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ABSTRACT

Background Chimeric antigen receptor T-cell (CAR-T)
therapy has achieved remarkable remission in patients
with B-cell malignancies. However, its efficacy in treating
solid tumors remains limited. Here, we investigated a
combination therapy approach using an engineered
long-acting interleukin (IL)-7 (rhIL-7-hyFc or NT-17)

and CAR-T cells targeting three antigens, glypican-2
(GPC2), glypican-3 (GPC3), and mesothelin (MSLN),
against multiple solid tumor types including liver cancer,
neuroblastoma, ovarian cancer, and pancreatic cancer in
mice.

Methods CAR-T cells targeting GPC2, GPC3, and MSLN
were used in combination with NT-17 to assess the
anticancer activity. Xenograft tumor models, including

the liver cancer orthotopic model, were established using
NOD scid gamma mice engrafted with cell lines derived
from hepatocellular carcinoma, neuroblastoma, ovarian
cancer, and pancreatic cancer. The mice were monitored
by bioluminescence in vivo tumor imaging and tumor
volume measurement using a caliper. Immunophenotyping
of CAR-T cells on NT-17 stimulation was evaluated for
memory markers, exhaust markers, and T-cell signaling
molecules by flow cytometry and western blotting.
Results Compared with the IL-2 combination, preclinical
evaluation of NT-17 exhibited regression of solid tumors
via enhanced occupancy of CD4* CAR-T, improved T-cell
expansion, reduced exhaustion markers (programmed
cell death protein 1 or PD-1 and lymphocyte-activation
gene 3 or LAG-3) expression, and increased generation of
stem cell-like memory CAR-T cells. The STAT5 pathway
was demonstrated to be downstream of NT-I7 signaling,
mediated by increased expression of the IL-7 receptor
expression in CAR-T cells. Furthermore, CAR-T cells
improved efficacy against tumors with low antigen density
when combined with NT-17 in mice, presenting an avenue
for patients with heterogeneous antigenic profiles.
Conclusion This study provides a rationale for NT-17
plus CAR-T cell combination therapy for solid tumors in
humans.

INTRODUCTION

Genetically engineered T cells expressing
a chimeric antigen receptor (CAR) are an
emerging immunotherapy for cancer.' To

1

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Chimeric antigen receptor (CAR)-T cell therapies are
generally unsuccessful in treating solid tumors due
to the limited persistence of CAR-T cells and insuf-
ficient infiltration into the tumor microenvironment.

WHAT THIS STUDY ADDS

= Our study demonstrates that a new immuno-
therapeutic approach, combining long-acting in-
terleukin-7 (NT-17) with three CARs that target
tumor-associated antigens—glypican-3, glypican-2
and mesothelin—is efficient against mouse tumor
models of liver cancer, pediatric cancer, ovarian
cancer, and pancreatic cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The significant therapeutic activity of CAR-T cells
combined with NT-17 suggests their potential as a
novel treatment for solid tumors, warranting further
exploration and clinical investigation.

date, six CAR-T cell products have been
approved by the Food and Drug Administra-
tion (FDA) for subsets of B-cell leukemia or
lymphoma.® However, treating major solid
tumors with CAR-T cells presents a significant
challenge and yields only partial and tran-
sient responses.” Importantly, these studies
indicate potential mechanisms underlying
why CAR-T therapy has limited effectivity
on solid tumors, which include insufficient
CAR-T cell persistence, restricted tumor traf-
ficking and infiltration, and the presence of
an immunosuppressive tumor microenviron-
ment (TME).*®

Cytokines play a crucial role in T-cell activa-
tion, expansion, and polarization of subpop-
ulations during the generation of CAR-T
cells.? Interleukin (IL)-2 is commonly used to
support CAR-T cell maintenance. However,
its predominant use in manufacturing CAR-T
cells leads to variability in the potency and
long-term effectiveness of the antitumor
response by autologous CAR-T cells, thus
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restricting overall therapy success.'” ' Besides IL-2, IL-7
is implicated in fostering the proliferation and diversity
of effector T cells in the TME with consequent supe-
rior antitumor effects.'* Accumulating preclinical and
clinical data demonstrates that IL-7 extends CAR-T cell
survival and enhances expansion and tumor elimination
capabilities.*°

To enhance the serum half-life and potency of IL-7, a
non-cytolytic hybrid Fc (hyFc) fused human IL-7 known
as rhIL-7-hyFc (NTI7) has been developed and exhibits
exceptional stability in humans.'” NT-I7 is safe at a single-
dose injection (60pg/kg) in healthy volunteers, resulting
in increased T-cell count."® Additionally, in preclin-
ical and clinical testing, NT-I7 increases lymphocytes in
murine tumor models, patients with glioblastoma, and
patients with hard-to-treat gastrointestinal tumors.”' ™
Furthermore, NT-I7 enhances the therapeutic efficacy of
human CD19 CAR-T cells, CD2 CAR-T cells, and B-cell
maturation antigen (BCMA) CAR-invariant natural killer
T cells in murine models of hematological malignancy or
multiple myeloma without increasing the risk of cytokine
release syndrome.”*® We hypothesize that incorporating
NT-I7 into the culture of CAR-T cells may promote prolif-
eration and improve the immune composition of the cell
pool, prompting us to explore the potential of NT-I7 in
improving CAR-T activity in the context of solid tumors.

In the present study, we produced clinic-ready CAR-T
cells targeting three individual solid tumor antigens,
including glypican-2 (GPC2),* glypican-3 (GPC3),” and
mesothelin (MSLN),*! and cultured them with either
IL-2 or NTI7. NTI7 significantly enhanced CAR-T cell
proliferation, activity, and CD4" stem memory CAR-T
subpopulation compared with IL-2 in vitro. Moreover, in
multiple mouse xenograft models including liver cancer,
neuroblastoma, ovarian cancer, and pancreatic cancer,
the combination therapy of CAR-T cells with NT-I7 exhib-
ited improved antitumor activity and prolonged survival.
Further analysis revealed that NT-I7 not only prolonged
CAR-T cell persistence but also increased the percentage
of tumor-infiltrated CAR-T cells, while reducing the
expression of exhaustion markers, programmed cell
death protein 1 (PD-1) and lymphocyte-activation gene
3 (LAG-3). These findings underscored the potential of
NT-I7 to improve the efficacy of CAR-T cell therapy and
its feasibility as a clinic-ready adjunct for patients with
solid tumors.

METHODS

Mouse and human specimens

Mice were housed at the NCI CCR/Leidos Animal Facility
(Bethesda, USA) under a standard 12:12 hours light/dark
cycle with standard food and water.

Human peripheral blood samples from healthy donors
and patients with liver cancer were purchased from the
Oklahoma Blood Institute (Oklahoma City, USA) and
provided by Dr Tim Greten at the NCI (Bethesda, Mary-
land, USA), respectively. The use of de-identified human

specimens was determined to be exempt by the NIH Insti-
tutional Review Board. Because the specimens and data
were not collected specifically for our study and no one in
our team has access to the subject identifiers linked to the
specimens or data, our study is not considered a human
subject research.

Cell culture

Hep3B (hepatocellular carcinoma) and HEK-293T cell
lines were purchased from the American Type Culture
Collection. Ovarian cancer cell line OVCARS8 was obtained
from the National Cancer Institute (Development Ther-
apeutics Program). Neuroblastoma cell lines IMR5 and
SKNSH were obtained from NCI Pediatric Oncology
Branch (Bethesda, Maryland, USA). Pancreatic cancer
cell line KLM-1 was obtained from Dr Christine Alewine
at the NCI. Hep3B, OVCARS, IMR5, SKNSH, and KLM-1
were transduced with lentiviruses expressing GFP and
firefly luciferase (GL) in the laboratory. The luciferase-
expressing Huh-7 cell line was kindly provided by Dr
Andras Heczey at Baylor College of Medicine. OVCARS,
IMRb5, SKNSH, and KLM-1 cells were cultured in Roswell
Park Memorial Institue 1640 (RPMI 1640) media supple-
mented with 10% Fetal Bovine Serum (FBS), 1% L-gluta-
mine, and 1% penicillin-streptomycin; all other cell lines
were cultured in Dulbecco Modified Eagle’s Medium
(DMEM). Cells were maintained in a humidified atmo-
sphere containing 5% CO, at 37°C.

Generation of CAR-T cells

We generated the CAR lentiviral vectors targeting GPC2,
GPC3, and MSLN respectively following the design
principle of CAR construct published in our previous
study.” ™ Briefly, the CAR construct consists of a recog-
nition domain, CD8o or CD28 hinge, and CD8a or CD28
transmembrane, followed by a 4-1BB co-stimulatory
domain and the CD3{ signaling moiety. The recogni-
tion domain in this study consists of three single-chain
variable fragments derived from monoclonal antibodies
including humanized YP7 (hYP7), CT3, and human-
ized YP218 (hYP218), each used individually (named
pMH289, pMH394, and pMH348). GPC3 CAR-T cells
(NCT05003895) are being tested in patients in phase I
clinical trials. The CAR-expressing lentivirus was produced
as described previously.” Peripheral blood mononuclear
cells (PBMGs) from donors were isolated using Ficoll (GE
Healthcare) according to the manufacturer’s instruc-
tions. The isolated PBMCs were stimulated for 24 hours
using anti-CD3/anti-CD28 antibody-coated beads (Invit-
rogen) at a bead:cell ratio of 2:1 according to manufac-
turer’s instructions in the presence of IL-2 (100 U/mL) or
NTI17'7 (10ng/mL) or equimolar concentration of IL-7
compared with NT-I7.

Luciferase CAR-T cell killing assay

The cytotoxicity of CAR-T cells was determined by a
luciferase-based assay. In brief, IL-2 or NT-I7 supported
untransduced T cells (Mock) or CAR-T cells were
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co-incubated with GPC3-positive (Hep3B GL) and GPC3-
negative tumor cells (Hep3B GPC3 knockout GL) for
24 hours at an effector:target (E/T) ratio of 5:1. The cyto-
lytic activity of GPC2 CAR-T cells or MSLN CAR-T cells
was measured by luciferase assay for 72-hour incubation
with different tumor cell lines (IMR5 GL, SKNSH GL,
OVCARS8 GL, and KLLM-1 GL) at a series dilution of E/T
ratios. The luciferase activity was measured using the lucif-
erase assay system (Promega) on Victor (PerkinElmer).

Flow cytometry

The transduction efficiency of CARs on T cells was
detected by anti-epidermal growth factor receptor human
monoclonal antibody (mAb) cetuximab (Erbitux) and
goat-anti-human IgG-PE, or allophycocyanin (APC)-
conjugated antibody (Jackson ImmunoResearch). The
expression of antigens (GPC3, GPC2, or MSLN) on tumor
cells was predicted by three monoclonal antibodies (YP7,
CT3, and YP218) produced in the laboratory, respec-
tively. To determine the absolute number of CAR-T cells
in mouse blood, 100 pL of blood was collected from mice
and 1x red blood cell lysis buffer (eBiosciences) was used
to remove red blood cells. To detect the CD127 (IL-7Ra)
expression on pre-infusion and post-infusion CAR-T cells,
we obtained in vitro cultured CAR-T cells and CAR-T cells
recovered from the Huh-7 mouse spleen. These cells were
then stained with an APC-conjugated anti-human CD127
antibody (clone A019D5, BioLegend). BV711-conjugated
anti-CD3, Erbitux, and goat-anti-human IgG conjugated
with Alexa Fluor 488 (BioLegend) were used to stain
CD3" CAR-T cells. CAR-T cell count was measured using
123count eBeads (Thermo Fisher). For multiple color
staining, antibodies including APC/Cy7-conjugated
anti-CD4, FITC-conjugated anti-CD8, APC-conjugated
anti-PD-1, APC-conjugated anti-LAG3, APC-conjugated
anti-CD62L, BV42l-conjugated anti-TIM3, BV421-
conjugated anti-CD45RA, PE-conjugated anti-CD95 and
BV711 conjugated anti-CD3 (eBioscience) were used.
T-cell exhaustion was evaluated with PE-conjugated anti-
PD-1, PE-conjugated anti-TIM-3, and PE-conjugated
anti-LAG-3 (Thermo Fisher Scientific). The examina-
tion of CAR-T cell proliferation was evaluated using the
CellTrace CFSE Cell Proliferation Kit (Invitrogen). To
detect the cytokine expression in IMR5 mouse plasma,
the LEGENDplex human CD8/NK panel (13-plex) V02
(BioLegend) was used according to the manufacturer’s
instructions. Data acquisition was performed using FACS-
Canto IT (BD Biosciences) and Sony ID7000 (Sony). Data
was analyzed using FlowJo software V.10.

ELISA

Supernatants were collected from CAR-T cell cytotoxicity
assays for tumor necrosis factor (TNF)-o, IL-2, and inter-
feron (IFN)-y detection using an ELISA kit (BioLegend)
according to the manufacturer’s manual. Mouse serum

was collected at different time points during 6 weeks after
10mg/kg NT-I7 infusion. The Human IL-7 Quantikine

HS ELISA Kit (R&D systems) was used to detect the serum
half-life of NT-I7.

Western blot

Equal masses of protein lysates were loaded onto a
4-20% SDS-PAGE gel for electrophoresis. Antibodies
including anti-STATH (Cat#25656, 1:1,000), anti-phospho-
STAT5 (Cat#4322, 1:1,000), anti-STAT3 (Cat#12640,
1:1,000), anti-phospho-STAT3  (Cat#9145, 1:2,000),
anti-Erk1/2 (Cat#4695, 1:1,000), anti-phospho-Erkl/2
(Cat#4370, 1:2,000), anti-phospho-Akt (Cat#4060,
1:2,000), anti-Bax (Cat#5023, 1:1,000), anti-Bcl2
(Cat#15071, 1:1,000), and anti-GAPDH (Cat#2118,
1:1,000) were purchased from Cell Signaling Technology.

Animal studies

5-week-old female NOD/SCID/IL-2Rgc™"  (NSG)
mice were provided by the NCI CCR Animal Resource
Program/NCI Biological Testing Branch. The orthotopic
Hep3B model was established by injecting 0.5x10° Hep3B
GL tumor cells directly into the back of the frontal lobe
of the liver through surgery. The Hep3B intraperitoneal
(i.p.) model was established by i.p. injection of 3x10°
Hep3B GL cells. The Hep3B subcutaneous (s.c.) model or
Huh-7 s.c. model was established by s.c. injection of 5x10°
Hep3B GL cells or Huh-7-luc cell, respectively. The IMR5
intravenous (i.v.) model was established by i.v. injection of
5x10° IMR5 GL cells. The KLM-1 i.p. model was created by
i.p. injection of 5x10° KLM-1 GL cells. The OVCARS i.p.
model was generated by i.p. injection of 5x10° OVCARS
GL cells. Two tumor rechallenges were performed using
the same dosage of tumor cells at weeks 4 and 9 after
CAR-T cell infusion. Tumor volume was calculated as %4
(lengthxwidth® or bioluminescent intensity (Xenogen
IVIS Lumina). Mice were randomly allocated into several
groups when the tumor signal or volume reached the
range set (tumor signal above 1x10° p/sec/ch/sr;
tumor volume above 100 mm?®). Mice were euthanized
when they met any of the following endpoint criteria:
tumor interfered with animals’ ability to eat or drink,
20% weight loss, or any sign of outward distress such as
hunched posture, ruffled fur, and reduced motility. A
body condition scoring system out of 5 was used.” As well
as a 2,500-3,000mm’ tumor volume endpoint, a body
condition score of <1.5/5, or a decreased activity level to
the point of moribundity is used as a criterion for eutha-
nasia. Ex vivo human T cells were isolated from Huh-7
mouse spleen using the Miltenyi Biotec tumor Dissocia-
tion Kit. Human CD3" T cells were separated using anti-
CD3 microbeads (Miltenyi Biotec).

Histopathological and molecular pathology analysis

After the combination treatment of GPC3 CAR-T with
NT-I7 for 1week or 2 weeks, tumors were resected from
the Hep3B s.c. mice, fixed with 10% neutral buffered
formalin, and processed for sectioning (Histoserv).
Immunohistochemistry staining was performed by the
Molecular Histopathology Laboratory at the NCI. Briefly.
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After antigen retrieval with EDTA (Bond Epitope Retrieval
2) and endogenous peroxidase blocking, sections were
incubated with anti-CD3 mAb (Bio-Rad, #MCA1477) and
anti-GPC3 mAb (Abcam, #ab95363). Positive controls
included human tonsils and human liver tissues. Negative
controls included replacing the primary antibody with a
non-specific antibody from the same species and of the
same isotype. Images were captured using the Aperio
Scanscope FL (or XT) whole slide scanner, and staining
was interpreted by a board-certified veterinary patholo-
gist. Cell detection algorithms were run to quantify posi-
tive cells, which were expressed as the number of positive
cells per mm?® of tissue and the percent of positive cells.

Statistics

Experiments were performed at least three times to
ensure the reproducibility of results. Statistical anal-
yses were performed using GraphPad Prism and were
presented as mean+SEM. Results were analyzed using
two-tailed unpaired Student’s t-test or two-way analysis
of variance with Tukey (or Sidak)’s multiple-comparison
test; ns, not significant. P value<0.05 was considered statis-
tically significant. The number of repeats performed is
described in legends.

RESULTS

A long-acting IL-7 improves generation of GPC3 CAR-T cells

in vitro

NT-I7 (efineptakin alfa) is an IL-7 fusion protein that
combines two IL-7 domains with the hyFc platform,
which consists of an IgD hinge and an IgG4 domain
(figure 1A). To investigate the potency of NT-I7 on CAR-T
cells, we cultured GPC3 CAR-T cells derived from human
PBMC:s of healthy donors (n=3) with either NT-I7 or IL-2
(figure 1B). In the 2-week in vitro culture system, we
found that GPC3 CAR-T cells more efficiently expanded
with NT-I7 than with IL-2 (figure 1C,D). In GPC3 CAR-T
cells generated from PBMCs of healthy donors (n=4) and
patients with hepatocellular carcinoma (HCC) (n=3),
NT-I7 increased the percentage of CD4" CAR-T cells,
while a slightly decreased or similar percentage was found
in the CD8" CAR-T subpopulation (figure 1E). Similar
results were observed in the CAR-T cells targeting GPC2
or MSLN (figure 1F). NT-I7 also induced a higher propor-
tion of stem cell-like memory T cells (T ) in the CDh4"
CAR-T cell subset targeting GPC3, GPC2, and MSLN
(figure 1G,H). After a 9-day culture period, NT-I7 reduced
the expression of exhaustion markers, PD-1 and LAG-3,
on all four donor-derived GPC3 CAR-T cells compared
with IL-2, while the expression of T-cell immunoglob-
ulin and mucin domain 3 (TIM-3) was donor-dependent
(figure 1I). In addition to IL-2, we assessed the effects of
IL-7 and NT-I7 on the CAR-T cell culture system (online
supplemental figure 1). The data revealed no significant
difference in cell proliferation, memory T-cell differenti-
ation, or exhaustion marker expression between IL-7 and
NT-I7 cultured CAR-T cells. Additionally, compared with

IL-7, NT-I7 induced a similar percentage of CD4" CAR-T
cells but a higher percentage of CD8" CAR-T cells. These
data suggest that the distinct impact of IL-2 and NT-I7
on CAR-T cell characteristics is attributable to IL-7 moiety
rather than an artifact from the Fc fusion fragment or
other engineering components, except the bivalent IL-7
in the NT-I7 molecule (online supplemental figure 1).

The interaction between IL-7 and its receptor, IL-7R
(CD127), activates pathways like JAK/STAT, regu-
lating lymphocyte survival, proliferation, and differen-
tiation.”*™® To understand IL-7 receptor modulation in
CAR-T cells, we examined CD127 expression in PBMCs
and memory GPC3 CAR-T cell phenotypes cultured with
IL-2 or NTI7. In the CD4" T cells, CD127 expression
was significantly higher in effector memory T cells (T,
compared with other memory T phenotypes (figure 1J).
Moreover, compared with IL-2, NT-I7 increased CD127
expression in T , central memory T cells (T_ ), and T_
subpopulations of CD4" CAR-T cells, and in T Lo and
terminally differentiated effector memory T cells subpop-
ulations of CD8" CAR-T cells. These observations suggest
that NT-I7 significantly enhances IL-7R expression on
CAR-T cells, particularly in less differentiated states like
T, and T  subpopulations. Subsequently, we measured
downstream phosphorylated (p-) and total STAT5 and
STAT3 levels in CAR-T cells. Compared with IL-2, half
dose of molecular quantity of NT-I7 significantly increased
the levels of p-STAT5 after 15min incubation and p-Akt
after 60min incubation (figure 1K). However, both IL-2
and NT-I7-treated T cells showed comparable levels of
STAT3/p-STAT3 and Erk/p-Erk compared with T cells
alone, resulting in similar expression of anti-apoptotic
markers like Bax and Bcl2. This evidence suggests that
the STAT5 pathway is downstream of NT-I7 signaling on
CAR-T cells.

NT-17 enhances the cytolytic activity of CAR-T cells in vitro

To examine the cytolytic activity of GPC3 CAR-T cells,
we incubated them with GPC3-positive HCC cell line
Hep3B (figure 2A) or Hep3B GPC3 knockout (KO) cells.
GPC3 CAR-T cells derived from donor #2 and donor #4
with NT-I7, showed higher lytic activity than those stimu-
lated with IL-2 on Hep3B but not Hep3B GPC3 KO cells,
suggesting that NT-I7 could improve CAR-T potency
without causing endotoxicity (figure 2B). In contrast,
mock T cells stimulated with NT-I7 showed no cytotox-
icity to Hep3B cells (figure 2B). Correlatively, higher
levels of IFN-y, IL-2, and TNF-o. were released from
GPC3 CAR-T cells cultured with NT-I7 when compared
with IL-2 (figure 2C), with the expression of IL-2 and
TNF-0, appearing to vary depending on the donor. More-
over, NT-I7-stimulated GPC2 CAR-T cells also exhibited
enhanced cytotoxicity against two GPC2-positive neuro-
blastoma cell lines, IMR5 and SKNSH, when compared
with CAR-T cells cultured with IL-2 (figure 2A,D, and
online supplemental figure 2). On incubation with two
MSLN-positive tumor cell lines, OVCARS and KLM-1, a
significantly increased cytotoxicity was observed in MSLN
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Figure 1 NT-17 improved the generation of GPC3 CAR-T cells cultured in vitro. (A) NT-17 is a homodimeric IL-7 fused to the
hyFc platform, which consists of the IgD CH2 region followed by the C-terminal region of the IgG4 domain. (B) Schematic
of GPC3 CAR-T cell production and evaluation in HCC mouse models. IL-2 100U/mL or NT-17 10ng/mL were used to
culture CAR-T cells in vitro. (C) In vitro proliferation of GPC3 CAR-T cells stimulated with NT-17 or IL-2 during 14 days after
transduction. n=3 healthy donors/group. (D) GPC3 CAR-T cells were labeled with CFSE before being cultured with NT-17 or
IL-2. CFSE dilution was determined by flow cytometry on day 5. n=3 independent experiments. (E-F) The percentage of CD4*
CAR-T and CD8* CAR-T subpopulations targeting GPC3, GPC2, and MSLN cultured with NT-17 or IL-2, by flow cytometry
on day 9. The GPC3 CAR-T cells (E) were produced from individual healthy donors (n=4) and patients with HCC (n=3). GPC2
and MSLN CAR-T cells (F) were generated from three healthy donors. (G) Relative proportions of stem cell-like memory (T___:
CD62L+CD45RA+CD95+), central memory (T_ : CD62L+CD45RA-CD95+), effector memory (T_ : CD62L-CD45RA-CD95+),
and terminally differentiated effector memory (Temra CD62L-CD45RA+CD95+) subsets defined by CD62L, CD45RA, and CD95
expression in GPC3 CAR-T cell subpopulations cultured with NT-17 or IL-2 on day 9 after transduction. n=3 donors/group.
(H) Phenotype of memory CD4* CAR-T cells targeting GPC2 or MSLN with NT-17 or IL-2. n=3 donors/group. (l) Expression of
exhaustion markers (PD-1, TIM-3, and LAG-3) across different healthy donor-derived GPC3 CAR-T cells cultured with NT-17 or
IL-2 on day 9. n=4 donors/group. (J) The CD127 expression in the relative proportions of T, T_, T_,and T___subsets in the
CD4" and CD8" T-cell subpopulations of PBMCs or in vitro cultured GPC3 CAR-T cells. Three donors were used in this analysis.
(K) Western blot analysis of T-cell signaling molecules of CAR-T cells on stimulation with NT-17 or IL-2 at different time courses.
Values represent mean+SEM. P value was calculated by two-tailed unpaired Student’s t-test or two-way analysis of variance
with Tukey (or Sidak)’s multiple-comparison test; ns, not significant. CAR, chimeric antigen receptor; CFSE, carboxyfluorescein
succinimidyl ester; GPC2, glypican-2; GPC3, glypican-3; HCC, hepatocellular carcinoma; hyFc, hybrid Fc; IL, interleukin; LAG-
3, lymphocyte-activation gene 3; MSLN, mesothelin; PBMCs, peripheral blood mononuclear cells; PD-1, programmed cell death
protein 1; TIM-3, T-cell immunoglobulin and mucin domain 3.

Li D, et al. J Immunother Cancer 2024;12:¢008989. doi:10.1136/jitc-2024-008989



Open access 8

A HepsB Huh-7 IMR5 SKNSH OVCARS KLM-1
500
207 4007 400 500 A
2001 300 {i 4004
o ‘ 3001 300 4001 }
3 " 2001 2001 300 ! 3007
O 1004 200
200 §) | |27
] 1004 1001 ] ‘
% 100 1001 /? ’\1 100
0 0 0
T2 3 A s TR a5 R M Sy O e M 0 Ly tey (U S W
10" 102 _10°_10* 10%0 10" 10?2 10° 10* 10 10" 10% 10° 10* 100 10" 102 10° 10* 10%0° 10" 10% 10° 10* 1080 10" 10% 10° 10* 100
GPC3 » GPC2 »  MSLN >

B

Mock-Hep3B GPC3 - Hep3B GPC3 - Hep3B GPC3 KO
1007 © Donor 1 IL-2 Donor 3 IL-2 100 P =0.004 100,
e Donor 1 NT-I7 & Donor 3 NT-I7 _¥ P_<0.001 804
o 897 = Donor2 IL-2 Donor4IL2  , 80/ »
% gol ™ Donor2NT-I7 4 Donor4NT-I7 ‘g ns ns 2 60
o < 601 0 *le &
S 40 = S 40
& 3 40 & o0l
02 20+ ; < 20 r'y ’_I_l
of eyt 2 ol Gt
-20 0 -20
E/T ratio=12.5:1 E/T ratio=12.5:1 E/T ratio=12.5:1
C 2504 GPCBPIL-20 0(;ZGPCB NT-17 D
= 2007 F P <0.001 GPCZ - IMRS GPC2 - SKNSH
E —_ 1004~ MockIL-2 =+ GPC2IL-2 100+ P = 0.008
2 150 P=005 5 Mock NT-I7 —— GPC2 NT-I7 ‘
= P=001 » 807 P =9.02 ] w 807
P4 -z K}
L 1004 > 60 B 3 604 P =0.003
o p=003 2 P <0.001
50- |{| |{| 5 40- 3 076 =00
: : : : a 20~ % 20- T
Donor 1 Donor 2 Donor 3 Donor 4 N 0 : N o I { ,l
18001 P=0004 O s “ el T
% — N .S
15004 -20 i i T 20— f i t T
T—E‘ 1251251 51 10:1 201 1251251 51 101 201
\g 1200+ P <0.001 E/T ratio E/T ratio
~ 9004
2 ool = E - OVCARS = KLM-1
100+
ns
3001 rlﬂ ﬂ_ﬁ ﬁ » 807 — MockIL2
ol L4, . . . [ _ Mock NT-I7 @
Donor 1 Donor 2 Donor 3 Donor 4 E’ 604 P =0.015 —— MSLN IL2 %
P =0.001 £ 4204 —— MSLNNT-I7 5
30, I : :
~. 3004 @ 209 pZ0.008 o
E P <0001 R - i N
E 250 0 ¥ gy
s 200+ -20 T T T T T
S 1504 P =0.01 ns NN NN N N
£ = A AP DL DR
© - N
~ 100/ ] AN : :
504 H ﬁ l;l E/T ratio E/T ratio
0 v

Donor 1 Donor 2 Donor 3 Donor 4
Figure 2 NT-17 improved the cytotoxicity of CAR-T cells against tumor cells in vitro. (A) Cell surface antigens (GPC3, GPC2,
and MSLN) expression in multiple human solid tumor cell lines by flow cytometry. (B) Cytolytic activity of GPC3 CAR-T cells and
non-transduced mock-T cells against Hep3B and Hep3B GPC3 KO cells, at an E/T ratio of 12.5:1, for 24 hours of incubation.
These cells were produced from four distinct donors. n=3 independent experiments. (C) Cytokines (IFN-y, IL-2, and TNF-o)
released by NT-17 or IL-2 stimulated GPC3 CAR-T cells (the same four individual donors as in (B)) in the culture supernatant
after 24 hours co-culture with Hep3B cells. n=3 independent experiments. (D) Cytolytic activity of GPC2 CAR-T cells against
IMR5 and SKNSH cells at different E/T ratios for 72 hours. n=3 independent experiments. GPC2 CAR-T cells were sourced from
a separate donor than those used for GPC3 CAR-T cells. (E) Cytolytic activity of MSLN CAR-T cells (derived from the same
donor as used for GPC2 CAR-T cells) against OVCARS8 and KLM-1 cells at different E/T ratios for 72 hours. n=3 independent
experiments. Values represent mean+SEM. P value was calculated by one-way ANOVA with Tukey’s multiple-comparison test
or two-way ANOVA with Sidak’s multiple-comparison test; ns, not significant. ANOVA, analysis of variance; CAR, chimeric
antigen receptor; E:T, effector:target; GPC2, glypican-2; GPC3, glypican-3; IFN, interferon; IL, interleukin; KO, knockout; MSLN,
mesothelin; TNF, tumor necrosis factor
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CAR-T cells supported by NT-17, particularly at low E/T
ratios (figure 2A,E, and online supplemental figure 2).

Overall, we found that NT-I7 was more efficient in
modulating CAR-T cell function than IL-2, by increasing
CAR-T cell proliferation, a higher percentage of CD4"
CAR-T cells, reducing PD-1 and LAG-3 expression, and
enhancing cytotoxicity.

Improved antitumor activity of GPC3 CAR-T cells stimulated
with NT-17 in orthotopic HCC mice

To further evaluate the antitumor efficacy of GPC3
CAR-T cells stimulated with NT-I7, we developed an

orthotopic HCC mouse model via liver injection of
Hep3B GL tumor cells in immunodeficient mice (NSG,
NOD/SCID/IL2ry™"), mice were
treated with a single i.v. injection of 5x10° human GPC3
CAR-T or irrelevant CD19 CAR-T cells, followed by an
s.c. injection of NTI7 (10mg/kg), 1day after CAR-T
infusion (figure 3A). During the 3weeks after infusion,
HCC tumors grew progressively in control mice infused
with CD19 CAR-T cells alone or combined with NT-I7
(referred to as CD19 NT-I7), however, GPC3 CAR-T cells
significantly regressed tumor burden in three out of five

and 35 days later,

@)

A E
E 1010
5
g Day -35 Day 0 Day 1 Weekly g
s 10°
‘ 1 l Imaging 3
Hep3B GL Orthotopic ~ GPC3 CAR-T infusion NT-17 &
(0.25 million) (5 million, i.v.) (10 mg/kg, s.c.) g 108
24
B CD19 CD19 NT-I7 '
Infusion D Weeks after |nfus|on
U Y- N X o4 —CD19
L 1 A . 25 CDIgNTI7
Week 1 ® eac c&asg 2 23 x 7GPC3NT|7]
gy X ) ﬁ
2
Week 2 i@
19
17
Week 3 0 1 2 3
Weeks after infusion
< 80004 v CD19 P=0.004 F 1007a GPC3 . F=0.001 307a GPC3 « GPC3NT-I7
CD19 NT-I7 < ¢ GPC3NT-I7 P<0.001
8 6000 _ g = oy
S A GPC3 P=0.003 o 80 2
@ 40004 * GPC3 NT-17 T E ns % 20
= & 604 S
£ 2000 P=0.048 < o)
x — S 4
< 1500 K 2 40 <
(8] A T O 10 ns
2 1000 g &
@ ] & 201 MK 8
© 500 v 8 £
0 o T T 0 n "
H Week 2 Week 3 I Week 2 Week 3 LAG-3 TIM-3
o J
8 100 c i
[ [ Tscm ‘s 1004 1007 A +Cetuximab
& B Tem ~§ 9 A -Cetuximab
§ 80 [ Tem % 2 80 —=—
® = [}
a 6o [ Temra E= 8
o = ;601 P=0.001
£ I 504 « :
S 40 o 1 40
< IS @
: g 8
£ 2 3 204
8 g o e e ’{é‘
2 cD19 Cb1g 0 7 14 21 28 35 42 0 T T
NT-I7 - + GF_‘CS GECS Days after NT-17 infusion Before 1 Week after

Figure 3 Enhanced antitumor activity of GPC3 CAR-T cells stimulated with NT-17 in orthotopic HCC mice. (A) Experimental
schema of the orthotopic HCC mouse model. Orthotopic Hep3B GL tumor-bearing NSG mice were intravenous infused with
5x10% GPC3 CAR-T cells or an equivalent amount of irrelevant CD19 CAR-T cells 35 days post tumor inoculation, followed
by an s.c. injection of NT-I7 at 10mg/kg 1day after CAR-T infusion. n=5 mice/group. The CAR-T cells used in this figure were
produced using donor 1’s peripheral blood mononuclear cells. (B—-C) Representative tumor bioluminescence image of mice
(B) and tumor growth curve (C) measured by bioluminescence in the treatment groups as shown in (A). (D) Individual mouse
body weight. (E) Absolute CAR-T cell number (cells/100 uL blood) was identified in mouse peripheral blood after week 2 and
week 3 of infusion. (F-G) PD-1 expression in circulating CD3" CAR-T cells weeks after infusion (F) and the expression of LAG-
3 and TIM-3 (G) at week 3 after infusion. (H) Relative proportions of circulating CAR-T cell immunophenotypes treated with or
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calculated by two-way analysis of variance with Tukey’s multiple-comparison test; ns, not significant. CAR, chimeric antigen
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mice (figure 3B,C). Although a decreased body weight
was observed in the treatment of GPC3 CAR-T cells
combined with NT-I7 (referred to as GPC3 NT-17), GPC3
NT-I7 significantly accelerated tumor regression in all five
mice (figure 3B,C,D).

Mice were euthanized due to xenogeneic graft-versus-
host disease (GvHD) by the end of week 3 (online
supplemental figure 3). A necropsy examination was
subsequently performed on the four treatment groups
(CD19 CAR-T, GPC3 CAR-T, NTI7 alone, and GPC3
CAR-T plus NT-I7) to gain further insight into the impact
of NTI7 at this dose level (online supplemental table
1). A significant elevation in white blood cells, neutro-
phils, eosinophils, and basophils was observed in mice
leukocytes (blood samples) that received combination
treatment. While no significant disparity was detected in
organ weights, the combination treatment group showed
a reduced number of reticulocytes and an increased
concentration of alanine aminotransferase.

To identify the factors contributing to the higher effi-
ciency of combined GPC3 CAR-T cells with NT-I7, we
analyzed circulating CAR-T cells at different time points
post-infusion. A significant increase in GPC3 CAR-T cells
stimulated with NT-I7 was found at weeks 2 and 3, while
CD19 CAR-T cells treated with NT-I7 expanded only at
week 3 (figure 3E). Moreover, NT-I7 significantly reduced
the expression of T-cell exhaustion markers (PD-1 and
LAG-3) on circulating GPC3 CAR-T cells at week 3 after
treatment (figure 3F,G). We also observed a higher
percentage of T proportion in the persistent NT-I7-
supported circulating CAR-T cells (figure 3H). To inves-
tigate the stability of NT-I7 in mice, we isolated mouse
serum during a time course and estimated the serum half-
life of NT-17 to be approximately 6.37 days (figure 31).

To avoid the toxic risk of T-cell hyperactivation, we
previously designed a truncated human epidermal
growth factor receptor tag expressed on CAR-T cells
that functions as an OFF switch in the presence of the
FDA-approved drug, cetuximab.” A single dose of 0.5 mg
cetuximab significantly reduced the number of circulated
CAR-T cells after 1 week (figure 3J).

Lower NT-17 dosage improvedGPG3 CAR-T cell therapy
efficacy and reduced toxicity

To determine the optimal dosage of NT-I7 combined with
GPC3 CAR-T cells in vivo, we administered 5x10° GPC3
CAR-T cells followed by a gradually decreasing dose
regimen (ranging from 10-3mg/kg to 3-0.25mg/kg)
of NT-I7 in the Hep3B i.p. xenograft model (figure 4A).
Compared with the CD19 CAR-T cells control group,
mice infused solely with GPC3 CAR-T cells exhibited
notable tumor inhibition, while mice infused with the
same amount of GPC3 CAR-T cells and varying NT-I7
dose (1, 3, or 10mg/kg) further improved tumor regres-
sion, with comparable regression seen among different
NT-I7 dose levels (figure 4B). Mice infused with NT-I7
at 0.5mg/kg and 0.25mg/kg, with 5x10° CAR-T cells,
exhibited tumor shrinkage (figure 4C), and evidenced

the potency of NT-I7 in enhancing the efficacy of CAR-T
cells. In comparison to the CD19 control group, all GPC3
CAR-T treatment groups demonstrated prolonged mouse
survival (online supplemental figure 4). Analyses of circu-
lating CAR-T cells in mice 3weeks post-infusion revealed
a higher proportion of T_ in the NT-I7-supported
CD4" GPC3 CAR-T subpopulation than in CAR-T alone
(figure 4D). Moreover, we noted a progressive increase
in GPC3 CAR-T cells exhibiting reduced expression of
PD-1 and LAG-3 in the combination groups, particu-
larly in the cohort receiving a dosage of 10mg/kg NT-I7
(figure 4E,F).

Superior antitumor activity of the GPG3 CAR-T NT-17
combination treatment against low antigen-density tumor

A significant challenge in CAR-T cell treatment for
solid tumors is antigen heterogeneity, hampering the
eradication of tumor cells with low antigen expression.
We demonstrated the variation in the GPC3 expression
between two HCC cell lines, Hep3B (9.3><103 molecules/
cell) and Huh-7 (5.7x10? molecules/cell) (figure 2A). To
examine the potency of the combination treatment of
GPC3 CAR-T cells and NT-I7, we constructed an Huh-7
s.c. model and intravenous infused 5x10° GPC3 CAR-T
cells followed by s.c. infusion of low dose (1mg/kg)
NT-I7 1-day later (figure 4G). As depicted in figure 4H,
tumors grew progressively in mice infused with either
CD19 CAR-T cells alone or a combination of CD19 CAR-T
and NTI7. The administration of 5x10° GPC3 CAR-T
cells alone failed to control tumor growth, whereas the
addition of NTI7 significantly enhanced the efficacy
of GPC3 CAR-T cells, resulting in notable tumor inhi-
bition and longer survival over 5weeks post-treatment
(figure 4H,I,K). While a slight decrease in body weight was
observed in the GPC3 CAR-T and GPC3 CAR-T with NT-I7
groups, the decline remained within acceptable limits
(<20% decrease), and mice remained active throughout
the duration of the study (figure 4]). Regarding the
persistent CAR-T cells on NT-I7 stimulation, we observed
that the predominant population comprises CD4" T_
(figure 4L and online supplemental figure 5A), exhib-
iting enhanced ex vivo cytotoxicity against Huh-7 tumor
cells (figure 4M). Furthermore, we noted upregulation
of CD127 expression across all memory T-cell phenotypes
(online supplemental figure 5).

Therefore, administration of 1 mg/kg NT-I7 effectively
enhanced the efficacy of GPC3 CAR-T cells, leading to
successful inhibition of tumor growth in the Huh-7 s.c.
mouse model, despite the low expression of GPC3 by
tumor cells.

NT-17 enhances GPC3 CAR-T cell efficacy via increased T-cell
infiltration in HCC tumors

To determine the impact of NT-I7 treatment on GPC3
CAR-T infiltration of HCC tumors, we established an s.c.
Hep3B model. Mice were intravenous infused with 5x10°
GPC3 CAR-T cells, followed by s.c. administration of
1mg/kg NT-I7 1 day later (n=3 mice/group) (figure 5A).
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Figure 4 Enhanced antitumor activity of GPC3 CAR-T cells and low dose NT-I7 against low antigen-density hepatocellular
carcinoma tumors. (A) Experimental schema of the Hep3B i.p. xenograft model. The mice were intravenous infused with

5x10% GPC3 CAR-T cells or an equivalent amount of irrelevant CD19 CAR-T cells after 14 days of tumor inoculation, followed
by a single s.c. injection of NT-17 at a gradually decreasing dose regimen (ranging from 10 to 0.25mg/kg). n=5 mice/group.

The CAR-T cells were obtained from the NCI clinical center (source from a different donor). (B—-C) Hep3B tumor growth curve
measured by bioluminescence in the treatment groups of CAR-T combined with different dosages of NT-17 at 10-3 mg/kg (B) or
3-0.25mg/kg (C). (D) The relative proportion of the circulating CD4" and CD8" CAR-T cells immunophenotypes in combination
with different doses of NT-17 at week 3 after infusion. n=3 samples/group. (E) Absolute CAR-T number (cells/100 uL blood) was
identified in mouse peripheral blood after week 1 and week 3 of infusion. n=3 individual samples/group. (F) The expression

of PD-1 and LAG-3 in circulated CD4* CAR-T and CD8" CAR-T subpopulations at week 3 of infusion. n=3 samples/group.

(G) Experimental schema of the Huh-7 s.c. xenograft model. The mice were intravenous infused with 5x10® GPC3 CAR-T

cells, followed by a single s.c. injection of 1 mg/kg NT-17. The CAR-T cells were obtained from the NCI clinical center (source
from a different donor). (H) Huh-7 tumor growth curve was measured by caliper in the CAR-T treatment groups, as shown in
(G). n=5 mice/group. (I) The sizes of Huh-7 tumors in individual mice from four different treatment groups at the end of the study.
(J) Mouse body weight. (K) Kaplan-Meier survival curve in the Huh-7 s.c. mice. (L) The percentage of tumor-infiltrated CD4" and
CD8" CAR-T subpopulations recovered from mice spleen. (M) Ex vivo cytotoxicity of mouse-recovered CD19 or GPC3 CAR-T
cells against Huh-7 cells for 24 hours incubation. Values represent mean+SEM. P value was calculated by two-tailed unpaired
Student’s t-test or two-way analysis of variance with Tukey (or Sidak)’s multiple-comparison test; ns, not significant. CAR,
chimeric antigen receptor; E:T, effector:target; GPC3, glypican-3; i.p., intraperitoneal; PD-1, programmed cell death protein 1;
s.c., subcutaneous; T__, central memory T cells; T_, effector memory T cells; T___, terminally differentiated effector memory; T_,
stem cell-like memory T cells.
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Figure 5 NT-17 enhances GPC3 CAR-T cells efficacy via increased T-cell infiltration in hepatocellular carcinoma tumors.

(A) Experimental schema of the Hep3B s.c. xenograft model. Mice were intravenous infused with 5x10° CAR-T cells, followed
by a single s.c. injection of 1 mg/kg NT-17. n=3 mice/group. (B) Hep3B tumor growth curves measured by caliper during 2 weeks
of treatment. Mouse ID (#) of individual mice from treatment groups is shown for week 2. The CAR-T cells were produced
using donor 1’s PBMCs. (C) Visualization of mice and their respective tumors at week 2. (D) GPC3 CAR-T cell infiltration in
Hep3B tumor tissues. Microscopic examination of immunochemical tissue sections were conducted and positive staining
was quantified. The combination of anti-CD3 mAb and anti-GPC3 monoclonal antibody was used for primary staining. Scale
bar, 50 um. (E and F) Quantification of GPC3 expression (E) and number of CD3* T cells (cell number/mm?) (F) in Hep3B tumor
tissues in (D). n=3 independent calculation/group. (G) Experimental schematic of Hep3B i.p. model. Mice were intravenous
infused with GPC3 CAR-T cells at different doses (5, 2.5, or 1x10°), followed by a single s.c. injection of 1 mg/kg NT-17.

n=5 mice/group. The CAR-T cells were produced using donor 1’s peripheral blood mononuclear cells. (H-J) Tumor growth
curves (H) and body weight (I) and Kaplan-Meier survival curves (J) of mice from different treatment groups during 5 weeks of
treatment. Values represent mean+SEM. P value was calculated by two-tailed unpaired Student’s t-test or two-way analysis
of variance with Tukey’s multiple-comparison test; ns, not significant. CAR, chimeric antigen receptor; GPC3, glypican-3; i.p.,
intraperitoneal; s.c., subcutaneous.

10 Li D, et al. J Immunother Cancer 2024;12:2008989. doi:10.1136/jitc-2024-008989



In order to investigate tumor phenotype and CAR-T
infiltration, we euthanized one mouse in the first week
and two mice in the second week for each treatment
group. By the end of week 2, both the GPC3 CAR-T cells
alone and GPC3 CAR-T plus NT-I7 groups demonstrated
smaller tumor volumes than the CD19 CAR-T cells group
(figure 5B,C). We further examined the enrichment and
spatial distribution of GPC3 CAR-T cells in the tumor by
histology. GPC3 protein was highly expressed in tumor
cells in both GPC3 CAR-T cells alone and the combi-
nation treatment groups. However, on comparison of
weeks 1 and 2 samples, a decrease in GPC3 expression
was evidenced in the combination treatment groups
(figure 5D,E). The distribution of tumor-infiltrating CD3"
CAR-T cells spanned throughout the tumor, with a higher
abundance of CAR-T cells observed in the group treated
with NT-I7, especially at week 2 (figure 5D,F). These find-
ings suggest that NT-17 facilitates increased levels of infil-
trating CAR-T cells, contributing to improved antitumor
activity.

Low-dose CAR-T cell therapy has been recognized
for its safety and efficacy in clinical settings.”” To assess
the dose-dependent effectiveness of GPC3 CAR-T cell
therapy in combination with NTI7, we used the same
Hep3B s.c. model. Mice were intravenous infused with
three different doses (5, 2.5, or 1x10° cells) of GPC3
CAR-T cells, followed by s.c. administration of 1mg/
kg NTI7 (figure 5G). As shown in figure 5H, the anti-
tumor efficacy of the combination treatment is CAR-T
cell dose-dependent, and even the lowest dose of GPC3
CAR-T cells in combination with NTI7 displayed the
ability to suppress tumor growth in vivo. Furthermore, we
observed that the number of CAR-T cells administered
caused changes in the body weight of mice, particularly at
the highest dose when combined with NT-I7 (figure 5I).
However, a recovery in body weight was observed after
week 3 of treatment, suggesting that combination therapy
is safe. Notably, mice receiving the combination of GPC3
CAR-T cells and NT-I7 exhibited significantly extended
survival compared with the CD19 CAR-T control group
(figure 5]).

NT-17 enhances the efficacy of GPG2 CAR-T cells against
neuroblastoma

To explore the potential of NT-I7 as an adjunct to GPC2
CAR-T cells in neuroblastoma therapy, we established a
metastatic neuroblastoma model by intravenous injection
of the IMR5 tumor cell line. The IMR5 mice model was
infused with 5x10° GPC2 CAR-T cells followed by 1 mg/kg
NT-I7 1-day later (figure 6A). The administration of GPC2
CAR-T cells alone had limited effectiveness in tumor
growth (figure 6B,C) or extending survival (figure 6D).
However, when combined with NT-I7, tumor regression
was observed in four out of five mice (figure 6B,C),
leading to an extension of their survival (figure 6D)
without decreased body weight (online supplemental
figure 6). Furthermore, during 4weeks of infusion, we
observed a greater number of circulating GPC2 CAR-T

cells expressing lower levels of LAG-3 in the combination
group (figure 6E,F). In mouse circulation, GPC2 CAR-T
combined with NT-I7 significantly increased the secretion
of cytotoxic granular proteins (perforin, granzymes, and
granulysin) compared with CAR-T cell treatment alone
(figure 6G).

Collectively, these findings provide evidence that the
combination of GPC2-targeted CAR-T cells and NT-I7
enhances antitumor activity against neuroblastoma by
promoting T-cell expansion and mitigating T-cell exhaus-
tion, thereby facilitating persistent CAR-T cells in vivo.

NT-17 enhances CGAR-T cell efficacy against MSLN-positive
ovarian cancer and pancreatic cancer

To assess the impact of NT-I7 on the antitumor efficacy of
enduring CAR-T cells in the context of recurrent ovarian
cancer, we administered MSLN CAR-T cells followed by
NT-I7 in a murine model with two tumor rechallenges
(figure 7A). While 2.5x10°MSLN CAR-T cells initially
caused tumor regression, they failed to control regrowth
after the first rechallenge at week 4 (figure 7B). However,
when the mice who originally received the combination
of CAR-T cells and NT-I7 were rechallenged at week 4 and
treated with a second injection of NT-I7, they maintained
antitumor activity (figure 7B). Even after a second rechal-
lenge at week 9, tumor growth was controlled with no side
effects (figure 7B-D).

To further evaluate the impact of NTI7 using a
low dosage of MSLN CAR-T cells, we established the
KLM-1 pancreatic cancer model and treated mice with
1x10°MSLN CAR-T cells followed by 1mg/kg NT-I7
(figure 7E). On comparison, the combination therapy
exhibited superior efficacy over monotherapy treatment,
resulting in continual tumor control in three out of five
mice having persistent tumor control (figure 7F,G), and
extending survival time (figure 7H) without any decrease
in body weight (online supplemental figure 7).

Overall, NT-I7 shows significant potential in enhancing
CAR-T cell persistence for MSLN-positive solid tumors.

DISCUSSION

Despite extensive efforts in CAR construct engineering,
the efficacy of CAR-T cell therapy as a “living drug” for
solid tumor treatment remains unsupported in clin-
ical settings. To address this limitation, novel strategies
to improve the efficacy of CAR-T cell therapy without
increasing the toxicity are needed. In the present study, we
evaluated a combination therapy approach using a long-
acting NT-I7 together with CAR-T cells targeting different
antigens (GPC3, GPC2, or MSLN), across multiple
human tumor types (liver cancer, neuroblastoma, ovarian
cancer, and pancreatic cancer) in murine models. We
demonstrated that adding NT-I7 to CAR-T cells enhanced
the occupancy of the CD4" CAR-T cell subpopulation and
improved T-cell expansion. Furthermore, we identified
that 1 mg/kg NT-I7 was safe and significantly improved
CAR-T cell efficacy. This augmentation was attributed
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Figure 6 NT-17 enhances GPC2 CAR-T efficacy against neuroblastoma. (A) Experimental schema of the IMR5 intravenous
xenograft model. Mice were intravenous infused with 5x10° CAR-T cells, followed by a single s.c. injection of 1 mg/kg NT-17.
n=5 mice/group. The CAR-T cells were produced using donor 2’s peripheral blood mononuclear cells. (B-C) Representative
tumor bioluminescence image of mice (B) and tumor growth curve (C) in the treatment groups as shown in (A). (D) Kaplan-Meier
survival curve of mice. (E) Absolute CAR-T cells number (cells/100 pL blood) was identified in mouse peripheral blood after week
2 and week 4 of infusion. n=2/3 samples/group. (F) Expression of PD-1, TIM-3, and LAG-3 in circulating CAR-T cells at week

4 after infusion. n=2/3 individual samples/group. (G) Mouse plasma cytokine detection at week 2 after infusion. n=3 individual
mice/group from replicate assays. Values represent mean+SEM. P value was calculated by two-way analysis of variance with
Tukey’s multiple-comparison test or a two-tailed unpaired Student’s t-test; ns, not significant. CAR, chimeric antigen receptor;
GPC2, glypican-2; IFN, interferon; IL, interleukin; LAG-3, lymphocyte-activation gene 3; PD-1, programmed cell death protein 1;
s.cC., subcutaneous; TIM-3, T-cell immunoglobulin and mucin domain 3; TNF, tumor necrosis factor.
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Figure 7 NT-17 enhances MSLN CAR-T cells efficacy against ovarian and pancreatic cancer. (A) Experimental schema of

the OVCARS i.p. xenograft model. Mice were i.p. infused with 2.5x10° CAR-T cells, followed by a single s.c. injection of 1 mg/
kg NT-17. Two tumor rechallenges were performed at weeks 4 and 9 after CAR-T cells infusion. The second injection of NT-17
was performed after tumor rechallenge at week 4. n=5 mice/group. The CAR-T cells were produced using donor 2’s PBMCs.
(B) Tumor growth curves were measured by bioluminescence. (C) Mice body weight in the treatment groups. (D) Kaplan-Meier
survival curve of OVCARS mice. (E) Experimental schema of the KLM-1 i.p. xenograft model. Mice were i.p. infused with 1x10°
CAR-T cells, followed by a single s.c. injection of 1mg/kg NT-17. n=4/5 mice/group. The CAR-T cells were produced using
donor 2’s PBMCs. (F-G) Representative tumor bioluminescence image of mice (F) and tumor growth curve (G) measured by
bioluminescence in the treatment group. (H) Kaplan-Meier survival curve of KML-1 mice. CAR, chimeric antigen receptor; i.p.,
intraperitoneal; MSLN, mesothelin; PBMCs, peripheral blood mononuclear cells; s.c., subcutaneous.

to the expansion of stem cell-like memory CAR-T cells,
increased CAR-T cell persistence, and facilitated tumor
infiltration. Notably, the synergistic effect of GPC3 CAR-T
cells combined with NT-I7 was most pronounced in the
low-antigen presenting HCC model. Our findings suggest
that the integration of NT-I7 may serve as a crucial adjunct
to CAR-T cell therapy for enhancing its efficacy in solid
tumors.

As CAR-T cells are currently administered as an autolo-
gous therapy, each patient receives a distinct therapeutic

agent derived from their own PBMCs. Under in vitro IL-2
incubation, we observed decreased expansion of HCC
patients PBMC-derived GPC3 CAR-T cells and a gradual
decline of CAR expression over time. Conversely, the
application of NT-I7, which shares similar properties with
IL-7,% resulted in enhanced CAR-T cell proliferation and
effectively mitigated exhaustion. Crucially, we have shown
a substantially elevated percentage of CD4" CAR-T cells
supported by NT-I7, compared with those cultured with
IL-2. This observation may be attributed to the potential
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role of IL-7 in promoting human CD4" T-cell survival
and proliferation, as well as providing signals required
for TCR-induced activation.*” *! In a previously reported
study, in vitro expansion of anti-CD19 CAR-T supported
by NT-I7 revealed a higher proportion of T and T,
compared with the input T cells in mice,”® which was
validated throughflow cytometry staining with CD45RO
and CCR7. To include the novel stem-like memory popu-
lation within CAR-T cells, we expanded the flow cytom-
etry markers to include CD95, CD62L, and CD45RA. Our
findings demonstrated that NT-I7 treatment resulted in a
higher proportion of stem cell-like memory CAR-T cells,
both in vitro and in vivo, highlighting the potential for
NT-I7 to enhance the therapeutic potential and consis-
tency of CAR-T cell therapy in cancer treatment.

To minimize potential confounding effects from
endogenous mouse T cells due to NT-I7 cross-reactivity,
we established xenograft models using immunodeficient
mice and evaluated the therapeutic impact of combining
GPC3 CAR-T cells with NTI7. The combination
therapy significantly reduced HCC tumor size, due to a
pronounced increase in CAR-T cell tumor infiltration and
enhanced cell function. Notably, this combined approach
demonstrated robust antitumor efficacy, particularly
in the Huh-7 model with low-density GPC3 expression,
presenting a promising avenue for patients with hetero-
geneous antigenic profiles in clinical cell-based immuno-
therapy. Despite the lack of toxicity in immunocompetent
mice when administering a 10mg/kg dose NT-I7 (equal
to 813pg/kg in humans) in combination with mouse
anti-CD19 CAR-T cells, as previously reported,*® we noted
a reduction in body weight in HCC mouse models when
the same dosage of NT-I7 was combined with 5x10° GPC3
CAR-T cells. Besides body weight reduction, other symp-
toms of xenogeneic GvHD, such as fur loss and scaling
skin, were observed, resulting from the heightened prolif-
eration of 5million GPC3 CAR-T cells on 10mg/kg NT-I7
stimulation. To address this issue, we optimized the NT-I7
dosage and found that 1 mg/kg NT-17 was equally effective
for 5 million GPC3 CAR-T cells while minimizing toxicity
in mice during liver cancer treatment. Importantly, this
optimized dosage was also efficacious in treating neuro-
blastoma with GPC2 CAR-T cells and ovarian cancer with
MSLN CAR-T cells, indicating broad applicability across
cancer types.

Considering the potency of NT-I7 in increasing CAR-T
cell numbers and addressing the issue of CAR-T-induced
xenogeneic GVHD, we hypothesized that it could poten-
tially reduce the minimum required dose of CAR-T cells.
To explore this possibility, we optimized the dosage of
GPC3 CAR-T cells by administering 1, 2.5, and 5x10° cells
in combination with 1 mg/kg NT-I7 in a Hep3B subcuta-
neous mouse model. Remarkably, even the combination
therapy involving a low dose of 1x10° GPC3 CAR-T cells
with 1mg/kg NT-I7 reduced Hep3B tumor size. These
findings suggest that NT-I7 may be a cost-effective and
safe strategy to address the financial and toxicity concerns
associated with CAR-T cell therapy.

In a murine glioma model, when combined with radio-
therapy, NT-I7 was observed to increase the number of
tumor-infiltrating cytotoxic CD8" murine T lymphocytes,
resulting in improved survival.”' Conversely, in a murine
leukemia model, NT-I7 was reported to have a more
balanced impact on CD4" and CD8" endogenous T cells,
with a notable effect on the CD4" subset of CAR-T cells.*®
In particular, in our xenograft model featuring various
solid tumors, the persistent CAR-T cell population
predominantly comprised CD4" T cells. This observation
aligns with a study involving two patients with chronic
lymphocytic leukemia treated with CD19 CAR-T cells for
over a decade, where a highly activated CD4" population
dominated the CAR-T cell population, which retained
its cytotoxic characteristics.*” These findings suggest that
the CD4" population is closely related to the antitumor
response and long-term remission of CAR-T cells and indi-
cate that NT-I7 may hold clinical potential in enhancing
such responses.

In summary, our data demonstrate that NT-I7 induces
a remarkable enhancement in CAR-T cell proliferation,
persistence, cytotoxicity, and tumor infiltration, culmi-
nating in a significant improvement in antitumor activity
and survival in mice. These novel findings provide the
rationale for NT-I7 plus CAR-T cell combination therapy
in humans for treating multiple solid tumors.
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