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Abstract 

The anti–epidermal growth factor receptor (EGFR) antibodies cetuximab and panitumumab are used to treat RAS wild-
type colorectal cancers (CRCs), but their efficacy is limited by the emergence of acquired drug resistance. After EGFR 
blockade, about 20% of CRCs develop mutations in the EGFR extracellular domain (ECD) that impair antibody binding 
and are associated with clinical relapse. We hypothesized that EGFR ECD–resistant variants could be targeted by the 
recently developed oligoclonal antibody MM-151 that binds multiple regions of the EGFR ECD. MM-151 inhibits EGFR 
signaling and cell growth in preclinical models, including patient-derived cells carrying mutant EGFR. Upon MM-151 
treatment, EGFR ECD mutations decline in circulating cell-free tumor DNA (ctDNA) of CRC patients who previously 
developed resistance to EGFR blockade. These data provide molecular rationale for the clinical use of MM-151 in 
patients who become resistant to cetuximab or panitumumab as a result of EGFR ECD mutations. 

 

INTRODUCTION 

The anti–epidermal growth factor receptor (EGFR) monoclonal antibodies (mAbs) cetuximab and panitumumab are 
effective in a subset of RAS/BRAF wild-type metastatic colorectal cancers (mCRCs). However, the onset of secondary 
resistance limits their clinical benefit (1, 2). Previous studies indicated that the emergence of genetic alterations involving 
EGFR downstream effectors (KRAS, NRAS, and BRAF) (3–6) or activation of parallel receptor tyrosine kinase (RTK) 
pathways (HER2 and MET) (7–9) can confer acquired resistance to cetuximab or panitumumab. We and others further 
reported that mutations in the EGFRextracellular domain (ECD) (p.S492R, p.R451C, p.S464L, p.G465R, p.K467T, and 
p.I491M) also mediate secondary resistance to EGFR blockade in colorectal cancer (10–13). Notably, most of these 
variants are resistant to both cetuximab and panitumumab (11). 

This work was initiated on the hypothesis that colorectal tumors displaying EGFR ECD mutations may retain 
dependence on EGFR beyond progression on previous treatment with anti-EGFR mAbs. If this assumption proved 
correct, mCRC patients who become resistant to cetuximab or panitumumab due to the emergence of EGFR ECD 
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mutations may still benefit from further lines of treatment with EGFR inhibitors. We reasoned that it may be possible to 
target cells carrying ECD mutations with drugs that bind to different epitopes located in the EGFR ECD. The use of 
mixtures of mAbs recognizing distinct epitopes of RTKs has proven effective in preclinical and clinical experimentation, 
as exemplified by the combination of trastuzumab and pertuzumab in HER2-overexpressing breast cancer (14–19). 
Compared to cetuximab or panitumumab alone, EGFR-targeted antibody mixtures induce more profound receptor 
endocytosis and suppression, which result in enhanced anticancer effects in mouse models (20, 21). These 
observations prompted the design and development of mAb combinations targeting EGFR on multiple, nonoverlapping 
epitopes. Among these, MM-151 is a third-generation EGFR inhibitor consisting of three fully human immunoglobulin G1 
antibodies that simultaneously engage distinct, non-overlapping epitopes on EGFR (22). MM-151 has demonstrated 
superiority to currently approved and investigational mAbs in preclinical models, displaying improvements in EGFR 
pathway inhibition and downstream signaling, as well as enhanced down-regulation of the EGFR and engagement of 
innate immune responses (22). Notably, MM-151 targets regions of the EGFR distinct from those affected by ECD 
mutations (Fig. 1A). Here, we tested the hypothesis that colorectal cancers (CRCs) that develop resistance to cetuximab 
or panitumumab through EGFR ECD mutations might be sensitive to EGFR blockade by MM-151. 

 

Fig. 1.MM-151 engages three epitopes on the EGFR 
extracellular region and binds all EGFR ectodomain 
mutants. 

(A) Schematic representation of the four EGFR ECDs 
derived from Protein Data Bank (PDB) structure 
“1NQL” (42). Highlighted in red are six amino acid 
positions identified as mutated in cetuximab-resistant 
tumors (EGFR R451C, S464L, G465E/R, K467T, 
I491M, and S492R). Approximate binding sites for 
cetuximab, panitumumab, and MM-151 are indicated 
on the basis of published data (22, 47, 48). (B) 
NanoLuc drug displacement assay showing ligand 
antagonism activities of anti-EGFR drugs on cells 
expressing EGFR ectodomain mutants. HEK-293 
cells were transiently transfected with plasmids 
expressing the indicated NanoLuc-EGFR mutants and 
then treated with cetuximab (5 μg/ml), panitumumab, 
or MM-151 and HaloTag-EGF (tracer) at a 
concentration of 18 ng/ml for 30 min. The BRET ratio 
was normalized to the ligand-only control. Each 
experiment was repeated at least two times with 
duplicate replicates, with means ± SD indicated. (C) 
Cell proliferation assay performed on a panel of 
LIM1215 CRC cells engineered to express the 
indicated EGFR ectodomain mutants. Cells were 
treated for 6 days with increasing concentrations of 
cetuximab (black bars), panitumumab (gray bars), or 
MM-151 (red bars), and cell viability was measured by 
the adenosine triphosphate (ATP) assay. Results are 
normalized to untreated control and shown as a bar 
plot for a drug concentration of 5 μg/ml and as a drug 
titration series in fig. S3. The experiment was 

repeated three times, with mean ± SD indicated. Cetux, cetuximab; Panit, panitumumab; WT, wild type. Statistical differences were 
calculated by two-tailed unpaired Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001. Detailed data and P values are provided in 
tables S1 and S2. 
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RESULTS 

Impact of EGFR ECD mutations on ligand-receptor binding 

We previously identified six distinct EGFR ECD mutations in CRC cells and patients who had become resistant to 
cetuximab or panitumumab (10, 11). In addition, we recently detected another ECD mutation (p.G465E) in a cetuximab-
resistant cell line (HCA-46 R5), which we established by culturing drug-sensitive parental HCA-46 cells in the presence 
of the antibody (fig. S1). 

A key question is whether EGFR variants that emerge upon cetuximab or panitumumab exposure remain capable of 
ligand-mediated intracellular signaling. To study whether the mutant EGFRs can interact with the ligand, epidermal 
growth factor (EGF), we designed an assay that detects bioluminescent resonance energy transfer (BRET) from a 
luminescent protein donor to a fluorescent protein acceptor. To this end, we used a receptor fused with nanoluciferase at 
the N-terminal domain (NanoLuc-EGFR) as the energy donor and a fluorescently labeled HaloTag fusion ligand 
(HaloTag-EGF) as the energy acceptor. NanoLuc-EGFR vectors corresponding to each of the ECD variants (p.R451C, 
p.S464L, p.G465R, p.G465E, p.K467T, p.I491M, and p.S492R) were generated and expressed in human embryonic 
kidney (HEK)–293 cells. A vector encoding the wild-type receptor (pNanoLuc-EGFR WT) served as a control. First, we 
measured the ability of HaloTag-EGF to bind wild-type or mutant receptors in the presence of competing high doses of 
unlabeled EGF. We found that all mutants can interact with EGF in a dose-dependent manner (fig. S2). The EGFR 
R451C mutant was less efficient than the others at binding EGF. We speculate that this may be associated with a low-
affinity binding conformation (due to the presence of the cysteine residue), which might form disulfide bonds with domain 
IV. The finding that EGFRs carrying ECD mutations remain capable of binding EGF is of relevance because it suggests 
that cells that become resistant to anti-EGFR antibodies do so while maintaining reliance on EGFR-mediated signaling. 

 

Impact of EGFR ECD mutations on antibody-receptor binding 

We next assessed whether anti-EGFR antibodies were capable of interfering with binding of EGF to the ECD mutant 
receptor. The NanoBRET assay was performed in the presence of cetuximab, panitumumab, and MM-151 to measure 
their ability to displace the ligand EGF from the wild-type or mutant EGFR proteins. We observed that only MM-151 was 
able to bind all EGFR ECD mutants to an extent comparable with EGFR WT (Fig. 1B and table S1). 

 

Effects of anti-EGFR blockade on LIM1215 cells overexpressing EGFR ECD mutants 

To measure the impact of EGFR ECD mutations on cell proliferation and survival in the presence of EGFR-targeted 
mAbs, we took advantage of the CRC cell line LIM1215, which is highly sensitive to cetuximab and panitumumab (3, 11). 
We used site-directed mutagenesis to develop lentiviral expression vectors for wild-type EGFR (control) and 
seven EGFR ECD variants (p.R451C, p.S464L, p.G465R, p.G465E, p.K467T, p.I491M, and p.S492R) and generated a 
LIM1215 cell line panel expressing individual mutations. To assess the effect of cetuximab, panitumumab, and MM-151 
on individual ECD mutations, we performed short-term cell proliferation assays (Fig. 1C, table S2, and fig. S3) and 
signaling pathway analysis (Fig. 2) on the LIM1215 cell line panel. 
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Fig. 2. MM-151 inhibits EGFR signaling in cells expressing ECD mutations. 

LIM1215 cells engineered to express the indicated EGFR ectodomain mutants were cultured in the presence of cetuximab (Cetux), 
panitumumab (Panit), or MM-151 for 2 hours and stimulated with EGF (5 ng/ml) for 15 min. Cell extracts were immunoblotted to 
detect the indicated total or phosphorylated proteins and vinculin (loading control). CTRL, control. 



We found that p.R451C-expressing cells were still sensitive to cetuximab treatment, thus underlining again the 
peculiarity of this mutant, which remains sensitive to cetuximab or panitumumab (11). Cells expressing EGFR p.S464L, 
p.G465R, p.G465E, and p.I491M showed cross-resistance to panitumumab, whereas the remaining genotypes 
(EGFR p.K467T and p.S492R) were sensitive to panitumumab treatment (Fig. 1C and fig. S3). To provide a mechanistic 
context for the differences in the cell growth inhibition assays, we performed biochemical analysis of the EGFR/ERK 
(extracellular signal–regulated kinase)/AKT signaling pathway. After MM-151 treatment, a reduction in the amounts of 
phospho-EGFR and downstream ERK and AKT effector proteins was observed in cells expressing the EGFR ECD 
mutants that were insensitive to cetuximab or panitumumab in the proliferation assay (Fig. 2). 

Whereas cetuximab and panitumumab were effective only on a subset of the resistant ECD mutations, all ECD mutants 
were markedly sensitive to MM-151 (Fig. 2). These results show that the oligoclonal antibody mixture inhibits AKT/ERK-
dependent signaling and EGFR-dependent proliferation in cells that are resistant to cetuximab and/or panitumumab (Fig. 
2and fig. S3). 

Activity of anti-EGFR mAbs in spontaneous models of secondary resistance to cetuximab 

To mimic the clinical setting, in which EGFR ECD mutations emerge during treatment with anti-EGFR antibodies, we 
took advantage of preclinical models in which EGFR ECD mutants spontaneously emerged upon exposure to cetuximab 
(10, 11). We previously showed that resistant cell populations often carry multiple resistance alleles. Accordingly, we first 
identified cell models that were amenable to single-cell cloning and then obtained individual clones from drug-resistant 
populations carrying EGFR ECD mutations. Specifically, we studied LIM1215 R5 (G465R), HCA-46 R5 (G465E), and 
CCK-81 R1 (S464L). As a control, we also included a clone of LIM1215, in which we introduced (knocked in) 
the EGFR p.S492R variant into the EGFR locus using targeted homologous recombination. 

MM-151 effectively inhibited cell proliferation in cells displaying high percentages of mutant EGFR as assessed by 
droplet digital polymerase chain reaction (ddPCR) (table S3 and figs. S4 to S6). Biochemical analysis revealed 
suppression of ERK signaling in these cell lines (Fig. 3, A to C). 
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Fig. 3. Effects of MM-151 on cells that acquired EGFR ECD mutations. 

(A to C) Effects of cetuximab, panitumumab, and MM-151 on EGFR-dependent signaling in cells carrying EGFR ECD mutations 
either spontaneously developed (LIM1215 R5, CCK-81 R1, and HCA-46 R5) or knocked-in. The indicated cell models were cultured 
in the presence of cetuximab, panitumumab, or MM-151 for 2 hours and stimulated with EGF (10 ng/ml) for 15 min. Cell extracts 
were immunoblotted with the indicated antibodies. Vinculin served as a loading control. (D) Schematic description of the PDX model. 
The frequency of the G465E mutation in the PDX and in the derivative cell line is indicated. 2D, two-dimensional. (E) Cells derived 
from a PDX carrying the EGFR p.G465E variant (CRC G465E-XL) were treated for 6 days with increasing concentrations of 
cetuximab, panitumumab, and MM-151. Cell viability was measured by the ATP assay. The experiment was repeated three times, 
with mean ± SD plotted at each concentration. The curves were fitted using a nonlinear regression model with a sigmoidal dose 
response. (F) The same cells were cultured in the presence of cetuximab, panitumumab, and MM-151 for 2 hours and stimulated 
with EGF (10 ng/ml) for 15 min. Cell extracts were immunoblotted to detect the indicated total or phosphorylated proteins and 
vinculin (loading control). Cetux, cetuximab; Panit, panitumumab; R1, resistant clone isolated from resistant population 1; R5, 
resistant clone isolated from resistant population 5. 



Activity of EGFR mAbs in patient-derived CRC cells resistant to cetuximab 

To further test the efficacy of MM-151 in overcoming secondary resistance to cetuximab, we exploited the CRC 
xenopatient platform established at our institution (23, 24). We obtained a patient-derived xenograft (PDX) generated 
from the tumor of a patient who developed secondary resistance to cetuximab and displayed the p.G465E EGFR ECD 
mutation (Fig. 3D). The CRC cell model, denominated CRC G465E-XL, was successfully established in culture as 
described in detail in Materials and Methods. ddPCR quantification showed that the G465E mutation is present in a high 
fraction of the CRC G465E-XL cell population (50.9%), analogous to the one detected in the PDX (53.5%) (Fig. 3D). In a 
cell proliferation assay, CRC G465E-XL cells were insensitive to both cetuximab and panitumumab, but were sensitive to 
MM-151 treatment (Fig. 3E), paralleling results previously observed in cell lines expressing EGFR G465E (lentivirus-
infected LIM1215 shown in fig. S3 and HCA-46 R5 cells in fig. S6). Analogous to what we had observed in the LIM1215 
and HCA-46 cells (Figs. 2 and 3C), biochemical analysis of the CRC G465E-XL cell line showed that MM-151 
prominently abrogates ERK signaling in a CRC cell line derived from a patient who developed acquired resistance to 
cetuximab (Fig. 3F). 

 

Monitoring EGFR ECD mutations in circulating cell-free tumor DNA of patients treated with MM-151 

We next sought to investigate the impact of MM-151 in metastatic colorectal patients who developed EGFR ECD 
mutations as a result of treatment with cetuximab or panitumumab. We used an approach we previously applied to 
monitor drug resistance mechanisms in circulating cell-free tumor DNA (ctDNA) of CRC patients (25). 

The analysis was performed on a subset of serum samples collected on the MM-151 phase 1 study as of February 2015 
(NCT01520389) (26). The subset includes 11 CRC patients selected on the basis of availability of serum samples and 
documented partial response or stable disease on previous anti-EGFR treatment (Table 1). 

Table 1. Identification of EGFR ECD mutations in circulating ctDNA of CRC patients. 

Serum samples were collected and analyzed by ddPCR in a subset (n = 11) of patients enrolled in the phase 1 clinical 
trialNCT01520389. These patients represented a subset of study patients who received MM-151 after the emergence of 
acquired resistance to previous anti-EGFR treatment and had remaining serum available for analysis. The EGFR ECD 
mutations detected at baseline are noted for each patient. ND, not detected; SD, stable disease; PD, progressive 
disease. Among the nine patients in this subset who received MM-151 as a monotherapy, two of the three patients who 
remained on treatment beyond the first scanning interval harbored these EGFR ECD mutations. The remaining patient 
had indolent disease, having been diagnosed with metastatic disease 7 years earlier and achieving stable disease on 
five of six previous therapies. One additional patient of the 11 achieved stable disease and received MM-151 in 
combination with irinotecan. 
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In ctDNA isolated from 2 of 11 patients (patients 051 and 095), we detected EGFR ECD mutations by ddPCR in the 
baseline blood draw (before MM-151 treatment) (Table 1). Longitudinal analysis performed in samples collected during 
the course of MM-151 treatment highlighted that the allelic frequencies of EGFR ECD mutations changed during MM-
151 administration (Fig. 4, A and B). Notably, the stark reduction in the allelic frequency of theEGFR p.G465E mutation 
observed in patient 095 anticipated the marked reduction in tumor volume that was measured about 5 weeks later by 
computed tomography (CT) scan (Fig. 4A). A reduction and stabilization in EGFR p.S464L and p.G465R mutations, 
respectively, accompanied the prolonged disease stabilization observed in patient 051 (Fig. 4B). The reversal of the 
decline in the allelic frequencies of these mutations anticipated the progression by 7 weeks. 

 

Fig.4.Dynamics of EGFR mutations 
in the blood of patients treated with 
MM-151. 

(A and B) EGFR ECD mutations 
were detected by ddPCR in 
cetuximab-refractory patients 095 
(A) and 051 (B) at baseline before 
MM-151 treatment. The allelic 
frequency of these mutations 
declined in ctDNA during MM-151 
treatment until progression 
occurred. CT scans showing the 
29% tumor size reduction in patient 
095 and disease stabilization in 
patient 051 during MM-151 
treatment. The red outlines in 
patient 051’s scans identify the 
lesion margins. Tumor burden is 
measured as the sum of the longest 
dimension for the target lesions (per 
RECIST). 
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DISCUSSION 

RTKs play a central role in the pathogenesis of human tumors and are an attractive target for anticancer therapies. 
However, the onset of drug resistance limits the clinical efficacy of kinase inhibitors. Several studies have shown that 
acquired resistance to small-molecule kinase inhibitors is accompanied by the emergence of secondary point mutations 
that affect binding of the drugs to the target protein. Examples include BCR-ABL variants resistant to imatinib (27–29), 
mutations of ALK and ROS1 insensitive to crizotinib (30–32), and EGFR mutations, which confer resistance to tyrosine 
kinase inhibitors erlotinib and gefitinib (33, 34). In multiple instances (33, 35), it was found that when secondary 
mutations arose in the targeted proteins, drug-resistant tumors remained dependent on the oncogenic RTKs for their 
survival. This finding resulted in the development of compounds capable of inhibiting tyrosine kinases carrying variants 
resistant to first-generation drugs. For instance, dasatinib and nilotinib have clinical efficacy in imatinib-resistant variants 
of BCR-ABL (36). Ceritinib is an ALK inhibitor active against mutant variants resistant to the first-generation drug 
crizotinib (37, 38). The newer EGFR tyrosine kinase inhibitors rociletinib and AZD9291 have shown clinical efficacy in 
lung cancers with acquired resistance to gefitinib or erlotinib caused by the EGFR p.T790M mutation (39, 40). 

Although second-generation and, in some instances, third-generation inhibitors are now available to overcome acquired 
resistance to small-molecule kinase inhibitors, much less effort has been dedicated to identifying drugs to overcome 
secondary resistance triggered by the anti-EGFR antibodies cetuximab and panitumumab. A prerequisite for further 
progress in this area is precise knowledge of the mechanisms of resistance. The discovery that distinct mutations in the 
ECD of the EGFR occur in about 20% of CRC treated with anti-EGFR antibodies provides opportunities (10, 11, 13) that 
we exploited in this work. We reasoned that the EGFR variants that emerge upon cetuximab or panitumumab treatment 
may be targeted by antibodies binding different portions of the receptor. We hypothesized that MM-151 [a drug 
consisting of a mixture of three EGFR-targeted mAbs (22, 26)] could be effective against cetuximab- and/or 
panitumumab-resistant tumors that retain dependency on EGFR signaling. 

We report that EGF binding activity is maintained in all EGFR ECD mutants and that MM-151 can broadly inhibit this 
interaction. This indicates that mutant EGFR can be blocked by antibodies targeting epitopes on the receptor that are 
different from those recognized by cetuximab and/or panitumumab. Pharmacological and biochemical analyses of cell 
models indicate that MM-151 is active against all known EGFR ECD mutants. The effectiveness of MM-151 is 
comparable to that of panitumumab against cetuximab-resistant variants that retain sensitivity to panitumumab, namely, 
EGFR K467T and S492R. 

We suggest that colorectal tumors that have become refractory to cetuximab could benefit from second-line EGFR 
blockade by MM-151. This possibility is supported by two sets of our experiments. First, MM-151 inhibited both cell 
signaling and proliferation in cells derived from a patient who developed an EGFR ECD mutation upon cetuximab 
treatment. It is highly possible that clinical treatment with MM-151 could have been beneficial for this subject. The 
second line of evidence comes from liquid biopsies of 11 patients with available serum samples who relapsed upon 
previous anti-EGFR treatment and were subsequently treated with MM-151. In 2 of 11 patients in this cohort, we 
detected EGFR ECD mutations at baseline, a prevalence that is consistent with what we have previously reported in the 
plasma of patients who relapsed upon anti-EGFR treatment (11). Longitudinal analysis of samples collected over the 
course of MM-151 treatment shows a decrease or stabilization of EGFR ECD mutant DNA concentrations that paralleled 
the response assessed by radiological methods. 

The two patients presented here are two of the three patients within this selected subgroup that benefited from MM-151 
monotherapy treatment. Together, these observations indicate that EGFR ECD variants might be effectively suppressed 
by in vivo treatment with MM-151. Although our evidence supports the use of new anti-EGFR antibodies to overcome 
secondary resistance to cetuximab and panitumumab, it also illuminates the potential limitations of clinical trials that 
exploit a strategy that does not take into account the multiple, potentially concurrent, mechanisms of resistance. 
Colorectal tumors of patients who develop secondary resistance to EGFR blockade often display heterogeneous 
mechanisms of resistance, including KRAS and NRAS mutations (6, 11). It is therefore possible that CRC encompassing 
heterogeneous mechanisms of resistance (for example, RAS and EGFR ECD mutations) would be insensitive to EGFR-
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targeted monotherapy, including MM-151. Additional work is needed to further understand the relationship between 
these concurrent mechanisms of resistance. 

In addition to MM-151, other antibodies targeting EGFR are undergoing clinical development in CRC. Among them, 
Sym004 is a mixture of two synergistic nonoverlapping anti-EGFR antibodies, which has shown encouraging results in 
early clinical trials (41). Although comparison among new mAbs targeting EGFR is beyond the scope of our work, future 
studies are warranted to test the ability of Sym004 to bind and inhibit the full complement of EGFR ECD mutations. 

In summary, our results suggest that MM-151 may represent a therapeutic opportunity for patients whose tumors 
develop EGFR ECD mutations as the prevalent mechanism of acquired resistance to cetuximab or panitumumab. 
Accordingly, MM-151 should undergo prospective clinical evaluation in these patients. 

 

MATERIALS AND METHODS 

Study design 

This work was initiated on the hypothesis that colorectal tumors displaying EGFR ECD mutations may retain 
dependence on EGFR beyond progression on previous treatment with the anti-EGFR mAbs cetuximab and 
panitumumab. This study was designed to assess the ability of the oligoclonal antibody MM-151 to overcome acquired 
resistance to cetuximab and panitumumab in colorectal tumors harboring mutations in the EGFR ECD. 

The study encompasses three main sections. The first involves biochemical and functional assays to evaluate the impact 
of MM-151 on cells engineered to express ECD mutations. The second section describes the effects of MM-151 on 
cancer cells that spontaneously developed EGFR ECD mutations and primary cells derived from a patient who acquired 
an ECD mutation as a result of cetuximab treatment. The final section of the study involves analysis of clinical samples 
(ctDNA) from mCRC patients who developed acquired resistance to previous anti-EGFR therapy and were then treated 
with MM-151. 

In the first section of the study, we engineered HEK-293 cells to express the seven known EGFRECD variants 
(p.R451C, p.S464L, p.G465R, p.G465E, p.K467T, p.I491M, and p.S492R) and used the wild type as a control to 
evaluate the impact of EGFR ECD mutations on ligand-receptor binding. To this end, we exploited the recently 
developed NanoLuc technology, which detects molecular interactions by measuring BRET from a luminescent protein 
donor to a fluorescent protein acceptor. We then used the same sensitive technology in the second section of the work 
to measure the interactions between EGFR ECD mutants and the three anti-EGFR drugs cetuximab, panitumumab, and 
MM-151. Every NanoLuc binding experiment (both EGF tracer dose response assay and drug displacement assay) was 
performed at least two times in duplicate. These data were then validated in a second cell line model. In this instance, 
we expressed the EGFR ECD mutants in a cetuximab-sensitive colorectal cell line, LIM1215, to assess in parallel the 
effects of cetuximab, panitumumab, and MM-151 on cell proliferation and EGFR-dependent signaling. In vitro drug 
inhibition assays were performed at least three times in triplicate. 

In the second section of the study, we studied colorectal cells that spontaneously developedEGFR ECD mutations 
during continuous exposure to cetuximab (LIM1215 R5 EGFR-G465R, HCA-46 R5 EGFR-G465E, and CCK-81 R1 
EGFR-S464L). To assess the clinical relevance of the findings, we also established a primary culture of cells obtained 
from a PDX carrying an EGFRECD mutation as a result of progression during cetuximab treatment. 

In the last section of the study, we analyzed liquid biopsies from 11 patients who were previously treated with cetuximab 
or panitumumab and then relapsed. These were samples from a phase 1 study in which MM-151 was administered to 
patients who relapsed from previous anti-EGFR treatment. ctDNA was extracted at several time points, and EGFR ECD 
mutants were monitored longitudinally during MM-151 treatment. 
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Molecular simulation 

The EGFR structure was generated in PyMOL software version 1.7.2 using PDB structure 1NQL 
(www.rcsb.org/pdb/explore.do?structureId=1NQL) (42). 

 

Cellular models 

Cell lines resistant to cetuximab and panitumumab have been previously described (11). The HEK-293 and HEK-293T 
cell lines were purchased from the American Type Culture Collection (ATCC) (CRL-1573 and CRL-3216) (LGC 
Standards S.r.l.) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented with 10% fetal 
bovine serum (FBS). 

 

Establishment of two-dimensional culture from PDX 

A primary CRC cell line was established from tumor tissue obtained from a PDX. Tumor tissue was dissociated into 
single-cell suspension by mechanical dissociation using the gentleMACS Dissociators (Miltenyi Biotec) and enzymatic 
degradation of the extracellular matrix using the Tumor Dissociation Kit (Miltenyi Biotec) according to the manufacturer’s 
protocol. Cell suspension was collected into 15-ml Falcon tubes and centrifuged at 1200 rpm for 5 min. Supernatants 
were removed and cell pellets were resuspended with DMEM/F12 medium containing 10% FBS. This process was 
repeated three times. Then, cell suspensions were filtered into 50-ml Falcon tubes through a 70-μm cell strainer 
(Falcon). Cells that were not filtered out were resuspended in DMEM/F12 medium containing 10% FBS, gentamicin (50 
μg/ml), and 10 μM ROCK inhibitor Y-27632 (Selleck Chemicals Inc.). 

 

Generation of LIM1215 KI EGFR S492R cell line 

The LIM1215 parental cell line (43) was obtained from R. Whitehead (Vanderbilt University, Nashville, TN) with 
permission from the Ludwig Institute for Cancer Research Ltd. (New York, NY). A protocol for generating knock-in cells 
has already been described (44). The transfer vector for KI EGFR p.S492R mutation (pAAV0223 EGFR p.S492R) was 
purchased from Horizon Discovery. 

 

DNA constructs, mutagenesis, and lentivirus production 

The NanoLuc-EGFR WT vector was purchased from Promega Corp., and the pLX301-EGFR WT construct was a gift 
from C. Sun and R. Bernards [NKI (Nederlands Kanker Instituut), Amsterdam, Netherlands]. EGFR mutant plasmids 
containing the seven point mutations (R451C, S464L, G465R, G465E, K467T, I491M, and S492R) were constructed 
using the QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies), with the wild-type plasmid as the template 
DNA. The presence of mutations was confirmed by Sanger sequencing. Lentiviral vector stocks were produced by 
transient transfection of the p301-EGFR mutated plasmid, the packaging plasmids pMDLg/pRRE and pRSV.REV, and 
the vesicular stomatitis virus (VSV) envelope plasmid pMD2.VSV-G (45) (12, 5, 2.5, and 3 μg, respectively, for 10-cm 
dishes) in HEK-293T cells. Viral particles were then purified and concentrated by ultracentrifugation as described (46). 
Determination of the viral p24 antigen concentration was done by HIV-1 p24 Core Profile ELISA (enzyme-linked 
immunosorbent assay) (PerkinElmer Life Science Inc.). Cells were transduced in six-well plates (3 × 105 per well in 2 ml 
of medium) using p24 gag (100 ng/ml) equivalent particles in the presence of polybrene (8 μg/ml) (Sigma). 
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NanoBRET assay 

HEK-293 cells were transiently transfected with FuGENE HD Transfection Reagent (Promega) to allow expression of the 
EGFR-NanoLuc mutants. In the EGF tracer dose response assay, HEK-293 cells were transfected with plasmids 
expressing the indicated NanoLuc-EGFR mutants and then treated with increasing doses of EGF tracer (HaloTag-EGF, 
Promega) in the presence or absence of an excess amount (100 ng/ml) of unlabeled EGF to assess whether EGF tracer 
can effectively bind to the NanoLuc-EGFR. The NanoBRET Nano-Glo substrate was then added, and the plates were 
analyzed by the GloMax-Multi Microplate Multimode Reader (Promega). To calculate the raw NanoBRET ratio values, 
the acceptor emission value (610 nm) was divided by the donor emission value (450 nm) for each sample. Each value 
was normalized to HaloTag-EGF untreated cells. In the drug displacement assay, transfected HEK cells were treated 
with increasing doses (from 0 to 10 μg/ml) of cetuximab, panitumumab, and MM-151 and HaloTag-EGF (tracer) at a 
concentration of 18 ng/ml for 30 min. After NanoBRET measurement, each value was normalized to untreated cells. 

 

Cell viability assays 

Cetuximab and panitumumab were obtained from the Pharmacy at Niguarda Hospital (Milan, Italy). MM-151 was 
obtained from Merrimack Pharmaceuticals. Cell lines were seeded in 100 μl of medium at the following densities: 1.5 × 
103 for LIM1215, 2 × 103 for HCA-46, and 3 × 103 for CCK-81 in 96-well culture plates. After serial dilutions, drugs in 
serum-free medium were added to cells, and medium-only wells were included as controls. Plates were incubated at 
37°C in 5% CO2 for 6 days, after which cell viability was assessed by ATP content using the CellTiter-Glo Luminescent 
Assay (Promega). Measurements were recorded on a VICTOR X4 plate reader (PerkinElmer). Treated wells were 
normalized to untreated. Data points represent means ± SD of three independent experiments. 

 

Overview of the clinical trial and collection of serum biomarker samples 

A phase 1 study of MM-151 in patients with refractory advanced solid tumors was conducted to evaluate safety and 
establish a maximum tolerated dose of MM-151 as a monotherapy or in combination with irinotecan (protocol MM-151-
01-01-01, NCT# 01520389). As part of this protocol, blood and tumor tissue samples were collected, and written 
informed consent was obtained from all patients for exploratory biomarker analysis to further characterize and correlate 
possible biomarkers that may help to predict or evaluate MM-151 response and/or safety. The study was reviewed and 
approved by the institutional review board at each site [Horizon Oncology Research Inc., Lafayette, IN; South Texas 
Accelerated Research Therapeutics (START) LLC, San Antonio, TX; Roswell Park Cancer Institute, Buffalo, NY; 
University of Colorado Denver Anschutz Medical Campus, Aurora, CO], according to local guidelines. 

Key eligibility criteria included adult patients (≥18 years of age) with advanced solid tumors refractory to standard 
treatments, measurable disease per Response Evaluation Criteria in Solid Tumors (RECIST) v.1.1, Eastern Cooperative 
Oncology Group (ECOG) performance status 0 or 1, and adequate hepatic, renal, and cardiac function. 

The study was designed to evaluate escalating doses of MM-151 at various schedules. Patients were treated until 
progressive disease (according to radiological scans obtained every 8 weeks from the date of the first dose and 
evaluated on the basis of RECIST v.1.1 criteria), intolerable toxicity, or another reason for discontinuation as assessed 
by the investigator. 

Serum samples were collected at protocol-defined time points to support biomarker analyses. At each collection time 
point, 9.5 ml of blood was collected in a BD Vacutainer collection tube without additive and allowed to clot for 15 to 30 
min at room temperature. The sample was then centrifuged at 3000 rpm for 10 to 15 min to separate cells from serum. 
The serum was split into two equal aliquots and placed into −80°C storage until shipment to a central storage facility. 

 

 



Isolation of ctDNA and quantification of genome equivalents (genome equivalent/ml serum) 

ctDNA was isolated from serum using the QIAamp Circulating Nucleic Acid Kit (QIAGEN) according to the 
manufacturer’s instructions. ctDNA (3 μl) was then used as template for each quantitative PCR (qPCR) for genome 
equivalent/ml measurement. All samples were analyzed in triplicate. PCRs were performed in 10-μl final volume 
containing 5 μl of GoTaq qPCR Master Mix, 2× with CXR Reference Dye (Promega), and LINE-1 (1.5 μmol) forward and 
reverse primers (LINE-1 qRT-PCR FW-TCACTCAAAGCCGCTCAACTAC; LINE-1 qRT-PCR REV-
TCTGCCTTCATTTCGTTATGTACC). DNA at known concentrations was used to build the standard curve. 

 

Droplet digital polymerase chain reaction 

Isolated ctDNA was amplified with ddPCR Supermix for Probes (Bio-Rad) using KRAS, NRAS, BRAF, and EGFR assays 
(PrimePCR ddPCR Mutation Assay, Bio-Rad, and custom-designed; tables S4 and S5). ddPCR was performed 
according to the manufacturer’s protocol (Bio-Rad), and the results were reported as percentage or fractional abundance 
of mutant DNA alleles relative to total (mutant plus wild type) DNA alleles (25). Eight to 10 μl of DNA template were 
added to 10 μl of ddPCR Supermix for Probes (Bio-Rad) and 2 μl of the primer/probe mixture. This 20-μl sample was 
added to 70 μl of Droplet Generation Oil for Probes (Bio-Rad) and used for droplet generation. Droplets were then 
thermal-cycled with the following conditions: 5 min at 95°C, 40 cycles of 94°C for 30 s, 55°C for 1 min followed by 98°C 
for 10 min (ramp rate 2°C/s). Samples were then transferred to a QX200 Droplet Reader (Bio-Rad) for fluorescent 
measurement of FAM and HEX probes. Gating was performed on the basis of positive and negative controls, and 
mutant populations were identified. Fractional abundances of the mutant DNA in the wild-type DNA background were 
calculated for each sample using QuantaSoft software (Bio-Rad). Multiple replicates (minimum of three) were performed 
for each sample. ddPCR analysis of normal control genomic DNA from cell lines and no DNA template (water) controls 
was performed in parallel with all samples, including multiple replicates as contamination-free controls. 

 

Immunoblot analysis 

Total cellular proteins were extracted by solubilizing the cells in cold EB buffer [50 mM Hepes (pH 7.4), 150 mM NaCl, 
1% Triton X-100, 10% glycerol, 5 mM EDTA, 2 mM EGTA; all reagents were from Sigma-Aldrich, except for Triton X-100 
(Fluka)], in the presence of 1 mM sodium orthovanadate, 100 mM sodium fluoride, and a mixture of protease inhibitors 
[pepstatin, leupeptin, aprotinin (Sigma-Aldrich), and soybean trypsin inhibitor (VWR)]. Extracts were clarified by 
centrifugation, and protein concentration was determined using BCA Protein Assay Reagent Kit (Thermo Scientific). 
Western blot detection was performed with enhanced chemiluminescence system (GE Healthcare) and peroxidase-
conjugated secondary antibodies (Amersham). The following primary antibodies were used for Western blotting (all from 
Cell Signaling Technology, except where indicated): anti–phospho-p44/42 ERK (Thr202/Tyr204), anti–p44/42 ERK, anti–
phospho-AKT (Ser473), anti-AKT, anti–phospho-EGFR (Tyr1068), anti-EGFR (clone 13G8, Enzo Life Sciences), and anti-
vinculin (Sigma-Aldrich). The following day, after 1 hour of incubation with the appropriate secondary antibody, the signal 
was developed using the ECL system (Amersham Biosciences). 

 

Statistical analysis 

All the analyses were performed using the software GraphPad PRISM 6.0. P values were calculated by two-tailed 
unpaired Student’s t test. All values reported in the proliferation assays correspond to means ± SD of at least three 
independent experiments, each with three experimental replicates. Each NanoBRET assay was performed at least twice 
with duplicate replicates. 
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Fig. S1. Nucleotide sequence of the EGFR p.G465E mutation in HCA-46 R5. 

Fig. S2. EGF tracer dose response assay in HEK-293 cells expressing EGFR ECD mutants. 

Fig. S3. Effects of EGFR blockade on LIM1215 overexpressing EGFR ectodomain mutants. 

Fig. S4. Effects of EGFR blockade on proliferation in LIM1215 cells. 

Fig. S5. Effects of EGFR blockade on proliferation in CCK-81 cells. 

Fig. S6. Effects of EGFR blockade on proliferation in HCA-46 cells. 

Table S1. Mean, SD, and P values for the NanoLuc drug displacement assay. 

Table S2. Mean, SD, and P values for the LIM1215 cell viability assay. 

Table S3. Effects of anti-EGFR blockade in cetuximab-resistant cells. 

Table S4. ddPCR mutation assays for KRAS, BRAF, and NRAS. 

Table S5. ddPCR custom-designed assays for EGFR ECD mutations. 
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