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ARTICLE INFO ABSTRACT

The therapeutic targeting of oncogenic KRAS mutant-harboring (KRAS™"™) non-small cell lung cancer (NSCLC)
is an urgent unmet need in cancer therapy. Although NSCLC is often driven by epidermal growth factor receptor
(EGFR) overexpression and/or mutations, no EGFR-targeted therapy is clinically available for KRASMUT NSCLC.
In this study, we show that integrin B3 expression is associated with the intrinsic resistance of KRASMY" NSCLCs
to the anti-EGFR antibody cetuximab. Further analyses identified an integrin 3-mediated ternary complex
comprising NRP1-integrin B3-KRASMY" and its downstream signaling of PI3K-Akt and RalB-TBK1 as a primary
resistance mechanism of KRASMYT NSCLC to cetuximab treatment. Importantly, we demonstrate that the EGFR/
NRP1 dual-targeting bispecific antibody, Ctx-TPP11, attenuates the downstream signaling driven by the ternary
complex via the cellular co-internalization and degradation of the NRP1-coupled complex, resulting in the al-
leviation of cetuximab resistance in KRASMUT NSCLCs in vitro and in vivo, including patient-derived xenograft
mouse models. Our study shows that the dual-targeting of EGFR and NRP1 with a bispecific antibody might be
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an effective therapeutic strategy for KRASMYT NSCLC.

1. Introduction

Non-small-cell lung cancer (NSCLC) represents ~80-85% of all lung
cancers and is associated with an overall 5-year survival rate of less
than 15% [1]. Given that it is often driven by epidermal growth factor
receptor (EGFR) overexpression and/or mutations [2], several EGFR
tyrosine kinase inhibitors (EGFR-TKIs) (e.g., gefitinib, erlotinib, and
afatinib) and one anti-EGFR antibody (Ab) necitumumab (Portrazza)
have been approved in combination with chemotherapy for the treat-
ment of advanced NSCLC [3,4].

Oncogenic activating KRAS mutations are found in approximately
20-30% of NSCLC patients [4,5], and these correlate with poor clinical
prognosis [6] and have shown to be associated with primary resistance
to EGFR-targeted therapy [7-9]. A recent study showed that the mutant
KRAS (KRASMYT) protein physically interacts with integrin B3 to pro-
mote RalB-TBK1-mediating resistance to the EGFR-TKI erlotinib in
KRASMYT NSCLC [10]. These findings highlight the need for a

concomitant KRASMY"-targeting strategy based on the inhibition of

EGFR for KRASMYT NSCLC. However, no drugs directly targeting
KRASMYT are now clinically available [11-13] and clinical trials on
small molecule inhibitors of KRASMYT downstream pathways (e.g., the
MEK inhibitor selumetinib) have failed to improve the survival of pa-
tients with KRASMUT NSCLC [7,14]. Accordingly, new strategies to si-
multaneously target both EGFR and KRASMYT pathways are urgent to
improve treatment for KRAS™YT NSCLC.

Our group has previously reported that co-targeting EGFR and
neuropilin-1 (NRP1) with the bispecific antibody (bsAb), Ctx-TPP11,
overcomes the resistance of pancreatic ductal adenocarcinoma (PDAC)
to anti-EGFR Ab cetuximab [15]. Ctx-TPP11 was generated by the ge-
netic fusion of the NRP1-targeting peptide TPP11 to the C-terminus of
the heavy chain of cetuximab [16]. Ctx-TPP11 was found to down-
regulate active integrin 31 levels through NRP1-coupled internalization
mediated by the TPP11 moiety, leading to the inhibition of active in-
tegrin (1-driven signaling, which facilitates cetuximab resistance, in
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PDACs [15]. NRP1, a non-tyrosine kinase receptor functioning as a co-
receptor for other cell surface receptors such as integrins, is over-
expressed in diverse solid tumors and plays a critical role in tumor-
igenesis, metastasis, and angiogenesis [17,18]. Further, its over-
expression is associated with poor outcome in NSCLC patients [19,20].

In this study, we aimed to identify the mechanism(s) of resistance to
the anti-EGFR Ab cetuximab in KRASMUT NSCLC and test a therapeutic
strategy comprising EGFR/NRP1 dual-targeting with the Ctx-TPP11
bsAb to sensitize KRASMY" NSCLCs in vitro and in vivo, including pa-
tient-derived xenograft (PDX) models.

2. Materials and methods
2.1. Reagents and antibodies

LY294002 (440202) was purchased from Millipore. Sorafenib
(S7397) and BX-795 (S1274), afatinib (S1011), erlotinib (S7786), pic-
tilisib  (S1065), buparlisib (S2247), trametinib (S2673), and
R0O5126766 (S7170) were purchased from Selleckchem. Hoechst 33342
(H3570) was from Invitrogen. Antibodies used as reagents in this study
are listed in Supplementary Table S3.

2.2. Expression and purification of antibodies

Mammalian expression plasmids for Fc-TPP11, cetuximab, and Ctx-
TPP11 were described previously [15,16]. Expression plasmids for anti-
EGFR Abs (necitumumab, nimotuzumab, and matuzumab) and their
IgG-TPP11 formats were constructed in the same manner as Ctx-TPP11.
All constructs were confirmed by sequencing (Macrogen, Inc.). All an-
tibodies were expressed by transient transfection into HEK293F cell
cultures, purified, and dialyzed against a final buffer of Dulbecco's
phosphate-buffered saline (PBS, pH 7.4), as described previously
[11,15]. The details are described in the Supplementary Methods.

2.3. Cell lines

The human NSCLC cell lines, Calu-3, HCC827, HCC44, A549, SK-
LU-1, Calu-6, H1299, HCC2108, H2009, H358, and H460 were pur-
chased from the Korean Cell Line Bank (KCLB) and PC-9, H1975,
H2030, and H441 cells were purchased from the American Type Culture
Collection (ATCC). The authenticity of these cell lines was verified
based on the genomic short tandem repeat profile of each cell line
(ABION, Korea). All cell lines in this study except Calu-3 cells were
cultured in RPMI1640 (HyClone; SH30027-01), supplemented with
10% fetal bovine serum (HyClone; SH30919-03) and 1% anti-
biotic-antimycotic solution (Welgene; LS 203-01). Calu-3cells were
cultured in Minimum Essential Media (MEM; HyClone; SH30024-01)
with 10% fetal bovine serum and 1% antibiotic—antimycotic solution at
37 °C in 5% CO,. Mycoplasma was often checked using the TransDetec
LucifeRASe Mycoplasma Detection Kit (TransGen Biotech, Beijing).

2.4. Cell proliferation assay

Cells, seeded at a density of 5 x 10° cells/well in 96-well plates,
were grown for 12h, and then treated with agents and/or pharmaco-
logical inhibitors for 48 h as specified in the figure legends. After in-
cubation for 48 h, cell proliferation was determined using a metabolic
activity (dehydrogenase)-based EZ-CytoX cell viability assay kit (LPS
Solution, Korea). The water-soluble tetrazolium salt (WST) reagent (10
ul/well) was added to each well, and absorbance was read at 450 nm
after a 1- or 2-h incubation at 37 °C. The results are presented as a
percentage of the value obtained from the drug vehicle-treated control
group. The dose-dependent data was used to estimate ICso value (the
concentration causing 50% inhibition of cell proliferation) by fitting it
to a non-linear sigmoidal curve using GraphPad Prism 5 software.
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2.5. In vivo cell line-derived xenograft (CDX) treatment

All procedures were approved by the Animal and Ethics Committee
of Ajou University Medical Center (approval ID No. 2017-0011) and
performed in accordance with the guidelines established by the
Institutional Animal Care and Use Committee. Calu-6 (1 x 107 cells per
mouse) and H460 NSCLC cells (2 x 107 cells per mouse) in 150 pl of a
1:1 mixture of PBS/Matrigel (BD Biosciences, 354234) were injected
subcutaneously into the right thigh of 4-week-old female BALB/c nude
mice (Charles River Japan) weighing 17-20 g and were grown as tumor
xenografts. When tumor volume reached approximately 200-300 mm?,
mice were randomly assigned to drug treatment groups (n = 6 per
group) and treated with proteins or antibodies via the tail vein, in a
dose/weight-matched manner, as specified in the figure legend. Tumor
volume (V) was evaluated using calipers and estimated by formula V =
L x W?/2, where L and W are the longest and shortest lengths of the
tumor, respectively [11]; tumor volumes and body weight were re-
corded at regular intervals. Tumor growth inhibition (TGI) by Ctx-
TPP11 compared to that with cetuximab was determined on the last day
of the study according to the formula: TGI (%) =
(100 _ (VfCtxfTPPll _ ViCtxfTPPll)/(Vfcetuximab _ Vicetuximab) X 100)’
where V; and V¢ were the initial and final mean tumor volumes, re-
spectively, in the Ctx-TPP11 or cetuximab treatment groups [11]. Mice
were euthanized via CO, asphyxiation, and some tumors were collected
for western blotting and immunohistofluorescence analysis as pub-
lished [11,15].

2.6. In vivo PDX treatment

Tumor specimens from malignant effusions of patients with NSCLC
were collected at Yonsei University Severance Hospital. The study
protocol was approved by the institutional review board of Severance
Hospital (4-2013-0526), and all patients gave written informed consent
before sample collection. To establish PDX models, 5-7-week-old fe-
male severe combined immunodeficient (NOG) and nude (nu/nu) mice
(OrientBio, Seoul, Korea) were used. Tumor tissue obtained from F1
mice were excised and cut into small (3 X 3 X 3mm®) fragments and
then implanted subcutaneously into a group of five to six mice for each
patient. When the tumors size reached ~1.5 cm in diameter, they were
excised and dissected into fragments (3 X 3 X 3mm?) and implanted
into another set of mice according to the same procedure. The passage
harboring the patient-derived material was termed FO, with subsequent
generations numbered consecutively (F1, F2, F3, and so on) [21]. The
F3 generation was expanded for in vivo drug efficacy tests. The tumors
and related PDXs were assigned Yonsei Human In Mouse (YHIM)
identifiers that corresponded to the original patient-derived tumors. For
in vivo antibody treatment studies, when tumors were established at
volumes of 200-250 mm?, mice were randomized into five treatment
groups. Cetuximab and Ctx-TPP11 were administered intraperitoneally
at 10 mg/kg every 3 days. Tumor dimensions were measured twice per
week with digital calipers and tumor volume was calculated by the
formula described previously herein. Tumor tissues were excised and
analyzed by immunohistochemical analysis, as described [22].

2.7. Other methods

Since the following procedures have been performed according to
the previously reported methods, they are described in detail in the
Supplementary Methods along with any modifications to the proce-
dures as follow: flow cytometry [15,16], RNA interference [15],
Genomics of Drug Sensitivity in Cancer (GDSC) database analysis [23],
immunoprecipitation (IP) and western blotting [11,15], confocal im-
munofluorescence microscopy [15], and immunohistochemical analysis
of tumor tissues [11,15].
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Fig. 1. Co-targeting of EGFR and NRP1 attenuates the resistance of KRAS™"" NSCLCs to anti-EGFR antibody treatment. (A) Schematic diagram of Ctx-TPP11
bsAb, in which the NRP1-targeting TPP11 peptide was genetically fused via a (G4S); linker to the C-terminus of the heavy chain of cetuximab. (B) Cell proliferation
assay after cells were treated with agents at the indicated concentrations for 48 h. (C) Effect of NRP1 knockdown on the proliferation of cells treated with indicated
agents (2 uM) for 48 h. (D) Cell proliferation assay after cells were treated with indicated agents (2 uM) for 48 h. (E) Cell proliferation assay after cells were treated for
48 h with the indicated agent (8 uM) with or without Fc-TPP11 (4 uM). In (B-E), error bars, = SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001 versus cetuximab-
treated cells (B) or between the indicated samples (C-E); n.s., not significant (E). In (B), statistical analysis was performed using a one-way analysis of variance
followed by the Newman-Keuls post-hoc test.
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Fig. 2. Integrin B3 expression is associated with cetuximab resistance in KRASMY" NSCLCs. (A) Effects of knockdown of the indicated gene by siRNA on
sensitivity to cetuximab treatment (2 pM) for 48 h, as assessed by cell proliferation assays. Error bars, + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001; n.s.,
not significant. (B) Comparisons of cell surface expression levels of EGFR, NRP1, and integrin B3 between Ctx® and Ctx® NSCLCs, analyzed by flow cytometry as
shown in Supplementary Figs. S1A and S5 and then quantified by mean fluorescence intensity (MFI). (C) Box plots of mRNA expression levels of indicated genes
according to Ctx® or Ctx" status in lung adenocarcinoma (LUAC) cell lines, retrieved from the Genomics of Drug Sensitivity in Cancer database. *P < 0.05,
**P < 0.01 (Wilcoxon rank sum test). (D) ICs, values of the indicated pharmacological inhibitor with or without cetuximab (2 uM), determined after treatment of
the cell lines for 48h. The dose-dependent inhibition of cell proliferation by each inhibitor with or without cetuximab and their ICs, values are shown in
Supplementary Fig. S6. Error bars, = SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant. (E) Effects of knockdown of indicated gene by siRNA
on KRAS downstream signaling including Akt, TBK1, and ERK1/2, as measured by western blotting. The number below the panel indicates the relative value of band
intensity of phosphorylated proteins compared to band intensity in the ‘control siRNA’ group after normalization to the band intensity of respective total protein for
each sample.

used to evaluate differences among three or more groups using
GraphPad Prism 5 software (GraphPad). Differences between samples
were considered statistically significant at P < 0.05.

2.8. Statistical analysis

+

Data represent the mean + SD of triplicate samples from one re-
presentative experiment based on at least three independent experi-
ments, unless otherwise specified. Unpaired two-tailed student's t tests
were used to evaluate the significance of differences between two
groups, and one-way ANOVA with the Newman-Keuls post hoc test was
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3. Results

3.1. EGFR/NRPI dual-targeting inhibits the proliferation of KRASMY”
NSCLCs

To examine whether Ctx-TPP11 (Fig. 1A) can inhibit KRASMUT
NSCLCs, we assessed the in vitro anti-proliferation effects of Ctx-TPP11
alone or combination of cetuximab and Fc-TPP11 using a panel of ce-
tuximab-sensitive (Ctx%), wild-type RAS (Ctx5/RAS™D), and cetuximab-
resistant (Ctx™), RASMUT (Ctx®/RASMYT) NSCLCs with different KRAS or
NRAS mutation subtypes (Supplementary Table S1). Ctx-TPP11 alone
or combination of cetuximab and Fc-TPP11 effectively inhibited the
proliferation of both Ctx®/RAS™T and Ctx®/RASMUT NSCLCs, as com-
pared to that with cetuximab alone, which was only effective against
CtxS/RAS™T NSCLCs (Fig. 1B). Notably, Ctx®/KRASMUT HCC2108 and
HA460 cells, lacking detectable NRP1 expression on the cell surface
(Supplementary Fig. S1A), displayed negligible sensitivity to Ctx-TPP11
and the combination. NRP1 knockdown via small interfering RNA
(siRNA) transfection (Supplementary Fig. S1B) resulted in a 20-25%
decrease in the proliferation of Ctx®/KRASMYT cells and abolished the
superior anti-proliferation effects of Ctx-TPP11 on Ctx"/KRASMYT cells
(Fig. 1C). These results indicated that NRP1 expression contributes to
Ctx®/KRASMVT cell proliferation and is a prerequisite to sensitize Ctx®/
KRASMYT cells to Ctx-TPP11.

To further assess whether fusions of TPP11 and other EGFR-tar-
geting Abs could sensitize Ctx®/KRASMUT NSCLCs, we generated EGFR/
NRP1 dual-targeting bsAbs in the IgG-TPP11 format using necitu-
mumab, nimotuzumab, and matuzumab (Supplementary Figs. S2A and
B). For combination treatment with chemotherapy for advanced
NSCLC, necitumumab has been approved and nimotuzumab and ma-
tuzumab are now in clinical trials [24,25]. Like Ctx-TPP11, all three
anti-EGFR IgG-TPP11 bsAbs substantially inhibited the proliferation of
Ctx®/KRASMYT NSCLCs, but not CtxS/RAS™T NSCLCs, compared to that
with parental Abs (Fig. 1D; Supplementary Fig. S2B). These results
demonstrated that co-targeting EGFR and NRP1 can attenuate the re-
sistance of KRASMYT NSCLCs to EGFR-targeted Ab treatment.

We further examined combination effects of Fc-TPP11 with EGFR
TKI erlotinib or pan-ERBB TKI afatinib [26] on RASMYT NSCLCs. While
Ctx>/RASWVT PC-9 cells were sensitive to both erlotinib and afatinib, the
tested Ctx®/RASMUT NSCLCs were largely resistant to the single-agent
treatments (Supplementary Fig. S3A). The combination of each TKI
with Fc-TPP11 did not improve the efficacy against the TKI-sensitive
Ctx>/RAS™T PC-9 cells, but significantly sensitized the TKI-resistant
Ctx®/RASMYT HCC44, H1299, and A549 cells (Fig. 1E; Supplementary
Fig. S3B). However, the combined effects were not observed for NRP1-
negative Ctx"/KRASMYT HCC2108 and H460 cells. These results sug-
gested that Fc-TPP11-mediated NRP1 targeting can attenuate the re-
sistance of RASMYT NSCLCs to EGFR-TKI or pan-ERBB TKI treatment. Of
note, combined treatment with the pan-ERBB TKI afatinib and Fc-
TPP11 exhibited more substantial growth inhibition of the NRP1-posi-
tive Ctx®/RASMYT NSCLCs compared to the EGFR TKI erlotinib + Fc-
TPP11 combination (Fig. 1E; Supplementary Fig. S3B). These findings
suggested that combination of NRP1-targeting Fc-TPP11 with pan-
ERBB TKI is a more effective strategy against RASMYT NSCLCs than the
combination with EGFR-TKI [26].

3.2. Integrin B3 expression is associated with the intrinsic resistance of
KRASMYT NSCLCs to cetuximab

NRP1 bilaterally interacts with many other transmembrane sig-
naling receptors [17,18]. To elucidate which receptor(s) is involved in
the sensitization of KRASMYT NSCLC to Ctx-TPP11, we evaluated ce-
tuximab sensitivity after knocking down NRP1-interacting receptors
using specific siRNA (Supplementary Fig. S4A). The knockdown of in-
tegrin B1, 4, or 5, HER2, cMet, VEGFR1, or TGFPR2 failed to sensi-
tize Ctx®/KRASMUT cells to cetuximab (Fig. 2A). In contrast, the
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depletion of either NRP1 or integrin 33 resulted in increased sensitivity
to cetuximab for all five Ctx®/KRASMUT NSCLCs tested (Fig. 2A;
Supplementary Fig. S4B), suggesting that NRP1 and integrin 3 ex-
pression is associated with cetuximab resistance in KRASMYT NSCLCs.

To further clarify the role of both NRP1 and integrin B3 in Ctx~/
KRASMYT NSCLCs, we compared baseline expression levels of NRP1 and
integrin B3, as well as EGFR and integrin 1, between Ctx>/RAS"" and
Ctx®/KRASMYT NSCLCs by flow cytometry (Supplementary Figs. S1A
and S5). We observed little correlation between basal expression levels
of EGFR, NRP1, or integrin f1 and cetuximab sensitivity. However,
Ctx®/KRASMYT NSCLCs exhibited higher cell surface expression levels
of integrin B3 than Ctx5/RASYW" NSCLCs, which displayed negligible
expression of integrin 33 (Fig. 2B). This result indicated that cell-sur-
face integrin 33 expression is associated with cetuximab resistance in
KRASMUT NSCLCs.

From the GDSC database [23], we procured mRNA expression levels
of NRP1-interacting receptors in Fig. 2A along with the ICs, values
(drug concentration that reduces viability by 50%) of cetuximab for 40
lung adenocarcinoma (LUAC) cell lines, and then compared Ctx® and
Ctx® groups. We further examined the expression levels of the re-
ceptors, ERBB3/HER3 and FGFR1, which have been reported to be
implicated in the resistance of KRASMYT NSCLCs to EGFR-targeted
therapy [27,28]. Noticeably, we observed the significant mRNA upre-
gulation of integrin B3 in Ctx® LUAC cell lines (p = 0.01954), whereas
the other receptors were not differentially expressed, except for integrin
B4, which was significantly downregulated in Ctx® LUAC groups
(Fig. 2C). This result further supports the widespread association be-
tween integrin 3 expression and cetuximab resistance in NSCLCs.

3.3. PI3K-Akt and RalB-TBK1 pathways are associated with integrin 33-
mediated cetuximab resistance in KRASMYT NSCLCs

KRASMYT can activate many downstream effectors including the
most prominent Raf-MEK-ERK, PI3K-Akt, and RalB-TBK1 pathways
[12]. To determine which pathways are involved in integrin 3-medi-
ated cetuximab resistance of KRASMYT NSCLCs, we investigated the
dose-dependent inhibition of cell proliferation in HCC44 and A549 cells
by pharmacological inhibitors including Raf/MEK inhibitors (sorafenib,
trametinib, and RO5126766), PI3K inhibitors (LY294002, pictilisib,
and buparlisib), and TBK1 inhibitor (BX-795) as a single agent as well
as the combination with cetuximab (2 uM). The presence of cetuximab
significantly enhanced suppression of cell proliferation by the PI3K
inhibitors and TBK1 inhibitor lowering the ICs, values compared to
those of each inhibitor alone in the two cells (Fig. 2D; Supplementary
Fig. S6). However, no additional effect was observed for the Raf/MEK
inhibitors combined with cetuximab. These data implied that the PI3K
and TBK1 pathways, but not Raf-MEK-ERK pathway, are associated
with cetuximab resistance in KRASM"" NSCLGs.

Next, we examined whether integrin B3 and NRP1 are involved in
the activation of KRAS downstream pathways using gene silencing in
Ctx®/KRASMYT HCC44 and A549 NSCLCs. The activation of Akt and
TBK1 was attenuated after integrin 33, NRP1, or KRASMYT knockdown
in these cells (Fig. 2E). However, activation of the Raf-MEK-ERK
pathway was not affected. Together, these results suggest that the PI3K-
Akt and RalB-TBK1 pathways, but not Raf-MEK-ERK, comprise down-
stream signaling axes involved in cetuximab resistance in KRASM"T
NSCLCs.

3.4. Integrin 3 mediates the formation of a NRP1-integrin f3-KRASMY”
ternary complex

Integrin 33 has been reported to drive EGFR TKI resistance in
KRASMYT NSCLCs and PDACs by forming an integrin p3-KRASMYT
complex, thereby activating downstream signaling, mainly comprising
the RalB-TBK1 pathway [10]. In a separate study, integrin B3 was also
documented to interact with NRP1 in VEGF-stimulated endothelial cells
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Fig. 3. Integrin B3 mediates the formation of NRP1-integrin B3-KRAS™"" ternary complexes in KRAS™"" NSCLCs. (A, B) Immunoprecipitation (IP) of

indicated proteins with integrin 33 (A) and NRP1 (B) in NSCLCs. (C, D)

IP of indicated proteins with NRP1 after siRNA-mediated knockdown of integrin 33 (C) and

with integrin B3 after siRNA-mediated knockdown of NRP1 (D) in the cells. (E) Representative immunoblots showing the levels of pAkt, pTBK1, and pERK1/2 in
A549 and HCC2108 cells after knockdown of the indicated gene by siRNA. The right panel shows the relative band intensity of the indicated phosphoprotein
compared to that of the control band in A549 cells. Error bars, = SD (n = 3). *P < 0.05, **P < 0.01 versus control band of A549 cells.

[29]. To identify any possible physical interactions between integrin 3
and NRP1 and/or RAS in the context of RAS mutation status, we per-
formed immunoprecipitation experiments using well-validated anti-
RAS antibodies in terms of their selectivity and sensitivity to RAS iso-
forms and mutation subtypes [30]. Whereas integrin 33 was co-pre-
cipitated with NRP1 in both RASYT and RASMYT NSCLCs tested, it
bound RASMY” in only KRASMYT or NRASMUT NSCLCs, and not RASW®
in RASYT NSCLCs (Fig. 3A). Based on NRP1-pulldown assays, NRP1 was
co-precipitated with both integrin f3 and KRASMY”, but not integrin 1,
in Ctx®/KRASMYT cells (Fig. 3B). Together, these results suggested that
integrin (3 constitutively interacts with NRP1 and that the

28

NRP1-integrin B3 complex selectively interacts with RASMYT, but not
with RASWT, to form a NRP1-integrin B3-RASMYT ternary complex only
in RASMYT NSCLGs. This finding suggested that the ability of KRASM"T
to drive cetuximab resistance is linked to its assembly with integrin 33
and NRP1. Since there are no obvious RAS-binding sites in the cyto-
plasmic domain of NRP1 [17], we reasoned that integrin 33 might serve
as an intermediary adaptor that facilitates the formation of NRP1-in-
tegrin B3-RASMYT complexes. Indeed, knockdown of integrin B3 in
HCC44 and A549 cells abolished the co-precipitation of KRASMYT after
NRP1 pulldown (Fig. 3C), indicating the absence of interactions be-
tween NRP1 and KRASMYT without integrin 33. However, integrin B3
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Fig. 4. Ctx-TPP11 downregulates plasma membrane levels of the NRP1-integrin B3-KRASM"T ternary complex via NRP1-coupled internalization. (A)
Representative confocal microscopy images showing co-localization of NRP1 with integrin B3 (left) and integrin p3 with KRASMY™ (right) in HCC44 cells treated with
indicated agents (2 uM) for 1 h at 37 °C before analysis. More than 10 cells for each group were analyzed. (B) Flow cytometric analysis of remaining cell surface levels
of NRP1, integrin (33, and EGFR in HCC44 and A549 cells, treated with agents for the indicated times at 37 °C. Approximately 10,000 cells were collected and
analyzed by FlowJo V10 software (Tree Star). The mean fluorescent intensities (MFIs), normalized to that in untreated control cells under each experimental
condition, are plotted from triplicate experiments. The representative histograms are shown in Supplementary Fig. S7B. Error bars, = SD (n = 3). *P < 0.05,

**p < 0.01, ***P < 0.001 versus cetuximab-treated cells.

pulldown in NRP1-depleted cells was found to result in the co-pre-
cipitation of KRASMYT, but the amount was substantially reduced
(Fig. 3D). This suggests that NRP1 is not essential for integrin
B3-KRASMYT interactions, but promotes and/or stabilizes these com-
plexes. Immunoprecipitation of NRP1 also co-precipitated EGFR in
HCC44 and A549 cells (Fig. 3B and C), consistent with a previous result
[31]. Nevertheless, it seemed that EGFR is not substantially involved in
the NRP1-integrin 3-RASMYT complex because cetuximab alone failed
to sensitize those cells (Fig. 1B).

To further determine the role of NRP1 in NRPIl-integrin
B3-KRASMUT-mediated signaling, we compared KRASMYT downstream
signaling between NRP1l-positive A549 and NRPl-negative
HCC2108 cells. The basal activation levels of pAkt and pTBK1 were

much higher in A549 than in HCC2108 cells (Fig. 3E). Integrin (33,
NRP1, or KRASMYT knockdown substantially reduced the amount of
pAkt and pTBK1 to a similar extent only in NRP1-positive A549 cells,
without decreasing pERK levels. These results demonstrated that each
component of the ternary complex is equally essential for downstream
signaling.

3.5. Ctx-TPP11 downregulates cell surface levels of the integrin
B3-KRASMUT complex via NRP1-coupled internalization

Confocal fluorescence microscopy studies revealed that during
steady-state Ctx"/KRAS™UT conditions in HCC44 and A549 cells, in-
tegrin B3 co-localized with NRP1 and KRASMYT on the plasma
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Fig. 5. Co-targeting of EGFR and NRP1 suppresses in vivo growth of Ctx"/KRAS"Y" NSCLC CDXs in a mouse model. (A) Tumor growth was analyzed by
measuring tumor volume during treatment with indicated agents in female BALB/c nude mice harboring pre-established Calu-6 or H460 CDXs. Fc-TPP11, cetuximab,
or Ctx-TPP11 were intravenously dosed at 10 mg/kg every 3 days (A). Error bars, = SD (n = 6 per group). **P < 0.01, ***P < 0.001 versus cetuximab-treated
cells. (B-D) Representative immunohistofluorescence images showing the levels of integrin 33 and NRP1 (B), immunoblots examining the activation levels of pEGFR
(Y1173), pAkt (S473), pTBK1 (S172), and pERK1/2 (T202/Y204) (C), and representative immunohistofluorescence images showing TUNEL and Ki-67 staining (D) in
Calu-6 tumors excised from mice at the end of treatment as in (A). In (B and D), nuclei were counterstained with Hoechst 33342 (blue). In (B), the lower panel shows
the percent relative fluorescence intensity compared to that in the vehicle-treated control group after normalization to the nuclei staining (n = 200 cells per image).
Scale bars, 100 um *P < 0.05, **P < 0.01. In (C), two independent tumor tissue samples, indicated as 1 and 2, were analyzed. In (D), the lower panels show the
percentage of TUNEL- and Ki-67-positive cells compared to the number of Hoechst 33342-stained cells (n = 250 cells per image) for each sample. Error bars
represent the mean =+ SD of six random fields for each immunohistofluorescence sample (n = 2 tumors per group). **P < 0.01, ***P < 0.001. In (A, B, and D),
statistical analysis was performed using a one-way analysis of variance followed by the Newman-Keuls post-hoc test.

membrane (Fig. 4A; Supplementary Fig. S7A), corroborating the im- deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-staining,

munoprecipitation results of the NRP1-integrin p3-KRASMU” ternary and decreased proliferation as evidenced by staining for the cell pro-
complex (Fig. 3). However, upon treatment with Ctx-TPP11 or Fc- liferation marker Ki-67 (Fig. 5D) [11,15]. Together, these results de-
TPP11, NRP1/integrin B3 and integrin B3/KRASM"T were detected to- monstrated that Ctx-TPP11 can sensitize KRASM"T NSCLC to cetuximab
gether in the cytoplasmic compartment, with a concomitant decrease in by attenuating Ctx® signaling induced by NRPl-integrin B3-KRAS
cell surface levels of integrin B3 and KRASMYT (Fig. 4A; Supplementary ternary complex formation, consistent with in vitro results.

Fig. S7A). Time-course analysis revealed that the cell surface levels of

both NRP1 and integrin 33 were rapidly reduced within 15 min upon 3.7. Ctx-TPP11 displays potent anti-tumor activity in KRASMYT NSCLC
Fc-TPP11 or Ctx-TPP11, but not by cetuximab, treatment in the two cell PDX tumors

lines (Fig. 4B; Supplementary Fig. S7B). These results demonstrated

that Ctx-TPP11- or Fc-TPP11-mediated NRP1 endocytosis induces the To further demonstrate the therapeutic efficacy of Ctx-TPP11, we
co-internalization of integrin B3 and KRASMUT due to their physical established two PDXs from patients with KRASMYT NSCLC, YHIM-1010
interactions in the ternary complex, resulting in the downregulation of (KRAS®'?€) and YHIM-1031 (KRAS®'?®) (Supplementary Table S2).

integrin B3 and KRAS™V". Further, these findings indicated that Ctx- Despite EGFR expression, the two models were resistant to cetuximab
TPP11 can sensitize KRASMYT NSCLCs by downregulating the alone (Fig. 6A). Notably, however, Ctx-TPP11 significantly retarded the
NRP1-integrin B3-KRASMYT ternary complex, thereby attenuating sig- growth of both PDXs compared to that with cetuximab treatment with
naling through this complex that mediates cetuximab resistance. The TGI of ~54% and ~47% for YHIM-1010 and YHIM-1031, respectively.
cell surface levels of EGFR were significantly reduced by treatment with Compared to those in vehicle-treated tumor tissues, both cetuximab-

cetuximab or Ctx-TPP11, but negligibly by Fc-TPP11 treatment and Ctx-TPP11-treated tumor tissues showed significantly reduced le-
(Fig. 4B; Supplementary Fig. S7B). These results, along with the neg- vels of phosphorylated EGFR (Fig. 6B). However, Ctx-TPP11 treatment,
ligible downregulation of NRP1 and integrin B3 by cetuximab treat- but not cetuximab, resulted in the substantial downregulation of NRP1
ment, implied that the association of endogenous NRP1 with EGFR and integrin B3 (Fig. 6B), suggesting that it can induce the degradation
(Fig. 3B) is too weak to trigger the NRP1-coupled co-internalization of  of both NRP1 and integrin 33 via NRP1-coupled cellular internalization

EGFR at the steady-state. due to the formation of this complex in patient-derived NSCLC. Further,
Ctx-TPP11-treated tumor tissues displayed increased apoptosis as as-

3.6. Ctx-TPP11 exhibits in vivo anti-tumor efficacy against KRASMY” sessed by TUNEL and Ki-67 staining results (Fig. 6C), explaining the
NSCLC CDX tumors anti-tumor activity of Ctx-TPP11. During antibody treatments, the mice
did not exhibit any significant body weight loss (Supplementary Fig.

We next evaluated the in vivo anti-tumor efficacy of Ctx-TPP11 in S9). These results demonstrate that Ctx-TPP11 attenuates cetuximab
nude mice bearing established NRP1-positive Calu-6 and NRP1-nega-  resistance in KRASMYT NSCLC PDX models through similar mechanisms

tive H460 Ctx"/KRASMYT NSCLC CDX tumors. Consistent with in vitro observed in CDX models.
findings, Ctx-TPP11 significantly slowed down the growth of Calu-6

tumor xenografts, resulting in ~59% increased TGI (Fig. 5A) and an 4. Discussion
approximate 62% greater reduction in tumor weight, compared to those
in cetuximab or Fc-TPP11 only groups (Supplementary Figs. S8A and Although KRAS is the most frequent oncogene in NSCLC, no effec-
B). The combined treatment of cetuximab and Fc-TPP11 yielded similar tive therapy is currently available for KRASMY" NSCLC patients
in vivo anti-tumor efficacy to that of Ctx-TPP11. However, for NRP1- [6,7,24]. In this study, we showed that integrin (33 expression is asso-
negative H460 tumors, Ctx-TPP11 alone and combined treatment did ciated with the intrinsic resistance of KRASMY" NSCLGs to anti-EGFR Ab
not exhibit any enhanced anti-tumor efficacy compared to that with cetuximab. Further analyses identified integrin 33-mediated NRP1-in-
cetuximab alone and vehicle treatment (Fig. 5A; Supplementary Figs. tegrin B3-KRASMYT complex formation and its downstream signaling
S8A and B). The body weights of mice, monitored as an indicator of components PI3K-Akt and RalB-TBK1 as a primary cetuximab resistance
antibody toxicity, were also similar between the treatment groups mechanism of KRASMYT NSCLC. We further demonstrated that the dual-
(Supplementary Fig. S8C). targeting of EGFR/NRP1 by the Ctx-TPP11 bsAb can attenuate cetux-
An examination of excised Calu-6 tumor tissues after treatment with imab resistance in KRASMYT NSCLC in vitro and in vivo, including in PDX
Ctx-TPP11, Fc-TPP11, or combined cetuximab plus Fc-TPP11 showed models, regardless of the specific KRAS mutational subtypes examined.
the downregulation of NRP1 and integrin 3 compared to those in Moreover, the blockade of EGFR with the cetuximab moiety results in
vehicle- and cetuximab-treated tumor tissues (Fig. 5B). This suggests inactivation of the ligand-dependent pathway, whereas the down-
that NRP1 internalization, mediated by the bivalent TPP11 moiety, regulation of NRP1 with the bivalent Fc-TPP11 moiety causes the in-
triggers the co-internalization of integrin 33 for lysosomal degradation, activation of ligand-independent NRP1-integrin B3-KRASMY"-driven
consistent with in vitro results (Fig. 4). Moreover, compared to those in bypass signaling through PI3K-Akt and RalB-TBK1. Our results docu-
vehicle-, Fc-TPP11-, and cetuximab-treated tumor tissues, Ctx-TPP11- ment that NRP1 is a potential target to attenuate NRPl-integrin
and combination-treated tumor tissues showed significantly reduced B3-KRASMUT signaling for the treatment of KRASMYT NSCLC.
levels in KRASMYT downstream Ctx® signaling including pAkt and Integrins, main cellular adhesion receptors, have many functions
pTBK1 (Fig. 5C), increased apoptosis as measured by terminal and are often implicated as a driver of resistance to anti-cancer
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Fig. 6. CTX-TPP11 reduces the in vivo growth of Ctx®/KRASMUT NSCLC PDXs. (A) Tumor growth of two KRASMUT NSCLC PDXs during treatment with indicated
agents. Cetuximab and Ctx-TPP11 were intraperitoneally dosed at 10 mg/kg every 3 days (A). Error bars, + SD (n = 5 per group). ***P < 0.001 versus cetuximab-
treated cells. (B) Representative immunohistochemical images showing the levels of EGFR, pEGFR (Y1173), NRP1, and integrin 3. (C) Representative im-
munohistochemical images showing Ki-67 and TUNEL staining. In (B and C), tumor tissues excised from mice at the end of treatment were analyzed and the panels
show the percent positive cells compared to that in the vehicle-treated control group. Error bars represent the mean * SD of six random fields for each im-
munohistochemical sample (n = 2 tumors per group). *P < 0.05, ***P < 0.001 versus vehicle-treated control. Scale bars, 100 um. In (B-C), Ctx, Cetuximab.
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therapeutics [32]. Several integrins such as integrin 1, B4, and 35 are
highly expressed in NSCLC, but integrin (3, usually expressed in the
endothelium of blood vessels, is also expressed in approximately one-
third of NSCLCs [33]. Recent studies have shown that integrin 33 ex-
pression promotes tumor progression and metastasis [34] and recruits
KRASMYT to the cancer cell plasma membrane to form integrin
B3-KRASMYT complexes in NSCLCs, which leads to downstream RalB-
TBK1 signaling, facilitating resistance to EGFR TKIs [10]. In our study,
we identified for the first time that NRP1 interacts with integrin
B3-KRASMYT to form an NRP1-integrin p3-KRASMUT ternary complex
in KRASMYT NSCLCs, where integrin B3 serves as an intermediary
adaptor and NRP1 facilitates ternary complex formation (Figs. 3 and 4).
Even though a previous study reported that integrin 33 physically in-
teracts with KRASMYT [10], they did not determine whether integrin 33
interacts with other RASMY” variants or RAS™”. Importantly, we found
that integrin B3 associates only with RASMUT variants, such as KRASMYT
and NRASMYT, but not RASW7, suggesting that RASMYT modulates the
role of integrin B3 and NRP1 in KRASMYT NSCLC. The knockdown of
either NRP1 or integrin B3 sensitized KRASM"" NSCLCs to cetuximab
treatment through a molecular mechanism including the suppression of
PI3K-Akt and RalB-TBK1 signaling downstream of the NRP1-integrin
B3-KRASMYT complex (Figs. 2 and 3). However, the Raf-MEK-ERK
pathway was neither associated with cetuximab resistance nor affected
by NRP1 or integrin (3 knockdown. A recent report using an irrever-
sible inhibitor of KRAS®'?C also showed that combinations with a PI3K
inhibitor, but not a MEK inhibitor, were effective for KRAS®*2¢ NSCLC
[35]. Together, these results provide a strong rationale for clinical trials
to investigate integrin 3 expression and downstream PI3K-Akt and
RalB-TBKI1 signaling through the NRP1-integrin p3-KRASMYT complex,
rather than KRAS mutation status alone, as more suitable predictive
biomarkers of cetuximab resistance in KRASMYT NSCLC.

The overexpression of NRP1 observed in many solid cancers in-
cluding NSCLC has been reported to be associated with NSCLC radio-
resistance [19], tumor progression, and poor outcome through the
PI3K-Akt pathway [20,31]. Drug resistance signaling via the coupling
of NRP1 with integrins such as 1, (3, and B4 has also been docu-
mented [15,36,37]. We previously identified NRP1-coupled active in-
tegrin B1-driven Src-Akt bypass signaling as a primary cetuximab re-
sistance mechanism in PDACs [15]. Interestingly, NRP1 was found to
selectively interact with integrin 33, but not integrin p1, in KRASMUT
NSCLCs (Fig. 3B). It is unclear why this selectivity is different according
to the tumor type. However, it is likely due to different expression levels
of active integrin 1 and integrin B3 between PDACs and NSCLCs.
Specifically, NSCLCs expressed more integrin 33, but much less active
integrin 1, than PDACs (Supplementary Fig. S5).

In KRASMUT NSCLCs, we found that NRP1 knockdown or addition of
the NRP1-targeting agent, Fc-TPP11, sensitized cells to cetuximab. The
bivalent engagement of NRP1 by Fc-TPP11 or Ctx-TPP11 efficiently
triggered cellular internalization, which also induced the co-inter-
nalization of integrin p3 and KRASMY" due to their physical interactions
with NRP1 on the cell surface (Figs. 3 and 4). Given that endocytosed
NRP1 and integrin B3 are degraded in lysosomes [38,39], the co-in-
ternalized KRASMYT was suggested to be degraded in lysosomes. This
resulted in the attenuation of NRP1-integrin B3-KRAS™"T downstream
signaling, eventually sensitizing KRASMUT NSCLCs to cetuximab. This
highlights the potential of targeting NRP1 as a therapeutic strategy to
disrupt integrin B3-KRASMY"-mediated PI3K-Akt and RalB-TBK1 sig-
naling in KRASMYT NSCLC.

In conclusion, our results show that integrin B3-mediated
NRP1-integrin B3-KRASMY" complex formation is implicated in the
intrinsic cetuximab resistance mechanism of KRASMYT NSCLC. Our
study also demonstrates that NRP1 targeting by Ctx-TPP11 can at-
tenuate Ctx® signaling by downregulating cell surface levels of the
NRP1-integrin B3-KRASMY" complex through NRP1-coupled inter-
nalization. Our work suggests that concurrent targeting of EGFR/NRP1
by the Ctx-TPP11 bsAb might be an effective clinical strategy to

33

Cancer Letters 466 (2019) 23-34

circumvent the resistance of KRASMY"T NSCLC to EGFR-targeted
therapy.
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