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Abstract

As colorectal cancer (CRC) remains a leading cause of cancer-related death, identifying therapeutic
targets and approaches is essential to improve patient outcomes. The EGFR ligand epiregulin (EREG) is
highly expressed in RAS wildtype and mutant CRC with minimal expression in normal tissues, making it
an attractive target for antibody-drug conjugate (ADC) development. In this study, we produced and
purified an EREG monoclonal antibody (mAb), H231, that had high specificity and affinity for human and
mouse EREG. H231 also internalized to lysosomes, which is important for ADC payload release.
ImmunoPET and ex vivo biodistribution studies showed significant tumor uptake of *Zr-labeled H231
with minimal uptake in normal tissues. H231 was conjugated to either cleavable dipeptide or tripeptide
chemical linkers attached to the DNA-alkylating payload duocarmycin DM, and cytotoxicity of EREG
ADCs was assessed in a panel of CRC cell lines. EREG ADCs incorporating tripeptide linkers demonstrated
the highest potency in EREG-expressing CRC cells irrespective of RAS mutations. Preclinical safety and
efficacy studies showed EREG ADCs were well-tolerated, neutralized EGFR pathway activity, caused
significant tumor growth inhibition or regression, and increased survival in CRC cell line and patient-
derived xenograft models. These data suggest EREG is a promising target for the development of ADCs
for treating CRC and other cancer types that express high levels of EREG. While the efficacy of clinically
approved anti-EGFR mAbs are largely limited by RAS mutational status, EREG ADCs may show promise

for both RAS mutant and wildtype patients, thus improving existing treatment options.

Significance: EREG-targeting antibody-drug conjugates demonstrate acceptable safety and robust
therapeutic efficacy in RAS mutant and wildtype colorectal cancer, suggesting their potential as an

alternative to EGFR-targeted therapy to benefit a broader patient population.
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Introduction

Colorectal cancer (CRC) ranks second in cancer-related deaths in the United States and incidence and
mortality has considerably increased in individuals 50 years and younger (1). Chemotherapy
combinations of irinotecan or oxaliplatin with fluoropyrimidines have long been considered first-line
treatment options for advanced CRC, yet are limited by systemic toxicities (2). Approved monoclonal
antibodies (mAbs) that target epidermal growth factor receptor (EGFR), cetuximab and panitumumab,
have greatly improved overall survival for a fraction of patients with wildtype KRAS and NRAS, though
~40-60% of patients present mutations (2). More recently, a phase 3 trial of KRAS G12C inhibitor,
sotorasib, in combination with panitumumab showed superior progression-free survival rates versus
standard of care for the 3-4% of metastatic CRC (mCRC) patients that harbor the specific mutation (3).
Immune checkpoint inhibitors have shown durable response in tumors with microsatellite instability-
high (MSI-H) mismatch repair deficiency, though the majority of mCRC is microsatellite stable (MSS) (2).
While the development of targeted agents has improved prognosis for different CRC molecular
subtypes, many patients still experience resistance and relapse, demonstrating the need for new targets

and more effective therapeutic strategies.

Epiregulin (EREG), a member of the EGF family, is a surface-expressed, transmembrane ligand that binds
and activates EGFR and human epidermal growth factor receptor 4 (HER4/ErbB4) and can stimulate
signaling of HER2/ErbB2 and HER3/ErbB3 through receptor heterodimerization (4). EREG is highly
expressed in many cancer types (5-9), including CRC (10), and has been shown to drive colitis-associated
CRC (11) and be predictive of colorectal liver metastasis (12). EREG correlates with left primary tumor
location (PTL), MSS, wildtype BRAF and RAS status, and CpG island methylator phenotype low (CIMP-
low) CRC subtypes (10). Importantly, in RAS wildtype mCRC patients, EREG expression predicts benefit to
EGFR-targeted therapies, including right PTL disease (13-17). Overall, EREG is a promising predictive

biomarker for treatment and may serve as a novel therapeutic target.
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Antibody-drug conjugates (ADCs) are an emerging class of anticancer drugs, consisting of highly specific
mAbs chemically linked to potent cytotoxic payloads with low nanomolar to picomolar ICsy values
(18,19). These armed mAbs directly deliver payloads to target antigen-enriched tumor cells while
minimizing toxicity to normal tissues (20,21). Advances in linker-payload technology have improved ADC
stability and safety profiles, leading to a surge of approved ADCs within the past few years and many
more entering clinical trials (22). In this study, we generated and comprehensively characterized an
EREG mAb for target-specific binding, internalization, species cross-reactivity, biodistribution, and tumor
uptake using ¥Zr-immunoPET. We then developed and evaluated a series of EREG-targeted ADCs
incorporating diverse chemical linkers and the DNA minor groove alkylating payload duocarmycin DM
(DuoDM). EREG ADCs were well-tolerated and demonstrated potent and selective growth inhibition in
cancer cell lines and patient-derived tumor xenograft (PDX) models of CRC with or without mutant RAS.
This preclinical data supports further development of EREG ADCs for treating EREG-high tumors

irrespective of mutational status.

Methods and Materials

Plasmids and cloning

Sequences encoding human or mouse EREG (hEREG, Clone ID: 9020391 or mEREG, Clone ID: 5325124,
Horizon Discovery) were subcloned and fused with the CD8 signal peptide sequence
(MALPVTALLLPLALLLHAA) followed by a Myc-tag at the N-terminus in pIRESpuro3 (Clontech). Humanized
EREG mAbs H231 and H206 (23) and E27 (24) were generated from patented sequences. The variable
heavy and light chain (VH and VL) regions were synthesized (Epoch Life Science, Inc.), subcloned into
pCEP4 containing human IgG1 heavy chain with N297A mutation for site-specific conjugation and kappa
light chain constant regions. For H231, a Q57N mutation was incorporated in the VH region to prevent

drug conjugation in the complementarity determining region. Similarly, cetuximab and CD20 mAb
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rituximab were generated utilizing publicly available sequences, the latter to serve as a non-targeting
isotype control (cmAb). All expression constructs were sequence verified. For hEREG CRISPR-Cas9-based
knockout (KO), single guide RNA sequence (sgRNA), 5’-GACAGAAGACAATCCACGTG-3’ was cloned into
lentiCRISPRv2-hygro as described (25). LentiCRISPRv2-hygro was a gift from Brett Stringer (Addgene,

#98291).

Commercial antibodies and recombinant proteins

Primary antibodies used in this study include anti-B-actin (Cat# 4970, RRID:AB_2223172, 1:5000), anti-
EREG (Cat# 12048, RRID:AB_2797808, 1:1000), anti-EGFR (Cat# 4267, RRID:AB_ 2864406, 1:1000), anti-
phospho-EGFR Y1068 (Cat# 3777, RRID:AB_2096270, 1:1000), anti-AKT (Cat# 9272, RRID:AB_329827,
1:1000), anti-phospho-AKT $473 (Cat# 9271, RRID:AB_329825, 1:1000), anti-p44/42 MAPK/ ERK 1/2
(Cat#t 9102, RRID:AB_330744, 1:1000), anti-phospho-p44/42 MAPK T202/Y204/ p-ERK 1/2 (Cat# 9101,
RRID:AB_331646, 1:1000), anti-PARP (Cat# 9532, RRID:AB_659884, 1:1000), and anti-LAMP1 (Cat# 9091,
RRID:AB_2687579, 1:400) from Cell Signaling Technology and anti-Myc-Cy3 (Sigma-Aldrich Cat# C6594

RRID:AB_258958, 1:1000). Recombinant hEREG (Cat# 1195EP025CF) was from R&D System:s.

Antibody production

MAb production was performed by transiently expressing mAb constructs in Expi293F cells
(ThermoFisher Cat# A14527, RRID:CVCL_D615) using polyethylenimine reagent (Polysciences, Cat#
247651). Medium was collected 7 days post-transfection and mAbs were purified using protein A resin
(Genscript) affinity chromatography and eluted in PBS (pH 7.4). MAbs were analyzed for purity and
homogeneity by SDS-PAGE and reverse-phase high-performance liquid chromatography (Vanquish

UHPLC) and quantified by NanoDrop (ThermoFisher).

Microbial transglutaminase (MTGase)-mediated antibody conjugation
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For site-specific conjugation of Q295, H231 mAb (5.625 mL in PBS, 8.0 mg@mL™, 45.0 mg) was incubated
with diazide branched linker developed previously (26) (180@uL of 100”mMmM in H,0, 60 equiv.) and Activa
TI° (505 mg, final concentration 8%, Ajinomoto, Modernist Pantry) at RT for 20@h. The reaction was
monitored using the Thermo LC-MS system consisting of a Vanquish UHPLC and Q Exactive™ Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer equipped with a MabPac RP column (2.1 x 50 mm, 4 pum,
Thermo Scientific). Elution conditions were as follows: mobile phase A= H,0 (0.1% formic acid); mobile
phase BE=Rlacetonitrile (0.1% formic acid); gradient over 3Emin from A:BRE=R75:25 to 45:55; flow
rate@=F0.25@mLEmMIin". Conjugated mAb was purified by protein A column chromatography (MabSelect
PrismA™, Cytiva) to afford a mAb-linker conjugate [42.3@mg, 94% yield determined by bicinchoninic acid

(BCA) assay]. CmAb was conjugated similarly.
Synthesis of DBCO-PEG3-EGC-PABQ-Duocarmycin DM-8-glucuronide

Fully protected DuoDM compound (26) (37.2 mg, 21.9 mmol) was dissolved in 40% TFA/DCM (600 mL
and 800 mL). After being stirred at room temperature (RT) for 1 h, the solution was concentrated in
vacuo and crude peptide was precipitated with cold diethyl ether (20 mL) followed by centrifugation at
2,000 xg for 3 min (3 times). The crude compound was dissolved in MeOH (500 mL) and LiOHeH,0 (23.7
mg, 564 mmol) in water (500 mL) was added to the mixture. After stirring at RT for 30 min, the mixture
was cooled to 0°C and quenched with 6N-HCI/ACN. The solution was removed in vacuo and crude
peptide was dissolved in DMF (500 mL). DBCO-NHS (9.1 mg, 22.6 umol) and DIPEA (13 pL, 75.2 umol)
were added to the solution and the mixture was stirred at RT for 1 h. Crude products were purified by
preparative RP-HPLC under basic conditions to afford analytically pure DBCO-PEG3-EGC-PABQ-DuoDM-
B-glucuronide (EGC-qDuoDM gluc; 21.0 mg, 61% for the 3 steps). Purity was confirmed by LC-MS. White

powder. HRMS (ESI) Calcd For Cy6Hg1N110,:Cl [M]": 1564.6074, Found: 1564.6072.

Strain-promoted azide-alkyne cycloaddition to attach payload
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The EGC-qDuoDM gluc was added (76.4G1uL of 10 mM stock solution in DMSQO, 1.5 equivalent per azide)
to a solution of H231- or cmAb-linker conjugate in PBS (4.7@mL, 4.065”mg mL-1), and the mixture was
incubated at RT for 30 min. The reaction was monitored using the Thermo LC-MS system with elution
conditions stated previously. The crude products were purified by CHT-XT (Bio-Rad) after exchanging
buffer to 5 mM phosphate buffer pH 6.5. Desired ADC was eluted by salt gradient and exchanged buffer
to PBS. Yield was determined 79% (15.14 mg). Drug-antibody ratio (DAR) values for H231 EGC-qDuoDM
gluc and cmAb EGC-qDuoDM gluc (cADC) were determined by Electrospray ionization-mass
spectrometry (ESI-MS) analysis. Other ADCs incorporating BCN-PEG3—-EGCit-PABC—DuoDM (EGC-
cDuoDM) or DBCO-PEG4-VC-PAB-(PEG2)-DuoDM (VC-cDuoDM; Levena) were prepared in a similar

manner or according to our previous reports {26).

Cell culture and transfection

DLD-1 (Cat# CCL-221, RRID:CVCL_0248), LoVo (Cat# CCL-229, RRID:CVCL_0399), RKO (Cat# CRL-2577,
RRID:CVCL_0504), SW48 (Cat# CCL-231, RRID:CVCL_1724), LS180 (Cat# CL-187, RRID:CVCL_0397),
HCT116 (Cat# CCL-247, RRID:CVCL_0291), COLO320 (CCL-220, RRID:CVCL_0219), HCT15 (Cat# CCL-225,
RRID:CVCL_0292), HT-29 (Cat# HTB-38, RRID:CVCL_0320), SW403 (Cat# CCL-230, RRID:CVCL_0545),
SW620 (Cat# CCL-227, RRID:CVCL_0547), and HEK293T/293T (Cat# CRL-3216, RRID:CVCL_0063) cells
were purchased from ATCC. LIM1215 (Cat# 10092301, RRID:CVCL_2574) were purchased from Millipore
Sigma. Most cell lines were authenticated utilizing short tandem repeat profiling and tested for
mycoplasma prior to 2019 and were passaged less than 15 times, with SW403 and LIM1215 passaged
less than 5 times and not further authenticated due to ATCC purchase after 2020. 293Ts were cultured
in DMEM and CRC cells in RPMI medium supplemented with 10% fetal bovine serum and
penicillin/streptomycin. LIM1215 cells were additionally supplemented with 1 pug/ml hydrocortisone, 10
UM 1-Thioglycerol, 0.6 pg/ml insulin and 25 mM HEPES. Cell lines were cultured at 37°C with 95%

humidity and 5% CO,. To generate the DLD-1 EREG KO cell line, lentivirus particles were produced by co-
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transfecting 293Ts with lentiCRISPRv2-hygro incorporating EREG sgRNA and packaging plasmids, psPAX2
and pMD2.G, using Fugene HD (Promega Cat# E2311). Clonal selection was performed using 50 pg/ml

hygromycin.

Western blot

Protein extraction was performed using RIPA buffer supplemented with protease/phosphatase
inhibitors. PDX tissues were homogenized and freeze thawed. Lysates were centrifuged 158min, 4 °C at
13,000 x g. Protein concentrations were measured and lysates were diluted in Laemmli buffer and
incubated at 37°C for 1 h prior to running SDS-PAGE. HRP-labeled secondary antibodies were utilized
with the standard ECL protocol. For EREG mAb neutralization experiments, cells were seeded in a 6-well
plate and cultured in 0.5% FBS in RPMI 3 h then treated with PBS, 300 ng/ml recombinant hEREG, 15
pg/ml cmAb or H231 mAb, or combination for 5 min. For PARP analysis, cells were treated with H231

EGC-gDuoDM gluc or cADC as indicated.

Cell-based binding assays

293T cells stably overexpressing hEREG, mEREG, or vector or CRC cells were seeded onto poly-D-lysine-
coated black 96-well plates and incubated overnight. Serial dilutions of H231, cmAb, H231 ADCs, or
cADC were added for 2 h at 4°C. Plates were washed in PBS, fixed in 4% formalin, and incubated with
anti-human-Alexa-555 (ThermoFisher Cat# A-21433, RRID:AB_2535854) for 1 h at RT. Fluorescence
intensity was quantified using Tecan Infinite M1000 plate reader (RRID:SCR_025732). Each condition

was tested in triplicate in 2-3 independent experiments.

Flow cytometry

Surface-expressed EREG molecules/cell were quantified by labeling H231 with phycoerythrin (PE) with

the Lightning-Link PE conjugation kit (Abcam Cat# ab102918) and BD QuantiBRITE PE (BD Biosciences
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Cat# 340495). Briefly, 1x10° cells/sample were fixed with dropwise addition of 10% formalin for 20 min,
followed by blocking with 2% BSA/PBS for 5 min and incubation with 6 pg/ml H231 or cmAb in 2%
BSA/PBS at 4°C for 60 min. QuantiBRITE PE beads were run on BD FACS ARIA Il SORP flow cytometer to
generate the standard curve for fluorescent intensity vs. number of PE molecules/bead. Singlets were
gated on the FSC-H vs. SSC plot, and the singlet bead population was analyzed using a histogram plot of
FL-2 axis in linear values. Logl0 for lot-specific PE/bead values vs. Logl0 of geometric means for four
bead peaks were plotted. Equation y=mx+c where x equals Log10 PE molecules/bead and y equals Log10
fluorescence was used to calculate slope, intercept and correlation coefficient. To determine mAbs
bound per cell for different cell lines, samples were run using same settings and PE molecules/cell were

calculated. Unstained cells and cmAb served as negative controls.
Immunocytochemistry

CRC cells were seeded into poly-D-lysine coated 8-well culture slides and incubated overnight. Cells
were treated with H231 at 37°C for 90 mins to allow binding and internalization, then washed, fixed in
4% formalin, permeabilized in 0.1% saponin, incubated with anti-LAMP1 at RT for 45 min, followed by
anti-rabbit-Alexa-488  (ThermoFisher A-11008, RRID:AB_143165) and anti-human-Alexa-555
(ThermoFisher Cat# A-21433, RRID:AB_2535854) at RT for 1 h. Nuclei were counterstained with TO-PRO-
3 (ThermoFisher Cat# T3605). Images were acquired using confocal microscopy (Leica TCS SP5,
RRID:SCR_020233) and LAS AF Lite software. Co-localization was quantified using Imagel

(RRID:SCR_003070).

5 Zr-immunoPET and biodistribution

Immuno-positron emission tomography (immunoPET) studies were carried out in accordance with
IACUC at UTHealth Houston (AWC-20-0144 and AWC-23-0106). 2.5 x 10° DLD-1 cells in 50 % Matrigel

were subcutaneously implanted into the lower right flank of female 6-8-week-old nu/nu mice.
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Desferrioxamine (DFO) immunoconjugates were prepared via lysine conjugation as previously described
(27). DFO-H231 or DFO-cmAb (200pg) were radiolabeled with zirconium-89 (**Zr; Washington University,
St. Louis, MO). Once tumors reached ~4-6 mm diameter, **Zr-H231 or**Zr-cmAb were injected with 139-
215 uCi per mouse. Imaging was performed 5 days post-injection (dpi) using an Albira small animal
PET/CT scanner (Bruker) and tumor-to-muscle ratios where determined. Mice were euthanized and
organs were resected, weighted, and analyzed using a Cobra Il auto-y counter (Packard) to determine
tracer biodistribution. Standard aliquots of known activity were used to calculate the percentage of the

injected dose per gram of tissue (%ID/g).

In vitro viability

CRC cells were plated at ~1,000 cells/well in 96 half-well plates. Serial dilutions of unconjugated H231,
cmAb, H231 ADCs or cADC were added and incubated at 37 °C for 4 or 5 days. Cell viability was
measured using CellTiter-Glo 2.0 (Promega Cat#f G9242) according to the manufacturer's protocol.

Luminescence was measured using Tecan Infinite M1000 plate reader (RRID:SCR_025732).

Tolerability Study

For single-dose studies, female 6-8-week-old C57BL/6) mice (n=@4/group, The Jackson Laboratory,
RRID:IMSR_JAX:000664) received a single dose H231 VC-DuoDM (5 or 10@mg/kg), H231 EGC-cDuoDM
ADC (5 or 10@mg/kg), or PBS vehicle via tail vein. For multiple-dose studies, female 6-8-week-old
C57BL/6 mice (n=M3-4/group) were administered 5 mg/kg H231, cADC, or H231 EGC-gDuoDM gluc, or
vehicle weekly for 3 weeks. Body weight was monitored every 2-3 days for 2 weeks after treatment
termination. Humane endpoints were defined as >20% weight loss or severe signs of distress. However,
no mice met these criteria throughout the study. Fourteen dpi, mice were terminally anesthetized and
whole blood was drawn by heart puncture for blood chemistry analysis in the Department Veterinary

Medicine & Surgery at MD Anderson Cancer Center. Liver and kidney tissues were collected and then

10
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paraffin embedded, sectioned and H&E stained in the histopathology core at UTHealth Houston Institute

of Molecular Medicine.

In vivo efficacy studies

Animal studies were carried out in accordance with IACUC (AWC-20-0144, AWC-21-0142, and AWC-23-
0106). For efficacy studies, nu/nu (Charles River Laboratories, RRID:IMSR_CRL:088 or The Jackson
Laboratory, RRID:IMSR_JAX:002019) and NSG (The Jackson Laboratory, RRID:IMSR_JAX:005557) mice
were used for CRC cell xenografts and PDX models, respectively. PDX CRC-001 was from Jackson
Laboratory (#TM00849) and XST-GI-010 was established in our laboratory at UTHealth with patient
consent and appropriate approvals (HSC-MS-20-0327, HSC-MS-21-0074). Female 6-8-week-old mice
were implanted subcutaneously with 3-4 x 10° LoVo or DLD-1 CRC cells or 2-3 mm PDX fragments into
the right flank. When tumors reached ~100-200 mm?®, mice were randomized based on equivalent
average tumor volume for each treatment group. Animals without palpable tumors were excluded. No
blinding to group allocation was performed and sample sizes were determined based on prior
experience with the models to reach statistical significance. Mice were intravenously or
interperitoneally dosed weekly with PBS vehicle, H231, cADC, H231 ADCs, or cetuximab as indicated.
Mice were routinely monitored for morbidity and mortality. Tumor volumes were measured bi-weekly
and estimated by the formula: tumor volume = (length x width®)/2. Mice were euthanized when tumor
diameter reached 15 mm. Percentage of tumor growth inhibition (% TGI) was calculated using the
formula [1 — (change of tumor volume in treatment group/change of tumor volume in vehicle group)] x

100 (%).
Statistical Analysis

All data were analyzed using GraphPad Prism software (RRID:SCR_002798). Data are presented as

meanBIBISEM orf+ASD, as indicated. In vitro binding and viability data were analyzed using the logistic
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nonlinear regression model. Each condition was tested in triplicate in 3 independent experiments. The
Cancer Genome Atlas (TCGA) data from matched normal and tumor samples or KRAS status were
compared and analyzed using paired Student’s t test. EREG in tumor vs. normal tissues and distribution
in MSI/MSS was compared using one-way analysis of variance (ANOVA) and Tukey’s multiple
comparison test. Kaplan-Meier analysis was performed to determine significance of EREG on disease-
free and overall survival. Statistical significance of in vitro experiments was analyzed with ANOVA and
Tukey’s multiple comparison test. Differences between groups for biodistribution studies were analyzed
by Student’s t test. Statistical analysis of tumor volume was assessed by one-way ANOVA and Dunnett’s
multiple comparison test or Student’s t test for two groups. P value less than < 0.05 was considered

significant.

Data and Materials Availability

The data generated in this study are available within the article and supplementary files. Materials and
reagents will be made available through collaboration in agreement with UTHealth Houston and the

corresponding author.

Results

EREG is highly expressed in MSS colorectal tumors with minimal expression in normal tissues

We analyzed EREG expression in TCGA RNA-seq data to identify CRC patients that may benefit from
EREG-targeted ADCs (28). Though EREG has minimal expression in normal tissues, mRNA can be
detected in skin, esophagus, vagina, lung, and colon as confirmed the Genotype-Tissue Expression
(GTEx) project (Fig. 1A and Supplementary Fig. S1). Importantly, EREG is significantly higher in tumors
from the colorectal adenocarcinoma (COADREAD) cohort compared to normal colon/rectum, lung,
esophagus (average fold differences = 3.7, 7.1, and 9.6, respectively; Fig. 1A) and other tissues. Matched
tumor and adjacent normal samples from 32 patients showed EREG is upregulated >2-fold in ~60% of
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patients (average fold difference in EREG-high patients = 16.8; Fig. 1B). EREG expression is significantly
upregulated in MSI-L and MSS tumors compared with MSI-H tumors (Fig. 1C), consistent with previous
reports from other CRC cohorts (10,17). Furthermore, EREG levels are highly expressed in subsets of
both KRAS wildtype and mutant (G12/G13) patients, however there is significant association with
wildtype status (Fig. 1D). Partitioning of data from the COADREAD cohort showed no significant
correlation between EREG expression and survival (Figs. 1E-F), though EREG-high patients trended
toward poorer survival at later time-points (disease-free, median value = high, 63.37 vs. low, 78.65
months; overall survival, median value = 65.80 vs. 92.67 months). Notably, EREG-high status confers an
overall survival advantage at earlier time-points (Fig. 1F), which has been shown to be significant for
KRAS wildtype patients who received anti-EGFR therapy (17,29). Analysis of a recent study of 18
matched primary tumors, synchronous liver metastases, and normal colonic epithelium (17 MSS and 1
MSI-H) showed EREG was significantly elevated in both primary tumors and their metastases (Fig. 1G)
(30). Western blot analysis of EREG in MSS, RAS mutant CRC PDX models showed high EREG expression
in 4/5 samples (Fig. 1H). Furthermore, RNA-seq data from the Cancer Cell Line Encyclopedia (CCLE)
revealed EREG is amply expressed in a majority of CRC cell lines irrespective of mutant RAS and was
consistent with protein levels (Fig. 1I-J) (31). These results show EREG correlates with MSI-L/MSS in
patient tumors, which accounts for the majority of mCRC patients, and is highly expressed in a fraction
of both RAS wild-type and mutant subtypes, suggesting EREG ADCs may be a promising treatment

option for a sizeable patient population.

H231 binding and internalization in CRC cell lines

To develop a novel EREG-targeted ADC, we first set out to identify an optimal EREG mAb with high
affinity and specificity. We cloned and purified three individual EREG mAbs that bind both surface-
expressed, uncleaved pro-EREG and mature, cleaved EREG: H206, H231, and E27 (23,24). To determine

mADb target specificity, we utilized 293T cells that do not express endogenous EREG and established lines
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overexpressing myc-tagged hEREG, mEREG, or vector. Expression was confirmed using anti-myc-tag
antibody (Supplementary Fig. S2A). Adherent cell-based binding assays show all EREG mAbs bind hEREG-
293T cells (Kd values = H231, 0.01 ug/ml or 0.1 nmol/L; H206, 0.06 pg/ml or 0.4 nmol/L; E27, 0.08 ug/ml
or 5.6 nmol/L; Fig. 2A and Supplementary Fig. S2B). H206 (Kd = 0.10 pg/ml or 0.7 nmol/L) and H231 (Kd
= 0.18 pg/ml or 1.2 nmol/L), but not E27, bind mEREG-293T cells (Fig. 2A and Supplementary Fig. S2C).
Non-targeting cmAb shows no binding and H231 failed to bind vector cells, verifying specificity (Fig. 2A
and Supplementary Fig. S2C). H231 was selected as lead mAb for further characterization and ADC
development due to its high affinity and maximum binding, species cross-reactivity, and high production
yield. We showed H231 has high affinity binding to endogenous EREG on DLD-1 (Kd= 0.36 pug/ml or 2.4
nmol/L; Fig. 2B) and LoVo (Kd= 0.15 pg/ml or 1.0 nmol/L; Fig. 2C) cells. No binding was detected for
cmAb. We next quantified surface pro-EREG ligands/cell. CRC cells were incubated with H231 or cmAb
conjugated with PE or left unstained and flow cytometric analysis was performed. DLD-1 EREG-KO cell
line was established using CRISPR-Cas9 to further verify H231 specificity for endogenous EREG. KO was
confirmed by western blot (Fig. 2D). Pro-EREG ranged between 218-23,937 ligands/cell in EREG-high
cells (HCT116 and DLD-1) and was much lower in CRC cells with moderate (SW48) to low (SW620) EREG
expression and DLD-1 EREG-KO cells (Fig. 2E and Supplementary Table S1). Mean pro-EREG/cell for
HCT116 and DLD-1 cells were 4,988 and 9,103, respectively, consistent with the acceptable number of

targets/cell for clinically approved ADCs (Fig. 2E and Supplementary Table S1) (32,33).

Along with cell surface availability, an ideal target for ADC development should rapidly internalize and
traffic to the lysosome for payload release. Immunocytochemistry (ICC) data shows H231 binds EREG-
expressing LoVo, HCT116, and DLD-1 cells, internalizes, and co-localizes with the lysosome marker,
LAMP1, after 90 mins at 37@°C (Fig. 2F). Notably, quantification of H231 time-course treatment verified
peak co-localization occurs at 90 min (Supplementary Fig. S2D). As anticipated, H231 does not bind DLD-

1 EREG KO cells and cmAb does not bind any CRC cell lines (Fig. 2F and Supplementary Fig. S2E). Next, to
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determine if EREG internalization is dependent on the presence of its receptors, we overexpressed
hEREG in SW620 cells that do not express endogenous EREG, EGFR, or HER4/ERBB4 (Fig. 1l and
Supplementary Fig. S2F). As shown in Fig. 2G, the H231-EREG complex effectively co-internalized to

lysosomes, suggesting H231-mediated EREG internalization can occur independent of EGFR and HER4.
H231 Neutralization Activity

Mature, cleaved EREG binds to EGFR to potentiate signaling through PI3K/AKT or MAPK pathways (4).
Thus, we tested the ability for H231 to neutralize EREG signaling. KRAS mutant LoVo and DLD-1 cells, the
latter which also harbor a PIK3CA mutation, and KRAS wildtype LIM1215 cells were treated with
recombinant hEREG in the presence and absence of H231 or cmAb. Treatment with hEREG for 5 min
increased phosphorylation of EGFR in LoVo and LIM1215 cells, with minimal effects in DLD-1 cells (Fig.
2H and Supplementary Fig. S2G). Phosphorylation of ERK1/2 and AKT was detected in LIM1215 cells and,
interestingly, hEREG induced p-ERK1/2 in DLD-1 cells despite its mutational status (Fig. 2H and
Supplementary Fig. S2G). Importantly, addition of H231, and not cmAb, inhibited downstream signaling

mediated by hEREG, demonstrating H231-mediated neutralization (Fig. 2H).

ImmunoPET and biodistribution of *Zr-labeled H231

ImmunoPET imaging using **Zr-labeled mAbs provides a means to measure whole-body biodistribution
and verify optimal tumor delivery of therapeutic mAbs to predict safety and efficacy (20,27). First, H231-
DFO and cmAb-DFO immunoconjugates were generated and HPLC showed minimal variance in retention
time and peak profiles, with no effect on H231 affinity (Fig. 3A and Supplementary Figs. S3A-B). The *Zr-
labeled immunoconjugates were produced with radiochemical yields and purities of >70% and >99%,
respectively (Supplementary Fig. S3C). PET imaging of EREG-high DLD-1 cell xenografts demonstrated
higher tumor uptake with *Zr-H231 compared to *Zr-cmAb, which showed minimal on-target

accumulation 5 days after injection (Fig. 3B). As shown in Fig. 3C, tumor-to-muscle ratios obtained from
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the PET images were nearly 5-fold higher for ®*Zr-H231 compared to the control agent (12.6 + 6.3 vs 2.7
+ 0.4). Ex vivo biodistribution of tumor and normal tissues revealed 3.8-fold higher tumor uptake for
897r-H231 with no notable EREG-specific uptake in other organs. Both tracers showed the expected

clearance through the liver, while higher renal clearance was seen with ®*Zr-H231 (Fig. 3D).
Generation and validation of EREG ADCs using diverse linker-duocarmycin payloads

For development of an optimal EREG ADC, we generated three candidates with diverse linkers
incorporating highly cytotoxic duocarmycins, which we previously showed to be an effective payload in
CRC (34). H231-based ADCs were produced via a site-specific chemo-enzymatic approach using MTGase
as previously described (Fig. 4A) (35). Briefly, a branched bis-azido linker was conjugated to H231 via the
Q295 sites of the Fc region, followed by strain-promoted alkyne-azide cycloaddition to attach a series of
linker-duocarmycin DM (DuoDM) payloads incorporating clinically approved dipeptide (valine-citrulline;
VC) or novel tripeptide (glutamic acid-glycine-citrulline; EGC) cleavable linkers shown to enhance ADC
hydrophilicity and stability (Fig. 4A and Supplementary Fig. S4A-C) (26). Successful production and
purification of EGC-cDuoDM was previously shown (26) and novel EGC-gDuoDM gluc linker-payload
showed product purity >95% (Supplementary Fig. S5). Importantly, B-glucuronidation of gDuoDM-gluc
allows it to function more as a prodrug that is more hydrophilic compared to cDuoDM (36). ESI-MS
analysis confirmed homogeneity of each ADC with a uniform DAR= 4 (Fig. 4B) and Coomassie SDS-PAGE
and size-exclusion chromatography (SEC) revealed high purity with no significant aggregation or
dissociation (Supplementary Figs. S6 and S7A). Non-targeting cADC was generated with EGC-qDuoDM
gluc and validated similarly (Supplementary Fig. S7B). Of note, we also attempted to produce similar
H231 ADCs using mouse in place human antibody framework. However, further engineering is required
due to additional Q sites in the mouse IgG1 Fc region accessible to MTGase conjugation. Linker-payload
conjugation did not affect H231 binding to LoVo and DLD-1 cells and cADC showed no binding

(Supplementary Fig. S7C-D).
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EREG ADCs demonstrate high selectivity and potency in a panel of CRC cells

Prior to evaluating therapeutic efficacy, we measured binding of all three EREG ADCs in parallel in DLD-1
cells. All ADCs demonstrated comparable binding affinities (Kd= 2.0 nmol/L; Fig. 5A). We showed EREG
ADCs had subnanomolar potency in EREG-high DLD-1 and LoVo cells, whereas unconjugated H231,
cmAb, and cADC had no activity (Figs. 5B-C and Supplementary Table S2). CRC cell-killing, rather than
senescence, was demonstrated by increased PARP cleavage in DLD-1 and LoVo cells after 48 h treatment
with H231 EGC-gDuoDM-gluc ADC (Supplementary Figs. S7E-F). Minimal PARP cleavage was observed
with cADC (Supplementary Fig. S7F). Next, we evaluated activity of individual EREG ADCs in CRC cell lines
expressing different levels of endogenous EREG and different KRAS mutational statuses. Overall, ADC
potency based on IC50 and area under the curve (AUC) values for EREG-expressing CRC cell lines was:
H231 EGC-qDuoDM-gluc > H231 EGC-cDuoDM > H231 VC-cDuoDM (Fig. 5D-E, Supplementary Fig. S8A-D,
and Supplementary Table S2). For EREG-high KRAS mutant DLD-1, LoVo, and HCT116 cells IC50 values
for EREG ADCs were: H231 EGC-qDuoDM-gluc (IC50sE=[10.01-0.014Bnmol/L), H231 EGC-cDuoDM
(IC50sE=[0.06-0.38Enmol/L), and H231 VC-cDuoDM (IC50sR=R0.12-0.52@nmol/L). For EREG-high KRAS
wildtype SW48 cells, IC50 values ranged from 0.31-0.50 nmol/L. Furthermore, EREG ADCs had minimal
effects in EREG-null SW620, RKO, or DLD-1 EREG KO cells, demonstrating efficacy is target-dependent
(Fig. 5D-E and Supplementary Fig. S8A-D). These results show EREG ADCs mediate potent cell-killing

efficacy in EREG-expressing CRC cells independent of KRAS mutational status.

EREG ADCs are well-tolerated and show significant antitumor efficacy in preclinical models of CRC

As H231 binds both hEREG and mEREG, we performed a single-dose escalation and multiple-dose
studies to test for ADC on/off-target effects in immunocompetent C57BL/6 mice. Mice were
administered vehicle (PBS) or 5 mg/kg or 10@mg/kg EREG ADCs incorporating either VC or EGC linkers
and the cDuoDM payload and monitored for weight loss or other signs of overt toxicity. After 2 weeks,

mice showed no significant changes in weight, white blood cell (WBC) counts, liver enzymes (alanine and
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aspartate aminotransferases; ALT or AST), or kidney creatinine (CRE) (Supplementary Fig. S9A-E). As
single-dose EREG ADCs were shown to be safe and most FDA-approved ADCs are dosed < 5 mg/kg (37),
we performed an additional safety study to examine effects after three 5mg/kg doses of H321 mAb,
cADC, or the most potent EREG ADC, H231 EGC-qDuoDM-gluc, administered weekly. Two weeks after
treatment was terminated, mice showed no significant changes in weight, WBCs, ALT, AST, or CRE (Fig.
6A-E). Liver and kidney tissues we also collected for H&E staining. As shown in Supplementary Fig. SOF-
G, the H231, cADC, and H231 EGC-qDuoDM gluc treatment groups did not have any obvious pathological
changes compared to vehicle. These findings suggest EREG ADCs are well-tolerated with no observable
on- or off-target toxicities even after multiple doses.

Antitumor efficacy was then evaluated in EREG-high KRAS mutant MSI-H xenograft models of LoVo and
DLD-1 CRC cells (Fig. 6F-1). Mice were administered 58img/kg of EREG ADCs weekly for 3 doses, as it was
determined safe (Fig. 6A-E and Supplementary Fig. S9). For LoVo xenografts, H231 VC-cDuoDM, H231
EGC-cDuoDM, and H231 EGC-qDuoDM gluc resulted in 64%, 70%, and 70% TGl, respectively, at day 19
when the vehicle cohort reached maximum tumor burden (Fig. 6F). As the tripeptide EGC linkers showed
greatest efficacy and increased survival (Fig. 6G), we proceeded with evaluating these 2 ADCs in
additional models. In the DLD-1 model, treatment with H231 EGC-cDuoDM and H231 EGC-qDuoDM gluc
resulted in 29% and 68% TGI, respectively, at day 18 (Fig. 6H). Importantly, H231 EGC-gDuoDM gluc
showed greatest increase in survival in DLD-1 xenograft models (Fig. 61). We next evaluated EREG ADCs
in two EREG-high MSS PDX models of CRC (Fig. 1H): KRAS mutant XST-GI-010 and NRAS mutant CRC-001.
In the XST-GI-010 model, H231 EGC-cDuoDM and H231 EGC-gDuoDM gluc treatment resulted in 88%
and 86% TGl at day 23 with similar impact on survival (Figs. 6J-K and Supplementary Fig. S10A). Though
unconjugated H231 showed no in vitro activity, treatment in vivo resulted in 50% TGI. As H231 EGC-
gDuoDM gluc showed highest efficacy in all models, it was tested in the CRC-001 model and showed

38% TGl and moderate increase in survival (Fig. 6L-M and Supplementary Fig. S10B). Treatment with
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cADC had no significant impact on tumor growth or survival in CRC cell xenografts, yet had 32% TGl in
the XST-GI-010 model (Fig. 6F-J). Analysis of DLD-1, XST-GI-010, and CRC-001 tumors remaining after
H231-EGC-gDuoDM-gluc treatment showed reduced EGFR and ERK1/2 phosphorylation and lower
expression of EREG compared to vehicle- or cADC-treated tumors, suggesting neutralization of the EGFR
pathway (Supplemental Fig. SI0C-E). As H231 EGC-qDuoDM gluc showed greatest impact on survival in
the DLD-1 xenograft model (Fig. 6H-1), we tested if a higher dosing level would have greater benefit. As
shown in Fig. 6N-O, two weekly doses of 10 mg/kg H231 EGC-qgDuoDM gluc resulted in tumor regression
and significantly increased survival compared to all other treatment groups. H231 and cADC
administered at 10mg/kg had minimal effects on tumor growth and survival compared to vehicle.
Furthermore, H231 EGC-qDuoDM gluc showed superior TGl and survival relative to the most widely
used EGFR-targeted mAb, cetuximab (10 mg/kg). No significant effects in bodyweight or overt toxicity
were observed during treatment in nu/nu or NSG mice (Supplementary Figs. S10F-H). These findings
demonstrate EREG ADCs have significant efficacy potentially due to combined effects of payload-
mediated cytotoxicity and EGFR signaling neutralization in EREG-expressing CRC tumor models

irrespective MSI-H/MSS subtype or RAS mutations.

Discussion

Many clinical reports, including a recent large cohort study of mCRC patients, have validated the
prognostic role of EREG expression in RAS wildtype patients receiving EGFR-targeted therapies,
cetuximab and panitumumab (13-17). While EGFR mAbs only benefit patients with wildtype RAS, EREG is
highly expressed in both wildtype and mutant RAS tumors. Thus, EREG may not only serve as a
prognostic marker, but a viable target for the development of novel therapies that benefit patients
irrespective of RAS or other mutations. Importantly, EREG has considerably low expression in normal

human and rodent tissues (4) and Ereg KO mice are viable and show no major developmental phenotype
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(38), suggesting minimal toxicity of EREG-targeted therapies. EREG expression is highest in MSS subtype
that typically has worse prognosis and accounts for the majority of CRC. Furthermore, EREG is
overexpressed in many other cancers with defined roles in tumor progression including lung, bladder,

pancreatic, and breast (5-9). Thus, EREG-targeted therapies could hold benefit to several different tumor

types.

In this study, we generated highly-specific EREG mAbs for the development of rationally-designed ADCs
for improved CRC treatment. H231 was selected as the lead candidate based on high affinity, species
cross-reactivity, and its ability to internalize into cancer cells and traffic to lysosomes, which is critical for
payload release (20,21). InmunoPET and biodistribution studies showed notable uptake of *Zr-labeled
H231 by EREG-expressing tumors with minimal uptake in normal non-clearance tissues (Fig. 3). As non-
targeting °Zr-cmAb remains in circulation for an extended period of time, it can actively perfuse the
lungs contributing to the mediastinal imaging signal. Similarly, ¥Zr-H231 is also taken up by the lungs as
shown by the ex vivo data, but its high liver and tumor uptake strongly mask signal in other tissues with
comparatively lower signal. Clearance of #*Zr-H231 was primarily through the liver, which is expected for
mAbs. Renal clearance was also higher for #Zr-H231 compared to **Zr-cmAb and could be explained by
the elimination of smaller degradation products (i.e., protein fragments) generated by hepatic
metabolism of the EREG mAb. Despite the tracer uptake seen on PET, EREG ADC safety studies showed
no adverse effects or changes in liver or kidney enzymes in response to different dosing concentrations
and frequencies, suggesting they are well-tolerated. Tolerability may also be attributed to the relatively
low DAR of our ADCs and selection of a dose comparable to clinically used ADCs to further reduce
potential dose-limiting toxicities seen in patients. Previously, an EREG mAb was shown to have
significant efficacy in a metastatic model of CRC based on antibody-dependent cell cytotoxicity (ADCC),
not growth inhibitory activity (39). Similarly, we found H231 mAb to have no effect on CRC cell survival

in vitro, yet moderate antitumor activity in NSG mice. Although NSG mice lack natural killer cells to
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mediate ADCC, other immune cells (e.g., macrophages and neutrophils) could be involved, though

further investigation is needed.

For development of EREG ADCs with enhanced efficacy compared to unconjugated EREG mAb, selection
of ADC payload and linker were carefully considered. Typical payloads used in ADC development consist
of microtubule inhibitors (e.g., MMAE and maytansines), topoisomerase 1 inhibitors (TOP1i, e.g.,
camptothecins), and DNA-damaging agents (e.g., duocarmycins and pyrrolobenzodiazepines) (40,41).
However, we and others have found colorectal tumors to be relatively resistant to microtubule
inhibitors, yet responsive to duocarmycins (34,42). Importantly, trastuzumab duocarmazine (SYD985),
an ADC incorporating a duocarmycin payload, demonstrated progression-free and overall survival
benefits and is anticipated to be clinically approved for the treatment of HER2* metastatic breast cancers
(43). Based on our studies, EREG ADCs are typically more potent in EREG-high CRC cells and neutralize
EGFR activity with minimal effects in EREG-low/negative cells. However, potential intrinsic resistance or
sensitivity to payload should also be considered in addition to EREG status. For example, though LoVo
cells have lower EREG expression compared to DLD-1 cells, EREG ADC is more potent in LoVo cells at 5
mg/kg dose as they are more sensitive to duocarmycins (34). Notably, TOP1is have been effective as
chemotherapeutic agents for CRC treatment and, most recently, TOP1li-based ADCs have been clinically
successful with the approval of sacituzumab govitecan (Trodelvy) for triple-negative breast cancer and
trastuzumab deruxtecan (Enhertu) for tumor agnostic HER2-positive disease and HER2-low metastatic
breast cancer (44). Though we selected DuoDM as our payload for first generation EREG ADCs, it is

important to note that TOP1is should be considered for future EREG ADC development.

Linkers can control efficacy and stability in systemic circulation and are broadly characterized as
cleavable or non-cleavable by which payload release is dependent on lysosomal enzyme cleavage or
proteolytic degradation, respectively (45,46). Cleavable linkers have the advantage of bystander effect,
meaning released payloads can diffuse and kill neighboring cancer cells to better target tumor
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heterogeneity. We screened different cleavable linkers: one commercial and clinically validated
dipeptide (VC) linker and two tripeptide (EGC) linkers. Consistent with our previous report (26), ADCs
incorporating the EGC linker showed enhanced potency in CRC cells in vitro and increased antitumor
efficacy and survival in vivo. While ADCs with VC linkers have demonstrated increased risk of adverse
effects and low tolerability attributed to premature payload release (47,48), EGC linkers have improved
stability against multiple degradation events and potentially broader therapeutic windows (26). The
increased TGl and survival of H231 EGC gDuoDM-gluc- compared to H231 EGC-cDuoDM-treated DLD-1
xenografts may then be attributed to its enhanced stability and tumor targeting capacity. Whereas
cDuoDM contains an exposed tertiary amine that may foster non-specific binding, gDuoDM-gluc has a
covalent bond between PAB and DuoDM that is more cleavage-resistant during circulation and
minimizes non-specific binding, as observed in cell-killing at high concentrations in EREG-negative
SW620 and RKO cells (Fig. 5D-E and Supplementary Fig. S8A-D). Additionally, B-glucuronidation of
gDuoDM-gluc increases ADC hydrophilicity and permits an extra layer of prodrug-based selectivity to
avoid prelease of active payload (36,49). It is postulated that only after linker is cleaved by cathepsins in
the lysosomes followed by B-glucuronidase conversion of seco-DuoDM to its active form that payload
can kill tumor cells and elicit bystander effect to target tumor heterogeneity. Furthermore, increased
TGl of H231 EGC-qDuoDM gluc compared to H231 EGC-cDuoDM was observed in DLD-1, but not LoVo
tumors. This observation may be attributed to increased endogenous levels of active B-glucuronidase in
DLD-1 tumors that convert gDuoDM-gluc prodrug to the active form and/or lower tumor pH, which can
further increase B-glucuronidase activity (36). Higher levels of active B-glucuronidase combined with
higher specific binding of H231 EGC-gDuoDM gluc compared to H231 EGC-cDuoDM may explain why
H231 EGC-gDuoDM gluc is more effective in DLD-1 tumors. Future work will involve elucidating the
precise mechanism for increased potency of H321 EGC-gDuoDM gluc. Importantly, we showed two

weekly doses of H321 EGC-qDuoDM gluc administered at a higher concentration of 10 mg/kg was well-

22


https://doi.org/10.1101/2024.02.20.581056
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581056; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

tolerated, far more potent than cetuximab, and resulted in tumor regression with a significant survival
benefit. Notably, we attempted to generate H231 EGC-qgDuoDM gluc using mouse in place of human
antibody framework for testing the therapeutic window in syngeneic models. However, a technical
challenge was encountered due to the presence of additional Q sites in the mouse 1gG1 Fc region that
were amenable to MTG-based chemoenzymatic conjugation. Thus, site-specific conjugation of mouse
IgG1 Fc will require further optimization before EREG ADCs can be evaluated in mouse models with an
intact immune system. Furthermore, different dosing concentrations and frequencies should be tested
in additional tumor models to determine if EREG ADCs can ultimately eliminate tumors and prevent

relapse.

EREG expression positively correlates with expression of another EGFR ligand, amphiregulin (AREG).
Similar to EREG, AREG levels predict superior response of mCRC patients to EGFR-targeted therapy
(13,15,17). Notably, combined EREG/AREG expression was shown to be associated with progression-free
and overall survival among RAS wildtype patients treated with anti-EGFR therapy (13,15,17). Another
group recently reported the development of an AREG-targeted ADC that showed efficacy in a breast
cancer xenograft model (50). AREG ADCs were generated using a mAb that selectively recognizes a neo-
epitope of the transmembrane stalk of cleaved AREG. Unlike our EREG ADCs that bind pro-EREG at the
tumor cell surface, the AREG ADC did not recognize pro-AREG. Thus, it would be of interest to evaluate
how post-translational processing effects these EGFR ligand-targeted ADCs and if co-targeting EREG and

AREG provides an improved therapeutic strategy.

Our data show EREG is a promising target for the development of ADCs with broad utility for treating
colorectal and other cancer patients with EREG-high tumors. Importantly, EREG ADCs demonstrated
therapeutic efficacy with combined payload effects and neutralization of the EGFR pathway in both
KRAS mutant and wildtype CRC cell lines and tumors, suggesting their potential to benefit a broader

patient population than current EGFR-targeted therapies (i.e., cetuximab). As EREG is highly expressed
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on tumors with minimal surface expression on normal tissues, it will likely have a promising safety
profile. As HER2-targeting ADC Enhertu was approved for treating HER2-low breast cancer patients (44),
this suggests EREG ADCs may have potential for treating EREG-low CRC patients as well. However, future
evaluation in non-human primates and clinical trials are warranted. Recent and exciting progress in
validation of EREG as a well-defined biomarker for predicting patient response to EGFR mAbs could be
employed to discriminate patients that would respond to EREG ADC therapies, irrespective of tumor MSI

or mutational status.

Authors’ Contributions

Conceptualization and Design: K.S.C; Methodology: K.S.C,, J.J., Y.A., K.T., A.A.; Investigation: K.S.C., J.J.,
Y.A,PH,ZL,SS, S.CG, SA, CG, HT. JHR., AA., KT.; Data curation: KS.C,, JJ.,, YA, P.H,, ZL, S.S,
S.C.G,, S.A,, C.G., H.T.; Formal Analysis: K.S.C., 1. )., Y.A., P.H.; Writing original draft: K.S.C. and J.J;
Review and Editing: K.S.C, J.J., P.H., C.G., H.T.; Resources: K.S.C., J.H.R., AA., K.T.; Funding acquisition:
K.S.C.; Supervision: K.S.C.

Acknowledgements

This work was supported by funding from NCI (RO1 CA226894 and R21 CA270716) and the Cancer
Prevention and Research Institute of Texas (CPRIT, RP210092) to K.S.C., predoctoral fellowships of the
Gulf Coast Consortia, on the Training Interdisciplinary Pharmacology Scientists Program (T32
GM139801) to J.J. and P.H., and a predoctoral fellowship in the Biomedical Informatics, Genomics and
Translational Cancer Research Training Program (BIG-TCR) funded by CPRIT (RP210045) to S.S. We would
like to thank Drs. Vihang Narkar, Pierre McCrea, Qingyun Liu, and Daniel Frigo for helpful project
discussions, Drs. Ville Meretoja and Zhengmei Mao for technical assistance, Betty Arceneaux and Dr.
Karan Saluja with assistance in patient sample collection and processing, and Martha Thompson for

assistance with regulatory approvals for research involving human subjects.

24


https://doi.org/10.1101/2024.02.20.581056
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581056; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal cancer statistics, 2023. CA CancerJ
Clin 2023;73:233-54

2. Xie YH, Chen YX, Fang JY. Comprehensive review of targeted therapy for colorectal cancer. Signal
Transduct Target Ther 2020;5:22

3. Fakih MG, Salvatore L, Esaki T, Modest DP, Lopez-Bravo DP, Taieb J, et al. Sotorasib plus

Panitumumab in Refractory Colorectal Cancer with Mutated KRAS G12C. N Engl J Med
2023;389:2125-39

4. Riese DJ, 2nd, Cullum RL. Epiregulin: roles in normal physiology and cancer. Semin Cell Dev Biol
2014;28:49-56
5. Sunaga N, Kaira K, Imai H, Shimizu K, Nakano T, Shames DS, et al. Oncogenic KRAS-induced

epiregulin overexpression contributes to aggressive phenotype and is a promising therapeutic
target in non-small-cell lung cancer. Oncogene 2013;32:4034-42

6. Thogersen VB, Sorensen BS, Poulsen SS, Orntoft TF, Wolf H, Nexo E. A subclass of HER1 ligands
are prognostic markers for survival in bladder cancer patients. Cancer Res 2001;61:6227-33
7. Zhang J, lwanaga K, Choi KC, Wislez M, Raso MG, Wei W, et al. Intratumoral epiregulin is a

marker of advanced disease in non-small cell lung cancer patients and confers invasive
properties on EGFR-mutant cells. Cancer Prev Res (Phila) 2008;1:201-7

8. Zhu Z, Kleeff J, Friess H, Wang L, Zimmermann A, Yarden Y, et al. Epiregulin is Up-regulated in
pancreatic cancer and stimulates pancreatic cancer cell growth. Biochem Biophys Res Commun
2000;273:1019-24

9. Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, et al. Genes that mediate breast cancer
metastasis to lung. Nature 2005;436:518-24

10. Lee MS, McGuffey EJ, Morris JS, Manyam G, Baladandayuthapani V, Wei W, et al. Association of
CpG island methylator phenotype and EREG/AREG methylation and expression in colorectal
cancer. BrJ Cancer 2016;114:1352-61

25


https://doi.org/10.1101/2024.02.20.581056
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581056; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

11. Neufert C, Becker C, Tureci O, Waldner MJ, Backert |, Floh K, et al. Tumor fibroblast-derived
epiregulin promotes growth of colitis-associated neoplasms through ERK. J Clin Invest
2013;123:1428-43

12. Watanabe T, Kobunai T, Yamamoto Y, Kanazawa T, Konishi T, Tanaka T, et al. Prediction of liver
metastasis after colorectal cancer using reverse transcription-polymerase chain reaction analysis
of 10 genes. Eur J Cancer 2010;46:2119-26

13. Jacobs B, De Roock W, Piessevaux H, Van Oirbeek R, Biesmans B, De Schutter J, et al.
Amphiregulin and epiregulin mRNA expression in primary tumors predicts outcome in
metastatic colorectal cancer treated with cetuximab. J Clin Oncol 2009;27:5068-74

14. Jonker DJ, Karapetis CS, Harbison C, O'Callaghan CJ, Tu D, Simes RJ, et al. Epiregulin gene
expression as a biomarker of benefit from cetuximab in the treatment of advanced colorectal
cancer. Br J Cancer 2014;110:648-55

15. Khambata-Ford S, Garrett CR, Meropol NJ, Basik M, Harbison CT, Wu S, et al. Expression of
epiregulin and amphiregulin and K-ras mutation status predict disease control in metastatic
colorectal cancer patients treated with cetuximab. J Clin Oncol 2007;25:3230-7

16. Seligmann JF, Elliott F, Richman SD, Jacobs B, Hemmings G, Brown S, et al. Combined Epiregulin
and Amphiregulin Expression Levels as a Predictive Biomarker for Panitumumab Therapy Benefit
or Lack of Benefit in Patients With RAS Wild-Type Advanced Colorectal Cancer. JAMA Oncol
2016;2:633-42

17. Williams CIM, Elliott F, Sapanara N, Aghaei F, Zhang L, Muranyi A, et al. Associations between Al-
Assisted Tumor Amphiregulin and Epiregulin IHC and Outcomes from Anti-EGFR Therapy in the
Routine Management of Metastatic Colorectal Cancer. Clin Cancer Res 2023;29:4153-65

18. High P, Carmon KS. G protein-coupled receptor-targeting antibody-drug conjugates: Current
status and future directions. Cancer Lett 2023;564:216191

19. Samantasinghar A, Sunildutt NP, Ahmed F, Soomro AM, Salih ARC, Parihar P, et al. A
comprehensive review of key factors affecting the efficacy of antibody drug conjugate. Biomed
Pharmacother 2023;161:114408

20. Carmon KS, Azhdarinia A. Application of Immuno-PET in Antibody-Drug Conjugate Development.
Mol Imaging 2018;17:1536012118801223

21. Trail PA. Antibody Drug Conjugates as Cancer Therapeutics. Antibodies 2013;2:113-29

22. Tsuchikama K, Anami Y, Ha SYY, Yamazaki CM. Exploring the next generation of antibody-drug
conjugates. Nat Rev Clin Oncol 2024

23. Shiraiwa H, Esaki K, Igawa T, Kuramochi T, Maeda A, TAMBA S, et al. Humanized anti-epiregulin
antibody, and cancer therapeutic agent comprising said antibody as active ingredient. Google
Patents; 2014.

24. Aburatani H, Ito H, Yoshida K; Chugai Pharmaceutical Co Ltd University of Tokyo NUC, assignee.
Diagnosis and treatment of cancer using anti-ereg antibody2015.

25. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR
screening. Nat Methods 2014;11:783-4

26. Ha SYY, Anami Y, Yamazaki CM, Xiong W, Haase CM, Olson SD, et al. An Enzymatically Cleavable
Tripeptide Linker for Maximizing the Therapeutic Index of Antibody-Drug Conjugates. Mol
Cancer Ther 2022;21:1449-61

27. Azhdarinia A, Voss J, Ghosh SC, Simien JA, Hernandez Vargas S, Cui J, et al. Evaluation of Anti-
LGR5 Antibodies by ImmunoPET for Imaging Colorectal Tumors and Development of Antibody-
Drug Conjugates. Mol Pharm 2018;15:2448-54

28. Cancer Genome Atlas N. Comprehensive molecular characterization of human colon and rectal
cancer. Nature 2012;487:330-7

26


https://doi.org/10.1101/2024.02.20.581056
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581056; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

available under aCC-BY-NC-ND 4.0 International license.

Kuramochi H, Nakajima GO, Hayashi K, Araida T, Yamamoto M. Amphiregulin/epiregulin mRNA
Expression and Primary Tumor Location in Colorectal Cancer. Anticancer Res 2019;39:4729-36
Kim SK, Kim SY, Kim JH, Roh SA, Cho DH, Kim YS, et al. A nineteen gene-based risk score classifier
predicts prognosis of colorectal cancer patients. Mol Oncol 2014;8:1653-66

Ghandi M, Huang FW, Jane-Valbuena J, Kryukov GV, Lo CC, McDonald ER, 3rd, et al. Next-
generation characterization of the Cancer Cell Line Encyclopedia. Nature 2019;569:503-8
Jasper GA, Arun |, Venzon D, Kreitman Rl, Wayne AS, Yuan CM, et al. Variables affecting the
quantitation of CD22 in neoplastic B cells. Cytometry B Clin Cytom 2011;80:83-90

Sutherland MK, Yu C, Lewis TS, Miyamoto JB, Morris-Tilden CA, Jonas M, et al. Anti-leukemic
activity of lintuzumab (SGN-33) in preclinical models of acute myeloid leukemia. MAbs
2009;1:481-90

Jacob J, Francisco LE, Chatterjee T, Liang Z, Subramanian S, Liu QJ, et al. An antibody-drug
conjugate targeting GPR56 demonstrates efficacy in preclinical models of colorectal cancer. Br
Cancer 2023;128:1592-602

Anami Y, Tsuchikama K. Transglutaminase-Mediated Conjugations. Methods Mol Biol
2020;2078:71-82

Tietze LF, Schuster HJ, Schmuck K, Schuberth |, Alves F. Duocarmycin-based prodrugs for cancer
prodrug monotherapy. Bioorg Med Chem 2008;16:6312-8

Liao MZ, Lu D, Kagedal M, Miles D, Samineni D, Liu SN, et al. Model-Informed Therapeutic Dose
Optimization Strategies for Antibody-Drug Conjugates in Oncology: What Can We Learn From US
Food and Drug Administration-Approved Antibody-Drug Conjugates? Clin Pharmacol Ther
2021;110:1216-30

Lee D, Pearsall RS, Das S, Dey SK, Godfrey VL, Threadgill DW. Epiregulin is not essential for
development of intestinal tumors but is required for protection from intestinal damage. Mol Cell
Biol 2004;24:8907-16

Kobayashi S, Yamada-Okabe H, Suzuki M, Natori O, Kato A, Matsubara K, et al. LGR5-positive
colon cancer stem cells interconvert with drug-resistant LGR5-negative cells and are capable of
tumor reconstitution. Stem Cells 2012;30:2631-44

Beck A, Goetsch L, Dumontet C, Corvaia N. Strategies and challenges for the next generation of
antibody-drug conjugates. Nat Rev Drug Discov 2017;16:315-37

Teicher BA. Antibody drug conjugates. Curr Opin Oncol 2014;26:476-83

Tolcher AW. Antibody drug conjugates: lessons from 20 years of clinical experience. Ann Oncol
2016;27:2168-72

Dokter W, Ubink R, van der Lee M, van der Vleuten M, van Achterberg T, Jacobs D, et al.
Preclinical profile of the HER2-targeting ADC SYD983/SYD985: introduction of a new
duocarmycin-based linker-drug platform. Mol Cancer Ther 2014;13:2618-29

Edoardo C, Giuseppe C. Trastuzumab-deruxtecan in solid tumors with HER2 alterations: from
early phase development to the first agnostic approval of an antibody-drug conjugate. Expert
Opin Investig Drugs 2024;33:851-65

Nolting B. Linker technologies for antibody-drug conjugates. Methods Mol Biol 2013;1045:71-
100

Tsuchikama K, An Z. Antibody-drug conjugates: recent advances in conjugation and linker
chemistries. Protein Cell 2018;9:33-46

Doronina SO, Mendelsohn BA, Bovee TD, Cerveny CG, Alley SC, Meyer DL, et al. Enhanced
activity of monomethylauristatin F through monoclonal antibody delivery: effects of linker
technology on efficacy and toxicity. Bioconjug Chem 2006;17:114-24

27


https://doi.org/10.1101/2024.02.20.581056
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581056; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

48. Zhao H, Gulesserian S, Malinao MC, Ganesan SK, Song J, Chang MS, et al. A Potential Mechanism
for ADC-Induced Neutropenia: Role of Neutrophils in Their Own Demise. Mol Cancer Ther
2017,16:1866-76

49, Felber JG, Thorn-Seshold O. 40 Years of Duocarmycins: A Graphical Structure/Function Review of
Their Chemical Evolution, from SAR to Prodrugs and ADCs. JACS Au 2022;2:2636-44

50. Lofgren KA, Sreekumar S, Jenkins EC, Jr., Ernzen KJ, Kenny PA. Anti-tumor efficacy of an MMAE-
conjugated antibody targeting cell surface TACE/ADAM17-cleaved Amphiregulin in breast
cancer. Antib Ther 2021;4:252-61

Figure Legends

Figure 1. EREG is highly expressed in colorectal tumors and cancer cell lines. A, EREG RNA-Seq
expression data from patient tumors of the colorectal adenocarcinoma (COADREAD) TCGA cohort.
Values are Log2 RNA-Seq by expectation—maximization (Log2 RSEM). B, EREG RNA-Seq RSEM values for
matched tumor and adjacent normal from the COADREAD cohort {(N=32). Distribution of C, MSI-H
(N=23), MSI-L (N=30), and MSS (N=129) subtypes and D, KRAS WT (N=109) and MUT (N=56) status based
on EREG expression. Values are read per kilobase of transcript per million (RPKM). Kaplan-Meier
analyses of E, disease-free survival (EREG-High, N=86; EREG-Low, N=245) and F, overall survival (EREG-
High, N=92; EREG-Low, N=279) in patients from the COADREAD cohort. P values were obtained by the
log-rank test. G, EREG RNA-seq values from cohort of 18 matched normal colonic epithelium, primary
adenocarcinoma, and synchronous liver metastases (NCBI GSE50760). H, Western blot endogenous
EREG protein expression in patient-derived xenograft (PDX) models. *, indicates mutant NRAS. |, EREG
RNA-seq values for select CRC cell lines used in this study from Cancer Cell Line Encyclopedia (CCLE). J,
Western blot of endogenous EREG protein expression across CRC cell lines. Quantitative data presented
as mean *+ SEM and statistical analysis performed using one-way analysis of variance (ANOVA) and

Tukey’s multiple comparison test or paired Student’s t test for two groups. ** P< 0.01, *** P< 0.001.

Figure 2. Characterization of H231 mAb binding, neutralization, and internalization. A, Cell-based

binding assays show H321FmAb binds recombinant hEREG- and mEREG-overexpressing 293T cells and
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not vector cells. H231 and not cmAb binds endogenous EREG in B, DLD-1 and C, LoVo cells. Data
presented as mean + SD. D, Western blot of DLD-1 cells with high EREG expression stably transduced
with CRISPR-Cas9 vector containing sgRNA to generate EREG knockout (KO) line. E, H231 and cmAb
conjugated to phycoerythrin (PE) were utilized for the flow cytometric analysis to quantify surface pro-
EREG ligands/cell using QuantBRITE PE kit. F, Confocal images shows H231 binds to EREG and co-
localizes with lysosome marker, LAMP1, after 90 mins at 37@°C in EREG-expressing LoVo, HCT116, and
DLD-1 cells and not DLD-1 EREG KO cells. Yellow indicates colocalization. G, Overexpressed (O.E.) EREG
co-localizes with lysosomes in EGFR-negative SW620 CRC cells after H231 treatment. H, Western blot of
LoVo and LIM1215 cells treated in the presence of 15 ug/ml cmAb or H231 for 5 min with or without 300

ng/ml EREG.

Figure 3. ImmunoPET imaging and biodistribution of H231 in EREG-high colorectal tumors. A, Cell-
based binding assay shows equivalent binding for unconjugated H231 mAb and lysine-conjugated H231-
DFO on DLD-1 cells. B, Representative PET/CT images acquired 5 days post-injection of **Zr-radiolabeled
EREG-targeting H231 mAb or non-targeting cmAb in DLD-1 tumor xenografts. Solid and dashed arrows
indicate the lung and liver, respectively. C, Quantification of PET images tumor/muscle ratio (%ID/cc) of
87r-H231 (N=4) and *Zr-cmAb (N=3). D, Biodistribution data (ID/g%) measured ex vivo in tumor and
normal tissues (¥°Zr-H231, N=5; ®**Zr-cmAb (N=4). Statistical analysis using Student’s t-test. Quantitative

data presented as mean + SD. *P< 0.05, **P< 0.01, *** P< (0.001.

Figure 4. Generation of EREG-targeting antibody-drug conjugates. A, Schematic depiction of microbial
transglutaminase (MTGase)-mediated conjugation of a branched linker to Q295 of the Fc region of H231
mAb followed by strain promoted alkyne-azide cycloaddition of duocarmycin DM (DuoDM) payload
attached to either a cleavable dipeptide valine-citrulline (VC) or tripeptide glutamic acid-glycine-
citrulline (EGC) linker to generate H321 ADCs (DARR=4). B, Deconvoluted ESI-mass spectra. First panel,
H231 mAb; second panel, H231-branched linker conjugate, third panel, H231-VC-cDuoDM ADC; fourth
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panel, H231-EGC-cDuoDM ADC; fifth panel, H231-EGC-gDMDM gluc ADC. All homogeneous ADCs have a

DAR of 4. *Fragment ions detected in ESI-MS analysis.

Figure 5. Therapeutic potency and selectivity of EREG ADCs in CRC cell lines. A, Binding of H231 ADCs
and non-targeting control ADC (cADC, DAR=4) with same linker-payload. B, Efficacy of H231 ADCs
modified with different linkers, H231, cmAb, and cADC in DLD-1 cells. C, Dose-dependent cytotoxicity of
H231 EGC-gDuoDM gluc ADC in LoVo cells. H231, cmAb, and cADC have minimal effects. Efficacy of
H231 VC-cDuoDM, H231 EGC-cDuoDM, and H231 EGC-qDuoDM gluc in a panel of CRC cell lines with
different levels of EREG expression presented as D, IC50 values and E, Area under the curve (AUC). #,
indicates IC50 values cannot be calculated at tested concentrations due to minimal effects. Quantitative

data presented as mean + SD.

Figure 6. EREG ADC safety assessment and antitumor efficacy in CRC cell line and patient-derived
xenograft models. Immunocompetent C57BL/6 mice were treated with 3 weekly 5 mg/kg doses of H231
mAb, cADC, or H231 EGC-DuoDM gluc ADC as indicated, or PBS vehicle. Blood was drawn and mice were
euthanized 2 weeks after 3rd dose. A, Bodyweight measurements of C57BL/6 mice (n=3, vehicle; n=4 for
all other groups). B, White blood cell (WBC) counts. C, Alanine aminotransferase (ALT) and D, aspartate
aminotransferase (AST) liver enzyme analysis and E, kidney creatinine in serum. F, Antitumor efficacy of
EREG ADCs (5 mg/kg) in LoVo nu/nu xenografts (n=9, vehicle; n=5 for all other groups). G, Kaplan-Meier
survival plot and log-rank test for LoVo xenograft study in F. Vehicle and cADC showed similar survival.
H, Antitumor efficacy of EREG ADCs (5mg/kg) as indicated in DLD-1 nu/nu xenografts (n=6, vehicle and
H231 EGC-gDuoDM; n=5, cADC and H231 EGC-qDuoDM gluc). I, Kaplan—Meier survival plot and log-rank
test for DLD-1 xenograft study in H. (J-M) Antitumor efficacy in patient-derived tumor xenograft (PDX)
models. All treatments dosed at 5mg/kg. J, XST-GI-010 individual animals (n=13, vehicle; n=5, cADC and
H231 EGC-cDuoDM; n=7, H231 EGC-qDuoDM) and K, average tumor volume at day 23. L, CRC-001

individual animals (n=5, vehicle; n=6, H231 EGC-qDuoDM) and M, average tumor volume at Day 27. N,
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Antitumor efficacy of higher dose H231 EGC-qDuoDM gluc compared to cetuximab and control
treatment arms in DLD-1 nu/nu xenografts as indicated (n=5/group). All groups were treated with two
weekly doses of 10 mg/kg. O, Kaplan—Meier survival plot and log-rank test for DLD-1 xenograft study in
N. Statistical analysis performed using Student’s unpaired two-tailed t test for two groups or one-way
analysis of variance (ANOVA) and Dunnett’s multiple comparison test. Quantitative data presented as

mean * SD. *P< 0.05, **P< 0.01, ***P< 0.001.
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