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Rationally targeted anti-VISTA
antibody that blockades the C-C’ loop
region can reverse VISTA immune
suppression and remodel the immune
microenvironment to potently inhibit
tumor growth in an Fc

independent manner

Dipti Thakkar,! Shalini Paliwal,’ Bhushan Dharmadhikari,” Siyu Guan,’ Lillian Liu,’
Shreya Kar,' Nikhil K Tulsian,? Joshua J Gruber,® Leah DiMascio,’

Konrad H Paszkiewicz,' Piers J Ingram,* Jerome D Boyd-Kirkup

ABSTRACT

Background Despite significant progress in cancer
immunotherapy in recent years, resistance to existing
immune checkpoint therapies (ICT) is common. V-domain
Ig suppressor of T cell activation (VISTA), a predominantly
myeloid immune checkpoint regulator, represents a
promising therapeutic target due to its role in suppressing
proinflammatory antitumor responses in myeloid-enriched
tumor microenvironments. However, uncertainty around
the cognate VISTA ligand has made the development of
effective anti-VISTA antibodies challenging. The expression
of VISTA on normal immune cell subtypes argues for a
neutralizing non-depleting antibody, however, previous
reported anti-VISTA antibodies use IgG1 Fc isotypes that
deplete VISTA+ cells by antibody dependent cellular
cytotoxicity/complement dependent cytotoxicity and these
antibodies have shown fast serum clearance and immune
toxicities.

Method Here we used a rational antibody discovery
approach to develop the first Fc-independent anti-VISTA
antibody, HMBD-002, that binds a computationally
predicted functional epitope within the C-C-loop, distinct
from other known anti-VISTA antibodies. This epitope is
species-conserved allowing robust in vitro and in vivo
testing of HMBD-002 in human and murine models of
immune activation and cancer including humanized mouse
models.

Results We demonstrate here that blockade by
HMBD-002 inhibits VISTA binding to potential partners,
including V-Set and Immunoglobulin domain containing

3, to reduce myeloid-derived suppression of T cell activity
and prevent neutrophil migration. Analysis of immune cell
milieu suggests that HMBD-002 treatment stimulates a
proinflammatory phenotype characterized by a Th1/Th17
response, recapitulating a phenotype previously noted

in VISTA knockout models. This mechanism of action is
further supported by immune-competent syngenic and
humanized mouse models of colorectal, breast and lung

4

cancer where neutralizing VISTA, without depleting VISTA
expressing cells, significantly inhibited tumor growth while
decreasing infiltration of suppressive myeloid cells and
increasing T cell activity. Finally, we did not observe either
the fast serum clearance or immune toxicities that have
been reported for IgG1 antibodies.

Conclusion In conclusion, we have shown that VISTA-
induced immune suppression can be reversed by blockade
of the functional C-C’ loop region of VISTA with a first-in-
class rationally targeted and non-depleting 1gG4 isotype
anti-VISTA antibody, HMBD-002. This antibody represents
a highly promising novel therapy in the VISTA-suppressed
ICT non-responder population.

BACKGROUND

Cancer treatment has evolved significantly
with the discovery of drugs targeting immune
checkpoint regulators (immune checkpoint
therapy, ICT) and their subsequent inclu-
sion in the standard of care for patients with
cancer. However, long-term survival benefit is
only observed in a fraction of patients, due
to primary, adaptive, and acquired resistance
mechanisms.' Novel agents are, therefore,
required to improve treatment outcomes in
non-responsive or resistant patients. V-domain
Ig suppressor of T cell activation (VISTA) is
a type I transmembrane immunomodula-
tory glycoprotein of the B7 protein family,
with 24% sequence identity to programmed
death-ligand 1 (PD-L1).* VISTA is predomi-
nantly expressed on the myeloid cell popula-
tion, particularly myeloid-derived suppressor
cells (MDSCs), neutrophils, monocytes,
macrophages, and dendritic CellS,2_5 however,
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it can also be expressed on CD4" T regulatory cells® and
CD4" naive T lymphocytes.” VISTA has been identified as
a negative checkpoint regulator of T cell function®” and
is known to suppress autoimmune responses in a variety
of human and mouse models of autoimmunity.*®? More
recently, VISTA was identified as the earliest checkpoint
regulator of peripheral T cell tolerance, particularly in
the maintenance of naive T cell quiescence.*

In preclinical cancer models, the presence of VISTA has
been shown to promote tumorigenesis, block T cell func-
tion, and modulate the activity of macrophages and immu-
nosuppressive MDSCs, a function that is consistent with
the maintenance of an anti-inflammatory tumor micro-
environment (TME) characterized by a myeloid-enriched
phenotype.® In addition, VISTA has been observed to
regulate the chemotaxis of macrophages and MDSCs into
the TME and regulate effective antigen presentation.® '’
Suppressing VISTA activity in these models has shown
a variety of beneficial outcomes including promoting
tumor-specific effector T cell activation; reducing Treg
induction and function; and enhancing myeloid medi-
ated inflammatory responses.”'" The first data to report
VISTA in human tumors demonstrated increased expres-
sion of VISTA on myeloid cells as a resistance mecha-
nism to ICT (anti-CTLA-4)."? Substantial evidence has
also shown high levels of VISTA on MDSCs in patient
samples across a wide range of cancers,'” and immuno-
suppression by MDSCs and upregulation of VISTA has
been associated with acquired resistance to anti-CTLA-4
and anti-programmed cell death protein-1 (PD-1) /PD-L1
therapies in multiple malignancies such as melanoma and
prostate cancer' ' as well as in acute myeloid leukemia.'”
Together, these observations suggest an independent and
potentially synergistic role of VISTA with the PD-1/PD-L1
pathway.'’ ?

The physiologically relevant binding partners of
VISTA are yet to be conclusively determined, but two
independent in vitro studies have demonstrated V-Set
and Immunoglobulin domain containing 3 (VSIG3, or
IGSF11:Immunoglobulin Superfamily Member 11) as
a partner.'' '® VSIGS is expressed on cancer cells with
elevated expression reported in multiple malignances
including colorectal, hepatocellular, and intestinal-type
gastric cancers.'" Additionally, the VISTA-VSIG$ interac-
tion has been shown to inhibit T cell proliferation, as well
as proinflammatory cytokine and chemokine release."
VISTA has also been reported to bind to itself,'” leucine-
rich repeats and immunoglobulin-like domains 1 (LRIG1)
(WO2019165233, WO2021047104), and P-selectin glyco-
protein-1 (PSGL-1) at an acidic pH."® ' However, neither
the physiological significance of these interactions nor
their association with antitumor effector functions have
been established.

Despite the lack of consensus around the most phys-
iologically relevant VISTA binding partner, VISTA
antagonists, including antibodies and small molecules,
are being explored for the treatment of patients with
cancer who do not respond to current therapies or

acquire resistance to PD-1/PD-L1 and CTLA-4 thera-
pies. Development of effective antibody therapeutics has
been hampered by the lack of control that conventional
methods of antibody discovery provide for targeting
specific functional regions.”” As a result, isolated anti-
bodies often do not possess the functional and develop-
ability characteristics necessary to become therapeutics.
To date, no antibodies against VISTA have been reported
that demonstrate comparable cross-species affinity and
that do not require Fc-mediated effector functions (such
as antibody dependent cell cytotoxicity (ADCC), anti-
body dependent cell phagocytosis (ADCP), complement
dependent cytotoxicity (CDC), induction of cytokines/
chemokines and endocytosis of opsonized targets)®!
to antagonize VISTA activity. Only two antibodies have
reached the clinic. Clone VSTB112 (now being devel-
oped as CI-8993) is an anti-human VISTA antibody
leveraging a cell-depleting IgGl backbone previously
developed by Janssen/ImmuNext and currently pursued
by Curis (NCT04475523). The Fc-dependent activity of
the IgGl isotype was shown to be critical for VSTB112
antitumor effects. VSTB112 was also observed to trigger
substantial cytokine release leading to neurotoxicity even
at subtherapeutic doses (Curis corporate presentation,
January 2021). A second clone IGN175A (now renamed
as W0180), also a cell depleting IgG1 isotype VISTA anti-
body, is currently being developed by Pierre Fabre, but
no data has thus far emerged.

Here we report a novel neutralizing anti-VISTA anti-
body, HMBD-002, developed using an Al-directed
rational antibody discovery approach, which uniquely
targets a specific functional epitope on the unique C-C’
loop of VISTA that is conserved in human, monkey, rat,
and murine orthologs. The C-C' loop, is a 21 residue
exposed motif, which has been reported to play a role
in protein-protein interactions.'® Leveraging an IgG4
backbone, HMBD-002 is the first VISTA-targeting
antibody that has been shown to block the inhibitory
function of VISTA and induce an antitumor response,
without requiring Fc-dependent IgGl isotype activity.
We demonstrate that HMBD-002 inhibits interactions
of VISTA with potential binding partners, including
VSIG3, where release of VISTA-VSIG3 suppression of T
cell activity potentiated a distinct shift in inflammatory
milieu to a proinflammatory phenotype and potent inhi-
bition of tumor growth in in vivo preclinical syngenic
and humanized murine models of colorectal, lung
and breast cancer. Collectively, these data suggest that
HMBD-002 may be an effective therapeutic option for
addressing VISTA-mediated immunosuppression across
a broad range of tumors.

METHODS

Antibody isolation and production

For isolation and production of all antibodies, see online
supplemental files 1
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ELISA binding assay

384-well plates were coated with Ipg/mL of target
antigen diluted in phosphate bufferd saline (PBS) for
16hours at 4°C. After blocking for 1 hour with 1% bovine
serum albumin (BSA) in PBS at room temperature,
HMBD-002 or human IgG4 isotype control (Biolegend
#403702) were serially diluted using 1% BSA made with
1x PBS at neutral pH 7 and added to the plate. For testing
the binding of test article at different pH, 1% BSA was
made using 1x PBS at pH of 7.5, 7.0, 6.5, 6, 5.5 or 5.
Post 1 hour incubation at room temperature, plates were
washed three times with TBS containing 0.05% Tween 20
(TBS-T) and incubated with 1:7000 of goat anti-human
IgG Fc-HRP (Abcam #ab97225) for lhour at room
temperature. After washing, plates were developed with
colorimetric detection substrate 3,3’,5,5-tetramethylben-
zidine (Turbo-TMB; Thermo Fisher # 34022) for 10 min.
The reaction was stopped with 2M H,SO,, and OD was
measured at 450 nm on a BioTek Synergy HT.

Flow cytometry and analysis

HMBD-002 binding to cell surface expressed VISTA on
either peripheral blood mononculear cells (PBMC),
or HEK293T cells engineered to express VISTA, was
measured by flow cytometry. Wild type HEK293T cells
were transiently transfected with VISTA complementary
DNA expression plasmids encoding human, cynomo-
lgus monkey, rat, and mouse VISTA (Sinobiological)
using lipofectamine 2000 (Thermo Fisher Scientific
#11668019) following the manufacturer’s protocol.
PBMCs from human, cynomolgus monkey, rat and mouse
were procured from commercial vendor (Accegen) and
blocked with Fc block (Human TruStain FcX, Biolegend
#422302, Mouse TruStain Fcx, Biolegend #101320,
Anti-Rat CD32, BD Pharmingen #550270 and Rhesus FcR
Binding Inhibitor, Thermo Fisher #14-9165-42) prior to
staining. HMBD-002 or isotype control antibodies were
conjugated with APC (Abcam # ab201807) as per manu-
facturers protocol. For fluorescence activated cell sorting
(FACS), cells were incubated with different concentra-
tion of APC tagged HMBD-002 or isotype control as indi-
cated in the figure for 40 min at 4°C. To identify myeloid
cells, PBMCs were further incubated with CD45 FITC and
CDI11b PE. Cells were washed again and resuspended
in 200pL of FACS flow buffer (PBS + 0.5%BSA + 2mM
EDTA) for flow cytometric analysis using MACSQuant 10
(Miltenyi). After acquisition, all raw data were analyzed
using FlowLogic software. Cells were gated using forward
and side scatter, and the percentage of positive cells was
determined.

Immunohistochemistry

Tissue microarrays (TMA) of patients with triple nega-
tive breast cancer (TNBC), non-small cell lung cancer
(NSCLC), mesothelioma and liver cancer (USBiomax,
#BR1301, #LC1401, #MS481d, #L.V8013a) comprising
formalin-fixed paraffin-embedded (FFPE) tissues were
stained for VISTA (HMBD-002-mIgG2a; dilution 1:800)

and VSIG3 (LS Biosciences #L.S-C338858; dilution 1:300)
and normal TMA (USBiomax #FDA999q) was also stained
for VISTA (HMBD-002-mIgG2a). Slides were dried in
a desiccator for 15 min-1 hour and placed in EnVision
FLEX Target Retrieval Solution, low pH (Dako #K8005/
DMS829) for 20 min at 97°C for antigen retrieval. Slides
were placed in Envision Flex buffer (1x) for 10 min prior
to transferring to the Omnis instrument for staining.
Slides were stained and counterstained on the Dako
Link Omnis with the Envision Flex+ detection system (kit
K800) using the kit-based protocol, followed by rinsing,
dehydrating and coverslipping. The TMAs were semi-
quantitatively scored by light microscopy to determine
the relative intensity of staining (0-3+ intensity scale),
distribution and localization of VISTA and VSIG3 protein
expression in normal and tumor tissues.

VISTA-VSIG3 inhibition assay

VISTA-VSIG3 binding was confirmed using recombinant
human VISTA-Fc protein (R&D #7126-B7) or irrelevant
antigen (Human recombinant CD47 protein, Sinobio-
logical #112283-HCCH) with standard ELISA method.
For the inhibition assay, 384-well plates were coated
with 2pg/mL of human VISTA-Fc recombinant protein
(R&D #7126-B7) diluted in PBS for 24 hours at 4°C. After
blocking for 2hours with 1% BSA at room temperature,
plates were incubated with either HMBD-002 or isotype
control for 30 min at room temperature. After 30 min,
biotinylated recombinant human VSIG3-Fc (Recombi-
nant Human VSIG3. Fc was biotinylated using Invitrogen
kit #21455) at 24nM (EC,; of VISTA-VSIG3 binding) was
added for 2hours. Post incubation, plates were washed
three times with TBS-T and incubated with strepta-
vidin HRP (R&D #DY998) antibody for 1hour at room
temperature followed by three further washes. Colori-
metric reactions were developed using standard protocol
as described for ELISA above.

Cytokine release post HMBD-002 blocking of VISTA-VSIG3
PBMCs were cultured in plates coated with 0CD3 mono-
clonal antibody (eBioscience #16-0037) and VSIG3-Fc
(R&D #9229-VS) at ratios of either 1:0 (2pg/mL aCD3
alone) and 1:2 (2pg/mL aCD3: 4pg/mL of VSIG3-Fc).
Cells were then treated with either HMBD-002, VSTB112
or IgG4 isotype control (Biolegend #403702) at the indi-
cated concentration and plate was incubated at 37°C.
Supernatant was harvested after 24 hours and interferon
(IFN)-ylevels was measured using Human IFN-y Uncoated
ELISA kit (Invitrogen #88-7316).

MDSC-T cell co-culture

Monocytes were isolated from fresh human PBMCs via
negative enrichment using Classical Monocyte Isolation
Kit (Miltenyi, #130-117-337). Subsequently, monocytes
were differentiated to MDSCs for 7 days in the presence of
granulocyte-macrophage colony-stimulating factor (GM-
CSF) (10ng/mL) (PeproTech #300-03) and interleukin
(IL)-6 (10ng/mL) (PeproTech #200-06). MDSCs were
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harvested and cultured with freshly isolated autologous
PBMCs at 2:1 ratio in the presence of human anti-CD3
antibody (OKT3, 1pg/mL) (Biolegend, #317326) and
in the presence or absence of test articles as indicated.
Supernatant was harvested after 96 hours and IFN-y levels
were determined via ELISA (Thermo Fisher, USA, #88-
7316-88). Data are presented as fold change with respect
to the isotype for each antibody concentration.

Neutrophil chemotaxis assay

Neutrophils were isolated from whole blood using
MACSxpress Whole Blood Neutrophil Isolation Kit
(Miltenyi #130-104-434) and incubated with either
HMBD-002, VSTB112 or isotype control, at the indi-
cated concentration, for 60 min at 37°C. Post incuba-
tion, neutrophils were seeded in the upper chamber
(300 pl/well) of 24 well transwell plate (Thermo
Fisher #1406287) and media, with or without Cba at
50 ng/mL (Acro Biosystem #C5A-H5116), was added
to the lower chamber (600pl). Cells were incu-
bated in the transwell for 1 hour at 37°C, after which
adenosine triphosphate (ATP) levels of the migrated
neutrophils in the lower chamber was measured using
CellTiter-Glo (Promega #G7571) and luminescence
was measured by Victor Nivo (PerkinElmer).

Human allogeneic mixed lymphocytic reaction

Fresh PBMCs were isolated from human whole blood
(five donors in total) using lymphoprep (Stemcell
Technologies, #07861), following manufacture’s
protocol and resuspended with CellGenix GMP
dendritic cell (DC) medium at 5x10° cells/mL. 50 pl
of DC medium was added into each well of 96-well
round bottom plate followed by 50 pl of PBMCs from
two donors at 1:1 ratio in the presence of either 50 ul
of HMBD-002 or isotype control hlgG4 (InvivoGen
#bgal-mabl114) at 30, 10 and 1pg/mL. A total of 10
donor pairs were used. Cells were incubated at 37°C
for 96 hours. Supernatants were collected at 96 hours
and the supernatant cytokine levels were detected by
Luminex (R&D #LXSAHM-04/07). Data are presented
as fold change from the relevant isotype for each anti-
body concentration.

Animal experiments

Balb/c mice were purchased from InVivos or Jackson
Labs and CD34 engrafted humanized HiMice mice
were purchased from Invivocue. All animals were
housed under specific pathogen-free conditions in a
facility accredited by Association for Assessment and
Accreditation of Laboratory Animal Care, Interna-
tional and treated in strict compliance with the Insti-
tutional Animal Care and Use Committee guidelines.

In vivo tumor growth assays

Mice were subcutaneously implanted with tumor cells
(10° for CT26, 10° for HCT15 and 5x10° for A549) in
the right flank or for orthotopic breast model, tumor
cells were implanted into the mammary fat pad (2x10*

4TI cells). Mice were treated two times per week with
the indicated dose and interval of the test articles
3-6 days post implantation. Treatment was adminis-
tered intraperitoneally for all subcutaneous models,
and intratumorally for the orthotopic model. Tumor
volume was measured using calipers as described
previously.*?

Statistical analysis

Statistical analysis was performed using GraphPad
Prism. Data acquired with two variables (dose titra-
tions) was analyzed with two-way analysis of variances
followed by Tukey’s multiple comparisons test. For
comparisonsbetween two groups, an unpaired t-test was
performed. Values of #p<0.05, **p<0.01, **%p<0.001,
##%%p<0.0001, were considered significant.

RESULTS

VISTA is predominantly expressed on myeloid-derived cells in
healthy tissues

As an important immune modulator, the distribution
of VISTA expression was studied in healthy tissues to
evaluate the optimal strategy for a VISTA antagonist.
We first analyzed a single cell RNA-sequencing (RNA-
seq) data set from 10X Genomics comprising 68,000
PBMCs, as described in the supplementary methods.*”
This revealed the presence of 14 major cell clusters
(figure 1A). Although low levels of VISTA transcripts
were identified in many cell populations, high expres-
sion was confined to myeloid-derived monocytes and
dendritic cells in healthy human donors, with limited
expression in T cells (figure 1B,C). VISTA protein
expression in healthy human tissues was further char-
acterized using immunohistochemistry (IHC) on
FFPE TMA sections (figure 1D). The highest VISTA
levels were detected in lymphoid organs (eg, spleen
and bone marrow) and tissues with significant infil-
tration by leukocytes (eg, breast and lung). The distri-
bution of VISTA across healthy tissues and diverse
immune cells strongly supports the need to antago-
nize VISTA without depleting VISTA expressing cells
for optimal therapeutic benefit and tolerable safety.

Solid tumors including TNBC and NSCLC show significant
expression of VISTA and VSIG3

Previous studies have reported VISTA expression
across a range of cancers.?! We assessed the expression
of VISTA in FFPE TMA sections of four solid cancers
via IHC, including TNBC, NSCLC, hepatocellular
carcinoma and mesothelioma. Patients with TNBC and
NSCLC showed the highest VISTA expression, with
89% and 85%, of the cores showing moderate-high
staining intensity, respectively (figure 1E). There have
also been reports of expression of the VISTA binding
partner VSIG3 in solid cancers'' and we further eval-
uated the expression of VSIG3 in our TMAs. VSIG3
showed moderate-to-high staining in mesothelioma
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Figure 1 VISTA is predominantly expressed on myeloid-derived cells in healthy tissues and several solid tumors, including
TNBC and NSCLC, show significant expression of VISTA and its binding partner VSIG3. (A) Immune cell cluster identification by
RNA single-cell analysis of 10X Genomics data comprising 68,000 healthy PBMCs. (B and C) Uniform Manifold Approximation
and Projection (UMAP) and summary plot of single-cell RNA-seq data for VISTA expression in different cell clusters, where cDC
refers to classical dendritic cells, pDC to plasmacytoid dendritic cells and HSPC to hematopoietic stem and progenitor cells.
(D) Representative immunohistochemical staining for healthy spleen, bone marrow, breast and lung TMAs (n=99) stained with
HMBD-002-mlgG2a at 0.02 mg/mL; magnification 200x. (E) Representative immunohistochemical staining for VISTA in TNBC
(n=126) and NSCLC TMAs (n=140) stained with HMBD-002-mIgG2a at 0.02 mg/mL; magnification 200x (top) and % of patients
with negative (0), low (1), moderate (2) or high (3) staining intensity (bottom). (F) Representative immunohistochemical staining
for VSIGS3 in TNBC (n=126) and NSCLC TMAs (n=140) stained with anti-VSIG3 at 0.0083 mg/mL, magnification 200x (top) and %
of patients with negative (0), low (1), moderate (2) or high (3) staining intensity (bottom). HCC, hepatocellular carcinoma; IHC,
immunohistochemistry; NSCLC, non-small cell lung cancer; scRNA-seq, single-cell RNA sequencing; TMA, tissue microarrays;
TNBGC, triple negative breast cancer; VISTA, V-domain Ig suppressor of T cell activation; VSIGS3, V-Set and Immunoglobulin

domain containing 3.
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(90%), NSCLC (84%), and TNBC (74%) (figure 1F).
The observed high expression of both VISTA and
VSIG3 in TNBC and NSCLC, is consistent with reports
that the co-inhibitory function of VISTA may be medi-
ated through VISTA-VSIG3 interactions suppressing T
cell function'' and further suggests that these could
be priority indications to investigate the benefits of
VISTA antagonism.

HMBD-002 is a unique IgG4 isotype anti-VISTA antibody
immunoengineered to bind a rationally predicted species-
conserved functional epitope on VISTA

Given the expression pattern of VISTA on healthy
cells, we chose to develop an IgG4 isotype anti-
VISTA antibody that would inhibit VISTA function
by blocking interactions with its binding partners
without depleting VISTA expressing cells through
Fc-mediated effector functions.

VISTA is a B7 family receptor, and we hypothe-
sized that the interaction surface for VISTA and its
binding partners would be conserved across other
B7 receptors, including PD1/PD-L1 (figure 2A).
As such, the PD1/PD-L1 complex (PDB: 5IUS) was
used as a template for structural alignment and the
VISTA structure (PDB: 60IL) was mapped onto the
complex. This input structural model of VISTA was
integrated with the available sequence data in humans
and model species to predict solvent accessibility,
post-translational modifications and other features of
VISTA that would be important for the ability of an
antibody to bind. We also applied machine learning
algorithms, such as PRISM, to identify* low energy
template interfaces overlapping with the PDI1-PDLI
interface (online supplemental table S1). This
approach highlighted antibody-available regions along
the F, D, C, C’ B-sheets and the C-C’ loop predicted to
be involved in mediating the interaction with VISTA’s
cognate receptor/ligand (figure 2B), and priori-
tized target regions in the C-C’ loop that are unique
to VISTA within the human proteome and highly
conserved across model species (figure 2C,D, online
supplemental figure S1A). The functional nature of
this region is supported by the known interaction resi-
dues for VSIG3'' ' that are located within this C-C’
loop region (figure 2E). Further, the proposed resi-
dues for VISTA-LRIGI interaction also fall within this
region, while those for VISTA-PSGL-1 interactions are
more distant'® (online supplemental figure S1B).

This rationally predicted region was then used as input
for an immunization approach which utilized computa-
tionally designed immunogens to bias the B cell response
to the target functional region on VISTA. Monoclonal
antibodies targeting this surface were isolated by immu-
nization of mice with proprietary mixtures of these
immunogens and customized adjuvants, before subse-
quent isolation of hybridoma clones. Clone V4P, was
selected for further development based on preliminary
binding affinity and specificity within the B7 family and

its ability to show Fc-independent in vivo efficacy as both
a competent mIgG2a isotype (equivalent to human IgGl-
Fc) and a mutant mIgG2a-LALAPG where FcyR binding
is abolished (online supplemental figure S2). V4P was
subsequently humanized, and affinity matured (online
supplemental methods). The final VISTA targeting anti-
body, HMBD-002, was selected from among the opti-
mized variants based on its in vitro physicochemical and
functional properties (WO2019185879). An IgG4 isotype
(with a S228P stabilizing mutation) was chosen as this Fc
isotype is known to lack affinity to most activating FcyRs as
well as Clq, precluding the activation of ADCC and CDC
depletion of antigen expressing cells. This was confirmed
by the lack of binding of HMBD-002 to the activating
FcyRIII and Clq proteins by ELISA (online supplemental
figure S3A,B).

To confirm the HMBD-002 binding region, epitope
mapping analysis by hydrogen—deuterium exchange mass
spectrometry was conducted for the VISTA-HMBD-002
complex. Comparison of the deuterium exchange
between HMBD-002 bound VISTA and free VISTA
showed that significant decrease in deuterium uptake was
observed at two loci spanning residues 69-85 and 85-97
(figure 2F), indicating that these regions were protected
against deuterium exchange via protein—protein interac-
tion. Furthermore, the reduced deuterium exchange at
early time points observed for peptide 85-97 suggested
that this is the primary epitope of HMBD-002. Reduction
of deuterium exchange at later time points observed for
peptide 69-85 may represent a secondary binding event
subsequent to binding of the primary epitope. Mapping
of these identified peptides to the VISTA structure
confirmed that these sites overlapped with the predicted
target region (figure 2D) and include three critical
amino acid residues for VSIG3 binding (R86, F94 and
Q95, figure 2E)."°

We then compared the binding site of HMBD-002 to
other published VISTA antibodies by epitope binning
with the human VISTA-specific VSTB112 and IGN175A
antibodies, and mouse VISTA ortholog specific 13F3 and
MHbBA antibodies.”® Lack of interference in binding indi-
cated that HMBD-002 and IGN175A have topologically
distant epitopes on human VISTA (online supplemental
figure S4A). Similarly, 13F3, MH5A and HMBD-002 are
largely non-competing (online supplemental figure S4B).
The partial interference of binding observed between
VSTB112 and HMBD-002 suggests that the epitope
of VSTB112 is distinct but closer than IGN175A to the
epitope of HMBD-002. In conclusion, HMBD-002 binds to
a unique epitope on human and mouse VISTA orthologs.

HMBD-002 shows specific, species-conserved, high affinity
binding to VISTA, at a range of physiological pH

To support the therapeutic development of HMBD-002,
its biophysical properties were evaluated to ensure they
were appropriate for a therapeutic antibody. First, highly
specific binding of HMBD-002 to VISTA among the other
related members of the B7 family (B7H1/PDL-1, B7H3,
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Figure 2 HMBD-002 is a unique anti-VISTA antibody, immunoengineered to bind to a rationally predicted functional epitope
that is species-conserved and overlaps with key residues for VISTA interaction with VSIGS. (A) VISTA homology model (gray)
superimposed with the complex of PD-L1 (purple) bound to its ligand PD-1 (cyan) from PDB:5IUS. (B) Front C-C’ 3 sheets
and loop of VISTA protein constituting the predicted binding interface for physiologically relevant binding partners (highlighted
in green). (C) Three-dimensional (3D) overlay model of VISTA protein from mouse, rats, cynomolgus monkey and humans
showing sequence conservation of the C-C’ 3 sheets and loop. (D) 3D model of the computationally predicted target region
for antibody blockade of VISTA. (E) Predicted VISTA homology model with residues implicated in VSIG3 binding. (F) Epitope
mapping analysis of HMBD-002 bound to VISTA using hydrogen—deuterium exchange mass spectrometry. PD-1, programmed
cell death protein-1; PD-L1, programmed death-ligand 1; VISTA, V-domain Ig suppressor of T cell activation; VSIG3, V-Set and
Immunoglobulin domain containing 3.
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Figure 3 HMBD-002 binds with high affinity and specificity to a species-conserved epitope on recombinant and cell surface
expressed VISTA orthologs. (A) Binding specificity of HMBD-002 by ELISA using human B7 family antigens as indicated. Data
shown are mean n=2 measurements and error bars are SEM. (B) ELISA binding of HMBD-002 to VISTA orthologs; human,
NHP, rat or mouse VISTA. Data shown are mean of n=3 measurements and error bars are SEM. (C and D) Binding specificity of
HMBD-002 to cell surface expressed VISTA by flow cytometry on overexpressing HEK293T cells or wild type HEK293T (C) and
CD11b+ myeloid cells isolated from human, NHP, rat or mouse PBMCs (D) Data shown are mean of n=3 measurements and
error bars are SEM. NHP, non-human primate; PD-1, programmed cell death protein-1; PD-L1, programmed death-ligand 1;
VISTA, V-domain Ig suppressor of T cell activation; WT, wild type.

B7H4, B7H6, B7H7), as well as PD-1 and CTLA-4, was 3.738nM, 2.571 nM, 4.133nM and 8.94nM for human,
confirmed by ELISA (figure 3A). Second, to support the ~ NHP, rat, and mouse VISTA expressing HEK293T cells,
use of rodent and non-human primate (NHP) species  respectively (figure 3C). There was no non-specific
for efficacy, safety and PK models, the ability of HMBD-  binding observed to wild type HEK293T cells, which
002 to bind to VISTA orthologs was assessed using ELISA  do not express VISTA. HMBD-002 also showed compa-
and SPR (Biacore). HMBD-002 showed dose-dependent  rable dose-dependent binding to endogenous VISTA
binding to human, NHP, rat and mouse VISTA-HIS  expressed on the myeloid cells of all preclinical species
protein by ELISA with an EC, of 5.117 pM, 12.15 pM, tested, with EC, of 108nM, 67.6nM, 48.6nM and
6.689 pM, and 3.549 pM, respectively (figure 3B). Further, 111nM for human, NHP, rat, and mouse VISTA, respec-
HMBD-002 was observed to bind to human, NHP, ratand tively (figure 3D).

mouse VISTA orthologs with similar picomolar affinities Some tumor environments have been reported to
(Kd) of 407 pM, 367 pM, 382 pM, and 549 pM, respec-  be hypoxic, characterized by relatively low pH.?" As
tively (online supplemental figure S4C-F). VISTA contains many exposed histidine residues that

Cell surface binding of HMBD-002 to HEK293T cells  are susceptible to protonation that may affect antibody
expressing recombinant VISTA orthologs, as well as  binding, we evaluated the effect of pH on HMBD-
to myeloid cells within PBMC of relevant preclinical ~ 002 binding. HMBD-002 was observed to bind VISTA
species, was further confirmed by FACS. HMBD-002  with comparable affinity at pH 5.5-7.5, as assessed by
showed dose-dependent binding to VISTA orthologs  ELISA (online supplemental figure S4G), confirming
of all species tested, with comparable EC,  values of  that HMBD-002 binds to VISTA across the range of
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physiologically relevant pH and that the binding site is
distinct from the histidine-rich regions.

HMBD-002 blocks VISTA-VSIG3 interactions and attenuates
VSIG3-mediated suppression of IFN-y release from activated

T cells

Given the binding of HMBD-002 to the C-C’ loop region,
hypothesized to be a common functional region for
VISTA to bind to multiple partners, we next determined
the ability for HMBD-002 to inhibit these interactions. For
this purpose, ELISA-based recombinant protein binding
assays were developed that modeled the binding between
VISTA and its binding partners, VSIG3 (online supple-
mental figure S5bA) and LRIGI (online supplemental
figure S5B). HMBD-002 was observed to antagonize
VISTA-VSIG3 interaction in a dose-dependent manner
with an IC, of 673 pM (figure 4A). Similarly, HMBD-002
also showed a dose-dependent inhibition of VISTA-LRIG1
binding with a IC_ value of 3.4nM (online supplemental
S5C). Conversely, the residues reported to be involved in
the interaction of VISTA with PSGL-1 are outside of the
C-C’ loop and distal from the HMBD-002 epitope, and
HMBD-002 was not observed to inhibit the VISTA-PSGL-1
interaction (online supplemental figure S5D,E).

To evaluate the functional effect of inhibiting VISTA-
VSIG3 interaction with HMBD-002, we performed a
surrogate assay for tumoricidal T cell activity.” In this
assay, an anti-CD3 antibody mimics T cell receptor liga-
tion, resulting in IFN-y secretion that can be quantified
in the supernatant by ELISA. As expected, incubating
human PBMCs with VSIG3 significantly suppressed the
release of IFN-y (figure 4B). Notably, this suppression
could be effectively released in a dose-dependent manner
with the addition of HMBD-002, but not VSTB112, to the
media (figure 4C). These data support the hypothesis that
HMBD-002 functionally blocks interactions of VISTA with
key protein partners, such as VSIG3, and further suggest
a potential mechanism of action of HMBD-002 - blockade
of VISTA-VSIG3 mediated suppression of proinflamma-
tory IFN-y secretion from activated T cells.

HMBD-002 neutralizes VISTA, reducing MDSC-mediated T cell
suppression and inhibiting neutrophil chemotaxis

Previous studies have reported a key role for VISTA in
the modulation of myeloid function.”” To investigate the
effect of VISTA blockade on myeloid cells that express the
highest levels of VISTA, we evaluated the effect of HMBD-
002 treatment in several in vitro models of myeloid
function.

We first evaluated VISTA blockade by HMBD-002
on the function of human monocytic MDSCs. Previous
studies have reported that MDSCs contribute significantly
to suppression of T cell function in the TME."” Mono-
cytes differentiated to MDSCs for 7days with GM-CSF
and IL-6, were co-cultured with autologous PBMCs. T
cells were then stimulated with an anti-CD3 antibody and
IFN-y levels in the culture supernatant were measured
by ELISA. Addition of HMBD-002, but not VSTB112,

successfully reversed MDSC-mediated T cell suppression
in response to anti-CD3 stimulation as indicated by the
enhanced levels of IFN-y (figure 4D).

Granulocytes such as neutrophils are an integral part
of the innate immune response but can adversely effect
cancer progression. Although it is challenging to model
the function of granulocytic (g)-MDSCs in vitro, it is
known that g-MDSCs can arise from neutrophils that have
infiltrated the TME.™ We therefore explored the effect
of HMBD-002-mediated VISTA blockade on neutrophil
chemotaxis using a transwell assay. In this assay, neutro-
phils migrate between chambers towards a physiologi-
cally relevant chemoattractant, Cba, and the percent of
cells that have migrated to the lower chamber is then
quantified via a luminescence readout. We observed that
HMBD-002 potently inhibited neutrophil migration in
a dose-dependent manner. VSTB112, in contrast, could
only suppress neutrophil migration at much higher
concentrations (figure 4E).

Collectively these results demonstrate that HMBD-002
potently neutralizes VISTA on myeloid cells leading to
the increased secretion of proinflammatory cytokines and
decreased migration of neutrophils.

HMBD-002 polarizes the immune cell milieu toward a
proinflammatory Th1 immune response during an allogenic
mixed lymphocyte reaction

To investigate the functional effect of VISTA blockade by
HMBD-002 in more complex in vitro models of immune
activation, we utilized an allogenic mixed lymphocyte
reaction (MLR) assay. Briefly, PBMCs from five indepen-
dent healthy human donors were mixed pairwise to model
a self/anti-self immune response and were then cultured
for up to 96 hours in the presence or absence of HMBD-
002 before supernatants were analyzed for cytokine levels.
The transcriptome of the cells was also analyzed using
bulk RNA-seq. Cytokine levels in the supernatant were
quantified by Luminex assay and showed that HMBD-
002 induced a significant dose dependent increase in
the levels of the Thl cytokines IFN-y and tumor necrosis
factor (TNF)-o0 at 96 hours, comparable to the effect
seen with PD-1/PD-L1 blockade by an anti-PD-1 anti-
body, pembrolizumab. Other changes in the levels of
IL-4, IL-10 and IL-13 (Th2 cytokines) or IL-6, IL-17 or
IL-23, although less apparent, were further indicative of
the induction of a proinflammatory Th1/Th17 response
by VISTA blockade, in agreement with previous reports
(figure 5A, online supplemental figure S6A).*" * This was
further supported by bulk RNA-seq that highlighted an
enrichment of transcript levels in genes associated with
TLR, TNF-0, IL-1, JAK-STAT and IL-17 signaling path-
ways along with an increase in transcript levels of Thl
associated genes such as IFN-y, TNF-o. and IL-12A and
a decrease in transcript levels of Th2 associated genes
IL-4, IL-10, IL-13 and IL-9 (figure 5B, online supple-
mental figure S6B,C). Collectively, these results show that
HMBD-002 blockade of VISTA can polarize the immune
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Figure 4 HMBD-002 neutralizes VISTA activity by inhibiting VISTA-VSIG3 binding, attenuating VSIG3-mediated suppression
of IFN-y release from activated T cells, reducing MDSC-mediated T cell suppression and inhibiting neutrophil chemotaxis. (A)
Inhibition of VISTA:VSIG3 binding, analyzed by competition ELISA. Data shown are mean of n=3 measurements and error bars
are SEM. (B and C) VSIG3 suppression of IFN-y levels, measured by ELISA at 24 hours, from PBMC cultured in plates coated
with «CD3 monoclonal antibody (OKT3) and VSIG3-Fc at ratios of 1:2, in presence and absence of test articles as indicated.
Data shown are mean of n=3 measurements; error bars are SEM and p value was obtained by (B) paired t-test, *p<0.05and (C)
one-way analysis of variance (Tukey’s multiple comparison test), **p<0.01. (D) Anti-CD3-induced IFN-y secretion from MDSC
co-cultured with autologous PBMCs after 96 hours, in presence or absence of indicated test articles as measured by ELISA.
Data were normalized to isotype control. Data shown are mean of n=6 measurements and error bars are SEM and p value
was obtained by unpaired t-test. *p<0.05, **p<0.01 (E) Inhibition of neutrophil migration to the bottom chambers of transwell
coated with C5a and measured using CellTiter-Glo. Data shown are mean of n=3 measurements and error bars are SEM. IFN,
interferon; MDSC, myeloid-derived suppressor cells; VISTA, V-domain Ig suppressor of T cell activation; VSIGS3, V-Set and
Immunoglobulin domain containing 3.

10 Thakkar D, et al. J Immunother Cancer 2022;10:e003382. doi:10.1136/jitc-2021-003382



Open access

I

A Effect of HMBD-002 on cytokine release in an allogenic MLR assay
TNF-a IFN-y
12 129 *ok
*%*
° = 1 ug/ml M = 1 ug/ml
o0
%’ 8- =3 10 ug/ml S 8 =3 10 ug/ml
S . 30 ug/ml S "% = 30 ug/ml
3 3
E 4 w44
*
L= |l| oL ﬁ
1 1 1 1 1
HMBD-002 Pembro HMBD-002 Pembro
B Effect of HMBD-002 on the inflammatory signaling pathways in an allogenic MLR assay
- HMBD-002 vs
IL-1 Il higG4 isotype
control
> JAK-
g STAT,
g
S
9 TNF-a
&
TIR -

-0.2 0.0

0.2

Variance compared to uniform rank distribution

Figure 5 HMBD-002 remodels the immune milieu toward a proinflammatory Th1 immune response in an allogenic mixed
lymphocyte reaction (MLR). (A) Cytokine levels measured at 96 hours by Luminex, from the supernatant of an allogenic mixed
lymphocyte reaction. All concentrations of HMBD-002 and anti PD-1 antibody, pembrolizumab (annotated as pembro) in pg/
ml. Data were normalized to isotype control. Data shown are mean of n=10and error bars are SEM. P values were obtained by
unpaired t-test, *p<0.05, **p<0.01. (B) Speed2 pathway analysis from bulk RNA-sequencing of MLR samples (n=10). Data were
normalized to isotype control, represented as mean + SDand the p adjusted values were obtained from bulk RNA sequencing
analysis, **p<0.01, **p<0.001. IFN, interferon; IL, interleukin; PD-1, programmed cell death protein-1; TNF, tumor necrosis

factor.

milieu toward an enhanced Th1/Th17 proinflammatory
immune response.

HMBD-002 treatment induces strong antitumor responses in
multiple immune competent syngenic and humanised cell-
derived xenograft models of solid tumors
To explore the proinflammatory and antitumorigenic
effects of HMBD-002 in vivo, tumor growth inhibition
studies were conducted in multiple solid tumor models
that included a syngenic murine cell-derived xenograft
(CDX) subcutaneous model of colon cancer (CT26), a
checkpoint inhibitorresistant orthotopic CDX model
of VISTA expressing breast cancer (4T1) and CD34
engrafted humanized models of human lung cancer
(Ab49) and colorectal cancer (HCT15).

First, Balb/c mice were subcutaneously implanted
(right flank) with CT26 tumors and treated biweekly with

500 pg (~25mg/kg), of HMBD-002 (intraperitoneal) from
3days post implantation (figure 6A), a dosing regimen
routinely used for evaluating in vivo efficacy of antibodies
against 1O targets in mouse models.® ** ** HMBD-002
demonstrated significant single agent efficacy with 84%
inhibition of tumor growth compared with vehicle.
Second, a murine orthotopic model of breast cancer
was established by implanting 4T1 cells overexpressing
VISTA in the mammary fat pads of Balb/c mice. Mice
were treated intratumorally with 50 pg of either HMBD-
002 or the anti-mouse VISTA antibody 13F3 on days 7, 9,
12, 14, 16 postimplantation. The 13F3 is frequently used
as a mouse surrogate for studying the in vivo efficacy
of anti-VISTA antibodies.” ® HMBD-002 again showed
significant tumor growth inhibition (TGI) (53%), which
was comparable to that of 13F3 suggesting the two
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Figure 6 HMBD-002 demonstrates strong antitumor responses as a single agent in multiple CDX models of solid tumors and
remodels the TME to an antitumorigenic, proinflammatory phenotype. (A-D) CDX models used in the study included female
BALB/c mice, subcutaneously implanted with CT26 (A); Female Balb/c mice orthotopically implanted with VISTA O/E 4T1

cells (B) and CD34 engrafted humanized female HiMice, subcutaneously implanted with either A549 (C) or HCT15 (D) cells.
Mice were randomized and dosed with concentrations of test articles at indicated time points. Tumor volumes were measured
two times a week. Each data point represents the mean tumor volume+SEM from n=10 mice. (E) Tumor-infiltrating leukocyte
(TIL) populations in the TME of CT26 syngenic CDX model profiled by FACS. Data shown are mean of n=3and error bars are
SEM. (F) CT26 Antigen recall assay measured by ex vivo culture of TILs (CD45+) with CT26 cells to measure lysis or culture

of tumor enriched T cells (CD4+/CD8+) with CT26 cells to measure T cell activation via IFN-y secretion using ELISA. Data
shown are mean of n=3and error bars are SEM. All p values were obtained by unpaired t-tests, *p<0.05, **p<0.01. Each data
point represents a mouse. CDX, cell-derived xenograft; IFN, interferon; MDSCs, myeloid-derived suppressor cells; TME, tumor
microenvironment; VISTA, V-domain Ig suppressor of T cell activation.
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antibodies may share a common mechanism of action
(figure 6B).

Finally, to confirm these effects were not limited
to murine cancers, the in vivo efficacy of HMBD-002
was tested with human cell lines in humanized mice
engrafted with CD34+ cord blood hematopoietic stem
cells. After reconstitution for 3—4 months, these human-
ized mice received a GM-CSF/IL3 boost that stably recon-
stituted multiple human cell lineages such as T, B and
myeloid cells in organs and blood, (online supplemental
table S2). Two days post the boost, mice were subcuta-
neously implanted with either human HCT15 colorectal
cancer cells or human A549 lung cancer cells and treated
biweekly (intraperitoneal) with 500pg (~25mg/kg) of
either HMBD-002 or vehicle control starting at 5 days post
implantation. As observed in the syngenic models, HMBD-
002 showed significant single agent antitumor efficacy of
65% and 62% TGI in these HCT15 colorectal and A549
lung humanized CDX models, respectively (figure 6C,D).
The similar tumor inhibition observed after HMBD-
002 treatment of both fully immune-competent murine
tumor models and murine tumor models recapitulating
the human immune compartment, suggests a conserved,
and potentially translatable, mechanism of action shared
between mouse and human antitumor immune responses.

HMBD-002 treatment remodels the TME of murine CDX
models, increasing activated effector immune cells and
decreasing suppressive cells

To understand the mechanism of the antitumor efficacy
observed for HMBD-002 in murine models, tumors from
the syngenic CT26 colon cancer models were further
profiled using FACS. HMBD-002 treatmentwas observed to
significantly increase the percentage of CD11b+ MHCII+
(antigen presenting cells), CDI11b+ F4/80+ (macro-
phages) and CD11C+ (DGs) in the TME (figure 6E). An
increase in CD8 +T cells was also observed, although this
was not statistically significant. In contrast, the frequency
of total MDSCs (CD11b+ GR1+ MHCII-) was significantly
lower in the tumors of treated mice compared with vehicle
control. To further assess the mechanism by which these
changes in immune cell numbers were associated with the
functional state of TILs, we performed an antigen recall
assay by co-culturing CT26 cells and isolated TILs from
the CDX models in vitro. Seventy-two hours after co-cul-
ture, TILs isolated from tumors treated with HMBD-002
showed significantly higher lysis of CT26 cells (figure 6F).
This increased activity was further confirmed with an ex
vivo co-culture assay of infiltrating T cells with CT26 cells,
where T cells from treated mice showed significantly
higher IFN-y levels, as measured by ELISA, compared
with untreated mice (figure 6F).

These results suggest that VISTA blockade by HMBD-
002 increases the levels of inflammatory effector cells with
concomitant decrease of immunosuppressive MDSCs in
the TME and enhances the antigen specific cytotoxic
activity of TILs, likely contributing to the antitumor effi-
cacy of HMBD-002.

HMBD-002 exhibits acceptable pharmacokinetic profiles in
multiple species

Therapeutic antibodies should possess half-lives in
plasma compatible with appropriate dosing regimens.
Previous anti-VISTA antibodies have demonstrated poor
PK characterized by rapid serum clearance,'® which may
be explained by Fc-effector functions such as ADCC,
especially of neutrophils, leading to rapid cell turnover of
VISTA expressing cells and causing a significant antibody
sink. The pharmacokinetic profile of HMBD-002 was
therefore evaluated in healthy and tumor-bearing mice,
and healthy rats and NHP.

In mice, a representative pharmacokinetic profile was
determined for tumor-bearing and non-tumor bearing
Balb/c mice that had been dosed intraperitoneally with
increasing doses of HMBD-002 (5-20mg/kg, online
supplemental figure S7A). Non-tumor bearing mice
demonstrated linear PK, however, profiles in tumor
bearing mice were non-linear, likely due to the higher
levels of the target and increased target mediated drug
disposition. HMBD-002 serum half-ife in the tumor
bearing mice was calculated as 26.9-57.2hours across
doses, while in the non-tumor bearing mice serum half-
life was 61.1- 80.8 hours.

In Sprague-Dawley rats and cynomolgus monkeys, the
PK profile was determined from measurements in both
male and female animals. HMBD-002 was administered
at single doses of 1mg/kg, 10mg/kg, and 100mg/kg, as
an intravenous bolus injection into the tail vein in rats.
For cynomolgus monkeys, HMBD-002 was administered
either once at doses of 1 mg/kg, 10mg/kg, and 100mg/
kg or twice 1 week apart (days 1 and 8) ata dose of 10mg/
kg/week as an intravenous bolus injection into the periph-
eral vein. In both species, the PK profiles of HMBD-002
did not differ significantly between the genders and dose
proportional increases in exposure were observed for
C,,.. values across all doses. HMBD-002 serum half-life in
the rats was calculated to be between 6.2 and 68.1 hours
across doses (online supplemental figure S7B), and in the
cynomolgus monkey serum half-life was calculated to be
between 8.0 and 70.0hours (online supplemental figure
S7C).

Together, these results demonstrate that HMBD-002
appears to show reduced clearance relative to other anti-
VISTA antibodies with a depleting IgG1 Fc domain."®

HMBD-002 is well tolerated in preclinical toxicology studies
with no abnormal cytokine release

Optimal therapeutic antibodies should demonstrate
minimal toxicity to normal tissues. As HMBD-002 shows
species-conserved binding of VISTA orthologs, animals
from the above PK studies were also monitored for
adverse effects of HMBD-002 dosing, as part of concur-
rent tolerability studies. After intravenous injection in
Sprague-Dawley rats and cynomolgus monkey, both
species showed no treatment related morbidity/mortality
or clinical signs, and no treatment related changes in
body weight, food consumption, clinical chemistry, or
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hematology parameters that continued for the duration
of the 28-day observation period (online supplemental
tables S3 and S4).

Additionally, ex vivo cytokine release assays were
conducted with human whole blood and isolated PBMCs
from healthy donors, to assess the potential immuno-
toxicity of HMBD-002 by evaluating the levels of IL-2,
IL-4, IL-6, IL-10, TNF-o. and IFN-y in culture superna-
tants using a cytometric bead array approach. Cytokine
levels were measured after stimulation for 24 hours with
either HMBD-002, a positive control (anti-CD3 or staph-
ylococcal enterotoxin B), or a negative isotype control in
soluble stimulation format. HMBD-002 did not elicit any
significant cytokine release in blood or in purified PBMCs
(online supplemental figure S7D-G).

Together these results demonstrate that HMBD-002
is well tolerated in rats and cynomolgus monkeys and
further suggests a low risk for potential immunotoxicity
caused by cytokine release.

DISCUSSION

There is a growing interest in the negative checkpoint
regulator VISTA as a therapeutic target to treat patients
with cancer who do not respond to current therapies, or
acquire resistance to other ICTs, due to its potent role in
suppressing immune responses, its non-overlapping func-
tion with PD-L1 or CTLA-4, and its high expression on
myeloid cells. Although numerous approaches are being
adopted to develop VISTA inhibitors, previous attempts
using conventional antibody discovery approaches have
notyielded optimal immune modulating anti-VISTA anti-
bodies with the characteristics appropriate for an effective
therapeutic candidate, including functional blockade of
VISTA inhibition and appropriate safety and PK profiles.

HMBD-002 was rationally developed as an IgG4 isotype
anti-VISTA neutralizing antibody using Hummingbird
Bioscience’s Al-directed Rational Antibody Discovery
platform. To focus development on a functional blocking
antibody, we modeled the binding of VISTA to protein part-
ners by hypothesizing that the B7 receptor family would
utilize conserved interaction surfaces and then lever-
aged existing PD1/PD-L1 structural data as a template. A
machine-learning based prediction algorithm prioritized
a target region centered on the C-C’ loop of VISTA, which
also coincided with key residues that have been reported
for the interaction of VISTA with VSIG3 and LRIGI1, two
of the proposed binding partners for VISTA. This region
was then used to inform an epitope-directed immuniza-
tion strategy that biased B cell responses to the target
region using computationally-designed immunogens and
custom adjuvants.

The resulting humanized antibody, HMBD-002,
uniquely binds with picomolar affinity to a species-
conserved epitope within the predicted functional C-C’
loop region of VISTA. The HMBD-002 epitope was also
confirmed to be distinct from the two clinical stage anti-
VISTA antibodies, IGN175A and VSTB112. A recent

report using mutational screening further supports
the uniqueness of the HMBD-002 epitope, locating the
VSTBI112 epitope further away from the C-C’ loop and
sharing several residues with the epitopes of two other
recently reported preclinical anti-VISTA antibodies,
BMS767 and SG7.*° The conservation of the HMBD-002
epitope across species is suggestive of the evolutionary
pressure that has maintained this critical region for
protein—protein interactions. Comparable high affinity
binding to murine orthologs also facilitated the devel-
opment of HMBD-002 towards clinical evaluation, lever-
aging murine efficacy and toxicity data without requiring
the use of murine surrogate antibodies. The only other
murine cross-reactive anti-VISTA antibody, SG7, currently
in early development, binds to a different region and
shows much lower affinity to murine VISTA compared
with human VISTA.*® Furthermore, in vitro pharma-
cology studies demonstrated that the binding of HMBD-
002 is highly selective and maintained even in low pH
conditions that may represent those in the TME.
HMBD-002 is also distinct from previous anti-VISTA anti-
bodies as it is the first antibody to demonstrate neutraliza-
tion of VISTA activity in an Fc-independent manner. The Fc
isotype of immune checkpoint antibodies has been known
to affect their function and in vivo efficacy.”' Indeed, the
efficacy of previous anti-VISTA antibodies was shown to be
dependent on an IgGl isotype thatis able to bind to immune
activating Fc receptors.” However, this binding often leads to
ADCC or CDC mediated depletion of target cells. Due to the
broad expression of VISTA that we and others have observed
on normal healthy hematopoietic cells,”® *” HMBD-002 was
developed as an IgG4 isotype antibody that circumvents the
possibility of detrimental depletion of VISTA expressing
cells. The importance of this strategy may explain previous
observations. The only anti-VISTA antibody for which clin-
ical observations are known is an IgG1 isotype and reported
dose-limiting toxicity at subtherapeutic dose levels during
phase 1 trials (low-grade CRS at 0.15mg/kg and grade 3
neurotoxicity at 0.3mg/kg),”” (Curis Corporate Presen-
tation, January 2021) perhaps explained by ADCC driven
cytotoxicity of myeloid cells, which are major producers of
CRSrelated cytokines such as I1-6.*® Additionally, cell deple-
tion is also one explanation for the poor PK profile charac-
terized by short serum half-ife that has been observed for
IgG1 anti-VISTA antibodies,'® as the fast turnover of VISTA
expressing granulocytes could represent a significant sink
that may quickly remove the antibody from circulation.
VSIG3 was selected as an exemplar VISTA binding
partner as it is known to bind VISTA within the predicted
functional C-C’ loop region and has been independently
validated as a binding partner by multiple groups.' '
Further, the VISTA-VSIGS3 interaction has demonstrable
function through inhibition of T cell activation and
inflammatory cytokine production.'' The high co-expres-
sion of VISTA and VSIG3 that we observed in TNBC and
NSCLC provides additional support to the relevance of
the VISTA-VSIG3 axis in tumors. We therefore consider
VISTA-VSIG3 a representative functional interaction.
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Although future studies may reveal additional relevant
VISTA binding partners, it is likely that binding will also
use conserved C-C’ loop interactions. Indeed, recent
reports of LRIGI binding to VISTA highlight interac-
tion residues in the C-C’ loop region (W0O2019165233,
WO02021047104). The binding epitope for HMBD-002
was confirmed to be within this predicted C-C’ loop
region, with an epitope that overlaps with key residues
for both VSIG3 and LRIG1 binding, and HMBD-002 was
able to block their interactions with VISTA. Furthermore,
the inhibition of VISTA-VSIG3 interactions by HMBD-002
was confirmed to release VSIG3 mediated suppression of
IFN-y from anti-CD3 activated T cells. In contrast, resi-
dues reported to be involved in the interaction of VISTA
with PSGL-1 are outside of the C-C’ loop and distal from
HMBD-002 epitope and, as expected, HMBD-002 was
not observed to inhibit the VISTA-PSGL-1 interaction.
It should be noted, however, that the physiological rele-
vance of the low pH binding of VISTA to PSGL-1 is still
uncertain, especially as the majority of functional assays
that have elucidated the effects of VISTA inhibition, both
in previous reports and those described for HMBD-002
here, have been performed at broadly neutral pH.

The functional blockade of VISTA by HMBD-002 showed
broad effects on immune cells in vitro. Blockade of VISTA
on MDSCs, co-cultured with anti-CD3 activated T cells,
resulted in increased IFN-y release, indicative of a reversal of
the MDSC-mediated T cell suppression that is increasingly
implicated in suppressing antitumor responses.”’ HMBD-
002 also blocked the chemotaxis of granulocytic neutro-
phils, which are known to increase cancer cell invasion and
have been associated with poor prognosis.* Notably, these
immune stimulatory effects were not induced by other clin-
ical candidate anti-VISTA antibodies in our experiments,
even those that have been reported to inhibit VSIG-3
binding,'® again pointing to the potency of the mechanism
of action of HMBD-002. Finally, in a mixed allogenic co-cul-
ture of PBMCs during a MLR assay, we noted a shift of the
immune response towards a proinflammatory phenotype,
with a significant upregulation of TNF-o,, TLR, JAK-STAT,
I1-17 signaling pathways, all of which are known to be associ-
ated with a Th1/Th17 cellular response.41 This is consistent
with murine VISTA knockout models that lead to psoriasis
and experimental autoimmune encephalomyelitis that have
previously been reported to be characterized by a Th1/Th17
response.

The favorable characteristics of HMBD-002 that support
development into the clinic were again notable when eval-
uating in vivo models of efficacy, PK and tolerability. In
vivo efficacy studies using HMBD-002 in murine syngenic
models demonstrated that HMBD-002 treatment is effec-
tive as a single agent and significantly inhibits tumor
growth in multiple tumor models. For the first time we
also report the efficacy of an anti-VISTA antibody in
humanized murine models of cancers. The remodeling
of the TME towards a proinflammatory phenotype was
clear when profiling tumors from the CT26 (colorectal)
murine syngenic CDX model. This revealed a decrease

of broadly suppressive cell populations (GR1+ MHCII-
MDSCs) and an increase in effector cell populations
(CD11b+ MHCII+ antigen presenting cells, CD11C+ DC,
F4/F80+ macrophages). Additionally, the TILs of treated
mice from the CT26 model showed enhanced effector
function, ex vivo. Deeper cell profiling of murine CDX
models in future studies will be required to dissect the
roles of subclasses of the immune cell compartment
during responses to HMBD-002. These should also be
confirmed using patient samples from clinical studies.
Nevertheless, the remodeling of the TME by HMBD-002
towards a proinflammatory and antitumor phenotype
that was observed in the current study is consistent with
the primary mechanism of action being manipulation of
the highly VISTA+ myeloid compartment.

Alongside in vivo efficacy, HMBD-002 demonstrated
a pharmacokinetic profile in two pharmacologically
relevant VISTA ortholog expressing species, rats and
cynomolgus monkey, characterized by a serum half-life
measured in days and in contrast to reports of previous
IgG1l anti-VISTA antibodies which have suffered from
faster serum clearance.'® Furthermore, despite reports of
CRS at subtherapeutic doses for IgGl isotype anti-VISTA
depleting antibodies, we observed no concerning toxic-
ities with respect to clinical observation, hematology or
biochemistry in rodent and cynomolgus monkey models,
generally considered good predictors of pharmacology
in humans, nor in the in vitro human cytokine release
assays. Although there remains the possibility of differ-
ences in human and model species pharmacology that
can only be addressed in larger clinical trials, these data
allow maximum flexibility in setting safe starting dose and
scheduling for further evaluation of PK and tolerability of
HMBD-002 in the clinic.

In conclusion, HMBD-002 represents a unique neutral-
izing and non-depleting IgG4 isotype anti-VISTA thera-
peutic antibody, the discovery of which was enabled by
an Al-directed rational antibody discovery approach that
identified and targeted a key functional region on VISTA
to block its interaction with protein partners and potently
release VISTA suppression of an antitumor immune
response. The potent efficacy of HMBD-002 was also
associated with a safety and pharmacokinetic profile that
supports the rapid translation of the program into the
clinic. Hummingbird Bioscience anticipates commencing
First-in-Human trials of HMBD-002 in 2021.
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