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Transfer of autologous tumor infiltrating lymphocytes (TIL) to patients with
refractory melanoma has shown clinical efficacy in a number of trials.
However, extending the clinical benefit to patients with other cancers poses a
challenge. Inefficient costimulation in the tumor microenvironment can lead to T
cell anergy and exhaustion resulting in poor anti-tumor activity. Here, we
describe a chimeric costimulatory antigen receptor (CoStAR) comprised of
FRa-specific scFv linked to CD28 and CD40 intracellular signaling domains.
CoStAR signaling alone does not activate T cells, while the combination of TCR
and CoStAR signaling enhances T cell activity resulting in less differentiated T
cells, and augmentation of T cell effector functions, including cytokine secretion
and cytotoxicity. CoStAR activity resulted in superior T cell proliferation, even in
the absence of exogenous IL-2. Using an in vivo transplantable tumor model,
CoStAR was shown to improve T cell survival after transfer, enhanced control of
tumor growth, and improved host survival. CoStAR could be reliably engineered
into TIL from multiple tumor indications and augmented TIL activity against
autologous tumor targets both in vitro and in vivo. CoStAR thus represents a
general approach to improving TIL therapy with synthetic costimulation.
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Introduction

Tumors are frequently infiltrated with immune cells which
mount an ongoing response to the neoplastic tissue. The interplay
between immune cell populations and tumor cells determines the
outcome of the disease, and in refractory metastatic disease the
immune response is insufficient to adequately control the spread of
the tumor. Recent advances in development of checkpoint
inhibition immunotherapy have shown that shifting the balance
of inhibitory and stimulatory signals within a tumor can result in
tumor control (1).

Tumor infiltrating lymphocytes (TILs) are critical to the
ongoing surveillance and immune response to neoplasia; a
proportion of these TILs consist of polyclonal T cells with
antitumor reactivity (2). The ability to extract TILs from a
surgically resected tumor, expand them ex vivo, and infuse them
back into patients has shown clinical efficacy in cases of metastatic
cutaneous melanoma (3-11). TIL therapy has been clinically
explored in other indications with some evidence of efficacy
reported, but with generally overall lower response rates observed
(12-19).

The antitumor reactivity of TILs is mediated by the interaction
of the T cell receptor (TCR) and peptide major histocompatibility
complex (pMHC) on the surface of the tumor cell. Full and
sustained T cell activation requires a primary signal (signal 1)
driven by TCR recognition of pMHC. Signal 1 is enhanced by
secondary costimulatory signals (signal 2) generally provided by
antigen-presenting cells (APCs). Costimulation through signal 2
drives enhanced cytokine production, clonal expansion, and
upregulation of anti-apoptotic proteins in TILs (20). Despite their
ability to recognize and eliminate tumor cells, without robust
costimulation, TILs in the tumor microenvironment can be sub-
optimally activated and may undergo adaptive tolerance or
apoptosis (21). Indeed, multiple studies demonstrate that TIL
contain a proportion of cells in an exhausted state, that may in
fact be characteristic of neoantigen reactive T cells (22-24).

Insufficient costimulation of TIL can occur through several
routes: senescent T cells infiltrating tumors can lose CD28
expression (25), tumors do not express high levels of costimulatory
ligands (26), the tumor microenvironment lacks APCs that effectively
activate antitumor immunity (27, 28), and multiple cell types in the
tumor microenvironment express inhibitory ligands that suppress
TIL activity and antagonize costimulatory signals (29). Further
studies have elucidated that the presence of antigen-presenting cell
niches in the TME are important for the function of immune
checkpoint blockade, further highlighting the importance of
optimal TIL costimulation (30).

Evidence for the power of engineered costimulation in the cell
therapy field comes from the successful application of 2™
generation chimeric antigen receptors (CARs) containing
costimulatory domains, which have enhanced in vivo persistence
compared to 1% generation counterparts (31). Such improvements
have led to 2™ generation CARs being approved as a therapeutic
agent in a number of hematological indications. Extending this
principle to TIL, data from preclinical models suggests that TIL
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antitumor activity may also be augmented with additional
costimulatory signals (32-35).

Herein, we describe a costimulatory antigen receptor (CoStAR)
consisting of a folate receptor alpha (FRo.) specific scFv, fused to the
signaling domains from CD28 and CD40. FR represents a suitable
target for such a strategy, as it is overexpressed in several cancer
indications including ovarian, lung and renal cancer (36-39).
CoStAR delivers synthetic costimulation upon engagement with
FRo, only in the presence of TCR signaling. CoStAR significantly
augmented effector function of T cells responding to T cell agonists
and pMHC, enhanced tumor control in a solid cancer xenograft
model, even in the absence of exogenous IL-2 support, and
enhanced activity of TIL derived from multiple indications.

Materials and methods

Commercial antibodies and reagents used for flow cytometry
are described in the Supplemental Table. Antibodies were anti-
human unless specifically described otherwise. For detection of
anti-FRo. CoStAR molecule, recombinant FRo-Fc antigen or 19.1
anti-MOV19 anti-idiotype antibody was used. 19.1 anti-MOV19
was kindly provided by Instituto Nazionale dei Tumori (INT)-
Milan (40).

Immunohistochemistry

Immunohistochemistry was performed by Mosaic Laboratories.
The FRo antibody (mouse clone BN3.2) was purchased from Leica
Biosystems and used at 1.5 ug/mL. The mouse (IgG)1k clone MOPC-
31C antibody was purchased from BD Pharmingen (San Diego, CA)
and used at 1.5 ug/mL. Staining was evaluated by a pathologist. The
FRot (mouse clone BN3.2) assay was evaluated on a semi-quantitative
scale, and the percentage of cancer cells or normal cells (specificity
section only) staining at each of the following four levels was recorded:
0 (no staining), 1+ (weak staining), 2+ (moderate staining) and 3+
(strong staining). A tumor or normal sample was considered positive if
at least 1% of cells demonstrated positive expression. An H-Score was
calculated based on the summation of the product of percent of cells
stained at each staining intensity using the following equation: (3 x %
cells staining at 3+) + (2 x % cells staining at 2+) + (1 x % cells staining
at 1+).

Media and solution formulation

T cell medium (TCM) was formulated using Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with GlutaMAX "™ and
25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 50 mM
2-mercaptoethanol. Complete RPMI medium (cRPMI) was formulated
using RPMI 1640 supplemented with GlutaMAX ' and 25mM HEPES,
10% FBS and 1% penicillin/streptomycin. PEF solution was formulated
using Dulbecco’s phosphate-buffered saline (DPBS), 2mM
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ethylenediaminetetraacetic acid (EDTA), and 0.5% FBS. PBS-EDM
consists of PBS, 0.3% Collagenase, 300 U/mL DNase and 2 mM CaCl,.

Cell lines and constructs

174 x CEM.T2 (from herein termed T2), NCI-H508 (from
herein termed H508), NIH : OvCAR-3 (from herein termed
OvCAR-3) and K562 were all obtained from ATCC. BA/F3 were
obtained from DSMZ. In some experiments parental cell lines were
lentivirally engineered to express a membrane bound OKT3
molecule consisting of the OSM protein signal peptide, OKT3
heavy chain variable region (BAA11539.1 amino acids 20-138), a
x3 (G4S) linker, OKT3 light chain variable region (CAA01594.1,
amino acids 23-129) and HLA-A transmembrane region
(AAA59637.1, amino acids 169-206).

FRou CoStAR consists of the variable heavy (VH) and variable
light (VL) chains of the anti-folate receptor antibody MOV 19 ( (41)
and CAA68252.1 and CAA68253.1). The heavy and light chains
were joined with a S(G4S)x3 linker region in the orientation of VH-
VL, with addition of an OSM signal peptide. The signaling domain
consists of a fusion of CD28 (NP_006130.1: residues 21-220) fused
directly to CD40 (NP_001241.1: residues 216-277), linked to the
scFv via an AAA(GSG)x2 motif. All nucleotide sequences were
codon optimized for human expression.

The sequences of the CEA TCR and MART-1 TCR have been
previously described (42, 43). TCRs were cloned with a murine f
constant domain to permit detection versus endogenous TCR
expression. All constructs were cloned into pSF.Lenti plasmid
from Oxford Genetics (OG269) with either an EFlot or MND
promoter. All gene synthesis was undertaken by Azenta
or Genscript.

Generation of modified T cells

T cells were isolated from peripheral-blood mononuclear cells
(PBMCs) using EasySep ™ Human T cell isolation kit (StemCell
Technologies), activated with DynabeadsTM Human T-Activator
CD3/CD28 (Thermo Fisher) or TransAact (Miltenyi) according to
manufacturers’ instructions, with 200 IU/mL of recombinant human
interleukin-2 (IL-2). 24-48 hours later, T cells were transduced at an
MOI of 5 or 10 with lentiviruses encoding anti-MART1 or CEA TCR
to generate TCR-Td, anti-FRo. CoStAR molecule for CoStAR-Td,
both TCR and anti-FRo. CoStAR molecule for TCR.CoStAR-Td, or
left non-transduced for the Non-Td group.

In experiments where cells were sorted for transgene
expression, cells were harvested between days 5 and 9 after
transduction and stained for TCR expression with anti-mouse
TCR B BV421 (Biolegend) and/or CoStAR molecule expression
with recombinant human FOLRI-Fc fusion protein (Acro
Biosystems) and anti-human IgG (y chain) PE secondary
antibody (Sigma). Transgene expressing cells were enriched using
the MACSQuant Tyto and expanded in G-Rex plates following a
rapid expansion protocol (REP).
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Flow cytometry

Cells were stained with viability dye and Fc receptor blocking
reagent according to manufacturer’s instructions. Staining for
CoStAR was performed by addition of rhFOLRI1-Fc (Acro
Biosystems) or anti-Idiotype antibody, followed by anti-human
IgG (y chain) PE secondary (Sigma-Aldrich), or anti-mouse IgG1-
PE for detection of FRow or anti-Idiotype respectively, followed by
addition of any cell surface antigen specific antibodies.

Tail vain bleeds on days 14 and 21 underwent RBC lysis using
diluted 10x RBC lysis buffer (Biolegend) according to the
manufacturer’s protocol. Samples were incubated with murine Fc
receptor block and viability stain, followed by anti-CD3, anti-CD4,
anti-CD8, and anti-murine TCRp. CoStAR was detected as described
above. Following staining, cells were washed and resuspended in PEF
for analysis. Samples were acquired on either a BD LSR Fortessa X-20
or NovoCyte 3005 Flow Cytometer System, and analyzed using
FlowJo_v10 or Novoexpress software, respectively.

Rapid expansion protocol

T cells were cultured in TCM with 200 IU/mL IL-2, 30 ng/mL
anti-CD3 (Miltenyi MACS GMP CD3 pure) and irradiated
allogeneic PBMCs at a ratio of 1: 200 T cell to PBMC, for 14 days
with regular media changes. Cells were cryopreserved in CryoStor
solution (Sigma-Aldrich).

Peptide pulsing

Both parental T2 and T2.FRo were incubated with serial 10-fold
dilutions of the indicated peptides cRPMI for 1 hour prior to
coculture. Non-Td, TCR-Td, CoStAR-Td, and TCR.CoStAR-Td T
cells were added to prepared plates with peptide pulsed T2 cells at
an effector to target ratio of 1:1. Coculture plates were incubated at
37°C for 20 hours following which supernatants were collected for
cytokine analysis.

Quantification of cytokine secretion

Supernatants harvested from cocultures were assessed using
IFNYy ELISA (Biolegend) or MesoScale Discovery (MSD) Custom
Human Biomarkers Kit or V-Plex Proinflammatory Panel 1 Human
Kits according to the manufacturer’s instructions. The plates were
quantified using a MESO QuickPlex SQ 120 reader and analyzed on
the MSD WorkBench software (version 4.0.13).

Cytotoxicity assays
Non-Td or CoStAR-Td T cells were cocultured with the

indicated BA/F3 target cell lines at the indicated E:T ratio for five
days before staining of the samples with murine anti-CD45 BV785
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antibodies (Biolegend) and enumeration of residual cells target cells
made using CountBrightTM absolute counting beads (Thermo
Fisher) and acquisition on a LSR Fortessa X-20 cytometer
(BD Biosciences).

In vivo studies

Staging, dosing, sample collection and
monitoring of mice

1x107 H508.Luc.GFP.FRa: cells were subcutaneously injected on
the left flank of 6-week-old female NSG mice. When average tumor
volume reached between 0.2 - 0.3 cm>, mice were randomized into
treatment groups and the following day (day 0) given tail vein IV
injections of PBS (no treatment) or Non-Td, TCR-Td, CoStAR-Td,
or TCR.CoStAR-Td T cells. In IL-2-designated groups, mice
received subcutaneous IL-2 doses in the right flank on days 0 to
7. Tumor growth was assessed by digital caliper measurements, and
mice were weighed at the same time. When tumor was
undetectable, a caliper measurement of 0.001 cm® was recorded.
Mice were sacrificed at tumor volume limits (10% tumor volume by
mouse body weight) or if clinical condition reached an accordance
with the animal science procedures act (ASPA) 1986 and the project
license. Live tail vein bleeds were collected on days 14 and 21 in
ethylenediaminetetraacetic acid (EDTA)-containing capillary tubes.

For PDX study HGSOC tumor tissue was orthotopically
implanted into NSG mice and engraftment followed with 2D
ultrasound monitoring. Rolling enrolment into the study was
based on consistent tumor growth over three weeks, at which
point mice were evenly distributed into five different groups. At
the time of enrolment, mice were injected intraperitoneally with
FRo: CoStAR-Td or Non-Td TIL at a dose of 1x10” TIL. Mice in all
groups were injected IP with 5 g of IL-2 on the day of enrolment,
and then again every other day for one week post TIL-injection.
Blood was collected five days after the third IL-2 injection via a
submandibular bleed. TIL and IL-2 injections were repeated every
two weeks for a total of three TIL injections per mouse. Mice were
monitored for tumor burden via ultrasound on a weekly basis, and
euthanized based on declining body condition score criteria
(approved by IACUC). Survival times were recorded.

Statistical analysis

All statistical analyses were performed using GraphPad PRISM
9.0.2. For comparison of multiple groups, a mixed-effects analysis
was performed using a two-way ANOVA with Sidak’s multiple
comparisons test. For coculture assays with solFRo a two-way
ANOVA with Tukey’s multiple comparisons test was used. For in
vivo studies mixed-effects analysis was performed using a 1-way or
2-way ANOVA with Tukey’s test for multiple comparisons. To
evaluate survival, a log-rank test with Bonferroni correction for
multiple testing was performed. For EC50 values nonlinear
regression curves were fitted with a log (agonist) versus response
(3 parameters). Comparisons of best fit LogEC50 values were
calculated and analyzed by Friedman statistical test with Dunn’s
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multiple comparisons. Cytokines were compared using 2-
way ANOVA.

TIL production

On day 1 digested tumor was seeded at 0.5-1x10° viable cells in
2 mL TCM containing 10 pg/mL gentamycin, 0.25 ug/mL
amphotericin B, 50 ug/mL vancomycin and 3000 IU/mL rhIL-2.
On days 3 and 4 TILs were transduced with lentiviral particles to an
MOI of 5 in a total volume of 2.5 mL. In some experiments, TILs
were activated on day 1 with TransAct (Miltenyi) according to
manufacturer’s instructions. On day 8 the total volume was doubled
by addition of fresh TCM containing 20 pg/mL gentamicin 0.5 pg/
mL amphotericin B 100 pg/mL vancomycin and 6000 IU/mL IL-2.
REPs were established on day 10 in G-Rex (6M) plates.

Cryopreserved Non-Td and CoStAR-Td TILs were thawed and
rested overnight in 300 IU/mL IL-2 prior to assay set up or thawed
and rested for 3 days in 3000 IU/mL IL-2, washed and rested
without IL-2 overnight prior to assay set up. Autologous tumor
digests were thawed, diluted 1 x 10%/mL and plated into 96-well U-
bottom plates. In some experiments CD45 depletion was performed
to enrich for tumor using a human CD45+ depletion kit (StemCell
Technologies) according to manufactures instructions. CoStAR-Td
or Non-Td TILs were added to plates to an effector TIL:digest cell
ratio of 1:1. Cocultures with BA/F3 derived engineered target cell
lines were set up an E:T of 8:1. Plates were cultured at 37°C in a 5%
CO2 humidified incubator for 16-24 hours, 100 UL volume of
supernatants were collected, aliquoted and cytokine secretion
performed using Mesoscale Discovery (MSD) immunoassay, or
IFNy ELISA (Biolegend).

Results

T cell receptor (TCR) signals (Signal 1) mediated through
peptide major histocompatibility complex (pMHC) can synergize
with costimulatory signal (Signal 2) to enhance T cell survival,
proliferation and effector function. We hypothesized that
costimulation could be mediated through synthetic costimulation
via a chimeric costimulatory receptor consisting of an antigen
binding region fused to the signaling domain from a
costimulatory receptor (Figure 1A). To test this hypothesis, we
generated a panel of CoStARs with varying scFv and costimulatory
domains (Figure 1B).

The anti-FRo. CoStARs consist of a MOV19-derived scFv
fused via a glycine-serine linker to the extracellular and
transmembrane domains of CD28 (amino acids 21-179),
followed by the cytoplasmic domain(s) of CD28 (amino acids
180-220), CD28 and CD40 (amino acids 216-277) or CD28 and
CD137 (amino acids 209-255). Additional control non-signaling
CoStARs were generated by fusing MOV19 or the aCD19 scFv
FMC63 to the HLA-A2 transmembrane domain (amino acids
274-313) (Figure 1B).

T cells from four healthy donors were transduced with the
respective CoStAR construct lentiviruses and normalized for
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FIGURE 1

Synthetic costimulation through CoStAR enhances T cell cytolytic activity and cytokine secretion. (A) Schematic representation of TCR and CoStAR
engagement with pMHC and FRo. respectively. (B) Schematic representation of CoStAR constructs containing combinations of MOV19 or FMC63
ScFvs, CD28 extracellular, transmembrane and cytoplasmic region, CD40 or CD137 cytoplasmic domains or the non-signaling HLA-A2

transmembrane domain. (C) T cells from four healthy donors were transduced with the indicated CoStARs and incubated with OvCAR-3.OKT3 at an
effector: target (E:T) of 8:1 and proliferation of T cells and CoStAR+ enrichment monitored over 4 successive restimulations with additional tumor
cells (averages of four donors performed in triplicate with SD shown). (D) CoStAR-transduced and non-transduced T cells were cocultured with BA/

F3.OKT3.FRa cells in the presence of 200 IU/mL IL-2 at Day 0, and T cell counts made at 3 and/or 7-day intervals for 105 days (averages of three
donors performed in duplicate with SEM shown). CoStAR transduced and non-transduced or cells were cocultured with WT BA/F3 or BA/F3 cells
expressing OKT3, FRo. or OKT3 + FRa. for 16 hours before analysis of coculture supernatant for IFNy, IL-2 and TNF (E) and cytotoxicity (F) of target
cells measured at varying E:T ratios at day 5 by counting residual BA/F3 cells using a murine anti-CD45 antibody (averages of three donors
performed in duplicate with SEM shown). *P < 0.05, **P < 0.01, ***P <0.001, ****P < 0.0001 by two-way ANOVA with Sidak's multiple comparisons.

Figure created with BioRender.com.

transduction level ranging between 32 to 55% across all constructs.
T cells were challenged weekly at an E:T ratio of 8:1 with the FRo/"™
cell line OvCAR-3, engineered to express OKT3 (OvCAR-3.0KT3)
in the presence of 200 IU/mL IL-2. Proliferation and CoStAR
enrichment was monitored at 7-day intervals, at which time point
the T cells were restimulated with OvCAR-3.0KT3 cells
(Figure 1C). Non-transduced cells expanded by an average of
13.2-fold over the 4 restimulations, while the control, non-FRo
targeting FMC63.HLA-A2 CoStAR expanded by 7.9-fold. Of the
FRo targeted CoStARs, the lowest fold expansion was observed with
the CD28.CD137 fusion (14.3-fold) and the MOV19.HLA-A2
construct (17.3-fold). MOV19.CD28 expanded by 25.9-fold,
however, the most striking observation was that elicited by the
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CD28.CD40 fusion CoStAR which expanded by an average of 51.3-
fold (p = 0.0049 vs FMC63.HLA-A2) (left panel, Figure 1C;
Supplementary Figure 1A). Enrichment of MOV19 CoStAR
transduced cells was observed, with the CD28.CD40 fusion
CoStAR displaying the most robust and efficient enrichment and
being the only receptor approaching near pure enrichment (average
of 93% CoStAR") by day 21 (right panel, Figure 1C). This
enrichment of MOV19.CD28.CD40 over 21 days was significantly
better than for all other receptors tested except MOV19.CD28 (P >
0.05) (Supplementary Figure 1B).

To further explore this optimal CD28.CD40 CoStAR response
to FRol upon co-engagement of the TCR we utilized the murine cell
line BA/F3 engineered to express OKT3 and FRa. T cells isolated
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from three healthy donors were transduced to an average
transduction rate of 78%. Transduced and non-transduced cells
were cocultured with BA/F3.0KT3.FRa at an E:T of 8:1 and
maintained by media replenishment with 200 IU/mL IL-2, and
fold expansion measured by taking viable cell counts every 2-3 days
(Figure 1D). Non-Td cells expanded to an average of 36-fold by day
35 before undergoing population contraction, falling below
detectable levels by day 62. In contrast, CoStAR transduced cells
underwent enhanced proliferation, reaching an average of 198-fold
expansion by day 35, and surviving until the end of the assay on
day 105.

To test CoStAR modified T cell response to each input signal
(i.e., OKT3 and/or FRa), non-transduced and CoStAR transduced T
cells were cocultured with individual BA/F3 target lines at an E:T of
1:1. Production of IL-2, TNF, and IFNYy from cocultures was then
measured (Figure 1E). Production of all three cytokines from
transduced and non-transduced T cells alone, or in cocultures
with WT BA/F3 or BA/F3.FRo. was below the level of detection.
Although all three cytokines could be detected in cocultures with
BA/F3.0KT3, there was no significant difference between non-
transduced and CoStAR transduced cells. However, in cocultures
with target cells providing both signal 1 and signal 2 (BA/
F3.0KT3.FRa) there was significantly increased production of all
three cytokines in CoStAR-Td compared with Non-Td cells.

CoStAR modulation of T cell mediated cytotoxicity was
assessed by coculture with engineered target lines at varying E:T
ratios (1:1, 1:5, 1:25 and 1:100) and absolute counts of target cells
enumerated after 5 days (Figure 1F). Killing efficiency between
Non-Td and CoStAR-Td was equivalent against WT BA/F3, and
more importantly against BA/F3.FRo,, the latter indicating that
cytotoxicity is not driven by CoStAR engagement alone. Efficient
killing of BA/F3.0KT3 cells was observed, with maximal
cytotoxicity seen at E:T of 1:5 by CoStAR-Td and Non-Td cells,
respectively. Importantly there was no significant difference in
killing between CoStAR-Td and Non-Td cells at any ratio tested.
In cocultures with BA/F3.0OKT3.FRa similar ratio dependent killing
responses were seen with transduced and non-transduced cells,
however there was significantly enhanced killing of target cells by
CoStAR-Td cells at 1:5 and 1:25.

TIL therapy is currently limited by the requirement for high
dose IL-2 post-infusion which is associated with significant side
effects and patient morbidity. To determine whether CoStAR could
mitigate this IL-2 dependence we performed an in vitro model of
serial stimulation to mimic repeated tumor engagement. To this
end, we performed stimulation with single or repeat additions of
BA/F3.0KT3.FRa cells at days 0, 7, 14 and 21 in the absence of
exogenous IL-2; T cell expansion was assessed by enumeration of
total viable cells (Figure 2A). Following a single stimulation, Non-
Td cell expansion peaked at 1.7-fold by day 3 before contracting to
undetectable levels by day 17, whereas CoStAR-Td cell expansion
peaked to 6.7-fold by day 7 and survived to day 28. With repeated
stimulation, Non-Td cells reached an average fold expansion of 1.5
at day 3 before cell numbers contracted and were undetectable by
day 17. In contrast, CoStAR engineered cells were capable of
proliferation upon each repeat stimulation with target cells,
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reaching an average expansion of 829-fold by day 35 and
persisting until the end of the assay on day 105.

Both transduced and non-transduced cells started with a CD4"
skewed population on day 0 with a skewing towards a more CD8"
population by day 10 (non-transduced from an average of 28.3 to
47.3% and CoStAR transduced from 22 to 32.8% CDS8")
(Figure 2B). With respect to differentiation status we observed
that the more differentiated CD62L/CD45RO" population had
increased from an average of 8.2 to 39.5% and 2.5 to 21.2% in
CD8" and CD4" non-transduced T cells respectively; whereas in
CoStAR-Td cells this most differentiated subset had only increased
from 8.1 to 12.1 in CD8™ cells, and decreased from 2.4 to 1.9% in
CD4" T cells.

PD1 expression in CD4" cells were, on average, below 10% in
both CoStAR-Td and Non-Td cells at day 0. By day 10, following
two rounds of stimulation, PD1 expression in CoStAR-Td cells was
unchanged, whereas Non-Td cells had significantly elevated levels
at an average of 37% (Figure 2C). Similar results were observed in
CD8" T cells, with significantly elevated levels of PD1 in non-
transduced vs transduced cells at day 10. These data demonstrate
that CoStAR enhanced proliferation of T cells in an exogenous IL-2
independent manner and, according to PD-1 expression at least,
kept the resulting cells in a less exhausted state.

Although FRo is overexpressed in tumor, expression may vary
from patient to patient, and across regions within the tumor itself;
furthermore, it is known that there is restricted expression on some
normal tissue (44, 45). To explore how different levels of FRot in the
presence and absence of TCR stimulation affect CoStAR activity, we
developed an in vitro model system which could be used to further
interrogate both off target toxicity and on-target efficacy. K562 cells
were engineered to express varying levels of FRo, with or without
membrane anchored OKT3. The engineered cell lines, as well as
tissue sections from both neoplastic (non-small cell lung cancer
adenocarcinoma, high grade serous ovarian cancer and clear cell
renal cell carcinoma) and normal tissue (kidney, salivary gland,
lung, cervix, skeletal muscle and endometrium), were
immunohistologically examined with an IVD approved FRo
antibody, and the resulting H-scores calculated (Figure 3A). H-
score takes into account the proportion and intensity of staining
and as such represents a more valid means of assessing expression.
The widest range of FRou was observed in HGSOC (H-score range 0
- 275, mean 158). NSCLC had a similar range of FRol expression
(range = 0-270; mean = 169), with ccRCC having a more restricted
range (range = 0-230; mean = 74) of approximately half that of
NSCLC and HGSOC. In normal tissue, the highest observed
expression was in normal kidney with a H score of 255, salivary
gland, lung and cervix had intermediate H scores (140, 95 and 95
respectively), with skeletal muscle (H=20) and endometrium (H=>5)
having low H scores. K562.FRat (high) had a similar H score to normal
kidney, with K562.FRo. (low) having similar expression to skeletal
muscle. K562.0KT3.FRo (high) had similar FRow expression to an
average NSCLC sample, with the K562.0KT3.FRow (med-high) and
(med-low) being similar in FRou expression to an average ccRCC
sample. These modified K562 lines were thus indicative of
physiological samples for the purposes of the experiment.
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FIGURE 2

CoStAR enhances T cell proliferation in the absence of exogenous IL-2. (A) Control non-transduced (Non-Td) and CoStAR-transduced (CoStAR-Td)
T cells were cocultured with BA/F3.OKT3.FRa cells with either a single addition or multiple additions at the indicated time points in the absence of
exogenous IL-2, and cell counts made at 3 and/or 7-day intervals for 28 or 105 days respectively. (B) Control Non-Td and CoStAR-Td cells were
taken at day 0 and day 10 and the CD4 and CD8 composition assessed and the cells immunophenotyped using anti-CD62L and anti-CD45RO
antibodies. (C) PD1 expression was assessed at day 0 and day 10 in CD4+ and CD8+ T cells. **P < 0.01, ***P <0.001 < 0.001 by two-way ANOVA.

To examine the effect of signal 2 alone on CoStAR bearing cells,
transduced and non-transduced cells were incubated with
K562.FRa target cells expressing different levels of FRa, and
cytokine secretion measured after 24 hours (Figure 3B,
Supplementary Figures 2A, B). IL-2 was below the lower limit of
detection for all conditions, regardless of FRo. expression level or
presence of CoStAR. Similar observations were made via analysis of
IFNY (Supplementary Figure 2A) and TNF (Supplementary
Figure 2B). These data highlight the absolute requirement of
signal 1 provision for CoStAR mediated enhancement of T cell
effector functions.

CoStAR T cell activation by cells expressing varying levels of
FRo, with OKT?3 as an activating signal was assessed in cocultures
with K562.0KT3.FRa for 24 hours (Figure 3B, Supplementary
Figures 2A, B). CoStAR-Td cells demonstrated significantly
enhanced IL-2 production (P < 0.0001) in response to
K562.0KT3 expressing a range of FRo levels compared to Non-
Td cells. Importantly, there was no obvious trend with regards to
FRo level and IL-2 production, suggesting that CoStAR enhances
responses to even low levels of target antigen. Similar observations
were made for IFNy (Supplementary Figure 2A) and TNF
(Supplementary Figure 2B).

FRa can be shed from the cell surface and is present at elevated
levels in cancer patient serum (46). We therefore examined whether
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soluble (sol)FRo could either costimulate T cells in the presence of a
TCR agonist or, conversely, block costimulation mediated through
membrane anchored FRa. To this end, we performed cocultures of
transduced T cells with BA/F3.0KT3 and BA/F3.OKT3.FRa in the
presence of solFRo. concentrations reported in ovarian cancer
patient serum, as well as at supraphysiological levels (Figure 3C).
In cocultures with BA/F3.0KT3, no increase in secreted IL-2 was
observed in the presence of increasing concentrations of solFRo. To
assess the potential impact of solFRo. on blocking of CoStAR
mediated costimulation through membrane bound FRo, CoStAR-
Td T cells were cocultured with BA/F3.OKT3.FRo targets in the
presence of increasing concentrations of solFRo.. Consistent with
previous observations, BA/F3.0KT3.FRo. elicited a higher amount
of secreted IL-2 from CoStAR T cells compared to BA/F3.0KT3.
Importantly, we did not detect inhibition of CoStAR-mediated IL-2
secretion in the presence of BA/F3.0OKT3.FRo with increasing
concentrations of solFRo. Similar results were obtained by
analysis of target cell killing, with solFRo. neither potentiating
cytotoxicity towards BA/F3 or BA/F3.0KT3, nor blocking
cytotoxicity towards BA/F3.0KT3.FRo target cells
(Supplementary Figure 2C). These data demonstrate that solFRo
cannot costimulate CoStAR T cells even at supraphysiological
concentration and also does not block CoStAR activity at the
physiological concentrations observed in cancer patients.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1256491
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kalaitsidou et al.

10.3389/fimmu.2023.1256491

A B E
™ high A Kid i
ig ° AA idney i
% 250 u ®e° v L4 300007 m Non-Td sokdok | kokokk
i ° AA - - -
B 400 m;d high igh ° _ W CoStAR-Td - i
I o ° o A -] —
g’150_ “MedTow salivary Gland § 20000
= ) A v ° D
5 medtigh ° A v Conix g kY *
i A
b e A T T % 10000
o medlow @ Yy, ¥ -
& 5ol low o VyVyY =
uw A v Skeletal muscle
low Yy 2 Endometrium
T > > * *r v
S 3 . V] O 3
& & & O o © O N NSNS LS
&Q 45,5? v.bo Q‘oe oéa- «'&,,0 & o,{. © 8\0 '9 .0\9 RS e>'\0 b»& \\‘o"«cf}
€ o 2 > v & & & &
& od & & <
& & &
K562.FRa K562.0KT3.FRa
C D
Donor 1 Donor 2 Donor 3
100 = .
300001 @ BAF3 0 B TCR"™9 CoStAR™®
2 80
2 2000] m oaracxrarm : " TOR™ CostAR™
1 . .FRa 60
> 8 B TCR"™9 CoStARPS TCR.CoStAR-Td
Y W T cells alone O 40 . i
N 10000 5 I TCRP°® CoStARP>® '
= o 20
B
o 0
O <D <> > O (D <2 D CPCRCRCS
S S @n SO S ’9“ S DS 'b@ S D @e ‘\o“io“'{:y Q‘;:y /% \;o“io‘e"':y‘?'{:y /o \\O{&{:y Qj:y. /% 4
solFRa concentration (ng/mL) P P Pt O
& & &
< < <
CoStAR
F
FAT ELA ELT ALG
_ 15000 _, 15000~ _ 15000+ __ 15000 = TCR-Td + T2 cells
—E' 12000- b S -E’ 12000+ —E' 12000 TE‘ 12000 - TCR-Td + T2.FRa cells
S 9000 S 000 S 000 S 00 = TCR.COStAR-Td + T2 cells
o -9 o o = TCR.COStAR-Td + T2.FRa cells
= 6000 = 6000 . = 6000 = 6000+
a3 N a0 N 000 N 000
Y 3000 2 4 2 3 e J
4241109 8 7 6 5 4 4241109 B 7 6 5 4 4241408 8 7 & 5 4 4241103 8 7 6 5 4
G log(agonist) log(agonist) log(agonist) log(agonist)
TCR.COStAR-Td + T2.FRa cells i q I 4 DR E e
TCR.COStAR-Td + T2 cells 1 4 o 1 o, | I
TCR-Td + T2FRa cells I ns p b3 ns d | NS J S NS
TCR-Td + T2 cells g 1 i 1 o} 1 b3
4@ 40 9 s T TR S a1 0 6 8 7 % 4 40 S 8 1 s
LogECsy LogECsy LogECsy LogECs,
FIGURE 3

CoStAR engineered cells respond to only membrane bound, but not soluble, FOLR1; and in a dose dependent manner upon signal 1 engagement.
(A) IHC H-scores from various normal and malignant tissues and engineered K562 cell lines. (B) Non-transduced (Non-Td) and CoStAR-transduced
(CoStAR-Td) T cells were cocultured at different effector: target (E:T) ratios with K562 parental, K562.0KT3, K562.FRa (low, med-low, med-high, or
high), K562.0KT3.FRa (low, med-low, med-high, or high) cells. IL-2 secretion was measured after a 24-hour coculture. Nonsignificant values not
shown. Data from 3 donors with 2 technical replicates for each. * P <0.05; **** P <0.0001 by two-way ANOVA with Sidaks multiple comparison. (C)
CoStAR engineered T cells were cocultured with parental BA/F3, BA/F3.0KT3, BA/F3.FRa or BA/F3.OKT3.FRa. in the presence of varying
concentrations of soluble FRa (solFRa) protein. Supernatant was collected after a 20-hour coculture and IL-2 measured by MSD. (D) Flow
cytometric analysis of TCR and anti-FRo. CoStAR molecule surface expression in transduced CD3+ cell populations in three donors. (E)
Representative flow cytometry plots showing the TCR and anti-FRo. CoStAR molecule surface expression in transduced CD3+ cell populations. (F)
TCR-Td T cells (signal 1 only) or TCR.CoStAR-Td T cells (signals 1 and 2) were cocultured with parental T2 or T2.FRa, supernatants were collected
after 20 hours of coculture and IL-2 secretion evaluated by MSD assay. One representative donor of three shown with two technical replicates. (G)
LogECS50 best-fit values were generated by fitting a dose-response curve to cytokine secretion data after T cell coculture with peptide-loaded T2

cell lines. Differences in LogeC50 values between TCR-Td T cells cocultured with T2 parental or T2.FRa. both loaded with peptides (signal 1 only)
and TCR.CoStAR-Td T cells cocultured with peptide-loaded wild type T2 (signal 1 only) compared with TCR.CoStAR-Td T cells cocultured with
peptide-loaded T2.FRa (signals 1 and 2) were evaluated. LogEC50 best-fit values were calculated from secretion of IL-2. Averages from 2 technical
replicates in 3 donors were analyzed by Friedman statistical test with Dunn’s multiple comparisons in Graphpad Prism 9.3.0, non-significant

differences not shown.

T cell activation can be mediated through a broad range of
agonists, varying both in binding quality and concentration. In
most situations these agonist interactions are likely to be less potent
than the OKT3 signal used to demonstrate CoStAR activity thus far.
We therefore developed a TCR/CoStAR co-transfer model to better
understand the relationship between TCR agonism and CoStAR
activity. We chose an HLA-A*02-restricted MelanA/MART-1 TCR
model for which multiple agonist peptides have been characterized
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(43, 47-49). T cells from three donors were engineered with either
CoStAR or TCR alone, or in combination, and sorted to achieve
bulk populations enriched for expression. In all three donors, over
85% expressed anti-MART1 TCR in TCR-Td condition, over 84%
expressed anti-FRo. CoStAR molecule in the CoStAR-Td condition,
and over 75% expressed both anti-MART-1 TCR and anti-FRo.
CoStAR molecule in the TCR.CoStAR-Td condition gated from
CD3" cells (Figures 3D, E). T cells were then cocultured with WT or
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FRo-transduced T2 target cells pulsed with varying concentrations
of four different agonist peptides (FATGIGIITV [FAT],
ELAGIGILTV [ELA], ELTGIGILTV [ELT] and ALGIGILTV
[ALG]) of decreasing agonist activity and cytokine secretion was
measured after a 20-hour coculture. These peptide concentrations
used spanned the 1x10°/1x10"° M concentrations which have
previously been shown to cover the range typical for a naturally
presented tumor associated antigen (50).

IL-2 release by activated T cells (TCR-Td or TCR.CoStAR-Td
conditions) showed a dose-dependent correlation with the antigen
concentration. Also, the intensity of response correlated with
described pMHC affinity towards anti-MART1-TCR (43, 47, 48,
51), with FAT peptide generating the strongest response, closely
followed by ELA peptide, ELT generating weaker response, and
ALG generating the weakest response from the 4 tested peptides
(Figure 3F, Supplementary Figures 2E, F). Consistent with previous
observations, CoStAR enhanced IL-2 secretion only in the presence
of both signal 1 agonists and FRo. These levels were higher
compared to the dose-response curves from cocultures with either
TCR-Td cells responding to peptide pulsed T2 or T2.FRo lines or
TCR.CoStAR-Td cells responding to peptide pulsed T2 cells.
Cocultures without a signal 1 element, between T2.WT or
T2.FRa. cells and CoStAR Td cells did not induce IL-2 secretion
above detectable limits (data not shown). We used dose response
curves generated to calculate ECs, values for each condition
(Figure 3G, Supplementary Figure 2D). Interestingly, we found
that although CoStAR enhanced overall effector function elicited by
a number of altered peptide ligands, there was no observable
difference in the concentration of peptide required to elicit 50%
maximal activation. Thus, CoStAR does not affect the ECs, of
pMHC engagement mediated through the TCR.

10.3389/fimmu.2023.1256491

To investigate the efficacy of CoStAR-Td T cells in vivo, FRo.
engineered NCI-H508 (H508.Luc.GFP.FRa) cell line, which
presents a CEA derived peptide (CEA:691-699 IMIGVLVGV) via
HLA-A*02 to a high affinity CEA-specific TCR (S112T TCR (42):
was engrafted subcutaneously in NSG mice. PBS or Non-Td, TCR-
Td, CoStAR-Td or TCR.CoStAR-Td cells at a 5x10° dose
(Supplementary Figure 3A, B) were injected into tumor bearing
mice on day 0. 5x10° T cells was shown to be the minimum number
of cells capable of eliciting tumor control with this donor (P = 0.004
& 0.0075 vs PBS for 1x107 and 5x10°, respectively). Administration
of TCR.CoStAR-Td T cells from two independent donors alongside
exogenous IL-2 led to significantly better control of tumor growth
relative to Non-Td in donor 1 (Figure 4A, Supplementary
Figure 3C) and Non-Td, CoStAR-Td, and TCR-Td treatment
groups in donor 2 (Supplementary Figure 3C). For both donors,
CoStAR expression alone did not limit tumor growth without TCR
co-expression. At terminal end-points or day 58, the tumor volume
of mice treated with TCR.CoStAR-Td T cells was significantly
reduced in comparison to control groups across two independent
donors (Supplementary Figure 3D). Conversely, Non-Td, TCR-Td,
and CoStAR-Td treatment groups had no significant differences in
tumor size from the PBS group.

Given the mechanism of action of the anti-FRo. CoStAR
molecule, which promotes in vitro T cell expansion in an IL-2
independent manner, we utilized our in vivo model to examine
whether the anti-FRo. CoStAR molecule circumvented the
requirement of exogenous IL-2 administration. Tumor engrafted
NSG mice were treated with either PBS or Non-Td, TCR-Td,
CoStAR-Td or TCR.CoStAR-Td cells at the 5x10° dose in the
absence of IL-2 support. Under these conditions, TCR.CoStAR-
Td T cells exhibited significantly improved control of tumor growth
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CoStAR enhances tumor control and survival in a murine xenograft model even in the absence of exogenous IL-2 infusions. Tumor volume, survival
and peripheral T cell counts were measured in animals receiving (A) or not receiving (B) exogenous IL-2 administration. Tumor growth was assessed
by digital calliper measurements. Survival of mice with established subcutaneous H508.Luc.GFP.FRo. tumors was monitored after adoptive cell
transfer of Non-Td and CoStAR-Td T cells, and mice were sacrificed at experimental endpoints. Flow cytometric assessment of CD3+ T cells/mL in
mouse tail-vein bleeds in all T cell groups with or without supportive IL-2 on day 14. Mean and individual data points shown. Detection of T cells in
mice that received no treatment is used to define the detection limit of the assay and is shown as lines on the y axis, solid line = mean and dotted
line = SD. T cell counts were compared using one-way ANOVA with Tukey's multiple comparison * P <0.05, **P<0.01. To compare tumor volume
mixed-effects model with Tukey's multiple comparisons test was performed * P <0.05 (No treatment & Non-Td Vs TCR.CoStAR-Td) ** P <0.01
(TCR-Td & CoStAR-Td vs TCR.CoStAR-Td). To evaluate survival, a log-rank test with Bonferroni multiple comparison was used, * P <0.05 (Non-Td &

CoStAR Td vs 658 TCR.CoStAR-Td).

Frontiers in Immunology

09

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1256491
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kalaitsidou et al.

compared to all other treatment groups from days 0 - 58 with 4/6
mice having undetectable tumors on day 58 (Figure 4B,
Supplementary Figure 3D). 3/6 and 4/6 mice treated with
TCR.CoStAR-Td T cells survived until the end of the study at day
99 with and without supportive IL-2 administration, respectively
(Figure 4B). In comparison, when mice received supportive IL-2,
and Non-Td, CoStAR-Td, or TCR-Td T cells, mice reached their
tumor volume limits by days 52, 76, and 55, respectively
(Figure 4A). When exogenous IL-2 was withheld, Non-Td,
CoStAR-Td, and TCR-Td treatment groups reached experimental
endpoints by days 69, 59, and 55, respectively (Figure 4B)
demonstrating CoStAR mediated co-stimulation improves T cell
efficacy in vivo irrespective of supportive IL-2, and does not
circumvent TCR specificity.

In line with the improved in vitro T cell expansion endowed to
transduced T cells by CoStAR (Figure 2), TCR.CoStAR-Td T cells
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showed increased levels of T cells when compared with all other
treatment groups on day 14. With supportive IL-2 administration
the concentration of CD3 T cells/mL was 8.68 (+ SD 7.86) x 10* in
the TCR.CoStAR-Td group which was significantly higher than for
Non-Td, CoStAR-Td and TCR-Td groups whose concentrations
were 0.52 (+ SD 0.46) x 10%, 1.73 (+ SD 0.78) x 10°, and 1.07 (+ SD
0.64) x10°> CD3 T cells/mL, respectively (Figure 4A). Similar effects
were seen with a second donor in the presence of exogenous IL-2
(Supplementary Figure 3E). In the absence of IL-2 support, the
detected concentrations of CD3 T cells in the TCR.CoStAR-Td
treatment group was again significantly elevated with 2,237.7-,
447.8-, and 319.7-fold increases of CD3 T cells/mL of murine
peripheral blood relative to Non-Td, CoStAR-Td, and TCR-Td
treatment groups, respectively (Figure 4B). When taken together,
these data demonstrate that anti-FRot CoStAR molecule increased
peripheral blood T cell levels, efficacy, and survival only in the
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FIGURE 5

COoStAR can be efficiently expressed in TIL and enhances effector function in response to autologous tumor. (A) TIL from ovarian, renal and non-small cell
lung cancer tumors were successfully transduced with CoStAR and differentiation status assessed by flow cytometry (Tn (CD45RA+CCR7+CD95-), Tscm
(CD45RA+CCR7+CD95+), Tcm (CD45RA-CCR7+CD95+), Tem (CD45RA-CCR7-CD95+), and Tte (CD45RA+CCR7-CD95+)). * P <0.05, *** P <0.001 by
two-way ANOVA with Tukey's multiple comparison. (B) Control non-transduced (Non-Td) or CoStAR transduced (CoStAR-Td) TIL were cocultured with WT
BA/F3 or BA/F3 cells expressing OKT3, FRa. or OKT3 + FRa before measurement of IL-2 and IFNy. (C) Control Non-Td and CoStAR-Td TIL were cocultured
with autologous tumor digest before measurement of IFNy. * P <0.05, ** P <0.01, *** P<0.001, **** P <0.0001 by one way ANOVA with Sidaks multiple

comparisons test.
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presence TCR-pMHC-mediated signal 1 and does so irrespectively
of exogenous IL-2 support.

To verify the functional attributes and benefits of CoStAR in
clinically relevant TIL, five ovarian, six renal, and four lung tumor
samples were transduced with CoStAR to average efficiencies of 46,
38, and 59%, respectively (Figure 5A). The phenotype of TIL within
the non-transduced populations as well as the CoStAR"® and
CoStARP® cells within the transduced populations were assessed
to determine whether CoStAR expression affected the phenotype of
TIL (Figure 5A). To this end, cells were stained with antibodies to
define the following populations: Tn (CD45RA"CCR77CD95-),
Tscm (CD45RA*CCR7*CD95%), Tem (CD45RA-CCR7*CD95Y),
Tem (CD45RA-CCR7-CD95%), and Tte (CD45RA*CCR7-
CD95"). Ovarian TIL had a dominant Tem phenotype, followed
by Tte, and a smaller proportion of Tcm, with no significant
differences observed between the three populations analyzed.
Renal TIL tended towards a less Tte, and a more Tcm skewed
phenotype than ovarian TIL, with CoStARP® cells harboring a
significantly higher frequency of Tcm than Non-Td TIL (P=0.0417)
or corresponding CoStAR™® TIL (P=0.0009). TIL derived from
lung tumors on average had a propensity towards a more Tcm
phenotype than either the renal or ovarian TIL, but retaining a more
Tem phenotype overall. The only significant difference observed
was within the Tscm population where a difference existed between
Non-Td and CoStARP® cells (P=0.0331), although this population
represented a small proportion overall. Even though differences
were seen within some individual populations within indications,
overall TIL phenotypes between Non-Td, CoStAR"*® and
CoStARP* populations looked remarkably similar.

To assess the biological activity and benefit of CoStAR in TIL,
cytokines were analyzed from overnight cocultures of CoStAR-Td
and Non-Td TIL from the three indications with WT parental BA/
F3 cells or BA/F3 expressing OKT3, FRo. or OKT3+FRo
(Figure 5B). Irrespective of CoStAR expression, TIL from the
three indications produced low or undetectable levels of IFNy and
IL-2 either alone or in response to WT BA/F3 and BA/F3.FRo.. As
expected, both IFNy and IL-2 was detectable from cocultures with
BA/F3.0KT3 and did not significantly differ between Td and Non-
Td TIL. This suggests that CoStAR does not negatively affect the
TIL’s natural ability to respond to TCR signaling. Importantly,
CoStAR-Td produced higher levels of IFNy (ovarian: 5.1-fold
(P=0.0219); renal: 3.1-fold (P=0.0016); lung 4.0-fold) and IL-2
(ovarian: 9.3-fold; renal: 15.0-fold; lung: 18.3-fold) than Non-Td
TIL in response to BA/F3.0OKT3.FRa. Similar trends were seen with
IL-8, IL-13 and TNF but not IL-4 (Supplementary Figure 4A-C).
We also analyzed IL-1b, IL-6, IL-10 and IL-12 which were not above
the level of detection or at biologically relevant concentrations (data
not shown).

Reactivity of Non-Td and CoStAR-Td TIL towards autologous
tumor was assessed to ascertain the potential enhancement of anti-
tumor activity by the CoStAR molecule against ovarian, renal and
lung tumor expressing FRa (Figure 5C). FRo. could be readily
detectable in ovarian, renal and non-small cell lung cancer digests
(Supplementary Figure 4D). CoStAR-Td and Non-Td TIL were
cocultured with autologous digest overnight at an E:T ratio of 1:1
for cytokine secretion analysis. IFNY secretion from digest alone was
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undetectable with minimal amounts of background IFNY observed
from CoStAR-Td and Non-Td TIL alone. In the presence of
autologous digest, CoStAR-Td TIL from all three indications
produced more IFNy compared to Non-Td TIL (ovarian: 4.3-fold;
renal: 2.4-fold and lung: 6.4-fold). These data demonstrate that
CoStAR can boost anti-tumor responses of TIL across multiple FRo.
expressing tumors.

We next sought to investigate the anti-tumor activity of CoStAR
engineered TIL in an in vivo setting. To this end tumor tissue from a
patient with high grade serous ovarian cancer (HGSOC) was
orthotopically implanted into NSG mice to generate a patient
derived xenograft (PDX) model. IHC and flow cytometric
analysis of engrafted tumor showed broad expression of FRo
(Figures 6A, B). TIL from the same patient were isolated and
engineered with CoStAR to 54% transduction efficiency
(Figure 6C). These TIL elicited effector activity towards
autologous tumor, which was significantly enhanced (P<0.0001)
in the presence of CoStAR (Figure 6D). Upon tumor engraftment
mice were intraperitoneally injected with a first dose of 1x10” Non-
Td or CoStAR-Td TIL, followed by additional 2 injections at 2- and
4- weeks post 1° infusion of 1x10” TIL, with IL-2 provided during
the first week after TIL injection (Figure 6E). Even in this extremely
challenging in vivo model of TIL activity we observed a significantly
delayed time to death in animals given CoStAR-Td cells compared
to those given Non-Td cells (P=0.0174), with 1 animal surviving to
>300 days post 1** TIL injection (Figure 6F).

Conclusion

Numerous trials have demonstrated the clinical feasibility and
striking response rates achieved via the autologous transfer of TIL
to patients who have failed all other treatment options. Although
response rates have been consistently impressive in metastatic
cutaneous melanoma there is scope to improve lower response
rates seen in trials of TIL in other indications. The CoStAR platform
described herein offers an opportunity to enhance the therapeutic
efficacy of TIL by augmenting the natural signals generated through
endogenous TCR-pMHC interactions and leveraging signals
mediated through a chimeric costimulatory signaling domain
consisting of CD28 and CD40.

Although there are sporadic reports of CD40 being expressed in
certain T cell subsets (52, 53), it is not typically considered to be a
classical T cell costimulatory receptor. However, several of the
tumor necrosis superfamily receptors are expressed in T cells (e.g.
CD27, CD134 and CD137) that utilize the same signaling pathways
to induce activation (54). Furthermore, both constitutively active
CD40 (55), and a chimeric Myd88-CD40 receptor have been shown
to be a potent drivers of T cell expansion (56). Indeed, there is also
evidence that incorporation of CD40 into a CAR configuration is at
least comparable to existing 41BB containing CARs (57).

We made four particularly striking observations which outlines
the potential therapeutic advantages of the CoStAR platform. First,
CoStAR is dependent on TCR signals to mediate activation, with no
activity (cytotoxicity or cytokine production) observed in response
to CoStAR binding alone, even at FRow expression levels equivalent
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to those at the highest physiological levels. This is in concordance
with the typical behavior of natural costimulation. FRo has a
distribution of tissue expression which, although deemed tumor
specific, is also expressed at low levels on some normal tissue.
Preclinical and clinical studies with FRo targeted monoclonal
antibodies (58) and FRo specific CARs (59) have demonstrated
good safety profiles. The data herein gives us confidence that any
on-target/off-tumor binding events will not drive pathology.

Second, CoStAR does not respond to soluble FRo.. We show
that even at supraphysiological concentrations of soluble FRo. there
is no enhancement in activity of CoStAR engineered T cells
responding to signal 1 alone. This could be explained by a
mechanism in which CoStAR triggering requires the antigen to be
presented in an immobilized state.

Third, soluble FRo does not block the activity of CoStAR
towards membrane anchored FRai, even at supraphysiological
concentrations. Although quite surprising, it is in concordance
with the behavior of chimeric antigen receptors, whose activity is
not negatively impacted by high concentrations of soluble antigen
(60). Studies suggest that soluble free proteins have more rapid
binding kinetics compared to those immobilized and may explain in
part this observation (61).

The ability of CoStAR to support T cell expansion in the
absence of exogenous IL-2 is an intriguing and unexpected
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observation with translatable benefits for TIL therapy where post-
infusion IL-2 remains a significant cause of treatment morbidity
and barrier to the wider exploitation of this therapeutic
intervention. The increased production of autocrine IL-2
production by T cells coactivated by CoStAR may be one
explanation for this observation. Another possibility is that
costimulation separately through CD28 (62) or CD40 (63, 64)
induces anti-apoptotic signaling pathways which may play a role
in the survival of CoStAR engineered cells in the absence of IL-2.
Considering the very high systemic concentrations of IL-2 normally
given to TIL patients, we do not expect the concentrations produced
by CoStAR-TIL to be a potential cause of patient morbidity,
nonetheless monitoring this will be an important component of a
phase I study of CoStAR-TIL.

Herein we also demonstrate that CoStAR does not alter the
activation threshold of T cells via modulation of the EC50. Viola and
Lanzavecchia in their seminal paper (65) demonstrated that CD28
costimulation lowered the TCR activation threshold. However, this is
less clear with other costimulatory receptors. Dushek and colleagues
have demonstrated that CD28, as well as various TNF receptor
superfamily members, can have modest effects of lowering EC50 of
T cell activation which can be contextually dependent, but that CD2
which acts as an adhesion/costimulatory receptor can have a much
larger effect on EC50 (66, 67). Thus, the effect of costimulation can be
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impacted by a combination of avidity and signaling. As chimeric
receptors can uncouple this effect, by altering the biophysical
parameters associated with engagement of the receptor, it may be
unwise to directly compare the effects of CoStAR with historical
analysis of native costimulatory receptors. In support of this, CARs
incorporating costimulatory domains do not lower the activation
threshold compared to first generation CARs (60).

The modular nature of the CoStAR platform allows for
substantial flexibility, with the targeting of a diverse array of
target antigens for broad applicability across an array of tumor
indications, and will be explored in more granularity in future
studies. Herein we further show that the applicability of this
technology allows for enhanced reactivity of TIL towards
autologous FRow expressing tumor types (lung, renal and ovarian)
tumor both in vitro and in vivo and as such sets the scene for FRo
CoStAR being evaluated clinically in a phase 1 trial.
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SUPPLEMENTARY FIGURE 1

A CD28.CD40-based CoStAR offers optimal antigen mediated costimulation of T
cells. (A) T cells from four healthy donors were transduced with the indicated
CoStARs and incubated with OvCAR-3.OKT3 at an E:T of 8:1 and proliferation of T
cells (A) and CoStAR+ enrichment (B) monitored over four successive
restimulations with additional tumor cells. Area under the curve (AUC) for
expansion was calculated for each construct and significance calculated using a
Friedman test: ** P <0.01. Fold enrichment of cells expressing each CoStAR was
determined between days 0 and 21 and significance calculated using a one-way
ANOVA with Tukey's multiple comparison test: * P <0.05, ** P <0.01, *** P <0.001,
**%% P<0.0001. (C) BA/F3 cells were left non-transduced or engineered to express
a membrane anchored OKT3 scFv and/or human FRa. to provide signals 1 and/or
2 respectively. Flow cytometric analysis performed by staining with anti-FRa-PE or
detection of OKT3 fluorescent tag (GFP). Figure created with Biorender.com.

SUPPLEMENTARY FIGURE 2

CoStAR engineered cells respond to membrane bound, but not soluble, FRa; and
in a dose dependent manner upon signal 1 engagement. Non-transduced (Non-
Td) and CoStAR transduced (CoStAR-Td) T cells were cocultured at different
effector: target (E:T) ratios with K562 parental, K562.OKT3, K562.FRa. (low, med-
low, med-high, or high), K562.OKT3.FRo. (low, med-low, med-high, or high) cells.
IFNYy (A) and TNF (B) secretion was measured after a 24-hour coculture. Averages
from 3 donors in duplicate shown. * P <0.05; **** P <0.0001 by two-way ANOVA
with Sidaks multiple comparison. (C) CoStAR-Td T cells were cocultured with BA/
F3, BA/F3.OKT3 or BA/F3.OKT3.FRa cells at a 1:1 E:T in the presence of varying
concentrations of soluble FRa. (solFRa) protein ratio and residual tumor cells
counted after 20 hours via murine anti-CDA45 staining. (D) LogEC50 best-fit values
were generated by fitting a dose-response curve to cytokine secretion data after T
cell coculture with peptide-loaded T2 cell lines. Differences in LogeC50 values
between TCR-Td T cells cocultured with T2 parental or T2.FRa. both loaded with
peptides (signal 1 only) and TCR.CoStAR-Td T cells cocultured with peptide-
loaded wild type T2 (signal 1 only) compared with TCR.CoStAR-Td T cells
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