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SUMMARY
Activating EGFR (epidermal growth factor receptor) mutations can be inhibited by specific tyrosine kinase
inhibitors (TKIs), which have changed the landscape of lung cancer therapy. However, due to secondary mu-
tations and bypass receptors, such as AXL (AXL receptor tyrosine kinase), drug resistance eventually
emerges in most patients treated with the first-, second-, or third-generation TKIs (e.g., osimertinib). To
inhibit AXL and resistance to osimertinib, we compare two anti-AXL drugs, an antibody (mAb654) and a
TKI (bemcentinib). While no pair of osimertinib and an anti-AXL drug is able to prevent relapses, triplets
combining osimertinib, cetuximab (an anti-EGFR antibody), and either anti-AXL drug are initially effective.
However, longer monitoring uncovers superiority of the mAb654-containing triplet, possibly due to induction
of receptor endocytosis, activation of immune mechanisms, or disabling intrinsic mutators. Hence, we con-
structed a bispecific antibody that engages both AXL and EGFR. When combined with osimertinib, the bis-
pecific antibody consistently inhibits tumor relapses, which warrants clinical trials.
INTRODUCTION

The major histological type of lung cancer, non-small cell lung

cancer (NSCLC), includes three subtypes, of which adenocarci-

noma is the most common and the one that frequently presents

actionable mutations (e.g., in KRAS, EGFR, and BRAF1).

Although immune checkpoint blockers (ICBs) benefit a fraction

of patients with metastatic NSCLC, such as the KRAS- and

BRAF-mutated NSCLC,2 tumors expressing the common

mutant forms of EGFR poorly respond to ICBs.3 In contrast,

the corresponding patients well respond to ATP-competitive

EGFR inhibitors.4–6 However, nearly all treated patients evolve

resistance to the tyrosine kinase inhibitors (TKIs). The T790M

mutation is the major driver of acquired resistance to the

non-covalent EGFR inhibitors.7 Other mechanisms include up-

regulation of compensatory signaling pathways and the up-

stream receptors, such as AXL,8 HER2,9 and either the neure-

gulin-HER3 axis10 or the route instigated by the hepatocyte

growth factor (HGF) and the cognate receptor, MET.11,12

Third-generation TKIs, such as osimertinib, specifically inhibit
Cell Reports Medicine 5, 101703, Septem
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EGFR-T790M by means of irreversible binding with cysteine

797. Clinical trials that compared osimertinib and chemo-

therapy13 or osimertinib and standard EGFR-specific TKIs14

led to the approval of osimertinib for patients who progressed

following TKI treatment and also for treatment-naive patients.

Unfortunately, a variety of mechanisms permit secondary

resistance to osimertinib, including emergence of C797S

mutation.15–17

It is imperative differentiating between two classes of EGFR

mutations: (1) short deletions in exon 19 (Del19) or a point muta-

tion (L858R),18 and several less frequent pioneering mutations,19

and (ii) the T790M and C797S secondary mutations.7,20–22

Whereas the primary mutations slowly accumulate in normal

tissues,23 the mechanisms underlying the rapid emergence of

secondary mutations are incompletely understood. In analogy

to bacteria exposed to antibiotics, which activate the SOS

mutagenic response,24 mammalian cells exposed to TKIs initially

undergo epigenetic alterations that select rare drug-tolerant

persister (DTP) cells25 characterized by altered energy con-

sumption.26 These reversible events are likely followed by the
ber 17, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. In vitro effects of single anti-EGFR and anti-AXL drugs
(A) PC9 cells (33 103) were seeded in 96-well plates and later treated for 72 h with increasing concentrations of cetuximab, mAb654, bemcentinib, or osimertinib.

Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.

(B) PC9 cells were seeded in 96-well plates (1,000 cells/well), and on the next day they were treated for 7 days with CTX (10 mg/mL), mAb654 (10 mg/mL),

bemcentinib (100 nM), or osimertinib (10 nM). Thereafter, cells were fixed and stained with crystal violet. Data are shown as means ± SEM of three experiments.

(legend continued on next page)
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SOS-like response that blocks DNA repair and generates muta-

tions. The endogenousmutators comprise a group of low-fidelity

DNA polymerases.27 Because activation of bypass pathways

permits drug resistance, simultaneous inhibition of EGFR and

bypass receptors is considered a logical therapeutic strategy.28

Indeed, antibody-based co-inhibition of EGFR, HER2, and/or

HER3 demonstrated activity in animal models.29–33 In the same

vein, amivantamab, a bispecific antibody (bsAb) co-targeting

MET and EGFR, has been approved for patients expressing

EGFR with exon 20 insertions.34 In similarity to other receptors,

AXL is involved in DTP generation,35,36 and experimental thera-

pies involving EGFR-specific TKIs and either an AXL-specific

TKI37,38 or an AXL-specific monoclonal antibody (mAb)27 were

able to prevent resistance in NSCLC models.

Many individual TKI resistance mechanisms coalesce into

recruitment of a parallel pathway.39 While such evasion mech-

anisms require simultaneous application of a second drug,

whether or not the type of the second drug, a mAb or a TKI,

can dictate treatment outcome is currently unresolved. Herein

we studied resistance to osimertinib and found that overcoming

resistance requires co-administration of osimertinib, cetuximab

(an anti-EGFR mAb), and an inhibitor of AXL, either an antibody

(mAb654) or a TKI (bemcentinib). Systematic analyses of the

biological effects of each of the 4 drugs, in isolation, in

pairs, or in triplet combinations, revealed that the mAbs share

functional features that differ from the qualities shared by

the two TKIs. For example, unlike the mAbs, osimertinib

strongly increased reactive oxygen species (ROS) and the

phosphorylated form of histone 2AX (pH2AX). Remarkably, trip-

lets combining osimertinib, an anti-EGFR antibody, and either

bemcentinib or mAb654 were initially effective, but longer

monitoring in animal models uncovered superiority of the

mAb654-containing triplet. In an effort to harness this therapeu-

tic superiority, we designed a bsAb, which co-targeted EGFR

and AXL and significantly delayed the onset of resistance to

osimertinib when tested in vivo.

RESULTS

In vitro effects of singly applied anti-EGFR and anti-AXL
drugs
The PC9 lung adenocarcinoma cell line harbors a deletion in

exon 19 of the EGFR gene. Because this line exhibits high

sensitivity to EGFR-specific TKIs, it is widely used by studies
Statistical significance was assessed and presented in the right hand panel us

experiment was repeated thrice.

(C) PC9 cells were seeded on coverslips and treated for 72 h with CTX (10 mg/mL)

fixed in paraformaldehyde and incubatedwith an anti-Ki67 antibody, followed by a

staining was quantified and normalized using ImageJ. Values represent mean +

(D) Cells were seeded in 6-well plates (1,000 cells/well) and later treated with CTX

Media were refreshed once every three days. After 14 days, cells were fixed and

licates, and the experiment was repeated thrice. Shown are the results of one ex

(E) PC9 cells were seeded on 6-well plates at high confluency, and on the next day

(1,000 nM), or osimertinib (3,000 nM). Media and drugs were refreshed once every

fields per sample were quantified using ImageJ. Values represent mean +SEM o

(F) PC9 cells were treated for 48 h with CTX (10 mg/mL), mAb654 (10 mg/mL), Bis1

combinations. Protein extracts were resolved, blotted, and probed with antibod

Vinculin and tubulin were used to control gel loading. *, p < 0.05; ****, p < 0.001.
interested in mechanisms underlying acquisition of drug resis-

tance.40 In addition to the clinically approved anti-EGFR drugs,

osimertinib and cetuximab, we employed bemcentinib (also

called R428 or BGB324), an anti-AXL kinase inhibitor. This

drug well discriminates between AXL and the other members

of the TAM family (i.e., TYRO3 and MERTK). For comparative

analyses, our experiments made use of an anti-AXL antibody,

mAb654, which we previously generated and described.27

Although all four agents inhibited viability of PC9 cells, they

clearly fell into 2 groups: unlike the TKIs, especially osimertinib,

which killed almost all cells following 72 h of incubation, the ef-

fects of the mAbs were weaker (Figures 1A and S1A). These

differences were supported by an alternative assay, which uti-

lized crystal violet staining as a measure of cells surviving

longer exposure to the drugs (7 days; Figure 1B). Notably, ce-

tuximab was more effective than mAb654 and, correspond-

ingly, osimertinib was more inhibitory than bemcentinib, in

line with driver role played by mutant EGFR in PC9 cells, unlike

AXL, which plays a compensatory function. As a complemen-

tary assay, we probed drug-treated cells for Ki67, a cell prolif-

eration marker that accumulates during the S, G2, and M

phases of the cell cycle but undergoes degradation in G1 and

G0. The Ki67 results we obtained indicated that all 4 drugs in-

hibited cell proliferation, but the differences between the effects

of mAbs and TKIs were relatively small, likely due to the shorter

time of incubation (72 h; Figures 1C and S1B). To better under-

stand the differences between the actions of the two mAbs and

two KIs, we performed longer-term assays: a clonogenic assay

(14 days; Figures 1D and S1C) and a drug tolerance (persis-

tence) test (9 days; Figures 1E and S1D). Notably, the colony

formation assay examines the ability of a single cell to grow

into a colony, whereas the persistence assay measures drug

tolerance.25 As expected, osimertinib was the most inhibitory

drug in both assays.

To confirm the possibility that the pharmacological effects of

the four drugs extend to NSCLC cells other than PC9, we

analyzed H1975 cells, which harbor the L858R mutation in

exon 21 and the T790M mutation in exon 20. As shown in

Figures S2A and S2B, the 4 drugs reduced viability of H1975

cells with IC50 values similar to the parameters determined for

PC9 cells. Likewise, proliferation of H1975 cells was better in-

hibited by the TKIs rather than by the antibodies (Figure S2C).

This was reflected also by growing cells in a basement

membrane extract (BME) under low-attachment conditions
ing one-way ANOVA followed by Dunnett’s multiple comparisons tests. The

, mAb654 (10 mg/mL), bemcentinib (100 nM), or osimertinib (10 nM). Cells were

secondary antibody. Imageswere captured using a confocal microscope. Ki67

SEM of three experiments.

(10 mg/mL), mAb654 (10 mg/mL), bemcentinib (100 nM), or osimertinib (10 nM).

stained with crystal violet. The numbers of colonies were determined in trip-

periment.

they were treatedwith either CTX (20 mg/mL), mAb654 (20 mg/mL), bemcentinib

three days. After nine days, cells were fixed and stained with crystal violet. Five

f triplicates from three experiments.

(20 mg/mL), osimertinib (10 nM), or bemcentinib (100 nM) for the indicated drug

ies specific to the indicated apoptosis, proliferation, and cell-cycle markers.
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Figure 2. In vitro analyses of the biological effects of pairwise combinations of anti-EGFR and anti-AXL drugs
(A) PC9 cells (33 103 cells/well) were seeded in 96-well plates and treated for 72 hwith increasing concentrations of cetuximab (CTX), mAb654, bemcentinib, and

osimertinib, in pairwise combinations. Cell viability was assessed using crystal violet, and the synergy scores were calculated using the Loewe additivity model.

Note that the red color marks drug-drug cooperative interactions.

(B) Cells were seeded in 6-well plates (1,000 cells/well) and later treated with dual combinations of CTX (10 mg/mL), mAb654 (10 mg/mL), bemcentinib (100 nM),

and osimertinib (10 nM). Media were refreshed once every three days. Following 14 days of incubation, cells were fixed and stained with crystal violet. Shown are

bar plots corresponding to one of three experiments (performed in triplicates) and representative photos of individual plates. Bar, micrometers.

(legend continued on next page)
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(Figure S2D), a colony formation assay (Figure S2E), and drug

tolerance assays (Figure S2F; note that the BME assays did

not include bemcentinib and the latter two assays used drug

combinations that will be later described). Next, we analyzed ex-

tracts isolated from drug-treated H1975 cells. As expected,

treatment with osimertinib, more than other treatments, reduced

the abundance of cyclin B (Figure 1F), a crucial regulator of the

transition from the G2 phase to the M phase of the cell cycle.

Likewise, osimertinib induced cleavage of both caspase-3 and

PARP1, known markers of cells undergoing apoptosis, as well

as enhanced phosphorylation of histone H2AX and increased

BIM levels, which can predict clinical benefit from EGFR

inhibitors.41 Importantly, cetuximab partly mimicked the effects

of osimertinib on multiple apoptosis/growth arrest markers:

caspase-3, PARP1, cyclin B, H2AX, and BIM. But bemcentinib

only weakly affected H2AX and BIM, whereas mAb654 was inef-

fective, in line with the inability of both anti-AXL agents to reduce

pEGFR. Taken together, both EGFR inhibitors reduced phos-

pho- and total EGFR and induced markers of growth arrest

and apoptosis, but the anti-AXL agents were less effective

and, in general, themAbs emerged asmilder inhibitors of viability

and proliferation of PC9 and H1975 cells.

Analyses of pairwise and triplet drug combinations
unveil cooperative actions of anti-EGFR and anti-AXL
drugs
Two models are commonly used to study combined effects of

drugs: the Bliss and the Loewe models.42 Practically, the Bliss

model considers the dose-response curves of individual drugs

and makes visual representations of each pair of drugs based

on data corresponding to multi-dose combination responses.

Accordingly, we treated PC9 cells for 72 h with dual combina-

tions of cetuximab (CTX), mAb654, bemcentinib, and osimertinib

and assessed viability using crystal violet staining. The results

were used for the calculation of drug-drug interactions (synergy

scores), as shown in Figure 2A. Note that the combination

mAb654+bemcentinib was excluded from the analysis. As ex-

pected, due to the relatively high potency of osimertinib, pairs

containing osimertinib, especially osimertinib plus an antibody,

received high synergy scores. In contrast, due to the lower po-

tency of cetuximab, the respective pairs, including cetuximab+

bemcentinib, achieved relatively low synergy scores. Subse-

quent long-term colony formation assays that were performed

with PC9 and H1975 cells (14 days; Figures 2B and S2E) and

DTP tests (9 days, Figures 2C and S2F) indicated that all three

osimertinib-containing pairs of drugs, especially the combina-

tion of the two TKIs, were more inhibitory than the other combi-

nations. Reciprocally, the least inhibitory pair comprised two an-

tibodies (cetuximab+mAb654). To substantiate the relative

potency of drug pairs, we probed lysates of H1975 cells and

noted that the combination of two TKIs better reduced pAKT

and cyclin B, whereas combinations comprising osimertinib
(C) PC9 cells were seeded on 6-well plates at high confluence. Theywere later trea

CTX (20 mg/mL), mAb654 (20 mg/mL), bemcentinib (1,000 nM), and osimertinib (

days, cells were fixed and stained with crystal violet. Five fields per treatment we

images from one of three experiments. Image quantification used ImageJ. Signa

three experiments. Significance was assessed using one-way ANOVA and Dunn
and either cetuximab or mAb654 were characterized by moder-

ate or high pH2AX, as well as low EGFR and AXL, respectively

(Figure 1F).

Next, we analyzed drug triplets. To this end, an anti-AXL

drug, either bemcentinib or mAb654, was separately combined

with the pair osimertinib+cetuximab, and the synergy scores

of the two triplets were calculated using the additivity model

(Figure 3A). While both triplets were clearly cooperative, the com-

bination comprising mAb654, in general, received higher scores

than the other triplet (i.e., cetuximab+osimertinib+bemcentinib).

Complementary viability, clonogenic, and drug tolerance assays

(Figures 3B–3D) confirmed small but consistent superiority of

the osimertinib+cetuximab+mAb654 triplet, but cell staining that

used an anti-Ki67 antibody failed resolving a difference, although

it clearly demonstrated that each triplet achieved better Ki67 inhi-

bition than all drug doublets we examined (Figure 3E). To unveil

potential reasons for the superiority of the triplets, we extracted

cells following drug treatment and performed immunoblotting

(Figure 3F). This confirmed that untreatedPC9cells express active

(phosphorylated) forms of EGFR, ERK1/2, and AKT. Importantly,

treatment with either triplet reduced EGFR abundance, likely

due to cetuximab-mediated receptor endocytosis, and also

diminished phosphorylation of EGFR’s downstream kinases,

AKT and ERK1/2. Concomitantly, the abundance of ERK1/2 and

AXL increased and decreased, respectively. Although interesting,

these observations fell short of explaining why the two drug trip-

lets acted as superior inhibitors of cell proliferation. Hence, we

made use of H1975 cells and extended the analysis to multiple

markers of apoptosis and signaling (Figure 1F). The results indi-

cated that the mAb654-containing triplet better sorted AXL for

degradation, while the bemcentinib-containing triplet better in-

hibited AKT phosphorylation, but other apoptosis markers were

similarly affected by the two triplets. In conclusion, using an

additivity model, we observed cooperative interactions between

anti-EGFR and anti-AXL drugs, especially when using triplet

drug combinations. These observations are consistent with func-

tional interactions between AXL and EGFR,8,43,44 and they indi-

cate that both an anti-AXL antibody and an AXL-specific TKI

can cooperate in vitro with EGFR-targeting drugs.

Whereas the TKIs elevate ROS, the antibodies inhibit
downregulation of DNA repair and induce both ADCC
and receptor internalization
Since both triplets encompassed osimertinib and cetuximab, it

was not surprising that they elevated markers of apoptosis

(Figures 4A and 1F), such as cleavage of PARP1, along with upre-

gulation of BIM and downregulation of both cyclin B and BCL2.

In comparison to the various doublets, the triplets more

strongly induced PARP1 cleavage and elevation of BAX, but the

mAb654-containing triplet induced weaker phosphorylation of

H2AX, a marker of double-strand breaks (DSBs)45 in an immuno-

fluorescence assay (Figure 4B; see also stronger inhibitory effects
ted for 9 days using the indicated pairs of drugs. The following drugswere used:

3,000 nM). Media and drugs were refreshed once every three days. After nine

re quantified for the remaining drug-tolerant cells. Shown are bar graphs and

ls were normalized to the control wells. Values represent the means + SEM of

ett’s multiple comparison test. **, p < 0.01; ***, p < 0.005; ****, p < 0.001.
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Figure 3. In vitro effects of triplet combinations of anti-EGFR and anti-AXL drugs

(A and B) PC9 cells (3x103 cells/well) were seeded in 96-well plates and treated for 72 h with various concentrations of CTX, mAb654, bemcentinib, or osimertinib.

Cell viability was assessed using crystal violet staining, and the synergy score was calculated using the Loewe additivity model.

(C) Cells were seeded in 6-well plates (1,000 cells/well) and later treatedwith the indicated triple drug combinations. The following drug concentrationswere used:

CTX (10 mg/mL), mAb654 (10 mg/mL), bemcentinib (100 nM), and osimertinib (10 nM). Media were refreshed once every three days. After 14 days, cells were fixed

and stained with crystal violet. Images were captured using an Epson scanner, and colony numbers were determined in triplicates. Bar, 10 mm.

(D) Cells were seeded at high density on 6-well plates. On the next day, cells were treated for nine days with triple drug combinations as follows: CTX (20 mg/mL),

mAb654 (20 mg/mL), bemcentinib (1,000 nM), and osimertinib (3,000 nM). Media and drugs were refreshed once every three days. After nine days, the remaining

drug-tolerant cells were fixed and stained with crystal violet. Five fields per sample were quantified using ImageJ. Representative microscope fields, along with a

bar graph showing normalized signals, are presented. Values represent mean + SEM of three experiments. Bar, 10 mm.

(legend continued on next page)
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on DTPs and colony formation by H1975 cells; Figures S2E and

S2F). Because ROS are involved in the initial sensing of DSBs,

as well as in the later recruitment of H2AX to DSBs,46 we assayed

ROS levels. Although osimertinib elevated ROS production (Fig-

ure 4C), we noted that neither cetuximab nor mAb654 affected

ROS levels, and bemcentinib only weakly increased ROS. Once

again, the mAb654-containing triplet was less effective than the

other triplet, implying weaker effects on DNA damage. These ob-

servations raised the possibility that antibody-mediated receptor

endocytosis and degradation have a role to play in the impact of

drug combinations, in line with previously reviewed reports.47,48

In agreement, immunofluorescence analysis confirmed that

EGFR and AXL underwent extensive downregulation and redistri-

bution, consistent with endocytosis, following treatment of PC9

cells with the respective antibody (Figures S3A and S3B). In addi-

tion, we confirmed previous reports showing that anti-receptor

antibodies can induce extensive antibody-dependent cellular

cytotoxicity (ADCC).49Of note, our ADCCassay employed cytom-

etry by time of flight (CyTOF) and PC9 cells that were co-cultured

with human peripheral blood cells (Figure S3C). Taken together,

our observations attributed to both triplets of drugs the ability to

induce apoptosis and linked the mAbs to ADCC and receptor

internalization, rather than to elevated ROS.

Importantly, TKI-induced ROS are potentially mutagenic.

Moreover, according to recent reports, exposure of cancer

cells to kinase inhibitors increases their mutation rates by

means of simultaneous activation of intrinsic mutators and inhi-

bition of DNA repair.27,50,51 Hence, we isolated RNA from drug-

treated cells and performed PCR analysis using specific

primers (see a list of primers in Table S1). The results confirmed

that treatment with osimertinib reduced expression of genes

involved in homologous recombination (HR) and mismatch

repair (MMR) and decreased and enhanced expression of

several high-fidelity (proficient) and low-fidelity (mutation-

prone) DNA polymerases, respectively (Figure 4D). Notably,

treatment with osimertinib elevated AXL and RAD18, the E3

ligase that recruits mutation-prone polymerases to the DNA

replication fork.52,53 In contrast, when mAb654 (or cetuximab)

was combined with osimertinib, it inhibited the effects of the

latter on the DNA repair enzymes, AXL, RAD18, and mutagenic

polymerases. This observation was reflected also in the results

obtained with the drug triplets: unlike the triplet osimertinib+ce-

tuximab+bemcentinib, the other combination lost the poten-

tially mutagenic effects on DNA repair and low-fidelity DNA

polymerases.

To contrast in an animal model the effects of osimertinib

(alone) and the simultaneous mAb-induced inhibition of EGFR

and AXL, we made use of an anti-EGFR/AXL bsAb (Bis1) that

will be described later. Specifically, PC9 cells were implanted

in mice, and after three weeks, when tumors reached approx-
(E) PC9 cells were seeded on coverslips and treated for 72 h with the indicated do

CTX (10 mg/mL), mAb654 (10 mg/mL), bemcentinib (100 nM), and osimertinib (1

antibody, followed by a secondary antibody. DAPI was used to stain nuclei. Ki67 s

SEM of three experiments. Significance was assessed using one-way ANOVA fo

(F) PC9 cells were treated for 48 h with cetuximab (10 mg/mL), mAb654 (10 m

drug combinations. Cell extracts were resolved, blotted, and probed using anti

control. *, p < 0.05; **, p < 0.01; ****, p < 0.001.
imately 350 mm3, the animals were randomized into groups

that were treated for 7 days, prior to extraction of the regress-

ing tumors and immunoblotting (Figures S3D and S3E). As ex-

pected, treatment with osimertinib erased the pEGFR signal

but induced less extensive EGFR degradation than Bis1 and

cetuximab+osimertinib. Interestingly, the latter group displayed

active ERK, but in similarity to other treatments, AXL was

downregulated and the effects on DNA polymerases were rela-

tively weak. In terms of proteins involved in the response to

DNA damage, all treatments reduced MLH1, RAD18, PCNA,

and its ubiquitinated form, but Bis1+osimertinib less exten-

sively downregulated two repair enzymes, MSH2 and RAD51,

which respectively ensure the fidelity of DNA replication

through MMR and repair of DSBs. Taken together with the re-

sults presented in Figure 4, our observations strengthened the

conclusion that the modes of action of TKIs and mAbs are

fundamentally different: while the TKIs induced ROS and pro-

moted apoptosis, the mAbs we tested inhibited cell prolifera-

tion and induced no ROS. Importantly, mAb654 emerged

from both dual and triple combinations with osimertinib as an

inhibitory drug that can disable the presumably mutagenic ac-

tions of osimertinib, namely elevated expression of mutagenic

polymerases and reduced expression of DNA repair enzymes.

In aggregate, these observations favored the triple drug combi-

nation that includes an anti-AXL antibody rather than the AXL-

specific TKI.

A drug triplet containing an anti-AXL antibody better
delays tumor relapses relative to a triplet containing an
AXL-specific kinase inhibitor
We previously reported that, when used alone or in combina-

tion with either osimertinib or cetuximab, the anti-AXL antibody

could not prevent relapses in the PC9 animal model.27 Because

the previously reported experiments did not include an AXL-

specific TKI, we analyzed the effect of bemcentinib on tumor

relapses. As expected, neither alone nor in dual combinations

(i.e., with osimertinib or cetuximab) was this TKI able to persis-

tently block relapses (Figures 5A–5D) or induce marked

adverse effects (Figures S4A and S4B). Next, we examined

the prediction that the onset of resistance to a triple drug com-

bination containing an anti-AXL antibody would be delayed

relative to a similar combination containing the AXL-specific

TKI. To this end, we implanted PC9 cells in mice and, when tu-

mors became palpable, randomized all animals into three

groups. One group was left untreated, whereas each of the

other groups was treated with a different drug triplet, either ce-

tuximab+osimertinib+mAb654 or cetuximab+osimertinib+bem-

centinib. Note that the antibodies were delivered intraperitone-

ally, twice a week, unlike the TKIs, which were orally delivered

once per day.
uble or triple drug combinations. The following drug concentrations were used:

0 nM). Cells were fixed in paraformaldehyde and incubated with an anti-Ki67

taining was quantified and normalized using ImageJ. Values represent mean +

llowed by Dunnett’s multiple comparison test.

g/mL), osimertinib (10 nM), and bemcentinib (100 nM), or with the indicated

bodies specific to the indicated proteins. Vinculin was used as a gel loading
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Figure 4. Differential effects of drug combi-

nations on redox potential and enzymes

involved in DNA repair and DNA replication

The following drug concentrations were used: CTX

and mAb654 (each at 10 mg/mL), bemcentinib

(100 nM), and osimertinib (10 nM).

(A) PC9 cells were treated for 48 h with the indicated

combinations of cetuximab, mAb654, osimertinib,

and bemcentinib. Protein extracts were resolved,

blotted, and probed with antibodies specific to the

indicated markers.

(B) PC9 cells were seeded on coverslips and treated

for 72 h with CTX (10 mg/mL), mAb654 (10 mg/mL),

bemcentinib (100 nM), or osimertinib (10 nM), either

alone or in combinations. Thereafter, the cells were

fixed and incubated with an anti-pH2AX antibody,

followed by a secondary antibody (green). DAPI

(blue) was used to stain nuclei, and phalloidin (red)

was used as a reference. Images were captured

using confocalmicroscopy. Phospho-H2AX staining

was quantified and normalized using ImageJ.

Representative microscope images are shown. Bar,

20 mm. TheMerge column presents an overlay of the

other three columns. Significance was assessed

using one-way ANOVA and Dunnett’s multiple

comparison test.

(C) PC9 cells were treated for 6 h using the indicated

drugs or their combinations. DCFDA (2ʹ,7ʹ-di-
chlorofluorescin diacetate) was utilized when

determining the intracellular content of hydrogen

peroxide. Representative images of epifluorescence

microscopy are shown (bar, 50 mm), along with

quantification of the results (average + SEM).

**, p < 0.01; ***, p < 0.005; ****, p < 0.001.

(D) To assay transcription levels corresponding to

the indicated genes, we applied quantitative RT-

PCR on mRNAs isolated from PC9 cells that un-

derwent pre-treatment for 72 h with the indicated

drug combinations. Averages of quadruplicates are

shown.
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Following 30 days of drug delivery, we stopped all treatments

but kept monitoring tumor volumes (Figure 5E), animal survival

(Figure 5F), and bodyweights (Figure S4C). Unlike the control un-

treated group, all other tumors almost disappeared after two

weeks of treatment. However, in line with the in vitro data, all

mice treated with the combination cetuximab+osimertinib+bem-

centinib displayed vigorous, although delayed, relapses soon af-

ter treatment cessation. In contrast, no recurrencewas observed

in the group of animals treated with the other triplet, cetuxima-

b+osimertinib+mAb654. Since the analysis of body weight de-

tected no major changes and the two triplets differed only by

the anti-AXL component, we propose the following model: due

to the inclusion of osimertinib, cancer cells firstly undergo exten-
8 Cell Reports Medicine 5, 101703, September 17, 2024
sive apoptosis. The few surviving cells acti-

vate intrinsic mutators in a mechanism that

involves AXL, but nevertheless the newly

mutated cells seed relapses in the cetuxi-

mab+osimertinib+bemcentinib group. In

contrast, because cetuximab and mAb654

reduce mutagenesis, induce receptor
endocytosis, and recruit immune effector cells, adaptive muta-

bility and relapses do not occur in the group of animals treated

with the other triplet, cetuximab+osimertinib+mAb654.

Construction of a monoclonal anti-EGFR-AXL bsAb
Due to their ability to recognize two different antigens, bsAbs

offer pharmacological advantages. We designed an AXL-EGFR

bsAb on the basis of two antibodies: the murine form of

mAb654 and cetuximab, a human/mouse chimeric molecule.

The schematic diagrams shown in Figure 6A depict the recombi-

nant forms ofmAb654, cetuximab, and the hybrid, Bis1, which all

share a human Fc portion. The amino acid sequence of Bis1 is

shown in Table S2. To construct Bis1, we ligated the DNA



Figure 5. A triplet containing an anti-AXL antibody better inhibits tumor relapses than a triplet containing an anti-AXL kinase inhibitor

PC9 cells (3 3 106 per mouse) were subcutaneously implanted in CD1-nu/nu mice. When tumors reached approximately 350 mm3, mice were randomized into

groups of 5 animals that were treated for 4 weeks (gray area) with either an antibody (CTX or mAb654; 0.2 mg/mouse/injection, once every three days) or TKIs

(osimertinibor bemcentinib; 10 and 50mg/kg/day, respectively, daily). Afterward, we onlymonitored tumor volumes (left panels) and animal survival (right panels).

(A and B) Anti-tumor effects of CTX, osimertinib, and bemcentinib, which were singly delivered. Note that animals were sacrificed once tumors reached

1,500 mm3.

(legend continued on next page)
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corresponding to the heavy chain’s variable domain of mAb654,

as well as the light chain’s variable region, into a plasmid encod-

ing human immunoglobulin (Ig)G1. Similarly, we implanted one

arm of cetuximab but retained the overall Y-shaped structure.

CH1-CL domain swapping (‘‘CrossMab’’)54 and CH3 domain

knobs-into-holes mutations55 were introduced into the IgG scaf-

fold to promote the heterodimeric configuration of the bsAb. Bis1

was expressed in human kidney cells and purified in high yields.

In addition, Bis1 formed the correct heterodimer combination,

with native IgG-like size. Label-free surface plasmon resonance

(SPR) measurements were used to determine the binding

affinities of the recombinant antibody toward soluble forms of

AXL and EGFR, which were immobilized on a sensor chip. The

obtained sensograms (Figure S5A) were used to calculate the

respective binding affinities. A summary of these parameters is

shown in Figure 6B. As indicated, the binding affinity of the re-

combinant form of mAb654 was 3-fold lower than the parental

murine antibody, whereas the affinity of the recombinant form

of cetuximab was largely retained. Similar analysis of Bis1

confirmed dual antigen specificities but indicated reduced anti-

gen binding affinity of both arms, probably due to monovalent

antigen binding and consequent enhanced dissociation.

Next, we performed an ELISA-based assay that confirmed

simultaneous antigen engagement by each arm of Bis1 (Fig-

ure S5B). In addition, we performed an immunoprecipitation

assay that used PC9 cell extracts and confirmed that Bis1 pulled

downboth AXL andEGFR (Figure S5C). These tests validated that

each arm of Bis1 can simultaneously engage a distinct receptor.

To verify that these attributes reconstituted the biological activ-

ities of the parental antibodies, aswell as the cooperationwith osi-

mertinib, we performed the following set of in vitro assays, which

employed PC9 or H1975 cells: (1) cell viability (Figures 6C and

S5D), (2) cell proliferation (Figure 6D), (3) 3D spheroid formation

(Figures 6E and S2D), (4) colony formation (Figures 6F, S2E,

and S5E), (5) drug tolerance persister test (Figures 6G, S2F, and

S5F), (6) Ki67 staining (Figures 6H and S5G), (7) receptor endocy-

tosis tests (Figures S3A and S3B), (8) the lentiviral FUCCI (fluores-

cent ubiquitination-based cell cycle indicator) cell-cycle assay,56

which confirmed G1 growth arrest (Figure S5H), and (9) immuno-

blotting analyses of apoptosis and other markers (Figure 1F).

Collectively, the results we obtained indicated that the combina-

tion of Bis1 and osimertinib was functionally equivalent to the

triplet cetuximab+mAb654+osimertinib.

When combined with osimertinib, a monoclonal EGFR-
AXL bsAb inhibits relapses of regular and patient-
derived xenograft models
To test the ability of Bis1 to delay emergence of resistance to osi-

mertinib, we performed an in vivo study that made use of PC9

cells and athymic mice. As in Figure 5, when tumors became

palpable, mice were randomized into groups. Each group of 5–

9 animals was daily treated, for 4 weeks, with osimertinib. Alter-

natively, animals were treated with combinations of osimertinib

(daily oral treatments) and mAbs (intraperitoneal delivery, twice
(C and D) Anti-tumor effects of the following drug doublets: CTX combined with

(E and F) Anti-tumor effects of the following drug triplets: CTX+osimertinib+anti-A

animals) ± SEM. Note that, once an animal dies in the course of experimentation
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per week). To match the recombinant bsAb, we employed re-

combinant forms of both cetuximab (rCTX) and the anti-AXL anti-

body (rmAb654). Following termination of all treatments, we kept

monitoring tumor volumes (Figures 7A–7F) and body weight (Fig-

ure S6A) for up to 6 additional months. Note that animal survival

curves corresponding to each experimental arm are presented in

Figure 7G.

As opposed to untreated animals (Figure 7A), the tumors of

all mice treated with osimertinib alone rapidly shrunk, but

they relapsed shortly after the oral treatments were stopped

(Figure 7B). Significantly delayed relapses were observed in

the group treated with a combination of osimertinib and the re-

combinant form of cetuximab (Figure 7C). Furthermore, in

this group, 3 of the 9 animals (33%) showed no relapses by

the end of the experiment. However, a similar combination

comprising osimertinib and the recombinant form of mAb654

was less effective (Figure 7D). As expected, the triplet osimer-

tinib+rCTX+rmAb654 delayed the onset of relapses for longer

time, and, furthermore, 50% of mice in this group showed no

relapses by the time we closed the experiment (Figure 7E). In

comparison, Bis1 showed even better results: combining this

EGFR-AXL bsAb with osimertinib fully prevented relapses of

six of the seven animals of this arm (86%), although mice

were treated for only four weeks and they were terminated as

long as half a year later (Figure 7F). In summary, the in vivo

inhibitory action of the EGFR-AXL bsAb we constructed was

as strong as or better than the efficacy achieved by the corre-

sponding triple drug combination.

In the next step, we analyzed patient-derived xenografts

(PDXs), which better represent intra-tumor heterogeneity than

cell line xenografts. An especially aggressive model, TM00193,

which expresses E746_A750 Del19-EGFR, was selected for

in vivo tests. Fragments of the PDX were engrafted, and, when

tumors reached approximately 350 mm3, mice were randomized

into groups of 5–9 animals that were treated for 35 days with osi-

mertinib, osimertinib+cetuximab+mAb654, or osimertinib+Bis1.

Afterward, we only monitored tumor volumes and recorded ani-

mal survival. Note that we employed NSG mice, which have no

active T cells, B cells, natural killer (NK) cells, and dendritic cells

and applied drug holiday in order to detect early relapses. The re-

sulting average tumor growth curves are presented in Figure 7H,

and analyses depicting animal survival and body weight are

shown in Figures 7I and S6B, respectively. In agreement with

the observations made in vitro and with PC9 xenografts, both

combination treatments significantly delayed the onset of re-

lapses and extended animal survival, and this exceeded the ef-

fect achieved by osimertinib monotherapy. Importantly, the

growth curves corresponding to osimertinib+Bis1 and the triplet

combination (osimertinib+cetuximab+mAb654) were practically

indistinguishable, implying that Bis1 accurately incorporated

the functional attributes of its parental antibodies. Presumably,

longer treatments (>60 days) and complete tumor eradication

while on treatment (prior to the drug holiday) might permit further

delay of the onset of drug resistance in this model.
either osimertinib or bemcentinib and the combination of the two TKIs.

XL mAb654 or CTX+osimertinib+bemcentinib. Data shown are means (from 5

, it is eliminated from the calculation of the average tumor volume.



Figure 6. A recombinant bispecific antibody embodies the functional attributes of anti-EGFR and anti-AXL monoclonal antibodies

(A) Schematic representation of the bispecific antibody, Bis1, and both the parental recombinant anti-AXL mAb654 and the recombinant form of mAb654. The

human Fc domain of Bis1 (in red) contains a knobs-in-holes configuration. V denotes a variable domain, and C marks a constant antibody domain. Likewise, H

denotes a heavy chain and k marks the kappa light chain. CTX, cetuximab.

(B) Surface plasmon resonance (SPR) was used to determine binding affinities of the indicated antibodies, including rmAb654, a recombinant anti-AXLmAb and a

recombinant cetuximab (rCTX), to immobilize human AXL and human EGFR. The calculated parameters are indicated.

(C) A viability assay was performed with PC9 cells and Bis1, essentially as described in Figure 1A.

(legend continued on next page)
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In summary, by contrasting a mAb and a kinase inhibitor, both

targeting the same compensatory receptor, AXL, we aimed at

resolving mechanisms of resistance to osimertinib, as well as

prolonging the efficacy of this TKI. Our initial experiments indi-

cated that no dual combination of osimertinib and an anti-AXL

drug was as effective as triple combinations that included an

AXL inhibitor, either a TKI or anmAb, in combination with osimer-

tinib and an anti-EGFR antibody (cetuximab). Unlike the mAbs,

osimertinib robustly elevated ROS and downregulated DNA

repair enzymes. In line with distinct mechanisms of drug action,

xenografts treated with the triplet containing the AXL-specific

TKI eventually relapsed, but nearly all animals treated with the

triplet containing an anti-AXL antibody remained tumor free in

a cell line xenograft model. To reduce the pharmacological

complexity of the more consistent triplet, we designed a mono-

clonal EGFR-AXL bsAb, which persistently delayed relapses, not

only in a cell line xenograft system but also in a patient-derived

model. These observations are discussed in the following in

terms of mechanisms driving drug action, resistance to osimer-

tinib, and the prospects for clinical application.

DISCUSSION

Our study questions the current practice of treating patients

with EGFR-mutated lung cancer. Despite initial response to the

first-generation EGFR-specific TKIs, nearly all patients acquire

drug resistance, and the most common mechanism of resis-

tance involves a secondary EGFR mutation (T790M).7 Although

the third-generation irreversible inhibitor, osimertinib, can inhibit

T790M-EGFR and it has been approved as second-13 and first-

line therapy,14 emergence of a secondary mutation, C797S,

once again underlays acquired resistance, albeit in a smaller

fraction of patients.15 Notably, recurring resistance-conferring

mutations are similarly manifested by acute myeloid leukemia

treated with BCR-ABL inhibitors57 and TKI-treated ALK-positive

lung cancer.58 In contrast, anti-cancer treatments making use of

antibodies seldom evoke secondary mutations.59,60 Because

many mAbs, unlike many TKIs, do not kill cancer cells, they are

often combined with cytotoxic treatments, such as chemo-

therapy or radiotherapy, but combinations with TKIs are not

common.61 These distinct pharmacological attributes of mAbs

are relevant to EGFR-mutated lung cancer because overexpres-

sion of AXL8 and amplification of MET62 or HER29 drive resis-

tance to first-generation TKIs and might precede emergence of

the T790M mutation. Likewise, MET or HER2 amplification,

along with C797S, are the most common mechanisms of resis-
(D) Shown are the results of a PC9 cell proliferation assay that was performed in

(E) PC9 cells were cultured under low-attachment conditions, leading to the forma

pre-coated with agar (0.6%), in a complete medium containing the indicated tre

overlapping fields were captured. Scale bar, 100 mm. The percentage of covere

dependent experiments. *, p < 0.05; **, p < 0.01; ***p < 0.001.

(F) PC9 cells were treatedwith CTX (10 mg/mL), mAb654 (10 mg/mL), Bis1 (10 mg/m

violet and the numbers of colonies were determined in triplicate as described in

(G) PC9 cells were seeded in 6-well plates at high confluency, and on the next da

days. After 9 days, cells were fixed and stained with crystal violet. Five fields per

wells. Values represent mean + SEM of triplicates from three experiments.

(H) PC9 cells were seeded on coverslips and treated for 72 h as in (F). Cells were fix

Ki67 staining was quantified and normalized using ImageJ. *, p < 0.05; **, p < 0.0

12 Cell Reports Medicine 5, 101703, September 17, 2024
tance to osimertinib in first-line settings.15 Based on the acces-

sibility of MET, HER2, and AXL to therapeutic antibodies, as well

as the reported roles for AXL in the emergence of additional

EGFR mutations,8,27 our study explored various combinations

of AXL- and EGFR-specific mAbs and TKIs. Comparative anal-

ysis of single drugs, alongwith their dual and triple combinations,

made it clear that triplets were more effective blockers of indica-

tor cell lines and targeting EGFR, the driver, was more effective

than targeting AXL. These observations led us to contrast two

triplets and eventually select a combination that included an

anti-AXL mAb (in addition to osimertinib and cetuximab) rather

than an anti-AXL-specific TKI. Eventually, we combined the

pharmacological attributes of the two antibodies by designing

a bispecific EGFR-AXL antibody, which holds therapeutic

promise.

Why would a triplet comprising an anti-AXL mAb surpass

in vivo a triplet that includes an anti-AXL TKI? According to our

results, the latter treatment, which contains osimertinib, bem-

centinib, and cetuximab, more strongly induces ROS and cell

death relative to the triplet containing two mAbs. In addition,

our data and previous reports27,51 propose that the keys to the

greater therapeutic activity of the two-mAb triplet might be

the ability of the anti-AXL antibody to enhance receptor internal-

ization and ADCC, as well as inhibit treatment-inducedmutagen-

esis. The adaptive mutability response is multifaceted: in

response to drug-induced cell death, AXL undergoes upregula-

tion and stimulates the SOS response, which engages several

intrinsic mutators, as well as downregulates the DNA damage

response.27,51 Specifically, following treatment with a TKI, such

as osimertinib, both MMR and HR repair genes undergo down-

regulation, as do several high-fidelity DNA polymerases. Thus,

through blocking the very initial step of this cascade, namely

binding of AXL to GAS6 at the surface of dying cells, the anti-

AXL antibody might inhibit mutagenesis but still permit TKI-

induced death of cancer cells.

Unlike bemcentinib, anti-AXL mAb654 can potentially recruit

immune effector cells, which might explain the long-term effi-

cacy of the mAb654-containing triplet, as well as the potency

of Bis1. Although our animal model lacks T lymphocytes, NK,

other cells, and the Fc portion of mAb654 might be involved in

heightening the response to mAb654. In line with this scenario,

it was shown that tumor regression elicited by osimertinib in-

volves local accumulation of tumor-associated macrophages.63

Alternatively, anti-AXL antibodies, in similarity to cetuximab,

might harness non-immune mechanisms, such as antibody-

induced clearance of AXL from the cell surface via a universal
triplicates with Bis1 (20 mg/mL), as detailed in the legend to Figure 1B.

tion of 3D spheroids. A total of 500 cells were plated in 6-well plates, whichwere

atments, including Bis1 (10 mg/mL). After 7 days, multiple images from non-

d area was calculated. The results are represented as the average of two in-

L), or osimertinib (10 nM). After 14 days, cells were fixed and stainedwith crystal

the legend to Figure 1D.

y they were treated as in (F). Media and drugs were refreshed once every three

sample were quantified using ImageJ. Signals were normalized to the control

ed and probed using an anti-Ki67 antibody, followed by a secondary antibody.

1; ***, p < 0.005; ****, p < 0.001.



Figure 7. The monoclonal EGFR-AXL bispecific antibody, Bis1, inhibits relapses of regular and patient-derived xenograft models when

combined with osimertinib

(A–F) PC9 cells were subcutaneously implanted in the flanks of CD1-nu/nu mice.When tumors became palpable, mice were randomized in groups of 5–7 animals

that were treated (gray areas) for 30 days with the indicated antibodies (0.2 mg/mouse/injection) once every three days, or daily with osimertinib (10 mg/kg/day).

Shown are tumor volumes corresponding to individual mice. The number of mice free of relapses is indicated per each group.

(G) Shown are survival curves corresponding to (A–F), along with statistical parameters. Note that mice were sacrificed once tumor volume exceeded 1,500 mm3.

(legend continued on next page)
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clathrin-mediated endocytosis that involves dynamin 2.64 In this

context, it is worth noting that proteolysis targeting chimeras

(PROTACs) aiming at EGFR have been developed,65 including

a compound that sorted mutant EGFRs for degradation.66 This

raises the possibility that AXL-targeting PROTACs, in combina-

tion with osimertinib and cetuximab, might delay tumor relapses.

Our study raises additional therapeutic predictions, beyond

demonstrating in vivo activity of the bsAbwe constructed. Block-

ing GAS6, a ligand of both AXL and phosphatidylserine, which

externalizes on apoptotic cells, might reduce the ability of AXL

to sense stress and trigger endogenous mutators. Likewise,

pharmacologically targeting the mutagenic DNA polymerases

recruited to sites of DNA damage, as well as their coordinator,

RAD18,67 might delay relapses. Furthermore, the concerted up-

regulation of mutagenic DNA polymerases and downregulation

of DNA repair enzymes might herald tumor relapse and hence

identify early biomarkers of AXL-mediated resistance to osimer-

tinib. Confirming the prognostic value of mutagenic enzymes, as

well as the therapeutic benefit from the herein described EGFR-

AXL bsAb, will necessitate further tests in animals andmight lead

to clinical trials.
Limitations of the study
Although our results clearly attribute superior resitance-delaying

effects to a drug combination that includes an anti-AXL antibody,

rather than an anti-AXL kinase inhibitor, andwe attributed the un-

derlying mechanism to redox and DNA repair, the exact details

remain unresolved. In addition, even though our study employed

twowidely usedmodels of EGFR-mutated cancer cells, PC9 and

H1975, which harbor the most prevalent EGFR mutation types,

testing additional cellular and animal models might be important.

For example, effective treatment of tumors harboring the highly

prevalent mutation, L858R, can be achieved by a single anti-

body, cetuximab, with no need to include additional antibodies

or a kinase inhibitor.68 Hence, extending the analyses we per-

formed to other mutant forms of EGFR, as well as to other strains

of mice, would be needed prior to attempts to establish clinical

relevance. For instance, our study utilized immunocompromised

mice, but we cannot exclude the possibility that T and B lympho-

cytes, which are not present in the recipient animals employed

by our experiments, play major roles in resistance to EGFR-spe-

cific kinase inhibitors. Likewise, our study underscored the crit-

ical roles played by compensatory signaling pathways, such as

the AXL’s pathway. However, we have not addressed the roles

played by AXL’s ligand, GAS6, and specific mutagenic enzymes,

such as APOBEC and the mutational signatures that might char-

acterize their action at the genome level.50,69 Furthermore, we

constructed only one bsAb, although constructing additional

bsAbs, which have smaller size or a toxic payload, is expected

to increase the translational dimension of our work. Along these

lines, the uncovered superiority of a mAb relative to TKI might
(H) Fragments of the PDXJ3 patient-derived xenograft (E746_A750 Del19-EGFR)

mice were randomized into groups of 5–9 animals that were intraperitoneally tre

0.1 mg/mouse/injection, and Bis1; 0.2 mg/mouse/kg, once every three days) and/

and recorded the average tumor volumes. Data shown are means (from 5 to 9 a

(I) Shown are survival curves and statistical parameters corresponding to the fou
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extend to MERTK and HER2, the closest paralogs of AXL and

EGFR, respectively, and thereby motivate clinical development

of additional bispecific antibodies.
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Antibodies

EGFR, Rabbit monoclonal Cell Signaling Technology Cat#4267; RRID:AB_2246311

pEGFR (Y1068), Rabbit polyclonal Cell Signaling Technology Cat#2234; RRID:AB_331701

AXL, Rabbit monoclonal Cell Signaling Technology Cat#8661; RRID:AB_11217435

ERK1/2, Rabbit monoclonal Cell Signaling Technology Cat#4695; RRID:AB_390779

pERK1/2 (Y202/204), Rabbit polyclonal Cell Signaling Technology Cat#9101; RRID:AB_331646

AKT1, Rabbit monoclonal Cell Signaling Technology Cat#2938; RRID:AB_915788

pAKT1 (S473), Rabbit monoclonal Cell Signaling Technology Cat#4060; RRID:AB_2315049

Caspase 3, Rabbit polyclonal Cell Signaling Technology Cat#9662; RRID:AB_331439

Cleaved Caspase 3 (D175), Rabbit polyclonal Cell Signaling Technology Cat#9661; RRID:AB_2341188

BIM, Rabbit monoclonal Cell Signaling Technology Cat#2933; RRID:AB_1030947

PARP1, Rabbit polyclonal Cell Signaling Technology Cat#95425; RRID:AB_2160739

Mcl-1, Rabbit monoclonal Cell Signaling Technology Cat#94296; RRID:AB_2722740

gH2AX (S139), Rabbit Cell Signaling Technology Cat#2577; RRID:AB_2118010

Cyclin B1, Rabbit monoclonal Cell Signaling Technology Cat#12231; RRID:AB_2783553

RAD18, Rabbit monoclonal Cell Signaling Technology Cat#9040; RRID:AB_2756446

Bak, Rabbit monoclonal Cell Signaling Technology Cat#12105; RRID:AB_2716685

RAD51, Rabbit monoclonal Cell Signaling Technology Cat#8875; RRID:AB_2721109

Ub1-PCNA (K164), Rabbit monoclonal Cell Signaling Technology Cat#13439; RRID:AB_2798219

PCNA, Mouse monoclonal Cell Signaling Technology Cat#2586; RRID:AB_2160343

Bcl-XL, Rabbit monoclonal Santa Cruz Technology Cat#sc-634; RRID:AB_630917

KI67, Mouse monoclonal Cell Signaling Technology Cat#9449; RRID:AB_2797703

DNA Pol iota, Mouse polyclonal Santa Cruz Technology Cat#sc-101026; RRID:AB_2167019

GAPDH, Mouse monoclonal Millipore Cat#MAB374; RRID:AB_2107445

Vinculin, Mouse monoclonal Sigma-Aldrich Cat#V9264; RRID:AB_10603627

Pol h, Rabbit polyclonal Abcam Cat#ab234855

Pol k, Rabbit polyclonal Abcam Cat#ab86076; RRID:AB_1925334

MLH1, Rabbit monoclonal Abcam Cat#ab92312; RRID:AB_2049968

MSH2, Rabbit monoclonal Abcam Cat#ab92473; RRID:AB_10585291

Anti-mouse Alexa Fluor 488-conjugated

secondary antibody

Thermo Fisher Scientific Cat#A-31570; RRID:AB_2536180

Anti-rabbit Alexa Fluor 555-conjugated

secondary antibody

Thermo Fisher Scientific Cat#A-31572; RRID:AB_162543

141Pr conjugated APC anti-human

CD326 (EpCAM)

BioLegend Cat# 324208; RRID:AB_756082

89Y conjugated Purified anti-human CD45 BioLegend Cat#304002; RRID:AB_314390

Biological samples

Patient derived xenograft (PDX) TM00193 The Jackson Laboratory TM00193

Chemicals, peptides, and recombinant proteins

Erlotinib LC Laboratories Cat#E�4997

Osimertinib Gift from AstraZeneca N/A

Cetuximab (Erbitux�) Merck N/A

NAC (N-acetyl-L-cysteine) Sigma-Aldrich Cat# A9165; CAS: 616-91-1

DCFDA (2ʹ,7ʹ-Dichlorofluorescin Diacetate) Thermo Fisher Scientific Cat#D399

Triton X-100 Sigma-Aldrich Cat#T8787; CAS: 9036-19-5
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide)

Sigma-Aldrich Cat#M5655; CAS: 298-93-1

FITC-labeled phalloidin Sigma-Aldrich Cat#P5282

Cisplatin 194Pt Standard Biotools Cat#201194

Iridium Standard Biotools Cat#201192A

Palladium Standard Biotools Cat#201060

Critical commercial assays

FuGENE HD Transfection Reagent Promega Cat#E2311

Cell Titer 96 One Solution Proliferation Assay Promega Cat#G3580

Experimental models: Cell lines

PC9 Gift from Julian Downward, Francis

Crick Institute, London

RRID:CVCL_B260

H1975 ATCC Cat# CRL-5908; RRID:CVCL_1511

HEK293T ATCC Cat# CRL-3216; RRID:CVCL_0063

Experimental models: Organisms/strains

CD1 nude mice (HsdHli:CD1-Foxn1nu) Envigo Israel N/A

NSG mice The Jackson Laboratory RRID:IMSR_JAX:005557

Recombinant DNA

Fucci(CA)2/pCSII-EF RIKEN BRC RDB15446

psPAX2 Addgene Plasmid #12260

pMD2.G Addgene Plasmid #12259

Software and algorithms

GraphPad Prism v9.0.2 GraphPad Software RRID:SCR_002798

ImageJ v1.53t National Institute of Health (NIH) RRID:SCR_003070

Cell Profiler v4.2.1 Broad Institute RRID:SCR_007358

Image Lab v6.0.1 Bio-Rad RRID:SCR_014210

ReViSP v2.3 Piccinini et al.59

Piccinini et al.60
N/A

R v4.2.1 The R Foundation RRID:SCR_001905
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell cultures
PC9 cells (EGFR-mutated human NSCLC cells) were a gift from Julian Downward (Francis Crick Institute, London, UK). Cells were

cultured at 37�C under 5% CO2 in RPMI medium supplemented with 10% fetal bovine serum (FBS) and antibiotics. Cell treatments

included the following drugs: osimertinib (a gift from AstraZeneca), cetuximab (Merck KGaA), mAb654 (generated in our lab27) and

Bis1 (generated in this study).

Animal studies
All animal studies were approved by our institutional board and they were performed in accordance with the guidelines of the Insti-

tutional Animal Care and Use Committee (IACUC). PC9 cells (3X106 cells per mouse), were subcutaneously injected in the right flanks

of 6-weeks old CD1 nude mice. Once tumors reached a volume of approximately 500 mm3, mice were randomized into different

groups and treated as indicated. TKIs were daily administered using oral gavage. Antibodies were administered twice a week using

intraperitoneal injection at a final dose of 0.2 mg/mouse/injection. The TM00193 (exon 19 deletion) PDX model was purchased from

the Jackson Laboratory and implanted in NSGmice. Following euthanasia, tumors were removed from donor mice and cut into small

fragments. A small pouchwasmade in the lower back of eachmouse, and one fragment was later inserted into the pouch. Thewound

was closed using a surgical clip. Clips were removed 4–5 days after surgery. Treatments started when tumors reached a volume of

approximately 350 mm3. Mice were labeled with RF identification chips (from Troven). Tumors were measured twice a week with a

caliper, and body weight was measured once a week. Tumor volume was calculated by using the formula (T1*T2*(T1+T2)/2)/2. Mice

were euthanized when tumors reached approximately 1500 mm3.
Cell Reports Medicine 5, 101703, September 17, 2024 e2



Article
ll

OPEN ACCESS
METHOD DETAILS

Cell viability assays
Cell viability was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). PC9 cells (3x103/well) were

seeded in 96-well plates and the day after, they were treated for 72 h with the indicated drugs. Afterward, cells were incubated

for 3 h at 37�C with the MTT solution (0.5 mg/mL), followed by solubilization of the formazan crystals in DMSO. Absorbance was

read at 570 nm.

Cell proliferation assays
Cells were seeded in 96-well plates (1000 cells per well), and on the next day, they were treated for 1, 3, 5, or 7 days with the indicated

drugs. At each time point, proliferation was addressed by CellTiter Cell Proliferation assay (Promega). To detect cell growth, light

absorbance (490 nM) was determined using a microplate reader.

Immunofluorescence analysis
Following treatments, cells were washed in saline and fixed in 4%paraformaldehyde for 15min at room temperature. Afterward, cells

were permeabilized for 10 min in saline containing 0.2% Triton X-100 and blocked for 65 min in 1% bovine serum albumin, followed

by hybridization with a primary antibody (Ki67 or gamma-H2AX). On the next day, cells were washed and incubated for 1 h in the dark

with an anti-mouse or anti-rabbit Alexa Fluor 488-conjugated secondary antibody, along with DAPI and Rhodamine B labeled phal-

loidin. Images were captured using a Zeiss Spinning Disk confocal microscope and processed using the Zeiss ZEN 3.1 and ImageJ

applications.

Colony formation assays
Cells were seeded in 6-well plates at a density of 1000 cells per well, and on the next day they were treated as indicated in the figure

legends.Media (with drugs) were refreshed once every 3 days. Following 14-day-long treatments, cells were washed, fixed for 20min

in ice-cold methanol, and then stained for 15 min at room temperature with 2% crystal violet. Full well photos were captured using an

Epson Perfection 4870 Photo Scanner (Long Beach, CA, USA). For signal quantification, images corresponding to 5 non-overlapping

fields were taken with a light microscope (Olympus Corporation, Tokyo, Japan) and quantified using ImageJ.

Immunoblotting and ELISA assays
Protein extracts were obtained by treating cells with lysis buffer (50 mM TRIS pH 7.5, 150 mMNaCl, 1% Nonidet P-40, 0.5% sodium

deoxycholate, 1 mM EDTA, 0.1 mM sodium orthovanadate and a complete protease inhibitor cocktail), and resolved using electro-

phoresis, followed by transfer to a nitrocellulose membrane. Afterward, membranes were blocked for 1 h at room temperature and

incubated overnight with the indicated primary antibodies, followed by incubation (1 h) with horseradish peroxidase- (HRP-) conju-

gated secondary antibodies. Bands were detected using the Clarity Western ECL Blotting Substrates (Bio-Rad) and the ChemiDoc

Imaging System (Bio-Rad). Images were acquired using the ImageLab Software (Bio-Rad). To validate simultaneous binding of Bis1

to AXL and EGFR, we performed a sandwich ELISA test that used a recombinant form of AXL (extracellular domain) and a biotinylated

soluble form of EGFR. Firstly, the ELISA plate was coated overnight with the AXL protein (2 mg/mL), and later the washed plate was

incubated for 2 h with increasing concentrations of Bis1 (0–150 mg/mL). Next, we added the biotinylated soluble form of EGFR, and

this was followed by a short incubation with an Avidin-HRP and a development reaction.

ROS production assays
PC9 cells were seeded in 6-well plates and on the next day, they were treated with the indicated drugs for 6 h. Hydrogen peroxide

levels were assessed by incubating cells with 2ʹ,7ʹ-dichlorofluorescin diacetate (DCFDA; 10 mM, diluted in Krebs-Ringer phosphate

buffer) for 30 min in the dark at 37�C and under 5% CO2. After washing the cells twice in Krebs-Ringer phosphate buffer, cellular

fluorescence was recorded using epifluorescence microscopy (Olympus Corporation, Japan) at a wavelength of 500 nm (excitation)

and 580 nm (emission). Signals were quantified using ImageJ.

RNA isolation and real-time PCR
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions. Complementary cDNA

was synthesized using the qScript cDNA synthesis kit (Quantabio). Real time quantitative PCR (RT-PCR) analyses were performed

using SYBR green (Applied Biosystem) and specific primers (see complete list of primers in Table S1) on the StepOne Plus Real-Time

PCR system (Applied Biosystems). RT-PCR signals (Ct) were normalized to GAPDH.

Surface plasmon resonance (SPR) measurements
The formation and dissociation of antigen-antibody complexes were monitored by surface plasmon resonance using BIAcore 200.

Antibodies were immobilized on CM5 chips as described below. HBS-EP buffer (10 mM HEPES with 0.15 M NaCl, 3 mM EDTA, and

0.05% surfactant P20 at pH 7.4) was used as the running buffer. After activation for 7.5 min (flow rate 10 mL/min) with a freshly pre-

pared mixture of N-hydroxysuccinimide (50 mM in water) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (195 mM in water),
e3 Cell Reports Medicine 5, 101703, September 17, 2024
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antibodies (2.5 mg/mL in 150 mM sodium acetate buffer, pH 4.6) were injected for 5 min (flow rate: 10 mL/min) to reach 1300 RU. Car-

boxylic groups that remained activated were blocked by injecting ethanolamine hydrochloride (1 M), pH 8.6 (for 5 min; flow rate:

10 mL/min). A total of 1300 RU of the antibody were immobilized using this method. The association of the soluble receptor, either

AXL or EGFR, with the respective antibody was monitored by injecting different concentrations of the soluble receptor for 5 min

at a flow rate of 30 mL/min. The dissociation of the soluble receptor from an antibody was followed by stopping injection. NaOH

(5mM) was employedwhile regenerating the chip. For data analysis, sensogramswere fitted to a steady statemodel (T200 software).

All experiments involved at least 2 independent biological repeats.

Drug synergy analysis
The expected drug combination responses were calculated based on the Bliss reference model using SynergyFinder (https://github.

com/IanevskiAleksandr/SynergyFinder#readme). Deviations between the observed and the expected responses with positive and

negative values denote synergy and antagonism, respectively.70 For the estimation of outlier measurements we utilized the cNMF

(composite non-Negative Matrix Factorization) algorithm.71

Design and expression of recombinant antibodies
The cDNA encoding the variable heavy and light domains of cetuximab, the anti-human EGFR antibody, were synthesized based on

their published sequences. Similarly, the variable heavy and light regions of mAb654, a murine anti-human AXL antibody, were

sequenced from the respective hybridoma. The variable region encoding DNA sequences of each parental antibody were inserted

into mammalian expression vectors corresponding to human IgG1 or human kappa Fc backbones. Alternatively, we utilized a vector

suitable for construction of bi-specific antibodies. For correct heavy–light chain pairing, the parental EGFR-targeting arm was ex-

pressed in the CrossMab format (CH1-CL swapping). For the AXL-targeting arm, the wildtype domain architecture was maintained.

For heavy chain heterodimerization, the following point mutations were introduced in the CH3 domain: Y349C/T366S/L368A/Y407V

in the EGFR-targeting arm and S354C/T366W in the AXL-targeting arm. Themutated plasmid sequences were validated bymeans of

direct sequencing (Life Science Core Facility, Weizmann Institute of Science). For antibody production, heavy and light chain expres-

sion vectors were transiently transfected into Expi293 cells (ThermoFisher). Secreted antibodies in the supernatant were purified us-

ing protein G Sepharose 4 Fast Flow (GE Healthcare), dialyzed against phosphate-buffered saline and sterile filtered (0.22 mm). Purity

was assessed using SDS–polyacrylamide gel electrophoresis and Coomassie Blue staining, and was estimated to be >90%. Size-

exclusion chromatography was performed using a Superose 6 Increase 10/300GL column (GE Healthcare) on an Äkta Pure 25 FPLC

system.

Cell cycle distribution using Fucci
The ubiquitination-based cell cycle indicator (Fucci),56 which enables real-time monitoring of interphase and cell-cycle progression,

was employed using PC9 cells. Lentiviruses were packaged by using the Fugene HD reagent (Promega) and co-transfecting

HEK293T cells with Fucci(CA)2/pCSII-EF (RIKEN BRC, Tsukuba, Japan), psPAX2 (Addgene, #12260) and pMD2.G (Addgene

#12259). PC9 cells were infected with virus and single cell clones were obtained by means of serial dilution. A high-content imaging

system (CV8000, from Yokogawa) was used to capture cellular images. Fluorescent, virus transduced cells were treated in the

absence or presence of drugs, which were refreshed once every three days. A high-content imaging system (CV8000, from Yoko-

gawa) was used to capture cellular images. The fluorescence intensity of green and red signals was used to determine the prolifer-

ating fraction of cells (S-phase), arrested cells (G1-phase) and other fractions (G2-M). Analysis was performed using CellProfiler72

and the R software.

Spheroid assays
H1975 (1.5x104) or PC9 cells (5x103) cells were grown in suspension over a 0.6% agar layer diluted in full medium supplemented with

the indicated drugs. Non-overlapping fields of each well were photographed after 8–10 days using the OpTech IB4 microscope. Flat

cell layers were analyzed for the percentage of covered area using the ImageJ software. For assays performed in Matrigel, 96-well

plates were pre-coated with basement membrane extract (BME; 80%) and incubated for 30 min at 37�C. Thereafter, cells (1x103)

were layered on top of the gelled BME and cultured in 5% BME diluted in drug-containing medium. Experiments were stopped after

6–7 days and pictures were captured and analyzed as above.

ADCC assays
PC9 cells (2x104) were co-cultured with PBMCs (1x106 cells, from ATCC) and subjected to blocking Fc-receptors using a solution

from BD Biosciences and surface staining using the anti-human CD326/EpCAM (9C4) antibody from Fluidigm. For viability determi-

nation, we incubated samples with cisplatin (194Pt/195Pt/196pt/198Pt; 1.25mM) followed by deactivation in complete RPMI me-

dium. Samples were barcoded after suspending them in Maxpar nuclear antigen staining buffer and fixation that utilized Maxpar

Fix I and the Maxpar Barcode Perm Buffer. Cell ID Palladium barcoding was done for each sample prior to pooling all samples in

one tube. The final fixation of the pooled sample was performed using freshly made paraformaldehyde (PFA; 4%). Cells were

further stained using Cell ID Intercalator-Ir-125 nM (Iridium solution at 250 nM). Each sample was washed thoroughly and suspended

in Maxpar Cell Acquisition Solution Plus (CAS+). CyTOF EQ Four Element Calibration beads (1:10, EQ Beads) were resuspended in
Cell Reports Medicine 5, 101703, September 17, 2024 e4
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CAS+ solution. Cells in the sample were counted and gravity filtration was done thrice to remove clumps and debris using 35-mmfilter

mesh cell strainer (Falcon). The CyTOF- Helios mass cytometer (Fluidigm) was employed, along with cells (2x106 per mL) and beads.

The resulting data were pre-processed to normalize and concatenate prior to analysis that made use of CyTOF Software v.6.7.1014.

Gates were applied using the Cytobank platform (Beckman Coulter). The normalized beads were gated out and then live and dead

cells were gated using cisplatin-194Pt and Iridium DNA label 193Ir. Event length and Gaussian parameters considering the width,

center, offset and residual channels were used. CyTOF software was then used for sample de-barcoding. The debarcoded dataset

was analyzed using FlowJo to determine the dead cell population. The calculation of ADCC activity was performed using the formula

[% Specific Cell Death (%EpCAM+/Cisplatin 194Pt) – (% spontaneous cell death)/100 – (% spontaneous cell death)] * 100.

QUANTIFICATION AND STATISTICAL ANALYSIS

The GraphPad Prism (version 8.0.2) software was used to perform statistical analyses. Sample numbers and other information

(mean ± SEM, number of replicates and specific statistical tests) are indicated in the respective figure legends. We employed

one-way ANOVA and Dunnett’s multiple comparison test. Differences were considered statistically significant when p < 0.05.

p values are shown as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001. The ImageJ and Image Lab software packages

were used to perform data analyses.
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