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PERK Inhibition by HC-5404 Sensitizes Renal Cell

Carcinoma Tumor Models to Antiangiogenic Tyrosine

Kinase Inhibitors

Check for
updates

Michael E. Stokes', Veronica Calvo', Sho Fujisawa', Crissy Dudgeon', Sharon Huang', Nupur Ballal',
Leyi Shen', Jennifer Gasparek?, Matthew Betzenhauser?, Simon J. Taylor®, Kirk A. Staschke®>,
Alan C. Rigby', Mark J. Mulvihill', Nandita Bose', Eric S. Lightcap', and David Surguladze'

Purpose: Tumors activate protein kinase R (PKR)-like endo-  multiple RCC models, resulting in tumor stasis or regression.
plasmic reticulum kinase (PERK, also called EIF2AK3) in response  Analysis of tumor sections revealed that HC-5404 enhanced the
to hypoxia and nutrient deprivation as a stress-mitigation strategy. ~ antiangiogenic effects of axitinib and lenvatinib by inhibiting
Here, we tested the hypothesis that inhibiting PERK with HC-5404  both new vasculature and mature tumor blood vessels. Xeno-
enhances the antitumor efficacy of standard-of-care VEGF receptor  grafts that progress on axitinib monotherapy remain sensitive
tyrosine kinase inhibitors (VEGFR-TKI). to the combination treatment, resulting in ~20% tumor regres-

Experimental Design: HC-5404 was characterized as a potent  sion in the combination group. When tested across a panel
and selective PERK inhibitor, with favorable in vivo properties.  of 18 RCC patient-derived xenograft (PDX) models, the com-
Multiple renal cell carcinoma (RCC) tumor models were then bination induced greater antitumor effects relative to mono-
cotreated with both HC-5404 and VEGFR-TKI in vivo, measuring  therapies. In this single animal study, nine out of 18 models
tumor volume across time and evaluating tumor response by responded with >50% tumor regression from baseline in the
protein analysis and IHC. combination group.

Results: VEGFR-TKI including axitinib, cabozantinib, lenvati- Conclusions: By disrupting an adaptive stress response evoked
nib, and sunitinib induce PERK activation in 786-O RCC xeno- by VEGFR-TKI, HC-5404 presents a clinical opportunity to
grafts. Cotreatment with HC-5404 inhibited PERK in tumors and  improve the antitumor effects of well-established standard-of-care
significantly increased antitumor effects of VEGFR-TKI across  therapies in RCC.

Introduction out the course of therapy, a patient may be sequentially treated with

Antiangiogenic agents form the backbone of standard of care for
advanced renal cell carcinoma (RCC), but their clinical impact is
limited by primary and secondary resistance mechanisms that remain
a critical problem (1, 2). Multitargeted tyrosine kinase inhibitors that
block VEGFR (VEGFR-TKI) have had success in RCC, leading to
initial approvals of sunitinib and sorafenib as first-line therapies in
2005 and 2006, respectively (3, 4). Since then, second-generation
VEGFR-TKI have been developed and approved in advanced RCC,
including axitinib (5, 6), lenvatinib (7, 8), cabozantinib (9, 10), and
tivozanib (11), among others. These second-generation VEGFR-TKI
have improved selectivity and efficacy over sorafenib and sunitinib, but
for most patients, their benefits are short-lived as tumors develop
evasive strategies to overcome the effects of VEGFR-TKI (2). Through-
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multiple VEGFR-TKI as tumors develop resistance to specific agents,
resulting in multiple lines of therapy centered around the VEGF/-
VEGER axis (12, 13).

By disrupting tumor vascular development, antiangiogenic
VEGFR-TKI promote hypoxia and nutrient deprivation that drives
endoplasmic reticulum (ER) stress (10, 14). Tumors can evade dele-
terious ER stress through activation of the PERK branch of the
integrated stress response (ISR; refs. 15, 16). Under hypoxic condi-
tions, the accumulation of misfolded proteins in the ER lumen results
in the dimerization and transautophosphorylation of PERK, which
subsequently phosphorylates eIF20.(Ser51) to attenuate global protein
synthesis while enabling selective translation of proteins that restore
homeostasis (17). One such factor is ATF4, a transcription factor that
drives the expression of genes involved in antioxidant response and
amino acid metabolism and transport, which are meant to promote cell
survival during bouts of intermittent ER stress (15, 17, 18). Thus, PERK
activation supports tumor cell survival by mitigating the inhibitory
effects of hypoxia through the decreased rates of protein synthesis that
alleviate ER stress.

In addition to mitigating stress, PERK directly supports vascular
development in response to hypoxia or nutrient deprivation (19, 20).
In vitro, the induction of ER stress by glucose deprivation results in
PERK-dependent expression and secretion of the proangiogenic fac-
tors VEGF, FGF-2, and IL6, which are sufficient to induce vascular
sprouting in endothelial cells (19). In vivo, knocking down PERK using
short-hairpin RNAs in the squamous carcinoma head and neck model
UM-SCC-74B significantly inhibited tumor volume and resulted in
tumors with decreased blood vessel density (19). PERK is also involved
in vascular responses to antiangiogenics: prolonged sunitinib
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Translational Relevance

The PERK inhibitor HC-5404 is currently undergoing first-
in-human clinical evaluation for safety and tolerability in a
phase I solid tumor clinical trial. The studies presented herein
support a rationale for combining HC-5404 with standard-of-
care VEGFR-TKI in patients with RCC. HC-5404 enhanced
sensitivity to all VEGFR-TKI tested across a diverse collection
of RCC tumor models and demonstrated vascular effects distinct
from those achieved with VEGFR-TKI alone, highlighting mul-
tiple clinical opportunities to improve patient outcomes. RCC
tumors often develop resistance to VEGFR-TKI, limiting their
clinical utility and necessitating new combination partners that
inhibit the adaptive pathways tumors use to overcome targeted
therapies. As xenografts that progress on axitinib remain sen-
sitive to the combination treatment, it is likely that HC-5404 can
also benefit patients in the second- and third-line settings. This
novel therapeutic combination is an opportunity to improve
patient outcome in RCC and in additional indications for which
VEGFR-TKI are approved.

treatment drove PERK-dependent induction of proangiogenic cyto-
kines that supported secondary resistance to sunitinib (21). These
studies highlight a possible role for PERK in promoting angiogenic
cues that drive vascular development in response to hypoxia and ER
stress.

HC-5404 is a potent and selective PERK inhibitor currently in first-
in-human phase I clinical trials (NCT04834778). Here, we test the
hypothesis that PERK inhibition increases tumor response to anti-
angiogenic agents using HC-5404. We found that combining HC-5404
with multiple VEGFR-TKI provided a combination benefit that
enhanced the effects of each VEGFR-TKI, driving tumor regression
across diverse tumor models of RCC. HC-5404 enhanced the anti-
angiogenic effects of VEGFR-TKI, highlighting the role that PERK
plays in protecting vascular cells from antiangiogenic agents. Together,
these findings provide a clinical rationale for combining PERK inhi-
bitors with antiangiogenic therapies in RCC.

Materials and Methods

Chemistry
HC-5404 was synthesized and validated according to previously
established protocols (22).

Biochemical assays

The potency of HC-5404 against four ISR kinases was evaluated in
cell-free FRET-based biochemical assays, the methods of which are
described elsewhere (22, 23). Kinome specificity was evaluated using a
KINOMEScan biochemical panel assay (Eurofins Discovery; ref. 24).

Cell-based studies

HEK-293 cells (ATCC, CRL-1573; RRID:CVCL_0045) were plated
at 1 x 10° cells per well and pretreated with various doses of HC-5404 30
minutes prior to addition of 1 pmol/L tunicamycin (Sigma, T7765) to
induce ER stress. After 4 hours, cells were lysed in RIPA buffer
supplemented with protease and phosphatase inhibitors. Western
blotting of 30-Lg protein lysate occurred using the following antibodies:
p-PERK (T982, ref. 25) and ATF4 (Cell Signaling Technology, 1:1,000,
catalog No. 11815, RRID:AB_2616025). Blots were imaged on a LiCor
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imager and normalized to total protein (Revert 700, Licor, 926-110210).
Normalized band intensities were plotted as percent inhibition against a
10-point; threefold dilution series of HC-5404. ICs, values were cal-
culated using 4-parameter logistic fitting in XLFit (IDBS, v5.5.0).

Protein analysis

Frozen pancreata from treated mice were homogenized and
Western blotting was carried out with the following antibodies: phos-
pho-PERK-T980 (1:1,000; ref. 25); total PERK (1:1,000, Cell Signaling
Technology, catalog No. 3192, RRID:AB_2095847). Individual protein
bands were quantitated using Image Lab Software (Bio-Rad Labora-
tories, v6.0; RRID:SCR_008426). Western blot data were compared by
one-way ANOVA. Protein isolation and detection of pPERK and
PERK using SimpleWestern was described elsewhere (23). In brief,
protein detection was performed on the Jess SimpleWestern high-
throughput protein analysis platform (ProteinSimple) according
to the manufacturer’s protocol using a 12- to 230-kDa Separation
Module (ProteinSimple, SM-W004) and Total Protein Detection
Module (ProteinSimple, DM-TP01). The following antibodies were
used: p-PERK (Eli Lilly; 1:50), PERK (Cell Signaling Technology,
1:200, catalog No. 3192, RRID:AB_2095847), ASNS (ProteinTech,
1:200, catalog No. 14681-1-88; RRID:AB_2060119), CBS (ProteinTech,
1:100, catalog No. 14787-1-AP, RRID:AB_2070970), and CTH
(ProteinTech, 1:100, catalog No. 60234-1-Ig, RRID:AB_2881358).

IHC and image analysis

Formalin-fixed paraffin-embedded samples were sectioned at 5-im
thickness and mounted on Superfrost Plus microscope slides (Thermo
Fisher Scientific). IHC staining was performed on Bond Rx auto-
stainer (Leica Biosystems) using the conventional TSA-amplified
detection system. Primary antibodies used were as follows: 0.-CD31
(Abcam, catalog No. ab182981, RRID:AB_2920881), ci-smooth mus-
cle actin (SMA; Abcam, catalog No. ab124964, RRID:AB_11129103),
and o-Meca32 (Novus Biologicals, catalog No. NB100-77668, RRID:
AB_2276108). TSA-conjugated Alexa Fluor 488 and Alexa Fluor 647
fluorophores from Invitrogen (#B40953 and #B40958) were used at
1:500 dilution. Slides were counterstained with DAPI and coverslipped
using Mowiol antifade mounting media (Sigma, #D2522). Slides were
imaged with Aperio Versa 200 (Leica Biosystems) whole-slide scanner
using 10x/0.32NA objective, and the data were analyzed using custom-
written macros in ImageJ/FIJT (NIH; RRID:SCR_003070). Briefly,
150 pmol/L of the outer edges of the tumor sections were eliminated
from the analysis. Gaussian-blurred DAPI channel was used to
measure the area of the tissue. Scans of immunostaining were pro-
cessed with median filter to remove noise, then positive areas were
measured with appropriate threshold levels. The percentage of positive
area for each marker was calculated. CD31-SMA double-positive areas
were measured via image calculation of the binary images. One-way
ANOVA and pairwise comparisons were performed on the data using
Prism GraphPad.

Plasma protein binding

Equilibrium dialysis methods were used to determine the unbound
fraction in female nu/nu mouse plasma obtained from Pharmaron
Beijing Co. Ltd. Plasma samples spiked with 1 pmol/L HC-5404 or
PBS, pH7.4 were placed in separate wells of a 96-well equilibrium
dialysis plate (HTDialysis). The dialysis plate was placed in an
incubator at 37°C with 5% CO, at approximately 100 rpm for 6 hours.
After incubation, samples of plasma and buffer were matrix matched,
quenched with acetonitrile (containing analytical internal standards),
and centrifuged. Samples of the supernatant were analyzed for peak
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area ratio by ultraperformance liquid chromatography-mass spec-
trometry (UPLC/MS-MS). The unbound fraction was determined
using standard equations.

Pharmacokinetic bioanalysis in plasma and pancreas

PK/PD in vivo study was completed at MI Bioresearch (now part
of Covance). Six- to 8-week-old female nude mice (athymic nude-
Foxnl,,; Envigo) were subcutaneously injected with 1 x 10° T-HEP3-
PERK cells [PERK-overexpressing HEP3 human squamous cell car-
cinoma cell line provided by Julio Aguirre-Ghiso, Ph.D., professor
(Albert Einstein College of Medicine)]. Tumors were allowed to grow
to ~200 mm? before receiving a single oral gavage dose of HC-5404 at 3
to 100 mg/kg, along with a vehicle of 20% (w/v) Captisol in 25 mmol/L
NaH,PO, buffer, pH 2. Blood, pancreas, and tumor tissues were
collected at 1 to 24 hours postadministration (n = 6 per timepoint).
PK/PD was evaluated in pancreas for 3 to 100 mg/kg groups at 1 to
12 hours postdose and in tumors after 1 hour. PK analysis of serum and
pancreas was completed by Curia (formerly AMRI) and analyzed using
LC/MS. For preparation and extraction of pancreas tissue homoge-
nates, pancreas tissue samples were homogenized in Dulbecco’s PBS
(1:4 w/v) and Lysing Matrix D (MPBio, 116913050-CF) prior to
LC/MS analysis. PK analysis was completed using Phoenix WinNonlin
version 8.

Formulations and doses of compounds used in mouse studies

PERK inhibitor HC-5404 (lot No. 10000042C6) was manufactured at
Albany Research Center (now known as Curia). HC-5404 was prepared
in 20% (w/v) Captisol in 25 mmol/L NaPO, buffer, pH 2.0 as a solution
or 0.5% methylcellulose (400 cp) in reverse osmosis in water as a
suspension, depending on the study. Doses of HC-5404 used throughout
the study are 3 to 100 mg/kg, given orally twice-a-day (every 12 hours).
Sunitinib (Selleck, lot No. S778105) was solubilized in 5% DMSQ in corn
oil and used at a dose of 20 to 40 mg/kg, given orally once a day. Axitinib
(Selleck, lot No. $100517) was solubilized in 0.5% carboxymethylcellu-
lose (pH 2-3) and given twice-a-day (time interval of 8 hours) at
30 mg/kg by oral gavage. Lenvatinib (Selleck, lot No. S116402) was
solubilized in 0.5% methylcellulose and used at a dose of 10 mg/kg, given
orally once daily. Cabozantinib (Selleck, lot No. S111909) was dissolved
in 30% propylene glycol: 5% Tween 80: 65% ddH,O. and used at a dose
of 30 mg/kg daily by oral gavage. DC-101 (BioXcell, lot No. 778620A2)
was diluted to 1.5 mg/mL in PBS and administered at a dose of 15 mg/kg
given twice a week by intraperitoneal injection. Fresh treatment for-
mulations were prepared weekly throughout the duration of the study.

In vivo mouse tumor studies

Animal studies were conducted at Crown Bioscience, Charles River
Discovery Research Services, and Covance. All procedures were con-
ducted in compliance with the applicable laws, regulations, and guide-
lines of the NIH and with the approval of each of the institute’s Animal
Care and Use Committee. Female 6- to 8-week-old BALB/c nude mice
(GemPharmatech Co. Ltd.), NOD.SCID (Beijing Anikeeper Biotech
Co., Ltd.), and NMRI nude mice (Crl:-NMRI-Foxnlnu) were used for
in vivo studies. Animals were allowed to acclimate for 7 days upon
arrival in an animal facility. Mice were housed in a 12-hour light/dark
cycle facility under pathogen-free conditions with standard laboratory
chow and water ad libitum.

Cell lines and culture

Cell lines 786-O (RRID:CVCL_1051), Caki-1 (RRID:CVCL_0234),
A-498 (RRID: CVCL_1056), and Capan-2 (RRID:CVCL_0026) were
obtained from ATCC. 786-O cells were cultured in RPMI (Gibco) +
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10% FBS (Gibco) + 1% penicillin/streptomycin (Gibco), A-498 was
cultured in MEM (Gibco) + 0.01 mmol/L NEAA (Gibco) + 10% FBS
+ 1% penicillin/streptomycin. Caki-1 and Capan-2 cells were cultured
in McCoy’s 5A media (Gibco) + 10% FBS + 1% penicillin/strepto-
mycin. All cell lines were sent to a third party for STR authentication
and PCR-based mycoplasma testing (IDEXX BioAnalytics). All cell
lines are authenticated and confirmed negative for mycoplasma prior
to any experimentation or in vivo transplantation.

Xenograft models

786-0 cells (5 x 10° cells/mouse in 0.1 mL of PBS), A-498 (5 x
10° cells/mouse in 0.1 mL 1:1 PBS:Matrigel), Caki-1 (6 x 10° cells/mouse
in 0.1 mL of PBS), and Capan-2 (1 x 10’ cells/mouse in 0.1 mL 1:1 PBS:
Matrigel) were implanted subcutaneously into the flank of animals
for xenograft generation. Once average tumor volume reached 150
to 250 mm?, animals were randomized by tumor size into groups of
(8-10 animals) for treatment. After randomization, animals were
typically dosed with the vehicle, HC-5404-FU in 0.5% methylcellulose
(3, 10, or 30 mg/kg, orally, twice-a-day), Axitinib (15 or 30 mg/kg in
0.5% carboxymethylcellulose (pH 2-3, orally, twice-a-day), Lenvatinib
(5 or 10 mg/kg in 0.5% methylcellulose, orally, twice-a-day), Cabo-
zantinib (15, 30, or 60 mg/kg in 30% propylene glycol: 5% Tween 80:
65% ddH,O, orally once-a-day), sunitinib (20 or 40 mg/kg in 5%
DMSO in corn oil, orally once-a-day), or DC101 (15 mg/kg in PBS, i.p.,
twice a week).

Axitinib progression study

At the start of the study, 116 mice harboring 786-O xenografts (~200
mm?®) began treatment with axitinib as a single agent (30 mg/kg, orally,
twice-a-day). After 14 days of treatment, 77 mice bearing the largest
tumors were rerandomized into four PD arms (n = 8), four efficacy
arms (n = 10), and five tumors sampled on the day of rerandomization
as a baseline. The remaining animals were removed from study. The
four treatment groups were vehicle (0.5% methylcellulose), HC-5404
(30 mg/kg, orally, twice-a-day), axitinib (30 mg/kg, orally, twice-a-day),
or the combination thereof, which continued for 28 days.

RCC PDX models

PDX studies were completed by Charles River Discovery Research
Service. Fragments from 18 RCC PDX tumors were implanted sub-
cutaneously into the flank of 4- to 6-week-old female NMRI nu/nu
mice in the single mouse trial format (n = 1/group). Mice were
randomized when tumors reached a range of 80 to 200 mm?>. Mice
were treated with vehicle (0.5% methylcellulose), HC-5404 (30 mg/kg,
orally, twice-a-day), axitinib (30 mg/kg, orally, twice-a-day), or a
combination thereof for 28 days. Body weight and tumor volume
were measured twice weekly. Tumor volume was calculated using the
formula [tumor volume (mm®) = 7/6 x (length x width?)] and
plotted as means + SEM. Additional information on all PDX models
used in this study are publicly available on the Charles River Tumor
Model Compendium (http://compendium.criver.com).

The percentage of tumor growth inhibition was calculated at the end
of the study using the formula: 100 x [1 - (AT/AC)], if AT > 0, AT,
mean tumor volume of the drug-treated group on the observation day
of the study — mean tumor volume of the drug-treated group on initial
day of dosing; AC, mean tumor volume of the control group on the
observation day of the study — mean tumor volume of the control
group on initial day of dosing. Regression was calculated using the
formula = 100 X AT/T}pia1 if AT < 0. Animals with >50% regressions
were partial responders (PR). Animals with tumor volume of 0 (no
measurable tumor) were considered as complete responders (CR),
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and animals with less than 50% tumor regression and 30% growth
over the baseline were considered to have stable disease (SD).
Animals with tumors that increase by more than 30% over the
baseline were considered to have progressive disease (PD). The
percent change in body weight was calculated by the formula (body
weight on observation day - body weight on initial day)/body
weight on initial day x 100%.

Statistical analyses

To determine the significance of the in vivo data using statistical
methods, we compared the final tumor volumes of different groups.
Bartlett test was used to check the assumption of homogeneity of
variance across all groups. When the P value of Bartlett test is >0.05, we
ran one-way ANOVA to test overall equality of means across all groups
followed by Tukey and Dunnett. When the P value of Bartlett test was
<0.05, we ran Kruskal-Wallis test to test the overall equality of medians
among all groups. If the P value the Kruskal-Wallis test was <0.05, we
further perform post hoc testing by running Conover’s nonparametric
test for all pairwise comparisons or for comparing each treatment
group with the vehicle group, both with single-step P value adjustment.
All statistical analyses were performed using Prism software (Graph-
pad Prism, Version 9.5.1, RRID:SCR_002798). All tests were two-sided
unless otherwise specified, and P values of <0.05 were regarded as
statistically significant.

Data availability statement

Data generated in this study are available within the article and its
supplementary data files. All other data are available from the corre-
sponding author upon reasonable request.

Results

HC-5404 is a potent and selective PERK inhibitor

PERK is one of four closely related ISR kinases that phosphorylate
elF20. in response to cellular stress (26). Both tumorigenesis and
treatment with many anticancer agents have been shown to activate
ISR (27, 28), and hypoxic stress is associated with activation of PERK
signaling as an adaptive response (16, 19, 20). To understand the
specific role of PERK in RCC, we have employed the aminopyridine
PERK inhibitor HC-5404 (formerly LY-4; Fig. 1A; refs. 22, 29, 30).

Cell-free biochemical assays were used to evaluate the selectivity of
HC-5404 for PERK, relative to the other ISR kinases GCN2
(EIF2AK4), HRI (EIF2AK1), and PKR (EIF2AK2; ref. 26). In these
assays, recombinant target kinases were incubated with ATP and an
elF20.-based fluorogenic substrate; kinase activity was evaluated in the
presence of HC-5404 across a concentration series (22, 23). These
experiments revealed an ICs, for PERK of 1 nmol/L, representing a
>2,000-fold biochemical selectivity over GCN2 (ICso = 2.17 umol/L),
HRI (ICso = 2.96 umol/L), and PKR (ICs, > 10 pumol/L; Fig. 1B;
Supplementary Fig. S1A). The selectivity of HC-5404 against the
broader kinome was then evaluated using a KINOMEScan binding
panel assay that measured the interaction with 468 unique kinases,
including 403 wild-type (WT) human kinases and 59 mutant iso-
forms (24). Notably, the kinome panel does not include PERK. HC-
5404 was evaluated at 100, 1,000, and 10,000 nmol/L, which revealed a
high level of selectivity across the kinome (Fig. 1C; Supplementary
Fig. S1B). There were no interactions with human kinases observed
when HC-5404 was assayed at 100 nmol/L, whereas only five kinases
were inhibited >50% when HC-5404 was tested at 1,000 nmol/L,
including BLK, MER, mutant RET(M918T), and the atypical kinases
RIOK1 and RIOK2. Although 27 interactions were reported when
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assayed at 10,000 nmol/L, only nine kinases were inhibited greater than
65% (see Supplementary Table ST1 for Complete KINOMEScan
Results).

The cell-based activity of HC-5404 was evaluated using HEK-293
treated with 1 pmol/L tunicamycin (Tm) to induce ER stress. Tm
treatment resulted in PERK autophosphorylation at Thr982 (pPERK)
and increased ATF4 levels, both of which were inhibited by HC-5404
in a concentration-dependent manner in vitro (ICsp = 23 and
88 nmol/L, respectively; Fig. 1D). Taken together, these results validate
HC-5404 as a potent and selective inhibitor, with good cell-based
activity, consistent with previously published results (22, 30).

In vivo characterization of HC-5404 as orally bioavailable and
active in xenograft models

Initial in vivo studies were aimed at understanding the pharmaco-
kinetic and pharmacodynamic (PK/PD) relationship and optimizing
the dosing regimen. HC-5404 was quantified from mouse plasma
following a single oral administration (PO) at doses ranging from 3 to
100 mg/kg. Dose-proportional increases in exposure were observed up
to 100 mg/kg, reaching a maximum concentration (Cp.x) before
1 hour and an average half-life of 2.22 hours (Supplementary
Table ST2). Unbound fraction in mouse plasma was determined
in vitro to be 2.3%, which enabled us to calculate the free or unbound
drug plasma exposure across time in vivo (Fig. 2A; Supplementary
Fig. S2A). Oral dosing at 30 and 100 mg/kg resulted in C,,,,, free drug
concentrations of 186 and 839 nmol/L, respectively. Even at the highest
dose tested (100 mg/kg), the free drug concentration was below the
1,000 nmol/L concentration assayed in the kinome scan that revealed
minimal binding to secondary targets.

The PK/PD relationship was evaluated in mouse pancreas, as the
pancreas has high levels of basal pPERK activity that makes it suitable
for PD analysis (31). Treatment with HC-5404 resulted in a time- and
dose-dependent inhibition of pPERK in pancreas tissue. Following a
single oral administration of HC-5404 at 30 mg/kg, pPERK inhibition
in the mouse pancreas was approximately 90% at the early timepoints
after dosing (Fig. 2B). As HC-5404 is cleared from plasma, pPERK
gradually increased until basal levels were restored by 12 hours after
dosing. Single oral administration at 100 mg/kg achieved a proportional
increase in exposure from the 30-mg/kg dose, maintaining exposure
above 3,220 ng/mL (163 nmol/L, unbound) in plasma up to 12 hours
after dosing and resulting in near-complete pPERK inhibition (>80%
inhibition) for the first 12 hours following treatment (Fig. 2B).

The ability of HC-5404 to suppress tumor growth was evaluated in
the 786-O xenograft model of RCC, which is a highly vascularized
tumor model sensitive to PERK inhibition (22, 23). The 786-O tumor
model is homozygous for a frameshift mutation following Gly104 in
von Hippel-Lindau protein (VHL), resulting in HIF stabilization and
activation of unfolded protein response (UPR), including elevated
pPERK (32, 33). Similar to the pancreas, administration of 30 mg/kg
HC-5404 induced ~90% pPERK inhibition in 786-O tumors at 1 hour,
which returned to baseline by 8 hours (Supplementary Fig. S2B).

To evaluate the single-agent activity of HC-5404 and explore the
effect of fractioning the dose between once-a-day and twice-a-day
dosing, mice harboring 786-O xenografts were treated with 3, 10, or
30 mg/kg orally twice-a-day dosing alongside 6, 20, or 60 mg/kg orally
twice-a-day dosing to evaluate the effect of the dose regimen on tumor
growth. The differences between twice-a-day and once-a-day dosing
were not statistically significant, but the general trend indicated better
antitumor activity with twice-a-day dosing. Of the doses tested,
30 mg/kg twice-a-day induced the greatest effect resulting in 48%
tumor growth inhibition (TGI; Fig. 2C; Supplementary Fig. S2C).
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Biochemical and cell-based characterization of HC-5404 as a potent and selective PERK inhibitor. A, HC-5404 molecular structure. B, ICsq values for four closely
related ISR kinases determined by FRET-based biochemical assays. C, Biochemical TreeSpot kinome panel assays demonstrate selectivity of HC-5404 against >400
kinases. NB: PERK is not included in the panel, and no interactions were observed when HC-5404 assayed at 100 nmol/L. Image generated using TREEspot Software
Tool. Reprinted with permission from KINOMEscan, a division of DiscoveRx Corporation, © DISCOVERX CORPORATION 2010. D, Western blot analysis of pPERK and
ATF4in HEK-293 cells treated with HC-5404 in the presence of 1umol/L tunicamycin. HEK-293 cells treated with HC-5404 across a threefold dilution series ranging
from 1.5 nmol/L to 10 umol/L. Quantification of Western blot used to generate ICso values: pPERK ICso = 23 nmol/L; inhibition of ATF4 ICsq = 88 nmol/L.

CAPAN-S2 pancreatic tumor xenografts, another model previously
reported to be sensitive to PERK inhibition (31), were treated with 30
and 100 mg/kg HC-5404 twice-a-day, resulting in TGI of 50% and
43%, respectively (Fig. 2D). No difference between the dose levels was
observed, suggesting that increasing doses above 30 mg/kg, when
administered twice per day, was not likely to improve the single-agent
activity of HC-5404. As PERK inhibition has been associated with
pancreatic toxicity (31), pancreas sections were evaluated from mice
treated with 30 or 100 mg/kg HC-5404. Histologic evaluation of
collected pancreas revealed changes only in the 100 mg/kg dose, which
were reversible with a 2-week washout period (Supplementary
Fig. S2D). Taken together, these findings further supported the
decision to dose HC-5404 at 30 mg/kg, orally twice-a-day in all
subsequent in vivo studies.

HC-5404 sensitizes RCC tumor models to VEGFR-TKI

As hypoxia and glucose deprivation are known drivers of ER stress
and PERK-mediated adaptive responses (18, 20), we hypothesized that
HC-5404 would sensitize RCC tumor models to antiangiogenic
VEGFR-TKI. Initial studies with sunitinib revealed that VEGFR-TKI
induced pPERK in 786-O xenografts and that this effect increased over
time (Supplementary Fig. S2E). Next, we evaluated the impact of three
second-generation VEGFR-TKI on tumor growth and PERK activa-
tion. Cabozantinib, lenvatinib, or axitinib were orally administered at
multiple doses to mice harboring 786-O xenografts for 21 days, after
which the tumors were resected and analyzed for pPERK levels
(Supplementary Figs. S3A-S3C). All three VEGFR-TKI induced
dose-dependent increases in pPERK levels that corresponded to the
level of tumor growth inhibition (Supplementary Figs. S3D-S3F), and
none of the VEGFR-TKI induced body weight loss at the doses tested
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(Supplementary Figs. S3G-S3I). On the basis of these experiments, dose
regimens for each VEGFR-TKI were selected for follow-up combina-
tion studies.

Having demonstrated that VEGFR-TKI induce pPERK, we next
tested whether the addition of HC-5404 enhanced the antitumor effect
of these agents. Axitinib, cabozantinib, lenvatinib, and sunitinib were
each tested in combination with HC-5404 in 786-O RCC xenografts.
All studies included a PD arm that was sampled after 7 days of dosing
to analyze the effect of treatments on angiogenesis and pPERK levels.
Consistent with our initial dose-determining studies, the PD arms of
the experiments revealed that all VEGFR-TKI induced pPERK accu-
mulation, which were inhibited by the addition of HC-5404 (Fig. 3A;
Supplementary Fig. S2F). In the efficacy arms of each tumor growth
study, HC-5404 and the second-generation VEGFR-TKI (axitinib and
cabozantinib) resulted in modest effects on tumor volume as mono-
therapies. In contrast, when the VEGFR-TKI were combined with HC-
5404, tumors regressed relative to baseline (Fig. 3B). Lenvatinib and
sunitinib as single agents were effective inhibitors of 786-O growth, yet
the combination with HC-5404 still enhanced the level of TGIL. No
significant mouse body weight loss was observed across any of the
combination studies (Supplementary Figs. S4A-S4D). PK analysis of
HC-5404 and sunitinib revealed that neither of these two agents affects
the exposure of the other, confirming that the increased activity of the
combination is a mechanistic interaction rather than a PK-driven
effect (Supplementary Fig. S4E and S4F).

The effect of HC-5404 was further validated in tumors by assessing
the response of markers of in vivo PERK inhibition. Previous studies
have highlighted a surprising induction of downstream targets of
ATF4, including asparagine synthetase (ASNS) and phosphoserine
aminotransferase (PSAT1; ref. 31). We evaluated whether these
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In vivo characterization of HC-5404. A, Free drug levels of HC-5404 in mouse plasma following single oral administration (PO). Plasma sampled across a 24-hour
period and quantified by LC/MS-MS. Data represent mean + SEM, n = 3 mice per group. B, Mouse pancreas pPERK levels and plasma exposure following oral
administration of HC-5404 at 30 and 100 mg/kg. Data represent mean £ SEM, n = 3 mice per group. C, 786-0 xenografts treated with HC-5404 at multiple dose
levels and treatment regimens for 28 days. Values represent mean tumor volume + SEM, n = 10 mice per group. Statistical analysis of final tumor volume found in
Supplementary Fig. S2C. D, Mice harboring subcutaneous CAPAN-2 pancreatic tumor xenografts treated with HC-5404 at 30 and 100 mg/kg orally twice-a-day for

48 days (n = 10 mice per group).

changes were consistent with our studies by testing these alongside
other canonical targets of ATF4, including cystathionine beta synthase
(CBS) and cystathionine gamma lyase (CTH; ref. 34). Treatment with
HC-5404 induced a dose-dependent accumulation of ASNS, CBS, and
CTH in 786-O tumors (Fig. 3C), likely reflecting enhanced tumor
stress caused by blocking PERK in tumors. Although consistent with
previous investigations into small molecule PERK inhibitors, the
specific mechanism behind the in vivo activation of ATF4 remains
unclear.

Combining HC-5404 with VEGFR-TKI improves response across
diverse RCC tumor models

RCC is frequently characterized by mutations in and epigenetic
silencing of VHL, which results in dysregulated HIF expression that
drives a proangiogenic tumor environment associated with activated
UPR (32, 33). It is possible that VHL mutation status, pPERK
expression, and sensitivity to VEGFR-TKI may be linked, so we made
use of three well-characterized RCC tumor models to explore the effect
of VHL status on HC-5404 sensitivity. To this end, 786-O and A-498
(Gly144 frameshift) were selected as representative of VHL-mutant
models, and Caki-1 was chosen as a VHL WT model (35).

To evaluate differences in sensitivity to PERK inhibition and
VEGFR-TKI treatments, A-498 and Caki-1 models were treated with
HC-5404, sunitinib, or a combination thereof for 28 days. In the three
models tested, tumor response reflected the genetic background: the
VHL-mutant A-498 was sensitive to HC-5404 as a single agent,
although the TGI only reached ~40% (Fig. 4A). Similarly, the
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A-498 model was sensitive to sunitinib with robust single-agent
activity that resulted in 80% TGI. When sunitinib and HC-5404 were
combined in A-498, tumor regression of 22% was observed (Fig. 4A).
In contrast, Caki-1 was far less sensitive to either HC-5404 or sunitinib
as a monotherapy. Although an effect of the combination treatments
was observed, the TGI only reached 47% in the combination group
(Fig. 4B). On the basis of this finding, we decided to assess the level of
response in VHL WT models more generally and determine whether
VHL mutation status was a reliable marker of tumor sensitivity to the
combination treatment. Consistent with the HIF pathway activation
resulting from VHL mutation driving ER stress, 786-O and A-498
tumors had elevated levels of pPERK in the vehicle group (Fig. 4C),
whereas pPERK was barely detectible in Caki-1. As expected, HC-5404
inhibited pPERK expression across the three models.

One limitation of cell-line-derived xenograft (CDX) studies is
homogeneity across the tumor tissue, which is not reflective of
the cellular diversity expected in patient tumors. To overcome this
limitation, we made use of 18 RCC patient-derived xenograft (PDX)
models to evaluate the activity of HC-5404 and VEGFR-TKI across a
diverse panel of clinically relevant tumor models in a single animal
study (n = 1). In contrast with CDX models, low-passage PDX
maintain tissue architecture that reflects the primary tumor from
which they were derived (36). Importantly, the sensitivity of subcu-
taneous PDX models to systemic treatments correlates closely with
matched patient responses (36, 37). This study included six models
that were VHL WT to test whether VHL mutation status could be used
as a marker of HC-5404 and VEGFR-TKI sensitivity. Animals were
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Figure 3.

HC-5404 combines with VEGFR-TKI to inhibit tumor growth in 786-0 xenograft models of RCC. A, Protein analysis of pPERK and PERK in 786-O xenografts
treated with VEGFR-TKI. Samples taken from studies in B after 7 days of treatment. B, 786-0 tumor xenografts treated with HC-5404 (30 mg/kg; orally, twice-
a-day), sunitinib (40 mg/kg; orally, once-a-day), lenvatinib (10 mg/kg; orally, once-a-day), axitinib (30 mg/kg; orally, twice-a-day), or cabozantinib
(30 mg/kg; orally, once-a-day) and combinations as indicated for 28 days. Data presented in the axitinib, cabozantinib, and lenvatinib panels were generated
together in a large, multiarmed in vivo study. As such, data from vehicle groups and HC-5404 arms are replicated in both the axitinib and lenvatinib panels, as
these VEGFR-TKI used the same vehicle control. Sunitinib was run in a separate study. Note that variability from study-to-study is reflected in tumor growth
curves without affecting the conclusions. Final tumor volume analyzed by Welch ANOVA or one-way ANOVA following homogeneity of variance tests. Data
represent mean 4 S.E.M., n =10 mice per group (*, P < 0.05; **, P< 0.01; ***, P < 0.005; ****, P < 0.001). C, Protein analysis of pPERK, PERK, ASNS, CBS, and
CTH in xenograft samples treated with sunitinib and HC-5404 at indicated doses. Statistical analysis by ANOVA one-way following homogeneity of variance
tests (*, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001).

treated with axitinib, HC-5404, or the combination thereof for 28 days,
and scored for the magnitude of response to the combination group.
The models were ranked based on change in tumor volume relative to
starting baseline and scored for the number of partial responses (PR).
In this case, PR was considered as a regression in volume equal or
greater than 50% compared with baseline. Although axitinib as a
monotherapy resulted in two of 18 PR, the combination of HC-5404
with axitinib resulted in nine of 18 PR (Fig. 4D; Supplementary
Table ST3).

Three of the six VHL WT models responded to the combination
treatment with notable improvement over axitinib monotherapy
(Fig. 4D; Supplementary Table ST3). Of the six VHL WT models
tested, two of six resulted in PR, two of six models had stable disease
(SD), and two of six models resulted in PD in response to the
combination treatment. Importantly, the two models that had PD
exhibited greater response to the combination treatment relative to
the monotherapies. In these two models (RXF-393 and RXF-2540), a
combination benefit was conferred by the two treatments despite lower

4876 Clin Cancer Res; 29(23) December 1, 2023

overall sensitivity of the two models. Two VHL WT models did not
respond to the combination benefit at all but were sensitive to axitinib as
a single agent, resulting in tumor stasis in response to axitinib mono-
therapy (RXF-1220 and MRI-H-166). In contrast, SMTCA75 was a
VHL WT PDX model that responded to combination treatment with
53% regression, yet tumor stasis in response to axitinib monotherapy.

Consistent with observations in the three CDX models, the VHL-
mutant PDX models had a modest but significantly higher basal level
of pPERK activation in pretreated baseline samples (Fig. 4E), further
highlighting the link between VHL status and pPERK activation in
RCC. As the VHL WT models appeared less sensitive to combination
treatments overall (left side of waterfall plot, Fig. 4D), we wanted to
assess whether VHL mutation status could be developed into a
predictive biomarker of tumor sensitivity. In terms of percent change
in final tumor volume, the VHL WT models were less sensitive to the
combination treatment following 28 days of treatment (Fig. 4F).
However, some models were notably less sensitive to axitinib mono-
therapy, while still exhibiting substantial improvement to the
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Figure 4.

Sensitivity to VEGFR-TKI and HC-5404 combination is independent of VHL mutation status. A and B, A-498 and Caki-1RCC tumor xenografts treated with HC-5404
(30 mg/kg; orally, twice-a-day) and sunitinib (20 mg/kg; orally, once-a-day) for 30 days. Final tumor volume analyzed by Welch ANOVA or one-way ANOVA
following homogeneity of variance tests. Data represent mean 4 S.E.M., n =10 mice per group (*, P<0.05; ****, P<0.001). C, pPERK and PERK abundance evaluated
by SimpleWestern in RCC tumor xenografts treated for 7 days with HC-5404 (30 mg/kg; orally, twice-a-day), sunitinib (20 mg/kg in Caki-1and A-498; 40 mg/kg in
786-0; orally, twice-a-day), or acombination thereof. D, Waterfall plot illustrating relative change in tumor volume of 18 diverse RCC PDX models following 28 days of
treatment in a single animal (n = 1/group/model) with either axitinib (30 mg/kg; orally, twice-a-day), HC-5404 (30 mg/kg; orally, twice-a-day), or a combination
thereof. Models ranked on % change tumor volume in combination group. PD = >30% increase from baseline; stable disease (SD) = <30% increase from baseline
and <50% regression; PR = >50% regression. Models that are VHL WT are indicated by an arrow. E, Quantification of pPERK and PERK protein levels by
SimpleWestern from pretreatment baseline PDX tumor samples. Y-axis represents arbitrary fluorescence units. Differences in pPERK/PERK levels evaluated by
Student t test, *, P < 0.05 (VHL-WT n = 6; VHL-MUT n = 11). F, Final tumor volume of 18 RCC PDX models following 28 days of treatment with HC-5404 (30 mg/kg,
orally, twice-a-day) and axitinib (30 mg/kg, orally, twice-a-day). Differences in tumor volume evaluated by Student ¢ test; *, P < 0.05 (VHL-WT: n = 6; VHL-MUT:
n=12). G,RCC CDX tumor models treated with HC-5404 (30 mg/kg orally, twice-a-day) and DC-101 (15 mg/kg; i.p., twice a week) for 28 days. Tumor volume on day
28 (786-0, Caki-1) or day 21 (A-498) was analyzed by Welch ANOVA or one-way ANOVA following homogeneity of variance tests. Data represent mean + S.EM.,
n =10 mice per group (*, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001).

combination treatments relative to monotherapy (RXF-393 and HC-5404 demonstrates combination benefit with other agents
RXF-2540). It was concluded that VHL mutation may be associated  targeting angiogenesis

with enhanced sensitivity to the combination treatments, but the VHL Although the common target associated with antiangiogenic activity
WT tumors still benefited from addition of HC-5404 to the axitinib  is inhibition of the VEGF axis, the secondary targets of the VEGFR-TKI
regimen. have been proposed to improve antitumor activity (7, 10). To test
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whether inhibition of the VEGF/VEGEFR axis is sufficient to drive the
combination benefit with HC-5404, we made use of a mouse mAD,
which selectively targets mouse VEGFR-2. DC-101 is a surrogate mAb
to human anti-VEGFR2 mAb, ramucirumab, that is approved for use in
multiple cancer types (38). We tested whether treatment with HC-5404
could enhance the activity of DC-101 across three models of RCC (786-
0O, A-498, and Caki-1). Similar to the observations of HC-5404 with
VEGFR-TKI, the combination treatment improved the effects of each
monotherapy in 786-O and A-498 xenografts with TGI values of 82%
and 78%, respectively (Fig. 4G). In contrast, cotreatment of DC-101 and
HC-5404 did not exhibit significant combination benefits resulting in a
TGI value of only 24% in Caki-1 following 28 days of treatment

VEHICLE HC-5404

CD31/SMA

(Fig. 4G). Unlike the VEGFR-TKI, the combination treatment with
DC-101 did not result in tumor regression in any of the models tested.

PERK enhances the antiangiogenic effects of VEGFR-TKI
PERK is an adaptive stress response that links hypoxia and nutrient
deprivation with proangiogenic signaling (16, 18, 20), so we evaluated
the effect of HC-5404 on tumor vasculature when administered in
combination with antiangiogenic VEGFR-TKI. IHC staining of tumor
sections confirmed that axitinib decreased the proportion of Meca32
(also called PLVAP) expressing vascular endothelial cells and that this
effect was enhanced by the addition of HC-5404 (Fig. 5A and B).
Notably, HC-5404 alone did not affect this vascular endothelium
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Figure 5.

HC-5404 sensitizes 786-0 xenografts to the antiangiogenic effects of axitinib. A, IHC images of 786-0 xenograft sections stained with antibodies specific to
Meca32, CD31, and SMA. Scale bar =150 um. HC-5404 and axitinib administered at 30 mg/kg, twice-a-day for 7 days. B-D, Quantification of IHC staining of
xenograft sections. Graphs indicate proportion of cells stained positive for Meca32, positive for CD31 in absence of SMA (%CD31"SMA™), or cells that stain
positive for both CD31 and SMA (%CD31T"SMA™). One-way ANOVA statistical analysis evaluated differences between treatment groups; asterisks indicate

significant differences (*, P < 0.05; **, P < 0.01; ****, P < 0.001).
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marker, highlighting a context-dependent effect of HC-5404 on tumor
angiogenesis.

As immature blood vessels mature, they develop a mural layer of cells
that express smooth muscle actin (SMA), which encircles and stabilizes
the maturing vessel (39). By costaining for both CD31 and SMA, we
assessed whether treatments were affecting mature or immature tumor
blood vessels. Similar to effects observed with the endothelial marker
Meca32, axitinib as a single agent decreased the proportion of immature
CD31"SMA™ vessels, an effect that was enhanced by the addition of
HC-5404 (Fig. 5C). In contrast, axitinib did not affect the number of
mature CD31"SMA™ cells at the dose and time points analyzed,
consistent with the predominant role that VEGF/VEGEFR axis plays in
the production of new vasculature (40). HC-5404 as a single agent did
not affect the expression of any vascular markers tested, whereas the
combination treatments resulted in a significant decrease in mature
CD31"SMA™ blood vessel cells (Fig. 5D).

PERK is a vulnerability for RCC xenografts that have progressed
on VEGFR-TKI

Despite initial responses to VEGFR-TKI therapy, tumor regrowth
necessitates subsequent rounds of alternate therapies to improve

>
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patient outcomes (12). We modeled this effect by challenging
786-0 xenografts to progress on axitinib treatment for 2 weeks, then
transferred resistant (nonresponder) mice to one of four treatment
groups. This enabled us to test whether adding HC-5404 to the
treatment regimen could drive combination benefits despite having
previously progressed on axitinib alone. Animals that were
transferred to the vehicle group experienced an increase in growth
rate, suggesting that although the tumors had advanced on axitinib,
some sensitivity to treatment remained. Groups that were transferred
to single-agent axitinibb or HC-5404 groups progressed at
approximately the same rate as prior to rerandomization. By the end
of the study, single-agent activity of HC-5404 or axitinib inhibited
tumor growth by 47% or 38%, relative to vehicle (Fig. 6A). When HC-
5404 was added to the axitinib regimen in the combination group,
xenografts regressed in volume following a brief period of continued
growth, resulting in average tumor regression of 20% relative to
baseline (Fig. 6A). Thus, tumors that have previously progressed on
axitinib remain sensitive to HC-5404 when administered in combi-
nation with the VEGFR-TKI.

Consistent with the findings noted above, axitinib decreased the
number of Meca32™ and CD317SMA™ cells in xenograft sections,
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Figure 6.

Addition of HC-5404 to axitinib regimen induces tumor regression. A, 786-0 tumor growth across the study period. Xenografts that progressed in presence of axitinib
for 14 days were rerandomized and transferred to indicated treatment groups for an additional 28 days. Data represent mean =+ S.E.M. Final tumor volume analyzed by
Welch ANOVA. Data represent mean + S.E.M., n = 8 mice per group (**, P< 0.01; ***, P< 0.005; ****, P < 0.001). B, IHC images of xenograft sections stained with
antibodies specific for CD31and SMA. C, Quantification of proportion of cells that stained positive for Meca32, CD31+SMA- (immature blood vessels), or CD31"SMA™
(mature blood vessels) in B. One-way ANOVA was used to evaluate the statistical significance between groups. Asterisks indicate statistical significance (*, P< 0.05;
**, P<0.01;***, P< 0.005; ****, P<0.001). D, Quantification of IHC staining of tumor sections using antibodies specific for the pericyte markers NG2 and MCAM. One-
way ANOVA statistical analysis evaluated differences between treatment groups; asterisks indicate significant differences (**, P< 0.01; ***, P< 0.005; ****, P< 0.001).
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which was enhanced by the addition of HC-5404 to the combination
group (Fig. 6B and C). CD31"SMA ™ (immature blood vessels) were
nearly absent across the four groups, likely depleted during the initial
2-week axitinib treatment. Pericytes form a layer of mural cells that
surround blood vessels, and are important for vascular morphogenesis
and branching (41). Two pericyte markers (NG2 and MCAM,; ref. 44)
were used to evaluate the effect of axitinib and HC-5404 on the pericyte
layer. The proportion of cells that stained positive for NG2* decreased
only in the combination group relative to vehicle, highlighting the
impact of the combination treatment on the pericyte layer. MCAM ™"
cells were decreased by axitinib, and this effect was enhanced by the
addition of HC-5404 (Fig. 6D; Supplementary Fig. S5). In both cases,
the proportion of NG2" and MCAM™ cells were decreased relative to
the baseline samples, suggesting that following rerandomization the
tumors in the combination group underwent a loss of mature vascular
cells, rather than simply inhibition of neovascular growth.

Discussion

Antiangiogenic VEGFR-TKI inhibit tumor vascular formation,
disrupting the flow of oxygen and nutrients to tissues, thereby driving
PERK activation as part of a concerted adaptive stress response. Here
we demonstrate that blocking PERK sensitizes xenografts to multiple
VEGFR-TKI across diverse tumor models of RCC, resulting in
enhanced vascular inhibition and tumor regression. VEGFR-TKI form
the backbone of standard of care in RCC, either as monotherapies or in
combination with immune checkpoint inhibitors (NCCN, 2023;
ref. 13). Our findings support a clinical opportunity to enhance the
standard of care in RCC and improve patient outcomes.

Patients often experience promising initial responses to VEGFR-
TKI, but their tumors frequently progress, necessitating multiple
rounds of VEGFR-targeting agents (12). This medical need has
resulted in many publications attempting to improve VEGFR-
targeting agents using subcutaneous xenograft models, but the clinical
predictiveness of these studies has come into question, especially since
these models are highly dependent on neovascularization (42). For
example, Guerin and colleagues propose different approaches to
improve the clinical predictive value, notably exploring models that
capture better the impact of the novel agents on mature vasculature
and leveraging PDX and GEMM studies to understand the effects of
tumor microenvironment heterogeneity (42). To understand the
impact of the HC-5404/VEGFR-TKI combination on mature vascu-
lature, we allowed tumors to progress on axitinib to establish nor-
malized mature vasculature under the influence of the VEGFR-TKI.
Remarkably, addition of HC-5404 to axitinib resulted in regression of
~20% in the combination group. IHC demonstrated that these
responses were associated with diminished mature blood vessels and
pericyte cells. In addition, we have included an 18-model PDX study,
where we have demonstrated broad-spectrum improvement of
responses for the combination over axitinib single-agent activity. We
believe that these additional studies address important limitations
experienced in typical published xenograft studies.

One mechanism through which tumors can overcome inhibitory
effect of antiangiogenic VEGFR-TKI is through vessel co-option
(VCO) of the preexisting healthy vasculature to deliver oxygen and
nutrients to the growing tumor (43, 44). RCC is a highly vascularized
tumor that relies on angiogenesis to support tumor growth and while
there are examples of VCO enabling RCC lung metastases, VCO
occurs less frequently in RCC metastases relative to other cancers (45).
As VCO often occurs at alveolar sites, future investigation into VCO as
a potential resistance mechanism to HC-5404 and VEGFR-TKI is
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warranted to support a translational program beyond RCC, particu-
larly in cancers that frequently metastasize to the lungs (43, 44).

Combination benefit was observed in response to either multi-
targeted small molecule VEGFR-TKI or the VEGFR2-specific mAb
DC-101, demonstrating that much of the effect is mediated through
the VEGFR2 axis. Although the VEGF/VEGER axis is a key driver to
the combination benefit, secondary targets of VEGFR-TKI likely
contribute to more robust combinatorial effects that result in tumor
regression. Importantly, the ability of HC-5404 to enhance the activity
of all VEGF/VEGEFR inhibitors tested highlights of the interchange-
ability of the VEGFR-inhibiting agent and general applicability of
PERK inhibitors across the entire therapeutic class. There are many
antiangiogenic agents approved or undergoing clinical evaluation in
RCC (46), and our evidence supports combining HC-5404 with any of
these agents in the appropriate tumor context.

A previous report using the PERK inhibitor GSK2656157 revealed
antiangiogenic effects as a single agent in BxPC3 pancreatic cancer
xenografts (31), which was not observed with HC-5404 at the doses
tested. In our findings, the antiangiogenic potential of HC-5404 was
only uncovered when combined with stress-inducing VEGFR-TKI.
Importantly, our studies used doses that were efficacious but did not
induce pancreas effects reported with the GSK PERK inhibitor. It is
possible that higher doses of HC-5404 could potentially have anti-
vascular effects as a monotherapy. Instead, we demonstrate that the
antitumor and antiangiogenic effects of HC-5404 can be potentiated
by cotreatment with VEGFR-TKI while avoiding toxicity challenges
associated with higher doses. While targeting PERK alone achieved
moderate TGI of approximately 40% to 50% in responsive RCC
models, enhancing tumor stress using antiangiogenic agents revealed
a context-dependent therapeutic vulnerability that results in tumor
regression. It is notable that the GSK series has off-target effects,
including tyrosine kinases and RIPK1 (47), which may contribute to
the activity of this compound and complicates a direct head-to-head
comparison of the two PERK inhibitors. Treatments in our studies
appeared to be well tolerated across all combinations, as no treatment-
related body weight loss was observed. While observing no effect on
mouse body weight was provisionally reassuring, future assessment
will evaluate the tolerability of the combination treatments.

When the ability to mitigate ER stress is inhibited, chronic stress
results in apoptosis through induction of the ATF4-CHOP axis (48).
Blocking PERK likely exacerbates tumor stress, which was evidenced
by elevated ATF4 pathway markers observed in HC-5404-treated
groups. The induction of ASNS, CBS, CTH, and other downstream
targets of ATF4 may be indicative of the accumulation of unresolved
ER stress that occurs when PERK is inhibited in tumors. Similar
findings were reported using the PERK inhibitor GSK2656157 (31),
confirming this effect is likely target-mediated. Although ATF4 trans-
lation is typically induced by pPERK in response to ER stress, there are
three other ISR kinases that activate ATF4 through phosphorylation of
eIF20(Ser51) (49). We have observed modest increases in pelF20 in
response to HC-5404 in vivo, suggesting ISR pathway activation as a
possible feedback response to PERK inhibition in tumors. Under-
standing this feedback mechanism and its role in tumor response is a
focus of our ongoing research.

One of the early initiating factors of RCC is loss-of-function
mutations in the VHL gene, which results in tumors that are highly
vascularized and sensitive to antiangiogenic agents (33). Although
initial data suggested that the combination benefit was exclusive to
VHL-mutant cell-line models, an expanded follow-up study in RCC
PDX revealed multiple VHL WT models that responded favorably and
benefited from the combination treatment. The data at this time do not
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support advancing VHL-mutant status as a clinical marker that
would exclude patients from future combination clinical trials.
However, given that a modest difference in sensitivity between
VHL-mutant and VHL-WT PDX models was observed, there could
still be potential to develop VHL status as a clinical biomarker. In
the future, retrospective analyses of patients with RCC will evaluate
the relationship between VHL mutation status and sensitivity to
HC-5404/ VEGFR-TKI combinations.

The general applicability of HC-5404 to multiple VEGFR-TKI and
the response observed across diverse tumor models highlights the
clinical opportunity to improve patient outcomes by combining HC-
5404 with standard-of-care VEGFR-TKI in RCC. VEGFR-TKI have
been approved for multiple cancer types, including metastatic colo-
rectal carcinoma (regorafenib; ref. 50), hepatocellular carcinoma
(cabozantinib, sorafenib, lenvatinib, regorafenib; ref. 51), and thyroid
cancers (cabozantinib, sorafenib, lenvatinib; ref. 52), among others.
Given the widespread sensitivity to HC-5404/VEGFR-TKI combi-
nations across diverse RCC PDX tumor models, it is possible that
the mechanisms driving the interaction are conserved across cancer
types. Future research is aimed at expansion of HC-5404/VEGFR-
TKI combinations into any indication where antiangiogenic agents
are approved for use in patients. Furthermore, VEGFR-TKI are
currently used in combination with immune-checkpoint inhibitors
as first-line therapies in advanced RCC, and recent publications
highlight the stimulatory effect of PERK inhibition on the tumor
immune microenvironment (53-55). Ongoing studies in syngeneic
tumor models are evaluating the role of HC-5404 in promoting the
antitumor activity of ICI/VEGFR-TKI combinations, with the goal
of enhancing standard-of-care first-line therapies in RCC and
beyond.
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