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Targeting RON receptor tyrosine kinase
for treatment of advanced solid cancers:
antibody-drug conjugates as lead drug
candidates for clinical trials
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Abstract: The recepteur d’origine nantais (RON) receptor tyrosine kinase, belonging to the
mesenchymal-to-epithelial transition proto-oncogene family, has been implicated in the
pathogenesis of cancers derived from the colon, lung, breast, and pancreas. These findings
lay the foundation for targeting RON for cancer treatment. However, development of RON-
targeted therapeutics has not gained sufficient attention for the last decade. Although
therapeutic monoclonal antibodies (TMABs) targeting RON have been validated in preclinical
studies, results from clinical trials have met with limited success. This outcome diminishes
pharmaceutical enthusiasm for further development of RON-targeted therapeutics. Recently,
antibody-drug conjugates (ADCs) targeting RON have drawn special attention owing to their
increased therapeutic activity. The rationale for developing anti-RON ADCs is based on the
observation that cancer cells are not sufficiently addicted to RON signaling for survival. Thus,
TMAB-mediated inhibition of RON signaling is ineffective for clinical application. In contrast,
anti-RON ADCs combine a target-specific antibody with potent cytotoxins for cancer cell
killing. This approach not only overcomes the shortcomings in TMAB-targeted therapies but
also holds the promise for advancing anti-RON ADCs into clinical trials. In this review, we
discuss the latest advancements in the development of anti-RON ADCs for targeted cancer
therapy including drug conjugation profile, pharmacokinetic properties, cytotoxic effect

in vitro, efficacy in tumor models, and toxicological activities in primates.
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Introduction

For the last 25years, the role of recepteur d’origine
nantais (RON) in tumorigenesis has been studied
extensively in various cancer model systems.!? As
a receptor tyrosine kinase belonging to the mesen-
chymal-to-epithelial transition (MET) receptor
proto-oncogene family,>> RON is actively involved
in various aspects of tumorigenesis including
tumor progression, cellular invasiveness, chem-
oresistance, and cancer stemness.’»? Clinically,
aberrant RON expression, featured by overex-
pression of the receptor and generation of active

splicing variants, exists in various types of can-
cer.!,2:6-13 Increased RON expression also has the
prognostic value for disease progression and
patient survival.!41° These findings not only vali-
date the significance of RON in clinical oncology,
but also provide the rationale to develop RON-
targeted therapeutics for cancer therapy. Here,
we focus our attention on the latest information
about aberrant RON expression in tumorigenesis
and the progression in development of anti-RON
antibody—drug conjugates (ADCs) for potential
cancer treatment.
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Aberrant RON expression and signaling in

cancer pathogenesis

Expression of RON exists at relatively low levels
in various types of normal epithelial cells includ-
ing those from the colon, lung, and breast, but is
not present in cells from mesenchymal origin.!-2
Functional studies using cancer cell lines and
immunohistochemical (IHC) staining of tumor
specimens confirm that aberrant RON expression
and signaling are associated with cancer patho-
genesis.!»2 In this sense, RON is a tumor-associ-
ated antigen. Aberrant RON expression is mainly
featured by overexpression of the receptor and
generation of active isoforms.!?2 Genetic altera-
tions, such as point mutations and amplifications
of the RON gene, are rarely observed. Over-
expression of RON in cancerous tissues, but not
in normal or benign cells, was first reported in
breast cancer. Since then, increased RON
expression has been documented in various types
of cancer including those from colorectal, lung,
breast, pancreatic, and others.5-13 A systematic
analysis using tumor tissue microarrays demon-
strates that RON overexpression at the rate of
30% and above occurs in tumors including colo-
rectal, breast, and pancreatic cancers.® Recently,
increased RON expression has also been docu-
mented in bladder and prostate cancers.!2-15
These findings help identify tumors for focused
analysis of RON pathogenesis. In breast cancer,
RON is known to be expressed in more than 80%
of samples with overexpression in ~36% of
cases.%%10 A recent study of primary triple nega-
tive breast cancer (TNBC) samples further dem-
onstrates that RON is widely expressed in ~75%
of samples with overexpression in 45% of cases.?°
These findings mark aberrant RON expression as
a pathogenic feature of breast cancer. Increased
RON expression also is associated with the pro-
duction of oncogenic RON isoforms such as
RONA160, a variant with the deletion of 109
amino acids coded by exons 5 and 6 in the RON
B-chain extracellular sequence.l:!1:21-2¢  The
majority of RON isoforms are mRNA splicing
variants with deletions in certain exons.l:11,21-24
The frequency of RON variants detected in pri-
mary cancer samples and cell lines is relatively
high with positive samples ranging from 40% to
60% of cases.!»?3:24 In pancreatic cancer, the exist-
ence of different RON variants including the one
with partial 5 and partial 6 exon splicing (desig-
nated as P5P6) is a pathogenic feature.23:24 In this
sense, a splicing RON transcript profile for pan-
creatic cancer can be created.?>?* At the tran-
scription level, hypermethylation in the RON

gene promoter appears as a mechanism for altered
mRNA splicing.?* Heterogeneous nuclear ribo-
nucleoprotein Al (hnRNP-A1), a nuclear splic-
ing regulator that controls mRNA synthesis,
splicing, and translation,?> has been shown to
regulate alternative RON mRNA splicing.2®
Thus, aberrant RON expression manifested at
transcriptional and translational levels serves as a
common pathogenic event for various types of
cancer.

The roles of RON in regulating cancer cell inva-
siveness have been established.!:2 Multiple signal-
ing mechanisms upon RON activation appear to
be involved in this process.!2 In the case of pan-
creatic cancer, aberrant RON expression and
signaling play a critical role in regulating cancer
cells growth, invasiveness, and chemoresist-
ance.”23:2426-29 Srudies using a mouse model of
K-RAS-driven pancreatic cancer further demon-
strate that RON overexpression not only increases
acinar-ductal metaplasia formation but also accel-
erates the progression of pancreatic intraepithelial
neoplasia towards adenocarcinomas.?’ In breast
cancer, RON activates several signaling pathways
critical for proliferation, invasiveness, and stemn
€ss.26:30-36 In the case of breast cancer, aberrant
RON signaling activates the cellular Abelson
murine leukemia viral oncogene homolog (c-Abl),
which leads to phosphorylation of proliferating
cell nuclear antigen,?¢ a protein responsible for
maintaining cellular growth machinery.3? In addi-
tion, RON signaling regulates breast cancer cell
invasiveness through activation of DEK,3* a non-
histone nuclear phosphoprotein that binds to
DNA and induces positive supercoils into closed
circular DNA.3® This effect appears to be chan-
neled through an autocrine/paracrine canonical f3
catenin signaling loop,3* which plays a role in
breast cancer stemness.?!:3° Clinical studies indi-
cate that aberrant RON signaling in collaboration
with the DEK activity correlates with breast can-
cer recurrence and metastasis.3* Moreover, by
reprogramming DNA methylation at specific tar-
get genes, aberrant RON signaling enhances
breast cancer cell invasive growth and metastasis
as evident in tumor xenograft models.3> This
intriguing effect appears to be a result from RON-
mediated phosphatidylinositol 3 kinase (PI3K)-
dependent upregulation of the methyl-CpG
binding domain protein 4 (MBD4),%0 a thymine
DNA glycosylase.4® Analysis of clinical data sup-
ports this notion, which demonstrates that the
RON-MBD4 epigenetic pathway is associated
with poor prognosis for breast cancer patients.0
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In addition, the high-throughput proteomic
analysis finds RON as a regulator for mamma-
lian target of rapamycin complex 1 (mTORC1)/
ribosomal protein S6 kinase B-1 (p70S6k),*° a
downstream signaling protein complex of the
PI-3 kinase pathway.*! Suppression of mTORCI1
by small molecule kinase inhibitors (SMKIs) is
able to attenuate RON-dependent breast cancer
cell metastasis in animal models.?® Thus, aber-
rant RON expression and signaling serve as the
tumorigenic determinant in these cancer cells.

Progression in development of RON-targeted
biotherapeutics

The concept of using anti-RON therapeutic mon-
oclonal antibodies (TMABS) for cancer treatment
emerged in the middle 2000s.4? Since then, anti-
RON TMABs including IMC-41A10, narna-
tumab (also known as IMC-RONRS), Zt/f2, Zt/g4,
and others have been reported for their anti-tumor
activities (Table 1).4247 A recent study reported
two anti-RON TMABs, namely 6E6 and 7GS,
with variable therapeutic activities in mice mod-
els.*® As a single agent, anti-RON TMABs are able
to delay tumor growth initiated by multiple cancer
cell lines from different tissues.?>-48 Different activ-
ities such as attenuation of RON signaling and
stimulation of immune functions have been sug-
gested as the mechanism of action.*34 In addi-
tion, anti-RON TMABs have been reported in
combination with chemotherapeutics to achieve a
synergistic effect.4> However, the major issue asso-
ciated with anti-RON TMAB:s is the limited anti-
tumor activity. As evident from various i vivo
studies, anti-RON TMABs only partially inhibit
tumor growth.*2-48 Complete inhibition by a single
anti-RON TMAB has not been reported. In light
of these facts, a concern has surfaced regarding the
feasibility of anti-RON TMABs for clinical appli-
cation. Indeed, the clinical phase I trials of narna-
tumab in patients with advanced solid tumors
show limited activity within the dosing regimen,*3
leading to the discontinuation of the clinical tri-
als.*® Considering the fact that the majority of can-
cer cells are not addicted to RON signaling for
survival, the outcome from this clinical trial is not
surprising. In this sense, strategies aimed to maxi-
mize the therapeutic activity of anti-RON TMABs
need to be further explored.

We are the first to use RON as a target moiety for
drug delivery.*® Results from proof-of-concept stud-
ies using anti-RON immunoliposomes confirm the
effectiveness of this approach.*>51:52 Since then,

the advancement in ADC technology makes anti-
RON ADC:s a practical and applicable reality.>3-5>
Several features render RON a valuable target for
ADC development. First, RON is preferentially
expressed in a group of cancers but minimal in
their corresponding normal cells.5!! In addition,
RON is not expressed in fibroblasts, endothelial
cells, or blood cells that originate from the meso-
derm.®!! Such an expression pattern is critical for
achieving the maximal therapeutic delivery with
manageable safety profiles. Second, the selected
anti-RON MABs rapidly induce cell surface RON
internalization upon binding to cancer cells.45:51:52
It appears that MABs that interact with the
unique RON extracellular domain and cause
transient RON phosphorylation are the key for
efficient receptor endocytosis. Third, levels of
RON expression correlate with the number of
drug molecules delivered to the cell, which helps
to predict the antibody-directed cytotoxic activ-
ity. 455152 Considering these facts, it is believed
that development of RON-targeted ADCs is a
promising strategy for treatment of cancers over-
expressing RON. This approach should also
overcome the shortcomings associated with
SMKI- and TMAB-targeted cancer therapy that
rely on RON signaling addiction by cancer cells
for survival. Fourth, cancer cells with different
phenotypes such as hypoxia, stemness, and chem-
oresistance, are susceptible to anti-RON MAB-
directed drug delivery.45:51,52

Anti-RON ADCs with superior anti-cancer

activity

ADCs are a combination of a target-specific anti-
body, highly potent compound, versatile chemical
linker, and controlled drug payload.>3-35> Design
and generation of lead candidate ADCs require
innovative considerations for selection of a target-
specific antibody, suitable chemical linker, and
cytotoxic payloads. Various articles that review the
latest advances and different aspects of ADCs are
available.’*38 Currently, two lead candidate
MABSs, namely Zt/g4 and PCM5B14, have been
selected for development of RON-targeted ADCs,
resulting in Zt/g4-based ADCs (Zt/g4-matensi-
noid derivative 1 (DM1) and Zt/g4-monomethyal
auristatin E (MMAE) and PCM5B14-based
ADCs (PCM5B14-MMAE and PCM5B14-
duocarmycin (DCM; Figure 1).20:50,59-63 The
mechanisms underlying the action of anti-RON
ADCs are shown in Figure 2. The following is a
summary of pharmacological and therapeutic fea-
tures of anti-RON ADC:s.
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Figure 1. Schematic representation of anti-RON ADCs conjugated with MMAE and DCM. Anti-RON mAbs Zt/g4
and PCM5B14 are selected as lead candidates for drug conjugation. Zt/g4 14 is conjugated with MMAE linked

to the synthetic dipeptide linker Mc-Val-Cit-PABC to generate Zt/g4-MMAE. PCM5B14 is conjugated with DCM
linked to the synthetic dipeptide linker MA-PEG4-VC-PAB-DMEA to generate PCM5B14-DCM. The conjugation

is aimed to reach the drug to antibody ratio of 4:1.

Criteria for selection of anti-RON MABs for ADC
development

Selection of Zt/g4 and PCM5B14 is based on the
following. (a) Both MABs are specific to RON
with the binding affinities in the range of 0.47 pg/
ml for Zt/g4 and 0.35ug/ml for PCM5B14,
respectively. Both MABs also are specific to
monkey RON with no cross-reactivity to MET,
plasminogen, or other proteins with similar
domains.>%:%1 Humanization of both MABs in the
IgG1 backbone retains all these features.>%:6! (b)
Both MABs bind to their distinct epitopes on the
RON extracellular domain without overlapping
to the ligand macrophage-stimulating protein
(MSP)-binding site.>%5° Zt/g4 specifically recog-
nizes the RON semaphorin (SEMA) domain,®®
whereas PCM5B14 interacts with the RON (-
chain plexin-semaphorin-integrin (PSI) domain.5°
The binding of both MABs results in transient
RON phosphorylation,>%5° a process critical for
induction of cell surface RON internalization by

various types of cancer cells.’»2 (c) Both MABs
induce a robust cell surface RON internaliza-
tion.20:50,59-63 The average internalization efficacy
(IEs,) from more than 20 cancer cell lines is~15h
for Zt/gd and ~9h for PCM5BI14, respectiv
ely.20,50,59-63 These features ensure the delivery of
a sufficient amount of drug molecules for cell
cytotoxicity. (d) Both MABs have been conju-
gated with drugs including DMI1, MMAE,
MMAF, and DCM with proper conjugation pro-
files and stability in serum.2%50,59-63 Thus, Zt/g4
and PCM5B14 meet the criteria required for
ADC development.

Functional domains in ADC-induced RON
internalization for drug delivery

Internalization of the cell surface receptor upon the
MAB binding serves as the first step for payload
delivery to achieve cancer cell killing. There is evi-
dence indicating that certain domains in the RON
extracellular sequence regulate this process.?%5° The
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Anti-RON
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ADCs

Cytotoxic drugs
& Linker
Cancer cell
death

Anti-RON ADCs binding
to cancer cells

Internalization
of ADCs

Drug release
& action
Bystander
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Figure 2. Schematic representation of generation of anti-RON ADC and its mechanism of action in killing
cancer cells. Anti-RON MABs such as Zt/g4 and PCM5B14 are conjugated with cytotoxic drugs including MMAE
and DCM through the thioether linkers and protease-sensitive linker, respectively, to form anti-RON ADCs
with a drug to antibody ratio (DAR) of 3~4 to 1. Anti-RON ADCs bind to RON expressed by cancer cells, which
leads to internalization of ADCs into the intracellular compartments. Intracellular cleavage of the linker by
lysosomal enzymes results in the release of cytotoxic drugs, which either blocks tubulin polymerization or
inhibits DNA synthesis leading to cancer cell death (direct killing effect). Dissociated free drugs also diffuse
into neighboring cancer cells causing apoptosis (bystander killing effect).

RON f-chain extracellular sequence is composed of
the SEMA domain followed by the PSI domain and
three immunoglobulin-like plexin and transcription
(IPTs) motifs.> The SEMA domain possesses a
high-affinity MSP-binding pocket, which, upon
ligand interaction, causes RON dimerization for
signaling transduction.%%% The PSI domain acts as
a wedge between the SEMA domain and IPT
motifs and facilitates the formation of an interface
through the SEMA domain by a RON homodi-
mer.%%5 In this sense, the PSI domain is responsible
for the correct positioning of the ligand pocket for
MSP binding. Evidence from studying cell surface
MET internalization by cancer cells supports this
notion.%°

Various approaches have been applied to acceler-
ate receptor internalization for payload deliv-
ery.67-70 The intention appears to believe that an

acceleration in the MAB-induced receptor inter-
nalization will result in a rapid delivery of payloads
leading to an enhancement in ADC-mediated
cytotoxicity. To improve RON-mediated drug
delivery, a panel of anti-RON MABs specific to
SEMA, PSI, and IPTs, respectively, have been
studied for their activities in induction of RON
internalization.>%5° It appears that PCM5B14
binding to the RON PSI domain is most effective
in induction of RON internalization with an IE,,
of ~0h.5% In contrast, the average IE,, for Zt/g4 is
~15h.93 The effect of Zt/c1, which recognizes the
IPT motifs, appears to be weak with an average
IE;, at ~20h.5° These results confirm that MABs
binding to different regions in the RON extracel-
lular sequences have a profound impact on RON
internalization. PCM5B14 binding to the RON
PSI domain is superior over other anti-RON
MABES in induction of RON internalization.
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By rapid induction of RON  internalization,
PCM5B14-based ADCs display cellular cytotox-
icity in a relatively early stage when compared
with that of Zt/g4, which has a moderate inter-
nalization efficacy.5%%3 Cell cycle changes and
reduction of cell viability mediated by PCM5B14-
based ADCs occur as early as 3h after initiation
of experiments.>? In contrast, significant changes
in cell cycle and in cell viability reduction are
observed around 12h after treatment with Zt/
g4-based ADCs.2055059-63 To our surprise, an
increase in induction of RON internalization does
not translate into an enhancement in ADC cyto-
toxicity.’® The IC,, values in vitro between Zt/g4-
and PCM5B14-based ADCs are at comparable
level without statistical differences.>®%3 Studies
from ADC-treated tumor xenografts also suggest
that the efficacies of Zt/g4- and PCM5B14-based
ADQC:s, as judged by the rate of tumor inhibition
and eradication, are at similar levels.>%93 Thus,
the outcomes from using antibodies with different
capabilities in induction of RON internalization
have no difference. Nevertheless, the effect of
PCM5B14-mediated robust RON internalization
occurs rapidly at early stages,>® which may have
pharmacological advances in controlling cancer
cell growth and survival.

Cell surface RON density in correlation with
anti-RON ADC efficacy

Various factors such as cellular drug sensitivity,
the receptor internalization process, and levels of
RON expression affect the anti-cancer efficacy of
anti-RON ADCs. THC staining and flow cyto-
metric analysis indicate that RON is differentially
expressed at variable levels in different types of
cancer cells.6-9:20:50,59-63 For example, RON is
wildly expressed in ~75% of TNBC samples by
THC analysis.2® However, overexpression occurs
only in 45% of cases.?? Similarly, RON expres-
sion by different cancer cell lines has been shown
to vary significantly, ranging from less than 100 to
more than 70,000 cell surface RON molecules
per cell.20:50,59-63 This expression pattern led to a
question of what levels of RON expression is suf-
ficient for anti-RON ADCs to exert a significant
activity. To address this issue, a model using vari-
ous types of cancer cell lines with different levels
of RON expression in conjunction with cytotoxic
efficacy of anti-RON ADCs was applied.20,50,59-63
The amount of anti-RON ADCs needed to
achieve an IC,, value were used as the effective
dose to determine the required receptor number
to reach the ECys significance.?0:50:59-63 Although
sensitivities of individual cell lines to ADCs were

different, the patterns of their responsiveness to
Zt/g4- and PCM5B14-based ADCs were highly
similar.2050:59-63 A decrease in the levels of RON
expression proportionally correlates with the
diminished efficacy of anti-RON ADCs. In con-
clusion, a minimal of 8000 RON receptors per
cell is required for anti-RON ADCs to achieve a
95% reduction in cancer cell viability,20,50,59-63
These findings have important clinical implica-
tion, which implies that a particular level of RON
expression is required for anti-RON ADCs to
achieve significant therapeutic activity. In other
words, the level of RON expression by cancer
cells is a critical criterion for selecting suitable
cancers for the use of anti-RON ADC:s.

Stability, pharmacokinetic profiles, and
toxicological activities of anti-RON ADCs

All anti-RON ADCs described here are produced
either through thioether linkers (non-cleavable)
to generate DM1-based ADCs or through pro-
tease-sensitive dipeptide linkers (cleavable) to
form MMAE-based ADCs.20:50:59-63 The formed
ADCs, in general, have a DAR of ~ 3.7. Both
MMAE- and DMl1-based ADCs are stable in
phosphate buffered saline for 30days with less
than 7% of changes in the DARs as analyzed by
hydrophobic interaction chromatography.50,59-63
They also are stable in human plasma at 37°C for
up to 28 days with only ~3.5% MMAE and ~4.0%
DMI dissociated from the antibody.>¢-%! Studies
from cynomolgus monkeys also confirm the sta-
bility of anti-RON ADCs.%° In case of Zt/
g4-MMAE, the maximal levels of free MMAE
detected by the liquid chromatography tandem
mass spectrometry method peaked around 3h
after ADC injection. The calculated free MMAE
was equivalent to ~0.058% of total MMAE con-
jugated to Zt/g4.%3 This decomposition ratio was
steadily maintained during the period of the
study, suggesting that anti-RON ADCs are stable
n v1v0.53

The pharmacokinetic (PK) profiles of Zt/
g4-MMAE in both mice and cynomolgus monkeys
are similar in many aspects and fit the two-com-
partment model.®3 Zt/g4-MMAE has an average
mean plasma clearance of 0.12ml/day/kg, a t%2 of
6.54 days, and a mean residential time of 7.40 days
in the cynomolgus monkey.®> These values were
similar to those found in the mouse study.®® To
study the impact of RON-positive tumors on the
PK dynamics, Zt/g4-MMAE was administrated in
three doses and evaluated in tumor-bearing and
nonbearing mice. Since Zt/g4 does not recognize
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mouse RON, the goals were to determine: (a) any
alterations of the Zt/gd-MMAE PK profile in
tumor-bearing mice and (b) RON-independent
behavior of Zt/gd-MMAE in tumor-nonbearing
mice. The obtained results show that the PK of Zt/
g4-MMAE, even at the different doses, is in a two-
compartment model from both tumor-bearing and
nonbearing mice. Overall, the calculated data from
tumor-bearing mice overlapped with those from
the tumor-nonbearing mice with 95% prediction
intervals.®%:63 It is concluded that there is no differ-
ences in the PK parameters of Zt/gd-MMAE
between tumor-bearing and nonbearing mice. In
other words, tumor growth does not affect the
dynamics of Zt/g4-MMAE. Moreover, RON
expression by tumor cells has no impact on Zt/
g4-MMAE disposition # vivo.

Toxicological activities of anti-RON ADCs have
been studied in both mice and cynomolgus mon-
keys.30:59:63 At therapeutic doses up to 20 mg/kg in
a Q12 X2 schedule in mice, anti-RON ADCs
have been shown to be safe without visible abnor-
malities or bodyweight reduction.>%:5%63 The
maximum tolerated dose for both MMAE- and
DCM-based ADCs has been determined as
60 mg/kg as judged by animal daily activity, food
consumption, and bodyweight.5%%3 In the mon-
key toxicological study, Zt/gd-MMAE was evalu-
ated in a single injection at 10 or 30 mg/kg.®> No
evidence-based abnormalities were documented,
judged by various parameters including daily
activity, bodyweight, body temperature, food
consumption, heart rate, breathing, vision, and
urination. In addition, analysis of electrocardio-
grams, urine samples, and histological changes of
multiple tissues at the end-point found no evi-
dence of tissue inflammation, cell death, struc-
tural alteration, hemorrhage, and other
pathological changes in all animals tested.®3
Nevertheless, adverse reactions in blood chemis-
try tests reflecting the hematopoietic system and
liver function were observed as evident by a mod-
erate increase and/or decrease in blood leuko-
cytes, or reticulocytes, and evaluation of a panel
of liver enzymatic activities. These effects were
observed in a dose-dependent manner, reversible,
and manageable. At the end of the study, all
changes were restored to the baseline.®3 The toxic
effect of anti-RON ADCs on reproductive tissues
has not been examined. In reviewing literature
related to ADC toxicity, we noticed that toxico-
logical profiles of Zt/g4-MMAE are highly similar
to those of ADCs approved by the US Food and
Drug Administration (FDA) or currently under

clinical trials.”! Specifically, toxicities of ADCs
conjugated with MMAE all have a similar profile
affecting the hematopoietic system, liver, and
reproductive organs regardless of their reactivity
to target antigens.’! In case of five ADCs conju-
gated with MMAE tested in cynomolgus mon-
keys, prominent organ toxicities have been
observed mainly in the hematopoietic system,
liver, and reproductive organs.”! The toxic effect
of DCM-based anti-RON ADCs appears to be
severe in cynomolgus monkeys (our unpublished
data). Zt/g4-DCM at a single injection of 30 mg/
kg leads to death of the animal (our unpublished
data). In light of these facts, it is reasoned that Zt/
g4-MMAE generated through classical drug-link-
age technology is relatively safe when used at the
therapeutic dose. Furthermore, these data should
help design a phase I clinical trial for Zt/
g4-MMAE.

Cytotoxic effect of anti-RON ADCs in vitro

The cytotoxic effect is defined as the action of a
drug that leads to disruption of cell cycle, inhibi-
tion of cellular proliferation, and cell apoptotic
death. Up to now, four highly potent cytotoxic
compounds with different mechanisms of action,
including DM1, MMAE, MMAF, and DCM
have been conjugated to generate Zt/g4- and
PCM5B14-based ADCs.20,:50,59-63 DM1, MMAE
and MMAF belong to a group of antimitotic
agents that inhibit cell division by blocking polym-
erization of tubulins.>-¢3 In contrast, DCM acts
as a DNA minor groove alkylating agent, which
damages nucleic architecture leading to cancer
cell death.5® Conjugation of Zt/gd with pyr-
rolobenzodiazepine (PBD) to generate Zt/
g4-PBD has also been achieved (our unpublished
data). Judging from a pharmaceutical standard,
anti-RON ADCs conjugated with MMAE or
DCM as the payload fulfill criteria for further
development. Activities of anti-RON ADCs con-
jugated with DM1 or MMAF are relatively
weak.30:56:63 An interesting observation is from the
study that evaluated Zt/g4-PBD cytotoxicity
vitro. PBD has been used as a cytotoxic drug pay-
load for ADC development.’%73 We generated Zt/
g4-PBD according to a previously described
method, which has been used for the develop-
ment of anti-MET ADC TRI1801-ADC."?
TR1801-ADC is currently under clinical trials
(ClinicalTrials.gov identifier: NCT03859752).
Unexpectedly, Zt/g4-PBD behaves significantly
different from other anti-RON ADCs in terms of
cytotoxic activity iz vitro. Specifically, Zt/g4-PBD
kills cancer cells in a RON-independent manner
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(our unpublished data). Surprisingly, biochemi-
cal and biological analysis find no obvious defects
in terms of drug conjugation or alterations in anti-
gen-binding specificity after conjugation. The
underlying mechanism is currently unknown.
Since PBD is extremely toxic in comparison with
DM1, MMAE, and DCM7273 and the MET
expression is often at high levels by cancer cells,”2
we suspect that cancer cells with relatively low
levels of RON expression may not serve as suita-
ble targets for PBD-based ADCs. More studies
are needed to determine the underlying mecha-
nism associated cell cytotoxicity mediated by Zt/
g4-PBD.

Cytotoxic effects of anti-RON ADCS i vitro
have been evaluated using a model of three groups
of cancer cells (Table 1). The regular cancer cell
group included more than 20 established cancer
cell lines, representing colorectal, lung, breast,
and pancreatic cancers. The use of these cell lines
was primarily based on their tissue origination,
malignant status, variable drug sensitivities, and
levels of RON expression.>%:59-63 Eight primary
cancer cell lines from patient-derived pancreatic
cancer samples (PDX) were chosen based on
their similarities to the original pancreatic cancer
cases.” Several populations of cancer stem cells
(CSCs) with CD44/CD24~ phenotypes or with
aldehyde dehydrogenase activity from TINBC cell
lines, and with CD44"/epithelium-specific anti-
gen* phenotypes from pancreatic cancer cell lines
were also used as the target cells for the ADC
study.2050.75 The objective was to determine
whether anti-RON ADCs are effective in killing
CSCs.

Both Zt/g4- and PCM5B14-based ADCs had a
profound effect on all three groups of cancer cells
based on changes in cell cycle, cell viability reduc-
tion, and massive cell death.20,50:59-63 Several fea-
tures are worth mentioning: First, the effectiveness
of ADCs is highly dependent on the levels of
RON expression by cancer cells.’%%3 In other
words, anti-RON ADC-mediated killing propor-
tionally correlates with levels of RON expression.
Nevertheless, a few exceptions exist. For instance,
Zt/g4-MMAE shows an IC,, of ~0.80ug for
HCC2185 cells expressing ~31,000 cell surface
RON molecules but only has an IC;, of ~1.50u
for HCC1937 cells, which express more than
70,000 cell surface RON molecules.?? Second,
the effect of PCM5B14-based ADCs appears
much earlier than that of Zt/g4-based ADCs.5°
PCM5B14-based ADCs at a therapeutic dose

causes more than 40% cell viability reduction
within a 24 h treatment. In contrast, Zt/g4-based
ADCs needs 48h to achieve the similar levels of
reduction.5%63 Third, although MMAE and
DCM have different mechanisms of action, the
outcomes as judged by IC;, values for cell viabil-
ity and cell death are at similar levels.5%3 In anal-
ysis of ~20 cancer cell lines with RON expression
from 8000 to 70,000 molecules per cell, the aver-
age IC,, value from the PCM5B14-MMAE
treated group is ~3.0ug/ml, which is similar to
that (~2.9ug/ml) from the PCM5B14-DCM
treated group.3%%3 Fourth, there are differences in
drug sensitivity among cancer cell lines in
response to anti-RON ADCs. Notably, breast
cancer cells, including TNBC cell lines, appear to
be more sensitive than colorectal, lung, and pan-
creatic cancer cell lines in response to anti-RON
ADC:s. The average IC;, value from four TNBC
cell lines is ~1.2ug/ml, which is statistically sig-
nificant in comparison with those from other cell
groups.20:50:59-63 The sensitivity among colorectal,
lung, and pancreatic cancer cell lines are very
similar.>%:59-63 Fifth, cells from primary cancer cell
lines display a similar ADC sensitivity pattern as
those from the regular cancer cell lines.®3> Among
eight cell lines tested, the average ICs, value is
~3.8 ug/ml, which is comparable with regular can-
cer cells treated with Zt/g4- and PCM5B14-based
ADCs.% Finally, anti-RON ADCs are highly
effective against CSCs derived from TNBC and
pancreatic cancer cells.20:5 Seven CSC popula-
tions have shown to respond well to anti-RON
ADCs with an average ICs, value at ~0.78 ug/ml,
which is relatively lower than those from parental
TNBC cell lines.2°

Inhibition and eradication of tumors by anti-RON
ADCs in vivo

Xenograft tumors from multiple sources have been
used as a model for validation of anti-RON ADC:s.
The obtained results are exciting (Table 2).

(a) Anti-RON ADCs are highly effective
against tumors mediated by 15 regular can-
cer cell lines (representing breast, colorec-
tal, lung, and pancreatic tumors), by 4
primary pancreatic cancer cell lines from
PDX, and by 5 CSC populations with
defined phenotypes.20:50:59-63 The broad
anti-cancer activity of anti-RON ADCs
highlights the usefulness of targeting RON-
expressing tumors from different sites.

(b) The efficacy of anti-RON ADCs has mani-
fested not only inhibition but also eradica-
tion of xenograft tumors regardless of their
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chemoresistance  or  metastatic  sta-
tus.20:50,59-63 In xenograft tumors that origi-
nated from three pancreatic cancer cell
lines, Zt/gd-MMAE mediated tumor
growth inhibition was reported in the range
of 95-99%.92 Moreover, four out of five
tumors were completely eradicated.®? This
effect has been further confirmed in other
studies using colorectal, lung, and breast
cancer cell lines as the model.20,50,56-63

(c)Both MMAE and DCM-based ADCs
appear to be equally effective as judged by
their efficacies i vivo. An interesting find-
ing is that the efficacy of DM 1-based ADCs
such as Zt/g4-DM1 is relatively weak in
comparison with that of MMAE- and
DCM-based ADCs.>*-%1 Among nine mod-
els of xenograft tumors tested, which are
mediated by colon, lung, pancreatic, and
breast cancer cell lines, Zt/g4-DMI1 has
been shown to significantly delay tumor
growth. Nevertheless, tumor eradication
has not been observed in all models
tested.59-¢! For this reason, Zt/gd-MMAE
is favored and selected as the lead
candidate.

(d)The effect of anti-RON ADCs is highly
RON specific owning to the antigen speci-
ficity of MABs. Tumor xenografts lacking
RON expression are not affected.20:50,59-63
A partial effect is seen in tumors expressing
low to moderate levels of RON expression
(500-5000 RON molecules per
cells).20,50,59-63 This is consistent with the
in virro findings showing that the minimal
RON expression at ~8000 is required for
ADCs to achieve maximal activity.20:50,59-63
As validated by Western blot analysis, RON
expression in residual tumor xenografts is
either not detected or at a trace level, sug-
gesting the elimination of RON-expressing
cancer cells after ADC treatment.>%:59-63 An
interesting observation is that MMAE-
based ADCs are effective in killing RON-
negative cancer cells through bystander
mechanisms.2° This could well explain that
MMAE-based ADCs but not DM1-based
ADCs are capable of eradicating tumor
xenografts.

(e) Analysis of the dose-time relationship
reveals that anti-RON ADCs have tumor
static concentrations (T'SCs) ranging from
1 to 3mg/kg for all tumor xenografts tes
ted.20,50:59-63 The TSCs are the minimal

doses that balance the tumor growth and
inhibition, which reflects the effectiveness
of an ADC i vivo.”! It is worth mentioning
that the TSCs of anti-RON ADCs are in
line with the doses of ADCs currently
approved by the FDA for clinical
application.”!

(f) Breast and pancreatic CSCs are highly sen-
sitive to anti-RON ADCs.?° Results from
both 2 vitro and i vive studies confirm that
anti-RON ADCs are effective i vitro in
killing CSCs.2050 In a recent study, tumor
xenografts mediated by TNBC-CSCs with
CD44"/CD24 phenotypes were completely
inhibited by anti-RON ADCs (Suthe ez al.,
manuscript submitted). Significantly, more
than 80% of tumor xenografts were eradi-
cated. These findings highlight the useful-
ness of anti-RON ADC:s for eradication of
TNBC CSCs for clinical benefits.

(g) The presence of residual tumors with mini-
mal RON expression after anti-RON ADC
treatment suggests a necessity in combina-
tion with other anti-cancer agents for com-
bating tumor recurrence. In this sense,
anti-RON ADCs in combination with
chemotherapeutics or immune-checkpoint
antibodies should be considered for future
application.

Conclusion

Aberrant RON expression is the pathological fea-
ture in various types of primary cancers and a
critical determinant in regulating the cancer cell
invasive phenotype. Preclinical studies have vali-
dated anti-RON ADCs with a significantly
improved therapeutic index. Considering their
superiority in inhibition and eradication of tumors
from multiple xenograft models with favorable
pharmacological profiles and manageable adverse
activities, both Zt/g4- and PCM5B14-based anti-
RON ADCs hold the promise as a novel modality
for cancer treatment in the future.
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