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Targeting CCR7-PI3Kγ overcomes resistance to tyrosine
kinase inhibitors in ALK-rearranged lymphoma
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Anaplastic lymphoma kinase (ALK) tyrosine kinase inhibitors (TKIs) show potent efficacy in several ALK-driven
tumors, but the development of resistance limits their long-term clinical impact. Although resistance mecha-
nisms have been studied extensively in ALK-driven non–small cell lung cancer, they are poorly understood in
ALK-driven anaplastic large cell lymphoma (ALCL). Here, we identify a survival pathway supported by the tumor
microenvironment that activates phosphatidylinositol 3-kinase γ (PI3K-γ) signaling through the C-C motif che-
mokine receptor 7 (CCR7). We found increased PI3K signaling in patients and ALCL cell lines resistant to ALK
TKIs. PI3Kγ expression was predictive of a lack of response to ALK TKI in patients with ALCL. Expression of CCR7,
PI3Kγ, and PI3Kδ were up-regulated during ALK or STAT3 inhibition or degradation and a constitutively active
PI3Kγ isoform cooperated with oncogenic ALK to accelerate lymphomagenesis in mice. In a three-dimensional
microfluidic chip, endothelial cells that produce the CCR7 ligands CCL19/CCL21 protected ALCL cells from ap-
optosis induced by crizotinib. The PI3Kγ/δ inhibitor duvelisib potentiated crizotinib activity against ALCL lines
and patient-derived xenografts. Furthermore, genetic deletion of CCR7 blocked the central nervous system dis-
semination and perivascular growth of ALCL in mice treated with crizotinib. Thus, blockade of PI3Kγ or CCR7
signaling together with ALK TKI treatment reduces primary resistance and the survival of persister lymphoma
cells in ALCL.
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INTRODUCTION
Most anaplastic lymphoma kinase (ALK)–driven tumors respond
well to treatment with ALK tyrosine kinase inhibitors (TKIs) (1).
In ALK-rearranged anaplastic large cell lymphoma (ALCL), crizo-
tinib, an ALK TKI, induces complete remissions that last for several
years in most pediatric and adult patients with chemotherapy re-
lapsed/refractory (R/R) disease (2–4). Because of this success, crizo-
tinib received U.S. Food andDrug Administration approval in 2021.
Despite this remarkable activity, resistance to crizotinib treatment
appears within 3 months of therapy initiation in a subset of patients
(5). Moreover, even patients with complete clinical and molecular
remission of several years’ duration relapse after the discontinuation
of TKI treatment (6–8). These data indicate that ALK+ lymphoma
cells are not eradicated by TKI treatment and that therapy

discontinuation allows the regrowth of rare persister cells. Resistant
cells and persister cells share common mechanisms of tolerance to
targeted TKI therapy (9). In epithelial tumors, resistance mecha-
nisms include point mutations in the tyrosine kinase (TK)
domain that abrogate drug binding, genomic amplification of the
rearranged gene, and activation of bypass signaling pathways.
Thesemechanisms can preexist or be acquired by drug-tolerant per-
sister cells (9). In ALK+ non–small cell lung cancer (NSCLC),
bypass mechanisms are provided by secondary activation of other
receptor TKs (RTKs) expressed by the epithelial cells, such as mes-
enchymal-epithelial transition (MET) factor receptor and epider-
mal growth factor receptor (EGFR), that compensate for the
blockade of ALK signaling (10, 11). In ALK+ ALCL, resistance to
ALK TKIs is typically not associated with the acquisition of point
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mutations, suggesting the activation of bypass pathways (6, 11, 12).
Because MET and EGFR are not expressed in ALCL, other yet-
unknown bypass mechanisms are likely engaged. Blockade of con-
comitant platelet-derived growth factor receptor (PDGFR) signal-
ing potentiates the activity of ALK TKIs (13) and interleukin-10
receptor (IL-10R)–mediated cytokine signaling can contribute to
primary resistance to crizotinib in ALK+ lymphoma cells (12).
The downstream signals initiated by PDGFR and IL-10R converge
into a bypass activation of Akt, signal transducer and activator of
transcription 3 (STAT3), and mitogen-activated protein kinases
(MAPKs), suggesting that the activation of these pathways, known
to be essential for ALCL survival (14, 15), might be as well critical to
compensate for the blockade of ALK signaling (12, 13). However, it
is likely that more specific mechanisms originate from the tumor
microenvironment to support the survival of ALK+ persister cells
for years in the presence of ALK blockade. In the early phase of
the disease, ALK+ ALCL cells tend to colonize the perivascular
and intravascular spaces in lymph nodes, with a sinusoidal and peri-
vascular distribution of tumor cells being a common pattern ob-
served in ALK+ ALCL (16). Thus, the perivascular niche appears
to be a favorable microenvironment for the homing of ALCL cells.
Here, we describe that expression of C-C motif chemokine re-

ceptor 7 (CCR7), phosphatidylinositol 3-kinase γ (PI3Kγ), and
PI3Kδ is repressed by ALK activity in ALCL cells. ALK+ ALCL
cells exploit the up-regulation of the CCR7/PI3Kγ axis to engage
survival signals from perivascular niches during ALK blockade.
Disruption of this survival axis through CCR7 deletion or PI3Kγ/
δ blockade in vitro and in vivo increases the efficacy of ALK TKIs,
supporting the use of these combination therapies for the eradica-
tion of ALCL persister cells.

RESULTS
The PI3K pathway is up-regulated in patients and ALCL cell
lines resistant to ALK TKI treatment
To identify potential bypass mechanisms that lead to acquired resis-
tance to crizotinib in ALK+ ALCL, we analyzed RNA sequencing
(RNA-seq) data from primary tumors of two pediatric patients
with ALK+ ALCL enrolled in the MAPPYACTS trial
(NCT02613962) who developed resistance to ALK TKIs (fig. S1A)
(12, 17). Gene Ontology (GO) analysis using pathway annotations
from the Kyoto Encyclopedia of Genes and Genomes (KEGG) on
genes that were differentially expressed in ALK TKI–resistant
tumors versus ALK TKI–responsive tumors showed up-regulation
of sets of genes involved in proliferation, survival, and cancer-asso-
ciated pathways (fig. S1B). Genes in the PI3K-Akt pathway and in
the Ras and MAPK signaling pathways were among the most up-
regulated genes in ALK TKI–resistant tumors (Fig. 1A and fig.
S1B). To corroborate these findings in experimental models, we
created crizotinib-resistant (CR) ALK+ ALCL cell lines by exposing
cells to increasing concentrations of crizotinib. After 6 months,
seven out of the eight treated cell lines developed resistance to
high concentrations of crizotinib (Fig. 1B and fig. S2, A and B),
whereas the remaining line, SU-DHL1, did not develop resistance
to crizotinib [median inhibitory concentration (IC50) remained
<120 nM]. Sequencing of the ALK gene showed that most resistant
cells had not acquired ALKmutations predicted to confer resistance
to crizotinib, whereas, in two lines, ALKmutations were detected at
a low frequency (table S1). We then performed RNA-seq on

parental crizotinib-sensitive and CRALCL cells and found 1525 dif-
ferentially expressed genes (table S2). On the basis of analysis with
the enrich R tool (18, 19), these genes included a number of genes
associated with the KEGG PI3K-Akt signaling pathway. Specifically,
43 differentially expressed genes belonged to the set of 354 genes
annotated in the KEGG PI3K-Akt pathway (fig. S2C and table
S3). In this context, forkhead box O3 was down-regulated, but the
mammalian target of rapamycin (mTOR) signaling was up-regulat-
ed in resistant cell lines, consistent with a function of mTOR in
ALK+ ALCL survival (20). We concluded that an up-regulation of
the PI3K pathway occurred in vivo and in vitro in ALCL cells that
develop resistance to ALK TKI.

Increased PI3Kγ expression induces resistance to crizotinib
To elucidate the mechanism of PI3K pathway activation, we ana-
lyzed the expression of all PI3K class I isoforms. We found that
four out of seven CR cell lines displayed increased mRNA and
protein abundance of PI3Kγ, whereas no increase was seen in
PI3Kα, PI3Kβ, or PI3Kδ (Fig. 1B and fig. S3, A to C). We also ob-
served the up-regulation of PI3Kγ expression in vivo in ALCL xe-
nografts that had become resistant to lorlatinib (fig. S3D) (21),
suggesting that increased PI3Kγ expression could contribute to
ALK TKI resistance.
We next extended the characterization of PI3K isoforms to a

larger panel of ALK+ and ALK− lymphoma cell lines. In contrast
to normal T cells or other T cell lymphoma or leukemia cell lines, all
ALK+ ALCL lines displayed low PI3Kδ expression. PI3Kγ showed
variable expression in ALK+ ALCL lines ranging from very-low to
intermediate-high expression that was comparable to normal pe-
ripheral blood T cells (Fig. 1C and fig. S3E). By fluorescence in
situ hybridization (FISH) analysis, the ALK+ ALCL cell line, L82,
showed amplification (>five copies) of the PIK3CG locus consistent
with a previous report based on CNV analysis (22), whereas all
other lines contained two PIK3CG copies (fig. S3F). Cell lines
with higher PI3Kγ expression showed greater resistance to crizoti-
nib than cell lines with low PI3Kγ (Fig. 1D). The positive correlation
between PI3Kγ expression and increased IC50 was also seen with
other ALK TKIs (brigatinib, ceritinib, alectinib, and lorlatinib)
(fig. S4).
To determine the expression of PI3Kγ in treatment-naïve

primary ALCL, we developed an immunohistochemistry staining
assay with an antibody whose specificity in formalin-fixed
samples was validated in cells transduced with a PI3Kγ-encoding
retrovirus (fig. S5A). Consistent with the heterogeneity found in
cell lines, primary ALK+ ALCL showed variable PI3Kγ expression,
as did primary ALK− ALCL (Fig. 2, A and B). In contrast, other T
cell lymphomas, such as peripheral T cell lymphoma–not otherwise
specified (PTCL-NOS) and angioimmunoblastic T cell lymphoma,
showed more consistent PI3Kγ expression like that seen in reactive
T cells (Fig. 2, A and B, and fig. S5B). No gains or amplification of
PIK3CG was detected by FISH in 41 primary ALCL samples (fig.
S3G). Thus, PI3Kγ mRNA and protein abundance is heterogeneous
in both primary ALCL and ALK+ ALCL cell lines.
Because the availability of patients in the MAPPYACTS trial was

limited, we investigated samples from another series of patients with
R/R ALK+ ALCL who had been treated with crizotinib and for
whom clinical response was known and histology was available
(NCT02419287 and EudraCT 2010-022978-14) (2, 4). We previous-
ly demonstrated that crizotinib could induce long-lasting clinical
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responses in ALK+ ALCL (23), although some patients responded
poorly and relapsed during crizotinib treatment (5). In this patient
cohort, none of the patients with high expression of PI3Kγ (H score
> 100) responded to crizotinib (zero of five), in contrast to five out
of seven (71%) patients with low expression of PI3Kγ (H score <
100) who responded to crizotinib (Fig. 2, C and D).
To test the hypothesis that PI3Kγ confers resistance to ALK TKI,

we overexpressed PI3Kγ in two ALCL cell lines, TS and SU-DHL1,
with low baseline PI3Kγ expression (fig. S6A). Overexpression of
PI3Kγ was sufficient to decrease crizotinib sensitivity in ALCL
cells (fig. S6B). Likewise, the overexpression of a constitutively
active form of PI3Kγ (PI3KγCAAX) caused resistance to crizotinib
(fig. S6, C and D). In a complementary experiment, we observed
that the knockdown of PI3Kγ with two different short hairpin
RNAs (fig. S6E) decreased cell viability after crizotinib treatment
in all ALCL lines tested, although less profoundly than the

knockdown of PI3Kα that is known to be essential for ALK signal-
ing in ALCL (fig. S6, F and G) (24). Overall, these data support the
conclusion that PI3Kγ expression is both necessary and sufficient to
confer partial resistance to ALK TKIs in ALK+ ALCL.

PI3Kγ and PI3Kδ expression are repressed by ALK
oncogenic activity in ALCL
The unexpected finding that PI3Kδ expression was low in ALK+
ALCL prompted us to investigate the regulation of PI3Kδ expres-
sion in ALCL. We and others previously reported that, in lympho-
ma cells, ALK signaling suppresses the expression of several genes
that mediate T cell receptor (TCR) signaling, including CD3, lym-
phocyte cell–specific protein-tyrosine kinase (LCK) and ZAP70 (25,
26). Inhibition of ALK activity by crizotinib or by treatment with
the ALK degrader TL13-112 (27) up-regulated PI3Kδ expression
(Fig. 3, A and B, and fig. S7A). Conversely, the ectopic expression

Fig. 1. Resistance to crizotinib is associated with PI3Kγ up-regulation in ALK+ ALCL. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis for up-regulated genes identified by RNA-seq in samples from patients with ALK+ ALCL that relapsed on ALK inhibitor treatment (n = 2) versus sensitive to ALK
inhibitor treatment (n = 2). The PI3K-Akt, Ras, and MAPK signaling pathways are highlighted in red. (B) Western blot analysis performed on paired crizotinib-sensitive (S)
and resistant (R) ALK+ ALCL cell lines. (C) Western blot analysis performed on human ALK+ ALCL cell lines, ALK− T lymphoma lines, or normal T cells. Western blot bands
were normalized on β-actin. (D) Cell viability measured using CellTiter-Glo of ALK+ and ALK− ALCL cell lines treated with crizotinib (100 nM) for 72 hours. n = 3 or 4
technical replicates. Data are shown as means ± SD. For Western blots, β-actin was used as a loading control, and two independent experiments with similar results were
performed.
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of nucleophosmin (NPM)–ALK in ALK− ALCL resulted in de-
creased PI3Kδ expression (fig. S7, B and C). Furthermore, treatment
with the STAT3 degrader SD36 (28) increased PI3Kδ mRNA and
protein abundance, indicating that ALK-induced suppression of
PI3Kδ was transcriptionally regulated through STAT3 (Fig. 3, C
and D). Degradation of STAT3 also increased PI3Kγ mRNA and
protein expression (Fig. 3D and fig. S7D). However, the overexpres-
sion of PI3Kδ, either wild type (WT) or the constitutively active
form PI3KδE1021K, did not increase resistance to crizotinib (fig.
S7, E and F). Thus, ALK and STAT3 activities both repress PI3Kδ
expression, whereas PI3Kγ is repressed by STAT3 in ALK+ ALCL.

Constitutive activation of PI3Kγ in mice accelerates NPM-
ALK–driven lymphomagenesis
We then investigated the contribution of PI3Kγ in ALK-driven lym-
phoma by crossing NPM-ALK transgenic mice (29) with PI3Kγ
(PI3Kγ−/− mice) knockout mice (30) and mice expressing a consti-
tutively active form of PI3Kγ (PI3KγCX/CX mice) in T cells (Fig. 3E)
(31). PI3Kγ deficiency did not affect lymphoma onset or survival
(fig. S8A), indicating that PI3Kγ is not required for T cell transfor-
mation by NPM-ALK. In contrast, the presence of homozygous
PI3KγCX alleles significantly accelerated NPM-ALK lymphoma
onset (P < 0.0001; Fig. 3F). Lymphomas from NPM-ALK/
PI3KγCX/CX mice showed higher proliferation rates in vivo than
those fromNPM-ALK/PI3KγWT/WTmice (P = 0.0008; Fig. 3G). Ac-
tivation of Akt, extracellular signal–regulated kinase 1/2 (ERK1/2),
and S6K was higher in NPM-ALK/PI3KγCX/CX than in NPM-ALK/
PI3KγWT/WT lymphomas (Fig. 3H). Thus, constitutive activation of
PI3Kγ accelerates NPM-ALK–driven lymphoma by contributing to
the activation of pathways that promote cell proliferation.

Duvelisib cooperates with crizotinib to block ALCL
cell growth
When used as single agents, the PI3Kγ/δ dual inhibitor duvelisib
and other PI3K inhibitors had limited effects on ALK+ ALCL
growth and apoptosis in vitro and in vivo (Fig. 4, A and B, and
fig. S8, B and C). This is consistent with our previously published
report (32) and ongoing data from the PRIMO trial in patients with
T cell lymphoma (NCT03372057). Thus, we tested the combined
treatment of crizotinib at low concentration with duvelisib in
ALCL lines (KARPAS-299, L82, and COST) that highly express
PI3Kγ and are partially resistant to ALK inhibition.We demonstrat-
ed that duvelisib potentiated the activity of crizotinib in vitro (fig.
S8B). Moreover, combination therapy with crizotinib and duvelisib
in KARPAS-299 and L82 xenografts reduced cell proliferation and
increased apoptosis of ALCL cells compared with crizotinib alone
(Fig. 4, A and B). Last, we tested the combination of crizotinib and
duvelisib in an ALK+ ALCL patient-derived xenograft (PDX). Non-
obese diabetic mice (NOD)/severe combined immunodeficient
(SCID) IL-2Rγ (IL-2Rγ)–null (NSG) mice were injected subcutane-
ously with PDXs. PDX tumors grew rapidly when injected subcuta-
neously and were insensitive to duvelisib alone but responded to
crizotinib and to the combined treatment of crizotinib with duveli-
sib. The combined treatment induced more durable responses than
crizotinib alone (Fig. 4, C and D). Histology of tumors showed a
reduction of residual ALK+ lymphoma cells in PDXs from mice re-
ceiving crizotinib in combination with duvelisib compared with
either duvelisib or crizotinib alone (Fig. 4E and fig. S8D). Ex vivo
analysis of tumor lysates demonstrated that the PDX tumors mod-
erately expressed PI3Kγ and PI3Kδ, and up-regulated expression of
PI3Kγ upon prolonged treatment with crizotinib (Fig. 4F and fig.
S8E). In addition, PDX tumors showed a greater reduction of
ERK1/2 and Akt phosphorylation with the combination of crizoti-
nib and duvelisib than crizotinib or duvelisib alone (Fig. 4F and fig.
S8F). Thus, we concluded that, although PI3Kγ inhibitors are inef-
fective as single agents in ALK+ ALCL, they can potentiate the ther-
apeutic activity of ALK TKIs.

Fig. 2. High PI3Kγ expression induces spontaneous resistance to crizotinib in
patients with ALK+ ALCL. (A) Photomicrographs of representative hematoxylin
and eosin (H&E) staining and immunohistochemical staining performed with the
indicated antibodies in primary ALK+ lymphoma samples with low or high expres-
sion of PI3Kγ. PI3Kγ antibody was validated in formalin-fixed samples of cells trans-
duced with a PI3Kγ-encoding retrovirus (fig. S5A). Black arrows indicate PI3Kγ
expression in lymphoma cells. Scale bars, 100 μm. (B) PI3Kγ staining in human T
cell lymphoma subtypes. Expression across the violin plot is shown. ALK+ ALCL, n =
41; ALK− ALCL, n = 29; angioimmunoblastic T cell lymphoma (AITL), n = 10; PTCL-
NOS n = 11. The number of patient samples is indicated for each lymphoma
subtype. PI3Kγ expression was quantified by immunostaining, and an H score
was assigned. (C) Immunohistochemical staining of ALK and PI3Kγ in primary
samples of ALK+ ALCL. Black arrows indicate PI3Kγ expression in lymphoma
cells. Scale bars, 100 μm. (D) Percentage of response to crizotinib treatment of pa-
tients with ALK+ ALCL expressing low (H score < 100; n = 7) or high (H score > 100;
n = 5) PI3Kγ. C Scale bars, 50 μm. *P < 0.05. Significance was determined by un-
paired, two-tailed Student’s t test.
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Fig. 3. PI3Kδ is repressed by ALK in ALK+ALCL cell lines and constitutive activation of PI3Kγ accelerates ALK-dependent lymphomagenesis. (A) qRT-PCR analysis
of PIK3CDmRNA expression performed on TS, JB6, and SU-DHL1 cell lines treated with TL134-112 (100 nM). n = 3 technical replicates. (B) Western blot analysis on TS and
JB6 cell lines treatedwith TL13-112 (100 nM). (C) qRT-PCR analysis of PIK3CDmRNA expression performed on ALK+ ALCL cell lines treatedwith SD36 (1 μM). n = 3 technical
replicates. (D) Western blot analysis on ALK+ ALCL human cell lines treated with SD36 (1 μM). (E) Western blot analysis of lymphomas obtained from C57BL/6 mice with
the indicated genotypes. (F) Kaplan-Meier survival analysis of NPM-ALK transgenic mice crossed with mice expressing an active form of PI3Kγ (PI3KγCX/CX) (black, NPM-
ALK/PI3KγWT/WT, n = 30 mice; red, NPM-ALK/PI3KγCX/CX, n = 30 mice). ****P < 0.0001. Significance was determined by log-rank (Mantel-Cox) test. (G) Quantification of Ki-
67–positive cells in sections of primary lymphomas (n = 4) with the indicated genotypes. (H) Amount of phosphorylated Akt, ERK, and S6K measured in murine primary
tumors with the indicated genotypes by Bio-Rad Bio-Plex. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Significance was determined by unpaired, two-tailed
Student’s t test. Data are shown as means ± SD. For Western blots, β-actin was used as a loading control, and two independent experiments with similar results were
performed.
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Fig. 4. Duvelisib potentiates crizotinib treatment in ALK+ ALCL xenografts. (A) Representative immunohistochemistry (IHC) for Ki-67 and cleaved caspase-3 of xen-
ografted tumors collected from NSG mice injected subcutis with ALK+ ALCL cells and treated when tumors reached 300 to 500 mm3. Mice were treated with a vehicle,
duvelisib (10 mg/kg), crizotinib (30 mg/kg), or duvelisib and crizotinib for 6 days. Scale bars, 50 μm. (B) Quantification of Ki-67 (top) and cleaved caspase-3–positive
(bottom) cells in ALK+ ALCL xenograft lymphoma as in (A) (n = 3 to 6 tumors). (C) Schematic representation of the in vivo experiment with ALK+ ALCL PDXs. PDXs
were injected subcutis. Treatment started when tumors reached 300 to 500 mm3. Mice were treated for 5 days and monitored for follow-up until day 40 after treatment.
(D) Tumor growth of PDXs treated with a vehicle (n = 9 tumors), duvelisib (10 mg/kg; n = 6 tumors), crizotinib (30 mg/kg; n = 8 tumors), or duvelisib and crizotinib (n = 8
tumors) for 5 days. (E) Representative H&E staining and IHC for ALK of PDX tumors treated as indicated in (C) and (D). Tumors were collected as follows: control mice, day
16; duvelisib, day 20; crizotinib, day 30; crizotinib and duvelisib, day 40. Scale bars, 100 μm. (F) Western blot analysis on ALK+ ALCL PDX tumor samples treated and
collected as indicated in (E). *P < 0.05, ** P < 0.01, and ****P < 0.0001. Significancewas determined by unpaired, two-tailed Student’s t test. Data are shown asmeans ± SD.
For Western blots, β-actin was used as a loading control, and two independent experiments with similar results were performed.
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PI3Kγ signaling activates the MAPK pathway through the
CCL19/CCL21-CCR7 chemokine receptor axis
PI3Kγ is a class IB PI3K typically activated by G protein–coupled
receptors (GPCRs) (33, 34). We analyzed RNA-seq data for the ex-
pression of GPCRs known to activate PI3Kγ signaling and found
that most ALK+ ALCL lines, primary tumors, and PDXs expressed
CCR7 and C-X-C motif chemokine receptor 4 (CXCR4) (fig. S9, A
to C), in accordance with previous studies on primary ALCL (35).
Flow cytometry confirmed that ALK+ALCL cell lines hadmoderate
to high expression of CCR7, approaching the expression in normal
T cells (fig. S9D). To further characterize CCR7 expression by ALK+
ALCL cells, we performed single-cell RNA-seq (scRNA-seq) analy-
sis of two primary ALK+ ALCLs and one PDX. Both the primary
cases and the PDX demonstrated CCR7 expression in the ALK+
lymphoma cells (Fig. 5, A and B, and fig. S10, A to C). The same
population of ALK+ cells showed low to undetectable expression
of PI3Kγ and PI3Kδ (fig. S10, D and E). Collectively, these data in-
dicate that CCR7 is consistently expressed by ALK+ ALCL cells. In
addition, inhibition of ALK by crizotinib or degradation of ALK
with TL13-112 induced an increase in CCR7 mRNA expression
and a twofold increase of CCR7 surface expression (Fig. 5, C to F,
and fig. S11). Available chromatin immunoprecipitation sequenc-
ing (ChIP-seq) data (36) showed two distinct STAT3 binding sites
in the CCR7 gene or 3′ downstream that were strongly reduced
upon ALK inhibition (fig. S12A), prompting us to investigate the
role of STAT3 in CCR7 regulation. Degradation of STAT3 by
SD36 in ALK+ ALCL cell lines (COST, DEL, KARPAS-299, and
SU-DHL1) resulted in increased CCR7 mRNA and protein expres-
sion (fig. S12, B to I), demonstrating that CCR7 expression is re-
pressed in ALCL cells by ALK and STAT3 signaling.
CCR7 is a GPCR that is essential for the activation, migration,

and homing of B and T lymphocytes in various tissues and
engages the PI3K-Akt signaling pathway (37–39). CCR7 is activated
by chemokine (C-Cmotif) ligand 19 (CCL19) and 21 (CCL21), and
PI3Kγ is required for the CCL19-induced chemotactic responses in
T cells (40). Thus, we hypothesized that PI3Kγ mediates signaling
resulting from stimulation of CCR7 by CCL19/21 in ALK+ ALCL.
First, we tested cell lines from lymphomas arising in NPM-ALK/
PI3KγWT/WT, NPM-ALK/PI3KγCX/CX (expressing active
PI3KγCAAX), and NPM-ALK/PI3Kγ−/− mice (Fig. 6A). When
treated with CCL19/21, NPM-ALK/PI3KγWT/WT and NPM-ALK/
PI3KγCX/CX lymphoma cells showed an increase in ERK1/2 phos-
phorylation, whereas pALK, pAkt, and pSTAT3 remained un-
changed (Fig. 6A) (41). By contrast, increased ERK1/2
phosphorylation was reduced in NPM-ALK/PI3Kγ−/− cells
(Fig. 6A). The activation of ERK1/2 induced by CCL19/21 in
NPM-ALK/PI3KγWT/WT and NPM-ALK/PI3KγCX/CX lymphoma
cells was almost completely blocked by treating cells with duvelisib,
further supporting the conclusion that MAPK activation induced
by CCR7 engagement is mediated by PI3Kγ in ALK+ murine lym-
phomas (Fig. 6B and fig. S13A). Next, we stimulated human ALK+
ALCL lines expressing either intermediate-high PI3Kγ (DEL,
COST, KARPAS-229, and SUP-M2) or low PI3Kγ (TS and JB6)
with CCL19/21. CCL19/21 increased ERK1/2 and Akt phosphory-
lation in cells with high PI3Kγ even when cells were treated with
crizotinib to abrogate the effects of ALK signaling (Fig. 6C and
fig. S13B). Furthermore, as in mouse cells, duvelisib blocked the ac-
tivation of ERK1/2 induced by CCL19/21 in both treatment-naïve
and TKI-resistant human ALK+ ALCL cells (Fig. 6D and fig. S13C).

Duvelisib also partially restored the sensitivity to crizotinib or lor-
latinib in cells that had up-regulated PI3Kγ expression while devel-
oping resistance to ALK TKI (Fig. 6E and fig. S13, D and E). Thus,
CCR7 engagement results in PI3Kγ-dependent activation of the
MAPK pathway in ALK+ ALCL and may convey TKI resistance.

The perivascular niche protects lymphoma cells from the
effects of crizotinib treatment
ALK+ ALCL cells can secrete cytokines, such as IL-10 and IL-17,
that support cell survival through an autocrine loop (42–45), but
we did not detect CCL19/21 expression in ALK+ ALCL cell lines
(fig. S9A) or ALK+ ALCL cells from two primary tumors and a
PDX (fig. S14, A to C). In contrast, CCL19/21 was expressed in
the tumor microenvironment by vascular and stromal cells (fig.
S14D), suggesting that ALK+ ALCL might engage CCR7 through
CCL19/21 produced in the microenvironment. ALK+ ALCL cells
tend to preferentially colonize the perivascular and intravascular
spaces (Fig. 7A) (16). In addition, rare ALK+ persister cells are
found in the proximity of vessels in bone marrow biopsies obtained
from patients with ALK+ ALCL in clinical remission (Fig. 7B).
Thus, we reasoned that the CCL19/21 secreted by endothelial cells
(ECs) may sustain MAPK activation through an engagement of the
CCR7-PI3Kγ axis to confer resistance to crizotinib. First, we gener-
ated three CCR7 knockout ALCL cell lines by deleting the CCR7
gene using CRISPR-Cas9. The effective deletion was confirmed
by two independent anti-CCR7 antibodies (fig. S15, A and B).
Then, we used a three-dimensional (3D) ALCL-vascular microflui-
dic chip (46) to study the interaction of ALCL cells with ECs
(Fig. 7C). The 3D vascular model consisted of a well-formed and
perfusable macrovessel with ALCL flowing inside and interacting
with the ECs (Fig. 7C). In this model, we investigated whether the
presence of human umbilical vein ECs (HUVECs) that produce
CCL19 and CCL21 (fig. S14E) would protect ALCL cells from the
apoptotic effects induced by crizotinib through an engagement of
the CCR7 receptor. In the absence of HUVEC cells, crizotinib treat-
ment had the same effect on cell viability in CCR7WT or CCR7KO
ALK+ ALCL cells, consistent with a lack of a CCL19/21-CCR7–me-
diated autocrine loop (Fig 7, D and E, and fig. S15, C and D). In
contrast, the presence of HUVEC cells increased resistance to crizo-
tinib, and the addition of duvelisib abrogated the protective effect
provided by ECs (Fig. 7D and fig. S15, C and D). Deletion of CCR7
in ALK+ ALCL cells reduced, but did not completely abrogate, the
protective effect of HUVEC cells (Fig. 7E and fig. S15, E and F). Last,
we leveraged the 3D ALCL-vascular microfluidic chip to test a
larger series of PI3K inhibitors. ALK+ ALCL cells were cultivated
in the presence of HUVEC cells and treated with the PI3Kγ-specific
inhibitor eganelisib and two PI3Kδ-selective inhibitors, acalisib and
idelalisib. In these experimental settings, only duvelisib and egane-
lisib potentiated the effect of crizotinib, whereas acalisib and idela-
lisib did not show a significant effect (fig. S15G). Overall, these data
confirm that PI3Kγ inhibition overcomes the microenvironment-
mediated resistance to ALK TKIs and supports the use of eganelisib
as an alternative to duvelisib for the treatment of patients with
ALK+ ALCL in combination with an ALK TKI.
These data demonstrate that resistance to ALK TKI is enhanced

by the presence of ECs in the tumor microenvironment at least par-
tially through an engagement of the CCR7 receptor. To study
whether the CCR7 signaling would support persistence of ALK+
ALCL cells in vivo, we evaluated whether CCR7 would increase
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Fig. 5. CCR7 is specifically expressed in ALK+ cells in primary ALCL and derepressed by ALK degradation. (A) Uniform Manifold Approximation and Projection
(UMAP) plot of scRNA-seq data for CD45+ cells from a primary lymph node of a patient with ALK+ ALCL, color-coded by themain group of cell type. (B) UMAP plots [CD45+

cell positioning as shown in (A)] normalized for expression of selected genes. (C) Western blot analysis of high-PI3Kγ–expressing ALK+ ALCL cells treated with TL13-112
(100 nM). (D) qRT-PCR analysis of CCR7 mRNA expression performed on ALK+ ALCL cell lines treated with TL13-112 (100 nM). n = 3 technical replicates. (E) CCR7 cell
surface expression intensity measured by flow cytometry in ALK+ ALCL cell lines treated with dimethyl sulfoxide or TL13-112 (100 nM). KARPAS-299 cells were treated for
24 hours and DEL and COST cells for 16 hours. (F) Histograms showmean fluorescence intensity (MFI) of CCR7 cell surface expression in ALK+ ALCL cells treated as in (E).
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Significance was determined by unpaired, two-tailed Student’s t test. Data are shown as means ± SD. For Western
blots, β-actin was used as a loading control. Blots are representative of two independent experiments with similar results.
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Fig. 6. PI3Kγ signaling activates MAPK pathway through CCR7. (A) Western blot analysis performed on of NPM-ALK+ lymphoma cells derived from primary tumors
collected in mice with the indicated genotypes and stimulated with CCL19/21 (100 ng/ml) ex vivo. (B) Western blot analysis of NPM-ALK+ lymphoma cells derived from
primary tumors collected in mice with the indicated genotypes. Cells were stimulated with CCL19/21 (100 ng/ml) and treated with duvelisib (1 μM) for 3 hours ex vivo.
(C) Western blot analysis performed on human ALK+ ALCL cell lines. Cells were stimulated with CCL19/21 (100 ng/ml) and left untreated or treated with crizotinib (300
nM) for 3 hours ex vivo. (D) Western blot analysis of a crizotinib-sensitive and -resistant (CR) ALK+ ALCL cell lines stimulated with CCL19/21 (100 ng/ml) in the presence or
absence of duvelisib (1 μM). β-Tubulin was used as a loading control. (E) Dose-response curves of crizotinib-sensitive (DEL) and CR (DEL-CR) ALK+ ALCL cells treated with
increasing concentrations of crizotinib in single or in combination with duvelisib (10 μM). n = 3 technical replicates. Data are shown as means ± SD. For Western blots, β-
actin was used as a loading control. Blots are representative of two independent experiments with similar results.
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TKI resistance in a mouse experimental model designed to mimic
the relapse of perivascular lymphoma upon crizotinib suspension
(Fig. 7F). NSG mice engrafted with CCR7WT or CCR7KO ALK+
ALCL cells (KARPAS-299) developed systemic disease involving
several organs. including the brain, wherein ALK+ ALCL cells dis-
seminated to the perivascular space and to the vascularized menin-
geal space (Fig. 7, G and H), allowing for a histologic
characterization of the perivascular niche (Fig. 7G). Although the
perivascular and meningeal growth of CCR7WT ALK+ ALCL was
not impaired by treatment with crizotinib, the same treatment erad-
icated CCR7KO ALK+ ALCL cells from the perivascular and men-
ingeal spaces (Fig. 7, G to J, and table S4). We conclude that an

engagement of the CCR7 receptor may lead to resistance of ALK+
ALCL to ALK TKIs by preventing the eradication of the perivascu-
lar persister lymphoma cells.

DISCUSSION
In this study, we identified an actionable bypass mechanism of TKI
resistance in ALK+ ALCL that is mediated by the CCR7-PI3Kγ sig-
naling axis to sustain prosurvival signaling during ALK blockade.
This mechanism is different from those exploited by ALK+
NSCLC, which typically rely on the activation of compensatory
RTKs, such as MET and EGFR, to sustain oncogenic signaling

Fig. 7. The perivascular niche protects ALK+
ALCL cells from crizotinib–induced apoptosis.
(A) Representative IHC for ALK in primary ALK+
ALCL lymph nodes showing perivascular coloni-
zation of ALK+ cells. Scale bars, 100 μm. (B) Peri-
vascular distribution of rare persister ALK+ cells
(stained in brown) detected by anti-ALK IHC in
bone marrow biopsies obtained from patients
with ALK+ ALCL in clinical remission. Dotted line:
bone marrow vascular space. Scale bars, 100 μm.
(C) Top: Schematic representation of the microfl-
uidic chip (left) and schematic of microphysio-
logical model of ALCL-vascular interaction and
blood vessel formation in a 3Dmicrofluidic model
(right). A commercial microfluidic chip with a
central collagen hydrogel channel (collagen),
flanked by two fluidic media channels, was used
(blood vessels). ALCL cells inside the channel
(ALCL). Bottom: Confocal microscope imaging of
macrovessels (F-actin, red) and ALK+ ALCL (GFP,
green) in the microfluidic model. ALK+ ALCL cells
were transduced with a lentivirus-expressing en-
hanced green fluorescent protein. Scale bar, 100
μm. (D) Cell viability of KARPAS-299CCR7WT and
KARPAS-299CCR7KO in coculture with or without
blood vessels (HUVEC) treated with crizotinib (300
nM) or duvelisib (10 μM) or in combination. (E)
Cell viability KARPAS-299CCR7WT and KARPAS-
299CCR7KO in coculture with or without HUVEC
treated with crizotinib (300 nM) for 72 hours. n = 3
biological replicates. *P < 0.05, ***P < 0.001, and
****P < 0.0001, n.s., not significant. Significance
was determined by one-way ANOVA. (F) Sche-
matic representation of the in vivo experiment.
COSTCCR7WT and COSTCCR7KO were injected intra-
venously (iv) into NSG mice, and mice were
treated with crizotinib (100 mg/kg/die). (G and H)
Representative H&E staining (top) and IHC for ALK
(bottom) of the central nervous system of mice
injected with COSTCCR7WT and COSTCCR7KO

without or with crizotinib treatment. Perivascular
[(G), scale bars, 100 μm] or meningeal [(H), scale
bars, 200 μm] infiltration of ALK+ lymphoma cells.
(I and J) Histograms of lymphoma cell infiltration
in the brain perivascular vessels (I) or meninges (J)
of mice inoculated with COSTCCR7WT (n = 5) and
COSTCCR7KO (n = 5) and treatedwith crizotinib as in
(F). ***P < 0.001 and ****P < 0.0001. Significance
was determined by unpaired, two-tailed Student’s
t test. Data are shown as means ± SD.
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including MAPK activation after ALK blockade (10). Although
CCR7 is also expressed on epithelial tumors where it is implicated
in the metastatic spread of NSCLC (47), MET and EGFR are not
substantially expressed by ALCL cells, indicating a tumor-specific
modality of activating survival signals during ALK inhibition. In ad-
dition, we found that ALK represses the CCR7-PI3Kγ axis and that
ALK inhibition alleviates this repression leading to the up-regula-
tion of PI3Kγ and CCR7. Thus, we speculate that ALCL cells exploit
the plasticity of PI3Kγ and CCR7 up-regulation to activate rescue
signals from the microenvironment during ALK blockade. These
signals might contribute not only to upfront TKI resistance seen
in a fraction of patients with ALK+ ALCL (5, 23) but also to the
long-term persistence of ALCL cells in patients treated with ALK
TKIs (6, 8).
The ALK-mediated repression of PI3Kγ and CCR7 requires

STAT3, a master signaling mediator activated by oncogenic ALK
(15, 48). ALK signaling through STAT3 also repressed the expres-
sion of PI3Kδ, another PI3K enzyme with an important role in the
normal biology of T cells (40, 49, 50). PI3Kδ is required for optimal
maturation (30) and potent TCR activation in T cells (51), whereas
PI3Kγ contributes to optimal TCR activation by antigen-presenting
cells by regulating F-actin polarization (52). Thus, repression of
PI3Kγ and PI3Kδ in the presence of active ALK and STAT3 is con-
sistent with the global repression of molecules involved in TCR sig-
naling seen in ALK+ ALCL (25, 53). The suppression of the
expression of the TCR and TCR-related downstream molecules in
ALCL increases the biological fitness of cells that are driven by the
potent and broad oncogenic activity of ALK (25, 26, 53). Likewise,
the repression of PI3Kγ, PI3Kδ, and CCR7 in the presence of an
active ALK signaling could represent a modality exploited by
ALCL cells to prevent the hyperactivation of critical pathways that
could result in a toxic excess of signaling (54, 55). We recently pub-
lished that reduced sensitivity to crizotinib in ALCL can be partially
mediated by an autocrine loop that activates IL-10 receptor signal-
ing (12), whereas p110δ activates IL-10 production (56). Therefore,
it is possible that the increased expression of PI3Kδ during ALK in-
hibition might also contribute to TKI resistance.
ALCL cells have a propensity to colonize the perivascular niches

of blood and lymphatic vessels (Fig. 7A) (16). In 3D microfluidic
chip models of the vascular microenvironment, the presence of
ECs was sufficient to increase the resistance of ALCL cells to crizo-
tinib. In these models, the protective effect of the ECs was reduced
by inhibition of PI3Kγwith duvelisib or eganelisib, as well as genetic
deletion of CCR7. CCR7 is specifically activated by the chemokines
CCL19 and CCL21 that are secreted by ECs (57) and is critical for T
cell homing and positioning within the lymph node (39, 58). CCR7
signaling is important for other hematologic malignancies, such as
the homing to the lymph node and the survival of chronic lympho-
cytic leukemia (CLL) cells (59, 60) and the homing to the central
nervous system of T cell acute lymphoblastic leukemia (T-ALL)
cells (38). When engaged by its ligands, CCR7 activated the
MAPK and PI3K-Akt pathways in ALK+ ALCL cells. This activa-
tion was blunted by the genetic deletion of PI3Kγ or by treatment
with duvelisib, indicating that an engagement of CCR7 can sustain
the activation of MAPK and PI3K-Akt through PI3Kγ signaling,
two of the pathways with central roles in the pathophysiology of
ALCL (14, 15). Together these findings suggest that the perivascular
niche supports preferential homing but also the survival of ALCL
persister cells.

Our study has several limitations. The focus of this manuscript is
largely on p110γ and on its role in sustaining resistance to ALK TKI
inhibition in ALK+ ALCL, but we cannot exclude that this might be
one of the multiple avenues that ALCL cells can exploit to survive
during TKI inhibition. In addition, p110δ might also have a role in
mediating TKI resistance in ALCL, likely in other contexts or
through different signaling pathways than the CCR7 receptor;
therefore, further investigation is required by studying a large
series of patients that develop resistance to ALK TKIs.
Our study has several potential therapeutic implications. First,

PI3Kγ and CCR7 expressions are potential biomarkers for predict-
ing the response of ALK+ALCL to ALKTKIs. In the small cohort of
patients analyzed and in ALCL cell lines, PI3Kγ expression positive-
ly correlated with resistance to crizotinib and other ALK TKIs.
Overexpression of PI3Kγ or a constitutively active form of PI3Kγ
(PI3KγCAAX) was sufficient to impart crizotinib resistance to
ALCL cells with low baseline PI3Kγ expression. Although most pa-
tients undergo complete remission with crizotinib, a subset re-
sponds poorly and shows disease progression within the first 3
months of treatment (2). Additional analysis of PI3Kγ and CCR7
expression in a large cohort of patients with ALK+ ALCL treated
with ALK TKIs will be needed to determine their utility as biomark-
ers. Second, PI3Kγ can be inhibited by the PI3Kγ/δ dual inhibitor
duvelisib, which has shown efficacy as a single agent in treatment of
T cell lymphoma (32) and currently is being tested in a phase 2 clin-
ical trial of patients with R/R PTCL (NCT03372057) (61). Although
duvelisib alone has very limited effects on ALK+ ALCL, likely
because of the dominant signaling initiated by ALK, we demonstrat-
ed that duvelisib can potentiate the antitumor effects of crizotinib in
vitro and in vivo. Although PI3Kα is also involved in ALK-mediated
signaling in ALCL (24), the identification of PI3Kγ as the main
PI3K that contributes to the activation of the PI3K pathways
during ALK TKI resistance supports the use of the selective
PI3Kγ/δ inhibitors despite their immune-mediated toxicities that
can be challenging for patients (62) or of less-toxic PI3K inhibitors
such as the PI3Kγ-selective eganelisib or the pan-PI3K inhibitor
copanlisib.
CCR7/PI3Kγ signaling could also be targeted by blockade of the

CCR7 receptor. CCR7 antibodies showed promising preclinical
results in CLL (63, 64) and are now in a phase 1 clinical trial for
refractory CLL (NCT04704323). CCR7 allosteric antagonists have
also been identified (65). CCR7 blocking antibodies alter homing
of CLL cells in lymph nodes (66). Thus, targeting CCR7 in ALK+
ALCL could not only block the survival signaling but also displace
persister lymphoma cells from the perivascular niche during TKI
inhibition. In addition, blockade of CCR7 in combination with
ALK TKIs could prevent or reduce the central nervous system dis-
semination of ALCL in patients, a severe complication that is cur-
rently treated with central nervous system prophylaxis in patients at
risk (67). Because part of the CCR7 signaling is independent of
PI3Kγ, a combination of CCR7 blocking antibodies with duvelisib
could generate a broader vertical inhibition of this axis to further
increase sensitivity to ALK TKIs. Although single-cell analysis of
ALCL samples showed that ALK+ cells distinctly express CCR7
and ECs produce CCL19/21, the microenvironment of ALK+
ALCL is made up of several other cell types, such as fibroblasts or
macrophages that produce CCL19 or CCL21. Furthermore, experi-
ments with 3D microfluidic chips demonstrated that protection
from apoptosis induced by ECs was still partially observed in
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CCR7 knockout cells, suggesting that additional signaling pathways
mediated by the endothelium might also contribute to TKI resis-
tance. For example, we recently showed that IL-10 mediates resis-
tance to ALK TKI (12) and a subset of ALK+ ALCL express
CXCR4, a receptor involved in the formation of a vascular niche
where residual T-ALL cells survive and contribute to leukemia pro-
gression (68).
Last, the concept of displacing lymphoma cells with blockade of

the CCR7-PI3Kγ signaling axis could be extended to other T cell
lymphomas. For example, ALK− ALCL also express CCR7 (35)
and may also be driven by Janus kinase (JAK)/STAT activation or
TK fusions (69, 70) that can be targeted by specific TKIs (71).
Primary ALK− ALCL also shows the heterogeneity of PI3Kγ ex-
pression (Fig. 2B and fig. S5B) and high expression of CCR7 (fig.
S9C). Thus, it is intriguing to predict that ALK− ALCLs or other
T cell lymphoma would also benefit from therapies that combine
duvelisib or CCR7 blockade with TKIs. Overall, our data suggest
that combined treatments should be further evaluated in patients
with TKI refractory lymphomas to determine whether they could
delay relapses and possibly eradicate long-term persister cells.

MATERIALS AND METHODS
Study design
The primary objective of this study was to investigate mechanisms
of resistance and persistence in ALK+ ALCL during treatment with
ALK TKIs that contribute to relapse or treatment failure. To achieve
this objective, we first analyzed RNA-seq data previously generated
from primary lymphoma of patients with ALCL enrolled in the
MAPPYACTS trial (ClinicalTrials.gov identifier: NCT02613962).
The MAPPYACTS trial protocol, amendments, and informed
consent were approved by the ethics committee and complied
with local regulations and the Declaration of Helsinki (no. 2015-
A00464-45) (12). We also generated in vitro ALK+ ALCL cell
lines resistant to crizotinib and performed RNA-seq on both paren-
tal cells sensitive to crizotinib and resistant cells. Once we identified
the involvement of the CCR7-PI3Kγ signaling as a potential mech-
anism of resistance, we used human ALCL cell lines and murine
lymphoma cell lines derived from NPM-ALK transgenic mouse
models, NPM-ALK transgenic mouse models, PI3Kγ knockout
(PI3Kγ−/−) mice and transgenic mice expressing constitutive
active PI3KγCAAX (PI3KγCX/CX), patients’ primary lymphoma
samples, and ALCL PDXs.
Human and murine cell lines were used for in vitro studies, in-

cluding Western blot, reverse transcription quantitative polymerase
chain reaction (RT-qPCR), FISH, IC50 experiments, ChIP-seq anal-
ysis, and 3D lymph node perivascular niche modeling. Patients’
primary lymphoma samples obtained with informed consent
under Dana-Farber/Harvard Cancer Center Institutional Review
Board (IRB) protocol 14-076, and ALCL PDXs were used for
scRNA-seq analysis. Patients’ primary samples for histological
and immunohistochemical staining were enrolled in the phase 2
studies from 2010 to 2019 (NCT02419287 and EudraCT 2010-
022978-14) (4).
Human ALCL cell lines and ALCL PDXs were also used for in

vivo studies. All procedures that involved animals were approved by
the Institutional Animal Care and Use Committee of University of
Torino. Animal experiments were performed under protocols ap-
proved by the Italian Ministry of Health (no. 2542017-PR). In all

experiments, mice of similar age and size were used across all
groups. None of the mice was excluded from the analysis and no
randomization or blinding method was used. The number of
mice is presented in the figure legends. All experiments were per-
formed independently at least three times except where noted. No
data were excluded from the analysis. Histopathological evaluation
was performed in a double-blind manner. Sample sizes, experimen-
tal replicates, and statistics are specified in the figures, figure
legends, methods, and data files. Primary data are reported in
data file S1.

Reagents and cell lines
Human ALK+ ALCL cell lines (TS, SU-DHL1, SUP-M2, JB6, SR-
786, KARPAS-299, DEL, and L82) and ALK− cell lines (MAC-1,
FEPD, CEM, and JURKAT) were obtained from DSMZ (German
collection of microorganisms and cell cultures). Cells were passed
for fewer than 6 months after receipt and resuscitation. The
ALK+ ALCL cell line, COST, was provided by L. Lamant (Institut
Universitaire du Cancer Toulouse Oncopole, Toulouse, France).
Human embryonic kidney (HEK) 293FT packaging cells (HEK-
293T and 293 Phoenix packaging cells) were used for lentivirus pro-
duction and obtained from American Type Culture Collection.
Doxycycline-inducible MAC1 Tet ON cells were previously de-
scribed (36, 54). Cell lines were maintained in RPMI 1640
medium (Lonza) or Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum (FBS), 2% penicillin, streptomycin (5 mg/
ml; Gibco), and 1% glutamine (Gibco). Cell lines were grown at
37°C in a humidified atmosphere with 5% CO2. All cell lines were
routinely tested for mycoplasma contamination and always tested
negative.
Murine cell lines were obtained from primary tumors from

transgenic mice with corresponding genotypes and were main-
tained in RPMI 1640 medium containing 10% fetal calf serum as
previously described (36). Frozen tissues of murine primary
ALK+ lymphomas were treated as previously described (29).
Crizotinib and lorlatinib were provided by Pfizer and dissolved

in dimethyl sulfoxide for in vitro experiments. ALK TKIs, brigati-
nib, ceritinib, and alectinib were purchased from Selleckchem. The
dual inhibitor PI3Kγ/δ duvelisib; the PI3Kγ-specific inhibitor ega-
nelisib (IPI-549/); and two PI3Kδ-selective inhibitors, acalisib and
idelalisib, were purchased from Selleckchem. The selective ALK de-
grader TL13-112 and STAT3 degrader SD36 were purchased by
MedChemExpress. All drugs were dissolved according to the man-
ufacturer’s instructions.

Mice and in vivo experiments with xenografts and ALK+
ALCL PDXs
CD4-NPM-ALK, PI3Kγ−/−, and PI3KγCX/CX transgenic mice were
described elsewhere (29, 31). Briefly, NSG mice were purchased
from Charles River Laboratories.
For subcutaneous (sc) xenografts, ALK+ ALCL cell lines (5 × 106

cells) were injected into both flanks of NSGmice. Treatment started
when tumors reached a volume ranging between 300 and 500 mm3.
Mice were treated with duvelisib (10 mg/kg), crizotinib (30 mg/kg),
or a combination of both by oral gavage once a day for a week.
Control mice were treated with a vehicle. Tumor size was measured
with a caliper every 2 days. Both drugs were dissolved in 0.5%meth-
ylcellulose + 0.05% Tween 80. Mice were euthanized at a humane
endpoint.
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For intravenous injection, NSG mice were inoculated intrave-
nously (iv) with ALK+ ALCL cell lines (5 × 106 cells) in 0.2 ml of
phosphate-buffered saline (PBS). According to our previous expe-
rience, treatment started 15 days after cell injection. Mice were
treated with crizotinib, monitored during follow-up, and eutha-
nized at a humane endpoint under anesthesia. All organs were iso-
lated and immediately fixed in formalin solution for
histopathological examination as previously described (72).
ALK+ ALCL PDX was kindly provided by G. Inghirami (Weill

Cornell Medical College, NY, USA) (73). ALK+ ALCL PDX was
generated from a patient with crizotinib-naïve ALCL. Cells were in-
jected in both flanks of NSG mice. Treatment started when tumors
reached a volume ranging between 300 and 500 mm3. Mice were
treated with duvelisib (10 mg/kg), crizotinib (30 mg/kg), or a com-
bination of the two inhibitors by oral gavage as described above.
Mice were euthanized at a humane endpoint.
Animals were housed and maintained in the Animal Facility of

the Department of Molecular Biotechnology and Health Sciences of
University of Torino. Animal experiments were performed under
protocols approved by the Italian Ministry of Health for University
of Torino (approval no. 2542017-PR). None of the mice was exclud-
ed from the analysis, and no randomization or blinding method
was used.

In vitro generation of resistant cell lines
To generate CR ALK+ ALCL cell lines, we added crizotinib to the
medium at a starting concentration of 10 nM. The medium was re-
placed with fresh RPMI 1640 supplemented with crizotinib every 48
or 72 hours, and cell viability was assessed by flow cytometry after
staining with 200 nM tetramethylrhodamine, methyl ester. After
two or three passages at the same crizotinib concentration, a
higher dose of crizotinib was added to the medium until a final con-
centration of 1 μMwas achieved. The resulting pool of resistant cells
(designated CR) was maintained in RPMI 1640 with 10% FBS con-
taining 0.5 to 1 μM crizotinib.

CCR7 knockout by CRISPR-Cas9 gene editing
CCR7 was knocked out with a CRISPR-Cas9 system. Two (74)
single-guide RNAs (sgRNA) targeting exon 3 of human CCR7
gene were designed using deskgene tool (www.deskgen.com)
[CCR7 exon 3 sgRNA 1: GAGGTCACGGACGATTACAT; PAM
CGG; cut site: chr17 (+40,555,783: −40,555,783); GC%: 50; activity
score: 63; off-target score: 99. CCR7 exon 3 sgRNA 2: CGAC-
CAGCCCATTGCCCAGT; PAM AGG; cut site: chr17
(+40,555,657: −40,555,657); GC%: 65; activity score: 56; off-target
score: 94] and cloned into LentiCRISPRv2 puro (Addgene, plasmid
#52961). Lentiviral particles were produced in HEK-293T cells, and
viral supernatant was used to transduce ALCL cell lines (5 × 106
cells/ml) that were then infected with LentiCRISPRv2 puro contain-
ing CCR7 sgRNA #1 or CCR7 sgRNA #2, according to the protocol
described above. After infection and 3 days of puromycin selection,
cells were grown for 10 additional days to allow gene editing. CCR7
expression was assessed by flow cytometry and two different anti-
bodies. Because of the CCR7 expression heterogeneity within each
cell line, CCR7-negative populations were sorted using BD FACSA-
ria II (BD Biosciences), and single-cell clones were obtained
through sequential dilutions. CCR7 expression was then reassessed
in each single-cell clone. To confirm the biallelic deletion of the

clones (biallelic knockout), the PCR products were cloned and
sequenced.

Human studies
Clinical and molecular data from patients with ALK+ ALCL re-
lapsed on ALK inhibitor treatment (n = 2) or sensitive to ALK in-
hibitor treatment (n = 2) were obtained from both male (n = 3) and
female (n = 1) pediatric participants included in the MAPPYACTS
trial (ClinicalTrials.gov identifier: NCT02613962; https://
clinicaltrials.gov/ct2/show/NCT02613962) with informed consent.
The MAPPYACTS trial protocol, amendments, and informed
consent were approved by the ethics committee and complied
with local regulations and the Declaration of Helsinki (no. 2015-
A00464-45). Additional fresh ALK+ lymphoma tissue for scRNA-
seq experiments was obtained with informed consent under Dana-
Farber/Harvard Cancer Center IRB protocol 14-076. For histologi-
cal and immunohistochemical staining, primary samples were col-
lected from patients enrolled in the phase 2 studies from 2010 to
2019 (NCT02419287 and EudraCT 2010-022978-14).

mRNA-seq data analysis of human samples
Libraries were prepared with the TruSeq Stranded mRNA kit (Illu-
mina) according to supplier recommendations. Each transcriptome
library was sequenced on an Illumina NextSeq500 as paired-end
75–base pair sequencing mode. Data were provided under the
MAPPYACTS protocol and have been published (12). Raw
paired-end FASTQ files were mapped against the human reference
genome (GRCh38.p12) and GENCODE transcriptome annotation
version v29 using Salmon (version 0.14.0) with the default param-
eters (75, 76). Strand-specific transcript counts were converted into
gene counts with the tximport package in R (77). Differential gene
expression analysis and normalization were performed using the
edge R package in R (78).

GO analysis
GO analysis was performed with the topGO package (Alexa A, Rah-
nenführer J. topGO: Enrichment Analysis for GO. doi:10.18129/B9.
bioc.topGO) in R using pathway annotations from the KEGG (79).

3D ALCL-vascular microfluidic chip
The 3D ALCL-vascular microfluidic chip models were developed
using a commercial microfluidic chip “3-D cell culture chip”
(DAX-1, AIM Biotech) as previously described (80). To generate
the 3D microfluidic chip model, a mixture of collagen hydrogel
was prepared by dissolving collagen I rat tail into 10× PBS with
phenol red (Sigma-Aldrich, 114537-5G) followed by pH adjustment
by NaOH solution. A pH of 7.0 to 7.5 was confirmed using Panpeha
Whatman paper (Sigma-Aldrich). The collagen hydrogel (final con-
centration of 2.5 mg/ml) was injected into the center gel region of
the 3D microfluidic chamber (10 to 12 μl per microfluidic
chamber). Before injection, collagen hydrogel was kept on ice.
After incubation for 40 min at 37°C in sterile humidity chambers,
collagen hydrogel channels were hydrated with RPMI 1640. Then,
all the side walls of one flanked channel (media channel) were
coated with a collagen solution (150 μg/ml) in PBS to allow better
adhesion of ECs to the channel. After 15 min, the channel was
washed once with a medium. To create the 3D macrovessel, a 50-
μl cell suspension of HUVECs (3 × 106 cells/ml; Lonza, C2519AS)
cultured in VascuLife medium (Lifeline) was injected in the media
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channel coated with collagen. The microfluidic chip was rotated
twice to create the 3D macrovessel with a confluent hollow
lumen. To allow the cells to attach to the media-gel interface to
form a monolayer, the chip was placed face down for 15 min to
let cells adhere. After that, a 50-μl cell suspension was reinjected,
and the chip was faced upside down to cover the upper part of
the 3D vascular channel. After 90 min of incubation in the humidity
chamber in an incubator at 37°C, cell culture medium was gently
added in both media channels. Chips were placed in an incubator
to form a confluent monolayer. The day after, ALCL cells (2 × 105
cells/ml) (COST, KARPAS-299, and DEL), WT cells, or CCR7KO
cells were added into the 3D macrovessel. The medium was supple-
mented with 300 nM crizotinib, 10 μM duvelisib, or their combina-
tion. Microfluidic chips were cultured for 72 hours, and cell
proliferation analysis was performed using CellTiter-Glo Lumines-
cent Cell Viability Assay (Promega). ALCL cells were collected from
the microfluidic device, plated in a 96-well plate, mixed 1:1 with a
CellTiterGlo (CTG) solution, and analyzed using the GloMax-
Multi Detection System.

Statistical analysis
All experiments were performed at least two times. Results are pre-
sented as means ± SD or SEM. Statistical significance (P) was cal-
culated using the nonparametric two-tailed Mann-Whitney U test,
Student’s t test, and one- and two-way analysis of variance
(ANOVA), Mantel-Cox and Kaplan-Meier tests when appropriate
(GraphPad Software, La Jolla, CA, USA). All statistical analysis
was performed using GraphPad Prism. The numbers of samples
and independent biological experimental repeats are indicated in
the figures or figure legends. P < 0.05 was considered statistically
significant, where *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. The statistical analysis was performed using GraphPad
Prism 9.0. software.
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