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ABSTRACT

Encouraged by the observations of significant B7-H3 protein overexpres-
sion in many human solid tumors compared to healthy tissues, we directed
our focus towards targeting B7-H3 using chimeric antigen receptor (CAR)
T cells. We utilized a nanobody as the B7-H3-targeting domain in our CAR
construct to circumvent the stability issues associated with single-chain
variable fragment-based domains. In efforts to expand patient access to
CAR T-cell therapy, we engineered our nanobody-based CAR into human
Epstein-Barr virus-specific T cells (EBVST), offering a readily available off-
the-shelf treatment. B7H3.CAR-armored EBVSTs demonstrated potent in
vitro and in vivo activities against multiple B7-H3-positive human tumor
cell lines and patient-derived xenograft models. Murine T cells expressing
a murine equivalent of our B7H3.CAR exhibited no life-threatening tox-
icities in immunocompetent mice bearing syngeneic tumors. Further in

vitro evaluation revealed that while human T, B, and natural killer cells

Introduction

The emergence of chimeric antigen receptor (CAR) T-cell therapies targeting
CD19 and B-cell maturation antigen (BCMA) signify a clinical breakthrough

for the treatment of hematologic malignancies (1). However, translating CAR
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were unaffected by B7H3.CAR EBVSTs, monocytes were targeted because
of upregulation of B7-H3. Such targeting of myeloid cells, which are key
mediators of cytokine release syndrome (CRS), contributed to a low in-
cidence of CRS in humanized mice after B7H3.CAR EBVST treatment.
Notably, we showed that B7H3.CAR EBVSTs can target B7-H3-expressing
myeloid-derived suppressor cells (MDSC), thereby mitigating MDSC-
driven immune suppression. In summary, our data demonstrate that our
nanobody-based B7H3.CAR EBVSTs are effective as an off-the-shelf ther-
apy for B7-H3-positive solid tumors. These cells also offer an avenue to
modulate the immunosuppressive tumor microenvironment, highlighting

their promising clinical potential in targeting solid tumors.

Significance: Clinical application of EBVSTs armored with B7-H3-
targeting CARs offer an attractive solution to translate off-the-shelf CAR

T cells as therapy for solid tumors.

T-cell therapy into treatments for patients with solid tumors has been less
successful. Among challenges that include heterogenous expression of tumor-
associated antigens (TAA), CAR T-cell trafficking, and immunosuppressive
tumor microenvironments (TME), one of the biggest obstacles remains the
identification of appropriate TAAs in solid tumors. As most TAA can be found
on nonmalignant tissues, albeit at relatively low levels, targeting such antigens
may be associated with on-target, off-tumor toxicities (2). Therefore, select-
ing the appropriate TAA is a critical consideration to ensure safety and clinical

efficacy of CAR T-cell therapy in solid tumors.

The B7 homolog 3 protein (B7-H3, CD276) is an immune checkpoint mem-
ber of the B7 and CD28 families. In humans, B7-H3 exists in two isoforms: the
shorter 2-Ig isoform comprises a single pair of immunoglobulin variable (IgV)-
like and immunoglobulin constant (IgC)-like domains, while the dominant
4-Ig isoform consists of two identical IgV-IgC pairs due to exon duplication

(3). In mice, B7-H3 exists as a single pair of IgV-IgC and shares 87% sequence
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homology with the human 2-Ig isoform (4). While limited protein expression of
B7-H3 is detected in normal tissues, B7-H3 is overexpressed in multiple types
of human tumors, tumor-infiltrating blood vessels, and tumor stroma (3). A
strong correlation between high expression of B7-H3 protein and poor progno-
sis have been observed (5), supported by mechanistic studies that demonstrated
a pleiotropic pro-oncogenic role for B7-H3 that is independent of its immune
modulatory function (6). As a result of these observations, targeting B7-H3 has
emerged as an appealing strategy for cancer immunotherapy. In addition to
approaches that utilize conventional and newer generations of therapeutic an-
tibodies to target B7-H3, some groups have also embarked on the development
of B7-H3-targeting CAR T cells (7).

Antigen recognition by CAR T cells is mediated via an antigen-specific do-
main, commonly a single-chain variable fragment (scFv) of an antibody fused
to transmembrane and intracellular signaling domains (8). It has been recog-
nized in recent years that scFv aggregation arising from structural instability
(9,10) and domain swapping (11) can induce tonic signaling, which in turn di-
minishes CAR T activity and persistence. In comparison to traditional scFv,
nanobodies derived from the variable domain of heavy chain-only antibodies
(VHH) have more favorable stability qualities, while maintaining a high affinity
to antigens. Using nanobodies in CAR constructs could potentially overcome

the drawbacks associated with scFv-based targeting domains (12, 13).

The CD19 and BCMA-targeted CAR T-cell products currently approved by the
FDA are generated from patient-derived T cells, which pose several challenges
that limit their broader applications. Autologous CAR T-cell therapies are en-
cumbered by bespoke manufacturing processes, unpredictable potency, risks of
manufacturing failure, and a lengthy vein-to-vein time. Allogeneic CAR T cells
derived from healthy donors may circumvent such hurdles as they are readily
available as an “off-the-shelf” CAR T product with more consistent cell quality
(14, 15). Recent studies of off-the-shelf allogeneic CD19-, CD7-, and BCMA-
targeted CAR T therapy have reported encouraging clinical responses and a

good safety profile in heavily pretreated patients (16-18).

To avoid GVHD, many allogeneic CAR T-cell products rely heavily on gene
editing tools to eliminate endogenous ap T-cell receptor (TCR), which inher-
ently carries inadvertent risks of chromosomal alterations (19, 20). To avoid the
use of genomic editing, we used T-cell products that naturally lack alloreactiv-
ity. Encouraged by the promising efficacy and safety outcomes of off-the-shelf
Epstein-Barr virus-specific T cells (EBVST) in clinical trials (21) and the re-
cent FDA approval of tabelecleucel, we adopted EBVSTs as universal donor
T cells and armored them with a new-generation nanobody-based CAR tar-
geting B7-H3. Our study demonstrates the promising in vitro and in vivo
efficacy of our B7H3.CAR EBVST in targeting various human solid tumor types
that express B7-H3. We further demonstrate that in addition to an acceptable
on-target off-tumor safety profile, our candidate carries a low risk of treatment-
induced cytokine release syndrome (CRS). Finally, our study reveals a novel
function of B7H3.CAR EBVST, specifically its ability to target and reverse the

immunosuppressive effects of myeloid-derived suppressor cells (MDSC).

Materials and Methods

B7-H3 Staining on Healthy Tissue and Tumor Microarrays

Formalin-fixed paraffin-embedded (FFPE) human healthy tissues (FDA33l,
TissueArray), gastric cancer, and triple-negative breast cancer (TNBC)
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microarrays with matched healthy tissues (Singhealth Tissue Repository) were
sent to Advanced Molecular Pathology Laboratory (AMPL), Singhealth for
human CD3 (Agilent Technologies), and B7-H3 (Cell Signaling Technology)
staining and grading by a qualified pathologist (Ei Ei Thit).

Cell Lines

NALM-6, DLD-1, HT29, SW-480, NCI-H1299, NCI-H596, NCI-H23, NCI-
N87, MDA-MB-231, and MDA-MB-468 cells were purchased from ATCC.
MKN-45 cells were purchased from DSMZ-German Collection of Microorgan-
isms and Cell Cultures GmbH. RD114 packaging cell line was purchased from
BioVec Pharma. Phoenix-ECO packaging cell line was purchased from ATCC.
The stable RD114 retrovirus packaging cell line that produces GFP-Firefly Lu-
ciferase (GFP-FFluc) virus particles was a kind gift from Dr Masataka Suzuki
(Baylor Center for Gene Therapy, Baylor College of Medicine).

Cell lines were frozen down as soon as possible after initiation of culture from
ATCC stock. Cell lines were not authenticated but were used in early passages
in all experiments (within 6-12 passages after initiation of culture from ATCC
stock). All cell lines were tested with MycoAlert Mycoplasma Detection Kit
(Lonza) biweekly or one day prior to freezing or experimentation. Cells found
to be contaminated with Mycoplasma were treated with Plasmocure ™ (Invivo-
Gen) as per manufacturer’s instructions and retested for Mycoplasma 1 week

after completion of treatment.

All cells were grown in complete media as recommended by cell supplier and

maintained in a humidified atmosphere containing 5% CO, at 37°C.

Library Generation, Screening, and Identification of
B7-H3-specific VHHs

To construct the VHH library, a naive male llama was immunized with re-
combinant human B7-H3 (Sino Biological) at 100 pg per injection for a total
of 6 injections. Total RNA was then isolated from peripheral blood lympho-
cytes and cloned into phagemid pMECs. The recombinant plasmids were then
transformed into electrocompetent TG1 Escherichia coli cells to generatea VHH
library of 10° transformants that was further characterized by PCR and se-
quencing analyses. TG1 transformants were subsequently infected with the

MI3KO07 helper phage to amplify and repackage the library for biopanning.

At each round of biopanning, the phage library was first incubated with un-
loaded streptavidin beads to remove nonspecific binders and the subtracted
phage library was then incubated with streptavidin beads precoated with re-
combinant B7-H3 protein, before washing with PBST (PBS + 1% Triton X-100).
Bound phages were then eluted with 0.1 mol/L triethylamine, amplified by in-
fecting TGI cells and used for next round of biopanning. Sequential rounds of
biopanning were carried out with increasing stringency by reducing the con-
centration of biotinylated recombinant B7-H3 protein coated on streptavidin

beads and increasing the frequency of washes.

Screening for B7-H3-specific VHHs was done by binding ELISA. First, in-
dividual phage-infected TGl colonies were picked before induction for VHH
expression using 1 mmol/L IPTG. Cell pellets of TG1 cultures were then in-
cubated with TES (Tris/EDTA/sucrose) buffer. Cell suspension was then spun
down and the supernatant containing the periplasmic extract was used for
the binding ELISA. ELISA plates (Corning) were coated with 5 pg/mL neu-
travidin to capture biotinylated B7-H3 and bound VHHs were detected using
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an anti-HA antibody. Phagemids were then isolated from positive binders for

sequencing.

Expression and Characterization of Recombinant VHH

For large-scale expression of VHH, the genes were cloned into the pHENG6
expression vector and subsequently transformed into WK6 E. coli cells.
Periplasmic extract was then prepared as described previously and VHH was
further purified by affinity chromatography using nickel beads. To generate
the VHH-Fc construct, VHH sequences were cloned into the pTT5 expres-
sion vector upstream of an IgG1-CH2CH3. Subsequently, HEK2936E cells were
transiently transfected and recombinant VHH-Fc was purified from the culture
supernatant using Protein G beads. Pooled fractions were then concentrated,
and buffer exchanged into PBS pH 7.4 or MES pH 6.0.

Binding kinetics to recombinant B7-H3 was assessed by surface plasmon reso-
nance (SPR) using Biacore T200 (Cytiva). Briefly, rabbit anti-VHH antibodies
(Genscript) were immobilized on CM5 chips and purified VHHs were then
captured by the anti-VHH antibodies. For initial screening, 100 nmol/L of
recombinant B7-H3 was used to assess binding off-rates. For multi-cycle ki-
netic analysis, recombinant B7-H3 was injected at concentrations between 1 and
1,000 nmol/L in a, 2- or 3-fold dilution series. A reference channel with no VHH
captured was used to correct for bulk effect and nonspecific binding while a
blank run (no antigen flowed) was used to correct for surface stability. The dou-
ble referenced sensorgrams were fitted with the Langmuir (1:1) binding model
to obtain the association ka, dissociation kd, and equilibrium constant Kp, and

the closeness of fit was evaluated with the x 2 value.

Binding to cell-expressed B7-H3 was done with various cell lines. Murine
CT26 and B7-H3 knockout human MKN?7 cells were transfected to express
murine B7H3-GFPSpark or human (4-Ig) B7H3-GFPSpark fusion proteins
with their respective pPCMV3 vectors (Sino Biological), using FuGene 6 trans-
fection reagent (Promega). Transfection was then assessed by flow cytometry

and fluorescence microscopy.

Plasmid Constructs and Retrovirus Vectors Production

The B7-H3 human CAR construct consisted of the B7-H3-targeting VHH
(P2A5 clone) inserted into a pSFG retroviral vector upstream of a 4-1BB-
derived spacer, followed by human CD28 transmembrane domain, a human
CD28 and CD3¢ signaling domains. A truncated form of the B7H3.CAR con-
sisted only of the extracellular and transmembrane domain. In the B7-H3
murine CAR (B7H3 mCAR), the human CD28 transmembrane and signal-
ing domains, and CD3¢ domain were replaced with their murine homologs,
while keeping the antigen recognition anti-B7-H3 VHH domain and the 4-
1BB spacer. On the basis of published work (22) indicating superior fitness
in murine T cell-expressing CARs with reduced number of Immunorecep-
tor Tyrosine-based Activation Motif (ITAM) domains, we also inactivated
the second and third ITAMs of the murine CD3¢ molecule by site-directed
mutagenesis (Takara Bio).

Retrovirus vectors carrying the B7-H3-targeting human and murine CARs
were produced in RD114 (BioVec Pharma) or Phoenix Eco (ATCC) packag-
ing cell lines respectively, by transient transfection using PEIpro transfection
reagent (Polyplus). Media containing retroviral vectors were harvested 48 and
72 hours posttransfection and concentrated using RetroX Concentrator (Takara

Bio) before snap frozen and stored at —80°C.
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Generation of B7-H3-targeting Human and Murine
CART Cells

Human peripheral blood mononuclear cells (PBMC) collected from consented
healthy donors were purchased from HemaCare. Human B7H3.CAR T cells
and B7H3.CAR EBVSTs, were generated on the basis of established protocols
(23).

For murine CAR T cells, splenic T cells were isolated from congenic CD45.1
mice using the EasySep Mouse T Cell Isolation Kit (Stemcell Technologies)
and activated with the Dynabeads Mouse T-Activator CD3/CD28 Kit (Thermo
Fisher Scientific) for one day. Activated mouse T cells were transduced with
retrovirus vectors encoding the B7H3 murine CAR transgene on days 1 and 2
after cell activation or left untransduced (UT). Cells were maintained in mouse
T-cell medium containing 100 IU/mL human IL2 (R&D Systems) from activa-
tion till 2 days posttransduction and subsequently, 10 ng/mL human IL7 plus
IL15 (R&D Systems) till harvest on day 3 posttransduction.

All human and murine T cells were cultured in Grex culture vessels (Wilson-
Wolf) with frequent media and cytokines change in 5% CO, at 37°C. Cell
transduction efficiency and phenotyping of T cells were assessed by flow cy-
tometry on day 2 or 3 posttransduction and at harvest. In all experiments,
human and murine T cells were thawed and rested overnight in their respective
complete medium containing 10 ng/mL human IL7 plus IL15. After recov-
ery, viability and counts was assessed using Trypan Blue (Sigma-Aldrich) and

hemocytometer counting.

EBYV Specificity of EBVSTs

The EBV specificity of EBVSTSs in the product may be assessed by stimulating
cells with pooled EBV peptides (JPT Peptide Technologies) in the presence of
CD28 and CD49d antibodies (BD Biosciences). Medium alone (no peptide) and
cells treated with human immunodeficiency virus (HIV) peptides (JPT Peptide
Technologies) serve as negative controls. After overnight incubation in the pres-
ence of monensin and brefeldin A (BD Biosciences), T cells are stained with
live-dead stain (Thermo Fisher Scientific), CD3, CD4, CD8 antibodies, fixed
and permeabilized using BD Cytofix/Cytoperm, and stained with Allophyco-
cyanin (APC)- or Phycoerythrin (PE)-conjugated IFNy and TNFa antibodies
(all reagents from BD Biosciences) followed by flow cytometry analysis.

Gene Knockout of B7-H3 in Cell Lines

Single-guide RNAs targeting sequences 5'-CTGGTGCACAGCTTTGCTGA-
3', 5GTGCCCACCAGTGCCACCAC-3', and 5'-TGCCCACCAGTGCCACC
ACT-3 (Integrated DNA Technologies, Inc and Synthego) were incubated with
Cas9 (Integrated DNA Technologies, Inc) for 10 minutes to form RNP complex.
Cell lines were washed with PBS and briefly incubated with RNP complex be-
fore electroporation using the 4D-Nucleofector (Lonza). Knockout efficiencies
were assessed using flow cytometry and B7-H3-negative cells were selected by
FACS using the BD Influx Cell Sorter (BD Biosciences).

Real-Time Cytotoxicity and Serial Killing

Potency Assays

All cytotoxicity and serial killing assays were carried out using the xCEL-
Ligence Real-Time Cell Analysis System (Agilent Technologies) following

manufacturer’s manual (Agilent Technologies).
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B7H3 CAR Activation and Competition Assay with
Soluble B7-H3

UT and B7H3.CAR EBVSTs were stimulated with either the 4-Ig or 2-Ig form of
recombinant soluble or plate-coated B7-H3 (Acro Biosystems). Cells were then
assayed for intracellular IFNy and TNFa and cell surface staining of CD25. For
CD25 staining, cells were harvested 2 days poststimulation for flow cytome-
try analysis. For intracellular staining, GolgiSTOP and GolgiPlug were added
to cells 1 hour poststimulation, and after an overnight incubation, cells were

harvested for intracellular cytokine staining and flow cytometry analysis.

For competition assay, cytotoxicity of B7H3.CAR EBVSTs against NCI-N87 or
NCI-H1299 was measured using the xCELLigence Real-Time Cell Analysis Sys-
tem (Agilent Technologies) in the presence of varying concentrations of soluble
B7-H3 over a period of 48 hours.

Mice

Breeder pairs of NSG-(K® D)l (1™l mice (NSG-MHC I/II DKO; RRID
025216) were purchased from Jackson Laboratory and bred at InVivos (Sin-
gapore) through contract breeding. Wildtype (WT) C57BL/6] (CD45.2; RRID
000664), congenic C57BL/6 (CD45.1; RRID 002014), and NOD-scid IL2Rgnull-
3/GM/SF (NSG-SGM3; RRID 013062) were purchased from The Jackson
Laboratory.

All mice were bred and kept under pathogen-free conditions in Biological
Resource Centre, Agency for Science, Technology and Research, Singapore
(A*STAR). All experiments and procedures were approved by the Institutional
Animal Care and Use Committee of A*STAR, in accordance with the guide-
lines of the Agri-Food and Veterinary Authority and the National Advisory
Committee for Laboratory Animal Research (NACLAR) of Singapore.

Colorectal Cancer, Non-small Cell Lung Cancer, TNBC,
and Gastric Cancer Cell Line-derived Xenograft

Mouse Models

In the colorectal cancer model, 5 x 10° of HT-29 or 2 x 10° SW480 cells were
subcutaneously injected into right flank of NSG-MHC I/II DKO mice. In the
non-small cell lung cancer (NSCLC), TNBC, and gastric cancer models, 2 x
10° NCI-H1299, 5 x 10° MDA-MB-468, or 2 x 105 of NCI-N87 cells were sub-
cutaneously injected into right flank of NSG-MHC I/II DKO mice, respectively.
Tumor sizes were measured using callipers and tumor volume was calculated
by the formula: Volume = (width)? x length/2. When tumors become palpable
(100-200 mm?) between days 7 and 16, mice were randomized into treatment
groups, stratified by tumor volume. 5 x 10° of UT or B7H3.CAR EBVSTs were
injected into mice intravenously while untreated mice served as controls. Phys-
ical examination, tumor, and body weight measurements were carried out twice
a week until endpoint when tumors in control mice reach 1,000 mm? in size.
When mice were sacrificed, blood, spleen, liver, lungs, and tumor were collected

for endpoint flow cytometric analysis.

With the exception of tumors and lungs which were dissociated into single-cell
suspensions using Human Tumor and Mouse Lungs Dissociation Kits (Miltenyi

Biotec), all other organs were processed using mechanical disruption.

All single-cell suspensions were stained with viability dye and antibodies to
camelid VHH, anti-mouse CD45, anti-human CD45, CD3, CD4, CD8, PD-1,
TIM-3, LAG-3, and B7-H3 for flow cytometry with addition of Countbright
Absolute counting beads (Thermo Fisher Scientific) to enumerate viable cell

populations.
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Breast Cancer and NSCLC Patient-derived Xenograft
Mouse Model

Breast cancer BC370.1 and NSCLC L19130721 patient-derived xenograft (PDX)
were subcutaneously injected into the right flank of NOD-scid IL2Rgamma™'!
(NSG) mice. When tumors became palpable between days 32 and 42, mice were
randomized into treatment groups, stratified by tumor volumes. A total of 5 x
10% of UT or B7H3.CAR EBVSTs were injected into mice intravenously. Un-
treated mice served as controls. Physical examination, tumor, and body weight
measurements were carried out twice a week until study endpoint. Four mice
were sacrificed at day 17 for IHC analysis and were excluded from tumor and

body weight measurements and survival analysis.

In Vivo Murine Safety Model in Imnmunocompetent Mice

BI6F10 wild-type (B16F10-WT) cells were retrovirally transduced with hu-
man B7-H3 construct to create the BI6F10-hB7H3 murine tumor cell line that
expresses human B7-H3. A total of 5 x 10° B16F10-hB7H3 cells were subcu-
taneously injected into the right flank of WT C57BL6/] mice. When tumors
become palpable, mice were irradiated at 5 Gy. Three days after irradiation,
mice were randomized into treatment groups and intravenously injected with
10 x 10° UT or B7H3.mCAR T cells generated from congenic CD45.1 spleno-
cytes. Untreated mice served as controls. Physical examination, tumor, and
body weight measurements were carried out twice a week until endpoint when
tumors in control mice reach 1,000 mm? in size. When mice were sacrificed,
blood, spleen, liver, lungs, tumor, brain, and bone marrow were harvested for
endpoint flow cytometric and pathology evaluation. Cells were stained with vi-
ability dye and antibodies to camelid VHH, mouse CD45.1, CD45.2, CD11b,
CDllg, Grl, CD19, NK1.1, CD3, CD4, CD8, and B7-H3, with addition of Count-
bright Absolute counting beads (Thermo Fisher Scientific) for flow cytometry

analysis.

Hematoxylin and Eosin Staining and
Pathology Evaluation

Harvested mouse organs and tumors were immediately fixed in 10% neutral
buffered formalin solution (Sigma-Aldrich) for 24-48 hours before paraffin
embedding. Samples were sent to AMPL, A*STAR for hematoxylin and eosin
(H&E) staining. Briefly, the tissues were dehydrated in an ascending series of
ethanol, cleared with xylene, and then embedded in paraffin wax. A total of
5-um-thick sections were cut and placed onto glass slides. The slides were de-
waxed in xylene and hydrated with descending series of ethanol before being
stained with H&E stain. Pathology evaluation was performed by a qualified
pathologist (R. Rajarethinam).

In Vitro Safety Assays with PBMCs

PBMC were stimulated with GMCSF (Miltenyi Biotec), IFNy (Miltenyi Biotec),
TNFa (Miltenyi Biotec), lipopolysaccharide (Sigma-Aldrich), or media alone at
the indicated concentrations before staining for B7-H3 expression.

In coculture experiments of PBMCs and effector T cells, PBMC were stimulated
with above cytokines or media alone for one day before cytokines were washed
off. PBMCs were further cultured for 2 days with CellTrace Violet-labelled UT
or B7H3.CAR EBVST before analysis by flow cytometry. Similarly, monocytes
purified from PBMCs using CD14 microbead (Miltenyi Biotec) were incubated
with CellTrace Violet-labeled allogeneic UT EBVST or B7H3.CAR EBVST for
2 days before analysis by flow cytometry.

Cancer Res Commun; 4(6) June 2024
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In Vitro Safety Assays with Hematopoietic Stem and
Progenitor Cells

CD34™" hematopoietic stem and progenitor cells (HSPC) were stimulated with
10 ng/mL each of Flt3-ligand (FLT3L), stem cell factor (SCF), and throm-
bopoietin (TPO; all from Miltenyi Biotec) for the specified durations before

evaluation for B7-H3 expression.

To investigate possible cytotoxicity of B7H3.CAR T cells against HSPCs, stimu-
lated and unstimulated CD34" HSPCs were cocultured with UT or B7H3.CAR
EBVSTs at an effector:target (E:T) ratio of 1:1 for 24 hours. HSPC subsets were
stained with viability dye and antibodies to CD34, CD133, CD45RA, CD38a,

and CDI10 before flow cytometric analysis.

Erythroid and myeloid developmental potential were assessed using the Stem-
MACS HSC-CFU Assay kit (Miltenyi Biotec) and colony types were identified
as per the manufacturer’s protocol.

Evaluation of B7-H3 Expression on Reactivated
Memory T Cells

PBMCs were activated with plate-coated anti-CD3/CD28 antibodies for 7 days
to generate activated T cells (ATC), before pulsing with HIV or EBV pepmixes.
Pulsed ATCs were then irradiated and cocultured with CellTrace Violet-labeled
UT EBVST. GolgiSTOP and GolgiPlug (BD Biosciences) were added to cells
1 hour poststimulation. After an overnight incubation, cells were stained with
viability dyes and antibodies for surface antigens before staining for intracel-
lular IFNy and TNFa. For analyses of cell proliferation and B7-H3 expression,

cells were collected on day 2 and day 5 of culture for flow cytometry analysis.

Generation MDSCs and /In Vitro Assays

To generate MDSCs, CD14" monocytes were cultured in human IL6 and GM-
CSF for 7 days (24). MDSCs were harvested on day 7 and stained with viability
dye and antibodies against CD14, CD11b, CD33, CD15, CD66b, HLA-DR, and
B7-H3 before staining for intracellular IL10, TGFp1, and iNOS.

For MDSC targeting experiments, UT and B7H3.CAR EBVSTs were first
labeled with CellTrace Violet (Thermo Fisher Scientific) before overnight in-
cubation with allogeneic MDSCs in the stated E:T ratios. For assessment
of suppressor function, CellTrace Violet-labeled UT and B7H3.CAR EBVSTs
were cocultured with allogeneic MDSCs on anti-CD3/CD28-coated plate for
6 days before flow cytometry analysis. Proliferation was assessed on the basis
of percentage of cells with CellTrace Violet dilution. Proliferation index was
calculated by normalizing proliferated cell percentages against proliferated cell

percentages in no MDSC control condition.

Assessment of CRS Model Using Humanized
NSG-SGM3 Mice

To generate humanized mice, 1 x 10° CD34% cord blood cells were intra-
venously injected into sublethally irradiated female NSG-SGM3 mice. Four
weeks later, humanization of mice was verified by staining for human CD45
on peripheral blood cells. A total of 5 x 10° luciferase-expressing HT-29 cells
or 2 x 10° luciferase-expressing NALM-6 cells were intravenously injected into
humanized mice. Tumor burden in both groups was tracked by tracking bio-
luminescence on the IVIS Lumina S5 Imaging System (PerkinElmer). Eighteen
days after tumor cells injection, mice xenografted with HT-29 were random-
ized to receive 5 x 10° UT EBVSTs, B7H3.CAR EBVSTs or left untreated. Mice
xenografted with NALM-6, were randomized to receive 5 x 10° CD19.CAR T

or left untreated. Physical examination, tumor, and body weight measurement
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were performed twice a week on all mice until endpoint at 7 days posttreatment.
Blood serum was collected from mice on day 3 posttreatment for quantification
of serum cytokines using LEGENDplex multiplex bead-based immunoassay
(Human Inflammation Panel 1, BioLegend). Blood, spleen, liver, and bone mar-
row were harvested for endpoint flow cytometric analysis. Cells were stained
with viability dye and antibodies to camelid VHH, mouse CD45, human CD45,
CD3, CD14, CD19, CD11b, CD66b, CD1lc, CD56, CD4, CD8, HLA-A3, B7-
H3, with addition of Countbright Absolute counting beads (Thermo Fisher

Scientific) for flow cytometry analysis.

Flow Cytometry Analysis
All flow cytometry analyses were performed on the FACSymphony A3 cell an-

alyzer (BD Biosciences) with FACSDiva software and data were analyzed in
FlowJo v10.8.1 for Windows (Tree Star Inc).

Statistical Analysis

Statistical analysis and visualization were performed using Prism 9 software for
Windows (Graphpad Software Inc.). For comparisons between two groups, a
two-tailed unpaired Student ¢ test or was used. For comparisons in time courses
or among three or more groups, one-way or two-way ANOVA with Tukey or
Sidak posttest was applied where appropriate. For survival analysis, a Kaplan-

Meier survival log-rank analysis was used.

Data Availability Statement

The data generated in this study are available from the corresponding author

upon request.

Results

B7-H3 Expression in Tumors is Higher Compared
with Healthy Tissues

We performed THC staining using a commercially available anti-human B7-
H3 antibody (Clone DIM2L) to examine B7-H3 expression on FFPE healthy
human tissues microarray. Slides were subjected to a blinded analysis by an
experienced pathologist (Ei Ei Thit). Analysis revealed B7-H3 cell surface ex-
pression to be absent on major organs such as brain, thyroid, kidney, bladder,
and muscle, while other tissues including the adrenal gland, ovary pituitary
gland, spleen, thymus, lungs, larynx, esophagus, stomach, pancreas, prostate,
cervix, bone marrow, myocardium, nerve, and mesothelium exhibited only
very weak or weak B7-H3 cytoplasmic with no surface staining. Moderate B7-
H3 expression was observed in the testis, tonsils, colon, breast, lymph nodes,
liver, endometrium, salivary gland, placenta, and skin (Fig. 1A; Supplemen-
tary Fig. 1A; Supplementary Table S1). Among these tissues, B7-H3 expression
was largely confined to isolated cell types that included stroma and decidua
cells in the placenta, stroma in the breast, germinal cells in the tonsils, ger-
minal cells in the lymph nodes, hepatocytes in the liver, Leydig cells in the
testis, and subcutaneous tissues in the skin (Supplementary Table S1). Of note,
most healthy tissues with the exception of decidua cells in the placenta, Leydig
cells in the testis, and skin subcutaneous tissues did not exceed H-scores of 200
(Supplementary Fig. S1B).

During IHC analysis of gastric tumor samples and corresponding healthy tis-
sues to the tumors, we observed a significant upregulation of B7-H3 expression
in the diseased areas compared with the adjacent healthy tissue (Supplementary
Fig. SIC and SID). These observations were consistent across different gas-

tric cancer subtypes (Fig. 1B) and in the gastric cancer stromal compartment
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error bars denote means + SD where applicable.
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(Fig. 1C). Furthermore, B7-H3 was found to be strongly expressed in TNBCs
while retaining a low expression in the contralateral or surrounding healthy
breast tissues (Fig. 1D and E), further reflected in the significantly higher
H-scores in TNBC samples compared with healthy breast tissues (Fig. 1F).

Consistent with data from other groups (3), our data indicate that B7-H3 ex-
pression is considerably higher in human solid tumors versus healthy tissues,
providing a sound rationale for B7-H3 as a target for CAR T cells.

Discovery and Identification of Lead B7-H3-targeting
Nanobody

Because the 4-Ig B7-H3 isoform is dominant in humans, VHH:s specific for B7-
H3 from an immunized llama library were isolated with repeated rounds of
biopanning with recombinant 4-Ig B7-H3 proteins. Increasing stringency was
applied by reducing the concentrations of target proteins from 100 nmol/L in
the first round to 5 nmol/L in the third round. B7-H3 binders were screened
by ELISA with phage eluted from rounds 2 and 3 (Supplementary Fig. S2A).
Twenty unique leads were then expressed and further screened for binding
off-rates to recombinant 4-Ig B7-H3 by SPR (Supplementary Fig. S2B) and for
binding to endogenous B7-H3 expressed on the surface of HepG2 cells (Supple-
mentary Fig. S2C). While most leads bound recombinant B7-H3 very strongly,
only nine exhibited significant binding to B7-H3-expressing HepG2 cells. In
a meta-analysis of 38 CAR T trials, CAR T cells utilizing antigen-binding do-
mains with “moderate” affinity of Kp between 20 and 100 nmol/L produced the
best clinical response (18%-75% complete and partial response; ref. 25). In addi-
tion, affinity is also an important factor that influences on-target, off-tumor tox-
icity. We thus focused on the clone with intermediate binding, P2A5, for further
development. Using multi-cycle kinetic analysis by SPR, we measured the bind-
ing affinity of P2A5 to the 4-Ig and 2-Ig isoforms of human B7-H3 (Fig. 2A and
B) and also to murine B7-H3 given its relatively high homology to the human 2-
Ig isoform (Fig. 2C). We found that P2A5 binds 4-Ig B7-H3 with a dissociation
constant Kp of around 30.9 nmol/L and to both the 2-Ig isoform and murine
B7-H3 with the Kp of 340 nmol/L and 473 nmol/L, respectively (Fig. 2D).

B7-H3 glycosylation patterns have been described to be different between
murine and human cells (26). To ascertain that the binding epitope of P2A5
on B7-H3 remains unaffected by the glycosylation in murine and human cells,
we introduced either the human (4-Ig) or murine (2-Ig) B7-H3 molecules
into a B7-H3-negative murine colon cancer cell line (CT26) and a B7-H3
knocked-out gastric adenocarcinoma cell line (MKN7). Successful transfec-
tion was determined by fluorescence microscopy detection of the GFP reporter
gene. Transfected cells were then stained with either a commercial anti-mouse
or anti-human B7-H3 antibody as positive control, P2A5 expressed in VHH-Fc
format, or an isotype control, and visualized by fluorescence microscopy. We
observed that P2A5 bound to murine and human B7-H3 expressed on both hu-
man MKNT7 cells and murine CT26 cells (Fig. 2E). Hence P2A5 is cross-reactive
to both murine and human B7-H3 even when expressed on cells from different

species of origin.

Generation, Characterization, and Validation of
B7H3.CAR EBVSTs

We proceeded to clone the lead anti-B7-H3 VHH candidate P2A5 into a CAR,
bearing a 4-1BB spacer domain, a CD28-derived transmembrane and intra-
cellular cosignaling domain, and a CD3¢ activation domain (B7H3.CAR). A
truncated CAR bearing only the spacer and transmembrane domains with-

out the functional signaling domains (tB7H3.CAR) was used as a control

Cancer Res Commun; 4(6) June 2024

(Supplementary Fig. S3A). To develop oft-the-shelf allogeneic T cells for
cancer treatment, we armored EBVSTs with the B7H3.CAR using an estab-
lished protocol (ref. 23; Supplementary Fig. S3B). B7H3.CAR EBVSTs derived
from 6 healthy donors expanded between 100- and 270-fold posttransduc-
tion (Fig. 3A), with B7H3.CAR expression consistently exceeding 80% in
the final product (Fig. 3B). CD4™ cells with an effector memory (TEM)
phenotype dominated the final B7H3.CAR EBVST product (Supplementary
Fig. S3C and $3D).

To assess whether B7H3.CAR expression impacted endogenous TCR responses,
we stimulated EBVSTs with pooled EBV pepmixes. B7H3.CAR EBVSTs pro-
duction of intracellular IFNy and TNFa in response to stimulation was robust,
albeit at levels marginally lower than UT EBVSTs (Fig. 3C). Notably, nonspe-
cific cytokine production in response to medium or irrelevant HIV peptides
was low, indicating that the specificity and magnitude of responses to cognate

antigens were maintained in the presence of the B7H3.CAR.

We next evaluated the specific cytotoxicity of B7ZH3.CAR EBVSTs against B7-
H3+ cell lines and their B7-H3 knockout counterparts in real-time cytolysis
assays. B7H3.CAR EBVSTs exhibited rapid and efficient killing of multiple col-
orectal cancer (DLD-1, HT-29, SW480), gastric cancer (NCI-N87, MKN-7,
MKN-45), TNBC (MDA-MB-231, MDA-MB-468), and NSCLC (A549, NCI-
H1299, NCI-H23, NCI-H596) cell lines, within 24 hours of coincubation
(Fig. 3D). In contrast to WT NCI-N87 gastric cancer cell, knockout of B7-H3
in NCI-N87 tumor cells consistently abolished cytolysis and IFN produc-
tion by B7H3.CAR EBVSTs (Supplementary Fig. S3E and S3F), showing that
CAR-mediated killing and activation was dependent on B7-H3 expression. In
addition, target killing of MKN-45 tumor cells was only seen with T cells bear-
ing full-length B7H3.CAR with an intact intracellular signaling domain but
not the truncated B7H3.CAR (Supplementary Fig. S3G). Together, these data
show that tumor cell killing by B7H3.CAR EBVSTs is specific and contingent
on B7-H3 recognition and full CAR activation. We further examined the ability
of B7H3.CAR EBVSTs to perform serial killing of solid tumor cells in mul-
tiple rounds of coculture with NCI-H1299 NSCLC cells. B7H3.CAR EBVSTs
from both donors consistently exhibited highly efficient cytotoxicity over five

consecutive target encounters (Fig. 3E).

Given that elevated serum levels of soluble B7-H3 have been detected in patients
with cancer (27), we next sought to determine whether B7H3.CAR EBVSTs
could be activated by soluble B7-H3. Coincubation of B7H3.CAR EBVSTs with
plate-bound or soluble B7-H3 revealed that B7H3.CAR EBVSTs upregulated
CD25 (Fig. 3F) and secreted IFNy/TNFa (Supplementary Fig. S3H) in response
to stimulation by plate-bound B7-H3 but not soluble B7-H3. This suggests that
B7H3.CAR EBVST activation requires CAR clustering, which can only be in-
duced by a matrix of B7-H3 molecules but not with soluble monomers. To
determine whether soluble B7-H3 monomers block B7H3.CAR EBVST target-
ing of B7-H3-positive tumor cells, we coincubated B7H3.CAR EBVSTs with
tumor cells in the presence of soluble B7-H3 over 12 hours. Neither isoform of
soluble B7-H3, even at high concentrations, affected cytolysis of NCI-N87 or
NCI-H1299 tumor cells by B7H3.CAR EBVSTs (Fig. 3G).

In Vivo Activity of B7H3.CAR EBVSTs Against
B7-H3-positive Solid Tumors

To assess in vivo activity of B7H3.CAR EBVSTs against B7-H3-expressing col-
orectal cancer, we implanted immunodeficient NSG-MHC I/II DKO mice with

HT-29 cells. Following tumor engraftment, mice were randomized to receive
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no treatment or treatment with UT or B7H3.CAR EBVSTs (Supplementary
Fig. S4A). Body weights of mice were similar and stable across treatment
groups posttreatment (Fig. 4A). While tumor growth continued unabated in
mice that received no treatment or UT EBVSTs, treatment with B7H3.CAR
EBVSTs induced significant tumor regression (Fig. 4B). Indeed, endpoint flow
cytometry analysis corroborated these data with a significantly smaller popu-
lation of viable HT-29 cells in tumors of mice treated with B7H3.CAR EBVSTs
(Fig. 4C, left). Of note, the few HT-29 cells remaining in tumors of B7H3.CAR
EBVST-treated mice retained high expression of B7-H3, indicating the ab-

sence of tumor antigen downregulation and escape (Fig. 4C, right). Compared

AACRJournals.org

with UT EBVSTS, significantly more B7H3.CAR EBVSTs were present in the
blood, liver, lung, spleen, and tumors of mice (Fig. 4D). The significant pres-
ence of intratumoral B7H3.CAR EBVSTs, along with increased expression of
activation-induced PD-1 with TIM-3 (Supplementary Fig. S4B), provides evi-
dence that B7H3.CAR EBVSTs migrated efficiently into tumor sites where they
exerted potent antitumor activity. Expression of LAG-3 on B7H3.CAR EBVSTs
was universally low in all sites. Additional in vivo studies to assess activity of
B7H3.CAR EBVSTs against B7-H3-expressing gastric cancer, TNBC, NSCLC
and a second colorectal cancer xenografts demonstrated similarly promising

efficacy and tolerability outcomes (Supplementary Fig. S4C). In the NCI-N87
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FIGURE 3 Generation and characterization of allogeneic B7H3.CAR EBVSTs. A, Fold expansion of EBVSTs following mock (UT) or B7H3.CAR
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(Continued) cell nucleus. F, Tumor volume (left) and fold change (right) after treatment. G, Representative IHC staining of B7-H3 and CD3 on tumors

from 2 B7H3.CAR EBVST-treated mice and 2 untreated mice. Red color represents positive B7-H3 staining. Brown color represents positive CD3
staining. H, Body weight measurements posttreatment. I, Kaplan-Meier log-rank survival curve. Mice were euthanized and censored when tumor
volume reaches 1,000 mm3. J, Experimental scheme to evaluate B7H3.CAR EBVST persistence by performing tumor rechallenge on contralateral flank
of mice that had previously cleared NCI-N87 gastric tumors after B7H3.CAR EBVST treatment. K, Volume of NCI-N87 tumors on B7H3.CAR
EBVST-treated mice after rechallenge and on control untreated mice. Each curve on the graph represents a mouse. Data comprise of 6-7 (A-D), 9-10
(E-I), and 5 (K) mice in each treatment arm. For A, B, F, H, and K, groups were compared using two-way ANOVA with Tukey test for multiple
comparisons test. Comparison and P values between untreated versus UT EBVSTs, untreated versus B7H3.CAR EBVSTs, and UT versus B7H3.CAR
EBVSTs groups is represented in black, blue and red, respectively. For C and D, groups were compared using one-way ANOVA with Tukey test for
multiple comparisons test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Error bars denote means =+ SD where applicable.

gastric cancer model, we observed once more that intratumoral B7H3.CAR
EBVSTs upregulated PD-1 and TIM-3 but not LAG-3 expression (Supplemen-
tary Fig. S4D), suggesting activation within tumor sites and robust antitumor

activity.

To examine in vivo activity of B7H3.CAR EBVST in systems that more ac-
curately represent biology of human cancers, we used a breast cancer PDX
characterized by a heterogenous moderate to high B7-H3 expression pattern,
with discrete regions displaying varying levels of B7-H3 protein (Fig. 4E).
Upon establishment of the PDX, mice were randomized to receive no treatment
or treatment with UT or B7H3.CAR EBVSTs. While tumor growth contin-
ued to increase in mice that received no treatment or UT EBVSTS, treatment
with B7H3.CAR EBVSTs induced dramatic regression with barely detectable
tumors by study endpoint (Fig. 4F). Consistent with these observations, end-
point flow cytometric analysis revealed significantly fewer viable tumor cells
in mice treated with B7H3.CAR EBVSTs compared with mice in the other
arms (Supplementary Fig. S4E). When we sacrificed 2 representative mice from
the B7H3.CAR EBVST and untreated groups for IHC staining of PDX tu-
mors, we observed a dramatic infiltration of human T cells in PDX tumors
from B7H3.CAR EBVST-treated mice. The scant PDX tumor cells remaining
in B7H3.CAR EBVST-treated mice retained high expression of B7-H3, sup-
porting that there was no antigen escape arising from CAR T-cell therapy (Fig.
4G). Treatment with B7H3.CAR EBVST was well tolerated with only transient
and mild body weight decreases observed in these mice (Fig. 4H). Notably,
B7H3.CAR EBVST treatment significantly improved survival compared with
untreated and UT EBVST treatment (Fig. 41).

We extended our studies to a second NSCLC PDX that displayed relatively weak
B7-H3 expression (Supplementary Fig. S4F). Despite lower B7-H3 positivity,
the administration of B7H3.CAR EBVSTs effectively inhibited tumor growth in
4 of 8 mice, in contrast to the uncontrolled tumor growth seen in all untreated
and UT EBVST-treated mice (Supplementary Fig. S4G). B7H3.CAR EBVST
treatment significantly prolonged survival by a median of 47.5 days compared
with 36.5 and 35.5 days for the untreated and UT EBVST conditions, respec-
tively (Supplementary Fig. S4H). Unfortunately, mice responding to B7H3.CAR
EBVST treatment developed xenogeneic GVHD, characterized by weight loss
and lethargy, and the experiment had to be terminated at day 49.

Finally, as B7H3.CAR EBVSTs recovered from both HT-29 colorectal cancer
and NCI-N87 gastric cancer cell line-derived xenografts displayed increased
expression of PD-1 and/or TIM-3 (Supplementary Fig. S4B and S4D), which
are also markers associated with T-cell exhaustion, we sought to evaluate long-
term persistence and functionality of B7H3.CAR EBVSTs in vivo. To address
this, we subjected mice that had successfully eradicated primary NCI-N87 gas-
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tric cancer tumors following B7H3.CAR EBVST treatment to a second tumor
challenge on the contralateral flank (Fig. 4]). In contrast to control untreated
mice which all experienced tumor engraftment, 4 of 5 mice that received ear-
lier administration of B7H3.CAR EBVSTs rejected the second tumors (Fig. 4K).
These findings demonstrate that B7H3.CAR EBVSTs can persist in vivo and

have a robust capacity to eliminate tumors upon rechallenge.

CAR T-cell Targeting of Murine B7-H3 in
Immunocompetent Mice is Associated with Minimal
On-Tumor Off-Target Toxicity

On the basis of the observation that P2A5 VHH is cross-reactive to mouse
B7-H3, we established an immunocompetent murine model to evaluate poten-
tial toxicity of the B7H3.CAR. ATCs from congenic CD45.1 mouse splenocytes
were retrovirally transduced with the B7H3 murine CAR (B7H3.mCAR),
achieving a CAR expression of 70% at harvest (Supplementary Fig. S5A).
We assessed the cytotoxicity of B7H3.mCAR T against the target cell
lines BI6F10-WT, B16F10-overexpressing human B7-H3 (B16F10-hB7H3), and
BI16F10 overexpressing murine B7-H3 (B16F10-mB7H3). A dose-dependent cy-
tolysis of BI16F10-hB7H3 and B16F10-mB7H3 cells but not BI6GF1I0-WT cells
was observed (Supplementary Fig. S5B), indicating that B7ZH3.mCAR T dis-
played specific and potent cytotoxic activity against both human and mouse

B7-H3-expressing tumor cells.

When WT C57BL/6] mice were xenografted with BI6F10-hB7H3 tumors (Sup-
plementary Fig. S5C), tumors continued to grow in mice that received no
treatment or UT T cells while B7H3.mCAR T-cell treatment significantly sup-
pressed tumor growth (Fig. 5A, middle and right). Weight changes in mice
treated with B7H3.mCAR T cells was similar to untreated and UT T cells
(Fig. 5A, left), with none of the mice developing any signs of morbidity or
weakness during daily follow-up. Endpoint analysis at day 10 revealed that mice
receiving B7H3.mCAR T only experienced reduction of T cells in the bone mar-
row and natural killer (NK) cells in the bone marrow and spleen. No significant

losses of other hematologic subsets were detected (Fig. 5B).

Two representative mice in each treatment arm further underwent a blinded
histopathologic evaluation by an experienced pathologist (R. Rajarethinam).
No remarkable histopathology differences were observed in the examined tis-
sues between the three groups, with the exceptions of lungs and pancreas
(Fig. 5C; Supplementary Fig. S5D). Grade 3—-4 chronic pancreatitis with acinar
atrophy was noted to be present in both animals which received B7H3.mCART
cells, as were lymphocyte infiltration in perivascular areas of the lungs. The pos-
sible cause of pancreatitis in the current study is not known. Given the absence
of any other observable lung pathology in the B7H3.mCAR T cell-treated mice

and the known ability of B16 melanoma cells to produce lung metastases, we
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measurements (middle), and fold change in tumor volumes (right) of B16F10-hB7H3 tumors after treatment. B, Endpoint murine immune cell counts in
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(Continued) For A and B, data comprise of 6 mice in each treatment arm. For A, groups were compared using two-way ANOVA with Tukey test for

multiple comparisons test. Comparison and P values between untreated versus UT T, untreated versus B7H3.CAR EBVSTs, and UT T versus B7H3.CAR
EBVSTs groups is represented in black, blue, and red, respectively. For B, groups were compared using Student unpaired ¢ test. *, P < 0.05; **, P < 0.07;
P < 0.001; ****, P < 0.0001. Error bars denote means + SD where applicable.

hypothesize that these lymphocytes represent B7H3.mCAR T cells migrating

in response to micrometastases.

Taken together, we found no evidence of severe or widespread toxicities
experienced by mice treated with B7H3.mCAR T cells.

Targeting of Allogeneic Immune Cells by B7H3.CAR
EBVSTs

To examine on-target off-tumor targeting of human immune cells by
B7H3.CAR EBVST, we examined B7-H3 expression on PBMC subsets after
stimulation with various inflammatory cytokines. B7-H3 expression on T, B,
and NK cells remained low across various concentrations of GMCSE, IFNy,
TNFa (Supplementary Fig. S6A) and at IL7 and IL15 concentrations mimicking
lymphodepletion conditions (Supplementary Fig. S6B). In contrast, GMCSFE,
which is frequently elevated in the serum of patients following CAR T-cell
activation (28-30), induced up to 90% of monocytes to upregulate B7-H3
(Supplementary Fig. S6A).

As B7H3.CAR EBVSTs were developed as an allogeneic cell therapy product,
we next asked whether host immune cells might upregulate B7-H3 in the pres-
ence of allogeneic T cells, thereby becoming targets of B7H3.CAR EBVSTs. To
address this, we cocultured PBMCs with allogeneic UT or B7H3.CAR EBVST
in the presence of various cytokines (Supplementary Fig. S6C). Consistent
with the minimal expression of B7-H3 detected in these cells (Supplementary
Fig. S6D), no discernible loss in T, B, and NK cell populations was observed
after coculture with B7H3.CAR EBVST (Fig. 6A). When we cocultured puri-
fied monocytes with allogeneic EBVSTs, we found that monocytes expressed
exceptionally high levels of B7-H3 (Supplementary Fig. S6E). Coculturing of
monocytes with allogeneic B7H3.CAR EBVST led to significantly higher death
of target monocytes compared with UT EBVST cells (Fig. 6B).

As B7-H3 is upregulated on ATCs (28), we further examined whether memory
T cells reactivated by their cognate antigens would upregulate B7-H3. To reacti-
vate a memory T-cell population, we activated EBVSTs using a mixture of EBV
peptides (Supplementary Fig. S6F), resulting in production of IFNy and TNFa,
and proliferation (Supplementary Fig. S6G). In the 5 days following stimulation,
EBVSTs maintained low levels of B7-H3 (Fig. 6C), suggesting that B7H3.CAR
EBVSTs would be unlikely to target memory T cells, even after antigen-specific
activation of the latter.

To examine whether B7H3.CAR EBVSTs target allogeneic immune progeni-
tor populations, we first assessed B7H3 expression on cord blood CD34™ cells
from two donors after FLT3L, SCF, and TPO cytokine stimulation (29). In
both donors, B7-H3 expression was undetectable on resting CD34* HSPCs
but progressively increased from day 3 to day 14 of stimulation, across all pro-
genitor populations, albeit at B7-H3 levels considerably lower than NCI-N87
tumor cells (Fig. 6D; Supplementary Fig. S6H). Coculture of resting or stimu-
lated CD34™ HSPCs with B7H3.CAR EBVSTs led to significant cytolysis of the
more matured 9-day (mean % SD of 55.88% = 16.99%) and 14-day (mean +
SD of 76.43% =+ 11.96%) stimulated HSPCs compared with 3-day (mean £
SD of 24.79% =+ 20.03%) or unstimulated HSPCs (mean =+ SD of 2.00% =+
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4.89%; Fig. 6E). Further analysis of the HSPC populations revealed more pro-
nounced reductions of the MPP and LMPP subsets (Supplementary Fig. S6I).
To investigate whether B7H3.CAR EBVSTs can impact the development of early
differentiated HSPCs, we performed colony-forming unit assays on HSPCs that
had first been stimulated with cytokines for 3 days and subsequently cocul-
tured with B7H3.CAR EBVSTs (Supplementary Fig. S6]). As coculture with
B7H3.CAR EBVSTs resulted in significant cytolysis of 9 and 14 days stimulated
HSPCs, we did not continue to examine whether any remaining HSPCs could
develop into differentiated lineages. The erythroid and myeloid differentiation
capacity of HSPCs remained unaffected by B7H3.CAR EBVSTs, evident by the

lack of major reductions in mature progenitor subsets (Fig. 6F).

B7H3.CAR EBVST Therapy is Associated with a Lower
Risk of CRS as a Result of /n Vivo Targeting of Allogeneic
Myeloid Cells

We utilized an established humanized mouse model of CRS (30) to evaluate tox-
icities associated with B7H3.CAR EBVST treatment in solid tumors. As most of
our knowledge on CRS associated with CAR T-cell therapy is drawn from treat-
ing acute leukemia with CD19 CAR T cells, we used this model as a benchmark

for comparison.

Luciferase-expressing HT-29 or NALM-6 cells were injected intravenously into
humanized mice to establish a metastatic colorectal cancer or acute leukemia
model, respectively. When systemic tumor burden was sufficiently high (av-
erage radiance of more than 107), mice xenografted with HT-29 cells were
randomized to receive no treatment, UT EBVSTs or B7H3.CAR EBVSTs while
mice xenografted with NALM-6 received no treatment or CD19.CAR T cells
(Supplementary Fig. S7).

Both CD19.CAR ATCs and B7H3.CAR EBVSTs elicited good antitumor re-
sponses, evident from the lower tumor burden compared with the untreated or
UT EBVST treatment groups (Fig. 7A and B). However, despite the disease con-
trol, CD19.CAR ATC-treated mice showed a rapid and unremitting weight loss
of more than 20% by 4 days posttreatment (Fig. 7C). In contrast, B7H3.CAR
EBVST-treated mice experienced a transient weight loss at 4 days posttreat-
ment from which they quickly recovered (Fig. 7D). All CD19.CAR ATC-treated
mice were euthanized at days 5-6 after treatment due to rapid health deteriora-
tion while B7H3.CAR EBVST-treated mice remained clinically well until study

endpoint.

Serum levels of human cytokines including IL6, IL8, IL10, IL2, IFNYy, and TNFa
in B7H3.CAR EBVST-treated mice were significantly lower than in CD19.CAR
ATC-treated mice at 3 days posttreatment, suggesting that cytokine release
following B7H3.CAR EBVST treatment was contained (Fig. 7E). Analysis of
hematologic subsets in multiple organs of humanized mice at study endpoint
revealed that myeloid cells such as neutrophils, monocytes, and dendritic cells
were dramatically diminished in the B7H3.CAR EBVST-treated group (Fig. 7F),
with reduction largely occurring in the B7-H3-expressing population (Fig. 7G).
Altogether, this supports the notion that B7H3.CAR EBVSTs target allogeneic

myeloid cells in a B7-H3-dependent manner and by diminishing these primary
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FIGURE 6 B7H3.CAR EBVSTs targets allogeneic monocytes and matured HSPCs but spares T, B, and NK cells as well as resting and early HSPCs.

A, Cytolysis of allogenic T, NK, and B cells by UT and B7H3.CAR EBVSTs in the presence of various cytokines. Fold change in cell counts was calculated
by normalizing allogeneic immune cell counts in presence of B7H3.CAR EBVSTs against that of UT EBVSTs. B, Percentage of death in allogeneic
monocytes after 24 hours coculture at a 1:1 E:T ratio with UT or B7H3.CAR EBVSTs. C, B7-H3 expression on (Continued on the following page.)
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(Continued) memory EBVSTs that have been reactivated with antigen-presenting cells pulsed with EBV, HIV, or no peptides. D, Flow plots representing

B7-H3 expression in HSPC populations after the indicated days of stimulation with FIt3L, TPO, and SCF. E, Cytotoxicity of unstimulated and stimulated
HSPCs after coculture with UT or B7H3.CAR EBVSTs. F, Erythroid and myeloid development potential of HSPCs alone, after coculture with UT or
B7H3.CAR EBVSTs. Data in A and C are compiled from UT and B7H3.CAR EBVSTs generated from 3 donors cocultured with PBMCs or monocytes
isolated from 3 other different donors. Data presented in C are representative of B7-H3 expression on reactivated EBVSTs from 2 donors. Data in D-F
are compiled from UT and B7H3.CAR EBVSTs generated from 3 donors cocultured with HSPCs isolated from 2 other different donors. For B, groups
were compared using Student unpaired ¢t test. For F, groups were compared using one-way ANOVA with Tukey test for multiple comparisons test.

*, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bars denote means + SD where applicable.

cellular mediators of CRS, attenuate the risk of CRS associated with CAR T-cell
therapy.

B7H3.CAR EBVSTs are Able to Target MDSCs

We noted that monocytes upregulate B7-H3 during inflammatory conditions
(Supplementary Fig. S6A) and were targets for B7H3.CAR EBVSTs (Fig. 6B).
To determine whether MDSCs, exhibiting characteristics akin to inflamma-
tory monocytes, express B7-H3 and would thus be susceptible to targeting by
B7H3.CAR EBVST, we first differentiated MDSCs from purified monocytes
with GMCSF and IL6 for 7 days and stained for surface expression of B7-
H3. MDSCs were found to express high levels of B7-H3, along with inhibitory
molecules IL10, TGFB, and iNOS (Fig. 8A). Notably, MDSCs expressed B7-H3
at levels comparable to the lung cancer cell line, NCI-H1299 (Fig. 8A). MDSCs
were verified as immunosuppressive based on their dose-dependent inhibition
of anti-CD3/28-induced T-cell proliferation (Supplementary Fig. S8). In con-
trast to the low levels of cytolysis seen in MDSCs cocultured with UT EBVSTs,
B7H3.CAR EBVSTs killed MDSCs across varying cell ratios (Fig. 8B). To further
investigate the effect of MDSCs elimination on T-cell function, we stimulated
UT or B7H3.CAR EBVSTs with anti-CD3/CD28 in the presence of MDSCs.
Although MDSCs hindered the proliferation of UT EBVSTs, their inhibitory
effect on B7H3.CAR EBVSTs was significantly less pronounced, as indicated by
the higher T-cell proliferation index (Fig. 8C). This indicated that targeting of
B7-H3-expressing MDSCs by B7H3.CAR EBVSTs alleviated MDSC-induced

inhibition of T-cell proliferation.

Discussion

To overcome the bottlenecks that have hampered autologous CAR T-cell ther-
apy, we utilized EBVSTs as our universal T-cell platform to develop off-the-shelf
CAR T-cell therapy against solid tumors. Here, we demonstrate that our
nanobody-based CAR engineered EBVSTs provide a tumor-agnostic strategy
to target diverse types of B7-H3-positive solid tumors while overcoming some
of the hurdles that have impeded clinical advancement of CAR T cells against

such tumors.

Employing EBVSTs as CAR T-cell hosts offers several advantages. First, EBV
infects about 90% of adults worldwide (31) with a notable enrichment in circu-
lating EBV-specific effector CD4" and CD8™" T cells that persists throughout
life (32, 33). This suggests that EBVSTs can be readily extracted from the blood
of EBV-exposed but otherwise healthy donors for scalable production. Second,
the TCR repertoire of EBVSTSs is greatly EBV focused and reduced in diver-
sity compared with CD3-ATCs, thereby lowering the potential for alloreactivity
(23, 34). This notion is reinforced by a lack of clinically worrying GVHD re-
ported in multiple clinical trials using allogeneic EBVSTs (>300 recipients) and
underscores the safe application of third party EBVSTs as an off-the-shelf cellu-
lar therapy (35-37), without the use of genetic editing. Third, different groups
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have detected significant populations of virus-specific T cells (VST), including
EBVSTs, in human tumors across diverse cancer types (38-40), suggesting that
VSTs are endowed with unique but yet-to-be-understood abilities to migrate
into solid tumors. It would be interesting to explore whether the VST origin of
B7H3.CAR EBVSTs would enhance their ability to traffic to and penetrate solid
tumors compared with their CAR T-cell counterparts. Finally, EBV vaccination
to stimulate endogenous TCRs has been advocated as a means to boost CAR
armored EBVST expansion and function in patients (41, 42). This approach
has been bolstered by recent strides in EBV vaccine delivery that have enabled

effective and durable induction of EBV-specific T-cell responses (43).

Compared with hematologic malignancies, targeting solid tumors with CAR
T-cell therapy presents a herculean set of challenges, including heterogeneous
expression of cancer antigens within tumors, the paucity of tumor-restricted
antigens which can increase the risk of on-target off-tumor toxicities, compro-
mised T-cell survival in a hostile and immunosuppressive TME, and unknown
ability of CAR T cells to infiltrate solid tumors (2, 44, 45). Our studies offer en-
couraging evidence that EBVSTs armored with B7-H3-targeting CARs are not
only safe and efficacious against B7-H3-positive solid tumors but also address
the longstanding challenges that have hampered the clinical development of
CART cells in such indications. Using PDX models which recapitulate the com-
plex biology and heterogeneity inherent to patient tumors, we demonstrated
that our B7H3.CAR EBVSTs displayed good antitumor activity and signifi-
cantly improved survival not only in a highly B7-H3-positive breast cancer
PDX model, but also in a NSCLC PDX where B7-H3 expression was consid-
erably weaker. It is noteworthy that there was no evidence of B7-H3 antigen
escape occurring in tumors from B7H3.CAR EBVST-treated mice in all our
CDX and PDX studies. These studies provide the first preclinical evidence that
B7H3.CAR EBVSTs can overcome the challenges of heterogeneous tumor anti-
gen expression and antigen escape, demonstrating potent and durable efficacy

against solid tumors expressing a spectrum of B7-H3 levels.

As aresult of CD45RA depletion and expansion of EBVSTs in the manufactur-
ing process, the B7H3.CAR EBVST product consists predominantly of effector
memory (TEM) or effector memory CD45RA positive (TEMRA) T cell sub-
sets. One potential drawback of our strategy is that our CAR T infusion product
contains a low proportion of Stem cell-like memory (TSCM) and central mem-
ory (TCM) T cells, which has been demonstrated to correlate with increased
cell persistence and improved antitumor responses (46, 47). In addition, we
noted that activation induced expression of immune checkpoint markers on
B7H3.CAR EBVSTs. To study whether these factors impact B7H3.CAR EBVSTs
long-term persistence and activity, we subjected B7H3.CAR EBVST-treated
mice to a tumor rechallenge and observed that B7H3.CAR EBVSTs maintained
robust activity and persistence by rejecting NCI-N87 tumors.

Leveraging on the observation that the P2A5 VHH clone in our B7H3.CAR

recognizes both human and mouse B7-H3, we looked for toxicities in
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FIGURE 7 Invivo targeting of allogeneic myeloid cells by B7H3.CAR EBVSTs is linked to a lower risk of CRS.
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A, IVIS monitoring was performed to

track tumor progression. Bioluminescence images of tumor burden in mice injected intravenously with NALM-6 (left) or HT-29 (right) at days —1, 2,
and 5 posttreatment. B, Average tumor burden represented in mice of each treatment group injected with NALM-6 (top) or HT-29 (bottom). Body
weight measurements of NALM-6 (C) or HT-29-injected (D) mice posttreatment. E, Serum levels of human cytokines and chemokines at 3 days
posttreatment as quantified by multiplex bead immunoassay. F, Total counts of dendritic cells (top), (Continued on the following page.)
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(Continued) monocytes (middle), and neutrophils (bottom) in blood, bone marrow, spleen, and liver of each treatment groups quantified by flow
cytometry. G, B7-H3 expression on dendritic cells (top), monocytes (middle), and neutrophils (bottom) in blood, bone marrow, spleen, and liver after
treatment, quantified by flow cytometry. Data comprise of up to 6-9 mice in each treatment arm. For B-D, groups were compared using two-way
ANOVA with Tukey test for multiple comparisons test. Comparison and P values between untreated versus UT T, untreated versus B7H3.CAR EBVSTs
and UT T versus B7H3.CAR EBVSTs groups is represented in black, blue, and red, respectively. For E-G, groups were compared using one-way ANOVA
with Tukey test for multiple comparisons test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. Each point on the graph
represents a mouse and error bars denote means + SD where applicable.

immunocompetent mice bearing syngeneic tumors. Although the P2A5 VHH
binding affinity to murine B7-H3 is roughly 15 times weaker than its affinity to
human B7-H3, the pronounced potency of murine B7H3.CAR T cells suggests
any untoward toxicity should still be detectable in immunocompetent mice. We
did not observe any overt signs of toxicity in mice which received B7H3.CAR
EBVSTs, apart from minor reductions in T and NK cell populations in the bone
marrow and possible chronic pancreatitis, both which would be clinically man-
ageable in humans. While the lack of significant on-target off-tumor toxicity
in B7H3.CAR T cells aligns with findings from other groups (48-50) and is

reinforced by observations (3) including our own that underscore a lower abun-

dance of B7-H3 in normal tissues compared with tumors, it may be prudent to
conduct additional syngeneic safety studies in a larger cohort of mice. When
we extended our studies to human immune cells in vitro, we observed that
while resting monocytes expressed low levels of B7-H3, they upregulated B7-
H3 in the presence of GMCSF or allogeneic T cells. This rendered monocytes
susceptible to cytolysis by B7H3.CAR EBVSTs under these conditions, while
allogeneic or cytokines-stimulated T, B, and NK cells were unaffected because
of their lack of B7-H3 expression. Furthermore, we noted that memory T cells,
upon reactivation with their cognate antigens, did not upregulate B7-H3 expres-
sion, suggesting that they were unlikely to be targets of B7H3.CAR EBVSTs. Our
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FIGURE 8 B7H3.CAR EBVSTs targets MDSCs. A, Flow cytometric histograms of IL10, TGFB, iNOS, and B7-H3 in MDSCs generated from 2 healthy
donors (left). Median fluorescence intensities (MFI) of B7-H3 expressed on MDSCs from 2 healthy donors and the NCI-H1299 cell line (right).

B, Cytotoxicity of UT or B7H3.CAR EBVSTs against allogeneic MDSCs. Data compiled from coculture of effector EBVSTs generated from 2 donors and
target MDSCs generated from 2 other donors. C, Proliferation of UT and B7H3.CAR EBVSTs after anti-CD3/CD28 stimulation in the presence of
allogeneic MDSCs. Each datapoint represents proliferation from each E:T donor pair. Proliferation index was calculated by normalizing percentages of
proliferated cells against that of the no MDSC control condition. For B and C, UT versus B7H3.CAR EBVSTs groups were compared using Student
unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bars denote means &+ SD where applicable.
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observations in humanized mice also raise the possibility of on-target off-tumor
targeting of myeloid cells including monocytes, dendritic cells, and neutrophils.
However, it is important to note that this may not necessarily be detrimental, es-
pecially in the specific case of monocytes. We observed a low incidence of CRS
following B7H3.CAR EBVST treatment in these mice, likely due to B7H3.CAR
EBVST depletion of B7-H3-expressing myeloid cells which are key media-
tors of CRS. This quality of B7ZH3.CAR EBVSTs may distinguish them from
other CAR T-cell therapies which have been linked to significant incidence of
CRS, hemophagocytic lymphohistiocytosis/macrophage activation syndrome,
and Immune effector Cell-Associated Neurotoxicity Syndrome (51). As the on-
set of CRS typically manifests and peaks in 2 weeks after CAR T-cell therapy,
reductions in the myeloid compartment in patients can be clinically man-
aged through administration of myeloid colony-stimulating factors after this
window. We employed CDI19.CAR T cells as positive controls because CRS is
extensively documented in CD19-positive hematologic malignancies. Nonethe-
less, we acknowledge that comparing CD19.CAR with B7H3.CAR EBVSTs in a
B7-H3-transduced NALM-6 leukemia model would provide a more equitable
comparison. We intend to address this in forthcoming studies. Finally, we ob-
served that B7H3.CAR EBVSTs only targeted matured lineages of HSPCs but
not resting or early HSPCs, likely a result of B7-H3 upregulation during lin-
eage differentiation. These observations imply that reserves of early progenitor
subsets with the capability to replenish various hematopoietic populations re-
mained intact and functional. Our findings align with recent data highlighting
the favorable antitumor activity and tolerability of systemic autologous CAR
T cells targeting B7-H3 in pediatric patients with solid tumors (52). Certainly,
conducting additional safety studies would be essential for a comprehensive
evaluation of the safety profile of B7H3.CAR-armored EBVSTs.

While CAR T cells have made significant inroads in the treatment of hemato-
logic malignancies, their success in solid tumor types has been limited, impeded
in large part by the immunosuppressive TME populated by MDSCs and tumor-
associated macrophages (TAM). Our study reveals that B7H3.CAR EBVSTs
effectively target MDSCs and in turn help reverse the T-cell immunosuppres-
sive effects driven by MDSCs. While we have yet to perform similar studies on
TAM:s, reports of B7-H3 enrichment in TAMs present in human colorectal can-
cer, NSCLC, and TNBC (53-55) imply that these effects of B7H3.CAR EBVSTs
are likely to extend to TAMs. We therefore propose that B7ZH3.CAR EBVSTs
not only directly kill tumor cells, but by targeting inhibitory MDSCs, can also
counteract some of the immunosuppressive forces present in the TME.

In summary, we have successfully developed B7H3.CAR EBVSTs as a tumor-
agnostic strategy to target B7-H3-positive solid tumors. In addition to a
clinically manageable on-target off-tumor safety profile, B7H3.CAR EBVSTs
are associated with minimal treatment-induced CRS. We also provide evidence
that B7H3.CAR EBVSTs can target MDSCs and reverse their immunosuppres-
sive effects. Despite the daunting challenges that targeting solid tumors present,
we believe that B7H3.CAR EBVSTS, with their activity against tumor cells, MD-
SCs and potentially tumor stroma, are well positioned for clinical application

in solid tumors.
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