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1. ABSTRACT

T cells expressing Chimeric antigen
receptors or CAR-T cells are used as a novel
treatment against hematological and solid cancers.
In this report, we designed CAR with glucocorticoid-
induced TNFR-related protein (GITR) co-stimulatory
domain to study its ability to co-activate CAR-T cells.
EGFR-GITR-CD3 CAR-T cells were cytotoxic against
EGFR-positive: pancreatic and ovarian cancer cells
but not against EGFR-negative cancer cells. The
cytotoxic activity of EGFR-GITR-CD3 CAR-T cells
was comparable or better than EGFR-28-CD3 or
EGFR-41BB-CD3 CAR-T cells. We designed also
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Mesothelin-GITR-CD3 CAR-T cells kill Mesothelin-positive cancer cells and secrete

CD19-GITR-CD3 CAR-T cells kill Hela-CD19 cancer cells in vitro and significantly block Raji

EGFR-CD3-GITR-CAR and EGFR-AGITR-CD3
with deleted 184-192 amino-acids of co-stimulatory
GITR domain, and showed that EGFR-GITR-CD3
had significantly higher cytotoxic activity against
EGFR-positive cells. The EGFR-GITR-CD3 cells
secreted significantly higher levels of IFN-gamma
than EGFR-CD3-GITR and EGFR-AGITR-CD3 cells.
In addition, Mesothelin-GITR-CD3 CAR-T cells also
killed mesothelin-positive ovarian cancer cell lines,
and pancreatic cancer cells. Moreover, CD19-GITR-
CD3 CAR-T cells had significant cytotoxic activity
against CD19-positive cancer cells in vitro and in Raji
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xenograft tumors in vivo. Thus, our results clearly
show that GITR co-stimulatory domain can be used
as a novel co-stimulatory domain in CAR-T cells.

2. INTRODUCTION

Chimeric Antigen Receptor (CAR) T cell
therapy using autologous T cells with CAR against
tumor cell surface antigen demonstrated remarkable
results against hematological cancers (1), (2), (3, 4).
The CAR consists of single-chain variable antibody
fragment (scFv) detecting tumor-associated cell
surface antigen; then hinge (from CD8 alpha, CD28
proteins or other proteins); transmembrane domain;
co-stimulatory domains: CD28, 41-BB or CD27 and
CD3 zeta (CD3 zeta activating domain) (1-3). The
CAR-T cells recognize tumor-associated antigen and
stimulate secretion of cytokines leading to cancer
cell death (5). Several challenges remain to make
CAR-T cell effective against solid tumors due to
suppressive tumor microenvironment, suppressive
checkpoint inhibitor signaling or inhibitory regulatory
T cell (Treg signaling), angiogenesis, vasculogenesis,
tumor associated macrophages (TAM) and other
pathways (6).

GITR or glucocorticoid-induced  tumor
necrosis factor receptor (TNFRSF18 or AITR,
CD357) is a member of TNF superfamily proteins
(such as 4-1BB, OX-40, CD40, CD27 and other) that
is expressed at high levels on T reg cells, and also
expressed at a lower level on effector T cells, NK
(natural killer) cells and other cells of the immune
system (7, 8). GITR expression can be up-regulated
upon activation of T cells with up-regulation of NF-
kappa B and p38, JNK and ERK pathways (9). GITR
can co-stimulate both CD4+ and CD8+ T cells (9). In
addition, GITR can stimulate both Treg with inhibitory
functions and effector T cells with stimulatory functions,
thus mediating dual signaling in immune response that
should be balanced (10).

In this report, we designed CAR with GITR
co-stimulatory domain and compared it with CAR
containing CD28 and 4-1BB co-stimulatory domains
to mediate CAR-T killing functions against different
cancer cells. We show that GITR domain as is
effective as CD28 domain and in several cell lines is
better than 41-BB domains. In addition, we compared
CAR with GITR-CD3, delta-GITR-CD3 and CD3-GITR
and found that GITR-CD3 better stimulated CAR-T
cells and secreted more cytokines than other domains.
Moreover, we demonstrate that EGFR, Mesothelin-
GITR-CD3 CAR-T cells killed Mesothein-positive cells.
Moreover, we show that CD-19-GITR-CD3 CAR-T
were effective against Hela-CD19 cells and Raji cells
using in vivo mouse xenograft model. Thus, GITR
domain can be used for co-stimulation of CAR-T cells
with similar or better functional activity.
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3. MATERIALS AND METHODS
3.1. Cell lines

Human peripheral blood mononuclear cells
(PBMC) were isolated from whole blood obtained
in the Stanford Hospital Blood Center, Stanford, CA
according to IRB-approved protocol using Ficoll-
Paque solution (GE Healthcare). HEK293FT cells
from AlStem (Richmond, CA) were cultured in RPMI
containing 10% FBS and penicillin/streptomycin.
SKOV-3, A1847 ovarian, pancreatic BxPC3 and MCF-
7 breast cancer cell lines were obtained from ATCC
and cultured in DMEM plus 10% FBS and penicillin/
streptomycin. The cell lines were authenticated by flow
cytometry (FACS) using cell-specific surface markers.

3.2. CAR constructs

Human EGFR scFv using low affinity
antibody C10 (KD=264 nM) (11), (12) were designed
with CD8 alpha signaling peptide, CD8 hinge, CD28
transmembrane domain and either CD28, 4-1-BB,
GITR (184-193 amino acids) co-stimulatory domain;
delta GITR or AGITR with deleted 184-193 amino
acids; and CD3 zeta (z) or CD3 activation domain.
Human Mesothelin ScFv of P4 antibody (13) was used
for generation of Mesothelin (Meso)-28-CD3 or Meso-
GITR-CD3 CAR. Mouse CD19 ScFv (FMC63) (14) was
used for generation of CD19-GITR-CD3 CAR using
either CD8 alpha or CD28 trans-membrane domains.
The EGFR-CAR were synthesized and sequenced in
both directions by Syno Biological (Beijing, China). The
Meso and CD19-CAR were designed by re-cloning
Mesothelin and CD19 scFv into lentiviral CAR using
Xho | and Nhe | sites flanking EGFR ScFv. All CAR
were inserted into Xba | and EcoR | sites of lentiviral
vector from System Biosciences.

3.3. Lentivirus preparation

293 FT cells, Lentivirus Packaging Mix and
transfection agent (ALSTEM) were used with CAR
DNA to prepare lentivirus as described previously
(15), (16). The virus particles were collected by
centrifugation at 112,000 g for 100 min, suspended in
AIM V medium, aliquoted and frozen at -80 °C. The
titers of the virus were determined by quantitative RT-
PCR using the Lenti-X qRT-PCR kit (Takara) according
to the manufacturer’s protocol and the 7900HT thermal
cycler (Thermo Fisher). The lentiviral titers were
expressed in pfu/ml. The lentivirus experiments were
performed according to the approved Biosafety level-2
regulations.

3.4. CAR-T cell expansion

PBMC (samples (provided by Stanford
University, California according to approved IRB
© 1996-2018
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protocol) were suspended at 1-2 x 10° cells/ml in AIM
V-AlbuMAX medium (Thermo Fisher) containing 10%
FBS with 300 U/ml IL-2 (Thermo Fisher). PBMC were
activated with CD3/CD28 Dynabeads (/nvitrogen) at
cell to bead ratio 1:1, and cultured in non-treated 24-
well plates. Lentivirus was added at 24 and 48 hours to
the cultures at a multiplicity of infection (MOI) of 5 with
1 ml of TransPlus transduction enhancer (AlStem).
The CAR-T cells were counted every 3 days with fresh
medium added to maintain the cell density at 1-2 x 108
cells/ml.

3.5. Flow cytometry

To measure CAR expression, 5x10° cells
were suspended in 100 ml of buffer (1xPBS with
0.5.% BSA) and incubated on ice with 1 ml of human
serum (Jackson Immunoresearch, West Grove, PA)
for 10 min. Then 1 ml of allophycocyanin (APC)-
labeled anti-CD3 (eBioscience, San Diego, CA), 2 ml
of 7-aminoactinomycin D (7-AAD, BiolLegend, San
Diego, CA), and 2 ml of anti-human or mouse F(ab)2
or its isotype control was added for detecting EGFR
scFv, Mesothelin or CD19 CAR, respectively, and the
cells were incubated on ice for 30 min. The cells were
rinsed with buffer, and acquired on a FACSCalibur (BD
Biosciences). Cells were analyzed first for light scatter
versus 7-AAD staining, then the 7-AAD- live gated cells
were plotted for CD3 staining versus F(ab)2 staining or
isotype control staining.

3.6. Real-time cytotoxicity assay (RTCA)

Adherent target cells were seeded into 96-
well E-plates in triplicate (Acea Biosciences, San
Diego, CA) at 1 x 10* cells per well and monitored
in culture overnight with the impedance-based real-
time cell analysis (RTCA) iCELLigence system (Acea
Biosciences). The next day, the medium was removed
and replaced with AIM V-AlbuMAX medium containing
10% FBS £ 1 x 105 effector cells (CAR-T cells or
non-transduced T cells). The cells were monitored
for another 48 hours with the RTCA system, and
impedance converted to the cell index was plotted over
time. Cytolysis was calculated as (impedance of target
cells without effector cells — impedance of target cells
with effector cells) x100 / impedance of target cells
without effector cells.

3.7. Human IFN-gamma ELISA assay

The target cells were cultured with the
effector cells (CAR-T cells or non-transduced T cells)
at a 1:1 ratio (1 x 10* cells each) in U-bottom 96-
well plates with 200 ml of AIM V-AlbuMAX medium
containing 10% FBS, in triplicate. After 16 h the top
150 ml of medium was transferred to V-bottom 96-well
plates and centrifuged at 300 g for 5 min to pellet any
residual cells. The supernatant was transferred to a
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new 96-well plate and analyzed by ELISA for human
IFN-gamma using R&D Systems kit according to the
manufacturer’s protocol.

3.8. Mouse xenograft tumor growth

Six-week old male NSG mice (Jackson
Laboratories, Bar Harbor, ME) were used in accord
with the Institutional Animal Care and Use Committee
(IACUC). Each mouse was injected subcutaneously
with 3 x 10°® Raji-luciferase-positive cells in sterile
1x PBS with Matrigel. The 1x10” CD19-GITR-CD3
CAR-T cells were injected intravenously at day 12,
and imaging was performed at days 12, 18, 35, 32
and 39 using Xenogen IVIS Spectrum (PerkinElmer,
Waltham, MA) system. The percent of increased BLI
Bioluminescence (photon/sec) was plotted over time.

3.9. Statistical analysis

Student's t test, ANOVA and Tukey's
t-tests were used for analyses between groups,
and the difference was considered significant with
p-value<0.0.5.

4. RESULTS

4.1. EGFR-GITR-CD3 CAR-T cells expand in vitro
similarly to EGFR-CD28-CD3 and EGFR-41BB-CD3
CAR-T cells

Three EGFR scFv (C10 low affinity antibody)-
containing CAR were designed with CD28, 41BB or
GITR co-stimulatory domains (Figure 1A). The CAR
lentiviruses were used for transduction of T cells,
and CAR-T cells expanded in vitro. All CAR-T cells
expressed CAR+ (Figure 1B), and expanded in vitro
>50-fold (Figure 1C). The expansion of EGFR-GITR-
CD3-CAR-T cell was similar to EGFR-28-CD3 and
EGFR-41BB-CD3 cells, suggesting that GITR co-
stimulatory domain leads to effective expansion of
CAR-T cells.

4.2. EGFR-GITR-CD3 CAR-T cells kill EGFR-
positive cancer cells similarly or better than
EGFR-CD28-CD3 or EGFR-4-1BB-CD3 CAR-T cells

EGFR-GITR-CD3-CAR-T cells were tested
by Real-time cytotoxicity assay (RTCA) to compare
with EGFR-CD28-CD3 and EGFR-4-1BB-CD3-CAR-T
cells (Figure 2). EGFR-GITR-CD3 CAR-T cells killed
EGFR-positive BxPC3 pancreatic cancer cells similarly
to EGFR-CD28- and EGFR-41BB-CD3 CAR-T cells
(Figure 2A). The EGFR-GITR-CD3-CAR-T cells better
killed SKOV-3 ovarian cancer cells than EGFR-41BB-
CD3 CAR-T cells and similarly to EGFR-CD28-CD3
CAR-T cells (Figure 2B). EGFR-GITR-CD3-CAR-T
cells also better killed A1847 ovarian cancer cells
than EGFR-CD28-CD3 CAR-T cells (Figure 2 C).

© 1996-2018
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Figure 1. CAR structures, expression and CAR-T cell expansion. A. EGFR-GITR, -CD28, -4-1BB-CD3 CAR structure. B. Expression of CAR after EGFR-
CAR lentiviral transduction. Expression was detected by FACS with anti-human FAB antibody. C. CAR-T cell growth and expansion. 0.5.x10° cells were
used for starting CAR-T expansion. All EGFR-CAR-T cells expanded similarly. The expansion of all CAR-T cells was >50-fold at day 16.

There was no killing of EGFR-negative MCF-7 cells
(Figure 2C). The quantification of killing in EGFR-
positive and EGFR-negative cells is shown in (Figure
2D). Thus, EGFR-GITR-CD3 CAR-T cells specifically
killed EGFR-positive cancer cells similarly or better
than EGFR-CAR-T cells with CD28 and 41BB co-
stimulatory domains.

4.3. EGFR-GITR-CD3 CAR-T cells kill cancer cells
more significantly and secrete more IFNOgamma
than EGFR-AGITR-CD3 or EGFR-CD3-GITR-
CAR-T cells

To test that the full length GITR-co-stimulatory
domain is important for stimulation of CAR-T cells, we
deleted 9 amino-acids from the start of the GITR co-
stimulatory domain (deleted 184-192 aa acids of GITR
protein), and this designed CAR called EGFR-AGITR-
CAR, and also designed CAR with reverse orientation
of GITR and CD3 domains, calling it EGFR-CD3-GITR
CAR (Figure 3 A). After transducing T cells with these
CAR lentiviruses, at 14 days expansion of CAR-T
cells, we confirmed CAR+ expression by FACS (Figure
3B) and performed RTCA assay (Figure 3C). The
EGFR-GITR-CD3 CAR-T cells had significantly higher
cytotoxic activity than EGFR-AGITR-CD3 (with shorter
GITR domain) or EGFR-CD3-GITR (with reversed CD3
and GITR) CAR-T cells (Figure 3D). Moreover, EGFR-
GITR-CD3 CAR-T cells also secreted a significantly
higher level of IFN-gamma than EGFR-AGITR-CD3
and EGFR-CD3-GITR CAR-T cells (Figure 3 E).
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Thus, EGFR-GITR-CD3-CAR-T cells with full
length GITR co-stimulatory domain, EGFR-GITR-CD3
CAR-T cells more significantly killed EGFR-positive
cells and secreted more IFN-gamma than EGFR-
AGITR-CD3 and EGFR-CD3-GITR CAR-T cells.

4.4. Mesothelin-GITR-CD3 CAR-T cells kill
Mesothelin-positive cancer cells and secrete
IFN-gamma

To test that other ScFv can be used with GITR
domain for generation of CAR-T cells killing cancer
cells, we designed Mesothelin-GITR-CD3 CAR-T cells
and compared them with Mesothelin-CD28-CD3 (2
generation) and Mesothelin-CD28-4-1BB-CD3 (3¢
generation) CAR-T cells (Figure 4). The Mesothelin-
GITR-CD3 CAR-T cells killed Mesothelin-positive
cancer cells similarly to Mesothelin-CD28-CD3 and
Mesothelin-CD28-4-1BB-CD3 CAR-T cells (Figure 4
A, B, C). The Mesothelin-GITR-CAR-T cells secreted
significantly more IFN-gamma than non-transduced
T cells and Mock-CAR-T cells, and similarly to
Mesothelin-CD28-CD3 and Mesothelin-CD28-4-1BB-
CD3 CAR-T cells (Figure 4 D).

4.5. CD19-GITR-CD3 CAR-T cells kill Hela-CD19
cancer cells in vitro and significantly block Raji

xenograft tumor growth in vivo

To test the efficacy of GITR co-stimulatory
domain against hematological cancer targets, we

© 1996-2018
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Figure 2. EGFR-GITR-CD3 CAR-T cells kill EGFR-positive cells but not EGFR-negative cells similarly or better to EGFR-CD28-CD3 or EGFR-41BB-
CD3 cells. A, B, C EGFR-positive target cell lines. *p<0.0.5, ANOVA and Tukey’s t-test CAR-T cells versus T or Mock CAR-T cells. D, EGFR-negative

target cell line.

designed two CD19-GITR-CD3 CARs with different
transmembrane domains. One construct contained
CD28 trans-membrane domain-CD19-GITR-CD3
(called CD19-GITR-CD3-1) and another contained
CD8 alpha trans-membrane domain CD19-GITR-CD3
(called CD19-GITR-CD3-2) and was used to generate
CAR-T cells (Figure 5 A). We tested both CD19-GITR-
CD3-CAR-T cells by RTCA with CD19-postive Hela-
CD19 target cells (stably expressing CD19 antigen)
(Figure 5B). Both CD19-GITR-CAR-T cells killed target
Hela-CD19 cells (Figure 5B).

We also tested CD19-GITR-CAR-T cells in
Raiji-luciferase positive xenograft in vivo model (Figure
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5C). We performed imaging of Raji-luct+ xenograft
growth. CD19-GITR-CAR-T cells significantly less
increased bioluminescence signal in xenograft Raji
tumors compared with tumors from control mice
(Figure 5B). Thus, CD19-GITR-CD3-CAR-T cells
significantly decrease Hela-CD19 cells growth in vitro
and Raji xenograft growth in vivo.

5. DISCUSSION
This report compared EGFR-GITR-CD3
CAR-T cells with EGFR-CD28-CD3 and EGFR-4-1BB-

CD3 cells and demonstrated the high efficacy of EGFR-
GITR-CD3 cells--similar or better than EGFR-CD28-
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CD3 or EGFR-4-1BB-CD3 CAR-T cells. In addition,
deletion of the first N-terminal several amino-acids
(184-192 aa) of GITR co-stimulatory domain resulted in
less activity of CAR-T cells. And GITR-CD3 orientation
was better than CD3-GITR reverse orientation for co-
stimulation of CAR-T cells. In addition, Mesothelin-
GITR-CAR-T cells also effectively killed mesothelin-
positive cancer cells. Moreover, CD19-GITR-CAR-T
cells killed Hela-CD19 positive cells and decreased
tumor growth in vivo using the Raji xenograft NSG
mice model. This study demonstrates that GITR can
be used for stimulation of CAR-T cells.

GITR belongs to the TNF superfamily proteins
(such as 4-1BB, OX-40, CD27 and others) that
modulate immune response (10). GITR is activated by
GITR ligand (GITRL) and can co-stimulate T cells (10).
GITR s highly expressed in Treg cells with suppressive
activity, although GITR is activated in effector cells to
levels similar to the levels on T reg cells (10). Thus,
GITR has a dual function associated with Treg and
effector T cells and there should be a balance between
these two functions in the immune response (17).

In several CAR-T cells that we analyzed
the co-stimulatory function of GITR domain was
significantly higher than 4-1BB or CD28 co-stimulatory
domain, suggesting that GITR domain co-stimulatory
function and signaling differ from other domains. This
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was observed with EGFR, CD19 and Mesothelin
scFv-containing CAR-T cells, suggesting its antigen-
independent co-stimulatory function. In addition,
we have shown that Mesothelin-GITR-CD3 CAR-T
cells had a lower level of IFN-gamma secretion than
Mesothelin-CD28-CD3 and Mesothelin-CD-4-1BB-
CD3 CAR-T cells, which can be advantageous in
clinical studies to reduce cytokine release syndrome
(CRS).

It has been shown that signaling mediated by
CD28 and 4-1BB co-stimulatory domains differed in
regulation of metabolic pathways in CAR-T cells (18, 5),
where CD28 domain increased glycolytic metabolism
and 4-1BB domain enhanced oxidative metabolism
(18). In addition, CAR-T cells with CD28 domain
characterized by less persistence and increased
effector memory phenotype, while CAR-T cells with
4-1BB domain characterized by increased persistence
and increased T central memory phenotype (18).
Future study can compare the effect of CD28, 4-1BB
and GITR co-stimulatory domains on regulating
metabolic functions of CAR-T cells and also on T cell
memory functions and phenotype, gene signature and
proteomics profiles.

We deleted several amino-acids from the

N-terminal part of the GITR cytoplasmic domain,
which resulted in decreased activation of CAR-T cells,
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Figure 4. Mesothelin-GITR-CAR-T cells kill mesothelin-positive cells similarly to Mesothelin-CD28-CAR-T cells. Mesothelin-CD28-CD3 (2™ generation)
and Mesothelin-CD28-41BB-CD3 (third generation) CAR-T cells were used for RTCA analysis. SKOV-3 (A), A1847 (B) and BxPC3 (C) cells are shown.
D. ELISA assay demonstrate significant increase of IFN-gamma by Mesothelin-GITR-CD3 and Mesothelin-CD28-CD3 or Mesothelin-CD28-4-1BB-CD3
cells against Mesothelin-positive BxPC3 cells. *p<0.05, Meso-CAR-T cells vs T cells. Student’s t-test.

suggesting that these amino-acids are critical for the
function of GITR in activating CAR-T cells. In fact,
these amino-acids were unique and differed in other
members of TNF superfamily such as 4-1BB, OX-40
and CD27 domains (10). The cartoon of GITR domain
with deleted 184-192 amino-acids that differ in other
co-stimulatory domains is shown in (Figure 6). Future
studies on the importance of these and other amino-
acids in co-stimulation of CAR-T cells and down-
stream signaling will lead to detailed analysis of GITR
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domain function in CAR-T cell biology. In addition,
the full length GITR co-stimulatory domain should be
in front of the CD3 activation domain for maximal co-
stimulation of CAR-T cells.

We also detected the high efficacy of GITR-
CAR-T cells against CD19-positive cells. Since the
CAR structure can affect the activity of CAR-T cells
(2), we used either different CD28 or CD8 hinge alpha
trans-membrane regions in CD19-CAR-T cells. Both
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Figure 5. CD19-GITR-CD3 CAR-T cells kill Hela-CD19 cells in vitro. A. The structure of CD19-GITR-CD3 constructs. B. RTCA assay with CD19-GITR-
CD3 CAR-T cells and Hela-CD19-positive cells. *p<0.0.001, CD19-GITR-CD3 (1) CAR-T cells versus T cells. * p<0.0002, CD19-GITR-CD3 (2) CAR-T
cells versus T cells. C. CD19-GITR-CD3-CAR-T cells block Raji tumor growth in vivo. The IVIS imaging system was used for analysis of Raji tumor
growth. *p<0.05, Student’s t-test.
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Figure 6. The structure of GITR and AGITR domains. A. The structure of full length GITR domain. The cytoplasmic domain is underlined and the trans-

membrane domains is marked in italics. The structure of GITR domains are obtained from Uniprot software and database. B. The sequence of deleted
amino-acids and AGITR domain. The deleted sequence differed in CD27, OX-40 and 4-1BB cytoplasmic domains (by Uniprot software).

CD19-GITR-CD3 CAR-T cells had a similar killing
activity with either CD28 or CD8 alpha trans-membrane
regions against CD-19-positive cancer cells. These
CD19-CAR-T cells were effective in the Raji mouse
model, suggesting their use in future clinical trials.

Thus, this study shows the novel function of
the GITR co-stimulatory domain in regulating CAR-T
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cell activities against cancer cells that is important for
developing future cellular therapeutics.
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