G), mice treated with crizotinib in combination either with 

anti-PD-1 or anti-PD-L1 showed larger tumor volume when compared with mice 

treated with crizotinib alone, however, at 8 weeks follow-up this scenario is reversed 

(figure 30 H) suggesting that immune checkpoint inhibitors may have a delayed effect 

when combined with crizotinib. Nevertheless, mice treated with low doses of the more 

potent TKI lorlatinib, showed a complete tumor regression at the end of the treatment 

(figure 30 I). However, the addition of immune checkpoint inhibitors did not provide 

any advantage at any time point when combined with lorlatinib (figure 30 I/J/K). As it 

was observed in previous experiments, none combination has extended mice survival 

(figure 30 L/M/N).  

 In Ad-EA mouse model, we observed that lung tumors developed equally in 

both mouse strains (BALB/c and C57BL/6) and no significant differences between the 

two strains in the course of the experiments were observed (data not shown). Due to 

their similarity, both strains were grouped and analyzed as a whole group.  

Immune checkpoint monotherapy (figure 31 C/D/E) did not show any efficacy 

on Ad-EA mice, which has suggested us that the Eml4-Alk-rearranged tumors induced 

by CRISPR/Cas9 were less immunogenic than lung tumors in Tg EML4-ALK mouse 

model (figure 30 I/J/K).  

 Surprisingly, Ad-EA mice did not respond to crizotinib treatment (40mg/Kg 

twice a day) as Tg EML4-ALK mice (compared figure 30 F/G/H with figure 31 F/G/H), 

reaching a medium change from baseline of 10% at the end of treatment (under 

treatment, tumors increased 10% of their initial volume). In this context, the 

combination of low doses of a weaker TKI with immune checkpoint blockade (both 

anti-PD-1 and anti-PD-L1) did not show any additional benefit neither at the end of 

treatment nor during follow-up (4 and 8 weeks after treatment suspension).  
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 However, when treated with lorlatinib, Ad-EA mice showed almost complete 

tumor regression at the end of the treatment (figure 31 I) as it was observed in Tg 

EML4-ALK mouse model (figure 30 I).  

 The combination of lorlatinib+anti-PD-L1 did not provide synergistic effect in 

any analyzed time point (figure 31 I/J/K), suggesting that ALK+ lung tumors driven by 

the mouse Eml4-Alk fusion protein might have either a lower expression of PD-L1 

when compared to Tg mice tumors or express other inhibitory molecules (such as PD-

L2).  

 Extraordinarily, at 4 weeks after treatment suspension, Ad-EA mice treated 

with lorlatinib+anti-PD-1 showed a significantly slower relapse rate when compared 

with tumors treated with lorlatinib alone (figure 31 J) (lorlatinib+anit-PD-1 vs 

lorlatinib, *P<0.05 at 4 weeks follow-up according to Mann-Whitney U test). However, 

the advantage provided by the addition of anti-PD-1 to lorlatinib was lost at 8 weeks 

follow-up (figure 31 K). Nevertheless, this transient effect was not reflected in the 

overall survival of the mice (figure 31 L/M/N).  

 

4.3) Long-term treatment with the potent ALK inhibitor lorlatinib in 

combination with anti-PD-1 antibody slightly delays tumor relapse in 

Ad-EA mouse models 

 

Having the best result obtained so far in mind (lorlatinib+anti-PD-1), and 

assuming that Ad-EA mice are putatively curable, we next aimed the total tumor 

eradication and complete cure of the mice by administrating lorlatinib in combination 

with anti-PD-1 in two (2) long-term treatment protocols (one [1] and two [2] months of 

TKI treatment).  

After approximately 10 weeks from intratracheal Adenovirus infection, mice 

were submitted to tumor volume evaluation by MRI and divided into two (2) major 

cohorts (one [1] and two [2] months). Each cohort was then subdivided into three (3) 

different groups according to PD-1 administration protocol (supplementary table of 

figure 32). Mice were treated with lorlatinib alone or in combination with anti-PD-1 

administrated either every three (3) days up to fifteen (15) days or once a week up to 
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one (1) month, in a total of five (5) injections each, as it is represented schematically in 

figure 32 A. Follow-up MRIs were performed at the end of the treatment and at 4 and 8 

weeks after treatment suspension, as in previous experiments. After treatment, mice 

were monitored for survival. Change between baseline and post-treatment tumor 

volume was calculated in percentage.  

In both long-term treatment protocols (lorlatinib 1 month and lorlatinib 2 

months), CRISPR/Cas9-induced tumors showed almost complete regression at the end 

of treatment when treated with lorlatinib alone, as it was expected (figure 32 B/E). Also, 

either at 4 or 8 weeks after treatment suspension, relapse rate was similar in both long-

term protocols; not showing any evident advantage provided by the 2 months 

treatment protocol vs the 1 month long-term treatment (figure 32 C/D and F/G).  

The addition of PD-1 antibody (both 15 day and 1 month) has no clear effect at 

the end of the treatment time point. However, both long-term lorlatinib treatments in 

combination with 1 month administration of anti-PD-1 showed a significantly slower 

relapse rate at 4 weeks follow-up when compared with tumor treated with lorlatinib 

alone at the same time point (lorlatinib [1 month] + anti-PD-1 [1 month] vs lorlatinib [1 

month], *P<0.05 at 4 weeks follow-up according to Mann-Whitney U test; lorlatinib [2 

month] + anti-PD-1 [1 month] vs lorlatinib [2 months], *P<0.05 at 4 weeks follow-up 

according to Mann-Whitney U test) (figure 32 C/F). Nonetheless, this advantage was 

lost at 8 weeks of follow-up, as it was observed previously in the short-time treatment 

(compared figure 31 J/K with figure 32 C/D and F/G). Remarkably, the 1 month anti-

PD-1 protocol showed advantage in a long-term follow-up when compared with 15 

days anti-PD-1 protocol (lorlatinib [1 month] + anti-PD-1 [1 month] vs lorlatinib [1 

month] + anti-PD-1 [15 days], *P<0.05 at 8 weeks follow-up according to Mann-

Whitney U test) (figure 32 D). This suggests that a longer immune checkpoint blockade 

could be beneficial in long-term follow-up. However, the same was not observed in the 

2 month long-term treatment (figure 32 G), which raises the question regarding the 

negative effect of 2 months long-term lorlatinib treatment in the immune system.  

Although with a longer TKI treatment protocol, total tumor eradication was not 

achieved and once suspended, mice from both cohorts treated with lorlatinib alone had 

similar overall survival, suggesting that prolonged TKI treatment is not beneficial in 
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terms of survival. However, even though not statistically significant, it can be 

appreciated the slight extension of overall survival in mice treated with the 

combination lorlatinib + anti-PD-1 (figure 32 H/I).  

4.4) Murine Alk rearrangement shows poor response to crizotinib but 

not to lorlatinib 

 

The poor response to crizotinib, but not to lorlatinib, in CRISPR/Cas9-induced 

Eml4-Alk tumors, encouraged us to further investigate this feature.  

As mentioned before, tumors in Tg EML4-ALK mice are driven by the human 

EML4-ALK fusion protein; in contrast, CRISPR/Cas9-induced Eml4-Alk tumors are 

promoted by an in vivo direct inversion of the endogenous mouse loci, and therefore 

are driven by the murine Eml4-Alk rearrangement. It is known that the domains’ 

organization of ALK is conserved throughout evolution, and the highest conservation 

is found in the kinase domain. In fact, mouse and human ALK show 87% overall 

homology at the protein level, and within the kinase domain they differ only in four (4) 

amino acids; however, it should be noted that the human ALK contains an extra 

tyrosine residue, Tyr 1604, that is absent in the mouse Alk [108].  

These molecular differences can be pointed as a possible reason for the low 

response of Ad-EA mice to crizotinib when compared to Tg EML4-ALK mice.  

In order to address this point, we generated two immortalized murine Eml4-

Alk+ lung adenocarcinoma cell lines (henceforth referred as TECLA-1 and TECLA-2) 

from primary tumors developed in BALB/c TP53 KO mice infected intratracheally with 

Adeno-CRISPR/Cas9 Eml4-Alk virus. The resulting two immortalized cell lines 

harbored the Eml4-Alk inversion, expressed the Eml4-Alk fusion protein and, when 

injected into syngeneic BALB/c mice, formed tumors that displayed histopathological 

and molecular features typically found in ALK-driven human NSCLC (figure 33 

A/B/C).  

  The sensitivity of TECLA-1 cell line to crizotinib and lorlatinib was analyzed. 

TECLA-1 cells were treated in vitro either with crizotinib or lorlatinib using an 

increasing concentration scheme (from 0 to 1000nM) for 6 hours. Protein lysates were 

collected and Alk phosphorylation levels were analyzed. Even though Alk 
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dephosphorylation in vitro was observed at low concentrations of lorlatinib (1nM), 

indicating a good response to this potent ALK inhibitor as it was observed in vivo in 

Ad-mice, TECLA-1 cell line showed a poor response to crizotinib even at high 

concentrations (300nM), usually enough to completely dephosphorylate the human 

ALK (figure 33 D).  

Next, we evaluated PD-L1 expression in TECLA-1 and TECLA-2 cell lines by 

flow cytometry. Not surprisingly, both cell lines presented positivity for PD-L1 in a 

small sub-population (figure 33 E). 

 Then, in order to understand whether the resistance observed was crizotinib-

related, we have analyzed the immortalized cell line response to different ALK 

inhibitors. TECLA-1 cells were then treated with other FDA-approved ALK inhibitors, 

such as ceritinib, alectinib, brigatinib, as well as crizotinib and lorlatinib, using a ten-

point dose titration scheme for 72 hours. Thereafter, cell viability was measured by 

CellTiter-Glo. As expected, TECLA-1 showed low sensitivity to crizotinib but also to 

ceritinib, being necessary a higher concentration of both inhibitors (close to 1µM) to 

achieve ≥50% of non-viable cells (figure 33 F). However, alectinib and brigatinib 

showed a better efficacy (when compared to crizotinib and ceritinib), showing ≥50% of 

non-viable cells at concentrations close to 100nM. Lorlatinib, as expected, was the most 

effective showing ≥50% of non-viable cells at concentrations lower than 1nM (figure 33 

F).  

 To confirm these results, 1x106 TECLA-1 cells were injected subcutaneously into 

syngeneic BALB/c mice. When tumors reached 5mm of diameter, mice were treated 

either with crizotinib (n=4) or lorlatinib (n=4) (100mg/Kg once a day and 10mg/Kg 

twice a day, respectively) or used as untreated controls (n=4). The treatment protocol 

was performed for 10 days and tumor volume was measured every 3 days since the 

injection time point until tumors have reached 15mm of diameter length (humane 

endpoint), according to figure 33 G.  Mice treated with crizotinib presented modestly 

slower tumor growth when compared to controls; however, during the treatment 

course tumor shrinkage was never achieved (figure 33 H). Yet, mice treated with 

lorlatinib have shown complete tumor regression after 10 days of treatment (figure 33 

I), confirming once more the high sensitivity to this ALK inhibitor. Follow-up after 
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treatment suspension was not performed, which has hindered the analysis of eventual 

relapse after lorlatinib administration.  

 Even though the poor response to crizotinib is an interesting feature that should 

be further investigated, these immortalized murine Alk+ NSCLC cell lines represent an 

important tool for ALK-driven NSCLC studies by reducing considerable the in vivo 

experiments time course and providing an excellent model that mimics the human 

condition in a syngeneic and immunocompetent BALB/c background.   

 

4.5) Strong human ALK expression results in immunoediting in 

immunocompetent BALB/c mice 

   

With the new syngeneic mouse model, next we aimed, once again, the total 

tumor eradication and complete cure of the mice by using the combination of lorlatinib 

and anti-PD-1.  

For that, we injected subcutaneously 1x106 cells of TECLA-1 or TECLA-2 cell 

lines into syngeneic BALB/c mice in order to generate subcutaneous (sc) tumors. 

Tumors were measured every 3 days and when reached 5mm in diameter, mice were 

enrolled into a short-term (15 days) treatment as it is described in figure 34 A 

(supplementary table of figure 34). After treatment, mice were monitored for tumor 

relapse. Change between baseline and post-treatment tumor volume was calculated in 

percentage. 

As expected, both cell lines developed sc. tumors in all injected mice.  

Paradoxically, TECLA-1-derived tumors, when treated with PD-1 antibody 

alone, showed a higher tumor rate compared to untreated controls (*P<0.05 at the end 

of treatment according to Mann-Whitney U test) (figure 34 C). However, the same was 

not observed in TECLA-2-induced tumors in which PD-1 blockade showed a similar 

tumor growth rate when compared to untreated controls tumors (figure 34 E).  

As it was predicted by the previous in vitro and in vivo experiments, mice 

bearing tumors induced either by TECLA-1 or TECLA-2 cell lines, and treated with 

lorlatinib (alone or in combination with anti-PD-1) reached complete tumor remission 
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at the end of the treatment protocol (change from baseline ≈-100% - no palpable 

tumor). 

After the end of treatment, mice were kept in order to evaluate the relapse rate 

in each treatment arm. Tumors were measured every 3 days until tumor diameter 

reached 15 mm (humane endpoint).  

Surprisingly, mice bearing TECLA-1-induced tumors enrolled in the TKI arms 

have reached the humane point in only 2 weeks after treatment suspension (figure 34 

D) in contrast with mice bearing TECLA-2-induced tumors that presented a long 

lasting relapse rate (humane endpoint was reached 4 weeks after treatment 

suspension), suggesting that TECLA-2 has a slower tumor growth rate when compared 

to TECLA-1 (figure 34 F).  

Although it can be appreciate in both cell lines the slight difference between 

lorlatinib alone and lorlatinib+anti-PD-1 in terms of relapse, statistically, the addition 

of PD-1 antibody to lorlatinib did not provide any advantage in controlling tumor 

regrowth (figure 34 D/F).   

The poor response to PD-1 antibody led us to hypothesize that the endogenous 

mouse Eml4-Alk fusion protein expressed in TECLA-1 and TECLA-2-derived tumors 

could be less immunogenic than the human EML4-ALK rearrangement expressed since 

early development stage in Tg EML4-ALK mice. This hypothesis came not only due to 

the fact that TECLA-1 and TECLA-2-derived tumors express low levels of PD-L1 (data 

not shown), suggesting a weak interaction with the mouse immune system, but also 

because the human ALK protein can act as a neoepitope in BALB/c mice that were 

never challenge with human ALK peptides. Therefore, we decided to insert the 

hEML4-ALK gene into TECLA-1 cells in order to obtain a more immunogenic cell line 

in BALB/c [397, 402] (henceforth referred as hTECLA-1). Four (4) different viral infections 

were performed and after several passages in culture, hALK protein expression was 

evaluated by western blot (figure 34 I-left panel). The hTECLA-1 cell line with the 

highest expression of hALK was then injected subcutaneously into syngeneic BALB/c 

mice. Subcutaneous tumor growth was monitored every 3 days and mice were 

enrolled in the same treatment protocol as before (figure 34 A).  
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Remarkably, in this case, monotherapy with anti-PD-1 showed similar tumor 

growth as untreated controls (figure 34 G), different from what was observed in 

TECLA-1 “WT” (compare figure 34 G with figure 34 C). Also, in the presence of an 

hALK antigen, TECLA-1 cell line presented a long lasting relapse rate after treatment 

suspension, when compared with TECLA-1 expressing the endogenous mouse Eml4-

Alk only, suggesting that the presence of a stronger antigen per se is enough to better 

control the tumor relapse (figure 34 H).  

Finally, the combination of lorlatinib+anti-PD-1 provided a clear advantage in 

controlling tumor regrowth when compared with lorlatinib alone (lorlatinib vs 

lorlatinib+PD-1, at 3 and 4 weeks after treatment suspension, *P<0.05, according to 

Mann-Whitney U test), suggesting that PD-1 blockage could be beneficial to ALK+ 

NSCLC when ALK is strongly expressed. However, the major aim was not achieved 

due to the fact that the complete eradication of the tumors did not occur.  

To better understand the tumor escape mechanism, at the humane endpoint 

(15mm of diameter), tumors were collected and total proteins were extracted in order 

to measure the hALK expression by western blot. Surprisingly, we verified that all 

tumors treated with lorlatinib (alone or in combination with anit-PD-1) had lost hALK 

expression (figure 34 I-right panel), suggesting that tumors carrying overexpression of 

hALK are more susceptive to immunoediting. The immune pressure might have 

“forced” hTECLA-1-derived tumors to lose hALK expression. The regrowth of the 

tumors was supported by mEML4-ALK.  

To confirm this hypothesis, and discard possible technical issues (it is known 

that some cell lines do not bear overexpression of certain proteins, losing them 

gradually after viral infection throughout in vitro passages), we injected 

subcutaneously hTECLA-1 into immunocompromised NSG and BALB/c mice 

simultaneously, according to figure 34 B. Tumor growth with or without immune 

pressure was evaluated and compared.  Once reached the humane endpoint, mice 

were sacrificed, tumors were collected and total proteins extracted to assess the 

possible loss of hALK after in vivo passage in both immune backgrounds (NSG and 

BALB/c mice).   
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Not surprisingly, hTECLA-1 has grown faster in NSG mice than BALB/c mice 

(figure 34 J). Nevertheless, when analyzed regarding hALK protein content, we 

verified that tumors grown in immunocompromised NSG mice have kept the hEML4-

ALK expression, discarding any technical issue. The same was not observed in 

immunocompetent BALB/c mice. hTECLA-1-induced tumors grown in a 

immunocompetent environment have practically lost completely hALK expression, 

suggesting a strong immunoediting provided by the presence of a strong antigen 

(figure 34 K).  

 

4.6) Triple combination of lorlatinib, PD-1 blockade and ALK-DNA-

based vaccine significantly delays tumor relapse and completely 

abrogates the development of metastasis in distant organs in graft 

models.  

 

The previous experiments have shown us that the regrown hTECLA-1-induced 

tumors had lost the hEML4-ALK protein expression in an immunocompetent context, 

and their regrowth was supported by the endogenous mouse Eml4-Alk expression.  

Having confirmed the strong immunogenicity of human ALK protein in 

BALB/c background, we next hypothesized that PD-1 blockade would not be beneficial 

to the spontaneous immune response generated by the tumor itself and that would 

rather add an advantage when the CD8 + T-cell response is strongly elicited by an ALK-

DNA-based vaccine.  

Based on our previous published work [397, 402], we decided to evaluate the 

synergistic effect a novel triple combination: ALK-DNA-based+lorlatinib+anti-PD-1. 

The ALK-DNA-based vaccine is a DNA vector that encodes the cytoplasmic portion of 

the human ALK protein, turning it a possible therapeutic approach for virtually all 

ALK-driven malignancies.  

To reach this aim, and in order to eliminate a possible tumor escape 

mechanism, we decided to knock out the endogenous mouse Eml4-Alk and maintain 

the human EML4-ALK as an oncodriver.  
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 For that, we have used CRISPR/Cas9 system to introduce a sgRNA in hTECLA-

1 cell line to disrupt the mouse Alk DNA sequence and consequently eliminate the 

endogenous mouse Alk protein expression. Next, we have performed several dilutions 

to obtain a pure single cell clone. The resultant cell line (henceforth hTECLA-1 mAlk 

KO) was assessed for hEML4-ALK expression and mElm4-Alk knock out (data not 

shown).  

 hTECLA-1 mAlk KO cells were injected subcutaneously into syngeneic BALB/c 

and two (2) cohorts were stablished. The first (n=10), mice were vaccinated the day 

after injection and boosted 10 days after. The second group (n=11) was not vaccinated. 

Both groups were enrolled into 15 days of treatment protocol in which the combination 

lorlatinib (2mg/Kg twice a day) + anti-PD-1 (200µg/mouse every 3 days in a total of 5 

injections) was administrated when tumors reached 5mm of diameter. Tumor volume 

was measured every 3 days during the experiment timeline. Change between baseline 

and post treatment tumor volume was calculated in percentage.  

 Remarkably, the triple combination (ALK-DNA-based vaccine+lorlatinib+PD-1) 

showed great reduction of the tumor relapse after treatment suspension when 

compared to the double combination (lorlatinib+PD-1) (lorlatinib+PD-1 vs ALK-DNA-

Vax+ lorlatinib+PD-1, *P<0.0001, according to Mann-Whitney U test) (figure 35 A). 

 When the humane endpoint was reached, mice were sacrificed, subcutaneous 

tumors were collected and hALK expression was assessed by immunohistochemistry 

(figure 35 B/C/D/E).  

Previous experiments with TECLA-1 cell line have shown its enormous 

metastatic ability. Upon subcutaneous injection, TECLA-1 cell line metastasizes in 

distant organs such as lungs (maybe due to the tropism of these cells to their original 

environment), liver, brain, kidney, spleen and lymph nodes (data not shown). For this 

reason, apart from the subcutaneous tumors, we also collected the lungs (first distant 

organ where TECLA-1 cells metastasize; data not shown) and analyzed the hALK 

expression by immunohistochemistry.  

Remarkably, in the double combination group (lorlatinib+anti-PD-1), in 7 out of 

9 mice, more than 80% of the subcutaneous tumor mass was hALK positive (figure 35 

B), and 5 out of 6 mice presented lung metastasis positive for hALK (figure 35 C). 
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However, in the triple combination, only 3 out of 8 mice were positive for ALK in less 

than 20% of the subcutaneous tumor mass (figure 35 D), and surprisingly, none have 

developed lung metastasis (% of lung metastasis: double combination vs triple 

combination; 83.3% vs 0%) (figure 35 E).  
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4.7) PGPGRVAKI is a MHC-I-restricted neoantigen in BALB/c 

background 

 

 We have previously proved the capacity of human ALK to elicit a CD8+ T-cell 

response in BALB/c mice [397, 402]. However, it remained unclear which ALK-specific 

peptides are presented on the surface of ALK-driven NSCLC cells by the MHC-I and 

recognized by CD8+ ALK-specific T-cells in BALB/c.  

 In order to determine the ALK-specific T-cell epitopes, we performed an in vitro 

screening by using isolated splenocytes from mice immunized with the pDEST-ALK 

DNA vaccine that encodes the entire cytoplasmic portion of human ALK.  First, a set of 

21 synthetic long peptides (SLP) were produced; each one 36 amino acids in length, 

covering the cytoplasmic portion of human ALK (hALK1058-1620). Since MHC-I typically 

present peptides between 8-11 amino acids; each synthetic long peptide overlapped 15 

amino acids with the previous and following peptide to ensure that every possible T-

cell epitope was represented (figure 36 A). After, the 21 SLP were incubated with 

splenocytes from mice immunized with the pDEST-ALK DNA vaccine or alternatively, 

from a non-ALK vaccinated (pDEST empty vector) in an IFNγ-ELISPOT assay (figure 

36 B). 

 Remarkably, SLP7 (hALK1250-1285) induced a 6.27 fold increase in the number of 

IFNγ-spots in the ALK-vaccinated group compared to the non-ALK vaccinated group 

(203±21.6 vs 32.3±6.6) (figure 36 C). Regarding the other 20 SLPs, we observed weaker 

responses in four (4) SLPs: SLP2 (hALK1130-1165), SLP3 (hALK1154-1189), SLP20 (hALK1562-

1597) and SLP21 (hALK1585-1620) (2.63, 2.87, 1.91 and 4.13 respectively fold increase in the 

number of IFNγ-spots in the ALK-vaccinated group vs. the non-ALK-vaccinated) 

(figure 36 C).  

 In order to identify which peptide(s) was/were able to generate a CD8+ T-cell 

response, we have vaccinated WT BALB/c mice with the identified five (5) SLPs, 

harvested the spleens and pulse in vitro the splenocytes suspension with those five (5) 

peptides individually. After, we have performed INF-γ intracytoplasmic staining 
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together with CD4 and CD8 membrane staining. Extraordinarily, only peptide 7 (SLP7) 

was able to elicit a CD8+ T-cells response (figure 36 D). The other four (4) SLPs (SLP2, 

SLP3, SLP20 and SLP21) elicited a CD4+ T-cell response (data not shown).  

 As it was mentioned before, MHC-I typically present peptides between 8-11 

amino acids. In order to identify the 8-11 amino acids peptide within the SLP7, we 

have performed an in silico analysis through three MHC-I epitope-binding algorithms. 

By using this approach, we predicted the 9mer PGPGRVAKI (hALK1260-1268) to weakly 

bind H-2Dd (figure 36 E). No peptides were predicted to bind H-2Kd and H-2Ld (data 

not shown). These findings were then validated; the PGPGRVAKI short peptide was 

synthetized and used to challenge splenocytes of SLP7-vaccinated mice. The 

splenocytes of previous mice challenged with SLP7 recognize and reacted against the 

short peptide in an IFNγ-ELISPOT assay (figure 36 F).To further confirm these results, 

we have used dextramer molecules that contained the H2-Dd-PGPGRVAKI-MHC-I 

complex conjugated with APC (figure 35 G) and analyzed splenocytes from naïve mice 

(figure 36 H right panel) and PGPGRVAKI-vaccinated mice (figure 36 H left panel). 

21.6% of total CD8+ splenocytes from PGPGRVAKI-vaccinated mice were PGPGRVAK-

specific. These results confirmed that the short peptide 7 is the core of CD8+ T-cell 

epitope. 

 

4.8) Humanized mouse ALK cell line (Edited-1) generation  

 

 Once identified the specific human ALK epitope that elicits a strong CD8+ T-cell 

response in BALB/c mice, we decided to have a close look at the mouse Alk. Mouse 

and human ALK have a great homology. Actually, within the tyrosine kinase domain, 

they differ only in four (4) amino acids. Most interesting, two (2) of these four (4) 

amino acids are located within the identified peptide 7 (figure 37 A). In order to 

understand if these amino acid changes were enough to hamper the mouse peptide 7 

to bind to MHC-I, we performed another in silico analysis by using the three (3) 

peptide-MHC-I binding algorithms we have used before. As it is with the human ALK 

peptide 7, mouse peptide 7 is predicted to bind to H-2-Dd allele; however it has a 

much higher predicted IC50 value than the corresponded human ALK peptide 7. This 

means that, to generate a CD8+ T-cell response in BALB/c, the mouse Alk protein needs 
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to be in much higher concentration in the cells. This IC50 result was consistent in all 

three (3) algorithms used (netMHCpan 4.0 mouse IC50 17725.3nM vs human IC50 

3030.9nM; ANN 4.0 mouse IC50 5705.4 vs human IC50 602.96; SMM mouse IC50 

2229.87 vs human IC50556.26) (figure 37 B).  

 In order to develop a syngeneic mouse model where we could study the 

immune value of ALK, we decided to use the previously generated TECLA-1 cell line 

(that carries the endogenous expression of mouse Elm4-Alk) and edit the genomic 

DNA correspondent to peptide 7 and replace the two (2) mouse amino acids by the two 

(2) human amino acids. We have generated one (1) CRISP breakpoint close to the 

region of interest. We also have designed a crRNA that in 5´ end contained a large 

template of the sequence we wanted to edit. The 3´end of the crRNA was 

complementary with a commercial available tracrRNA. Once matched, the tracrRNA 

stabilizes the crRNA. To avoid CAS9 off-targets, we have used CAS9 protein that has a 

life-time of only 4 hours. TECLA-1 was electroporated with the mixture solution, 

collected, washed and plated in fresh medium. Once recovered from electroporation, 

we performed single cell clones by consecutive dilutions (figure 37 C). Single cell 

clones were then analyzed through DNA and RNA sequencing (figure 37 D). We 

obtained one (1) single cell clone that was successfully edited (henceforth Edited-1).   

 The sensitivity of Edited-1 to lorlatinib was analyzed and compared to TECLA-

1 sensitivity. ALK dephosphorylation was observed at low concentrations of lorlatinib 

(1nM), indicating a good response to this potent ALK inhibitor, as it was observed with 

TECLA-1 (figure 37 E). In order to compare different responses to different ALK 

inhibitors, and understand whether the genomic editing had caused off-targets that 

could affect the sensitivity of Edited-1 to ALK inhibitors, Edited-1 and TECLA-1 cells 

were treated with crizotinib, ceritinib, alectinib, brigatinib and lorlatinib at increasing 

concentrations for 72 hours. Thereafter, cell viability was measured by CellTiter-Glo. 

As expected, Edited-1 presented very similar IC50 values to TECLA-1 (figure 37 F).  

 Once confirmed that Edited-1 responds to ALK inhibitors as TECLA-1, we next 

decided to evaluate the potential ability of Edited-1 to elicit a CD8+ T-cell response. The 

edited peptide 7 (humanized mouse ALK) should be able to generate an immune 

response in BALB/c background. We injected subcutaneously 1x106 cells (both Edited-1 
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and TECLA-1, independently) into WT BALB/c. Mice were sacrificed at day 15 after 

tumor transplantation (figure 37G) and we isolated the splenocytes in order to analyze 

the spontaneous immune response by performing an IFN-γ ELISPOT assay and H-2-

Dd-PGPGRVAKI-dextramer staining. Surprisingly, Edited-1 was able to generate a 

strong immune response measurable by IFN-γ ELISPOT assay, even though weaker 

than PGPGRVAKI-peptide vaccine. As expected, TECLA-1 did not elicit any IFN-γ-

induced response when pulsed with the peptide 7 (figure 37 H). In the dextramer 

staining, we were able to identify 1.8% of the total CD8+ as H-2-Dd-PGPGRVAKI-

dextramer+. Once again, TECLA-1 cell line did not present any positivity for dextramer 

staining (figure 37 I). These results suggest that Edited-1 carries a neoepitope that 

elicits a CD8+ T-cell response in BABL/c background.   

 

4.9) Tumor localization dictates the intensity of the immune response 

 

 After generating a syngeneic cell line that carries an ALK-neoepitote, we 

questioned whether the spontaneous immune response could be potentiated by 

immune checkpoint blockade. For that, we performed a classical in vivo experiment in 

which 1x106 TECLA-1 and Edited-1 cells were injected subcutaneously into WT BALB/c 

mice. Mice were treated with anti-PD-1, anti-CLTA-4, or combination of both (anti-PD-

1+anti-CTLA-4) at day 3, 6, and 9, according to figure 38 A. All mice injected with 

TECLA-1 were kept for survival analysis. A cohort of mice injected with Edited-1 was 

kept for survival proposes and a second cohort was sacrificed at day 15 after tumor 

transplantation for immune response analysis.  

Mice injected subcutaneously with TECLA-1 did not respond to any treatment 

protocol. The tumor volume (measured every 3 days) of the treated groups (anti-PD-1, 

anti-CTLA-4 or combination of both [anti-PD-1+anti-CTLA-4]) practically overlap with 

the tumor volume of the untreated group (control) (figure 38 B). Another way to 

interpret these results is by analyzing the Kaplan Meier survival curves (figure 38 C). 

In this case, the death event is considered when the subcutaneous tumor reaches 1.5cm 

and the mouse has to be sacrificed due to ethical practices. As expected, all mice 

injected subcutaneously with TECLA-1 have died around the same time (day 20 after 

tumor transplantation) independently of the treatment performed.  
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However, mice injected subcutaneously with Edited-1 have behaved 

differently. In the untreated group (control), all mice have developed subcutaneous 

tumors even though in the presence of a neoantigen (figure 38 D, first panel). However, 

when compared with TECLA-1 untreated group, Edtied-1 subcutaneous tumors have a 

slower tumor growth rate (compare figure 38 B with first panel of figure 38 D). 

Surprisingly, when treated with anti-PD-1, only a mild effect was observed around day 

10, however, after this initial mild response, all tumors escaped and grew (figure 38 B, 

second panel). Remarkably, when treated with anti-CTLA-4, only one (1) mouse 

developed subcutaneous tumor. All the other mice reached a tumor volume pick 

around day 10 and by day 30 after tumor transplantation were tumor-free (figure 38 D 

third panel). Finally, in the group treated with the combination (anti-PD-1+anti-CTLA-

4), a larger number of mice (4 mice) have developed subcutaneous tumor after 

treatment when compared to anti-CLTLA-4 treatment group. All the other mice, as it 

was observed in the anti-CTLA-4 treatment group, have reached a tumor volume pick 

around day 10 and by day 40 after tumor transplantation were tumor-free (figure 38 D, 

fourth panel).  When analyzing the Kaplan Meier survival curves, we observed that all 

mice from untreated and anti-PD1 treated groups have died between day 30 and 50 

after tumor transplantation (around 10 to 20 days after TECLA-1 untreated/treated 

groups). However, 80% and 55% of the mice treated with anti-CLTLA-4 or immune 

checkpoint inhibitors combination, respectively, were tumor-free, and consequently 

survived (figure 38 E).  

One cohort of Edited-1 injected mice was sacrificed at day 15 after tumor 

transplantation and the immune response was evaluated in the four (4) different 

groups. Unexpectedly, IFN-γ ELISPOT assay did not show statistically significant 

differences between the four (4) groups (figure 38 F) at day 15 after tumor 

transplantation. Dextramer staining showed that the combination (anti-PD-1+anti-

CTLA-4) group had a higher number of CD8+/Dextramer+ T-cells (Combo vs Ctrl, 

*P<0.05, at 15 days after tumor transplantation, according to U-test) (figure 38 G). Both 

IFN-γ ELISPOT assay and dextramer staining were performed in isolated splenocytes. 

 Enthusiastic about these results, we then decided to perform orthotopic tumor 

transplantation in order to reproduce the results obtained in the skin (subcutaneous 
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tumors). WT BALB/c mice were injected intravenously with 1x106 cells. At day 6 after 

tumor transplantation, tumor cells niched in the lung forming lung tumor foci (data 

not shown). Mice were treated as previously (figure 38 A). One cohort was kept for 

survival analysis and the second cohort was sacrificed at day 15 after tumor 

transplantation. Unpredictably, all mice from all treatment protocol groups have died 

due to respiratory failure around day 20 and 25 after tumor transplantation and by day 

30 the experiment was finished. Immune checkpoint inhibitors (alone or in 

combination) did not add any advantage in terms of survival. As it was observed in the 

skin model, the IFN-γ ELISPOT assay results were not astonishing. However, the 

combination (anti-PD-1+anti-CTLA-4) showed a modest higher number of IFN-γ-

induced spots (Combo vs Ctrl, *P<0.05, at 15 days after tumor transplantation, 

according to U-test) (figure 38 I). The dextramer staining has showed that mice treated 

with anti-CTLA-4 had a slight increase of CD8+/dextramer+ T-cells (anti-CTLA-4 vs 

Ctrl, *P<0.05, at 15 days after tumor transplantation, according to U-test) (figure 38 J).  

 These results suggest that different organs establish different immune 

responses that might be a consequence of a more or less immunosuppressive 

microenvironment.   

 

4.10) PGPGRVAKI-peptide vaccine generates less exhausted 

intratumor CD8+ T-cell  

 

 After understanding that the lung microenvironment might be more 

immunosuppressive than the skin microenvironment, we then questioned whether the 

peptide vaccine was able to turn the lung microenvironment into a more immune 

responsive environment. For that, we have again performed the orthotopic tumor 

transplantation experiment in WT BALB/c mice by injecting 1x106 Edited-1 cells 

intravenously. Mice were subdivided into four (4) groups (untreated [control], anti-PD-

1, anti-CTLA-4, and PGPGRVAKI-peptide vaccine) according to (figure 39 A). One 

cohort was kept for survival analysis and a second cohort was sacrificed at day 15 after 

tumor transplantation in order to analyze the tumor immune infiltrate. Not 

surprisingly, peptide vaccine has slightly extended the mice survival for 10 days, when 
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compared with the remaining groups (figure 39 B). In the second cohort, mice were 

sacrificed at day 15 and 3 lung lobes were harvested and mechanically disaggregated 

until a cell suspension was obtained. On total lung cells we performed a H-2-Dd-

PGPGRVAKI-dextramer staining and gated on CD8+/Dextramer+/PD-1+. Intratumor 

dextramer staining did not add any additional information. Surprisingly, peptide 

vaccine was not able to increase the number of ALK-specific-CD8+ T-cells intratumor 

(figure 39 C). However, when the PD-1 expression was assessed in intratumor 

dextramer+ cells, we observed that ALK-specific-CD8+ T-cells that infiltrate the lung 

tumors were less exhausted compared with the other groups. Surprisingly, also anti-

CLTLA-4 treatment generated less exhausted ALK-specific-CD8+ T-cells (Ctrl vs 

peptide-vaccine, *P<0.001 at 15 days after tumor transplantation, according to U-test; 

PD-1 vs CTLA-4, *P<0.001 at 15 days after tumor transplantation, according to U-test; 

PD-1 vs peptide-vaccine, *P<0.001 at 15 days after tumor transplantation, according to 

U-test; CTLA-4 vs peptide-vaccine, *P<0.001 at 15 days after tumor transplantation, 

according to U-test) (figure 39 D). The remaining lung lobes were analyzed by 

histology (figure 39 E). Macroscopically, the tumor burden seems to be smaller in the 

CTLA-4 and peptide-vaccine treated groups. We then decided to measure the tumor 

volume by ImageJ analysis and we verified that indeed, CTLA-4 and peptide-vaccine 

had a significantly smaller tumor burden at day 15 after tumor transplantation (Ctrl vs 

peptide-vaccine, *P<0.001 at 15 days after tumor transplantation, according to U-test; 

Ctrl vs CTLA-4, *P<0.01 at 15 days after tumor transplantation, according to U-test, PD-

1 vs peptide-vaccine, *P<0.001 at 15 days after tumor transplantation, according to U-

test; PD-1 vs CTLA-4, *P<0.05 at 15 days after tumor transplantation, according to U-

test; CTLA-4 vs peptide-vaccine, *P<0.05 at 15 days after tumor transplantation, 

according to U-test) (figure 39 F).  

 

4.11) PGPGRVAKI-peptide vaccine in combination with a potent ALK 

inhibitor significantly extends mice overall survival and completely 

abrogates brain metastasis in orthotopic mouse models.  

 

 After, we questioned the therapeutic value of the PGPGRVAKI-peptide vaccine. 

Mice were injected with 1x106 Edited-1 cells intravenously and divided into several 
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therapeutic groups according to figure 40 A. All mice were kept for survival analysis 

after treatment suspension. Remarkably, all vaccinated groups (independently the 

combination with immune checkpoint inhibitors) have a significantly extended overall 

mice survival. Untreated mice (control) presented a median survival of 19 days 

(showing how aggressive the tumor is). Not surprisingly, lorlatinib alone and 

lorlatinib+PD-1 groups have shown the same median survival (37 days), indicating that 

the overall survival is extended only during lorlatinib treatment and PD-1 does not add 

any significant effect to the combination. However, when mice were treated with 

lorlatinib in combination with CTLA-4 inhibitor, the median survival was 42 days and 

10% of the mice have survived more than 100 days after tumor transplantation. Both 

lorlatinib + peptide vaccine and lorlatinib + peptide vaccine+PD-1 groups have reached 

an approx. median survival of 60 days (23 days more than lorlatinib alone) and about 

≈25% of the mice from each group have survived more than 100 days after tumor 

transplantation. Surprisingly, the lorlatinib + peptide vaccine+CTLA-4 inhibitor 

median survival was not reached until the end of the experiment and 80% of the mice 

have survived longer than 100 days after tumor transplantation (figure 40 B), 

suggesting that CTLA-4 inhibitor potentiates the immune response elicited by the 

peptide-vaccine.    

 Despite the incredible results obtained with the therapeutic experiment, where 

for the very first time in ALK-driven NSCLC history, we can affirmed that a great 

percentage of mice were cured, we observed that control, lorlatinib alone, lorlatinib + 

PD-1 and lorlatinib + CTLA-4 treated mice experienced changes in their behavior 

during the experiment. Around day 15/16 after tumor transplantation in control mice, 

and day 30/35 after tumor transplantation in lorlatinib alone, lorlatinib + PD-1 and 

lorlatinib + CTLA-4, mice started to present motor disability, and in some cases even 

hemiparesis. They also presented an aggressive behavior accompanied by drastic 

involuntary movements. This phenotype made us wondering whether mice had 

developed brain metastasis. To analyze this hypothesis, upon death event, brains were 

collected and analyzed by histology. Several sections were done in order to cover the 

maximum brain area. 
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 Shockingly, almost all mice from the non-vaccinated groups presented brain 

metastases whilst in the vaccinated groups, none have developed brain lesions (figure 

40 C). This outstanding result is a clear message of hope for all ALK-driven NSCLC 

patients. (Brain metastasis incidence was not assessed in lorlatinib + peptide vaccine + 

CTLA-4 due to the reduced number of samples [80% of the mice survived]).  In figure 

40 D, we can appreciate the histology of two brain lesions in non-vaccinated mice.  

 

4.12) Tumors relapse in vaccinated mice due to reversible MHC-I loss 

 

 Finally, we were wondering why still a great percentage of vaccinated mice did 

not respond to the treatment. Due the fact that Edited-1 tumor cells do not have a 

marker that allows us to easily identify them by flow cytometry, we have developed 

several ex vivo cell lines in order to eliminate all the other microenvironment 

components. Upon death event, 3 lung lobes were collected, mechanically 

disaggregated and cultured in an ex vivo manner. After 15 days in culture, cells were 

collected and Edited-1 ex vivo cell lines were analyzed. First, to ensure that the non-

response was not due to the fact that cells either lost ALK expression or lost the edited 

peptide, we performed western blot analysis to measure protein expression, and re-

sequenced the humanized mouse peptide. All ex vivo cell lines (derived from all 

therapeutic groups) presented a normal ALK protein expression and had not lost the 

edited peptide (data not shown). Then, we evaluated by flow cytometry the expression 

of H-2-Dd (where the PGPGRVAKI peptide is predicted to be expressed) on the surface 

of the ex vivo cell lines. Surprisingly, the vaccinated groups presented a significantly 

reduced H-2-Dd expression, when compared with the non-vaccinated groups (Ctrl vs 

lorlatinib + peptide vaccine, *P<0.001 according to U-test; Ctrl vs lorlatinib + peptide 

vaccine + PD-1, *P<0.001 according to U-test; lorlatinib alone vs lorlatinib + peptide 

vaccine, *P<0.001 according to U-test; lorlatinib alone vs lorlatinib + peptide vaccine + 

PD-1, *P<0.001 according to U-test; lorlatinib + PD-1 vs lorlatinib + peptide vaccine, 

*P<0.001 according to U-test; lorlatinib + PD-1 vs lorlatinib + peptide vaccine + PD-1, 

*P<0.001 according to U-test; lorlatinib + CTLA-4 vs lorlatinib + peptide vaccine, 

*P<0.001 according to U-test; lorlatinib + CTLA-4 vs lorlatinib + peptide vaccine + PD-1, 

*P<0.001 according to U-test) (figure 41 A).  
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 Finally, we asked whether the MCH-I loss was an irreversible event. For that, 

representative ex vivo cell lines were incubated with high concentrations (10ng) of 

recombinant mouse IFN-γ for 24 hours. After incubation time, H-2-Dd expression was 

again measured by flow cytometry and compared with non-stimulates cells. 

Remarkably, all representative ex vivo cell lines upregulated H-2-Dd expression upon 

IFN-γ stimulation, indicating that IFN-γ pathway was not affected (figure 41 B).  

Why these relapsed tumors downregulated MHC-I expression is still an open 

question, however the fact that is a reversible downregulation leaves an open door for 

further immunotherapy combinations.  
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Figure 29 - Combination of immune checkpoint blockade with high doses of ALK inhibitors does not 

provide significant advantage in Tg EML4-ALK-rearranged NSCLC mice. A) Schematic representation 

of treatment protocol – mice were enrolled into 15 days of treatment according to different groups. 

Crizotinib was administrated once a day and lorlatinib twice a day by oral gavage whereas control Rat 

IgG, Anti-PD-1 and Anti-PD-L1 were given five (5) times every three (3) days (synchronized or after ALK 

TKI administration) by intraperitoneal injection (ip.). MRI screening was performed before treatment for 

mice stratification based on total tumor volume. Follow-up MRIs were performed at the end of the TKI 
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treatment and at 4 and 8 weeks after treatment suspension to evaluate tumor growth. Mice were 

monitored for survival. B1/B2) Representative MRI of a Tg EML4-ALK mouse at (B1) crizotinib pre-

treatment and at (B2) 4 weeks after treatment suspension; small light orange arrows indicate tumor masses 

and it can be appreciated the effect of crizotinib alone; from B1 to B2 tumors have reduced their size. 

C/D/E) Quantification of volume changes compared with baseline tumor volume in mice treated with 

immune checkpoint inhibitors monotherapy at (C) the end of treatment: anti-PD-1 and anti-PD-L1 

antibodies stabilized tumor relapse at the end of treatment (PD-1 vs Ctrl Rat IgG, *P<0.05; PD-L1 vs Ctrl 

Rat IgG, *P<0.05, end of treatment, according to Mann-Whitney U test); at (D) 4 weeks after treatment 

suspension: in the anti-PD-L1 antibodies group, tumors relapsed slightly slower when compared with 

controls (PD-L1 vs Ctrl Rat IgG, *P<0.05, at 4 weeks after treatment, according to Mann-Whitney U test); at 

(E) 8 weeks after treatment: the same result is shown at 8 weeks after treatment (PD-L1 vs Ctrl Rat IgG, 

*P<0.05, at 8 weeks after treatment, according to Mann-Whitney U test). F/G/H)  Quantification of volume 

changes compared with baseline tumor volume at (F) end of treatment and (G) 4 and (H) 8 weeks follow-

up of crizotinib treatment alone or in combination with immune checkpoint inhibitors either synchronized 

or sequential; no significant values were found. I/J/K) Quantification of volume changes compared with 

baseline tumor volume at (I) the end of the treatment and (J) 4 and (K) 8 weeks follow-up of lorlatinib 

treatment alone or in combination with immune checkpoint inhibitors either synchronized or sequential; 

no significant values were found. L/M/N) Kaplan-Meier curves of overall survival of (L) immune 

checkpoint monotherapy; (M) crizotinib alone or in combination with immune checkpoint inhibitors (mice 

from both simultaneous and sequential arms were put together for the survival curves); and (N) lorlatinib 

alone or in combination with immune checkpoint inhibitors (mice from both simultaneous and sequential 

arms were put together for the survival curves). In Kaplan-Meier graphs, day zero (0) corresponds to the 

last day of treatment. BID (bis in die) – twice a day; DIE – once a day; + Simultaneous administration; → 

Sequential administration.  
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Supplementary table of figure 29 – Treatment protocol and number of Tg EML4-ALK mice used in this 

experiment 

 

Groups 
No. of Tg EML4-

ALK mice 

Immune checkpoint inhibitors 

(monotherapy) 

Anti-Rat IgG 11 

Anti-PD-1 11 

Anti-PD-L1 11 

Crizotinib (100mg/Kg once a day) 

+ Anti-Rat IgG 11 

+ Anti-PD-1 8 

+ Anti-PD-L1 8 

→ Anti-PD-1 8 

→ Anti-PD-L1 8 

Lorlatinib (10mg/Kg twice a day) 

+ Anti-Rat IgG 11 

+ Anti-PD-1 11 

+ Anti-PD-L1 11 

→ Anti-PD-1 11 

→ Anti-PD-L1 11 

Total  131 

+ Simultaneous administration 

→ Sequential administration  
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Figure 30 -Immune checkpoint blockade in combination wilt low but clinically significant doses of 

ALK inhibitors (crizotinib and lorlatinib) does not provide any advantage in Tg EML4-ALK mice. A) 

Schematic representation of treatment protocol – mice were enrolled into 15 days of treatment according to 

different groups. Both ALK TKIs (crizotinib – 40mg/Kg and lorlatinib – 2mg/Kg) were administrated twice 

a day by oral gavage whereas control Rat IgG, anti-PD-1 and anti-PD-L1 were given five (5) times every 
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three (3) days simultaneously with ALK TKI administration (also the concentration of antibodies was 

reduced in this experiment; 200µg each injection) through i.p. injection. MRI screening was performed 

before treatment for mice stratification based on total tumor volume. Follow-up MRIs were performed at 

the end of the TKI treatment and at 4 and 8 weeks after treatment suspension to evaluate tumor growth. 

Mice were monitored for survival. B1/B2) Representative MRI of a Tg EML4-ALK mouse at (B1) lorlatinib 

pre-treatment time point and (B2) 4 weeks after treatment suspension; small light orange arrows indicate 

tumor masses, and it can be appreciated the effect of lorlatinib alone, from B1 to B2 tumors have reduced 

their size. C/D/E) Quantification of volume changes compared with baseline tumor volume in mice treated 

with immune checkpoint inhibitors as monotherapy at (C) the end of treatment, (D) 4 and (E) 8 weeks after 

treatment suspension. F/G/H) Quantification of volume changes compared with baseline tumor volume at 

(F) end of treatment and (G) 4 and (H) 8 weeks follow-up of crizotinib treatment alone or in combination 

either with anti-PD-1 or anti-PD-L1. I/J/K) Quantification of volume changes compared with baseline 

tumor volume at (I) the end of the treatment, at (J) 4 and (K) 8 weeks follow-up of lorlatinib treatment 

alone or in combination either with anti-PD-1 or anti-PD-L1. L/M/N) Kaplan-Meier curves of overall 

survival of (L) immune checkpoint monotherapy; (M) crizotinib alone or in combination with immune 

checkpoint inhibitors; and (N) lorlatinib alone or in combination with immune checkpoint inhibitors. In 

Kaplan-Meier graphs, day zero (0) corresponds to the last day of treatment. BID (bis in die) – twice a day; + 

Simultaneous administration.  
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Supplementary table of figure 30 - Treatment protocol and number of Tg EML4-ALK mice used in this 

experiment  

 

Groups No. of Tg EML4-ALK mice 

Immune checkpoint inhibitors 

(monotherapy) 

Anti-RAT IgG 3 

Anti-PD-1 3 

Anti-PD-L1 3 

Crizotinib (40mg/Kg twice a day) 

+ Anti-RAT IgG 4 

+ Anti-PD-1 4 

+ Anti-PD-L1 4 

Lorlatinib (2mg/Kg twice a day) 

+ Anti-RAT IgG 3 

+ Anti-PD-1 3 

+ Anti-PD-L1 3 

Total  30 

+ Simultaneous administration 
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Figure 31 – PD-1 blockade in combination with low doses of the potent ALK inhibitor lorlatinib delays 

tumor relapse in Ad-EA-derived NSCLC mouse model. A) Schematic representation of treatment 

protocol – mice were infected with Adeno-CRISPR/Cas9 Eml4-Alk virus at week zero (0) and enrolled into 

15 days of treatment according to different groups within 10 weeks after injection. Both ALK TKIs 

(crizotinib - 40mg/Kg, and lorlatinib - 2mg/Kg) were administrated twice a day by oral gavage whereas 

control Rat IgG, anti-PD-1 and anti-PD-L1 (200µg each) were given five (5) times every three (3) days 

simultaneously with ALK TKI administration through ip. injection. MRI screening was performed before 

treatment for mice stratification based on total tumor volume. Follow-up MRIs were performed at the end 
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of treatment and at 4 and 8 weeks after treatment suspension to evaluate tumor growth. Mice were 

monitored for survival. B1/B2) Representative MRI of an Ad-EA mouse at (B1) lorlatinib+anti-PD-1 pre-

treatment time point and (B2) 4 weeks after treatment suspension; small light orange arrows indicate 

tumor masses, and from B1 to B2 it can be appreciated that the effect of lorlatinib+anti-PD-1 is extended 

until week 4 of the follow-up. C/D/E) Quantification of volume changes compared with baseline tumor 

volume in mice treated with immune checkpoint inhibitors monotherapy at (C) the end of treatment; at 

(D) 4 weeks after treatment suspension; and at (E) 8 weeks after treatment. F/G/H) Quantification of 

volume changes compared with baseline tumor volume at (F) end of treatment and at (G) 4 and (H) 8 

weeks follow-up of crizotinib treatment alone or in combination either with anti-PD-1 or anti-PD-L1. I/J/K) 

Quantification of volume changes compared with baseline tumor volume at (I) the end of treatment and at 

(J) 4 and (K) 8 weeks follow-up of lorlatinib treatment alone or in combination either with anti-PD-1 or 

anti-PD-L1. At 4 weeks after treatment, the combination lorlatinib+anti-PD-1 has a slight, but statistically 

significant, synergistic effect (lorlatinib+PD-1 vs lorlatinib, *P<0.05 at 4 weeks-follow-up according to 

Mann-Whitney U test). However, the effect observed is transient and it is lost at 8 weeks of follow-up. 

L/M/N) Kaplan-Meier curves of overall survival of (L) immune checkpoint monotherapy; (M) crizotinib 

alone or in combination with immune checkpoint inhibitors; and (N) lorlatinib alone or in combination 

with immune checkpoint inhibitors. In Kaplan-Meier graphs, day zero (0) corresponds to the last day of 

treatment. BID (bis in die) – twice a day; + Simultaneous administration.  
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Supplementary table of figure 31 –Treatment protocol and number of Ad-EA mice used in this 

experiment  

 

Groups No. of Ad-EA mice 

Immune checkpoint inhibitors 

(monotherapy) 

Anti-Rat IgG 4 BALB/c & 3 C57BL/6 

Anti-PD-1 4 BALB/c & 3 C57BL/6 

Anti-PD-L1 4 BALB/c & 3 C57BL/6 

Crizotinib (40mg/Kg twice a day) 

+ Anti-Rat IgG 4 BALB/c & 4 C57BL/6 

+ Anti-PD-1 4 BALB/c & 4 C57BL/6 

+ Anti-PD-L1 4 BALB/c & 4 C57BL/6 

Lorlatinib (2mg/Kg twice a day) 

+ Anti-Rat IgG 4 BALB/c & 3 C57BL/6 

+ Anti-PD-1 4 BALB/c & 3 C57BL/6 

+ Anti-PD-L1 4 BALB/c & 3 C57BL/6 

Total  66 (36 BALB/c & 30 C57BL/6) 

+ Simultaneous administration 
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Figure 32 - Long-term treatment with the potent ALK inhibitor lorlatinib in combination with anti-PD-

1 antibody slightly delays tumor relapse in Ad-EA mouse models. A) Schematic representation of 

treatments protocols – mice were infected with Adeno-CRISPR/Cas9 Eml4-Alk virus at week zero (0) and 

tumor volume was evaluated by MRI at week 10 after infection. Mice were enrolled into two different 

long-term treatment arms. First cohort of mice received lorlatinib for 1 month and the second arm for 2 

months. Each cohort was subsequently subdivided into 3 different groups according with PD-1 

administration protocol. Mice were treated with lorlatinib alone or in combination with PD-1 antibody 

either for 15 days or 1 month (total of 5 i.p. injections each). Lorlatinib was administrated twice a day by 
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oral gavage. B/C/D) Quantification of volume changes compared with baseline tumor volume in long-term 

lorlatinib treatment (1 month) alone or in combination with PD-1 administered either for 15 days or 1 

month, at (B) the end of the treatment , (C) 4 weeks after treatment suspension, and at (D) 8 weeks follow-

up (D); (lorlatinib [1 month] + PD-1 [1 month] vs lorlatinib [1 month], *P<0.05 at 4 weeks-follow-up 

according to Mann-Whitney U test; lorlatinib [1 month] + PD-1 [15 days] vs lorlatinib [1 month] + PD-1 [1 

month] *P<0.05 at 8 weeks-follow-up according to Mann-Whitney U test). E/F/G) Quantification of volume 

changes compared with baseline tumor volume in long-term lorlatinib treatment (2 months) alone or in 

combination with anti-PD-1 administrated either for 15 days or 1 month, at (E) the end of the treatment, 

(F) 4 weeks after treatment suspension, and at (G) 8 weeks follow-up; (lorlatinib [2 months] + PD-1 [1 

month] vs lorlatinib [2 months], *P<0.05 at 4 weeks-follow-up according to Mann-Whitney U test). H/I) 

Kaplan-Meier curves of overall survival of both long-term treatment protocols with (H) lorlatinib - 1 

month, and (I) 2 months. Even though is not statistically significant, it can be appreciated a slight increase 

in the overall survival. In Kaplan-Meier graphs, day zero (0) corresponds to the last day of treatment. BID 

(bis in die) – twice a day; + Simultaneous administration.  
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Supplementary table of figure 32 – Treatment protocol and number of Ad-EA mice used in this 

experiment  

 

Groups No. of Ad-EA mice (BALB/c) 

Lorlatinib (2mg/Kg twice 

a day) (1 month) 

+ Anti-Rat IgG 13 

+ Anti-PD-1 (15 days) 7 

+ Anti-PD-1 (1 month) 7 

Lorlatinib (2mg/Kg twice 

a day) (2 months) 

+ Anti-Rat IgG 13 

+ Anti-PD-1 (15 days) 9 

+ Anti-PD-1 (1 month) 8 

Total 57 

+ Simultaneous administration  
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Figure 33 – Murine Alk rearrangement shows poor response to crizotinib but not lorlatinib. A/B/C) 

Hematoxylin & Eosin histological sections of lung tumors from (A; upper and lower panel) Tg EML4-ALK 

mouse model; (B; upper and lower panel) tumors generated in Ad-EA mice model; and (C; upper and 

lower panel) from lung tumors of a WT BALB/c mouse injected in the tail vein with TECLA-1 cell line 

(Upper panel: 2x magnification; lower panel: 40x magnification). The lung tumors that are generated in 

these three mouse models share the same adenocarcinoma morphology. D) TECLA-1 cells were treated 

with crizotinib and lorlatinib at the indicated concentrations for 6h. Total cell lysates were blotted with the 
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indicated antibodies. E) PD-L1 expression was evaluated by flow cytometry in both cell lines. Grey 

histogram corresponds to isotype control staining and bold black line represents the cell lines stained with 

anti-PD-L1-PE; F) TECLA-1 cells were treated with the indicated doses of crizotinib, alectinib, ceritinib, 

brigatinib and lorlatinib for 72h. Cell viability was assessed by CellTiter-Glo; G) TECLA-1 cells were 

injected subcutaneously into syngeneic BALB/c mice and treated according to the schematic representation 

of the treatment protocol. H/I Tumors were treated when 5 mm of length with crizotinib and lorlatinib for 

10 days and measured every 3 days until tumors reached 15mm of length or the end of the experiment; (H) 

mice treated with crizotinib never achieved complete tumor regression in contrast (I) mice treated with 

lorlatinib. Black arrows indicate the starting time point of the treatment; red arrows illustrate the ending 

time point of the treatment protocol. BID (bis in die) – twice a day; DIE – once a day; + Simultaneous 

administration.  
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Figure 34 – Strong human ALK expression results in immunoediting in immunocompetent BALB/c 

mice. A) Schematic representation of treatment protocol – mice were injected either with TECLA-1, 

TECLA-2 or hTECLA-1 cell lines and when tumors reached 5mm of diameter were enrolled into 15 days of 

treatment according to different groups. Lorlatinib (2mg/Kg) was administrated twice a day by oral 

gavage whereas anti-PD-1 (200 µg each injection) was given five (5) times every three (3) days 

simultaneously with ALK TKI administration. Mice were then follow-up after treatment suspension and 

sacrificed when tumor reached 1.5cm of diameter. B) Schematic representation of the NSG vs BALB/c 

experiment chronology. hTECLA-1 cells were injected in both NSG and BALB/c mice, and when tumors 

reached 15mm of diameter, mice were sacrificed. C/D) The charts represent TECLA-1 cell line experiment. 

C) Overall quantification of volume changes compared with baseline tumor volume during and after 

treatment (anti-PD-1 vs untreated controls, *P<0.05, according to Mann-Whitney U test). D) Quantification 

of volume changes compared with baseline tumor volume of lorlatinib and lorlatinib+anti-PD-1 arms at 

the end of treatment and during follow-up. E/F) The charts represent TECLA-2 cell line experiment. E) 

Overall quantification of volume changes compared with baseline tumor volume during and after 

treatment suspension. F) Quantification of volume changes compared with baseline tumor volume of 

lorlatinib and lorlatinib+PD-1 arms at the end of treatment and during follow-up. G/H) The charts 

represent hTECLA-1 cell line experiment. G) Overall quantification of volume changes compared with 

baseline tumor volume during and after treatment. H) Quantification of volume changes compared with 

baseline tumor volume of lorlatinib and lorlatinib+PD-1 arms at the end of the treatment and during 

follow-up (lorlatinib vs lorlatinib+anti-PD-1 at 3 weeks, *P<0.05, according to Mann-Whitney U test; and 

lorlatinib vs lorlatinib+anti-PD-1 at 4 weeks of follow-up, *P<0.05, according to Mann-Whitney U test). I) 

Immunoblot analyzing the expression of human ALK and mouse ALK. On the left panel, the human and 

mouse ALK expression is evaluated in several cell lines. From left to right: KP (ALK negative NSCLC 

mouse cell line), negative control for mouse Alk; H3122 (human ALK+ NSCLC cell line), positive control 

for hALK; TECLA-1 and TECLA-2; four (4) different viral infections of hTECLA-1; hTECLA-2 (TECLA-2 

was also subjected to overexpression of hEML4-ALK, however the viral infection rate was very low). On 

the right panel, the expression of human and mouse ALK is analyzed in subcutaneous tumors after 

treatment with lorlatinib and lorlatinib+PD1. TECLA-1 and hTECLA-1 cell lines were used as negative and 

positive controls for hALK, respectively. Tumors treated either with lorlatinib alone or lorlatinib in 

combination with anti-PD-1 did not show hALK expression, only mouse ALK. I) Quantification of the 

tumor volume of hTECLA-1 subcutaneous tumors overtime in NSG (blue line) and BALB/c (red line). K) 

Immunoblot analyzing human and mouse ALK protein expression from tumors grown both in NSG and 

BALB/c mice. After in vivo passage, tumors were collected from both NSG and BALB/c and human ALK 

protein expression was analyzed by western blot. Tumors that have grown in immunocompromised mice 

(NSG) kept the expression of hALK protein. On the other hand, tumors grown in immunocompetent mice 

(BALB/c) lost considerably the expression of human ALK. Cell lines were used as controls; KP (mouse 

NSCLC cell line ALK negative); H3122 (human ALK-driven NSCLC cell line); TECLA-1; hTECLA-1; 

hTECLA-1 tumor (one negative sample from the previous experiment was used as an internal control); 
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NSG (4 tumors collected from NSG mice show human ALK expression); BALB/c (4 tumor collected from 

BALB/c mice show much less human ALK expression when compared with tumors grown in NSG mice).  

ALK SP8 (mouse): antibody that recognizes specifically mouse ALK; ALK D5F3 (human): FDA-approved 

antibody for the diagnosis of ALK+ NSCLC that recognizes specifically the human ALK; Actin: antibody 

that recognizes actin protein was used as loading control; * Unspecific band; BID (bis in die) – twice a day; + 

simultaneous administration.  
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Supplementary table of figure 34 – Treatment protocol and number of mice used in this experiment 

 

Cell line Groups No. of mice 

TECLA-1 

(1x106 cells injected in 

each mouse) 

Untreated control 5 

Anti-PD-1 5 

Lorlatinib 5 

Lorlatinib+Anti-PD-1 5 

TECLA-2 

(1x106 cells injected in 

each mouse) 

Untreated control 5 

Anti-PD-1 5 

Lorlatinib 5 

Lorlatinib+Anti-PD-1 5 

hTECLA-1 

(1x106 cells injected in 

each mouse) 

Untreated control 5 

Anti-PD-1 8 

Lorlatinib 8 

Lorlatinib+Anti-PD-1 8 

Total 69 

+ Simultaneous administration 
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Figure 35 – Triple combination of lorlatinib, PD-1 blockade and ALK-DNA-based vaccine significantly 

delays tumor relapse and completely abrogates the development of metastasis in distant organs in graft 

models. A) Overall quantification of tumor volume changes compared with baseline tumor volume of 

double and triple combination (lorlatinib+anti-PD-1 and ALK DNA-based vaccine+lorlatinib+anti-PD-1, 

respectively); The combination of ALK DNA-based vaccine+lorlatinib+anti-PD-1 showed a great reduction 

of the tumor relapse after treatment suspension when compared to the double combination 

(lorlatinib+anti-PD-1) (lorlatinib+PD-1 vs ALK-DNA-Vax+ lorlatinib+PD-1, *P<0.0001, according to Mann-

Whitney U test). B/C/D/E) Immunohistochemistry analysis of hALK expression in subcutaneous tumors 

and paired lungs. B/D) Immunohistochemistry of subcutaneous tumors treated with (B) lorlatinib+PD-1 

and with (D) ALK DNA-based vaccine+lorlatinib+PD-1. In the double combination group (lorlatinib+PD-

1), in 7 out of 9 mice, more than 80% of the subcutaneous tumor mass was hALK positive and in the triple 

combination 3 out of 8 mice were positive for hALK in less than 20% of the subcutaneous tumor mass. 

D/E) Immunohistochemistry analysis of hALK in paired lungs. In (D) the double combination, 5 out of 6 

mice presented lung metastases that were positive for hALK and in (E) the triple combination no lung 

metastasis were detected (% lung metastasis: double combination vs triple combination; 83.3% vs 0%).  

ALK (D5F3): FDA-approved antibody for the diagnosis of ALK+ NSCLC that recognizes specifically the 

human ALK; + Simultaneous administration.  
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Figure 36 – PGPGRVAKI is a MHC-I-restricted neoantigen in BALB/c background. A) Schematic 

representation of the synthetic long peptide (SLP) screening method. A set of 21 long peptides were 

synthetized; each one 36 amino acids in length, covering the entire cytoplasmic portion of human ALK 

(hALK1058-1620). To ensure that every possible T-cell epitope was represented, each peptide overlapped 15 

amino acids with the previous and following peptide. B) Schematic representation of the peptide in vivo 

screening. Splenocytes from ALK-vaccinated and non-ALK-vaccinated were collected and pulsed in vitro 

with the 21 synthetic long peptides individually and analyzed through an IFN-γ ELISPOT assay. C). SLP7 

presented 6.27 fold increase in the number of IFN-γ number of spots compared to non-ALK-vaccinated 

mice. D) CD4 and CD8 discrimination. Dot blots represent splenocytes from an independent experiment 

where mice were vaccinated with SLP7, the splenocytes were isolated and pulsed in vitro with SLP7. After, 

in vitro stimulation, intracytoplasmic staining of IFN-γ as well as CD4 and CD8 membrane staining were 

performed. The IFN-γ staining in the CD8+ compartment is representative of the CD8+ T-cell activity 

against SLP7. E) Table summarizes the in silico analysis performed using three MHC-I-binding algorithms. 
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It was possible to predict that the 9mer PGPGRVAKI peptide is the core of CD8+ T-cell epitope, presented 

in H-2-Dd allele. F) IFN-γ ELISPOT assay confirming that PGPGRVAKI short peptide is able to elicit a T-

cell response. G) Illustration of dextramer molecule. H) H-2-Dd-PGPGRVAKI Dextramer staining 

performed in naïve and PGPGRVAKI vaccinated mice. 21.6% of total CD8+ splenocytes of PGPGRVAKI-

vaccinated mice recognize the short peptide.  
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Figure 37 –Humanized mouse ALK cell line (Edited-1) generation. A) Mouse peptide 7 and human 

peptide 7 comparison. They differ in only two (2) amino acids in position 3 and 5 of the short 9mer ALK 

peptide 7. Genomic differences highlighted in red and amino acids highlighted in green. B) Table 

summarizes the in silico analyses performed using three MHC-I-binding algorithms. Both mouse and 

human ALK peptide 7 were compared. As human ALK peptide 7, mouse peptide 7 is predicted to bind H-

2-Dd; however, the IC50 values are much higher compared to human ALK peptide 7. This IC50 result was 

consistent in all three (3) algorithms used (netMHCpan 4.0 mouse IC50 17725.3nM vs human IC50 

3030.9nM; ANN 4.0 mouse IC50 5705.4 vs human IC50 602.96; SMM mouse IC50 2229.87 vs human IC50 

556.26).  C) Schematic representation of humanized mouse ALK cell line generation. TECLA-1 cell line, 

previously generated (carrying the endogenous mouse Eml4-Alk) was genetically modified in order to 

express the human peptide 7. Only the two (2) codons that generate the two (2) different amino acids were 
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edited. We have generated one (1) CRISPR breakpoint close to the region of interest. We also designed a 

crRNA crRNA that in 5´ end contained a large template of the sequence we wanted to edit. The 3´end of 

the crRNA was complementary with a commercial available tracrRNA. Once matched, the tracrRNA 

stabilizes the crRNA. To avoid CAS9 off-targets, we have used CAS9 protein that has a life-time of only 4 

hours. TECLA-1 was electroporated with the mixture solution, collected, washed and plated in fresh 

medium. Once recovered from electroporation, we performed single cell clones by consecutive dilutions. 

D) Chromatogram of the genomic DNA of TECLA-1 (left panel) and Edited-1 (central panel). The genomic 

sequence in Edited-1 contains the required changes. Chromatogram of the complementary DNA (cDNA) 

of Edited-1 shows that the RNA resultant from the edited genomic DNA carries the information that will 

be translated as a humanized mouse ALK protein. E) TECLA-1 and Edited-1 cells were treated with 

lorlatinib at the indicated concentrations for 6h. Total cell lysates were blotted with the indicated 

antibodies. F) TECLA-1 and Edited-1 cells were treated with increasing doses of crizotinib, ceritinib, 

alectinib, brigatinib and lorlatinib (1nM to 1µM) for 72h. Cell viability was assessed by CellTiter-Glo and 

the IC50 values were calculated. The table shows the different IC50 values to different ALK inhibitors from 

both TECLA-1 and Edited-1 cell lines. G) Schematic representation of the in vivo validation of Edited-1. 

Mice were injected with 1x106 cells (both TECLA-1 and Edited-1, independently) into WT BALB/c mice. 

Mice were sacrificed at day 15 after tumor transplantation. H) IFN-γ-ELISPOT assay picture which shows 

that, contrary to TECLA-1, Edited-1 generates a spontaneous IFN-γ-induced response, even though 

weaker than the PGPGRVAKI-vaccine. I) Dot blots represent H-2-Dd-PGPGRVAKIdextramer staining in 

splenocytes of mice injected with TECLA-1 (left panel) and mice injected with Edited-1 (right panel).  
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Figure 38 – Tumor localization dictates the intensity of the immune response. A) Schematic 

representation of the in vivo treatment. Mice were injected subcutaneously either with TECLA-1 or Edited-

1 cell lines and treated with anit-PD-1, anti-CLTA-4 or combination (anit-PD-1+anti-CLTA-4) at day 3, 6 

and 9. B) Graphic representation of the tumor volume (mm3) of TECLA-1 injected mice. C) Kaplan-Meier 

curves of overall survival of TECLA-1 injected mice groups. D) Graphic representation of the tumor 

volume (mm3) of Edited-1 injected mice. Each individual mouse is represented. First panel represents the 

tumor growth of untreated group (control), second panel represents the anti-PD-1 treated group, third 

panel represents the anti-CTLA-4 treated group and fourth group represents the combo (anti-PD-1+anti-

CLTA-4) treated group. E) Kaplan-Meier curves of overall survival of Edited-1 injected mice treated 

groups. F) Graphical representation of IFN-γ ELISPOT assay performed in isolated splenocytes from the 

four (4) treatment protocol applied in Edited-1 subcutaneously injected mice. G) Graphical representation 

of H-2-Dd-PGPGRVAKI-dextramer staining performed in isolates splenocytes from the four (4) treatment 

protocol applied in Edited-1 subcutaneously injected mice (combo vs Ctrl, *P<0.05, at 15 days after tumor 

transplantation, according to U-test). H) Kaplan-Meier curves of overall survival of orthotopic tumor 

transplantation. I)  Graphical representation of IFN-γ ELISPOT assay performed in isolated splenocytes 

from the four (4) treatment protocol applied in Edited-1 intravenously injected mice (combo vs Ctrl, 
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*P<0.05, at 15 days after tumor transplantation, according to U-test). J) Graphical representation of H-2-

Dd-PGPGRVAKI-dextramer staining performed in isolates splenocytes from the four (4) treatment 

protocol applied in Edited-1 intravenously injected mice (CTLA-4 vs Ctrl, *P<0.05, at 15 days after tumor 

transplantation, according to U-test).  
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Figure 39 – PGPGRVAKI-peptide vaccine generates less exhausted intratumor CD8+ T-cells. A) 

Schematic representation of the in vivo treatment. WT BALB/c mice were injected intravenously with 1x106 

Edited-1 cells and subdivided into four (4) groups (untreated [control], anti-PD-1, anti-CTLA-4 and 

peptide-vaccine treated groups). Mice were treated with anti-PD-1 or CTLA-4 at day 3, 6, and 9 after 

tumor transplantation. Peptide-vaccination was performed at day 1 and 11 after tumor transplantation. B) 

Kaplan-Meier curves of overall survival of Edited-1 intravenously injected mice. Peptide-vaccine has 

roughly prolonged mice survival for 10 days when compared with the other groups. C) Graphical 

representation of H-2-Dd-PGPGRVAKI-dextramer staining performed in total lung cells harvested from 

the four (4) treatment protocols applied in Edited-1 intravenously injected mice. D) Graphical 

representation of the percentage of CD8+/Dextramer+/PD-1+ in the tumor microenvironment (Ctrl vs 

peptide-vaccine, P<0.001 at 15 days after tumor transplantation, according to U-test; PD-1 vs CTLA-4, 

P<0.001 at 15 days after tumor transplantation, according to U-test; PD-1 vs peptide-vaccine, *P<0.001 at 15 

days after tumor transplantation, according to U-test; CTLA-4 vs peptide-vaccine, *P<0.001 at 15 days after 

tumor transplantation, according to U-test). E) Histology of harvested lungs at day 15 after tumor 

transplantation. Upper panel on the left represents the control group; upper panel on the right represents 

the PD-1 treated group; the lower panel on the left represents CTLA-4 treated group; and finally, the lower 

panel on the left represents the peptide-vaccine treated group. It can be appreciated that both CTLA-4 and 

peptide-vaccine have a smaller tumor burden. Tumors seem to localize in the periphery of the lobes. F) 

Graphical representation of the tumor volume calculated by ImageJ (Ctrl vs peptide-vaccine, *P<0.001 at 15 

days after tumor transplantation, according to U-test; Ctrl vs CTLA-4, *P<0.01 at 15 days after tumor 

transplantation, according to U-test, PD-1 vs peptide-vaccine, *P<0.001 at 15 days after tumor 

transplantation, according to U-test; PD-1 vs CTLA-4, *P<0.05 at 15 days after tumor transplantation, 

according to U-test; CTLA-4 vs peptide-vaccine, *P<0.05 at 15 days after tumor transplantation, according 

to U-test). 
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Figure 40 - PGPGRVAKI-peptide vaccine in combination with a potent ALK inhibitor significantly 

extends mice overall survival and completely abrogates brain metastasis in orthotopic mouse models. 

A) Schematic representation of the therapeutic experiment protocol. Mice were injected with 1x106 Edited-

1 cells intravenously and divided into several groups (Untreated [control], lorlatinib alone, lorlatinib + PD-

1, lorlatinib + peptide vaccine, lorlatinib + peptide vaccine + PD-1, lorlatinib + CTLA-4 and lorlatinib + 

peptide vaccine + CTLA-4). Mice were vaccinated at day 1, 11 and 21 after tumor transplantation and 

treated with immune checkpoint inhibitors at day 3, 6, and 9 after tumor transplantation. Lorlatinib 

(2mg/Kg daily) was administrated from day 6 to day 19 after tumor transplantation by oral gavage. B) 

Kaplan-Meier curves of overall survival of therapeutic protocols. Vaccinated mice survival was 

significantly extended. Table presents the median survival (days) for each treatment group; N/R: Not 

Reached. C) Graphical representation of the total number of mice per group, with (red) and without (blue) 

brain lesions (i.e, control group, 10 animals were used and 10 animals developed brain metastasis [no blue 

color]). D) Representative histology of two (2) brain lesions from non-vaccinated mice.  
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Figure 41 - Tumors relapse in vaccinated mice due to reversible MHC-I loss. A) Graphical representation 

of H-2-Dd mean fluorescence intensity (MFI) in relapsed tumors (Ctrl vs lorlatinib + peptide vaccine, 

P<0.001 according to U-test; Ctrl vs lorlatinib + peptide vaccine + PD-1, *P<0.001 according to U-test; 

lorlatinib alone vs lorlatinib + peptide vaccine, *P<0.001 according to U-test; lorlatinib alone vs lorlatinib + 

peptide vaccine + PD-1, *P<0.001 according to U-test; lorlatinib + PD-1 vs lorlatinib + peptide vaccine, 

*P<0.001 according to U-test; lorlatinib + PD-1 vs lorlatinib + peptide vaccine + PD-1, *P<0.001 according to 

U-test; lorlatinib + CTLA-4 vs lorlatinib + peptide vaccine, *P<0.001 according to U-test; lorlatinib + CTLA-

4 vs lorlatinib + peptide vaccine + PD-1, *P<0.001 according to U-test). B) Graphical representation of H-2-

Dd MFI upon in vitro stimulation of representative ex vivo cell lines with recombinant mouse IFN-γ.   
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5. Discussion  

“Knowledge without transformation 

is not wisdom”   

 

Paulo Coelho 
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5) Discussion  

 

Part I 

 

 Lung cancer is the leading cause of cancer-related deaths worldwide. The 

American Cancer Society (ACS) has estimated about 228,150 new cases in the United 

States in 2019 [244].  Back in 2007, it was reported for the first time that 3-7% of NSCLC 

patients harbor the EML4-ALK fusion protein [64]. This fusion protein results in the 

constitutive activation of the tyrosine kinase domain of ALK protein, leading to the 

activation of downstream pathways that are related to cell proliferation, cell 

differentiation, and anti-apoptotic mechanisms [144, 157, 169]. 

 The discovery of the gene fusion between ALK and EML4 (and latter other 

translocation partners of ALK were reported) led the scientific community to put a 

tremendous effort in the development of a series of ALK inhibitors. However, despite 

the remarkable initial effect of ALK inhibitors, their effect resulted to be transient and 

virtually all patients relapse due to resistant mechanisms that can be ALK dependent 

or independent, leading to cancer proliferation and disease progression [130]. 

 Taken by surprise, the scientific community is now-a-days prompted to develop 

new strategies to overcome/prevent/delay resistance, and finally find the cure for these 

young patients.   

 One such therapeutic strategy is immunotherapy. By enhancing an effective 

immune response against tumor cells (that can include tumor vaccination, adoptive 

transfer of immune cells, and modifications of the immune system that unleash the 

already established immune response) [389], immunotherapy has been given 

tremendous results in the past few years in several types of cancer.   

 With the discovery of inhibitory pathways in immune cells, the so-called 

immune checkpoint inhibitors, NSCLC patients with high PD-L1 expression have been 

experiencing good responses to antibodies against PD-1/PD-L1 with an objective 

response rate of up to 20% [391, 393]. In general, patients with heavy smoking history have 
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better response than light or never smokers [394]. Several studies have correlated this 

therapeutic success with the high tumor burden characteristic of heavy smokers.  

 However, the therapeutic effect of immune checkpoint inhibitors in ALK-driven 

NSCLC is still unclear. Several in vitro studies have demonstrated that ALK regulates 

PD-L1 overexpression through STAT3 [672] in ALCL, and through activation of PI3K-

AKT and MEK-ERK signaling pathways in NSCLC. Also, it has been demonstrated 

that ALK-driven NSCLC patients have higher frequency of tumor PD-L1 

overexpression when compared with EGFR or KRAS-mutated disease [673, 674]. This 

overexpression of PD-L1, regulated by ALK activation, could be one requisite to make 

these patients suitable for immune checkpoint inhibitors therapy. Several clinical trials, 

that evaluate the effect of immune checkpoint inhibitors in ALK-driven NSCLC 

patients, are ongoing and the results are, however, controversial (NCT02574078; 

NCT02393625; NCT02584634, and NCT02013219). Actually, some clinical trials have 

been stopped even before the end of Phase I due to toxic effects generated by the 

combination of ALK inhibitors and immune checkpoint antibodies.  

 In this work, we described the therapeutic effect of ALK inhibitors, in particular 

lorlatinib, in mouse models of ALK-driven NSCLC, in combination with 

immunotherapy.  

 We have used three ALK-driven lung adenocarcinoma mouse models; a 

transgenic mouse model that expresses the hEML4-ALK fusion protein, CRISPR/Cas9-

induced Alk-driven NSCLC mouse model, which expresses the mouse Eml4-Alk, and a 

graft mouse model where immortalized mouse cell lines harboring the mEml4-Alk, 

both m/hEML4-ALK or only hEML4-ALK were injected in syngeneic BALB/c.  

 In Tg hEML4-ALK mouse model, immune checkpoint blockade monotherapy 

has showed a slight, but statistically significant, efficacy in controlling the tumor 

relapse overtime, especially anti-PD-L1, suggesting the presence of an immunogenic 

antigen. However, when combined with a high dose of lorlatinib, immune checkpoint 

blockade does not show any effect in delaying tumor regrowth after treatment 

suspension. Nevertheless, when we used high doses of crizotinib, a less potent ALK 

TKI, immune checkpoint inhibitors have a modest, although not statistically 

significant, effect in delaying tumor relapse. This could be explained by the fact that 
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lorlatinib is a very potent ALK inhibitor. Using this specific high concentration, 

lorlatinib effect appears to be long-lasting and dominant and it is not improved by 

concomitant immunotherapy. Another aspect that we can hypothesize, is the fact that 

high concentrations of lorlatinib can hamper specific CD4+/CD8+ T-cells that might be in 

the tumor microenvironment. The direct off-targets of lorlatinib are already described 

(LTK, FER and FES [327]), however, it remains to be clarified the effect of lorlatinib in the 

immune system.  

In the crizotinib treated groups (where we could see a slight but not statistically 

significant effect), the administration timing of immune checkpoint inhibitors (either 

simultaneously or after ALK inhibitor administration) seems that does not affect the 

outcome of the treatment. We could have hypothesized that after ALKi treatment, 

tumors would have been smaller or inexistent, and the already mounted and 

putatively exhausted CD8+ T-cell response would easily eliminated the residual tumor 

cells and/or avoid the formation of new tumor foci, once its activation status would 

have been restored by the immune checkpoint inhibitors. However, we faced a 

technical limitation. This mouse model is a transgenic model that expresses the human 

EML4-ALK fusion protein in the lung epithelium. Tumor formation is continuously 

ongoing during the lifespan of the mice, and therefore, newly formed tumors can mask 

possible results of the less potent ALK inhibitor crizotinib in combination with 

immune checkpoint inhibitors in a long-term follow-up. It will be very difficult if not 

impossible to evaluate long-term responses using this model.  

However, we have observed that Tg EML4-ALK mice treated with low, but still 

clinically significant doses of crizotinib and simultaneous administration of immune 

checkpoint inhibitors have a smaller response rate at the end of the treatment and at 4 

weeks follow-up, when compared with crizotinib alone. Nevertheless, this outcome is 

reverted in a longer observation period. At 8 weeks follow-up, we clearly see a shift in 

change from baseline, showing a slight, even though not statistically significant, 

advantage added by the administration of immune checkpoint inhibitors. It has been 

described in some ALK-negative NSCLC patients, who were subjected to immune 

checkpoint therapy, a phenomenon called pseudoprogression. This phenomenon is 

characterized by an increased tumor volume after immune checkpoint therapy that 
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overtime results in a better outcome. This tumor volume increase is due to the 

proliferation of re-activated T-cells in the tumor microenvironment [689]. We can argue 

that when Tg hEML4-ALK mice are treated with low doses of crizotinib in combination 

with immune checkpoint inhibitors, there is a local T-cell response and proliferation 

that by image, seems to be tumor progression but overtime turns out to present a better 

outcome. However, more studies are needed to testify this hypothesis.   

Groups treated with low doses of lorlatinib alone or in combination either with 

anti-PD-1 or anti-PD-L1 are not conclusive, most likely because of the reduced number 

of mice.  

By comparing high with low doses of ALK indictors we have observed that low 

doses of ALK inhibitors in combination with immune checkpoint antibodies seem to 

have stronger synergistic effects. For that reason, the next experiments were performed 

using low, but still clinically relevant, doses of crizotinib and lorlatinib.  

With the complete tumor eradication in mind, something that was never 

achieved before, next we have used another mouse model. Immunocompetent BALB/c 

and C57BL/6 were infected intratrachealy with adenovirus containing an Eml4 sgRNA 

and Alk sgRNA and Cas9 protein. Ten to twelve weeks upon adenovirus infection, 

mice have developed lung tumors bearing the mEml4-Alk fusion gene. 

Unlikely Tg hEML4-ALK mice, Ad-EA mice are in principal curable once 

complete elimination of tumor cells is achieved. Only infected and correctly rearranged 

cells will give rise to neoplastic Alk-driven cells, and the non-tumor counterpart of the 

tumor microenvironment is preserved in this model. Also, the intratumoral 

heterogeneity originated in this model [687] should be taken in account as different 

treatment grades of response may occur as in humans. In this way, this mouse model 

seems to better recapitulate the human physiologic condition.   

Differently from what was seen in Tg hEML4-ALK mouse model, in Ad-EA 

mice, anti-PD-1 or anti-PD-L1 treatment alone did not show any efficacy in blocking 

tumor regrowth. This has suggested us that CRISPR/Cas9 induced Eml4-Alk tumors 

could be less immunogenic than lung tumor in Tg hEML4-ALK mice.  

Surprisingly, Ad-EA mice treated with crizotinib, showed a markedly 

insensitivity to this TKI. When compared with Tg hEML4-ALK, crizotinib is less 
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effective in controlling tumor growth and neither anti-PD-1 nor anti-PD-L1 brought 

any additional benefit at the end of the treatment or during follow-up. This observation 

might be explained by the fact that human and mouse ALK kinase domains are highly 

similar but not identical. In particular, human and mouse ALK differ in 2 amino acids 

in the predicted crizotinib biding site [108, 151]. These two amino-acids could confer a 

different tertiary structure to the mAlk protein, and therefore hamper the crizotinib 

biding. However, crystallography studies of the mouse Alk tyrosine kinase domain are 

necessary to confirm this hypothesis. Due the fact that Ad-EA mice have poorly 

responded to crizotinib, the possible synergistic effect with immune checkpoint 

inhibitors could not be assessed.  

 However, when Ad-EA mice were treated with low doses of lorlatinib alone, 

we observed almost complete tumor shrinkage, proving the efficacy of lorlatinib 

overcoming resistance to first- (and second-) generation of ALK inhibitors.  

Surprisingly, we observed a clear advantage when lorlatinib was combined 

with anti-PD-1, but not with anti-PD-L1, at 4 weeks after treatment suspension. The 

right drug effect (more potent than crizotinib), dosage (lower concentration might not 

hamper the existent T-cell response), and a more appropriate mouse model (in 

principal curable and closer to the human physiologic condition) may have reunited 

the right conditions for the synergistic effect of lorlatinib and PD-1 antibodies.  

Nevertheless, this effect was lost at 8 weeks follow-up, likely because when treatment 

was suspended, possible residual tumor cells rapidly relapsed, which suggested that a 

long-term treatment protocol of lorlatinib could be beneficial.  

 The different responses between combinations of lorlatinib+anti-PD-1 and 

lorlatinib+anti-PD-L1, could be explained by the low expression of PD-L1 by tumor 

cells (data not shown), or the different potency of the antibodies. But can also be 

explained by the fact that PD-1 has another less described ligand, PD-L2, which as PD-

L1 is expressed not only in tumor cells, but also APCs, macrophages and monocytes. It 

plays a crucial role in modulation of T-cell response, proliferation and might play a 

role in tumor immune escape. However, unlike PD-L1, PD-L2 is usually less expressed 

in the tumor microenvironment but it has higher affinity for PD-1. This can explain the 

fact that we have obtained better results when anti-PD-1 antibodies were used; 
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blocking only PD-L1 could not be enough since PD-L2 has similar functions; however, 

blocking PD-1 avoids its activation by both ligands [690]. 

 Based on these results, we then aimed to complete eradicate tumor cells that 

remain after 15 of treatment by extending lorlatinib administration. Ad-EA mice were 

enrolled into two long-treatment protocols (one month of lorlatinib treatment; two 

months of lorlatinib treatment). Each arm was subsequently subdivided in 3 different 

groups according to the PD-1 administration (none, 15 days or one month – 5 injections 

each).  

 Not surprisingly, we observed that in both treatment arms (lorlatinib 1 and 2 

months), CRISPR/Cas9-induced tumors showed almost complete regression at the end 

of both protocols. Also, either at 4 or 8 weeks after treatment suspension, the relapse 

rate was similar in both long-term protocols; not showing any advantage provided by 

the 2 months vs the 1 month long-term treatment protocol. This has suggested that 

naturally lorlatinib resistant cells may exist in the context of Ad-EA mice tumor 

microenvironment. Moreover, at the end of 2 months of lorlatinib treatment, we could 

observe that there was a wider range of responses to lorlatinib, which can either 

indicate that some tumors never completely respond to the treatment, maintaining a 

constant volume during treatment, or lorlatinib treatment has completely eliminated 

those sensitive clones and the naturally resistant clones have emerged. Even though 

lorlatinib is the most potent ALK inhibitor available in the clinical practice, and the last 

receiving FDA approval, Recondo G. and colleagues, have already described diverse 

biological mechanism that lead to lorlatinib resistance, such as epithelial-mesenchymal 

transition, compound mutations (L1196M/D1203N, F1174L/G1202R and 

C1156Y/G1269A), and novel bypass mechanism of resistance caused by NF2 loss-of-

function mutation, which confers sensitivity to mTOR inhibitors [354]. Even though we 

did not analyze this matter, we cannot discard the possibility that 2 or even 1 month of 

lorlatinib treatment at low concentrations have selected lorlatinib resistant clones. One 

aspect that can support this hypothesis is the fact that, after treatment suspension, both 

lorlatinib arms had the same overall survival, indicating that the selection of lorlatinib 

resistant clone has happened before the 1 month treatment was completed.  
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 In the groups treated with lorlatinib in combination with anti-PD-1, complete 

tumor regression was also reached. We also observed that both long-term lorlatinib 

treatments combined with 1 month of PD-1 administration, have shown a statistically 

significantly slower relapse rate at 4 weeks follow-up when compared with tumors 

treated with lorlatinib alone. These results confirmed previous observations and 

suggested that immune checkpoint therapy when combined with ALK inhibitors has a 

minor and transient effect that is lost in a long-term follow-up. 

 In order to optimize a mouse model for the study of the immunologic 

complexity inherent to ALK+ NSCLC, two CRISPR/Cas9-induced immortalized mouse 

cell lines resembling human NSCLC cell lines were stablished. Both TECLA-1 and 

TECLA-2 express the mouse Eml4-Alk, are sensitive in vitro and in vivo to lorlatinib, 

express PD-L1 and generate tumors when injected into syngeneic BALB/c mice. These 

cell lines are an advantage for our proposes, not only because handling cell lines is 

easier, faster and cheaper, but also because we could control the tumor burden by 

injecting more or less cells.   

 However, when mice bearing subcutaneous tumors derived from TECLA-1 or 

TECLA-2 cell lines were enrolled in treatment protocols similar to what we previously 

have done, we verify that the cell lines behaved differently from what we expected and 

actually responded poorly to the treatment.  

Even though TECLA-1 and TECLA-2 untreated tumors have similar change 

from baseline, TECLA-1 subcutaneous tumors have reached the 5mm diameter 

threshold faster than TECLA-2 (10 days vs 15 day; data not shown), and the same is 

observed in vitro (data not shown).  Also, TECLA-1 has a fibroblast-like morphology 

and TECLA-2 presents an epithelial-like morphology (data not shown). Putting these 

facts together, we can postulate that TECLA-1 is more aggressive than TECLA-2. For 

this reason, we were not surprised to observe that TECLA-2 had a much slower tumor 

relapse rate than TECLA-1. But what really has puzzled us was the fact that 

subcutaneous tumors derived from TECLA-1, when treated with anti-PD-1 alone, grew 

faster than the untreated controls. However, the same was not observed in TECLA-2. 

Due the fact that the tumor volume did not decrease during follow-up, we have 

discarded the hypothesis of pseudorelapse as we postulated for Tg hEML4-ALK mice 
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when treated with crizotinib in combination with anti-PD-1. The TECLA-1-induced 

tumor progression as a result of PD-1 monotherapy remains to be clarified.  

 In both cell lines, we did not observed a statistically significant change in the 

relapse rate after treatment with lorlatinib in combination with anti-PD-1. This fact has 

suggested that mouse Alk-driven NSCLC cell lines are less immunogenic than Tg 

hEML4-ALK and Ad-EA mice, most likely because have been subjected to two 

different selections (in vivo and in vitro). For that reason, we decided to include a more 

potent antigen by transducing TECLA-1 with the hEML4-ALK. The introduction of 

hEML4-ALK not only has reversed the outcome of anti-PD-1 treatment alone, but it 

also has prolonged the progression-free survival of the mice after treatment (both 

lorlatinib arms). And when both lorlatinib cohorts were compared, the addition of anti-

PD-1 has clearly added a benefit. It seems that hTECLA-1 responds better to immune 

checkpoint monotherapy than TECLA-1 expressing only the mouse Alk, which means 

that strong antigens will respond better to immune checkpoint inhibitors. The 

hTECLA-1 was obtained by simply transduction the hEML4-ALK and no single cells 

clones were obtained, meaning that the bulk population was used for the in vivo 

experiments. In a normal viral transduction, we cannot control the number of viral 

copies that every single cell acquires.  This means that naturally, in a bulk population 

as hTECLA-1, we will find subpopulations with different hEML4-ALK expression 

grades. We then hypothesized that subcutaneous tumors treated with the double 

combination would have been selected under immune pressure and the subpopulation 

that had survived would express less hALK than subcutaneous tumors treated with 

lorlatinib alone. However, when the tumors from both arms were analyzed by 

immunoblot, we verified that the hALK expression was lost in both arms, suggesting 

that a hEML4-ALK was an antigen strong enough to be eliminated by the spontaneous 

immune response that generates. To confirm this theory and discard any technical 

issue with the viral infection, we next injected subcutaneously hTECLA in 

immunocompromised (NSG) and immunocompetent (BALB/c) mice and analyzed the 

spontaneous immune response of BALB/c by comparing hALK expression in both 

immune environments. Not only tumors grew faster in NSG (where tumor cells are not 
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exposed to the immune pressure) but also only cells with weaker expression of ALK 

were selected in BALB/c immunocompetent mice.   

 When we knocked out the mALK from hTECLA-1 cell line (so no tumors cells 

could escape by losing hALK and keeping the signaling with mAlk), and boosted the 

immune system with an ALK-DNA-based vaccine combined with lorlatinib+PD-1, we 

observed that a strong immune response was induced in this graft mouse models, 

significantly reducing tumor relapse after treatment suspension. In this context, the 

ALK DNA-based vaccine turns ALK-driven NSCLC tumors more suitable for immune 

checkpoint therapy by increasing the number of cytotoxic CD8+ T-cells in the tumor 

microenvironment [397]. It is known that not only the PD-L1 expression but also tumor-

infiltrating lymphocytes (TILs) correlate with the efficacy of immune checkpoint 

inhibitors and ALK-driven NSCLC display a tumor microenvironment in which PD-L1 

is expressed through ALK signaling and TILs are low. By increasing the absolute 

number of TIL in the tumor microenvironment through ALK-DNA-based vaccine [397], 

anti-PD-1 has a preponderant effect in controlling the tumor relapse. Moreover, it has 

been described by our group that ALK-DNA-based vaccine has a maximum effect 

when the tumor burden is low [402], explaining the fact that mice treated with triple 

combination did not develop metastasis in distant organs. The possible low numbers of 

tumor circulating cells that have escaped from the primary tumor were likely killed by 

the CD8+ T-cell response elicited by the ALK DNA-vaccine.  

 Overall, these results suggest that the triple combination of lorlatinib, PD-1 

blockade and ALK-DNA-based vaccine could work efficiently in the clinical setting, 

generating a strong and long-lasting immune response against ALK+ in NSCLC.  
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 The discovery of ALK rearrangements in 5-7% of NSCLC patients in 2007 [64] 

brought a new hope for the treatment of these young patients. A tremendous effort 

was done by the scientific community in order to develop small molecules that would 

have the capacity to inhibit such a strong oncodriver. However, ALK inhibitors 

resistance came in as a pitfall difficult to solve. Several generations of ALK inhibitors 

(more specific and potent) were developed in consecutive years, however, what really 

took the scientific community by surprise was the fact that, even with the most potent 

ALK inhibitor (third-generation ALK inhibitor lorlatinib), ALK-driven cancer cells 

invariably develop resistance (throughout several resistance mechanism that can be 

either ALK-dependent or independent), leading to cancer proliferation and disease 

progression. It seems that the stronger the ALK inhibitor it is, the stronger and more 

complicate the mechanism of resistance tends to be. Besides the emergence of 

compound mutations causing resistance to lorlatinib, the spectrum of biologic 

mechanisms that drives resistance is enormous and sometimes, the same patient can 

harbor more than one mechanism of resistance. This represents a significant barrier to 

the successful treatment of ALK-driven patients. Therefore, the development of 

strategies to overcome/prevent/delay resistance is priority. These potential new 

approaches have the promise to improve the treatment of ALK-driven patients. One 

such therapeutic strategy is immunotherapy.  

 Immunotherapy aims to establish or enhance an effective immune response 

against tumor cells. Several strategies have been already developed, such as tumor 

vaccination, adoptive transfer of immune cells, and modification of the immune system 

to boost an already established immune response [389]. With the discovery of inhibitory 

pathways in immune cells, the so-called immune checkpoint, and the development of 

antibody-based blockades against these checkpoint molecules, such as anti-CTLA-4 

and anti-PD-1/L1, cancer immunotherapy has entered in a new era [390].  
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 NSCLC patients with high PD-L1 expression have been experiencing good 

responses to immune checkpoint inhibitors against PD-1 with an objective response 

rate up to 20% [391-393]. It has also been observed that patients with heavy smoking 

history have better responses than those with light- or never-smokers recorders [394]. 

These differences may be due to the fact that smokers usually harbor higher mutational 

burden and thus have a higher number of expressed neo-antigens than non-smokers. 

Also, the tumor microenvironment in smokers is characterized by an increased 

frequency of active tumor-infiltrating CD8+ T-cells as well as increased levels of anti-

tumor cytokines such as IFN-γ and granzyme, while the tumor microenvironment in 

non-smokers shows elevated immunosuppressive features such as a high number of 

FoxP3+ regulatory T-cells, the accumulation of M2-like macrophages and less activated 

effector CD8+ T-cells.  

 As mentioned before, ALK-driven NSCLC patients are non- or light-smokers 

which may represent a lower number of non-synonymous mutations than other 

subtypes of NSCLC [396]. Several clinical trials in which the effect of immune checkpoint 

inhibitors in these patients was evaluated, as well as our previous results discussed in 

Part I, have shown minimal responses [391-393]. Experimental evidences have 

demonstrated that ALK-driven NSCLC patients harbor an immunosuppressive tumor 

microenvironment with a low number of CD8+ T-cell with exhausted phenotype [397], 

and also, PD-L1 expression in tumor cells is regulated through ALK signaling. This 

scenario raises questions regarding ALK immunogenicity. An immunologic desert as 

this here described might be the result of a strong immunoediting where the 

consequential tumor does not present tumor associated antigens or neo-antigens, and 

therefore invisible to the immune system. However, in the literature is possible to find 

several evidences that ALK generates per se an immune response. For instance, the 

presence of anti-NPM-ALK antibodies in ALCL patients has been extensively reported 

[400]; another example, two HLA-A2.1 restricted CD8+ T-cell epitopes, p280-289 

(SLAMLDLLHV) and p375-389 (GVLLWEIFSL) from the ALK kinase domain, were 

identified and confirmed to be immunogenic in HLA-matched ALCL and 

neuroblastoma cell lines [401]. In principal, these peptides could be used for vaccination 

in ALK-driven tumors. In fact, our group has shown in 2008 that ALK-DNA-based 
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vaccination with a vector encoding the entire cytoplasmic domain of human ALK 

protects mice from local and systemic lymphoma growth in graft models. In this graft 

models, human NPM-ALK is transduced in lymphoma mouse cell lines and presented 

to naïve BALB/c mice. In this work conducted by Chiarle, our group has reported that 

the protection given by the ALK-DNA-based vaccine is potent and durable by eliciting 

and ALK-specific IFN-γ response and CD8+ T-cell-mediated cytotoxicity [402]. These 

results have confirmed the immunogenicity of the ALK protein. Nevertheless, this 

immunogenicity can be questioned due to the fact that most likely, the human ALK 

protein functioned as a neoantigen to the mouse immune system. Mouse and human 

ALK show 87% overall homology at the protein level, and more importantly, within 

the kinase domain they differ at only four amino acids. Also, human ALK contains one 

extra tyrosine residue, Tyr 1604, which has been implicated in tumor progression [115]. 

Even though minor, these differences at the protein level could act as neoantigens and 

justify the strong immune response elicited by the ALK-DNA-based vaccine in 

lymphoma graft models. Like human ALK, mouse Alk is indeed expressed in normal 

somatic cells, even though in very low amounts and in specific regions of the central 

nervous system. By being expressed, mouse-ALK-specific CD8+ T-cells must have been 

selected in the thymus. The use of lymphoma grafts models potentially introduces 

other peptides that are not targeted by those mouse-ALK-specific CD8+ T-cells, 

generating the expansion of other CD8+ T-cells clones. In this case, this lymphoma 

mouse model would not be close to the human condition in which human ALK is 

expressed in low levels throughout life, generating human-ALK-specific CD8+ T-cells 

that will target the ALK-driven tumor cells when the tumor develops. However, this 

issue was solved by our group in 2015 [397] when we described the efficacy of the ALK-

DNA-based vaccine in lung cancer graft models and transgenic mouse model that 

express human EML4-ALK. In this transgenic mouse model, the human EML4-ALK 

fusion gene is under the SP-C promoter. SP-C protein is expressed in the mouse lung 

epithelium for the first time at the end of embryogenesis throughout the mouse life, 

which means that hEML4-ALK is expressed early on; however, lung tumors are only 

visible through MRI when mice are 12 weeks old. These results have suggested us that 

ALK protein can function as both neoantigen and tumor associated antigen. In both 
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cases, a strong ALK-specific CD8+ T-cell response is elicited and capable of tumor 

reduction in graft and transgenic mouse models.  

 Some specific characteristics make ALK a potentially relevant tumor antigen. 

First, and as mentioned above, ALK is expressed by normal somatic cells in low 

amounts and in specific regions of the central nervous system. Therefore, activated 

anti-ALK-specific CD8+ T-cells are unlikely to react against normal cells due to the low 

amount of ALK expression. Second, ALK is required for the transformation and 

maintenance of neoplastic cells and thus, the immune escape of tumor cells lacking 

ALK expression is unlikely, and finally, ALK-positive tumors, driven either by point 

mutations, ALK amplifications or chromosomal translocations, have the cytoplasmic 

portion of ALK in common, meaning that an ALK personalized immune response 

approach could cover several types of tumors.  

 Driven by all these premises, in the second part of my Ph.D. thesis, we aimed to 

identify the specific(s) ALK-peptide(s) responsible for the immune response generated 

through ALK-DNA-based vaccination. The identification of such peptide(s) would be a 

milestone for a more personalized medicine, as well as for our understanding of the 

immune reaction that is elicited.   

 For that, we have performed an in vitro screening using isolated splenocytes 

from mice immunized with the ALK-DNA-based vaccine, used in previous 

experiments. A set of 21 synthetic long peptides (SLP) were produced; each one 36 

amino acids in length, covering the entire cytoplasmic portion of ALK (hALK1058-1620). 

Since MHC-I typically present peptides between 8-11 amino acids; each synthetic long 

peptide overlapped 15 amino acids with the previous and following peptide to ensure 

that every possible T-cell epitope was represented. We have identified 5 SLP (SLP2, 

SLP3, SLP7, SLP20 and SLP21) that elicited an IFN-γ-induced reaction; four of each 

(SLP2, SLP3, SLP20 and SLP21) elicited a CD4 type of response and only one (SLP7) 

presented to be a specific CD8+ T-cell epitope. Even though for the scope of this Ph.D. 

thesis only ALK-specific CD8+ T-cells were further analyzed, it is important to mention 

that ALK-specific CD4+ T-cells have been largely reported in the literature. The 

presence of IgG antibodies and CD8+ memory T-cells against ALK in patients has 

suggested the involvement of CD4+ T-cells in the ALK immunologic landscape [662-663]. 
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Even though no further studies were performed regarding the nature of the CD4+ T-cell 

immune response observed in our peptide screening, it is important to reference that 

our group has previously characterized the spontaneous humoral immune response in 

patients with ALK-rearranged NSCLC. We have developed and enzyme-linked 

immunosorbent assay (ELISA) to measure anti-ALK antibody levels and mapped 

specific peptide epitope sequences within the ALK cytoplasmic domain [662]. Across 

individual patients, anti-ALK antibodies recognized different epitopes in the ALK 

cytoplasmic domain, most of which clustered outside the tyrosine kinase domain, the 

same regions the four CD4+ T-cell epitopes we have identify in our screening (SLP2, 

SLP3 and SLP20, SLP21) were located. This might suggests that these CD4+ T-cell 

epitopes are responsible for a Th2-induced response. However, this hypothesis 

warrants further investigation.  

 Once identified the precise CD8+ T-cell core epitope through MHC-I epitope-

binding algorithms, we realized that the mouse ALK was significantly less 

immunogenic than the human ALK. For that reason, and aiming the establishment of a 

proper mouse model, we have genomically modified the mouse ALK in order to 

express the immunogenic peptide-7.  

 The generation of Edited-1 was a tremendous achievement for the scope of this 

Ph.D. thesis. Edited-1 represents the closest we can get to the human condition. The 

syngeneic mouse model we have developed turned possible the study of the immune 

value of ALK, and generated convincing results worth of clinical translation.  

 After the generation of Edited-1, and being sure that Edited-1 was, indeed, able 

to generate a spontaneous and measurable CD8+ T-cell immune response in BALB/c 

background, we aimed a more comprehensive view of the effect of immune checkpoint 

inhibitors in the spontaneously stablished CD8+-specific immune response. For that, we 

have used a classical immune checkpoint inhibitors treatment approach by injecting 

Edited-1 subcutaneously into WT BALB/c mice and treating mice either with anti-PD-1, 

anti-CTLA-4 or both combined at days 3, 6 and 9 after tumor cells injection. As 

observed in previous experiments, anti-PD-1 treatment alone did not provide a 

significant advantage. A slight effect was observed around day 10 after tumor cells 

injections, but was immediately lost right after. However, when treated with anti-
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CTLA-4 only one mouse developed subcutaneous tumor. All other mice reached a 

tumor volume pick around day 10 and by day 30 after tumor transplantation were 

found tumor-free. As it was mentioned before, T-cell activation is a process that 

requires more than one stimulatory signal. TCR binding to MHC-I provides specificity 

to T-cell activation; however, further costimulatory signals are required. The binding of 

CD80 or CD86 molecules on APC with CD28 molecules on the T-cells leads to a 

positive signal within T-cells. Sufficient levels of CD28:CD80/6 biding lead to T-cell 

proliferation, increased T-cell survival and differentiation. CTLA-4 is a CD28 homolog 

with much higher binding affinity to CD80/6 molecules. However, differently from 

CD28, CTLA-4:CD80/6 binding does not provide a stimulatory signal. Consequently, 

this competitive binding can prevent the costimulatory signal normally provided by 

CD28:CD80/6 binding [622, 624, 625]. The relative amount of CD28:CD80/6 binding vs 

CTLA-4: CD80/6 binding determines whether a T-cell undergo into activation or 

anergy. PD-1 is a member of the B7/CD28 family of costimulatory receptors. It 

regulates T-cell activation through the binding to its ligands PD-L1 and PD-L2. Like 

CTLA-4, PD-1 inhibits T-cell proliferation, IFN-γ, TNF-α and IL-2 production, reducing 

T-cell survival [636]. If a T-cell experiences coincident TCR and PD-1 binding, PD-1 

generates signals that prevent phosphorylation of key TCR signaling molecules which 

ends in early “exhausted” T-cells that have experienced high levels of stimulation or 

reduced CD4+ T-cell help [618]. This exhaustion state that is known to occur during 

chronic infection and cancer is characterized by T-cell dysfunction that ultimately 

results in suboptimal control of infections and tumors. Both CTLA-4 and PD-1 binding 

have similar negative effects on T-cell activity, however, the timing of downregulation, 

the responsible signaling mechanism, and the anatomic location of immune inhibition 

of these two immune checkpoints are different. Unlikely CTLA-4 (which is confined to 

T-cells), PD-1 is broadly expressed on activated T-cells, B-cells, and myeloid cells [636,637]. 

CTLA-4 functions during the priming phase of T-cell activation, whilst PD-1 functions 

during the effector phase, which is predominantly within peripheral tissues [636]. 

Putting together these facts, and analyzing here described, we can postulate that in 

normal conditions, when ALK-peptides are presented, CTLA-4 exerts a predominant 

effect in controlling T-cell activation. However, it is worth mention that CTLA-4 
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blockage has a wider spectrum of action in the immune regulation, which can explain 

the higher incidence of immune-mediated adverse events that patients treated with 

anit-CTLA-4 can experience.  

However, when combined (anti-PD-1 + anti-CTLA-4), a larger number of mice 

developed subcutaneous tumors after treatment when compared to anti-CTLA-4 alone. 

Even though this issue was not addressed, we can hypothesizes that this difference is 

due to the fact that both antibodies (anti-PD-1 and anti-CTLA-4) are Rat IgG and not 

mouse IgG, and therefore, can elicit an immune reaction against them in mouse 

background. In this particular group (combination of anti-PD-1 and anti-CTLA-4), 

double concentration (200µg of anti-PD-1 + 200µg of anti-CTLA-4) was used in each 

injection which might have increased the exposure of Rat epitopes. Having an immune 

reaction mounted against the antibodies could have affected the synergistic effect of 

this combination. However, further studies are needed to fully understand this issue.  

Amazed by the results obtained in this classical approach of graft tumors, we 

then analyzed the effect of immune checkpoint inhibitors in an orthotopic model. WT 

BALB/c mice were injected intravenously with Edited-1 cells and around day 6 after 

tumor transplantation, tumor cells have niched in the lungs and formed tumor foci. 

The same therapeutic scheme was used as previous. However, the results obtained 

were far from the expected. All mice, from all treatment groups, have died due to 

respiratory failure around day 20 and 25 after tumor transplantation. Anti-CTLA-4 

treatment, which in skin graft models has completely abrogated the tumor formation, 

had none effect in lung microenvironment. These results suggest that different organs 

establish different immune responses that might be a consequence of a more or less 

immunosuppressive microenvironment. Although these results were not further 

investigated, we can hypothesize that the lung microenvironment may be, per se, a 

more immunosuppressive (M2-like macrophages, Treg cells) organ in which only 

strong peptides will elicit an immune response in order to avoid exacerbated immune 

reactions that could hamper the vital function of the lung. Another hypothesis that we 

can postulate is the composition of the immune repertoire in both organs. One way to 

analyze this matter is through single cell RNA-sequencing and ultimately the 

comparison of both landscapes. And finally, would also be important to understand if 



220 

Part II  Chapter V – Discussion  
 

Immunotherapeutic approaches for ALK-driven Non-Small-Cell Lung Cancer (NSCLC) – Inês Mota 

these particular results are or are not antigen-dependent. For that, several other 

peptides should be compared in the same conditions.  

Even though these results are far from being understood, it is worth mention 

that historically, this type of therapeutic approaches has been performed in skin graft 

models, independently of the origin organ of the tumor that is scope of study, which 

might represent a serious concern; are we interpreting correctly the historically results 

obtained from this skin graft model?  

 Next, we hypothesized that increasing the number of CD8+ T-cells in the lung 

tumor microenvironment through peptide-7-vaccination would turn the lung 

microenvironment into a more immune responsive environment and bring a 

significant benefit to the overall survival of the mice. Indeed, peptide-7-vaccine has 

slightly extended mice survival for 10 days, when compared with the remain groups. 

However, when the CD8+ T-cell lung infiltrate was analyzed, we have noticed that, 

contrary to what we were expecting, peptide-7-vaccine did not substantially increase 

the overall number of ALK-specific-CD8+ T-cells. However, when the exhausted 

markers were analyzed through flow cytometry (PD-1 expression), we were surprised 

to see that peptide-7-specific CD8+ T-cells infiltrating the lung microenvironment in 

anti-CTLA-4 treated and peptide-7-vaccinated mice expressed lower levels of PD-1 

when compared to untreated mice or anti-PD-1 treated mice. These results suggested 

that better priming (either with anti-CTLA-4 or peptide-vaccine) results in more 

active/cytotoxic rather than higher absolute numbers of ALK-specific CD8+ T-cells 

infiltrating the tumor microenvironment.  

 Next, having reunited all conditions, we aimed the total lung tumor eradication 

that in ALK-rearranged tumor history has never been achieved.  

 Knowing from previous experiments that ALK-vaccine has a stronger effect in 

reduced tumor burden, we have combined the immunotherapeutic approaches with 

the potent third-generation-ALK inhibitor lorlatinib. Mice were subjected to 14 days of 

ALK inhibition either alone or in combination with immune checkpoint inhibitors, 

ALK-peptide-vaccine or triple combination. Remarkably, all vaccinated groups 

(independently of the combination) had a significantly extended overall survival. 

Untreated mice (control) presented a median survival of 19 days and not surprisingly, 
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lorlatinib alone and lorlatinib + PD-1 groups shown the same median survival (37 

days). These results suggested that lorlatinib only extends the mice survival during 

lorlatinib treatment, and once suspended, mice rapidly die due to respiratory failure, 

and anti-PD-1 does not add any advantage. However, when mice were treated with 

lorlatinib in combination with anti-CTLA-4, the median survival was 42 days and 10% 

of the mice have survived more than 100 days after tumor transplantation. Once again, 

these results suggested a strong benefit of appropriate priming. Both lorlatinib + 

peptide-vaccine and lorlatinib + peptide-vaccine + PD-1 groups have reached 60 days 

of overall survival (23 days more than lorlatinib alone) and about 25% of the mice have 

survived more than 100 days after tumor transplantation. The addition of PD-1 in a 

vaccine context does not add any benefit. Surprisingly, the lorlatinib + peptide-vaccine 

+ anti-CTLA-4 combination has not reached the median overall survival until the end 

of the experiment and 80% of the mice have survived longer than 100 days after tumor 

transplantation. These results put together suggested that anti-CTLA-4 potentiates the 

immune response elicited by the peptide-vaccine. Even though this seems to be the 

best combination for the treatment of ALK-driven NSCLC orthotopic mouse models, 

the pros and cons of the use of anti-CTLA-4 must be taken into account for the same 

reasons I have previously discussed.  

 Despite the incredible results observed in the therapeutic experiment, in which 

for the very first time in ALK-driven lung cancer mouse models we have cured a high 

percentage of mice, we observed that mice belong to untreated (control), lorlatinib 

alone, lorlatinib + anti-PD-1 and lorlatinib + anti-CTLA-4 groups experienced changed 

in their behavior during the experiment timeline. Around day 15/16 after tumor 

transplantation in untreated (control) mice and day 30/35 after tumor transplantation 

in lorlatinib groups, mice started to present motor disability, and in some cases even 

hemiparesis. They also presented an aggressive behavior accompanied by drastic 

involuntary movements. With this phenotype, we wondered whether the mice had 

developed brain metastasis. To answer this question, multiple brain sections were 

analyzed and shockingly we observed that almost all mice from non-vaccinated groups 

presented brain metastasis whilst in the vaccinated groups, none have developed brain 

metastasis. This outstanding result came as a clear hope for all ALK-driven NSCLC 
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patients. Brain metastasis is frequently associated with tumor progression, 

representing the end of the line for these young patients. The exact mechanism behind 

the complete abrogation of brain metastasis was not addressed in this thesis. However, 

we have clear evidences coming from previous published works that ALK-vaccine has 

a much stronger effect when the tumor burden is reduced. One can hypothesize that 

individual cells that would gain mobility and migrate to distant organs would be easily 

identified and eliminated by circulating ALK-specific-CD8+ T-cells. However, this 

hypothesis needs further validation.  

 Finally, we tried to understand why still a high percentage of vaccinated mice 

did not respond to the treatment, relapsing and ultimately die from respiratory failure. 

Multiple ex vivo tumor cell lines were stablished and MHC-I expression was analyzed. 

Surprisingly, the vaccinated groups presented a significantly reduced MHC-I 

expression when compared to non-vaccinated groups, suggesting that the 

downregulation of MHC-I was the immune scape mechanism adopted by these cells. 

However, when asked either it was a reversible or irreversible event, we observed that 

upon IFN-γ in vitro stimulation MHC-I expression is upregulated, confirming that 

MHC-I loss is a reversible event (probably regulated through an epigenetic event) and 

opening the possibility to other combined therapeutic strategies.   

 Lastly, the results here presented have a tremendous translational meaning, not 

only to ALK-driven NSCLC patients but to all ALK-driven malignancies.  
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6. Conclusion  

“If you wou’d not be forgotten  

As soon as you are dead and rotten 

Either write things worth reading 

Or do things worth the writing” 

 

Benjamin Franklin   
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6) Conclusion 

 

Part I 

 

 Regarding the Part I of my work, we have concluded that the mouse models 

confirmed preliminary observations in ALK-rearranged NSCLC, in which the addition 

of ICIs to an ALK inhibitor has limited effect. In this context, the addition of an ALK 

vaccine strongly potentiates the therapeutic activity of ALK TKIs and prevents 

metastatic dissemination of ALK+ lung cancer cells. 

 

Part II 

 

Regarding the Part II of my work, our orthotopic mouse model has confirmed 

that by increasing the number of ALK-specific-CD8+ through vaccination, mice survival 

was greatly extended. Also, our data confirmed preliminary observations in preclinical 

ALK-rearranged NSCLC mouse models that the addition of a strong immune response, 

completely abrogate brain metastasis.  
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Loss-of-function mutations in the WAS gene, which encodes WASP, 
causes Wiskott–Aldrich syndrome (WAS), a rare X-linked primary 
immunodeficiency of variable severity characterized by micro-

thrombocytopenia, eczema, autoimmunity, recurrent infections and 
a predisposition to lymphoma development1. As WASP is selectively 
expressed in hematopoietic cells, the phenotype in patients with WAS 
is associated with defects in hematopoiesis and the immune system. 
WASP abundance in cells is regulated by WIP. WIP, encoded by the 
gene WIPF1, binds to the WH1 domain of WASP and protects WASP 
from degradation2–5. The main regulator of WASP activation is the Rho 
family GTPase cell division cycle 42 (CDC42). In its GTP-bound state, 
CDC42 binds the GTPase-binding domain of WASP to release the 
verprolin homology domain–cofilin homology domain–acidic region 
autoinhibitory domain and to permit the binding to the actin-related 
protein–2/3 (ARP2/3) complex and actin nucleation4,6,7. Additional 
mediators, such as PIP2, and hematopoietic-specific kinases, such as 
BTK, LTK, FYN and NCK1, contribute to the activation of WASP7,8.

T lymphocytes from patients with WAS and WASP- and WIP-
deficient mice show a number of defects, including defective prolif-
eration in response to T cell receptor (TCR) stimulation, disturbed 
formation of surface projections, defective cytokine polarization 

and secretion, disrupted assembly of filamentous actin at the immu-
nological synapse and impaired TCR-mediated signaling7–10. Other 
cells of the adaptive immune system, such as B cells, as well as cells 
of the innate immune system, such as macrophages and dendritic 
cells, also have functional defects that have yet to be completely 
characterized7,11. Importantly, WASP-dependent actin nucleation is 
essential for the formation of the immunological synapses in T cells 
and several other WASP-mediated phenotypes4,7.

Increasing evidence supports the concept that TCR-mediated 
signaling is also critical for the pathology of T cell lymphoma. 
Mutations in genes involved in TCR signaling, such as KRAS, 
RHOA, VAV1, CD28, FYN, LCK and PLCG1, are frequently found 
in T cell lymphomas that retain TCR expression, such as periph-
eral T cell lymphoma (PTCL-NOS) and angioimmunoblastic T cell  
lymphoma (AITL)12. By contrast, in ALCL, TCR signaling is typi-
cally lost and is bypassed by oncogenic tyrosine kinase signaling, 
most often secondary to aberrant activation of ALK, ROS1 or 
TYK213–16. Recent discoveries have highlighted, among several path-
ways downstream of TCR signaling, the pathogenetic role of Rho 
GTPases, such as RAC1, CDC42 and RHOA, in T cell lymphoma12.  
Inactivating or dominant negative mutations in RHOA are the 
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most common recurrent genetic event in AITL and are also pres-
ent in PTCL-NOS17–19. RAC1 and CDC42 genes are not recur-
rently mutated in lymphoma, yet they are activated by mutations of 
upstream GTP-exchange factors (GEFs), such as VAV1 and VAV3. 
VAV1 is frequently activated by mutations and translocations in 
PTCL20, whereas oncogenic ALK constitutively activates VAV1 and 
VAV3 in ALCL, thereby increasing RAC1 and CDC42 activity and 
promoting lymphoma survival21–23. Taken together, these studies 
indicate there is a critical role of downstream mediators of TCR sig-
naling and Rho GTPases in T cell lymphoma. In this context, in con-
trast to the well-characterized function of WASP and WIP in normal 
TCR signaling, their role in T cell lymphoma is largely unknown.

We investigated WASP and WIP expression in a series of T cell 
lymphomas and found that WASP and WIP expression are selec-
tively low or absent in ALCL but retained in lymphomas with con-
served TCR signaling, such as PTCL-NOS and AITL. WASP or WIP 
deficiency significantly accelerated the development of ALK-driven 
lymphoma in mice by increasing active CDC42 and enhancing 
MAPK signaling. Reduction of CDC42 abundance by deletion of 
one copy of Cdc42 abrogated the acceleration of lymphomagenesis 
in WASP-deficient mice. Therapeutically, the forced re-expression 

of WASP impaired lymphoma growth, and MAPK inhibitors poten-
tiated the effect of the ALK inhibitor crizotinib and exposed an 
enhanced vulnerability in ALK-driven lymphoma. Overall, these 
results indicate that WASP is a tumor suppressor in ALCL and high-
light specific therapeutic susceptibilities.

Results
Selective low expression of WASP and WIP in ALCL. To investigate 
the potential role of WASP and WIP in the ontogeny of T cell lym-
phomas, we analyzed WASP and WIP mRNA expression in a series of 
human T cell lymphomas, including AITL, PTCL-NOS, ALK+  and 
ALK-negative (ALK–) ALCL, which altogether account for more 
than 90% of T cell lymphomas24. ALK expression was confined to 
ALK+  ALCL, TNFSR8 (CD30) expression was enriched in ALCL; 
WASP, CDC42 and WASL (N-WASP) mRNA expression was similar 
in various subtypes of T cell lymphoma, whereas WIP mRNA was 
significantly lower in ALCL and lowest in ALK+  ALCL (Fig. 1a). 
Considering that WIP regulates WASP stability, we investigated the 
expression of WASP and WIP proteins by immunohistochemistry in 
a series of T lymphomas. We found that expression of WASP and WIP 
was frequently low or negative in ALCL, but it was always retained in 
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Fig. 1 | WASP and WIP are selectively down-regulated in ALCL. a, Gene-expression profiling analysis of ALK, WASP, WIP, N-WASP, CDC42 and TNFRS8 
(CD30) on different cases of human T cell lymphomas: AITL, n =  40; PTCL-NOS, n =  74; ALK– ALCL, n =  24, ALK+  ALCL, n =  30. The boxes represent the 
first and third quartiles and the line represents the median. The whiskers represent the upper and lower limits of the range (ALK+  ALCL versus AITL, 
****P =  5.85 ×  10−6; ALK+  ALCL versus PTCL-NOS, ****P =  6.08 ×  10−12; ALK+  ALCL versus ALK– ALCL, **P =  0.0075; significance was determined by 
unpaired, two-tailed Student’s t-test). TNFRS8 (CD30) is strongly expressed in ALK– and ALK+  ALCL but not in other TCL subtypes. b, Representative  
H&E staining and immunohistochemistry stainings performed with the indicated antibody on human T cell lymphoma subtypes. The number of human 
T cell lymphoma samples analyzed is reported in Fig. 1c. WASP antibody was validated in formalin-fixed samples on samples with inducible WASP 
expression (Supplementary Fig. 7f). WIP antibody cross reacts with mouse WIP and was validated on WIP knockout cells (Supplementary Fig. 1b). Scale 
bar, 100 μ m. Insets: high-magnification images. c, WASP and WIP expression in human T cell lymphoma subtypes. AITL, n =  20; PTCL-NOS, n =  20;  
ALK– ALCL, n =  29; ALK+  ALCL, n =  43 for WASP and n =  31 for WIP; other TCL are natural killer (NK)/T cell lymphoma, nasal-type, n =  3 and 
hepatosplenic γ δ  T cell lymphoma, n =  3. The number of patient samples is indicated for each lymphoma subtype. WASP and WIP expressions were 
quantified by immunostaining. Normal expression, expression equal to surrounding reactive T cells; low expression, decreased expression compared to 
surrounding reactive T cells; and no expression, absence of expression in lymphoma cells.
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AITL and PTCL-NOS as well as in other rare T cell lymphoma, such 
as natural killer (NK)/T cell lymphoma and γ δ  hepatosplenic T cell 
lymphoma (Fig. 1b,c and Supplementary Fig. 1a,b). Taken together, 
these data showed that WASP and WIP expression is selectively 
decreased in ALCL as compared to other T cell lymphomas.

WASP or WIP deficiencies accelerate T cell lymphoma develop-
ment. WASP-deficient mice do not develop lymphoma spontane-
ously and have normal T thymic cell maturation, but they exhibit 

defective T cell activation9. To directly address the biological role of 
WASP and WIP in ALCL, we crossed NPM-ALK transgenic mice with 
Wasp−/− mice. The NPM–ALK fusion protein is the canonical and 
most frequent driver oncogene in ALCL, and NPM-ALK transgenic 
mice develop T cell lymphoma with high penetrance25. NPM-ALK/
Wasp−/− females and NPM-ALK/Wasp−/− males showed similar phe-
notypes and are collectively referred as to NPM-ALK/Wasp−/− mice. 
As expected, NPM-ALK/Wasp−/− mice had a complete lack of WASP 
(Supplementary Fig. 1c). The number of T cells and the pattern of 
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Fig. 2 | WASP is an oncosuppressor in ALK+ T cell lymphoma. a, Kaplan–Meier analysis of overall survival of NPM-ALK transgenic mice crossed with 
WASP-deficient mice (blue, NPM-ALK/Wasp+/+, n =  35; light blue, NPM-ALK/Wasp+/−, n =  37; red, NPM-ALK/Wasp−/−, n =  30). The number of mice for 
each genotype is indicated. NPM-ALK/Wasp+/+ versus NPM-ALK/Wasp−/−, ****P <  0.0001; significance was determined by log-rank (Mantel–Cox) test. 
b, Western blot analysis from n =  3 independent primary lymphomas isolated from NPM-ALK transgenic mice crossed with WASP-deficient mice. The 
blot is representative of at least two independent experiments with similar results. Actin was used as a loading control. Uncropped blots are available in 
Supplementary Fig. 11. c, Kaplan–Meier analysis of overall survival of NPM-ALK transgenic mice crossed with WIP-deficient mice (blue, NPM-ALK/Wip+/+, 
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NPM-ALK/Wip+/−, ***P =  0.0044; NPM-ALK/Wip+/+ versus NPM-ALK/Wip−/−, **** P <  0.0001; significance was determined by log-rank (Mantel–Cox)  
test. d, Western blot analysis from n =  3 independent primary lymphomas isolated from NPM-ALK transgenic mice crossed with WIP-deficient mice.  
The blot is representative of at least two independent experiments with similar results. Actin was used as a loading control. Uncropped blots are available 
in Supplementary Fig. 11. e, Representative H&E stain (left) and immunohistochemistry for Ki-67 (middle) and cleaved Caspase 3 (right), performed on 
NPM-ALK lymphoma with the indicated genotypes (n =  5 mice for each genotype). Scale bar, 100 μ m. Insets: high-magnification images. f,g. Quantification 
of Ki-67 (f) and cleaved caspase 3 (g) positive cells in NPM-ALK lymphoma with the indicated genotypes (n =  5 mice for each genotype). Data are shown 
as means ±  s.d.; significance was determined by an unpaired, two-tailed Student’s t-test.
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thymic T cell development were comparable in NPM-ALK and NPM-
ALK/Wasp−/− mice (Supplementary Fig. 1d,e). Remarkably, WASP 
deficiency significantly accelerated the onset of lymphomas and has-
tened mortality (Fig. 2a,b). NPM-ALK/Wasp+/− female mice had pro-
tein abundance comparable to NPM-ALK/Wasp+/+ mice and did not 
show any acceleration in lymphomagenesis (Fig. 2a,b).

Mice with WIP deficiency have impaired T and B cell activa-
tion as a result of defects in the subcortical actin filament network. 
WASP is almost undetectable in Wip−/− mice because WASP stabil-
ity depends on binding to WIP2. Recently, patients with disruptive 
mutations in WIP have been identified. These patients lack expres-
sion of both WIP and WASP and present with a clinical phenotype 
similar to patients with WAS26,27. Therefore, we reasoned that if the 
amount of WASP protein is critical for the kinetics of NPM–ALK-
driven lymphoma, WIP deficiency should accelerate lymphomagen-
esis in a manner similar to WASP deficiency. Indeed, NPM-ALK/
Wip−/− mice phenocopied NPM-ALK/Wasp−/− mice with regard to 
the onset of lymphoma. In contrast to NPM-ALK/Wasp+/− mice, 
NPM-ALK/Wip+/− mice had a phenotype intermediate between 
NPM-ALK/Wip−/− and NPM-ALK/Wip+/+ mice (Fig. 2c). When we 
analyzed the protein levels, as expected, NPM-ALK/Wip−/− lym-
phomas had undetectable levels of both WIP and WASP3, whereas 
NPM-ALK/Wip+/− lymphomas expressed intermediate levels of 
both WIP and WASP (Fig. 2d). Immunostains for cleaved caspase 3  
and Ki-67 protein demonstrated that the accelerated lympho-
magenesis in NPM-ALK/Wasp−/− or NPM-ALK/Wip−/− mice was 
associated with reduced apoptosis and increased proliferation of 
lymphoma cells (Fig. 2e–g). The similarity of the survival pheno-
type between WASP and WIP-deficient mice (Fig. 2a–c) is consis-
tent with the near complete absence of WASP in WIP-deficient mice 
(Fig. 2d) and is in keeping with the known role of WIP in WASP 
stability3. Heterozygous Wip+/− mice had intermediate levels of 
WASP and WIP expression as well as an intermediate survival phe-
notype, indicating that relative levels of WASP can contribute to the 
kinetics of lymphoma development. Overall, these data suggest that 
WASP deficiency probably bears responsibility for the phenotype 
in WIP-deficient mice. These results mirror the findings in human 
patients with WAS, in whom a complete absence of the protein is 
associated with a more profound phenotype, including a higher risk 
of lymphoma development, compared to patients that retain par-
tial expression of WASP and present with milder phenotypes and a 
lower incidence of lymphoid malignancies10,28.

Oncogenic activity of NPM–ALK in lymphocytes controls actin 
polymerization via a direct activation of VAV1 and VAV3, which 
are GEFs for RAC1 and CDC4221,22. Lymphocytes transformed 
by NPM–ALK are large and irregular (hence the term ‘anaplastic’ 
that collectively defines ALK-rearranged lymphoma), hypermotile 
and have accentuated cellular polarization due to polar assembly 
of actin filaments21,23. Lymphomas that developed in NPM-ALK/
Wasp−/− or NPM-ALK/Wip−/− mice had a significantly smaller mean 
cellular diameter than NPM-ALK lymphoma cells (Supplementary 
Fig. 2a,b). NPM-ALK/Wasp−/− or NPM-ALK/Wip−/− lymphoma cells 
also showed markedly decreased actin polarization (Supplementary 
Fig. 2a,c), consistent with defects of actin nucleation and assembly 
associated with complete loss of WASP or WIP. In reverse experi-
ments, doxycycline-inducible overexpression of WASP and WIP 
in human ALCL resulted in increased mean cellular diameter and 
actin polymerization (Supplementary Fig. 2d,e).

CDC42 mediates accelerated lymphoma development in WASP-
deficient cells. To elucidate the mechanisms of accelerated lympho-
magenesis in the absence of WASP, we characterized the expression 
profiles of NPM-ALK-Wasp−/− lymphomas (Supplementary Fig. 3a). 
Gene set enrichment analysis demonstrated that serum response 
factor pathway, known to be activated by Rho family GTPase sig-
naling29, as well as other GTPase signatures, were significantly 

enriched in NPM-ALK/Wasp−/− lymphoma compared to NPM-
ALK/Wasp+/+ lymphoma (Supplementary Fig. 3b–d). Since WASP is 
a critical substrate of GTP-bound CDC42, we reasoned that WASP 
deficiency could affect CDC42 activity in lymphoma cells, result-
ing in an increased GTPase signature. To explore this possibility, 
we assessed the abundance of active GTP-bound CDC42 in NPM-
ALK/Wasp−/− lymphoma. We analyzed NPM-ALK/Wasp−/− and 
NPM-ALK/Wasp+/+ lymphomas by CDC42-specific GTPase assay. 
NPM-ALK/Wasp−/− lymphomas had significantly higher levels of 
GTP-bound CDC42 than NPM-ALK/Wasp+/+ lymphomas (Fig. 3a), 
indicating that the amount of active CDC42 is increased in cells that 
lack WASP. In addition to increased CDC42 activation, NPM-ALK/
Wasp−/− lymphomas also showed increased activation of the MAPK 
pathway as assessed by ERK1/2 phosphorylation (Fig. 3b).

To assess directly whether CDC42 abundance was critical for lym-
phoma acceleration in WASP-deficient cells, we crossed NPM-ALK/
Wasp−/− mice with a conditional Cdcd42lox allele; deletion of Cdc42 in 
T cells was accomplished by further crossing with CD4-Cre mice23. 
The deletion of one Cdc42 allele was associated with decreased 
protein abundance (Fig. 3c) and was sufficient to delay lymphoma 
development in NPM-ALK/Wasp−/− mice (Fig. 3d). Remarkably, 
lymphoma development and survival of NPM-ALK/Wasp−/−/
Cdc42f/+/CD4-Cre mice was similar to NPM-ALK/Wasp+/+ mice. 
NPM-ALK/Wasp−/− mice with a complete knockout of Cdc42 (NPM-
ALK/Wasp−/−/Cdc42f/f/CD4-Cre mice) died prematurely because 
of multiorgan failure due to an inflammatory infiltrate, and so the 
development of lymphoma could not be assessed. Apoptosis was 
uniformly higher and proliferation consistently lower in NPM-ALK/
Wasp−/−/Cdc42f/+/CD4-Cre lymphomas than in NPM-ALK/Wasp−/− 
lymphomas but was comparable to NPM-ALK/Wasp+/+ lymphomas  
(Fig. 3e–g). We conclude that the accelerated lymphomagenesis in 
NPM-ALK/Wasp−/− mice depends on the abundance of CDC42.

To further characterize the role of CDC42 in NPM-ALK/Wasp−/− 
lymphomas, we immortalized lymphoma cell lines of different 
genotypes and induced Cdc42 deletion with a tamoxifen-inducible 
Cre-recombinase. As expected, deletion of one Cdc42 allele reduced 
CDC42 protein abundance by approximately 50%, whereas bial-
lelic deletion abrogated CDC42 expression (Fig. 4a). Deletion of 
one Cdc42 allele significantly impaired the growth of NPM-ALK/
Wasp−/− lymphoma cells but not of NPM-ALK/Wasp+/+ lymphoma 
cells (Fig. 4b), mirroring the results obtained in mice (Fig. 3d) and 
confirming that CDC42 abundance is critical for Wasp−/− lym-
phoma. Consistently, deletion of one Cdc42 allele produced an 
increase in apoptosis in NPM-ALK/Wasp−/− lymphomas but not in 
NPM-ALK/Wasp+/+ lymphoma cells (Fig. 4c). Consistent with our 
previous findings23, in NPM-ALK/Wasp+/+ lymphoma only the bial-
lelic deletion of Cdc42 induced impairment of lymphoma growth 
and apoptosis (Fig. 4c). Altogether, these data demonstrate that 
WASP-deficient cells are exquisitely sensitive to the cellular abun-
dance of CDC42.

Oncogenic ALK activity promotes WASP and WIP downregu-
lation via STAT3 and C/EBP-β. To investigate WASP- and WIP-
dependent mechanisms of ALK+  ALCL lymphoma progression, 
we measured WASP and WIP expression in ALK cell lines and 
confirmed that in several cell lines they were lower than in normal  
T cells or other lymphoma types (Fig. 5a and Supplementary Fig. 4a). 
By contrast, N-WASP was not decreased in ALCL (Supplementary 
Fig. 5a). WIP mRNA was lower in ALK+  ALCL cell lines than in 
other T cell lines or in T cells from normal donors, whereas WASP 
mRNA was more variable (Fig. 5b). Overall, these patterns of gene 
expression in ALCL cell lines recapitulate the findings in primary 
ALCL from patients (Fig. 1).

As it is known that ALK oncogenic activity controls protein expres-
sion by transcriptional regulation or epigenetic silencing30,31, we 
tested whether WASP and WIP expression were directly controlled  
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by ALK activity. Knocking-down ALK expression with an inducible 
shRNA system32, led to increased WASP and WIP mRNA and pro-
tein expression (Fig. 5c,d). Consistently, inhibition of ALK activity 
by the ALK inhibitors crizotinib and alectinib resulted in increased 
WASP and WIP mRNA expression (Fig. 5e). Conversely, doxycy-
cline-inducible expression of oncogenic ALK in ALK-negative lym-
phoma cells down-regulated the expression of both WASP and WIP 
(Supplementary Fig. 5b). Treatment of cells with azacitidine, which 

is known to restore expression of genes, such as LAT and ZAP70, 
that are repressed by ALK through methylation30,31, did not change 
WASP and WIP expression (Supplementary Fig. 5c,d). Oncogenic 
ALK activates several downstream pathways, with STAT3 and C/
EBP-β  representing key downstream effectors16. Knock-down of 
either STAT3 or C/EBP-β resulted in an increased WASP and WIP 
mRNA and protein levels (Fig. 5f and Supplementary Fig. 5e–g). 
Taken together, these data indicate that ALK oncogenic activity 
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Fig. 3 | CDC42 and ERK hyperactivation in WASP-deficient lymphoma. a, Quantification of active GTP-bound CDC42 using CDC42 G-LISA assay kit on 
cell lines derived from NPM-ALK lymphoma with the indicated genotypes (NPM-ALK/Wasp+/+ and NPM-ALK/Wasp−/−, n =  7). Cdc42 knockout cell lines 
(NPM-ALK/Cdc42f/f/CD4-Cre cell lines, n =  2) were used as a control for the assay. Data are shown as means. Significance was determined an by unpaired, 
two-tailed Student’s t-test. b, Western blot performed with the indicated antibodies on lymphoma cell lines obtained from NPM-ALK transgenic mice with 
the indicate genotypes (left); quantification of phosphorylated ERK (P-ERK) in lymphoma cell lines (right) (n =  4 biologically independent samples). Data 
are shown as means ±  s.d.; significance was determined by an unpaired, two-tailed Student’s t-test. Actin was used as a loading control. Uncropped blots 
are available in Supplementary Fig. 11. c, Western blot analysis for WASP, WIP and CDC42 expression on the indicated lymphoma cell lines. Densitometric 
values of the CDC42 bands normalized to actin are indicated. The blot is representative of at least two independent experiments with similar results. Actin 
was used as a loading control. Uncropped blots are available in Supplementary Fig. 11. d, Kaplan–Meier survival curves of NPM-ALK transgenic mice crossed 
with Wasp+/+ or Wasp−/− mice with Cdc42 haploinsufficiency (blue, NPM-ALK/Wasp+/+, n =  35 mice; light blue, NPM-ALK/Wasp−/−/Cdc42f/+/CD4-Cre,  
n =  24; red, NPM-ALK/Wasp−/−, n =  30; black, NPM-ALK/Wasp−/−/Cdc42f/f/CD4-Cre, n =  8; orange, NPM-ALK/Wasp+/+/Cdc42f/f/CD4-Cre, n =  34). The 
number of mice for each genotype is indicated. ****P <  0.0001; significance was determined by log-rank (Mantel–Cox) test. e, Representative H&E stain 
(left) and immunohistochemistry for Ki-67 (middle) and cleaved caspase 3 (right), performed on NPM-ALK lymphoma with the indicated genotypes (n =  4 
mice for each genotype). Scale bar, 100 μ m. Insets: high-magnification images. f,g, Quantification of Ki-67 (f) and cleaved caspase 3 (g) positive cells in 
NPM-ALK lymphoma with the indicated genotypes (n =  5 mice for each genotype). Data are shown as means ±  s.d.; significance was determined by an 
unpaired, two-tailed Student’s t-test.
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Fig. 4 | CDC42 is essential for the survival of WASP-deficient lymphoma cells. a, Western blot analysis for ALK, WASP, WIP and CDC42 on 
lymphoma cell lines obtained from NPM-ALK transgenic mice with the indicated genotypes, transduced with CreERT2 and treated with 10 nM 
4-hydroxytamoxifen (4-OHT) for 4 h (left). The blot is representative of three independent experiments with similar results. Actin was used as a 
loading control. Uncropped blots are available in Supplementary Fig. 11. Mean protein expression of CDC42 in mouse cell lines that were treated 
with 4-OHT or were not treated (right). Data are shown as means ±  s.d. from three independent experiments with similar results; significance was 
determined by an unpaired, two-tailed Student’s t-test. b, Cell growth assay performed on lymphoma cell lines obtained from NPM-ALK transgenic 
mice with the indicated genotypes, transduced with CreERT2 and treated with 4-OHT. Measurements were taken at the indicated time points (n =  3 
biologically independent samples). Data are shown as means ±  s.e.m.; significance was determined by unpaired, two-tailed Student’s t-test; n.s., not 
significant. c, Apoptosis analysis performed on lymphoma cell lines obtained from NPM-ALK transgenic mice with the indicated genotypes that were 
treated as in a. Measurements were taken at the indicated time points by TMRM staining and flow cytometry analysis. The percentage of dead  
cells was calculated above background (n =  3 independent experiments). Data are shown as means ±  s.d.; significance was determined by unpaired, 
two-tailed Student’s t-test.
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impairs WASP and WIP expression by a transcriptional repression 
mediated by STAT3 and C/EBP-β . To investigate if STAT3 and C/
EBP-β  might directly regulate expression of WAS and WIPF1 genes, 
we performed chromatin immunoprecipitation and sequencing 
(ChIP-seq) on ALCL cell lines treated with crizotinib. As expected, 
3 h of treatment with crizotinib blocked ALK phosphorylation 
that in turn resulted in a marked de-phosphorylation of STAT3 
without affecting total STAT3 levels (Supplementary Fig. 6a).  
When ALK was active, STAT3 bound genome-wide, whereas in 
the presence of crizotinib STAT3 binding was almost completely 
abrogated throughout the genome (Fig. 5g and Supplementary  
Fig. 6c), including at loci proximal to both the WAS and WIPF1 
genes (Fig. 5h,i). In contrast, C/EBP-β  bound to WAS and WIPF1 
genes but its binding was not affected by ALK blockade (Fig. 5h,i 
and Supplementary Fig. 6b,c). Remarkably, STAT3 and C/EBP-
β  binding sites co-localized with H3K4me3 and H3K27Ac marks 
indicating that they could functionally contribute to WASP and 
WIP expression (Supplementary Fig. 6d). Thus, our results are con-
sistent with a model by which STAT3 and C/EBP-β  regulate WASP 
and WIP expression where STAT3 regulation directly depends on 
an ALK-mediated activation.

WASP and WIP abundance control lymphoma growth. As 
absence of WASP accelerates lymphoma growth in mouse mod-
els, we reasoned that decreased WASP and WIP expression could 
contribute also to the biology of human ALK+  ALCL. To test this 
hypothesis, we forcibly re-expressed WASP and WIP in ALCL cells 
by using a doxycycline-inducible lentiviral vector. Transduction 
with WASP vector alone did not increase WASP expression (data 
not shown), whereas transduction with WIP lentivirus induced a 
moderate increase in endogenous WASP (Supplementary Fig. 7a), 
confirming that the levels of WASP in ALCL are regulated by WIP 
as they are in normal T cells. When ALCL cells were co-transduced 
with both WASP and WIP lentiviruses, WASP expression was com-
parable to normal T cells (Fig. 6a). On WASP and WIP induction, 
the GTP-bound form of CDC42 markedly decreased in ALCL cells, 
thus confirming that the WASP expression level regulates the abun-
dance of active CDC42 also in human ALCL cell lines (Fig. 6b). 
Next, we found that ALCL cell lines with induced WASP and WIP 
expression had impaired growth in vitro (Supplementary Fig. 7b–d) 
associated with an increased fraction of cells arrested in G1 phase 
of the cell cycle (Supplementary Fig. 7e). Consistently, the growth 
of ALCL mouse xenografts was significantly reduced when WASP 
and WIP expression was induced in vivo (Fig. 6c). Induced expres-
sion of WASP in ALCL xenografts was associated with a significant 

increase in apoptosis and a decrease in proliferation (Fig. 6d,e and 
Supplementary Fig. 7f). Furthermore, the activation of the MAPK 
pathway, as measured by phosphorylated ERK1/2 levels, decreased 
upon WASP and WIP induction, concomitant with an increase in 
cleaved caspase 3 (Supplementary Fig. 4b). Thus, the low expres-
sion of WASP and WIP contributes the pathogenesis of ALCL, and 
the restoration of their expression impairs lymphoma growth by 
decreasing the amount of active CDC42 and MAPK signaling.

MAPK activation is a therapeutic vulnerability in WASP-deficient 
lymphoma. Finally, we reasoned that increased MAPK signaling in 
ALCL cells expressing low levels of WASP could represent a thera-
peutic vulnerability. To test this concept, we treated lymphoma cells 
with trametinib, a MEK inhibitor approved for melanoma treatment 
and currently in trial for lymphoma (NCT00687622). Lymphomas 
from NPM-ALK/Wasp−/− mice were more sensitive than wild-type 
lymphoma to trametinib (Fig. 6f) as well as to additional MEK 
inhibitors (selumetinib, MEK162 and PD0325901) (Supplementary 
Fig. 8a). Consistently, human ALCL with low WASP expression 
(SU-DHL1 and JB6) were also more sensitive than ALCL with 
higher WASP expression (TS and L82) (Supplementary Fig. 8b). 
Considering that ALK inhibitors have potent clinical activity in 
ALK+  ALCL16,33, we also investigated whether MEK inhibition 
could potentiate ALK inhibitors in a combination therapy, as has 
been recently suggested for ALK-rearranged lung cancer34. In vitro, 
NPM-ALK lymphoma lines were sensitive to crizotinib, and the 
combination with trametinib further potentiated crizotinib activ-
ity (Supplementary Fig. 8c). In vivo, trametinib alone did not have 
an effect against NPM-ALK lymphoma, as expected from similar 
experiment in ALK+  lung cancer34. In contrast, the combination of 
trametinib with crizotinib was more potent than crizotinib alone for 
the treatment of NPM-ALK/Wasp−/− but not wild-type lymphoma 
(Fig. 6g), supporting the concept that the MAPK pathway is a thera-
peutic vulnerability in WASP-deficient lymphoma.

Lymphocytes from patients with WAS show increased CDC42 
activity and MAPK signaling. Patients with WAS have a variety 
mutations in the WAS gene that result in a variably reduce abun-
dance or function WASP7. As in human ALCL and mouse models, 
the reduced or absent expression of WASP increases the abundance 
of active CDC42, and so we reasoned that lymphocytes from patients 
with absent or very low WASP expression should display higher 
CDC42 activation than control lymphocytes. We characterized 
Epstein–Barr virus (EBV)-immortalized B lymphocytes from three 
patients with WAS with defined WAS mutations (Supplementary 

Fig. 5 | Oncogenic ALK down-regulates WASP and WIP expression through STAT3 and C/EBPβ. a, Western blot performed on human ALK+  ALCL 
cell lines and ALK– T lymphoma lines or normal T cells blotted with the indicated antibodies. The blot is representative of two independent experiments 
with similar results. Actin was used as a loading control. Uncropped blots are available in Supplementary Fig. 11. b, Quantative real-time PCR (qRT-
PCR) expression analysis of WASP and WIP mRNA in human ALK+  ALCL cell lines and ALK– T lymphoma lines or normal T cells (n =  3 independent 
experiments). Data are shown as means ±  s.d. c, qRT-PCR expression analysis of WASP and WIP mRNA on two representative ALK+  ALCL human cell 
lines (TS and SU-DHL1) transduced with a doxycycline-dependent ALK shRNA or control shRNA (n =  3 independent experiments). Data are shown 
as means ±  s.d.; significance was determined by an unpaired, two-tailed Student’s t-test. d, Western blot analysis on the same cells as in c collected 
at 96 h. Densitometric values of the bands are indicated. One representative experiment out of three performed is shown. Actin was used as a loading 
control. Uncropped blots are available in Supplementary Fig. 11. e, qRT-PCR expression analysis of WASP and WIP mRNA on three representative ALK+  
ALCL human cell lines (TS, JB6 and Karpas-299) treated with two different ALK inhibitors, alectinib (30 nM) and crizotinib (100 nM) for 12 h (JB6 and 
Karpas-299) or 24 h (TS) (n =  3 independent experiments). Data are shown as means ±  s.d.; significance was determined by an unpaired, two-tailed 
Student’s t-test. f, qRT-PCR expression analysis of WASP and WIP mRNA on the ALK+  TS cell line in which the expression of STAT3 has been knocked 
down by the specific shRNA. The corresponding western blot of the shRNA knockdown is shown on the left. Two independent shRNA have been used for 
each knockdown assay (indicated with numbers 1 and 2). A scrambled shRNA has been used as control (n =  3 independent experiments). Data are shown 
as means ±  s.d.; significance was determined by an unpaired, two-tailed Student’s t-test. The blot is representative of three independent experiments with 
similar results. Actin was used as a loading control. Uncropped blots are available in Supplementary Fig. 11. g, Heatmaps (left) and metaplots (right) of 
global STAT3 peaks obtained by ChIP-seq in SU-DHL1 cells treated for 3 h with crizotinib (300 nM). h,i, STAT3 or C/EBP-β  ChIP-seq tracks at WAS (h) 
and WIPF1 (i) genes on two representative ALK+  ALCL human cell lines (JB6 and SU-DHL1) treated for 3 h with crizotinib (300 nM). The experiment was 
performed once on two independent cell lines with similar results.
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Fig. 9a) and low or absent WASP expression (Supplementary  
Fig. 9b). Indeed, lymphocytes from patients with WAS showed 
higher levels of CDC42 activation than control cells (Supplementary 
Fig. 9c), in keeping with observations in NPM-ALK lymphoma 
cells. In addition, WAS lymphocytes showed decreased phosphory-
lation of STAT3 and AKT, consistent with defective cytokine pro-
duction in WASP-deficient lymphocytes35, but they showed higher 
levels of ERK and S6 phosphorylation, consistent with increased 
activation of the MAPK pathway (Supplementary Fig. 9b). These 

data show that lymphocytes from patients with WAS with absent 
WASP expression have higher activity of CDC42 and MAPK sig-
naling, suggesting the possibility that the predisposition of patients 
with WAS to lymphoma could be associated to an intrinsic aberrant 
signaling in their lymphocytes.

Discussion
WASP and WIP are essential regulators of the cytoskeleton in hema-
topoietic cells. Proper cytoskeletal regulation is fundamental for a 
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Fig. 6 | MAPK pathway is a therapeutic vulnerability in WASP-deficient cells. a, Western blot analysis of ALK+  ALCL cell lines (SU-DHL1, JB6, 
Karpas-299 and DEL) transduced with doxycycline (doxy)-inducible lentivirus co-expressing WASP and WIP (W&W) or a control reporter GFP (Ctrl). 
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blot is representative of at least two independent experiments with similar results. Actin was used as a loading control. Uncropped blots are available in 
Supplementary Fig. 11. b, Quantification of active GTP-bound CDC42 on the SU-DHL1 cell line after induction of WASP and WIP expression using CDC42 
activation assay kit. CDC42 knockout (CDC42−/−) cells were used as a negative control of the assay. One representative of two independent experiments 
in triplicates is shown. c, Growth of xenografted tumors in Nod scid gamma (NSG) mice injected with ALK+  ALCL cells (Karpas-299, SU-DHL1, JB6 and 
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maximal inhibitory concentration (IC50) values (μ M, n =  3 biologically independent samples). Data are shown as means ±  s.d. g, Growth of WASP wild type 
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variety of functions in lymphocytes and other hematopoietic cells, 
including lymphocyte proliferation and homeostasis7. Patients with 
WAS have a variable degree of immunodeficiency and an overall 
increased risk of developing hematologic malignancies, mostly 
lymphomas, that are thought to develop because of the immuno-
deficiency state10. In this work, we provide evidence that WASP 
is an oncosuppressor in T lymphocytes, and we identify ALCL as 
a specific subtype of T cell lymphoma in which WASP and WIP 
expression is selectively downregulated and contributes to lym-
phoma pathogenesis. An interesting expansion of this work would 
be to study WASP and WIP expression in B cell lymphoma or other 
hematologic malignancies. Furthermore, we provide evidence that 
the levels of the Rho GTPase CDC42 are essential for the tumor-
suppressor functions of WASP. The acceleration of lymphoma 
development in Wasp−/− mice was dependent on the abundance of 
CDC42 in lymphoma cells; Wasp−/− lymphomas had significantly 
higher amount of active GTP-bound CDC42 and a reduction of 
about half CDC42 protein was sufficient to revert the phenotype in 
vitro and in vivo (Fig. 3d and Fig. 4b,c). Similar WASP-dependent 
regulation of active CDC42 was found in human ALCL (Fig. 6b) 
as well as in immortalized B lymphocytes from patients with WAS 
(Supplementary Fig. 9c), demonstrating that active CDC42 accu-
mulates in normal and tumor lymphocytes in the absence of WASP.

Considering the known role of WASP and WIP in T cell acti-
vation, we evaluated the possibility that the accelerated lymphoma 
development observed in WASP- and WIP-deficient mice could 
be associated to a defective immunosurveillance. However, sev-
eral findings suggest that defective immunosurveillance is not suf-
ficient to explain the accelerated lymphomagenesis in WASP- and 
WIP-deficient mice. First, in contrast to other classical immuno-
deficient strains such as Nod scid mice, Wasp−/− and Wip−/− mice 
do not develop spontaneous lymphomas or other tumors2,9, thus 
implying that the level of immunodeficiency is probably mild in 
these mice. Second, T cell functional defects are more pronounced 
in Wip−/− mice than in Wasp−/− mice2, yet the acceleration of lym-
phomagenesis is comparable in the two genetic backgrounds. Third, 
Wasp−/−/Cdc42f/+/CD4-Cre T cells had defective T cell proliferation 
(Supplementary Fig. 10a) and defective MAPK pathway activation 
(Supplementary Fig. 10b) similar to Wasp−/− T cells, yet the loss of 
one copy of Cdc42 is sufficient to revert the lymphoma acceleration 
observed in Wasp−/− mice (Fig. 3d). Fourth, if the immunodeficiency 
of Wasp−/− mice would be a major contribution to the accelerated 
lymphomagenesis, Wasp−/− lymphoma should have incurred into 
a limited immunoediting and have growth significantly impaired 
when transplanted into immunocompetent mice. In contrast, wild-
type and Wasp−/− lymphoma grew equally in immunocompetent 
mice (Supplementary Fig. 10c). Finally, experiments in human 
ALCL clearly show that the cellular levels of WASP and WIP intrin-
sically contribute to lymphoma growth in vitro and in vivo.

We showed that WASP and WIP expression are selectively 
decreased in ALCL, a subtype of T cell lymphoma that can be 
driven by translocations involving the ALK gene in ALK+  ALCL 
or by translocations involving other tyrosine kinases or phospha-
tases in ALK−  ALCL14,15. Interestingly, aberrant STAT3 activation 
is frequent in both ALK+  and ALK−  ALCL where STAT3 phos-
phorylation is directly controlled by ALK or other oncogenic tyro-
sine kinases, such as ROS1 and TYK214,36. We showed that ALK 
oncogenic activity mediates downregulation of WASP and WIP 
through a STAT3 and C/EBP-β  dependent transcriptional repres-
sion. ChIP-seq experiments showed that abrogation of STAT3 acti-
vation by ALK inhibitors resulted in a profound genome-wide loss 
of STAT3 binding as well as that at WAS and WIPF1 genes (Fig. 5g–i  
and Supplementary Fig. 6b,c) Therefore, WASP and WIP down-
regulation could represent a common feature of T cell lymphomas 
where the activity of STAT3 predominates, typically those induced 
by deregulated tyrosine kinases such as ALCL. In contrast, AITL 

and PTCL are more dependent on a tonic TCR signaling that relies 
on the maintenance of cytoskeletal signaling functions in which 
WASP and WIP are essential. However, TCR ligation induces 
WASP degradation that in turn modifies assembly of F-actin. Thus, 
reduced levels of WASP after TCR engagement could also play a role 
in downstream signaling in normal T cells37.

Other mechanisms may contribute to the downregulation of 
WASP or WIP in ALCL. For example, a recent study showed that 
NPM–ALK directly phosphorylates Tyr102 of WASP; this phos-
phorylation impairs the binding of WASP to WIP and increases 
proteasome-dependent WASP degradation38, overall confirming 
that ALK downregulates WASP expression by multiple mecha-
nisms. In contrast to our findings, however, this study concluded 
that WASP contributes to the oncogenic activity of ALK. This dis-
crepancy probably originates from a different approach that focused 
on abrogating the residual WASP expression by shRNA rather than 
investigating the overall low levels of WASP in ALCL.

Whereas WAS and WIPF1 mutations in ALCL have not been 
systematically studied, interestingly somatic loss of function 
(WASG229E) or frame-shift mutations (WASG333fs and WASP329fs) lead-
ing to premature WASP truncation similar to patients with WAS 
have been detected in 4.6% of PTCL-NOS19, raising the intriguing 
possibility that a fraction of other T cell lymphomas rely on somatic 
inactivation of WASP. In an ongoing effort to characterize WAS and 
WIPF1 genes in ALCL, we performed whole-exome sequencing in 
six cases of ALK+  ALCL. No somatic mutations of the WAS, WIPF1 
and CDC42 genes were found, but deletions of chromosome X in 
the region containing the WAS gene was detected in two out of six 
cases, suggesting that gene deletion could be an additional mecha-
nisms for WASP inactivation in ALCL. Furthermore, we found one 
case with a mutation of the intersectin 2 (ITSN2) gene and two 
cases with mutations of the Myosin Heavy Chain 8 (MYH8) genes 
(Supplementary Table 1). ITSN2 is a GEF for CDC42 and regulates 
its activation39 and interacts directly with WASP40. MYH8 is associ-
ated with the PAK and GTPase pathways. Interestingly, this gene 
was recently found also mutated in ALK−  ALCL14. These are lim-
ited observations that need to be expanded in larger series of cases 
but could underlie additional potential mechanisms that alter the 
CDC42–WASP axis in T cell lymphoma.

Taken together, it is tempting to propose that T cell lymphomas 
can be divided into two main categories. In T cell lymphomas that 
retain TCR signaling dependence, such as PTCL-NOS and AITL, 
WASP and WIP functions are maintained, at least initially, as they 
are key molecules for the immunological synapse and TCR signal-
ing; once a lymphoma is established, inactivating mutations of WASP 
could be further selected by providing additional growth advantage. 
On the other hand, in T cell lymphomas that lost TCR signaling and 
depend on aberrant tyrosine kinase activity, such as ALCL, WASP 
and WIP are lost or downregulated as they act as tumor suppressors; 
their downregulation provides a biological advantage by increased 
active CDC42 and MAPK signaling. In these lymphomas, the hyper-
activated MAPK pathway could represent an actionable therapeutic 
vulnerability when combined with the inhibition of ALK, which is 
the driver oncogene in ALK+  ALCL. Thus, inhibition of both ALK 
and MEK inhibitors could represent a more powerful therapeutic 
strategy in ALK+  ALCL, possibly for those patients who respond 
poorly to crizotinib33. A similar concept has been recently suggested 
for ALK+  lung cancers34.

In conclusion, by combining genetic and functional assays we 
have demonstrated an unexpected role for WASP and WIP as onco-
suppressor proteins in lymphomas. Mechanistically, we have shown 
that the levels of CDC42 activation are increased in the absence of 
a binding to WASP, leading to increased proliferation and survival 
of lymphoma cells. The activation of CDC42 and MAPK path-
way provides a therapeutic vulnerability in lymphoma with low  
WASP expression.
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Methods
Transgenic mice and tumor xenografts. CD4-NPM-ALK transgenic mice25,  
CD4-Cre36, Cdc42f/f41, Wasp−/−9 and Wip−/− (ref. 2) were previously described.  
CD4-NPM-ALK, Wasp−/− and Wip−/− mice were bred in C57BL/6 background. 
NSG immunocompromised mice were purchased from Charles River Laboratories. 
For subcutaneous xenografts, human ALCL cell lines transduced with inducible 
lentiviral vectors expressing WASP and WIP complimentary DNA were injected 
in both flanks of NSG mice; 5 ×  106 cells were resuspended in 150 µ l PBS and 
injected. Injected mice were administered drinking water containing doxycycline 
(1 mg ml−1) (Sigma) to express WASP and WIP cDNA. Tumor growth was 
measured with a caliper every two days. Mice were euthanized at humane 
endpoint, and tumors were resected with a scalpel and snapped frozen or paraffin 
fixed in buffer neutral formalin for further experiments.

Mice were treated with trametinib (1.5 mg kg−1) or crizotinib (30 mg kg−1)  
or a combination of the two inhibitors by oral gavage once a day for a week.  
Tumor growth was measured with a caliper every two days. Both drugs were 
dissolved in 0.5% methylcellulose +  0.05% Tween-80. Mice were euthanized at 
humane endpoint.

Lymphoma cell lines obtained from NPM-ALK transgenic mice were injected 
subcutaneously in both flanks of syngeneic C57BL/6 or NSG mice, and 10 ×  106 
cells were resuspended in 150 µ l PBS and injected. Tumor growth was followed as 
described above.

Mice were handled and treated in accordance with European Community 
guidelines under the mouse protocol approved by the Italian Ministry of Research 
(no. 254/2017-PR).

Cell lines and reagents. Human ALK+  ALCL cell lines (TS, SU-DHL1, JB6, 
Karpas-299, DEL, SUP-M2 and L82) and ALK−  cell lines (MAC-1, FePD 
and Jurkat) ALCL cell lines were obtained from DSMZ (German collection 
of Microorganisms and Cell Cultures). Cell lines were maintained in RPMI 
1640 (Lonza) with 10% fetal bovine serum (FBS), 2% penicillin, streptomycin 
(5 mg ml−1), (Gibco) and 1% glutamine (Gibco). Cell lines were grown at 37 °C in a 
humidified atmosphere with 5% CO2. ALCL cell lines transduced with doxycicline-
inducible shRNA to knock down ALK expression were previously described32.

HEK-293T and 293 Phoenix packaging cells were obtained from DSMZ  
and cultured in DMEM, 10% FBS, 2% penicillin, streptomycin 5 mg ml−1 and  
1% glutamine.

ALK+  Ki-JK and ALK−  T cell lymphoma lines were kindly provided by D. 
Weinstock (Dana-Farber Cancer Insitute). DL-40 (ALK-negative ALCL) were 
maintained in IMDM +  20% FBS; Ki-JK, OCI-Ly13.2 (T cell lymphoma) and 
OCI-Ly12 (PTCL-NOS) were maintained in RPMI +  10% FBS; MAC2A (ALK-
negative ALCL) was maintained in RPMI +  20% FBS; and DERL2 (hepatosplenic  
T cell lymphoma) was maintained in RPMI +  20% FBS +  100 U per ml human IL-2. 
ALK+  COST cell line was kindly provided by L. Lamant (Centre de Recherche en 
Cancérologie de Toulouse).

Immortalized EBV-transformed B lymphoblastoid cell lines were obtained 
from healthy controls and patients with WAS (enrolled in clinical protocol 04-09-
113R) as previously described42 and cultured in RPMI 1640 medium (Thermo 
Fisher Scientific) supplemented with 10% FBS, 2% penicillin, streptomycin 
5 mg ml−1 (Gibco) and 1% glutamine (Gibco).

Murine lymphoma cell lines were obtained from transgenic mice with the 
corresponding genotype. Briefly, at the humane endpoint mice were euthanized 
and tumoral thymuses were resected. Single-cell suspensions were prepared 
from fresh tumoral thymuses with mechanical disgregation and were isolated by 
using 40-μ m nylon cell strainer (BD Biosystems). Cells were grown in RPMI and 
cultured for at least 4 weeks before proceeding with further experiments.

Virus preparation and cell transduction. Lentiviruses were produced using 
the third-generation production system. Briefly, 293T cell lines were cultured in 
DMEM with 10% FBS. Cells at 70% confluency were co-transfected with pVSVG, 
pCMVR8.74, pRSV-Rev and a lentiviral vector expressing the construct of interest. 
Medium was replenished 12 or 18 h after transfection, and the supernatant was 
collected after 24 and 48 h. Collected supernatants were filtered through a 0.22-μ m  
filter, concentrated by ultracentrifugation (× 50,000g for 2 h) and resuspended in 
500 μ l of sterile PBS. For infection, 5 ×  104 cells were infected with the prepared 
lentivirus along with polybrene (8 μ g ml−1), and cells with viral particles were spun 
down at 2,500 r.p.m. for 90 min and then incubated at 37 °C overnight.

STAT3- and C/EBP-β -specific shRNAs and inducible ALK shRNA have  
been previously described43,44. Human Flag-WASP and Flag-WIP cDNA were 
obtained from A. Galy (Institut Gustave Roussy) and from Addgene, respectively. 
For the doxycycline-inducible system (Tet-ON), WASP and WIP cDNA were 
cloned into a modified pCCL vector as previously described45. SU-DHL1, JB6,  
DEL and Karpas-299 cell lines were co-infected with pCCL and rtTA plasmids.  
For cell-sorting enrichment, cells were induced with 1 μ g ml doxycycline for  
12 h and sorted for GFP expression on a MoFlo High-Performance Cell Sorter 
(DAKO Cytomation).

Retroviruses were generated by transfection of pWZL Blast vector expressing 
CRE-ERT2 in 293 Phoenix packaging cells. Transfected cells were incubated at 
37 °C for 12 or 18 h, and supernatants containing viral particles were collected at 24 

and 48 h. 300 µ l retroviral supernatants were used to transduce 5 ×  104 lymphoma 
cells as previously described23. CRE-ERT2-transduced cells were selected using 
blasticidin (Calbiochem) at 25 µ g ml−1 for 6 days.

Cell lysis and immunoblotting. Total cellular protein was extracted with GST-
FISH buffer (10 mM MgCl2, 150 mM NaCl, 1% NP40, 2% glycerol, 1 mM EDTA, 
25 mM HEPES pH 7.5), added with 1 mM phenylmethylsulfonyl fluoride, 10 mM 
NaF, 1 mM Na3VO4 and protease inhibitors (Roche). Total cell lysate was cleared by 
centrifugation (13,000 r.p.m.) at 4 °C in a microcentrifuge for 10 min and quantified 
using the Bio-Rad protein assay method. Protein samples were normalized based 
on protein concentration, denaturated by addition of Laemmli buffer and boiled 
for 10 min. Thirty to fifty micrograms of proteins were run on sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis under reducing conditions and 
transferred to nitrocellulose (GE Healthcare). Membranes were incubated with 
specific antibodies, detected with peroxidase-conjugated secondary antibodies  
(GE Healthcare) and enhanced using chemiluminescent reagent (Amersham).

The following primary antibodies were used: anti-ALK (Invitrogen, Catalog 
no. 35–4300), anti-human WASP (Epitomics, Clone:EP2541Y, Catalog no. 2422-1), 
anti-murine WASP (Cell Signaling Technology, Catalog no. 4860), anti-N-WASP 
(Cell Signaling Technology, Clone:30D10, Catalog no. 4848), anti-WIP (Santa 
Cruz Biotechnology, Clone:H-224, Catalog no. sc-25533), anti-phospho-STAT3 
(Tyr705) (Cell Signaling Technology, Catalog no. 9131), anti-STAT3 (Cell Signaling 
Technology, Clone:79D7, Catalog no. 4904), anti-phospho-ERK (Thr202/
Tyr204) (Cell Signaling Technology, Catalog no. 9101), anti-ERK (Cell Signaling 
Technology, Catalog no. 9102), anti-phospho-AKT (Ser473) (Cell Signaling 
Technology, Clone:D9E, Catalog no. 4060), anti-AKT (Cell Signaling Technology, 
Clone:11E7, Catalog no. 4685), anti-phospho-JNK (Thr183/Tyr185) (Cell Signaling 
Technology Clone:G9, Catalog no. 9255), anti-JNK (Cell Signaling Technology, 
Catalog no. 9252), anti-CDC42 (BD Transduction Laboratory, Catalog no. 610929), 
anti-C/EBPβ  (Santa Cruz Biotechnology, Clone:C-19, Catalog no. sc-150), anti-
Cleaved Caspase 3 (Asp175) (Cell Signaling Technology, Catalog no. 9661), anti-
phospho S6 (Ser235/236) (Cell Signaling Technology, Clone:D57.2.2E, Catalog 
no. 4858) and anti-S6 (Cell Signaling Technology, Clone:54D2, Catalog no. 2317), 
HSP90 (Santa Cruz Biotechnology, Clone:H114, Catalog no. sc-7947), anti-ZAP70 
(Millipore, Clone:2F3.2, Catalog no. 05–253) anti-GFP (Invitrogen, Catalog no. 
A-11122), anti-Actin (Sigma-Aldrich, Catalog no. A2066).

Histology, immunohistochemistry and immunofluorescence. For histology, 
tissue samples were formalin-fixed and paraffin embedded, cut into 4-μ m-thick 
sections and stained with H&E.

For immunohistochemistry, formalin-fixed sections were de-waxed in 
xylene and dehydrated by passage through graded alcohols to water; sections 
were microwaved in citrate buffer pH 6 for 15 min and then transferred to PBS. 
Endogenous peroxidase was blocked using 1.6% hydrogen peroxide in PBS for 
10 min followed by washing in distilled water. Normal serum diluted to 10% in 
1% bovine serum albumin (BSA) was used to block nonspecific staining.

The slides were than incubated for 1 h with the following primary antibodies: 
anti-WASP (Epitomics), anti-WIP (Clone:H-224, Santa Cruz Biotechnology), anti-
ALK (Clone: 18–0266, Zymed); anti-cleaved caspase 3 (Cell Signaling Technology), 
anti-murine Ki-67 (AbCam, Clone:SP6, Catalog no. ab16667) and anti-human 
Ki-67 (DAKO, Clone:MIB-1, Catalog no. M7240). After washing, sections were 
incubated with biotinylated secondary goat antibody to rabbit IgG and visualized 
with the EnVision system (Dako).

For immunofluorescence, cells were plated on glass coverslips pretreated 
with fibronectine (10 μ g ml−1 PBS) at 37 °C for 1 h and incubated overnight in 
fresh medium. Samples were fixed in 4% paraformaldehyde at room temperature 
for 10 min and permeabilized with 0.3% Triton X-100 for 5 min. Coverslips 
were incubated with 3% BSA for 1 h at room temperature and then stained with 
phycoerythrin–conjugated phalloidin (1/500, Sigma) and HOECHST (300 ng ml−1, 
Sigma). Coverslips were mounted on microscope slides using anti-fading 
solution and viewed using a Leica photomicroscope. Images were acquired at 
room temperature by means of HCX PL APO × 100/1.40 OIL (Leica, Heidelberg, 
Germany) and analyzed by DM LM Leica software. Cell dimension has been 
measured using ImageJ software.

The slides were reviewed by experienced hematopathologists, and 
quantification of the levels of WASP and WIP expression was performed selectively 
in multiple areas where lymphoma cells were clearly enriched. This selection was 
achieved by comparing the areas on serial sections stained with the following 
markers: ALK for ALK+  ALCL, CD30 for ALK−  ALCL, CD10 for AITL. When 
a marker was not available (such as loss of a particular T cell antigen) for PTCL-
NOS, NK/T cell lymphoma and hepatosplenic γ δ  T cell lymphoma, the selection 
of the areas with enriched lymphoma cells was based on morphologic criteria, 
such as a cluster of atypical cells or invasion of specific structures such as vessels 
in NK/T cell lymphoma or sinusoids in hepatosplenic γ δ  T cell lymphoma. The 
quantification of WASP and WIP expression levels was achieved by comparison 
with an internal control constituted by normal B and T lymphocytes.

qRT-PCR analysis. Total RNA was extracted from cells using TRIzol solution 
(Invitrogen), followed by cDNA preparation from 1 µ g of total RNA. cDNA 
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products were quantified by real-time PCR using SYBR Green Supermix (Bio-
rad) on Bio-Rad iCycler iQ Real-Time PCR Detection System. Normalization was 
performed against the housekeeping human acidic ribosomal protein (HuPO) or 
Actin according to the formula 2–ΔΔCt, where the Δ Ct=  ¼ Ct (threshold cycle) gene 
of interest −Ct internal control, as indicated by the manufacturer.

WASP-specific primers: forward 5′ -GAAACGCTCAGGGAAGAAGA-3′ ,
reverse 5′ -CTGCCCTGGAGAAACGACTC-3′ ;
WIP-specific primers: forward 5′ - ACAGGGATAATGATTCTGGAGG − 3′ ,
reverse 5′ -CTGGAGAAGGCACAGGAAAC − 3′ 
HuPO-specific primers: forward 5′ -GCTTCCTGGAGGGTGTCC-3′ ,
reverse 5′ -GCTTCCTGGAGGGTGTCC-3′ 
Actin-specific primers: forward 5′ - ACCGAGGCCCCCCTGAAC − 3′ ,
reverse 5′ -CAGGTCCAGACGCAGGATGGC-3′ 
LAT-specific primers forward 5′ -ACAGTGTGGCGAGCTACG-3′ ,
reverse 5′ -CGTTCACGTAATCATCAATGG-3′ 

DNA demethylation. ALK+  ALCL cell lines (TS, SU-DHL1 and JB6) were plated 
in a six-well plate (5 ×  105 cells per ml), treated with 5 μ M of the methyltransferase 
inhibitor 5-aza-2-deoxycytidine (Sigma). Cells were washed twice in PBS and 
collected at 0, 48, 72, 96 and 144 h after the treatment. Cells were collected for 
western blot and qRT-PCR assays.

ZAP70 and LAT were used as positive controls for western blot and qRT-PCR, 
respectively, as previously reported30.

Chromatin immunoprecipitation. JB6 and SU-DHL1 cells were fixed in 1% 
formaldehyde (Sigma-Aldrich, F8775) for 10 min at 37 °C. Subsequently, glycine 
was added to 125 mM and incubated at 37 °C for 5 min at 37 °C. Next, cells were 
pelleted and washed twice with cold PBS. Pellets were stored at − 80 °C until use.

Nuclei from 10 M cells per ChIP-seq were extracted, and chromatin was 
sonicated with a Covaris sonicator. Immunoprecipitation reactions were performed 
overnight with anti-STAT3 (Cell Signaling Technology, Clone:124H6, Catalog no. 
9139) or anti-C/EBP-β  (Abcam, Clone:E299, Catalog no. ab32358) antibodies. 
The next morning, antibodies and chromatin were captured using Protein G 
Dynabeads (Thermo Fisher). Material was washed, eluted and treated with RNAse 
A (Roche 11 119 915 011) for 30 min at 37 °C and Proteinase K (Life Technologies 
100005393) for 3 h at 65 °C. DNA was extracted using SPRI beads (Beckman 
Coulter Agencourt AMP Xpure).

H3K4me3, H3K27ac and H3K27me3 profiles on Jurkat46–48 and GM1287849 cell 
lines were obtained from public databases, including ENCODE.

Library preparation and sequencing. Library preparation of ChIP-seq DNA was 
performed using the Ultra II Library Prep Kit (NEB E7103L) and Multiplex Oligos 
for Illumina (NEB E7335L) and sequenced on an Illuminia Nextseq 500 (75 base 
pairs single end).

ChIP-seq data processing. ChIP-seq samples were sequenced with the Illumina 
NextSeq technology, and output data were demultiplexed and converted to 
FASTQ format using the bcl2fastq software tool. Read quality was assessed by 
FASTQC, and ChIP-seq reads were aligned to the hg19 genome with Bowtie2 
v2.29 in the -k 1 reporting mode50. Output BAM files were converted into 
BigWig track files using the ‘callpeak’ function of MACS2 v2.1.1 with the 
‘-B –SPMR’ option followed by the use of the BEDTools51 ‘sort’ function and 
the UCSC utility ‘bedgraphToBigWig’52, and the tracks were visualized in IGV 
v2.4.3. Narrow peaks were called with the MACS2 v2.1.1 software using input as 
controls and a q value cutoff of 0.00153. Metaplots and heatmaps were generated 
using ngsplot v2.6154.

Gene-expression profiling. Total RNA was extracted from primary NPM-ALK/
Wasp+/+ or NPM-ALK/Wasp−/− lymphoma using TRIzol reagent (Invitrogen) and 
purified using the RNeasy total RNA Isolation Kit (Qiagen). GeneChip Mouse 
Gene 1.0 ST Array from Affymetry was used for profiling.

Apoptosis assay and cell cycle analysis. Cre-ERT2-transduced murine cells were 
grown in six-well plates after treatment with 10 nM 4-hydroxytamoxifen (4 OHT; 
Sigma) for 4 h. At 0, 24 and 48 h after the treatment, cells were stained with 200 nM 
tetrametylrodamine methyl-ester (TMRM) for 15 min in dark and washed twice 
in PBS, and the percentage of apoptotic cells was measured by flow cytometry (BD 
FACSCALIBUR) using the CellQuest Program.

For cell cycle analysis, the DNA content was determinated with propidium 
iodide staining. SU-DHL1 and Karpas-299 cell lines either expressing WASP- and 
WIP-inducible vector or the GFP control were treated for 168 h with doxycycline 
(1 μ g ml−1), cells were washed with PBS, resuspended in citric acid buffer (0.05 M 
Na2HPO4, 25 mM sodium citrate and 0.1% Triton X-100 (pH 7.3)), treated with 
RNase (0.25 mg ml−1) and then stained with propidium iodide (50 μ g ml−1) for 
15 min at 37 °C in the dark. The G1 and S/G2-M cell fractions were calculated for 
the nonapoptotic cell population only.

Cell viability assay. Cell viability assay on human ALK+  ALCL cell lines was 
performed using CellTiter-Glo (Promega), according to manufacturer’s instruction. 

Briefly, cells were seeded into white walled 96-well plates (three wells per sample) 
in the presence or absence of treatment (doxycycline, 4-hydroxytamoxifen or 
trametinib). CellTiter-Glo reagent was added to each well, and luminescence 
output data were taken at 0, 24, 48 and 72 h by GloMax-Multi Detection System 
(Promega). Trametinib was purchased from Selleckem, diluted in DMSO and used 
at the indicated concentrations.

Drug-sensitivity assay. Drug-sensitivity assays were performed as previously 
described55, Briefly, cells (2 ×  103) were seeded in 96-well plates in RPMI 
complete medium. The following day, cells were treated with selumetinib 
(Selleckchem, Catalog no. S1008), trametinib (Selleckchem Catalog no. S2673), 
crizotinib (kindly provided by Pfizer), MEK162 (Selleckchem Catalog no. 
S7007) or PD0325901 (Selleckchem Catalog no. S1036) using a ten-point dose 
titration scheme from 1 nM to 10 μ M or from 1 nM to 1 μ M. After 72 h, cell 
viability was assessed using colorimetric MTS assay (CellTiter 96 AQueous 
Non-Radioactive Cell Proliferation Assay (MTS) Powder, Promega). Absolute 
inhibitory concentration values were calculated using four-parameter logistic 
curve fitting. All experimental points were a result of three to six replicates and 
all experiments were repeated at least three times. The data was graphically 
displayed using GraphPad Prism 7 for Windows (GraphPad Software). Each 
point (mean ±  s.d.) represents growth of treated cells compared to untreated 
cells. The curves were fitted using a nonlinear regression model with a 
sigmoidal dose response.

Measurement of GTP-bound CDC42. To measure the amount of GTP-bound 
CDC42, cells were plated at the same concentration in six-well plates and 
incubated in RPMI medium overnight. Cells were collected and lysed as previously 
described. CDC42 activity was determined using CDC42 G-LISA assay kit in 
accordance with the manufacturer’s instructions (Cytoskeleton Inc.). Briefly, cells 
were collected and washed three times in ice-cold PBS on cold centrifuge, and 
protein lysates were transferred to ice-cold 1.5-ml centrifuge tubes and clarified by 
centrifuging at 10,000 r.p.m. for 2 min and then were immediately snapped frozen 
in liquid nitrogen. Protein concentrations were determined using the Precision 
Red Advance Protein Assay (Cytoskeleton), and 1.0 mg ml−1 protein was used for 
the GTPase activation assay. Fifty microlitres of protein lysate were added to a 
precoated 96-well plate, and then the plate was washed and antigen-presenting 
buffer was added, which was followed by primary and secondary antibodies. The 
reaction was detected using horseradish peroxidase detection reagent followed 
by the stop buffer. The plate was read immediately by measuring absorbance at 
490 nm on a microplate spectrophotometer.

Human ALCL cell lines, stably transfected with Tet-ON WASP & WIP and the 
empty control Tet-ON GFP plasmid, were treated with doxycycline (1 μ g ml−1). 
After 48 h, cells were lysed, and GTP-bound CDC42 was immunoprecipitated 
using CDC42 Activation Assay Kit (NewEast Biosciences). Quantification was 
performed by densitometric analysis of the western blot bands.

Flow cytometry. Six-week-old mice were euthanized, and thymuses were resected 
and used for flow cytometry analysis. Single-cell suspensions were prepared from 
fresh pretumoral thymuses with mechanic disgregation and isolated by using 
40-μ m nylon cell strainers (BD Biosystems). Cells were resuspended in PBS and 
stained with PE-anti-mouse CD4 (clone GK1.5; Miltenyi Biotec) and PerCP-anti-
mouse CD8a (clone 53–6.7; BioLegend) for 15 min, and then were washed and 
resuspended in PBS. Cells were then acquired in a FACSCalibur flow cytometer 
(BD Bioscience) and analyzed using the FlowJo software.

For co-culture assays, SU-DHL1 and JB6 cell lines either expressing  
WASP and WIP inducible vector or the GFP control were mixed 1:1 with  
parental cells, the percentage of GFP positive cells was followed over time for 
40 days by flow cytometry.

T cell purification, ex vivo activation and proliferation analysis. Untouched T 
cells were isolated from spleens of WASP- and WIP-deficient mice and wild-type 
mice by immunomagnetic depletion of B cells, monocytes/macrophages, natural 
killer cells, dendritic cells, erythrocytes and granulocytes.

Briefly, spleens were collected, placed on ice, washed in PBS to remove residual 
blood, cut into small pieces, crushed and physically dissociated using a Falcon cell 
strainer and subjected to hypotonic lysis of erythrocytes. Cells were resuspended in 
isolation buffer (PBS supplemented with 0.1% BSA and 2 mM EDTA). All non–T 
cells were depleted with a mixture of rat monoclonal IgG antibodies against non–T 
cells (‘Antibody mix’: anti mouse CD45R, CD11b, Ter-119 and CD16/CD32; 
Invitrogen) combined with Mouse Depletion Dynabeads (4.5 μ m diameter beads 
coated with a polyclonal sheep anti-rat IgG antibody; Invitrogen) following the 
manufacturer’s instructions.

Isolated mouse T cells, bead- and antibody-free, were activated by adding 
Dynabeads Mouse T-Activator CD3/CD28 (polyclonal activation; Invitrogen).

For T cell proliferation analysis, purified and activated T cells (1 ×  106 cells) 
were plated in a six-well plate and cultured at 37 °C in RPMI 1640 medium 
supplemented with 15% FBS, 2% penicillin, streptomycin 5 mg ml−1 and 50 mM 
2-mercaptoethanol for 48 h. Cells were then collected for CellTiter-Glo analysis 
(Promega) following the manufacturer’s instructions.
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For western blot analysis, cells were collected after 15 min of incubation  
with the cocktail of CD3/CD28 beads, centrifuged and washed with cold PBS for 
protein extraction.

Statistical analysis. Statistical analysis was performed with GraphPad PRISM 
7.0 software. P values were calculated by using the unpaired, two-tailed Student’s 
t-test with Welch’s correction as indicated in each figure legend. Kaplan–Meier 
analysis for survival curve was performed with GraphPad Prism 7, and P values 
were determined with a log-rank (Mantel–Cox) test.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The Gene Expression Omnibus repository accession number for the gene 
expression profiling data from wild type and Wasp−/− mice is GSE102889 (token: 
gzelisgodjkdxqt); and for ChIP-seq data, the accession number is GSE117164 
(token: chupqsgklxivtox). Gene-expression profiling data for human T cell 
lymphoma have been deposited with Gene Expression Omnibus repository 
accession number GSE65823 (ref. 13).
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    Experimental design
1.   Sample size

Describe how sample size was determined. In the transgenic mice experiment more than 30 mice for each genotype has been used. This 
large number of mice was achieved in several years of breeding. The only exception was the 
NPM-ALK, WASP-/- CDC42f/f, CD4-CRE genotype that showed short lifespan and therefore 
was not useful to determine lymphoma incidence. No sample size calculation was 
predermined. All mice were bred to perform various experiments required by the project and 
survival curves were then calculated by collecting the total number of mice for each 
genotype.

2.   Data exclusions

Describe any data exclusions. Each mouse was evaluated by autopsy for lymphoma. Mice that died for other causes 
without evidence of lymphoma were excluded from survival curves. No exclusion criteria 
were pre-established.

3.   Replication

Describe the measures taken to verify the reproducibility 
of the experimental findings.

All experiments have been repeated in technical and/or biological triplicates as indicated in 
the Figure legends.  All attempts at replication were successful. 

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

All mice were randomly allocated in each group. For WASP deficient mice, because WASP is 
on the X chromosome, WASP-/- females and WASP-/ males were equally distributed between 
experimental groups.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

No blinded group allocation was used during the experiment procedures. Blinding was not 
relevant to this study as each experiment was associated with proper controls. For xenografts 
experiments with human lymphoma, for ethical reason the minimum number of mice to 
provide statistical values was determined based on previous experimental data and published 
articles. 

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.



2

nature research  |  life sciences reporting sum
m

ary
N

ovem
ber 2017

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present 
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Imagej v. 1.50i; iCycler iQ Software v. 3.1; CellQues Pro v6.0; FlowJo v10.5; GloMax 
Microplate Luminometer Software v1.9.3; GraphPad Prism v6.05; Leica Application Suite X; 
Demultiplexing:  bcl2fastq; Quality Control:  FASTQC; Read Alignment:  Bowtie2 version 2.29; 
Peak Calling:  MACS2 version 2.1.1; Track Generation:  MACS2 version 2.1.1 “callpeak” 
function with “-B --SPMR” option, BEDTools “sort” function, the UCSC utility 
“bedgraphToBigWig”; Track Visualization: IGV version 2.4.3; Metaplot and Heatmap 
Generation: ngsplot version 2.6.1 

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a third party.

Mouse models and primary derived cells lines of all genotypes are available for distribution 
without restrictions. 
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9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

We validated anti-Wasp and anti-Wip antibodies used in the study by internal controls such 
as comparing WT to knock-out or knock-down cells in WB blot and immunohistochemistry. 
Flow cytometry antibodies were validated by using corresponding negative cells for each 
stains.  
For WB and immunohistochemistry, the antibodies were purchased by qualified vendors that 
provided a validation on the manufacturer's website. 
The following antibodies were used:  
anti-ALK 1:2000(Invitrogen, Catalog#:35-4300), anti-human WASP 1:2000 (Epitomics, 
Clone:EP2541Y, Catalog#:2422-1), anti-murine WASP 1:2000 (Cell Signaling Technology, 
Catalog#:4860), anti-N-WASP 1:1000 (Cell Signaling Technology, Clone:30D10, 
Catalog#:4848), anti-WIP 1:2000 (Santa Cruz Biotechnology, Clone:H-224, 
Catalog#:sc-25533), anti-phospho-STAT3 (Tyr705) 1:2000 (Cell Signaling Technology, 
Catalog#:9131), anti-STAT3 1:2000 (Cell Signaling Technology, Clone:79D7, Catalog#:4904), 
antiphospho-ERK (Thr202/Tyr204) 1:2000 (Cell Signaling Technology, Catalog#:9101), anti-
ERK 1:2000 (Cell Signaling Technology, Catalog#:9102), anti-phospho-AKT (Ser473) 1:1000 
(Cell Signaling Technology, Clone:D9E, Catalog#:4060), anti-AKT 1:2000 (Cell Signaling 
Technology, Clone:11E7, Catalog#:4685), anti-phospho-JNK (Thr183/Tyr185) 1:1000 (Cell 
Signaling Technology, Catalog#:9255), anti-JNK 1:2000 (Cell Signaling Technology, 
Catalog#:9252), anti-CDC42 1:1000 (BD Transduction Laboratory, Catalog#:610929), anti-C/
EBPβ 1:1000 (Santa Cruz Biotechnology,Clone:C-19, Catalog#:sc-150), anti-Cleaved Caspase-3 
(Asp175) 1:1000 (Cell Signaling Technology,Catalog#:9661), anti-phospho S6 1:1000 (Cell 
Signaling Technology, clone D57.2.2E, Catalog#:4858), anti-S6 1:1000 (Cell Signaling 
Technology, clone 54D2, Catalog#:2317), anti-HSP90 1:2000 (Santa Cruz Biotechnology, 
#H114), anti-ZAP70 1:1000 (Millipore, Clone:2F3.2, Catalog#:05-253), anti-GFP 1:2000 
(Invitrogen, Catalog #:A-11122), anti-Actin 1:4000 (Sigma-Aldrich, Catalog#:A2066) 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Human ALK+ ALCL cell lines (SU-DHL1, Karpas-299, DEL, SUP-M2 and L82) and ALK- cell lines 

(MAC-1 and Jurkat) ALCL cell lines were obtained from DSMZ (German collection of 
Microorganisms and Cell Cultures).  
HEK-293T and 293 Phoenix packaging cells were obtained from DSMZ. 
ALK-positive Ki-JK  cell line and ALK negative T cell lymphoma lines (DL-40, OCI-Ly13.2, OCI-
Ly12, MAC2A and DERL2)  were kindly provided by Dr. David Weinstock (Dana-Farber Cancer 
Insitute, Boston, USA). 
ALK-positive COST cell line was kindly provided by Dr. Laurence Lamant (Centre de Recherche 
en Cancérologie de Toulouse, France). 
ALK-positive (TS and JB6) and ALK-negative FePD cell lines were kindly provided by Dr. Giorgio 
Inghirami (Department of Pathology and Laboratory Medicine, Weill Cornell Medicine, New 
York, NY, USA) 

b.  Describe the method of cell line authentication used.  Stock of cells lines were immediately generated after purchase. For experiments, cell lines 
were never kept for more than 3 consecutive months in culture, if needed for longer time a 
new stock was used. For some cells lines we also further authenticated them by sequencing 
of the mutations present in the p53 gene which are unique for each NPM-ALK cell line.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Cell lines were tested for mycoplasma monthly. If cells resulted positive for contamination, 
they were treated with mycoplasma removal agents until three consecutive PCR tests were 
negative. 

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cell lines has been used

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or 
animal-derived materials used in the study.

All the animals in the studies are mice, all the transgenic mice were maintained in C57BL/6 
background; male and female mice were randomly selected. Primary lymphoma cell lines 
with different genotypes were immortalized from mice spontaneously without any type of 
genetic manipulation. 
Pre-tumoral thymuses were collected from 4-6 weeks old mice; tumoral thymuses were 
collected from 12-16 weeks old mice. 
For xenograft experiments NSG immunocompromised mice were used. Mice of 8 ± 2 weeks 
of age and randomly sorted by sex were used. 
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Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

This study did not involve human research
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Comment on “ALK is a therapeutic target  
for lethal sepsis”
Rafael B. Blasco1*, Enrico Patrucco2*, Ines Mota2, Wei-Tien Tai1, Roberto Chiarle1,2†

Physiologically relevant ALK (anaplastic lymphoma kinase) expression was not detected in human and mouse 
monocytes and macrophages, suggesting that the effects of bioactive compounds on stimulator of interferon 
genes (STING) activation may not depend on ALK.

Sepsis is a life-threatening condition associated with high lethality. 
The pathogenesis of sepsis is complex and requires the activation of 
the innate immune system by microbial pathogens. Part of this 
activation relies on the recognition of bacteria-derived cyclic dinu-
cleotides (CDN) by the stimulator of interferon genes (STING) 
transmembrane protein that in turn binds TANK-binding kinase 1 
to regulate the transcription of inflammatory genes triggered by the 
interferon regulatory factor 3. To discover actionable targets for the 
treatment of sepsis, Zeng et al. (1) recently screened a library of 
kinase inhibitors for STING-modulating properties and found 
that some inhibitors, including LDK378 [a U.S. Food and Drug 
Administration (FDA)–approved anaplastic lymphoma kinase (ALK) 
inhibitor also called ceritinib], AP26113 (an FDA-approved ALK 
inhibitor also called brigatinib), and AZD3463 [a preclinical ALK/
insulin-like factor receptor 1 (IGF-1R) inhibitor] can efficiently block 
STING-mediated interferon- release in cells stimulated with CDN. 
Understandably, they then focused on demonstrating ALK expres-
sion in monocytes and macrophages, which are important cells that 
mediate sepsis.

Surprisingly, they showed abundant expression of ALK in both 
human and murine monocytes and macrophages. These findings 
were puzzling as the current knowledge is that ALK is a tyrosine 
kinase receptor expressed during embryonic development by neu-
rons and muscles, whereas in adults its expression is restricted to 
different areas of the brain (2–6). In contrast to normal cells, ALK 
can be readily detected in tumors such as neuroblastoma, ALK- 
rearranged anaplastic large cell lymphoma (ALCL), non–small cell 
lung cancer (NSCLC), or inflammatory fibroblastic tumor (4, 5). In 
clinical practice, ALK antibodies are considered highly specific for 
the detection of the oncogenic ALK because tumor cells express ALK 
more highly than ALK-negative normal cells. Detection of ALK 
expression in tumors is a critical point for the clinical decision on 
the use of ALK inhibitors in lung cancer patients, to the extent that 
the FDA has specifically approved an immunohistochemistry-based 
test to detect ALK-rearranged NSCLC (7).

We therefore decided to reexamine ALK expression in normal 
cells, particularly monocytes and macrophages. According to com-
mon databases such as the Genotype-Tissue Expression (GTEx) 
Project (www.gtexportal.org/home/gene/ALK) or to the Expression 
Atlas (www.ebi.ac.uk/gxa), ALK expression is overall low and largely 

confined to few areas in the brain or in the testis. Importantly, tis-
sues rich in monocytes and macrophages such as peripheral blood, 
spleen, and lung have undetectable ALK expression (Fig. 1A). To 
directly characterize ALK expression in monocytes and macro-
phages, we performed Western blot assays with the rabbit monoclonal 
antibody SP8 from Abcam on the same mouse cell lines largely used 
in Zeng et al. (1), which are immortalized bone marrow–derived 
macrophages (iBMDMs) and murine macrophage-like RAW264.7 
cells. We used three different protein extraction buffers, all yielding 
comparable results for ALK expression. The SP8 antibody specifi-
cally detected ALK in 293T cells transfected with a plasmid encod-
ing for the mouse full-length Alk receptor as well as the EML4-ALK 
fusion protein generated by CRISPR-Cas9 from the endogenous 
mouse Alk gene in lung cancer cells (8)(Fig. 1B). Surprisingly, this 
antibody did not detect any band corresponding to the mouse ALK 
receptor in iBMDMs or RAW264 cells (Fig. 1B). We then blotted 
the same lysates with the F-12 antibody used by Zeng et al. (1). This 
antibody was raised against an epitope mapping between amino 
acids 117 to 145 within the N-terminal extracellular domain of 
human ALK and recognized the transfected mouse ALK but not the 
EML4-ALK fusion that contains only the cytoplasmic portion of 
ALK. Strikingly, it failed to recognize any band consistent with ALK 
in iBMDMs or RAW264 (Fig. 1B).

Next, we tested human peripheral blood mononuclear cells 
(PBMCs) and the human THP-1 cell line also used by Zeng et al. (1) 
to seek for ALK expression in human monocytes and macrophages. 
We used the FDA-approved D5F3 antibody for ALK detection (7) 
and neuroblastoma cells that express the endogenous human ALK 
as controls. As expected, the D5F3 antibody specifically recognized 
the ALK protein in neuroblastoma lines with a pattern consisted in 
two bands of 220 to 230 kDa and 130 to 140 kDa as previously re-
ported, where the lower band corresponds to a cleavage product of 
the ALK receptor (9). In contrast, no bands with such pattern were 
seen in PBMCs or THP-1 cells even after long exposure of the mem-
brane (Fig. 1C). When the same cell lysates were probed with the 
F-12 antibody used by Zeng et al. (1), the antibody correctly detect-
ed the 220- to 230-kDa full-length ALK in neuroblastoma cells, but 
not the 130- to 140-kDa cleaved ALK protein that lacks amino acids 
117 to 145. Unexpectedly, this antibody also recognized a band of 
approximately 190 to 200 kDa that was detected across all human 
cells (Fig. 1C). However, this band is different from the pattern of 
ALK expression in neuroblastoma and was also seen in negative 
controls such as the ALK-negative Burkitt lymphoma cell lines Raji 
and Ramos (Fig. 1C). In addition, expression data from the Cancer 
Cell Line Encyclopedia (CCLE) (https://portals.broadinstitute.org/
ccle) did not show detectable ALK mRNA in THP-1 cells (Fig. 2). 
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Fig. 1. Undetectable ALK expression in mono-
cytes and macrophages.  (A)  ALK  mRNA 
expression in tissues according to the GTEx 
project. TPM, transcripts per million.  (B) ALK ex-
pression in murine cell lines [top: SP8 anti-ALK 
antibody (1:1000); bottom: F-12 anti-ALK anti-
body (1:100)]. 293T cells transfected with mouse 
Alk (293T_ALK) and EML4-ALK–expressing 
TeCla1 cells (positive controls). Untransfected 
293T and KP1233 murine KRASG12D-driven NSCLC 
cells (negative controls). Arrows indicate the 
full-length (f.l.) ALK or the EML4-ALK fusion. 
(C) ALK expression in human cell lines [top: D5F3 
anti-ALK antibody (1:1000); bottom: F-12 anti- 
ALK antibody (1:100)]. Human neuroblastoma 
cell lines SK-N-BE and SH-SY5Y (positive controls). 
Human B-lymphoma Raji and Ramos cell lines 
(negative controls). Arrows indicate the full-
length ALK or the cleaved ALK. Asterisk indicates 
the nonspecific band detected by the F-12 anti-
body. (D) ALK expression in human cell lines [left: 
D5F3 anti-ALK (1:1000); right: F-12 anti-ALK anti-
body (1:100)]. THP-1 cells transduced with hu-
man ALK receptor (THP-1_ALK) (positive control). 
THP-1 cells transduced with empty retroviral vec-
tor (THP-1_vector) (negative control). H3122 and 
H2228 NSCLC cell lines carry the EML4-ALK (ex13- 
ex20) and the EML4-ALK (ex6-ex20) rearrange-
ments that generate fusion proteins of 130 and 
90 kDa, respectively. Karpas-299 is an NPM-ALK–
rearranged cell line that generates a fusion pro-
tein of 80 kDa. Arrows indicate the full-length 
ALK or the cleaved ALK. Asterisk indicates the 
nonspecific band detected by the F-12 antibody. 
Top panels: Short exposure. Bottom panels: Long 
exposure. (E) Immunohistochemistry performed 
on an ALK-rearranged NSCLC case (D5F3 anti- 
ALK antibody) and on an ALCL case (4C5B8 anti- 
ALK antibody). Tumor cells shown by black arrows; 
macrophages shown by red arrows. Scale bar, 
50 m.
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To exclude an unexpected expression or cleavage of ALK in macro-
phages, we transduced human THP-1 cells with a retroviral vector 
encoding human ALK. Both the D5F3 and F-12 antibody recog-
nized a band in ALK-transduced THP-1 cells, but not in THP-1 
cells transduced with an empty vector, with a pattern similar to neu-
roblastoma cells. Again, the F-12 antibody recognized a lower band 
in all cell lines, including ALK-rearranged NSCLC and ALCL, that 
carry ALK fusions with different molecular weights (Fig. 1D). We 
concluded that the 190- to 200-kDa band detected by the F-12 anti-
body in all human cells is nonspecific. Last, immunohistochemistry 
failed to detect ALK expression in normal macrophages surround-
ing ALK-rearranged NSCLC and ALCL (Fig. 1E).

Notably, Zeng et al. (1) performed both the library compound 
screening and all the experiments with LDK378 or AP26113 with an 
inhibitor concentration of 10 M. However, drug concentration is 
critical for selective ALK inhibition. For example, LDK378 is selec-
tive for ALK with a median inhibitory concentration (IC50) of 200 pM 
but at higher concentrations inhibits other tyrosine kinases such as 
IGF-1R (IC50 of 8 nM), with broad inhibition of several tyrosine 
kinases at concentrations above 100 nM (10). Likewise, AP26113 
has an IC50 of 370 pM for ALK and of 24.9 nM for IGF-1R (11). 
Therefore, when used at 10 M [such as in the experiments per-
formed by Zeng et al. (1)], it is likely that these compounds block 
multiple tyrosine kinases.

Together, our findings indicate that mouse and human mono-
cytes and macrophages do not express detectable amounts of the 

ALK receptor. Thus, the interesting findings that LDK378 blocks 
CDN-induced STING activation in vitro, as well as polymicrobial 
sepsis or lipopolysaccharide-induced endotoxemia in vivo, may be 
explained by the activity of this compound against other kinase(s) 
different than ALK.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/471/eaar4321/DC1
Materials and Methods
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Fig. 2. Undetectable ALK mRNA expression in Raji and THP-1 cell lines. ALK 
mRNA expression in different tumor cell lines according to two different datasets 
in CCLE (https://portals.broadinstitute.org/ccle). (A) RNA sequencing (RNA-seq) 
data. (B) Gene expression profiling data. Raji, THP-1, and the ALK-positive neuro-
blastoma cell lines SH-SY5Y and SK-N-BE are indicated by arrows.
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Abstract: Anaplastic lymphoma kinase (ALK) is a validated molecular target in several ALK-rearranged
malignancies, particularly in non-small-cell lung cancer (NSCLC), which has generated considerable
interest and effort in developing ALK tyrosine kinase inhibitors (TKI). Crizotinib was the first ALK
inhibitor to receive FDA approval for ALK-positive NSCLC patients treatment. However, the clinical
benefit observed in targeting ALK in NSCLC is almost universally limited by the emergence of drug
resistance with a median of occurrence of approximately 10 months after the initiation of therapy.
Thus, to overcome crizotinib resistance, second/third-generation ALK inhibitors have been developed
and received, or are close to receiving, FDA approval. However, even when treated with these new
inhibitors tumors became resistant, both in vitro and in clinical settings. The elucidation of the
diverse mechanisms through which resistance to ALK TKI emerges, has informed the design of novel
therapeutic strategies to improve patients disease outcome. This review summarizes the currently
available knowledge regarding ALK physiologic function/structure and neoplastic transforming role,
as well as an update on ALK inhibitors and resistance mechanisms along with possible therapeutic
strategies that may overcome the development of resistance.

Keywords: anaplastic large-cell lymphoma (ALCL); anaplastic lymphoma kinase (ALK); ALK
inhibitors; non-small-cell lung cancer (NSCLC); resistance to ALK inhibitors; targeted therapies;
tyrosine kinase (TK)

1. Introduction

Over the last decade, the development of drugs that selectively target driver oncogenes has played
an important role to establish novel treatment guidelines in the field of oncology. Unlike traditional
chemo and radio-therapies that kill all rapidly dividing cells, targeted therapies are more selective
and specific towards their target, exploiting the biology that drives the growth of tumor cells such as
genetic deletions, chromosomal rearrangements and point mutations. Furthermore, targeted therapies
have significantly impacted outcomes in terms of prolonged survival and a better quality of life for
cancer patients.

Imatinib, a small molecule tyrosine kinase inhibitor (TKI) developed to treat chronic myeloid
leukemia (CML) patients bearing t(9;22)(q34;q11), was the first breakthrough in the journey of target
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therapies [1]. Five years follow-up studies have shown that patients treated with imatinib achieved
molecular responses and overall survival not different from the general population [2].

Another tyrosine kinase extensively explored as a target for TKI treatment is the anaplastic
lymphoma kinase (ALK). ALK was first described in 1994 as the NPM-ALK fusion protein that is
expressed in the majority of anaplastic large-cell lymphomas (ALCL), approximately 55% of adult
patients and more than 90% of pediatric patients [3]. There are several reasons why ALK is an
ideal target of personalized medicine, including that ALK-transformed cells are in general strongly
dependent on ALK tyrosine kinase activity for survival and proliferation and ALK expression is
limited in non-tumoral cells, being detected in limited areas of the brain [4]. Therefore, its blockage
is catastrophic for cancer cells but irrelevant form normal tissues. Since its discovery, more than
20 different ALK fusion partner genes have been reported across multiple malignancies [5,6]. Perhaps
the most widely recognized is the echinoderm microtubule-associated protein-like 4 (EML4)-ALK
fusion, identified in 5–6% of non-small-cell lung cancer (NSCLC) patients in 2007 [7]. Even though
the relative proportion of NSCLC bearing ALK rearrangements is significantly lower than ALCL
or inflammatory myofibroblastic tumors (IMT), ALK-positive NSCLC represent overall the largest
cohort of ALK-rearranged patients due the fact that lung cancer has a high incidence worldwide.
The identification of ALK rearrangements in lung cancer patients has sparked the development of
a series of ALK TKI from different companies. To date, four ALK inhibitors (crizotinib, ceritinib,
alectinib and brigatinib) have received approval by the FDA for treatment of ALK-rearranged NSCLC,
while others such as lorlatinib have shown promising results in early clinical trials [8]. The use
of these new therapies has improved the quality of life and increased the survival of patients,
as demonstrated in their respective clinical trials, with remarkable responses in NSCLC patients
carrying ALK-rearrangements [9–16]. As with any targeted therapy, ALK-driven NSCLC tumor cells
inevitably acquire drug resistance, leading to clinical relapse. At the present time, ALK inhibitors
have not yet been approved for use in other ALK-driven cancers than NSCLC; however, some studies
have reported remarkable responses, and less frequent relapses, to ALK inhibitors in patients with
ALK-positive ALCL and IMT. The apparently higher sensitivity to ALK inhibitors of ALCL and
IMT tumors likely reflects a stronger dependency on ALK signaling and/or a lower level of tumor
heterogeneity than in ALK-rearranged NSCLC [17–19]. Yet, our current knowledge regarding ALK
inhibitors resistance originates mostly from ALK-positive NSCLC patients.

While much information has been gathered since the discovery of the first ALK TKI crizotinib
to the latest third generation inhibitors regarding the clinical activity of TKIs, there is still limited
understanding how acquired resistance develops and undermines the effects of ALK TKIs. This review
will summarize the current knowledge about the activity of different ALK inhibitors and their inherent
resistance mechanisms that have been reported. We will also discuss potential future therapeutic
approaches that can be used to tackle TKI resistance and improve patient outcome.

2. Anaplastic Lymphoma Kinase-Physiological Expression and Functional Role

The ALK gene is located on chromosomal region 2p23 and encodes a highly conserved receptor
tyrosine kinase (RTK), which is a member of the insulin receptor superfamily, and is most closely related
to leukocyte tyrosine kinase (LTK) [20–22]. The ALK receptor is composed of an extracellular domain,
a single-pass transmembrane region, and an intracellular kinase domain [20]. The extracellular domain
contains a glycine-rich region, two MAM segments (meprin, A5 protein, and receptor protein tyrosine
phosphatase µ) and one LDLa domain (low density lipoprotein class A). The intracellular portion
comprises a juxtamembrane segment, a protein kinase domain and a carboxyterminal tail [6,23,24].

The specific role of ALK in human development and physiology is still poorly understood but
several studies on different animal models have partially clarified the ALK functions in development.
In Drosophila melanogaster, ALK signaling is involved in the differentiation of mesenchymal cells, in the
development of the visual system [25], the maturation of the neuromuscular junction [26] and in the
regulation of body size, learning and memory [27]. In this context, ALK is activated by its ligand
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Jelly Belly (Jeb) leading to the downstream signaling of the Ras-MAPK pathway [28]. The mammal
ALK receptor is unable to bind the Jeb ligand [29], which indicate an evolutionary divergence
between mammalians and D. melanogaster ALK proteins. In Caenorhabditis elegans, SCD-2 (the
nematode homolog of ALK), is required for the integration of sensory inputs and the development of
neuromuscular junctions [30]. In zebrafish, LTK and ALK show a significant structural homology (such
as the presence of MAM domains) and contribute to neural crest nervous system embryogenesis [31].

ALK expression patterns throughout the nervous system during mouse embryogenesis suggest
important roles in the central nervous system (CNS) development and function in mammals [6,20,32,33].
Iwahara et al. have described that the intensity of ALK mRNA and protein expression in mice
diminishes in all tissues after birth, reaching a minimum after three weeks of age and maintained at
low levels during the adult life of the animal [20]. Bilsland et al. [34] and Lasek et al. [35], reported
that ALK deficient mice are viable and fertile without obvious alterations. Remarkably, the loss of
ALK signaling results in a decrease in newborn neurons and in impaired regeneration of myelinated
axons [5] and an increased number of progenitor cells within the hippocampus (a defect that can be
associated with their behavioral changes) [34]. In 1997, Morris et al. [36] reported that ALK mRNA is
expressed in adult human brain, small intestine, testis, prostate, and colon but not in normal human
lymphoid cells, spleen, thymus, ovary, heart, placenta, lung, liver, skeletal muscle, kidney, or pancreas.

Several proteins, such as pleiotrophin (PTN), midkine (MK), osteoblast-specific factor-1 (OSF-1),
heparin affinity regulatory peptide (HARP) and heparin-binding neurotrophic factor (HBNF), have
been historically reported to be the activating ligands of mammalian ALK [4]. However, recent
studies have shown that augmentor α and β (FAM150) are validated ligands of ALK [3,37,38].
Although our knowledge of the mechanism of activation of mammalian ALK protein-tyrosine kinase is
incomplete, Lemmon and Schlessinger have described the mechanism of activation of several receptor
protein-tyrosine kinases, providing us a hypothetic scheme for ALK activation [21]. Upon ligand
binding in the extracellular domain, the receptor protein-tyrosine kinase is activated by inducing
receptor dimerization or oligomerization. A possible mechanism for ligand and dimer-induced
activation of ALK involves the phosphorylation of one or more of the juxtamembrane tyrosine residues
(Tyr 1078, 1092, 1096 and 1131), which in turn would be followed by consecutive phosphorylations
until the active form of ALK is established [21].

3. ALK Gene Alterations in Cancers

The deregulation of tyrosine kinase (TK) activity is one of the major mechanisms of human
carcinogenesis and can occur through several mechanisms such as chromosomal translocations, gene
amplification or deregulation and point mutation. The abnormal TK activation leads to constitutive
activation of several downstream signaling pathways that contribute to the development of neoplastic
phenotypes. Tyrosine kinase translocations are found in up to 3% of all human tumors [39].

Usually, translocations comprising transmembrane tyrosine kinase receptors take place between exons
that encode the juxtamembrane region or the transmembrane domain. In both cases, these phenomena
give rise to the elimination of the extracellular region and, consequently, the ligand-binding regulation,
resulting in the constitutive and uncontrolled activation of the fusion typically through an obligatory
dimerization dictated by the partner gene [40]. ALK breakpoints are almost invariably located between
exons 19 and 20 of ALK. Each translocation creates a fusion protein in which the ALK TK-domain
at the 3′-end is connected with distinct proteins portion of different partners at the 5′-end of the
fusion, capable of providing constitutive dimerization [41]. ALK rearrangement was first described
in 1994, in the anaplastic large cell lymphoma (ALCL) cell lines, with ALK being one of the fused
partner in a recurrent chromosomal translocation t(2;5)(p23;q35) together with the nucleophosmin
(NPM) gene located on chromosome 5 [36]. This rearrangement produces a fusion gene called
NPM-ALK resulting in the expression of an oncogenic fusion protein, NPM-ALK. NPM mediates
receptor dimerization of the NPM-ALK protein in a ligand-independent fashion which leads to the
constitutive activation of ALK kinase, and ultimately, to the activation of a number of its downstream
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signaling pathways [20,23,42]. These include JAK/STAT and PI3K/AKT pathways that mediate
cell survival and the Ras/Raf/MEK/ERK1/2 pathway which plays a role in cell division and cell
proliferation (Figure 1A) [4,6].
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Figure 1. ALK downstream pathways and bypass signaling (A) Anaplastic lymphoma kinase
(ALK) mediates signaling via the PI3K/AKT, RAS/MAPK, phospholipase Cγ (PLCγ) and Janus
kinase (JAK)-signal transducer and activator of transcription (STAT); (B) ALK-independent resistance
mechanism. Activation of bypass signaling pathways when ALK is inhibited with TKIs: EGFR
activation, without EGFR mutations or amplifications; HER2 activation; c-KIT gene amplification in the
presence of stem cell factor (SCF); MET activation bypassing ALK inhibitors without anti-MET activity;
regulation via transcriptional of PDGFRβ and IGFR activation. Mutations in KRAS and copy number
gain of wild-type KRAS; JM, Juxtamembrane.

Inflammatory myofibroblastic tumor (IMT) was the first non-hematological tumor found to
harbor ALK rearrangements in about 50% of cases [43] (Table 1). Non-small-cell lung cancer (NSCLC)
was the second non-hematological tumor in which oncogenic ALK fusion were detected. In 2007,
Simultaneously, Soda et al. and Rikova et al. reported the identification of the EML4-ALK fusion



Cancers 2018, 10, 62 5 of 30

protein in a small cohort of Japanese patients with NSCLC [44]. The novel EML4-ALK fusion
protein is the result of an inversion within chromosome 2p that fuses portions of the echinoderm
microtubule-associated protein-like 4 (EML4) gene and ALK gene [7]. Since the first report, ALK fusions
have been detected in 3% to 7% of NSCLC and associated with a non-smoker history, younger age
and adenocarcinoma histology [45]. Many other studies have identified several additional ALK fusion
proteins (Table 1) which occur less frequently than EML4-ALK. Moreover, a number of breakpoints
variants may be seen for a given fusion protein. EML4-ALK has over 10 distinct variants [46]. Also,
it has been reported by Heuckamnn et al. that different ALK fusion genes and EML4-ALK variants
exhibited differential sensitivity to crizotinib [47].

Table 1. ALK rearrangements in human malignancies.

Cancer Type ALK Fusion Partner
(Chromosomal Localization) Frequency % References

ALCL

NPM1 (5q35.1)
TPM3 (1q21.3)

ATIC (2q35)
TFG (3q12.2)

TRAF1 (9q33.2)
CLTC (17q23.1)

RNF213 (17q25.3)
TPM4 (19p13.1)
MYH9 (22q12.3)

MSN (Xq12)
Aditional rare rearrangements

~55% (in adults) [36,48–57]

Breast cancer EML4 (2p21) N.D. [58]

Colorectal cancer EML4 (2p21)
WDCP (2p23.3) <1% [58–61]

DLBCL

RANBP2 (2q13)
EML4 (2p21)

SEC31A (4q21.22)
SQSTM1 (5q35)
NPM1 (5q35.1)

<1% [62–68]

Esophageal cancer TPM4 (19p13.1) N.D. [69,70]

IMT

TPM3 (1q21.3)
RANBP2 (2q13)

ATIC (2q35)
SEC31A (4q21.22)
CARS (11p15.4)
PPFIBP1 (12p11)
CLTC (17q23.1)
TPM4 (19p13.1)

Up to 50% [43,49,71–80]

NSCLC

EML4 (2p21)
TPR (1q31.1)

CRIM1 (2p22.2)
STRN (2p22.1)
TFG (3q12.2)

HIP1 (7q11.23)
PTPN3 (9q31)

KIF5B (10p11.22)
KLC1 (14q32.3)
CLTC (17q23.1)

3–7% [7,44,81–84]

Ovarian cancer FN1 (2q35) N.D. [85]

RCC

VCL (10q22.2)
TPM3 (1q21.2)
EML4 (2p21)

STRN (2p22.2)

<1% [86–89]

RMC VCL (10q22.2) N.D. [90]

Abbreviations (alphabetic order): ALK, anaplastic lymphoma kinase; ALCL, anaplastic large-cell lymphoma; ATIC,
5-Aminoimidazole-4-Carboxamide Ribonucleotide Formyltransferase/IMP Cyclohydrolase; CARS, cysteinyl-tRNA
synthetase; CLTC, clatherin heavy chain; CRIM1, cysteine rich transmembrane BMP regulator 1; DLBCL, diffuse
large B-cell lymphoma; EML4, echinoderm microtubule-associated protein-like 4; FN1, fibronectin 1; HIP1,
huntingtin interacting protein 1; IMT, inflammatory myofibroblastic tumor; KIF5B, kinesin family member 5B; KLC1,
kinesin light chain 1; MSN, moesin; MYH9, myosin heavy chain 9; N.D., not described; NPM1, nucleophosmin;
NSCLC, non-small-cell lung cancer; PPFIBP1, PPFIA binding protein 1; PTPN3, protein tyrosine phosphatase,
non-receptor type 3; RANBP2, RAN binding protein 2; RCC, renal cell carcinoma; RMC, renal medullary carcinoma;
RNF213, ring finger protein 213; SEC31A, SEC31 Homolog A; SQSTM1, sequestosome 1; STRN, Striatin; TFG,
TRK-fused gene; TPM3, tropomyosin 3; TPM4, tropomyosin 4; TPR, translocated promoter region, nuclear basket
protein; TRAF1, TNF receptor associated factor 1; VCL, vinculin; WDCP, WD repeat and coiled coil containing.
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With the advent of next-generation sequencing (NSG)-based diagnostics, more than 20 different
ALK fusion partners genes have been described in other type of cancer (i.e., colorectal cancer, breast
cancer, esophageal cancer, ovarian cancer, renal cell cancer, anaplastic thyroid carcinoma, and diffuse
large B-cell lymphoma) even though in low frequencies (Table 1). Armstrong et al. [91] have shown
that the level of ALK fusion protein expression and the degree of signaling depend on the partner
gene. Using NIH3T3 cells, they were able to demonstrate different effects of ALK fusion proteins on
cell proliferation and invasion depending on the exact fusion. In the years following this study, the
same group has demonstrated that TPM3-ALK fusion protein expression specifically induces changes
in cell morphology and cytoskeleton organization, and it confers higher metastatic capacities than
other ALK fusion proteins [92].

Additional molecular mechanisms can affect ALK signaling in human cancer other than
chromosomal translocations/inversions: ALK up-regulation/amplification and ALK gene mutations [93].
ALK up-regulation has been described in tumors that occasionally harbor ALK-chromosomal
translocations, such as NSCLC, rhabdomyosarcoma, breast and ovarian cancer and also reported
in neoplasms usually not associated with ALK fusions, such as melanoma, retinoblastoma, Ewing’s
sarcoma and neuronal tumors (i.e., glioblastoma, astrocytoma) [4] (Table 1). ALK amplification has
also been reported in neuroblastoma almost invariably together with amplification of the adjacent
gene MYCN, with possible synergic effects in driving cell growth and survival [94]. ALK TK activation
mechanisms in neuroblastoma are not limited to ALK amplification. Mutations in the ALK gene
are documented in 4–8% of sporadic neuroblastomas and account for the majority of hereditary
cases; ALK variants contribute to the acquisition of neoplastic phenotype and are associated with
overall poor-prognosis [94,95]. As observed in ALK rearrangements, ALK point mutations have been
described in number of cancers (i.e., anaplastic thyroid cancer [ATC], IMT and NSCLC), although less
frequently than in neuroblastoma (Table 1).

Several studies have permitted the classification of ALK mutations into three different
groups: (1) ligand-independent activation mutations; (2) ligand-dependent activating mutations;
and (3) kinase-inactivating mutations (known as kinase dead) [96,97]. Ligand-independent mutations
(e.g., F1174I, F1174S and F1174L) generate constitutively activated ALK and induce uncontrolled cell
proliferation and cell survival [95]; ligand-dependent mutations (e.g., D1091N, T1151M and A1234T)
may contribute to pathogenesis [97]. Kinase-inactivating mutations (e.g., I1250T) are very rare and
may contribute to the neoplastic phenotype by interfering with the remaining wild-type ALK copy [4].

4. ALK Inhibitors

4.1. Crizotinib: A First-Generation ALK Inhibitor

Substantial evidence linking aberrations in ALK to various tumors and the success of TKIs
such as imatinib and gefitinib led to the discovery and accelerated approval of first ALK inhibitor,
crizotinib (PF-02341066 Xalkori). Crizotinib is an orally available drug which was originally discovered
as a c-Met kinase inhibitor [98]. The compound binds the ATP pocket of MET kinase in a DFG-in
conformation, forming classical hydrogen bonds (Hb) with hinge region residues [99]; in addition,
its phenyl ring forms a π-π interaction with the activation loop (A-loop). Ironically, the drug was
found to have off-target effects on other kinases including ALK. The crystal structure of crizotinib
bound to ALK revealed a similar binding mode, with conserved Hb to the hinge region (Figure 2A),
but lacking the π stacking to A-loop, which may explain lower activity against ALK compared to
MET. Given the pathogenic role of ALK in different malignancies, crizotinib was then pursued as an
ALK inhibitor [100]. Following a number of successful in vitro studies [98] showing the efficacy of
crizotinib in ALK inhibition, crizotinib entered into early phase I study (PROFILE 1001) presenting a
sustained response in locally advanced or metastatic NSCLC patients carrying the EML4-ALK fusion
gene [101]. Subsequently, crizotinib was evaluated in a phase II study (PROFILE 1005) with the final
results published recently [102].
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Figure 2. Crystal structure of ALK in complex with crizotinib (PDB: 2XP2). (A) Close view of crizotinib
bound in the active site of wild-type ALK. The gatekeeper residue L1196 is shown as red surface.
Crizotinib is shown as cyan sticks. The green dashed line indicates the hydrogen bonding to the
backbone nitrogen of M1199 (indicated in sticks). Secondary structures are represented with grey
ribbon; (B) The native L1196 from panel A was mutated in silico to M1196, to show steric clash with
crizotinib; (C) Overall architecture of ALK bound to crizotinib. Key residues associated with resistance
to crizotinib are shown as red surface and labeled. Some important regulatory regions of the kinase are
indicated by arrows.

The objective response rates (ORR) were 54% and 41% in the central and local-testing
ALK-detection sub-groups, respectively. Phase II results support the clinical benefits of using crizotinib
in ALK-positive NSCLC that had progressed on previous chemotherapy regimens. Two phase III
studies, PROFILE 1007 [9] and PROFILE 1014 [10], provided further proof in favor of the use of
crizotinib over standard second-line chemotherapy and over first-line chemotherapy, respectively in
advanced ALK-positive NSCLC.

Crizotinib was found to be generally well tolerated in the patients with mostly mild
treatment-related adverse events (TRAEs). The most commonly reported TRAEs in ALK-positive
NSCLC patients include vision disorder, nausea, diarrhea and vomiting of grade 1 and 2. However,
elevated transaminases and neutropenia associated with crizotinib treatment of grade 3 or 4 have also
been observed in the patients. Other not so common TRAEs of crizotinib in patients that have been
observed over the years, include interstitial lung disease (ILD), bradycardia, QTc prolongation, renal
cysts and decreased total testosterone in males. Most of the TRAEs were reversible with crizotinib
discontinuation or drug holiday period [102]. Altogether these results led to the approval of crizotinib
by FDA for the treatment of locally advanced or metastatic ALK-positive NSCLC in 2011. Additionally,
significant therapeutic responses have also been reported in ALCL [103,104], neuroblastoma [105],
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and IMT [18] patients. There are ongoing clinical trials that are evaluating long-term efficacy and safety
profile of crizotinib in patients carrying ALK gene abnormalities.

4.2. Second Generation ALK Inhibitors

Even though there are diverse mechanisms through which resistance against ALK inhibition has
been shown to develop, crizotinib-resistant tumors still continue to be ALK-dependent for their
growth in many cases. Around 30% of crizotinib-resistant NSCLC patients develop secondary
resistance mutations in the ALK TK domain [46]. Therefore, more potent, selective and structurally
different next-generation ALK inhibitors have been developed or are in the pipeline to overcome
crizotinib resistance. Although they are not functionally or structurally related to crizotinib (except
lorlatinib, see below) they are usually referred as second-generation inhibitors, as they were all
developed to tackle crizotinib-resistance mutants. Eight novel ALK inhibitors have entered the clinic,
including ceritinib, alectinib, and brigatinib, that have demonstrated potent and durable activity in
ALK-positive NSCLC.

4.2.1. Ceritinib (LDK378; Zykadia; Novartis)

Ceritinib is an ATP-competitive, selective oral ALK inhibitor that was found to be 20 fold more
potent than crizotinib in enzymatic assays [106,107]. It was developed starting from the original
first-generation, non-clinical compound NVP-TAE684 [108] with a few significant structural changes,
in order to increase kinase selectivity and reduce the formation of reactive metabolites that impaired
NVP-TAE684 clinical development due to toxicity [106]. The new compound (LDK378) was shown
to form reactive adducts in negligible amount compared to its parent compound, while maintaining
low nanomolar anti-ALK activity. Ceritinib also showed activity against insulin-like growth factor 1
receptor (IGF-R1), insulin receptor (IR) and ROS1 but with a 5–11 fold higher IC50 as compared to
its IC50 for ALK. Ceritinib inhibited in vitro and in vivo the growth of ALK-positive cells carrying
crizotinib-resistant mutations, L1196M, G1269A, I1171T, and S1206Y but failed to inhibit the growth
of G1202R and F1174V/C mutants [107]. Structural data can explain why ceritinib retains potency
against some crizotinib-resistant mutants: for instance, while mutation of Gly1269 to Ala causes
steric clash with the halogenated phenyl ring of crizotinib, it is not predicted to have any impact
on ceritinib binding. Similarly, ceritinb interacts equally well with Leu1196 as with Met1196 [107].
Phase I study, conducted on ALK+ NSCLC patients that had been previously treated with cytotoxic
chemotherapy or crizotinib, showed an ORR of 58% in patients who received ceritinib at a daily
dose of 750 mg [11]. Based on the pre-clinical studies and ASCEND-1 data, ceritinib received an
accelerated approval from FDA for the treatment of ALK-positive metastatic NSCLC patients with
disease progression or intolerance to crizotinib. Subsequently, ceritinib demonstrated higher anti-tumor
efficacy in ALK-rearranged NSCLC patients previously treated with chemotherapy and crizotinib
as well as in crizotinib naïve patients during ASCEND-2 [109] and ASCEND-3 [110] clinical trials.
Results from the ASCEND-4, a randomized, open-label, phase 3 study, were published recently [111].
The study evaluated the efficacy and safety of ceritinib in comparison to platinum-based chemotherapy
as a first line treatment in advanced ALK-rearranged NSCLC. The median progression-free survival of
ceritinib-treated group was 16.6 months as compared to 8.1 months in the chemotherapy-treated group.
Most of the adverse events related to ceritinib treatment reported in the study were of grade 1 or 2
gastrointestinal (GI) toxicity (diarrhea, nausea, vomiting) and grade 3 or 4 hepatictoxicity (increased
alanine and aspartate aminotransferases). 80% of the patients needed dose reduction or interruption
to manage these adverse events [111]. Ceritinib is approved at 750 mg per day in a fasted state for
expanded use in first-line ALK-positive metastatic NSCLC [112]. Since most of the serious adverse
events (SAE) to ceritinib treatment are GI toxicity related, a multicenter, randomized open-label study
ASCEND-8 evaluated the safety profile of ceritinib at lower doses (450 mg or 600 mg) taken daily with
a low-fat meal compared to 750 mg daily in fasted patients with ALK-positive NSCLC [113]. Results
from the study show that a lower dose of ceritinib (450 mg) taken with food reduced the number of GI
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toxicity related AE. Most of the GI toxicities in the 450 mg dose arm were mostly grade 1, and no grade
3 or 4 GI toxicities were reported in that arm. Additionally, the number of patients requiring dose
adjustment or drug interruption in the 450 mg ceritinib arm were the lowest compared to the 600 mg
with food ceritinib and 700 mg fasted ceritinib treatment arm [113]. These results indicate that a lower
dosage of 450 mg ceritinib taken with food maintains the same exposure as the currently approved
dose of 750 mg fasted but with less severe and frequent GI toxicity profile.

4.2.2. Alectinib (CH5424802; Chugai-Roche)

Alectinib is another second generation ALK inhibitor, highly selective and potent against the
ALK tyrosine kinase protein [114]. It binds the ATP binding site of ALK, forming a canonical Hb with
M1199. In addition, alectinib interacts via solvent water molecules with several other surrounding
residues from the αC-helix (K1150, E1167), the catalytic loop (R1253) and the DFG motif (G1269,
D1270). The compound is thus embedded in a stabilizing global Hb network which can probably
compensate for any single mutation at the binding site. Moreover, alectinib establishes a π interaction
with L1196, which is maintained when Leu is mutated to Met, accounting for its high activity against
the crizotinib-resistant gatekeeper L1196M mutant [115]. A phase II study in Japan reported an ORR
of 93.5% with alectinib treatment in ALK+ NSCLC patients who had not been treated with an ALK
inhibitor [116]. Apart from its excellent activity against ALK, alectinib also showed remarkable activity
in patients with CNS metastases [117]. Alectinib received a breakthrough therapy designation (BTD)
by the FDA for ALK-positive NSCLC patients who progressed on crizotinib while it was approved in
Japan in 2014 for the treatment of ALK-rearranged NSCLC patients. Alectinib also showed substantial
efficacy against crizotinib-resistant and/or ALK secondary mutations including the gatekeeper L1196M
in vitro and in vivo [115,118] however, it was less effective against the G1202R [118]. Additionally,
other ALK resistance mutations (V1180L, I1171T, F1174V) have been observed that arise against
alectinib treatment [119]. Two phase II studies, the North American study (NCT01871805) and global
study (NCT01801111), evaluated the safety and efficacy of alectinib in 87 and 138 ALK+ NSCLC
patients who had progressed on crizotinib, respectively [14]. The patients received alectinib at a dose
of 600 mg BID. ORR of 48% and 50% were reported recently from the North American and global study
respectively. Most common side effects reported in the studies were constipation, fatigue, myalgia and
peripheral edema. Grade 3 or higher AEs were observed in 26% of patients that included increased
blood creatine phosphokinase and neutropenia [120]. In the global phase II study, the CNS ORR with
baseline measurable CNS lesions was 57% while in the North American study the intracranial response
was reported to be 75%. These two studies have demonstrated that alectinib is effective and well
tolerated in ALK+ NSCLC patients refractory to crizotinib. Results from a randomized phase III trial
comparing alectinib with crizotinib in treatment naïve ALK+ NSCLC has been published recently.
Peters S et al. have showed that alectinib was more efficacious and less toxic as a primary treatment
for the patients [15].

4.2.3. Brigatinib (AP26113; Ariad)

Brigatinib, another orally available potent next-generation-ALK/ROS1/EGFR inhibitor had
displayed activity against the tyrosine kinases as well as some of their mutant forms in cellular and
pre-clinical models [121]. Brigatinib is a close analogue of NVP-TAE684, with the original sulfonyl
group replaced by a phosphine-oxide moiety. According to structure-activity relationship (SAR) data,
this group confers favorable Absorption, Distribution, Metabolism, and Excretion (ADME) properties
to the molecule and higher selectivity versus IGF1R and IR [121]. Similar to other ALK inhibitors,
brigatinib forms Hb to the hinge region residue L1198 as well as the gatekeeper L1196. Preclinical
data showed that brigatinib has pan-ALK inhibitory profile (i.e., blocks all crizotinib-resistant mutants)
in cellular models at clinically achievable levels [122], although it still suffers a significant loss of
activity against the G1202R mutant [123,124]. A phase I/II study to evaluate the safety and activity
of brigatinib was recently reported [125]. Phase I study aimed to establish the recommended phase
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II dose of brigatinib in patients with advanced malignancies other than leukemia. Based on phase I
results, three regimens were tested in the phase II: 180 mg daily, 90 mg daily and 180 mg daily with a
7-day lead-in at 90 mg daily. The phase II expansion study was divided into five histologically and
molecularly defined cohorts based on prior chemotherapy and/or tyrosine kinase inhibitor treatments
as well as the cancer types and CNS involvement. Crizotinib pre-treated ALK-rearranged NSCLC
patient cohort had a confirmed objective response of 62% with a median progression-free survival of
13.2 months upon brigatinib treatment. Kim et al. have published results from the ongoing phase II,
randomized, open-label, multicenter international study (ALK in Lung Cancer Trial of brigatinib; ALTA,
ClinicalTrials.gov identifier: NCT02094573) that evaluated the efficacy and safety of two different
brigatinib dosage regimens (90 mg daily and 180 mg daily) in crizotinib-treated ALK+ locally advanced
or metastatic NSCLC patients [16]. After a median follow-up of 8 months, investigator-assessed ORR
was 45% and 54% in the 90 mg daily and 180 mg daily dosage groups, respectively. A confirmed partial
response in a patient with the G1202R mutation was also reported from the 180 mg daily group. In the
phase II study, most common treatment-emergent adverse events (TEAE) included GI symptoms,
headache and cough that were of low grade. AEs of grade >3 were hypertension, increased blood
creatine phosphokinase, pneumonia and increased lipase. Pulmonary AEs (dyspnea, hypoxia, cough,
pneumonia, and pneumonitis) with an early onset, usually within 24–48 h of treatment initiation,
were observed in phase I/II study as well as in the phase II study [16,125]. In the ALTA study, all the
pulmonary AEs occurred only at 90 mg brigatinib dose while no such events occurred after escalation
to 180 mg dose [119]. On 28 April, 2017, the FDA granted an accelerated approval to brigatinib for
the treatment of ALK+ metastatic NSCLC patients [126]. A phase III trial, ALTA-1L (NCT02737501) is
ongoing to compare the efficacy and safety of brigatinib with those of crizotinib as a first-line treatment
in patients with ALK+ metastatic NSCLC.

4.3. Other ALK TKI Under Development

Apart from the above mentioned inhibitors, there are other tyrosine kinase inhibitors that are
under development (pre-clinical or clinical). Table 2 lists currently available details regarding these
small molecule inhibitors. Given the developing resistance against the second-generation inhibitors,
these new inhibitors are anticipated to be more potent against ALK-driven tumor cells, have improved
intracranial penetrance as well the ability to overcome the existing drug resistance. One example
is lorlatinib (PF-06463922), a potent and brain-penetrant third generation TKI developed by Pfizer
through cyclization and further modification of their first-generation compound, crizotinib, with the
aim to improve brain penetration and inhibition of drug-resistant ALK mutants [127]. Indeed, lorlatinib
showed good brain exposure and broad activity against resistant mutations. The compound interacts
with the P-loop (L1122, G1123, and V1130) and with the conserved K1150. Lorlatinib inhibited
wilt-type and mutant ALK at a sub-nanomolar concentrations in cell-line models. It also exhibited high
potency against all known clinically acquired ALK mutations, including the highly resistant G1202R
mutant [128]. Zou HY et al. have demonstrated in in vivo experiments, that lorlatinib lead to regression
of EML4-ALK-driven brain metastases ensuring a prolonged mouse survival [128]. In a phase I study,
42% (11/26) ALK-positive NSCLC patients who had been previously treated and progressed on first-
and second-generation ALK TKIs, responded to lorlatinib. Also, lorlatinib showed both systemic and
intracranial activity. These results suggest that lorlatinib may be an effective therapeutic approach for
patients with ALK-driven NSCLC who have become resistant to the currently available TKIs, including
second-generation ALK TKIs [8].
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Table 2. FDA Approved and new ALK inhibitors under development.

Inhibitor Targeted Kinase/s Activity against
Mutant Forms Clinical Evidence Brain

Penetrance References

Crizotinib *
(Xalkori–Pfizer)

ALKc-MET
sROS1 EML4-ALKL1198F

Phase I
Phase II
Phase III

s(Complete)

No [9,10,101,102]

Ceritinib *
s(Zykadia–Novartis)

ALK
IGR-1R
INSR

STK22D

EML4-ALKI1171T/N,

L1196M, S1206C/Y, G1269A/S

Phase I
Phase II
Phase III

(NCT02393625)

Yes [11,109–111]

Alectinib *
(Alecensa–Roche)

ALK
LTK
GAK

EML4-ALKL1152P/R,

C1156Y/T, L1196M,

F1174C/Y, S1206C/Y

DCTN1-ALKG1269/S

Phase I
Phase II
Phase III

(NCT02075840)

Yes [14,116,117,127,
129,130]

Brigatinib *
(AP26113-Ariad)

ALK
ROS1

EML4-ALKI1151Tins,

C1156Y/T, L1196M, L1152P/R,

F1174C/L/V, G1269A/S1

EML4-ALKG1202R

Phase I
Phase II
Phase III

(NCT02094573)

Yes [16,121,123–
125,131–133]

PF-06463922
(Lorlatinib-Pfizer)

ALK
ROS1

ROS1G2032R

ROS1L2026M

EML4-ALKL1196M,

G1269A,S1206Y,C1156Y,

F1174L,L1152R,1151Tins

Phase I
Phase II

(NCT01970865)
Phase III

(NCT03052608)

Yes
(NCT02927340) [8,127,134–136]

RXDX-101
(Entrectinib-Ignyta)

ALK
ROS1
TrkA
TrkB
TrkC

EML4-ALKC1156Y, L1196M

Phase I
(ALKA-372-001

and
STARTRK-1;

NCT02097810)

Yes [137,138]

ASP3026
(Astellas Pharma)

ALK
ACK
ROS1

EML4-ALKL1196M

NPM-ALKI231N

NPM-ALKL256Q

Phase I
(NCT01284192) N.D. [139–141]

X-376 and X-396
(Xcovery)

ALK
MET EML4-ALKL1196M, C1156Y

Phase I/II
(X-396)

(NCT01625234)
Yes [142,143]

CEP-28122 (Teva) ALK
FAK N.D. Phase I

(NCT01922752) N.D. [144]

TSR-011
(Tesaro)

ALK
TrkA
TrkB
TrkC

N.D. Phase I/IIa
(NCT02048488) N.D. [145]

Abbreviations (alphabetic order): FAK, focal adhesion kinase; MET, proto-oncogene, receptor tyrosine kinase; N.D.,
not described; ROS1, ROS proto-oncogene 1, receptor tyrosine kinase; TrkA, tyrosine kinase receptor A; TrkB,
tyrosine kinase receptor B; TrkC, tyrosine kinase receptor C. *; FDA approved. 1 Brigatinib was reported to have
activity against the G1202R mutation [124,125,146], however, G1202R mutation has also been detected in biopsy
specimens from ALK-positive NSCLC patients who relapsed on brigatinib [129].

In the phase I, dose escalation study, commonly observed AEs were hypercholesterolemia,
hypertriglyceridemia, peripheral neuropathy, and peripheral edema in 72%, 39%, 39%, and 39%
patients, respectively. GI symptoms (constipation and nausea) were less frequent and predominantly
grade 1. The authors also reported mild neurocognitive side-effects (difficulty multitasking, slowing
of speech, and short-term memory deficits) and mood side-effects that were reversible with dose
interruption or dose reduction. However, how lorlatinib affects the lipid metabolism and causes
hypercholesterolemia, hypertriglyceridemia, AEs unique to lorlatinib treatment, is still not known [8].
A phase III study comparing lorlatinib with crizotinib as monotherapy in terms of prolonging
progression-free survival and overall survival in treatment naïve advanced ALK-positive NSCLC
patients is currently ongoing (NCT03052608). Even though lorlatinib is a potent inhibitor, the L1198F
resistant mutation was reported in one ALK+ NSCLC patient after receiving lorlatinib treatment for
8 months [147]. The patient had been treated with two prior TKIs; crizotinib and ceritinib and became
refractory to both of them. Surprisingly, the L1198F lorlatinib resistant tumor regained sensitivity to
crizotinib [147].
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5. ALK TKI Resistance Mechanisms

Resistance to targeted therapies can be either primary or acquired. Primary resistance to a
targeted therapy implies an intrinsic lack of response to the treatment from the beginning while
acquired resistance denotes disease progression after an initial response (partial or complete) to the
therapy [120]. Though mechanisms of intrinsic resistance are poorly understood, acquired resistance
mechanisms broadly fall under two categories; ALK-dependent or ALK-independent mechanisms
of resistance.

5.1. ALK-Dependent Resistance Mechanisms

5.1.1. Secondary Mutations in the ALK Tyrosine Kinase Domain

In general, secondary mutations within the target kinase cause drug resistance by re-activation of
the kinase and its downstream signaling pathways despite the presence of the TKI. These resistance
mutations often occur around the surface lining the drug binding site (Figure 2C), although a number of
mutations have been described that lie far from the active site. Depending on their location, mutations
can directly hamper TKI binding to the target kinase, alter the conformation of the kinase, and/or
modify the ATP-binding affinity of the kinase.

Resistance against Crizotinib

Despite the remarkable responses that have been observed in patients with ALK rearrangements,
resistance to crizotinib eventually develops and rather quickly, making durable response unachievable,
particularly in NSCLC. One of the important mechanisms of acquired resistance to crizotinib is the
selection of point mutations within the drug target that alter drug sensitivity (Table 3). The first case of
resistance against crizotinib was reported in an EML4-ALK-positive NSCLC patient [148]. The tumor
resumed growth after an initial partial response over a period of 5 months. Deep sequencing analysis
of the patient sample revealed a L1196M mutation and a C1156Y substitution at a relatively high
frequency. The L1196 residue is a conserved gatekeeper residue located close to the ATP pocket
and crizotinib binding site. In this secondary mutation, a smaller residue (leucine) is replaced by
a larger residue (methionine) (Figure 2A,B). In contrast to a larger residue, a smaller one does not
block the access of the inhibitor to the adjacent hydrophobic pocket [149]. Methionine substitution,
in addition, has been reported to increase the enzyme activity by strengthening the hydrophobic
R-spine which then promotes the formation of the active protein conformation [150]. L1196M mutant
EML4-ALK protein was found to have higher phosphorylation levels [142]. These results show that
the L1196M substitution confers drug resistance by increasing the protein kinase activity. On the
other hand, the C1156Y mutation creates a displacement of crizotinib along with some conformational
changes in the binding site of the drug that eventually decreases crizotinib affinity and leads to
drug resistance [151]. Interestingly, a different gatekeeper mutation (L1196Q) was identified in
crizotinib-resistant ALCL cells in vitro [152]. The same paper described an I1171N mutant that was
resistant to all tested inhibitors; this mutation was later identified in an ALCL patient progressing
on crizotinib [17]. Sasaki and colleagues described another case of crizotinib resistance in an IMT
patient [153]. These investigators found the F1174L mutation in the RANBP2-ALK kinase domain in
the relapsed tumor lesions. The F1174L mutation had earlier been detected in neuroblastoma [95].
The 1174 residue is found at the carboxyterminal end of the αC-helix and has been shown to reduce
ALK sensitivity to crizotinib by increasing ATP binding affinity in neuroblastoma cell lines and in vivo
models [154]. Another mutant variant at the same position, F1174V, was also found in an ALK+
NSCLC patient resistant to crizotinib [155]. Secondary mutation L1152R with an EGFR and c-Met
hyperactivation was reported in a cell line established from the NSCLC patient who relapsed after
3 months of crizotinib treatment [156]. The L1152R mutation affected crizotinib-mediated inhibition of
downstream AKT and ERK phosphorylation in the resistant cells. As the L1152R mutation does not
seem to be in direct contact with the ATP-binding pocket [157], how L1152R mediates ALK inhibitor
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resistance is still unclear. A number of other secondary mutations such as S1206Y, G1202R, 1151Tins,
G1269A were also found in crizotinib-refractory NSCLC patients (Figure 2C) [158,159]. Both, G1202R
and S1206Y, are located at the solvent front of the kinase domain and presumably interfere with
inhibitor binding due to steric hindrance and conformational changes of the kinase. While the insertion
of a threonine residue at 1151 position is speculated to lead to a change in the affinity of ALK for
ATP [157]. The Gly1269 residue is situated at the end of the ATP-binding pocket of ALK and its
substitution with the larger Ala residue leads to a decrease in the binding of crizotinib to ALK due
to steric hindrance [159]. Another ALK mutation found commonly in neuroblastoma is R1275Q [94],
which has been shown to increase the ATP-binding affinity in the mutated ALK in vitro [154].

Table 3. Mutational profile of ALK that induce TKI resistance.

TKI Sensitive Mutants Resistant
Mutants Disease Evidence (In Vitro/

In Vivo/Clinical) Reference

Crizotinib L1198F

I1151Tins
L1152R
C1156Y

I1171T/N
F1174L
L1196M
L1196Q
L1198P
G1202R
D1203N
S1206Y
G1269A

NSCLC
NSCLC
NSCLC
NSCLC

IMT
NSCLC
NSCLC

EML4-ALK BaF3 cells
NSCLC
NSCLC
NSCLC

NSCLC, IMT

Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
In vitro
Clinical
Clinical
Clinical
Clinical

[158]
[156]
[148]
[160]
[156]
[148]
[161]
[162]
[158]
[161]
[158]

[159,163]

Ceritinib G1269A, I1171T,
S1206Y, L1196M

R1275Q
L1152P/R

D1203
G1202R

F1174C/V
L1198F

C1156Y/T

Neuroblastoma
NSCLC
NSCLC
NSCLC
NSCLC
NSCLC
NSCLC

In vitro
In vitro
Clinical
Clinical
Clinical
In vitro
In vitro

[94]
[107]
[164]
[107]
[107]
[165]
[107]

Alectinib
G1269A, S1206Y,
L1152R, F1174L,

1151Tins

I1171T
V1180L
G1202R

NSCLC
NSCLC
NSCLC

Clinical
In vitro
Clinical

[119]
[155]

Brigatinib

G1269A, S1206Y,
L1152R, F1174C,
1151Tins, I1171T,
D1203N, E1210K,

F1245C

F1174V+L1198F
G1202R

S1206C/F

ALCL
NSCLC
NSCLC

In vitro
Clinical
Clinical

[166]
[167]

Lorlatinib L1196M, G1202R,
G1269A L1198F NSCLC Clinical [147]

Resistance to Second-Generation ALK TKIs

Even though the second generation of ALK inhibitors is proven to be more potent and highly
selective with tolerable adverse events, the biggest setback still stays in the form of acquired resistance
against them. For example, while ceritinib was able to overcome some of the secondary ALK resistance
mutations that arise after crizotinib treatment, G1202R, F1174C/V mutations were reported to be
selected by ceritinib. Structural analysis revealed that G1202R substitution causes a significant loss in
ceritinib binding due to steric hindrance [107]. Other secondary mutations such as C1156Y, 1152Tins, and
L1152R, G1123S have also been documented to be associated with resistance against ceritinib [160,168].

On the other hand, alectinib was shown to be effective against crizotinib or ceritinib resistant
mutations, but leads to the acquisition of I1171T and V1180L resistant mutations in vitro and in a
patient upon alectinib treatment. Interestingly, these two mutations could be overcome with ceritinib
treatment which supports the idea of using two different inhibitors/combinatorial therapy. Again, the
G1202R emerged as a highly intractable mutant [169]. Indeed, this mutation was reported to be resistant
to all clinically available inhibitors, thereby representing the biggest current clinical challenge [123].
Point mutations L1122V, F1174V+L1198F, S1206C, and L1198F have been shown to confer resistance
against brigatinib in ALCL cell lines [166]. Except for the S1206C mutation, most of the brigatinib
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resistance could be overcome by switching back to crizotinib, other ALK TKIs or using alternative
inhibitors such as heat shock protein 90 (HSP90) inhibitors [166].

Emergence of compound mutations upon sequential TKI treatment appears to be the next hurdle.
Given the structural differences among the available ALK TKIs, it is perhaps not surprising that each
ALK TKI appears to be associated with a specific profile of secondary ALK resistance mutations
(Table 3). One such example of the compound mutations is the presence of a double mutation, C1156Y
and L1198F in an advanced ALK+ NSCLC patient treated sequentially with crizotinib, ceritinib and
lorlatinib [147]. Even though C1156Y mutation is sensitive to lorlatinib, the addition of L1198F
disrupts binding of the drug with the kinase and leads to lorlatinib resistance. But interestingly,
in vitro studies showed that L1198F mutation paradoxically leads to re-sensitization to the less potent
and selective inhibitor crizotinib. Based on these findings, the patient was retreated with crizotinib
and had a durable response [170]. Other examples of the compound mutation phenomenon include
detection of C1156Y and I1171N double mutation after progression on crizotinib, ceritinib, and alectinib
sequential treatment and presence of E1210K with D1203N mutation after sequential crizotinib and
brigatinib treatment [129]. Given the number of different ALK TKIs that are being approved and their
implementation in clinic for sequential TKI treatment, we are bound to see an increase in the number
and variety of compound mutations (Table 3).

5.1.2. Amplification of ALK

Another ALK-dependent resistance mechanism is the amplification of ALK gene which occurs
less frequently than secondary mutations, but is a recognized cause of acquired resistance to crizotinib.
Katayama et al. reported high-level of wild type EML4-ALK gene amplification in 1 of the 15 patients
that progressed on crizotinib [158]. The authors did not find any additional secondary mutations
in the sample. Doebele et al. also documented an increase in the copy number of rearranged ALK
gene per cells in 2 out of 12 patients’ samples from post-crizotinib treatment [159]. Copy number
gain (CNG) in the rearranged ALK gene was accompanied by the resistant mutation G1269A in
1 of these 2 samples. Based on the present clinical evidence it is difficult to say under which
circumstances/factors, amplification of ALK gene is sufficient enough to render the tumor cells
resistant. Genomic amplification of ALK locus has also been described to mediate ALK TKI resistance
in ALCL cell lines [166,171]. Ceccon et al. observed that the brigatinib resistant ALCL cells had
overexpressed NPM-ALK due to the ALK amplification [166]. Interestingly, the resistant cells were
dependent/addicted to the TKI for their growth and proliferation [172]. Remarkably, drug withdrawal
lead to apoptotic death of these drug-addicted TKI resistant cells mediated by the activation of the
DNA damage response pathway due to an unbalanced NPM-ALK signaling [172].

5.2. ALK-Independent Resistance Mechanisms

5.2.1. Activation of Bypass Signaling Pathways

One important category of ALK-independent resistance mechanism is the activation of bypass
signaling pathways through genetic alterations, autocrine signaling, or dysregulation of feedback
signaling which leads to the survival and growth of tumor cells even when the target driven gene is
inhibited with the TKI.

One such example is the epidermal growth factor receptor (EGFR) activation [156,158,173]. Studies
conducted in ALK-rearranged lung cancer cell lines have shown an increment of EGFR phosphorylation
in crizotinib-resistant cell lines which did not present secondary ALK mutation/up-regulation, when
compared with parental crizotinib-sensitive cells, leading to a persistent activation of downstream
ERK and AKT signaling. However, those cells did not present any EGFR mutations or amplification,
telling that EGFR activity may result from receptor or ligand up-regulation [156,173]. Gene expression
profiling of crizotinib-resistant versus crizotinib-naive NSCLC tumor samples using RNA sequencing
followed by single-sample gene set enrichment analysis (ssGSEA) has identified EGFR and HER2
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(members of the HER receptor family) signatures as two of the most enriched gene expression marks
in resistant tumors [174].

In ALK-positive lung adenocarcinoma cell lines and mouse xenograft models, the RAS–MEK
pathway was found to be the critical downstream effector of EML4–ALK. In a recent study, using
next generation sequencing analysis in a patient-derived ALK-translocated lung cancer cell line after
ceritinib treatment, a MAP2K1-K57N activating mutation was found as the primary genetic alteration
which was leading to MEK activation. More importantly, a separate study verified that ALK/MEK dual
blockade may be effective not only in overcoming but also in delaying ALK TKI resistance [175,176].
In addition, c-KIT gene amplification in the presence of stem cell factor (SCF) has also been reported
to impart some degree of resistance against crizotinib in patient samples [158]. A combination of
crizotinib and imatinib (c-KIT/ABL inhibitor) treatment was able to overcome the resistance in c-KIT
overexpressing crizotinib-resistant H3122 cells [158].

Laimer et al. [117] have shown in a mouse model of NPM-ALK-triggered lymphomagenesis,
that the activator protein 1 family members JUN and JUNB promote lymphoma development and
tumor dissemination via transcriptional regulation of platelet-derived growth factor receptor-β
(PDGFRβ). When PDGFRβ is inhibited therapeutically, the survival of NPM-ALK transgenic mice is
prolonged. Also, its inhibition leads to an increased efficacy of an ALK-specific inhibitor in transplanted
NPM-ALK tumors. Remarkably, a patient with refractory late-stage ALK-rearranged ALCL treated
with PDGFRα and PDGFRβ inhibitors had a rapid and complete remission [177].

Doebele et al. reported mutation in KRAS gene in 2 of the 11 NSCLC patients who relapsed
on crizotinib [159]. One patient had a KRASG12C mutation which was detected in both, pre- and
post-crizotinib biopsy samples. The second patient had a G12V substitution in KRAS gene only in the
post-crizotinib biopsy sample. Interestingly, when the author introduced the G12V substitution in
H3122 cells to evaluate its effect on resistance, they did not see a significant difference in IC50 values
between parental and mutant cells [159]. Additionally, re-activation of MAPK signaling pathway due
to a copy number gain (CNG) of wild-type KRAS gene or reduced levels of MAPK phosphatase DUSP6
was also reported to impart resistance against ALK TKIs in mouse models [175]. Using an upfront
dual ALK and MEK-inhibitor therapy the authors were able to suppress the development of resistance
in vitro. Other examples of bypass mechanisms clinically implicated in ALK TKI resistance include
PIK3CA mutations (one of 27 samples (3.7%), post-alectinib; a case post-ceritinib) [129,176], IGF1R
activation (four of five samples (80%), post-crizotinib [178]; and SRC activation [176]) (Figure 1B).

5.2.2. Other Mechanisms

In case of NSCLC, change in morphology has also been shown to contribute towards TKI
resistance. Epithelial-to-mesenchymal transition (EMT) is one such morphological change in which
epithelial cells lose their polarity and cell-to-cell junction and become more fibroblastic as well as more
motile and invasive. EMT has been reported to confer resistance against first and second generation
ALK TKIs in NSCLC cell lines [179] as well tumor samples [129]. However, how exactly and to what
extent EMT contributes to this resistance still needs to be uncovered. Another recently identified
mechanism of resistance against ALK TKIs is the histological transformation from a NSCLC entity to
Small Cell Lung Cancer (SCLC). Several reports have been published reporting the transformation in
NSCLC patients after progression on crizotinib [180,181], alectinib [182–184] and also on ceritinib [185].
In all of these reported cases, the SCLC tumor cells retained the ALK expression. None of the
investigators were able to firmly demonstrate if the SCLC transformation appeared as a novel resistance
mechanism or the SCLC cells could have co-existed but not discovered during the initial diagnoses.
Even though the transformation mechanism is not yet completely understood, loss of retinoblastoma
(RB) gene seems to be important for this type of transformation. Mutations in TP53 and PTEN genes
have also been found in a patient presenting with the SCLC transformation [185].
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6. Other Therapeutic Strategies to Overcome ALK-Related Resistance

6.1. ALK TKIs Combined with Other Inhibitors Targeting Different Kinases

The majority of studies performed on ALK TKI resistance has focused on the development of
next-generation ALK inhibitors, which can overcome at least some of resistant mutants. Around
30% of crizotinib resistance in ALK-positive NSCLC is related to secondary ALK mutations and/or
amplifications, which maintain their sensitivity to next-generation ALK inhibitors. However, nearly to
40% of the resistant cases to second-generation inhibitors is no longer ALK-dependent. Activation of
bypass signaling has emerged as other potential strategy to combat ALK TKI resistance. Combination
strategies that target both ALK and a second kinase may be needed to overcome the different bypass
pathways that mediate ALK resistance.

As mentioned above, MEK reactivation is a key example of resistance mechanism involving other
TKs. Crystal et al. in a patient-derived ALK-rearranged lung cancer cell line post-ceritinib harboring
MAP2K1K57N activation mutation of MEK, have shown that the MEK inhibitor selumetinib was a
potent hit when combined with ceritinib [176]. Confirming these results, a separated study lead by
Hrustanovic et al. demonstrated that the dual blockage of ALK/MEK may be effective not only in
overcoming but also in delaying ALK TKI resistance [175]. Based on these findings, a large variety of
combination therapies of ALK and MEK inhibitors may be a potential therapeutic strategy.

Current clinical trials are testing the efficacy of ALK TKI in combination with other target agents.
Alectinib combined with bevacizumab (angiogenesis agent targeting vascular endothelial growth
factor–VEGF) is being tested in patients with ALK-rearranged NSCLC with at least one target lesion
in CNS (NCT02521051) and combinations of ceritinib with either LEE011 (CDK4/6 inhibitor) or
everolimus (mTOR inhibitor) are in early-phase testing in NSCLC (NCT02292550 and NCT02321501,
respectively). Other potential combinations include ALK TKI with EGFR inhibitor, cKIT inhibitor
and SRC inhibitor. The selection of the appropriate combination should be individualized based
on the resistance mechanism identified and toxicities of combinations may be a major limitation.
MET activation is a very well-known bypass signaling pathway in EGFR-mutant NSCLC but in
ALK-rearranged NSCLC does not cause resistance to the first-generation TKI crizotinib, which is also a
potent MET inhibitor [186,187]. However, some of the next-generation ALK TKIs do not have activity
against MET and indeed, MET has been reported as a bypass signaling mechanism in a patient who
has failed second-generation ALK inhibitors. This patient subsequently responded to crizotinib [188].
Similarly, the fact that each ALK TKI is associated with a unique spectrum of ALK resistance mutations,
suggests that combinations of ALK TKIs could also be beneficial and enable more durable responses
than those achieved in monotherapies.

6.2. ALK Inhibitors Combined with Immunotherapy

6.2.1. Immune Checkpoint Inhibitors

Immunotherapy with immune checkpoints inhibitors, specifically PD-1 and PD-L1, has demonstrated
good responses in advanced NSCLC, ranging from 15 to 20%, with some patients exhibiting durable
responses after discontinuing therapy [189–194]. In 2015, two immune checkpoints inhibitors received
FDA approval for second-line therapy of NSCLC, namely nivolumab and pembrolizumab both
targeting the programmed cell death-1 (PD-1). In 2016, another checkpoint inhibitor (atezolizumab,
a programmed cell death-ligand 1 [PD-L1]) received its approval from FDA for first-line NSCLC
treatment in patients with high PD-L1 expressing tumors [189,195–198]. Some clinical trials are
investigating the efficacy and safety of an ALK TKI combined with immunotherapy in lung cancer,
namely, crizotinib with nivolumab or ipilimumab (NCT01998126) or pembrolizumab (NCT02511184);
alectinib with atezolizumab (NCT02013219); ceritinib combined with nivolumab (NCT02393625) and
lorlatinib with avelumab (NCT02584634). Yet, there are still limited preclinical data to support this
combination strategy. Although those immune checkpoints inhibitors have demonstrated durable
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responses after disruption of the therapy, only 20% of the patients benefit this effect and it has been
associated with high expression levels of PD-L1, high mutational load and smoking history [189,191].
Patients bearing ALK-rearrangements tend to be never-smokers and with a low tumor mutational
load [199] and to respond poorly to PD-1 blockade [200]. Thus, the potential benefit of the addition of
immunotherapy to ALK TKI treatment is still unclear.

6.2.2. Vaccine Therapy

The administration of immunogenic tumor-associated antigens or cells in conjunction with an
immune-adjuvant that elicits specific antitumor immune response, boost the immune system against
tumor cells [201]. These therapeutic vaccines identify specific tumor-associated antigen and elicit
the immune system against them. ALK has unique biological characteristics that are attractive for a
tumor antigen. First, ALK is not expressed in obviously detectable levels by non-tumoral cells with
the exception of specific regions of the central nervous system and the testis, both immunologically
privileged sites. Many evidences support that ALK is spontaneously recognized as a tumor antigen
in human patients [202]. Circulating antibodies against NPM-ALK and EML4-ALK proteins were
found in ALK-positive ACLC and NSCLC, respectively [203,204]. In 2008 we have demonstrated
in vivo the efficacy of a DNA-based vaccine encoding portions of the cytoplasmic domain of ALK.
This combination enhanced the survival of mice challenged with ALK-positive lymphomas [205].
More recently, our group has shown that ALK vaccination induce a strong and specific immune
response either prophylactically or therapeutically against ALK+ lung tumors in preclinical models.
The ALK vaccine in combination with ALK TKI treatment significantly delayed tumor relapse after TKI
suspension [206]. Many of the vaccine trials in NSCLC showed an immune response after vaccination,
usually in form of an increase of target specific cytotoxic T-cells. Unfortunately, this has not translated
into significant survival advantage in the phase III trials to date. In terms of toxicity, most of these
vaccine-based therapies show less toxicity when compared to traditional chemotherapies or other
immune therapies. While vaccine therapy trials in NSCLC have so far failed to show significant clinical
benefit, the demonstration of enhanced immune response in these trials suggests that an ALK-directed
vaccine therapy could have more degree of clinical efficacy in combination with checkpoint inhibitors.

7. Conclusions

ALK represents a validated therapeutic target in numerous malignancies such as NSCLC, ALCL,
IMT and neuroblastoma. Since its discovery as a fusion oncogene, four ALK inhibitors have been
approved and will become standard of cure for NSCLC patients harboring ALK-rearrangements.
More ALK inhibitors are in clinical development and some have already shown strong efficacy in
cohorts of patients with ALK-positive tumors. Notwithstanding these remarkable responses, ALK TKIs
effect is transient and never achieves a complete cure. Patients invariably relapse due to acquired
resistance, which represents a significant barrier to the successful treatment of ALK-positive patients.
Therefore, the development of strategies to overcome/prevent/delay resistance is a priority. With the
current knowledge of the complex and heterogeneous mechanisms process behind ALK resistance,
multiple next-generation ALK inhibitors and combinatorial treatment approaches can be envisioned.
These potential new therapeutic strategies have the promise to improve the treatment of an increasing
portion of patients ALK-positive cancers.
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