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ABSTRACT

Background CAR-T cells immunotherapy is a
breakthrough in the treatment of hematological
malignancies such as acute lymphoblastic leukemia (ALL)
and B-cell malignancies. However, CAR-T therapies face
major hurdles such as the lack of tumor-specific antigen
(TSA), and immunosuppressive tumor microenvironment
sometimes caused by the tumorous expression of immune
checkpoints (ICPs) such as HLA-G. Indeed, HLA-G is
remarkable because it is both a potent ICP and a TSA.
HLA-G tumor expression causes immune escape by
impairing innate and adaptive immune responses and by
inducing a suppressive microenvironment. Yet, to date, no
immunotherapy targets it.

Methods We have developed two anti-HLA-G third-
generation CARs based on new anti-HLA-G monoclonal
antibodies.

Results Anti-HLA-G CAR-T cells were specific for
immunosuppressive HLA-G isoforms. HLA-G-activated
CAR-T cells polarized toward T helper 1, and became
cytotoxic against HLA-G* tumor cells. In vivo, anti-

HLA-G CAR-T cells were able to control and eliminate
HLA-G* tumor cells. The interaction of tumor-HLA-G with
interleukin (IL)T2-expressing T cells is known to result in
effector T cell functional inhibition, but anti-HLA-G CAR-T
cells were insensitive to this inhibition and still exerted
their function even when expressing ILT2. Lastly, we show
that anti-HLA-G CAR-T cells differentiated into long-term
memory effector cells, and seemed not to lose function
even after repeated stimulation by HLA-G-expressing
tumor cells.

Gonclusion We report for the first time that HLA-G, which
is both a TSA and an ICP, constitutes a valid target for
CAR-T cell therapy to specifically target and eliminate both
tumor cells and HLA-G* suppressive cells.

INTRODUCTION

CAR-T cell is a breakthrough immuno-
therapy that redirects T cell function against
specific tumor antigens.' * Exceptional results
were obtained in the treatment of B-cell
malignancies, and recently approved by the
Food and Drug Administration and the Euro-
pean Medicines Agency for acute lympho-
blastic leukemia and diffuse large B-cell

,%*% Pierre Langlade-Demoyen,’

lymphoma treatments in adults.”* The main
hurdles for the application to other tumors
are the identification of proper tumor-
specific antigens (TSA),” and the existence
of immune-suppressive tumor microenviron-
ment (TME), particularly in solid tumors.®
Immune-suppressive TME is caused in part
by tumor-driven immune-suppressive popu-
lations such as myeloid-derived suppressor
cells, tumor-associated macrophages or
neutrophils that secrete immune-suppressive
cytokines,” and by expression of immune
checkpoints (ICPs). The negative impact
of ICP on CAR-T cell therapy efficiency was
demonstrated for programmed cell death
protein 1 (PD-1)/programmed death-ligand
1 (PD-L1).°'” Thus, in most CAR-T cell devel-
opments, the challenges are (i) to target a
specific tumor antigen (to avoid ‘on-target
off-tumor’ effect'’ and (ii) to bypass inhibi-
tion by ICPs. The association of CAR-T cells
with anti-PD-1 has shown benefits in clinical
trials, by lifting PD-1-driven inhibition of
CAR-T cells.” However, this strategy increases
the risk of a general immune system dysreg-
ulation, and also increases the already heavy
burden on patients."

HILA-G is an ICP molecule first shown
to be expressed on fetal trophoblasts that
invade the immune-aggressive maternal
decidua.'*"" In adults, HLA-G expression is
strictly restricted to few tissues,'">* but in the
context of cancer, it is often neo-expressed by
tumor cells (for review, including per-cancer-
type HLA-G expression data, see Loustau
et al,® Carosella et al’® and Lin and Yan27).
The association of a physiological absence
of expression and a common expression by
tumor cells makes of HLA-G a particularly
tumorspecific target.”™ * In this regard,
HLA-G differs from other checkpoints that
are physiologically expressed in adult tissues
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and therefore expressed by tumor cells ‘in addition to’
other tissues.

The primary function of HLA-G is to protect histologi-
cally incompatible fetal tissues against destruction by the
maternal immune system. It does so by broadly inhib-
iting all actors of an immune response (B, T and natural
killer (NK) cells, monocytes/dendritic cells, neutrophils)
mainly through two inhibitory receptors: interleukin
ILT2 and ILT4.*® HLA-G also induces a strong immune-
suppressive microenvironment through the induction of
suppressive NK cells,” T cells’ and antigen-presenting
cells.” When expressed by tumor cells, HLA-G exerts
the same functions and efficiently protects them against
destruction. Consequently, HLA-G neo-expression in
cancer was always associated with worse prognosis, poor
clinical outcome of patients with cancer and with worse
overall survival.” Finally, the demonstration that HLA-G
acts as an immune escape mechanism for tumors was
formally made in animal models.*®**

Despite these characteristics, HLA-G was not targeted
during the first wave of immune therapy development,
probably because of its structural complexity and the lack
of a murine homolog. Nevertheless, we reasoned that
anti-HLA-G CAR-T cell innovative immune therapeutic
approach would be highly relevant, HLA-G being a highly
TSA, and an ICP, that is, a tumor-specific ICP. In this
study, we generated several anti-HLA-G CARs using the
sckv of high-affinity anti-HLA-G monoclonal antibodies.
These were generated to specifically recognize the HLA-G
isoforms interacting with the ILT2 and ILT4 receptors.
We show that in vitro, anti-HLA-G CAR-T cells were specif-
ically cytotoxic against HLA-G-expressing targets, insensi-
tive to inhibition through the HLA-G:ILT2 pathway and
that they acquire a T effector memory (TEM) phenotype
on multiple antigenic stimulations by HLA-G. In vivo,
anti-HLA-G CAR-T cells eradicated implanted HLA-G-
expressing tumor cells. This is the first demonstration
that anti-HLA-G CAR-T therapy may be a viable and flex-
ible clinical approach to target many tumor types that
may not express known TSA.

MATERIALS AND METHODS

Construction of CARs and T-cell culture transduction

Six anti-HLA-G CAR constructs were generated with the
scFv of LFTTI1 and 15E7 monoclonal antibodies (mAbs)
developed and cloned into a third-generation lentiviral
plasmid backbone under the regulation of a human EFlo
promoter.” CAR-T cells and activated non-transduced
(NT) T cells were generated as previously decribed.”

Vector production

HIV-1-derived vector particles were produced by tran-
sient calcium phosphate co-transfection of HEK 293 T
cells (American Type Culture Collection (ATCC)) with
the vector plasmid pTRIP encoding the vector RNA, an
envelope expression plasmid encoding the glycoprotein
from VSV serotype Indiana, and the p8.74 encapsidation

plasmid for the production of integrative lentiviral vector
particles. Vector gene transfer capacity was determined
by quantitative PCR after transduction of 293 T cells as
previously described and was expressed as transduction
unit/mL of vector.

Cell lines

In this study, we used the JEG-3 choriocarcinoma cell line
that endogenously expresses HLA-G (ATCC), the HLA-
class I-negative erythroblastoid cell line K562 (ATCC) and
the 293 T cell line (ATCC) transfected with HLA-Gbwt or
mutated HLA-G5 isoforms. As shown in online supple-
mental figure 1, JEG-3 cells express only HLA-G1/B2m-
associated isoform whereas K562-HLA-G1 cells express
both HLA-G1/B2m-associated and HLA-G1/B2m-free

isoforms.

T cell isolation and activation

The peripheral blood mononuclear cells (PBMCs)
from healthy donors were obtained by Ficoll isolation.
T cells were sorted by column purification (Miltenyi),
activated with CD3/CD28 microbeads (Miltenyi) and
cultivated 48 hours at 37°C in a 5% CO, incubator in
RPMI 1640 (Gibco) supplemented with 10% fetal calf
serum, 1% penicillin-streptomycin (Gibco), 50 pM beta-
mercaptoethanol (Gibco), non-essential amino acid, 10
mM HEPES (Gibco), 1 mM sodium pyruvate (Gibco).
Transduced cells were used 8 days after transduction.

Activation profile and degranulation assay

The day prior to the assay, 3x10* JEG-3 cells were labeled
with 1 pM of CFSE (CellTrace, Thermo Fisher) and
seeded in flat-bottom 96-well microplates. On the day of
the assay, CAR-T cells were added at various E:T ratios to
either the plated CFSE-labeled JEG-3 cells or 3x10* CFSE-
labeled K562/Kb62-HLA-G1 cells. After 24 hours incuba-
tion, medium was collected and cells recovered, washed
and labeled with antibodies against CD4 (clone RPA-T4,
Biolegend), CD8 (clone RPA-T8, Biolegend), CD19 (HIB-
19, Biolegend), CD25 (clone M-A251, BD Bioscience),
CD69 (clone FN-50, BD Bioscience), PD-1 (EH12.2h7,
Biolegend) and a viability dye (Invitrogen). For degranu-
lation assays, co-cultures were set-up atan E: T ratio of 10:1.
Anti-CD107a (clone eBioH4A3, Biolegend) was added at
the start of the experiment, GolgiStop (BD Bioscience)
was added after 1 hour. Five hours after the beginning of
the assay, cells were collected and labeled with antibodies
directed against CD4, CD8, CD19 and a viability dye.
Acquisition was performed with a fluorescence-activated
cell sorting (FACS) Attune (Thermo Fisher), and results
were analyzed with FlowJo software.

Cytokine secretion profile

CAR-T cells 15E7°M#H (9%10%) and LFTT1"™ were
seeded with 2x10° K562-HLA-G1 in a U-bottom 96-well
plate and centrifuged at 100 g during 1 min. Cells were
incubated 1 hour at 37°C in a 5% CO, incubator then
brefeldin A (5 pg/mL, BD Biosciences) was added. Cell
were incubated 18 hours longer at 37°C in a 5% CO,
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incubator. For FACS analysis, cells were labeled with
anti-CD8 (clone RPA-T8, Biolegend), CD19 (HIB-19,
Biolegend), interferon (IFN)y (clone 4S.B3, Biolegend),
tumor necrosis factor (TNF) o (clone MAb11, Biolegend),
IL-2 (MQI-17H12, Biolegend) and a viability dye.

Phenotype variation after multiple stimulations

Co-cultures were set up with CAR-T cells and K562-
HLA-GI cells at an E:T ratio of 10:1 with no IL-2. Twenty-
four hours after stimulation, 50 pL. of medium were
taken, stored for cytokine secretion analysis and replaced
by complete RPMI. Seventy-two hours after stimulation,
half of the medium was changed with complete RPMI
supplemented with 50 U/mL of IL-2. Cells were main-
tained at 106/ mL. Twelve days after stimulation, some
cells were used for flow cytometry analysis, whereas the
rest was used for a new round of stimulation. A total of
three consecutive stimulations were performed. For flow
cytometry analysis, cells were labeled with antibodies
directed against CD4 (clone RPA-T4, Biolegend), CD8
(clone RPA-TS, Biolegend), CD19 (HIB-19, Biolegend),
CD62L (clone DREG-56, BD Bioscience) and CD45RA
(clone HI-100, Invitrogen). In these experiments, the
phenotype of CAR-T cells and activated NT autologous
controls was also established 24 hours prior to the assay.
At the end of the experiment, all recovered medium was
analyzed for IFNy, TNFo and IL-2 secretion using a cyto-
metric bead array (CBA) kit (BD Biosciences).

In vivo models

NOD/SCID/IL-2Ryc-deficient (NSG) mice (6-8 weeks
of age) were purchased from Charles River Laborato-
ries (L’Arbresle, France) and housed in filter-top cages
with freely available food and sterile water (Plexx), at the
UMR1098 Animal facility (agreement #C25-056-7). At day
-1, 2 2.5 Gy single-dose total body irradiation was applied.
Twenty-four hours later, mice were inoculated intrave-
nously with 10° luciferase-expressing K562-HLA-G1 cells.
On day 3, 10”7 CAR-T cells were injected into the tail vein.
Engraftment was monitored weekly by bioluminescence
measurements: mice received 3 mg of luciferin (VivoGlo
Luciferin, #P1043, Promega, Fitchburg, Wisconsin, USA)
intraperitoneally within 10 min of imaging (IVIS Lumina
Series III, Perkin Elmer, Waltham, Massachusetts, USA).
Detailed methods are provided in online supplemental
methods.

RESULTS

Anti-HLA-G CAR-T cells targeting immunosuppressive HLA-G
isoforms

HLA-G is a complex protein. First, its splicing pattern
yields at least four membrane-bound isoforms that can
be shed, and three soluble ones,36 and new splicing
isoforms were recently described.”” In addition, HLA-G
heavy chain may, or may not be associated with B2m,
depending on the isoform and possibly on the environ-
ment. In sharp contrast with this diversity, little is known

of HLA-G isoforms other than f2m-associated HLA-G1/
HLA-G5 (0l-02-03 domains) and P2m-free HLA-G2/
HILA-G6 (o1-0.3 domains) for which immune-modulatory
function has been well described in vitro.”* HLA-G1/
B2m-associated isoform is mainly expressed in several
tumor contexts, whereas HLA-G/B2m-free molecules
were detected in melanoma.®®

Our goal was to specifically target HLA-G1/B2m-
associated and HLA-G1/B2m-free immunosuppressive
isoforms whose inhibitory functions depend on the
interaction with ILT2 and/or ILT4. For this purpose,
we generated new antibodies: the LFIT1 monoclonal
antibody is specific for the HLA-G-01 domain of B2m-
associated HLA-G1/HLA-GbH isoforms, whereas the 15E7
monoclonal antibody binds to f2m-free HLA-G isoforms
and is specific for the unique F-D-Y amino acid loop in
HLA-G-03 domain (figure 1A). Information on these
antibodies is provided in online supplemental figure 1.

Based on LFTT1 and 15E7 scFv, we generated two third-
generation anti-HLA-G CAR sets: CAR-LFTTI and CAR-
15E7. The CAR-LFTT1 set targets the HLA-G-0.1 domain,
distal from the membrane, whereas the CAR-15E7 set
targets HLA-G-alpha3, proximal to the membrane.
Because accessibility to the epitopes by the CAR protein
was an issue, each set comprises three CAR constructs,
with different hinges. Hinges were: classical IgG4 (CAR-
LFTT1 and CAR-15E7), IgG4+CH3 (CAR-LFTT1" and
CAR-15E7°") and IgG4+CH2-CH3 (CAR-LFTT]H*¢H?
and CAR-15E7°HZCHS) (figure 1B).* CAR constructs
also contained human-derived CD28 transmembrane
domain, CD28 and 4-1BB co-stimulation domains to
improve CAR-T cell cytotoxic function and persistence,*!
and human CD3{ chain. Anti-HLA-G CAR constructs
were introduced in an HIV-1-derived lentiviral vector
(figure 1C) co-expressing a truncated CDI19 protein,
reporter for CAR cell-surface expression on transduced
cells (figure 1D).%

In all subsequent experiments, CAR expression was
assessed using CD19 reporter (trCD19) expression levels
as reported.”

Anti-HLA-G CAR-T are specific and efficient effector cells
CAR-LFTT1 and CAR-15E7 function was expected to
follow staining patterns of LFTT1 and 15E7 mAbs:
control K562 cells are not stained by 15E7 or LFTT1
mAbs, whereas K662-HLA-G1 cells are stained by both,
and JEG-3 cells are only stained by LFTT1 (figure 2A).

All CAR-T cells were tested against HLA-G-expressing
K562-HLA-G1 and JEG-3 targets, using K562 cells as HLA-
G-negative controls, and autologous activated T cells as
non-transduced controls. At the end of the experiments,
we investigated the upregulation of activation-associated
markers (CD25, CD69, PD-1), degranulation (CD107a
upregulation) and tumor cell lysis.

Upregulation of CD25 vs CD69 is shown in figure 2B for
a representative experiment and the classical hinge: on
stimulation by HLA-G-positive cells, anti-HLA-G CAR-T
cells expressed both CD25 and CD69 markers at their
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Figure 1 Anti-HLA-G CAR design and expression vector. (A) Schematic representation of anti-HLA-G monoclonal antibodies
specificities: LFTT1 monoclonal antibody (mADb) is specific for HLA-G1/B2m-associated isoform and 15E7 mAb is specific
for HLA-G1/B2m-free isoform. (B) Schematic representation of the third-generation anti-HLA-G CAR protein and lentiviral
vector backbones used to transduce human CD3* T cells. (C) Lentiviral constructs details; SP: signal peptide from mouse
Igk. scFv: single chain fragment from either LFTT1 (CAR-LFTT1) or 15E7 (CAR-15E7). Hinges: classical IgG4 hinge, IgG4
hinge+CH3 domain of human IgG4 and IgG4 hinge+CH2-CH3 domain of human IgG4. TM CD28: transmembrane domain of
human CD28. CD28, 4-1BB, CD3(: endodomains of respectively CD28, 4-1BB and CD3{ human proteins. P2A: cleavage site.
trCD19: truncated CD19. U3, R, U5: HIV-1 LTR regions. ®: encapsidation signal. RRE, Rev Response Element. EF1q, full length
elongation factor-1a promoter. WPRE, Woodchuck Post-transcriptionnal Response element mutated for HBx ATG codon start.
(D) Validation of transduction and co-expression of CAR using the CAR®"2-°"3 construct proteins and trCD19 reporter for both
CAR-LFTT1 and CAR-15E7 T cells from primary human T cells. Transduced T cells were labeled with CD19 and IgG4 antibodies
and analyzed by flow cytometry.

surface, following the specificity pattern of LFTTI and  occurred in 30%-50% of CAR-expressing CD8" T cells
15E7 mAbs. As shown in figure 2C for three individual (trCD19" fraction) on incubation with cells expressing
experiments, upregulation of CD25, CD69 and PD-1 the HLA-G structures targeted by LFTT1 or 15E7 mAbs.
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Figure 2 Anti-HLA-G CAR-T cells are specific and activated by different HLA-G isoforms. (A) Anti-HLA-G monoclonal
antibodies specificity against HLA-G™* cell lines. Representative dot plot of K562, K562-HLA-G1 and JEG-3 tumor cell lines
labeling with the anti-HLA-G 15E7 and LFTT1 monoclonal antibodies. Upregulation of activation-associated markers CD69,
CD25 and programmed cell death protein 1 (PD-1) were monitored on activated non-transduced T cells, CAR-15E7 and CAR-
LFTT1 T cells following a 6-hour incubation with K562, K562-HLA-G1 or JEG-3 cell lines. (B) Representative dot plot of the
upregulation of CD69 and CD25 on activated non-transduced T cells and CAR-T cells sets. (C) Upregulation of activation-
associated markers CD69, CD25 and PD-1 was determined on CAR expressing T cells (CD8*/trCD19") in comparison to CAR
negative T cells (CD8*/trCD19") following incubation with K562, K562-HLA-G1 or JEG-3 cell lines (n=3, NT, non-transduced).
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Figure 3 CAR-LFTT1 and CAR-15E7 are cytotoxic against HLA-G1 tumor cells. (A) K562, K562-HLA-G1 or JEG-3 tumor
target cells were exposed to activated non-transduced T (NT) cells, CAR-15E7 or CAR-LFTT1 T cells sets at different E:T ratio.
Target cells were labeled with CFSE and % of tumor cell lysis represent the percentage of CFSE* cells labeled with live/dead at
24 hours posteffector exposure (n=6). Significance was determined using a Mann-Whitney U test of unpaired t-test (*p<0,05;
**p<0002) (n=6). (B) CD107a degranulation of CAR-LFTT1, CAR-15E7 sets or activated NT human T cells was monitored on
CD8*/trCD19* T cells following 6 hours exposure to K562, K562-HLA-G1 and JEG-3 cells at a E:T ratio of 10:1 (n=6).

All CAR-T cells behaved similarly, regardless of hinge.
No upregulation of CD25, CD69 or PD-1 was observed in
control conditions.

In cytotoxicity assays (figure 3A), while no lysis was
detected in control conditions, CAR-LFTT1-set T cells
were cytotoxic against both K562-HLA-G1 and JEG-3 cells
that both express B2m-associated isoforms, whereas CAR-
15E7-set T cells were cytotoxic only against K562-HLA-G1
cells, the only cells that express B2m-free isoforms. Inde-
pendently on the HLA-G isoform targeted, CAR-T cells
with classical hinge (CAR-LFTT1 and CAR-15E7) and
with CH2-CHS hinge (CAR-LFTTI®*“ and CAR-
15E7°M* %) showed similar cytotoxicity, whereas that of
CAR-T cells with the CH3 hinge (CAR-LFTT1“""® and CAR-
15E7°"%) was lower in the six independent experiments.
CD107a upregulation was investigated to gain insight
in the proportion of CAR-T cells actually performing
a cytotoxic function after being activated by targets. As
shown in figure 3B, CAR-LFTT1 T cells increased CD107a
expression when stimulated by HLA-G1/2m-associated
expressing cells (75%+2.7% against K562-HLA-G1 cells,
44%=+4% against JEG-3 cells), whereas CAR-15E7 T cells
displayed CD107a only when stimulated by HLA-G1/
B2m-free K562-HLA-G1 cells (62%+1.5%). No impact of
hinge was observed.

Together, these results indicate that anti-HLA-G CAR-
LFTT1 and CAR-15E7 T cells are specifically activated by,
and cytotoxic against cells expressing the HLA-G isoforms
that the LFTT1 and 15E7 mAbs recognize. All three
hinges allowed cytotoxic function, even though CAR-T
cells based on CH3 hinge were less efficient than CAR-T
cells using the classical and CH2-CH3 hinges.

Anti-HLA-G CAR-T cells differentiate into long-term effector
memory cells on repeated stimulations

Anti-HLA-G CAR-T cells demonstrated both specificity
and efficiency after a single stimulation by HLA-G1-
expressing target cells. Next, we studied their differen-
tiation after repeated stimulations. For this, anti-HLA-G
CAR-T cells were repeatedly stimulated every 12 days with
K562-HLA-G1 cells (figure 4A). Expression of CD62L
and CD45RA differentiation markers on CAR-T cells
was monitored by flow cytometry prior to, and 24 hours
after stimulation (figure 4B). CAR-T IFNy, TNFa and
IL-2 secretion was monitored at days 13, 26 and 39. After
Stim-1, CAR-15E7°"® could not control K562-HLA-G1
cells proliferation.

Prior to stimulation with HLA-G1-expressing cells (Stim-
0), activated non-transduced and anti-HLA-G CAR-T cells
contained: CD62L"CD45RA’ central memory (TCM) cells
(>60%), CD62L"CD45RA™ T effector memory (TEM) cells
(<30%), few remaining CD62L"CD45RA" naive T cells
(10%) and barely detectable (<1%) effector memory RA
T cells (TEMRA). From the first to third stimulation, both
CAR-LFTT1 and CAR-15E7 presented the same differen-
tiation profile: a predominant TEM population (>60%),
a contraction of the TCM population (<30%), an almost
extinction of the CD25CD69 population and the induc-
tion of a small population of TEMRA cells (figure 4B,C).

CAR-LFTT1 displayed more TCM than the CAR-
LFTT19"*" wwhich differentiated in TEM after repeated
stimulations. All CAR-LFTTI sets secreted IFNy, TNFa
and IL-2 cytokines (figure 4D). For both CAR-LFTTI1
and CAR-LFTTI®*“ FNy secretion was strongly
induced after Stim-1 and then remained stable, 11.-2
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Figure 4 Anti-HLA-G CAR-T cells differentiated into long-term memory effector cells after repeated stimulation with HLA-G*
tumor cells. (A) Schematic representation of anti-HLA-G CAR-T cells repeated stimulation with K562-HLA-G1 tumor cells.
Transduced CAR-LFTT1, CAR-15E7 sets or activated non-transduced T cells were repeatedly stimulated every 12 days with
K562-HLA-G1 cells at a 10:1 E:T ratio. Expression of differentiation markers was monitored prior to and 24 hours after the
stimulation and cytokines secretion levels were monitored at days 13, 26 and 39. (B) Representative flow cytometry analysis of
the expression of CD62L and CD45RA differentiation markers on activated non-transduced, CAR-15E7 and CAR-LFTT1 T cells
prior to and 24 hours after stimulations rounds. (C) Day prior stimulation and after each repeated stimulation with K562-HLA-G1
cells, differentiation of T cells was determined on the basis of their CD62L/CD45RA cell-surface expression. CAR-T cells were
gated on CD8 and trCD19 reporter co-expression. (D) Co-culture medium was recovered the day after each stimulation with
K562-HLA-G1 cells and analyzed for interferon (IFN)y, interleukin (IL)-2 and tumor necrosis factor (TNF)a concentration (n=3).
Columns represent means+=SEM. For each panel, after first stimulation round, activated non-transduced T cells were removed
from the experiment due to absence of cytotoxicity against K562-HLA-G1 cells.
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secretion strongly increased between Stim-1 and Stim-2,
and TNFo secretion was increased between Stim-1 and
Stim-2. CH2-CH3 hinge secreted lower levels of these
cytokines compared with classical hinge. Even though
CAR-LFTT1"™ secreted IFNy after Stim-1, this secretion
dramatically decreased along repeated stimulations. Also,
IL-2 secretion for the CH3 hinge was weaker than for the
classical or CH2-CH3 hinges, and TNFo secretion was
barely detectable. For CAR-15E7 sets, IFNY secretion also
increased between Stim-1 and Stim-2 for all hinges, but
its level was weaker than that of the CAR-LFTTI sets. IL-2
and TNFa secretions were almost not detected for CAR-
15E7 sets.

Anti-HLA-G CAR-T cells function is not inhibited by HLA-G:ILT2
interaction

Targeting HLA-G with CAR-T cells makes sense only
if anti-HLA-G CAR-T cells are not inhibited by HLA-G
itself. HLA-G inhibits T cells through the ILT2 receptor.
Thus, unresponsiveness to HLA-G would occur if (i) anti-
HLA-G CAR-T cells did not express ILT2, or if (ii) anti-
HILA-G CAR-T cells were insensitive to HLLA-G inhibition,
or both.

Ten per cent to 20% of circulating CD8" T cells express
ILT2 in young healthy individuals, and this propor-
tion increases with age. In patients with bladder cancer,
CDS'ILT2" T cells were shown to represent up to 80%
of total CD8" T cells.” T cells expressing ILT2 are often
antigen-experienced, and were shown to upregulate ILT2
on contact with HLA-G-expressing tumor cells.” Thus,
we compared ILT2 cell-surface expression on CAR-T cells
before and after repeated stimulation with K562-HLA-G1.
In these experiments, PD-1 expression levels were used
as a marker of expanded and reactive T cells. "™ After
activation, ILT2 was expressed by 20% of non-transduced
CDS8" T cells, and only by 10% of CAR-T cells (figure 5A).
After three rounds of stimulation, no ILT2 upregulation
was observed on CARP® T cells, whereas a slight increase
was observed on CAR"SCDS8" T cells (25% ILT2'CAR"*®
T cells). By contrast, PD-1 expression was equivalent on
both CAR"* and CARP* CD8" T cells prior to stimulation
(8% PD-1"CAR™#P*) and after three stimulations, PD-1
expression was significantly upregulated in the CARP®
population only (15% for CAR-15E7 and 22% for CAR-
LFTT1) (figure 5B). As expected, ILT2°CD8" T cells had
a more differentiated phenotype before the first stimula-
tion compared with their negative counterpart. Indeed,
prior to stimulation, ILT2°CAR-LFTT1 and CAR-15E7
T cells contained 44% and 41% TEM cells, respectively,
whereas their ILT2-negative counterparts contained only
23% and 25% TEM cells, respectively. However, after
three stimulations, most CARP*-T cells had differenti-
ated into TEM cells and these differences were no longer
observable (figure 5C).

In order to determine if anti-HLA-G ILT2"CAR-T cells
were capable of lysing HLA-G-positive target cells despite
ILT2 cell-surface expression, we isolated and transduced
ILT2" and ILT2 CD8" T cells. Transduced cells were

then phenotyped and used in cytotoxicity assay against
K562-HLA-G1 target cells. As shown in figure 5D, at the
time of the assay, ILT2CD8" T cells had been efficiently
transduced by both LFTT1 and 15E7 CAR constructs
(82% and 81%, respectively), whereas transduction
of ILT2'CD8" T cells had been less efficient (51% and
36% of ILT2'CD8" T cells, respectively). At the end of
the cytotoxicity assay, the proportion of CD107a" cells in
ILT2-positive and ILT2-negative CARP*CD8" T cells was
identical, for both LFTT1 and 15E7 CAR constructs, indi-
cating that anti-HLA-G CAR-T cells expressing ILT2 had
not been inhibited by the HLA-G/ILT2 interaction in
terms of cytotoxicity (figure 5E) and T helper 1 cytokines
secretion profile (figure 5F).

Anti-HLA-G CAR-T cells in vivo functionality

We sought to prove that our CAR strategy was suitable for
in vivo application. At day 0, immune-deficient NSG mice
were injected intravenously with 10° K562-HLA-G1 cells
expressing luciferase Firefly reporter protein. At day 3,
mice were injected with either 10" CAR-LFTT1 , CAR-15E7
or control T cells (figure 6A). Tumor progression was
monitored by bioluminescence every week. The results
for each individual mouse can be seen in figure 6B,C, and
results for six mice per group are shown in online supple-
mental figure 2. Already at day 17, K562-HLA-G1 tumors
were detectable in all mice of the control group, but only
in one mouse from CAR-15E7 and CAR-LFTT1 groups. At
day 37, three out of six mice of the CAR-15E7 group, and
five out of six in the CAR-LFTTI1 group were still tumor-
free. At day 57, only one mouse in the CAR-15E7 group,
but still five out of six in the CAR-LFTTI1 group were
tumor-free. This demonstrated that CAR-15E7 T cells had
delayed tumor growth by about 2 weeks, whereas CAR-
LFTT1 T cells had efficiently eradicated K562-HLA-G1
cells in vivo.

DISCUSSION

Despite exceptional promises in the treatment of cancer,
adoptive T cell therapies are still impaired by (i) the
lack of TSA, especially some that would be common to
multiple/most tumor types5 and (ii) tumor expression
of ICPs inhibiting antitumor immune responses, even
those of CAR-T cells. Anti-ICP CAR-T cell therapy would
take advantage of already implemented antibody-based
immune therapies (eg, PD-1/PD-L1), but the lack of
tumor-specific expression of these molecules raises safety
concerns because of ‘on target, off tumor’ effects.®® ¥
This might not apply to HLA-G. Indeed, HLA-G is special
among ICPs because notwithstanding its broad inhibi-
tory function, its physiological expression is mainly fetal.
Consequently, HLA-G is absent in most adult tissues while
most tumor types neo-express it to various degrees.25
In patients with cancer, this makes of HLA-G a de facto
TSA, and so effectively a tumor-specific ICP. For mono-
morphic ICP molecules, the difference between ‘TSA’
and ‘tumor-specific ICP” might not exist, but for HLA-G,
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Figure 5 Anti-HLA-G CAR-T cells are not inhibited by ILT2 expression. Following transduction of T cells, CAR-T cells
displaying or not the CAR construct at their surface (respectively CARP*® and CAR™ T cells) were analyzed for their ILT2 and
programmed cell death protein 1 (PD-1) cell-surface expression after repeated stimulation with K562-HLA-G1 cells at a 10:1
E:T ratio. CH2-CHS3 hinge was used to determine the CAR cell-surface expression CAR-LFTT1 or CAR-15E7 T cells. (A) ILT2
expression levels on CAR™%?% cells prior and after repeated stimulations with K562-HLA-G1 were compared with activated
non-tranduced (NT) T cells. (B) PD-1 expression levels on CAR™9?° cells prior and after repeated stimulations with K562-
HLA-G1 were compared with activated NT T cells. Significance was determined using a Friedmann test (*p<0,05; **p<0002)
(n=6). (C) Differentiation of CAR-15E7 and CAR-LFTT1 T cells expressing or not ILT2 was determined on the basis of their
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Significance was determined using a Mann-Whitney U test (ns, non significative) (n=3). (F) ILT2 expression impact on anti-
HLA-G CAR™%P°s T cells. T helper 1 cytokines expression profile was evaluated after 18 hours co-incubation with K562-HLA-G1
cells. Cytokines (interferon (IFN)y, tumor necrosis factor (TNF)a,, IL-2) secretion by CAR™%?° CD8"* cells was determined by
FACS and proportion of each combination are represented in cumulative histograms.
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it is a key issue because it is a complex molecule with
several isoforms, not all of them associated with f2m, not
all of them inhibitory, and not all of them functionally
described.

Thus, in the design of anti-HLA-G CAR constructs, we
aimed at targeting the known ICP function of HLA-G
by restricting our targets to isoforms known to be inhib-
itory through interaction with ILT2 (B2m-associated
HLA-G1/HLA-G5) or ILT4 (B2m-free HLA-G1/HLA-
Gb, and HLA-G2/HLA-G6). Thus, new antibodies were

generated for the paratope design of CARs. LFTT1 recog-
nizes the 0.1 domain of f2m-associated HLA-G isoforms,
as do other antibodies such as MEM-G/9 or 87G. For the
generation of 15E7, because the structures of B2m-free
isoforms may vary, we targeted a unique motif of the ILT4-
interacting sequence (HPVFDYEATL) located in the
HLA-G-03 domain.”
newly described isoforms not containing an o/l domain

By targeting the a3 domain, even
37

may be targeted.
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Both anti-HLA-G CAR-T cell sets specifically recognized,
got activated by, and lysed their cognate HLA-G isoforms
expressed by targeted tumor cells. Although CAR-LFTT1
T cells were more efficient than CAR-15E7 T cells in our
experimental models, CAR-15E7 T cells interest resides in
targeting tumor cells expressing HLA-G2 and/or HLA-G
new isoforms, devoid of B2m and/or ol domain but
engaging ILT2/4 via their o3 domain. Also, the develop-
ment of bispecific CAR-T cells, combining their respec-
tive scFv specificities, would allow recognition of the full
repertoire of immunosuppressive HLA-G isoforms, and
avoid a possible escape from CAR-LFTTI1 T cells through
downregulation of the B2m by tumor cells.”' ™

CAR-T cell-based immunotherapies rely on persistence
of their function over time after administration. We
demonstrate that both CAR-LFTT1 and CAR-15E7 T
cells differentiated mainly in TCM cells, which have been
associated with greater in vivo antitumor activity and
persistence.”* Concerning the cytokine secretion profile,
CAR-LFTTI T cells showed a significant increase of IL-2
secretion between first and second stimulation likely
related to a stronger activation following antigen stimula-
tion and higher proliferation, resulting in an enrichment
of the most responsive T cells. Rossi et al determined that
a polyfunctional phenotype of CAR-T cells, with increased
IL-2, IFNy and TNFa secretion, is associated with better
clinical outcome in patients treated with anti-CD19
CAR-T cells in non-Hodkgin’s lymphoma.” Therefore,
for CAR-LFTTI, the construct based on a classical hinge
that demonstrated a stronger secretion of IFNy, IL-2 and
TNFo cytokines levels in comparison to CH3 and CH2-
CH3 hinges might be the best choice for clinical use.
Regarding CAR-15E7 T cells, increasing the flexibility or
the access to the membrane-proximal HLA-G-0.3 domain
with extended hinges did not improve the functionality.
CAR-15E7 T cells activation after K562-HLA-G1 stimu-
lation appeared less efficient than CAR-LFTT1 T cells.
However, it is important to note that the K562-HLA-G1
cells used as model to test both CARs, express more 2m-
associated HLA-G1 than [B2m-free isoforms, favoring
CAR-LFTT1 T cells cytotoxicity. CAR-15E7 T cells effi-
ciency should be determined in a more controlled 2m-
free system, to model the commonly observed context of
tumors in which B2m is downmodulated. Given these,
anti-HLA-G CAR-T cells clinical trial phase I will be based
on the classical hinge with the LFTT1 paratope.

A major hurdle for CAR therapeutic application is T cell
inhibition by ICP. ILT2 is expressed by some CD8" T cells,
and upregulated following cytotoxic T cell activation.*
ILT2 exerts its inhibitory function through four immuno-
receptor tyrosine-based inhibitory (ITIM) motifs,”® while
CAR cytoplasmic signaling pathway relies on tyrosine-
based activating motifs (ITAM) motifs of CDSC.4O There-
fore, it was possible that HLA-G" targets could inhibit
CAR-T cytotoxic function through ILT2 engagement.
This is most relevant on two fronts: (i) ILT2 expression
is upregulated on stimulation and therefore anti-HLA-G
CAR T cells could also upregulate it, becoming sensitive

to inhibition by HLA-G and (ii) ILT2°CD8" T cells might
be present in the PBMC used for transduction since this
population increases with age, representing sometimes
>80% of CD8 T cells, and since patients with cancer are
often elderly. Here, we demonstrated that ILT2 expres-
sion might not be a problem, eventually. First, during
generation of CAR-T cells, CD8'ILT2" population showed
a lower transduction efficacy (50%) compared with ILT2’
T cells (83%), explained by the fact that ILT2 expression
is associated with a downregulation of CD28,” resulting
in a suboptimal activation by CD3/CD28 beads and a
lower transduction efficiency. Second, after chronic
stimulation, ILT2 was not upregulated on resting CAR-T
cells, unlike PD-1. Third, the presence of ILT2 did not
affect CAR-T cell cytotoxicity, meaning that HLA-G:ILT2
signaling did not inhibit CAR activation signaling. This
could be explained by a higher expression level of CAR
at the membrane of T cells compared with ILT2 due to
EFla, a strong promoter in human T cells,” or by the fact
that the affinity of the original antibodies for HLA-G (Kd
<5 nM) is 100 times higher than that of ILT2 (Kd <50 pM)
(online supplemental figure 1).%

In tumors, soluble HLA-G molecules (secreted or shed)
may be present. Thus, it can be argued that such cell-free
HLA-G molecules could decrease anti-HLA-G CAR-T cell
functions by interacting with their ILT2. As shown in this
manuscript, HLA-G:ILT2 interaction was not sufficient to
affect CAR-T cell function. Alternatively, cell-free HLA-G
could bind to the CAR construct and block its interaction
with membrane-bound HLA-G from tumor cells. The cell
lines used here, JEG-3 and K562-HLLA-G1, secrete soluble
HLA-G and shed membrane HLA-G isoforms,f'9 % but
anti-HLA-G CAR-T cells lysed those targets anyway in vitro
and in vivo. This indicates that in patients, soluble HLA-G
released by tumors is unlikely to act as a decoy and signifi-
cantly block anti-HLA-G CAR-T cell functions.

HLA-G is also involved in the generation of a tumor
tolerogenic microenvironment through regulatory cells:
its expression is correlated with accumulation of MDSG,"
increased CD4'CD25'FoxP38" population™ and secretion
of IL-10 and TGF- that are responsible for the TME main-
tenance.'” Furthermore, HLA-G is expressed by tolero-
genic immune cells such as CD4'FoxP$HLA-G' Treg,”
suppressive NK cells,” DC-10 cells,”* infiltrating mono-
cytes® and tumor-associated macrophages (TAM),* 7 all
involved in the TME. We did not formally demonstrate
in the present manuscript that anti-HLA-G CAR-T cells
were capable of killing real ex vivo tolerogenic HLA-G-
expressing cells such as DC-10 cells. However, in order
to demonstrate the possibility that they do, we tested
in vitro anti-HLA-G CAR-T cells on LCL-HLA-G1 cells
whose immune regulatory functions have been previously
demonstrated,”® and on the myeloid cell line KG1 trans-
duced with HLA-G1 before and after differentiation in
monocyte-derived DC.” In these three cases, anti-HLA-G
CAR-T cells lysed HLA-G-expressing cells, but not their
HLA-G-negative controls (online supplemental figure
3). This demonstrates that the capability of anti-HLA-G
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CAR-T cells to lyse HLA-G-expressing regulatory cells is
a real possibility. In this context, anti-HLA-G CAR-T cells
could target HLA-G-expressing tumor cells and HLA-G-
positive suppressive cells, potentially allowing the treat-
ment of tumors for which immunosuppressive TME could
represent a major issue.

Rossig et al have recently developed a CAR-NK therapy
against GD2 in Ewing sarcoma,” but in vivo experiments
showed that CARs failed to eliminate GD2-expressing
EwS xenografts. Histopathology analysis revealed upreg-
ulation of HLA-G in tumor autopsies.”? " Supporting the
relevance of this finding, co-incubation of NK cells with
EwS cells induced upregulation of TLT2.” It is therefore
possible that in this instance, the HLA-G:ILT?2 interaction
inhibited CAR-T cells, causing treatment failure. This is
an example where the combinatory therapy with anti-
HLA-G CAR-T cells may cancel the immune-resistance
generated by the TME. Strikingly, tumors can escape from
the immune response if only 10% of tumor cells express
HLA-G.”* Thus, patients could benefit from anti-HLA-G
CAR-T cell therapy even in tumors with low/hetero-
geneous HLA-G expression strengthening the case for
targeting HLA-G in new combinatory immunotherapies.

Altogether, we report here the first anti-HLA-G CAR-T
cells targeting HLA-G which is both a TSA and an ICP.
Since HLA-G is expressed on both tumors and suppres-
sive immune cells in the TME, anti-HLA-G CAR-T cells
would participate in the elimination of both, improving
infiltration of anti-HLA-G CAR-T cells and TILs in the
tumor.
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