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Armored Inducible Expression of IL-12 Enhances Antitumor
Activity of Glypican-3-Targeted Chimeric Antigen
Receptor-Engineered T Cells in Hepatocellular Carcinoma

Ying Liu,* Shengmeng Di,* Bizhi Shi,* Honghong Zhang,” Yi Wang,* Xiuqi Wu,*
Hong Luo,* Huamao Wang,  Zonghai Li,*" and Hua Jiang*

Adoptive immunotherapy based on chimeric antigen receptor-modified T (CAR-T) cells has been demonstrated as one of the most
promising therapeutic strategies in the treatment of malignancies. However, CAR-T cell therapy has shown limited efficacy for the
treatment of solid tumors. This is, in part, because of tumor heterogeneity and a hostile tumor microenvironment, which could
suppress adoptively transferred T cell activity. In this study, we, respectively, engineered human- or murine-derived—armored
glypican-3 (GPC3)-specific CAR-T cells capable of inducibly expressing IL-12 (GPC3-28Z-NFAT-IL-12) T cells. The results
showed that GPC3-28Z-NFAT-IL-12 T cells could lyse GPC3* tumor cells specifically and increase cytokine secretion compared
with GPC3-28Z T cells in vitro. In vivo, GPC3-28Z-NFAT-IL-12 T cells augmented the antitumor effect when encountering GPC3*
large tumor burdens, which could be attributed to IL-12 increasing IFN-y production, favoring T cells infiltration and persistence.
Furthermore, in immunocompetent hosts, low doses of GPC3-m28Z-mNFAT-mIL-12 T cells exerted superior antitumor efficacy
without prior conditioning in comparison with GPC3-m28Z T cells. Also, mIL-12 secretion decreased regulatory T cell infil-
tration in established tumors. In conclusion, these findings demonstrated that the inducible expression of IL-12 could boost
CAR-T function with less potential side effects, both in immunodeficient and immunocompetent hosts. The inducibly expressed
IL-12-armored GPC3-CAR-T cells could broaden the application of CAR-T-based immunotherapy to patients intolerant of

lymphodepletion chemotherapy and might provide an alternative therapeutic strategy for patients with GPC3* cancers. The

Journal of Immunology, 2019, 203: 198-207.

epatocellular carcinoma (HCC), an aggressive cancer
H type, is the fifth most frequent cancer of all malignancies

and the third leading cause of cancer-related mortality
worldwide (1, 2). Despite the administration of multimodality
therapeutic approaches that include curative resection, radiofrequency
ablation, transarterial chemoembolization, radioembolization,
and systemic targeted agents, like sorafenib, the late stage of
patient presentation and the high rate of recurrence have caused
unfavorable prognosis (3, 4). This highlights the need to develop
an effective, life-prolonging therapeutic modality for patients
suffered from HCC.
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Adoptive immunotherapy by genetically engineering lymphocytes
to use chimeric antigen receptor—modified T (CAR-T) cells has been
demonstrated as a promising treatment of malignant diseases in
recent years (5). Traditional CARs are composite, artificial antigen
receptors, commonly composed of an extracellular recognition
domain, a TCR-derived CD3{ domain, and one or more intracel-
lular costimulatory domains. The adoptive transfer of T cells
modified with a CD19-specific CAR has demonstrated remarkable
success in treating patients with B cell lymphoid malignancies (6—
9). However, attempts to recapitulate the success achieved with
CAR-T cells in B cells malignancies for solid tumors have been
unsatisfactory (10-14). One of main impediments encountered for
the application of CAR-T cell therapies for solid tumors is the
immunosuppressive effect of the tumor microenvironment (15).
Many improvements have been made to the CAR design in im-
proving the antitumor efficacy of CAR-T cells. Genetic modifica-
tions to CAR constructs with proinflammatory cytokines have also
been described (16, 17). These armored CAR-T cells have been
engineered to secrete cytokines to further enhance CAR-T cell ef-
ficacy. Among these cytokines, one promising candidate is IL-12.

IL-12 is a proinflammatory cytokine that bridges innate and
adaptive immunity (18), and it exhibits pleiotropic biological ef-
fects, including enhancing the function of NK cells and CTLs,
promoting secretion of IFN-y, favoring the generation of CD4"
Thl cells, as well as reprogramming myeloid-derived suppressor
cells (19-22). A series of preclinical researches in murine tumor
models have demonstrated the antitumor activity of rIL-12 by
regressing tumors or prolonging the survival of tumor-bearing
animals (23). Nevertheless, systemic use of IL-12 in clinical
trials caused severe unexpected side effects, which extremely
limits its clinical application (24, 25). To date, several preclinical
studies have also demonstrated the enhanced antitumor activity
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of CAR-T cells secreting IL-12 constitutively or inducibly against
ovarian tumors and melanoma (26, 27).

Glypican-3 (GPC3) is a membrane protein and overexpressed in
most HCC but not nonmalignancies, including normal or cirrhotic
liver (28). Several clinical trials have proved targeting GPC3 is
safe and well tolerated (29-31). In our phase I clinical trial of anti-
GPC3 CAR-T cells in 13 patients with refractory or relapsed
GPC3* HCC, five patients infused with anti-GPC3 CAR-T cells
without lymphodepleting conditioning developed progressive
disease shortly after CAR-T therapy. Among eight patients in
another group, who received lymphodepletion treatment with
fludarabine and cyclophosphamide before anti-GPC3 CAR-T
cells transfusion, one patient achieved partial response (32). Al-
though these results demonstrated that the anti-GPC3 CAR-T
cell was safe and well tolerated, the antitumor efficacy was
not potent enough. The adverse factors involved in impeding
CAR-T-based immunotherapy may be attributed to the het-
erogeneity of tumor cells and the suppression of tumor mi-
croenvironment. Given the safety showed by our anti-GPC3
CAR-T cells in phase I clinical trial and the exclusive expression
of GPC3 in malignancies (33), it provided us with a rationale to
enhance the therapeutic efficacy by exploring the potential of
anti-GPC3 CAR-T cells modified to deliver therapeutic cytokines to
the tumor environment.

Therefore, in this study, we investigated the feasibility of
targeted delivery of IL-12 to tumor sites through infusion of
anti-GPC3 CAR-engineered T cells expressing IL-12. To avoid
cell toxicity associated with constitutive expression of IL-12,
inducible IL-12-secreting CARs (GPC3-28Z-NFAT-IL-12) were
developed, and an NFAT-responsive promoter was used to re-
strict the expression of IL-12 to activated T cells triggered
by specific tumor Ag recognition. Our results demon-
strated that anti-GPC3 CAR-T cells engineered to inducibly
expressing IL-12 enhanced the therapeutic effect in GPC3™"
HCC-established tumor models of immunodeficient and immu-
nocompetent mice.

Materials and Methods

Cell lines and culture

The human HCC cell lines PLC/PRF/5 and SK-HEP-1 and the human
embryonic kidney (HEK)-293T cell line were purchased from the
American Type Culture Collection. The human HCC cell line Huh-7 was
obtained from the RIKEN BRC Cell Bank. The murine HCC cell line
Hepal-6 was purchased from the Chinese Academy of Sciences (Shanghai,
China). Hepal-6-GPC3 (Hepal-6 cells with human mouse chimeric GPC3
overexpression) was established and conserved by our laboratory. All the
cell lines mentioned above were cultured in DMEM (Life Technologies)
supplemented with 10% FBS (Life Technologies) and 100 U/ml penicillin
and 100 pg/ml streptomycin (Life Technologies). Human PBMCs de-
rived from healthy human donors were obtained from the Shanghai
Blood Center. Human PBMCs and human T cells were cultured in
AIM-V Medium CTS (Life Technologies) supplemented with 2% hu-
man AB serum (Gemini Bio-Products) and 500 IU/ml recombinant
human IL-2 (Shanghai Huaxin High Biotechnology). Murine CD3*
T cells were isolated from murine splenocytes derived from C57BL/6
using a mouse T cell isolation kit (STEMCELL Technologies) and
cultured in RPMI 1640 supplemented with 10% heat-inactivated FBS,
50 pM 2-ME, 100 U/ml penicillin, 100 pg/ml streptomycin, and
100 IU/ml of recombinant human IL-2. All the cells were cultured at
37°C in a 5% CO, incubator.

CARs construction

All lentivirus and retroviral vector constructs used in this study are sche-
matically illustrated in Figs. 1A and 5A. The second generation of the
GPC3-specific CAR, named GPC3-28Z, comprised the anti-GPC3 single-
chain variable fragment (scFv) (34) linked in-frame to the human CD8«
hinge, which fused to the human CD28 molecule transmembrane region
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and the intracellular signaling domains and CD3{ molecules, which were
amplified by PCR from another anti-GPC3 CAR in our laboratory (35).
GPC3-28Z was cloned into Mlul/Sall sites of a lentiviral pRRLSIN vector
backbone (36). GPC3-28Z-NFAT-IL-12 was generated by fusing GPC3-
287 with a human NFAT-IL-12-PA2 cassette, which was composed of six
repeats of human NFAT-binding motif, a human minimal IL-2 promoter,
and a human single-chain IL-12 (hscIL-12) as well as a Poly(A) signal
sequence (PA2) (37, 38). The hscIL-12 was designed by connecting the
human IL-12 p40 and human IL-12 p35 subunits with a (Gly,Ser); linker
(39). Similarly, the second generation of the murine GPC3-specific CAR,
named GPC3-m28Z, consists of an anti-GPC3 scFv (34) linked in-frame to
the hinge and transmembrane regions of the murine CD8a-chain, which
in turn fused to the murine CD28 intracellular signaling sequences, and
murine CD3{ molecules (40). GPC3-m28Z was cloned into EcoRI/Sall
sites of the MSCV-IRES-GFP (Addgene). To generate murine IL-12-
armored murine anti-GPC3 CAR, named GPC3-m28Z-mNFAT-mIL-12,
the GPC3-28Z was fused with a murine NFAT-IL-12-PA2 cassette,
which consisted of six repeats of murine NFAT-binding motif, a murine
minimal IL-2 promoter, and a murine single-chain IL-12 as well as a
PA2 in tandem (37, 38). The murine single-chain IL-12 was generated
by fusing the murine IL-12p40 and murine IL-12p35 subunits with a
(Gly4Ser); linker.

Lentivirus and retrovirus production

For lentivirus production, the 293T cells were seeded at 1.5 X 107 per
15-cm dish before transduction. On the next day, 293T-cells were trans-
fected with the different recombinant CAR expression vectors encoding
GPC3-28Z and GPC3-28Z-NFAT-IL-12 in addition to the lentiviral
packaging plasmid pMDLg/pRRE, pRSV-Rev, and envelope-expressing
plasmid pCMV-VSV-G (Addgene) by using a polyethyleneimine-based
DNA transfection reagent (41, 42), and the medium was replaced 6 h
later. The viral supernatants were harvested at 48 or 72 h after transfection.
The lentiviral particles were concentrated 50-fold by polyethylene glycol
(Sigma-Aldrich). For retrovirus production, the 293T cells were seeded at
1.5 X 107 per 15-cm dish. On the next day, 293T cells were transfected
with the different recombinant murine CAR expression vectors encoding
GPC3-m28Z and GPC3-m28Z-mNFAT-mIL-12 together with the retroviral
packaging plasmid pCL-Eco (Addgene) by using a polyethyleneimine-
based DNA transfection reagent (41, 42). Also, the medium was
changed 6 h later. The viral supernatants were harvested at 48 h after
transfection.

Transduction of T cells

Human PBMCs were activated with anti-CD3/anti-CD28—-coated magnetic
beads (Invitrogen) on day 0. Forty-eight hours later, T cells were then
transduced with concentrated lentiviruses on 24-well plates coated with
RetroNectin (Takara Bio) in the presence of polybrene (Polysciences).
Similarly, mouse CD3" T cells were stimulated with anti-mouse CD3/anti-
mouse CD28 magnetic beads (Life Technologies) for 24 h, and then
transduced with retroviruses on RetroNectin-coated 24-well plates. The
transduced human and mouse T cells were fed with fresh medium every
other day.

Flow cytometry

The detection of GPC3 expression has been previously described (43). CAR
expression was detected by staining T cells with goat anti-human IgG,
F(ab"), fragment—conjugated biotin (Jackson ImmunoResearch), followed
by streptavidin-PE (eBioscience). In addition, the amounts of circulating
human T cells in peripheral blood from tumor-bearing mice treated with
CAR-T cells were quantified by the CD3-PerCP/CD4-FITC/CDS-PE
Trucount kit (BD Biosciences). Intracellular stain with murine IL-12—
eFluor 488 (eBioscience) was performed to detect mIL-12. The fluores-
cence was analyzed using a BD FACSCelesta Flow cytometer, and the data
were analyzed using FlowJo 7.6 software.

Western blot

To confirm the expression of CAR protein in transduced T cells, T cells were
lysed with lysis buffer for 1 h on ice. Subsequently, cell lysate was removed
by centrifugation at 12,000 X g for 10 min. Samples were electrophoresed
by a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane.
Next, the nitrocellulose membrane was immunoblotted with a mouse anti-
human CD3({ Ab (BD Biosciences), followed by incubation with HRP-
conjugated rabbit anti-mouse IgG (H&L) (KangChen Biotech). Finally,
the expression of CD3{ was detected by the ECL Western blot analysis
system (Pierce).
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Cytotoxicity assays

Different target cancer cells were cocultured with the CAR-T cells at
effector/target ratio of 3:1, 1:1, and 1:3. Following 18 h of coculture, the
levels of supernatant lactate dehydrogenase were tested by the CytoTox 96
Non-Radioactive Cytotoxicity Kit (Promega) in accordance with the
manufacturer’s instructions.

Cytokine release assays

Both human and mouse T cells were cocultured with target tumor cells at
a 1:1 ratio. 24 h later, supernatant was collected. Mouse T cells were
stimulated with 10 pg/ml Concanavalin A (Sigma-Aldrich) overnight,
followed by supernatant collection. The levels of human and murine IL-2,
IFN-vy, TNF-a, and IL-12p70 secreted, respectively, by human and mouse
T cells were detected by using a commercially available ELISA kit
(MultiSciences Biotech) according to the manufacturer’s manual. For se-
rum cytokine release assay, mouse sera were collected by centrifuging
peripheral blood at 1000 X g for 30 min and then measured by ELISA kits.

Immunohistochemistry assays

All samples for immunohistochemistry (IHC) assays were fixed with for-
malin and embedded in paraffin. Next, serial sections were performed.
To detect human CD3* T cells, the sections of formalin-fixed, paraffin-
embedded tumor tissue and livers from mice treated with human T cells
were immunostained with anti-CD3e Ab (Thermo-Fisher Scientific) fol-
lowed by peroxidase-conjugated secondary Abs (ChemMate Dako Envi-
sion Detection Kit, Peroxidase/DAB, Rabbit/Mouse; Dako). A normal rabbit
IgG served as an isotype-matched control. Briefly, after deparaffinization and
blocking of endogenous peroxidase, Ag retrieval was achieved by microwave
using sodium citrate solution (pH 6). Subsequently, the slices were blocked
in BSA (1%) for 30 min at room temperature and immunostained with anti-
CD3¢e Ab at 1:500 dilution overnight at 4°C. Next, the sections were washed
with PBS and incubated with peroxidase-conjugated secondary Abs for 1 h
and counterstained with hematoxylin. To detect murine CD8* T cells and
regulatory T cells (Tregs), the sections of formalin-fixed, paraffin-embedded
tumor tissue were immunostained with anti-mouse CD8a Ab (Cell Signaling
Technology) or anti-mouse Foxp3 mAb (eBioscience), followed by goat
anti-rat IgG-HRP (Santa Cruz Biotechnology) or HRP-conjugated rabbit
anti-mouse 1gG (H&L) (KangChen Biotech). The THC staining procedures
were similar to the procedure described above.

Real-time PCR

Genomic DNA from tumor tissues was purified using a QlAamp DNA Mini
Kit (QIAGEN) in accordance with the manufacturer’s handbook. The CAR
copy number was measured by quantitative real-time PCR and normalized
by simultaneous measurement of the plasmid encoding GPC3-m28Z using
TagMan Fast Advanced Master Mix (Thermo-Fisher Scientific). The for-
ward primer sequences 5'-GACGTTGGGTTACCTTCTGC-3' and reverse

A
9F2-28Z

9F2-28Z-NFAT6-IL12

v e ]

primer sequence 5'-TTCCCAGGTCACGATGTAGG-3" were used to
amplify a CAR sequence. The TagMan probe sequence is 5'-ATG-
GCCGCGAGACGGCACCT-3'.

Xenograft tumor models

For the established PLC/PRF/5 xenograft tumor models, 6-wk-old female
NSG mice were inoculated s.c. with 3 X 10° PLC/PRF/5 cells on the right
flank. When the tumor lesions were ~250-300 mm® in vol, animals were
randomly divided into three groups (n = 6) and subsequently injected i.v.
with the indicated CAR-T cells (3 X 10°® CAR-T cells per mouse). For the
established Huh-7 xenograft tumor models, 6-wk-old female NSG mice
were challenged s.c. with 2 X 10° Huh-7 cells on the right flank. When the
tumor volumes were ~600-650 mm®, animals were randomly divided into
three groups (n = 6) and subsequently injected i.v. with the indicated CAR-
T cells (3 X 10° CAR-T cells per mouse). To establish Hepal-6-GPC3
models, 6-wk-old female C57BL/6 mice were inoculated with 1 X 107
Hepal-6-GPC3 cells on the right flank. And when tumor burdens were
300-350 mm?®, respectively, mice were randomly allocated into four
groups (n = 6), followed by injection with indicated murine CAR-T cells.
Tumor dimensions were measured by Vernier calipers every 3—4 d, and
tumor volumes were calculated using the following formula: V = (length X
width?) + 2. All animals were housed and treated under specific pathogen—
free conditions, and all experiments were carried out according to protocols
approved by the Shanghai Medical Experimental Animal Care Commission.

Statistical analysis

All data are presented as the mean * SEM. Statistical analysis was per-
formed using two-way ANOVA with Bonferroni posttest or Student # test
for two-sample comparisons. GraphPad Prism 5.0 was used for statistical
calculations, and p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) were
considered significant.

Results
Generation of GPC3-specific CAR-T cells releasing
inducible IL-12

The schematic representation of the lentiviral vector constructs
used in this study is shown in Fig. 1A. A second generation CAR
targeting to GPC3 (GPC3-28Z) using a mAb specific for GPC3
Ag was constructed (34). And the GPC3-28Z construct was fur-
ther modified to express the hscIL-12 under the transcriptional
control of NFAT-responsive minimal IL-2 promoter that drives
IL-12 expression only in activated T cells (37), designated
as GPC3-28Z-NFAT-IL-12 (Fig. 1A). CD3/CD28-activated human
PBMCs from healthy donors were transduced with lentiviruses
encoding GPC3-28Z or GPC3-28Z-NFAT-IL-12 constructs, and the

-
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FIGURE 1. Construction of GPC3-28Z-NFAT-IL-12 T cells. (A) Schematic representation of GPC3-specific CAR (GPC3-28Z) and GPC3-28Z-NFAT-1L-12.
(B) GPC3-CARs expression on human T cells transduced with lentiviruses encoding GPC3-28Z or GPC3-28Z-NFAT-IL-12 was detected by FACS.
Untransduced T (UTD) cells were used as controls. (C) Western blot analysis of the CAR expression. A goat anti-human CD3{ Ab was used to demonstrate
the endogenous and chimeric CD3{ proteins. The GAPDH served as a loading control.
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untransduced T (UTD) cells were used as controls. On day 7
after transduction, the expression of CARs in the transduced
T cells was measured by FACS analysis (Fig. 1B). CARs expres-
sion was also confirmed by Western blotting with anti-CD3{ Ab
(Fig. 1C).

Activation-dependent IL-12 secretion and in vitro function of
GPC3-28Z-NFAT-IL-12 T cells

To verify whether the secretion of bioactive IL-12 in GPC3-28Z-
NFAT-IL-12 T cells is dependent on CAR engagement of GPC3*
tumor cells, three HCC cell lines were chosen. These cells expressed
various levels of GPC3 confirmed by FACS analysis. Huh-7
had the higher GPC3 expression level than PLC/PRF/S5, whereas
SK-HEP-1 had no GPC3 expression (Fig. 2A). As expected, neither
GPC3-28Z T cells cocultured with GPC3"* tumor cells nor GPC3-
28Z-NFAT-IL-12 T cells cocultured with GPC3-negative tumor
cells could release IL-12 at detectable levels. Only GPC3-28Z-
NFAT-IL-12 T cells cocultured with GPC3* tumor cells produced
a significantly high level of IL-12 (Fig. 2B), which demonstrated
that GPC3-28Z-NFAT-IL-12 T cells were able to release 1L-12
in an Ag-restricted manner. To explore the bioactivity of IL-12
displayed on CAR-T cells, we detected the cytokine production
of GPC3-28Z-NFAT-IL-12 and GPC3-28Z T cells when cocul-
tured with tumor cells. The amount of IFN-y was increased
significantly in GPC3-28Z-NFAT-IL-12 T cells in comparison
with GPC3-28Z T cells when cocultured with GPC3* tumor
cells (Fig. 2C). We also found elevated IL-2 and TNF-a pro-
duction in GPC3-28Z-NFAT-IL-12 T cells when cocultured with
PLC/PRF/5 but not Huh-7 cells in comparison with GPC3-28Z
T cells, indicating the different characteristic between cell lines.
Further, the cytotoxicity assays were performed by incubating

A SK-HEP-1
1 MFi=4.24

PLC/PRF/5
MFI=75

Huh-7
MFI=90.6

j‘-‘%‘m !

[l aGPC3 antibody

| Isotype control
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T cells against various HCC cells. The results illuminated that
both GPC3-28Z T cells and GPC3-28Z-NFAT-IL-12 T cells could
specifically lyse GPC3* target cells with equally efficiency (Fig. 2D).
These results suggested that genetic modification of T cells with
GPC3-28Z-NFAT-IL-12 did not affect the cytolysis ability.

Improved antitumor activity of GPC3-28Z-NFAT-IL-12 T cells
against established HCC xenografts with low or high
GPC3 expression

The transferred human T cells were infused into NSG mice
bearing s.c.-established PLC/PRF/S xenografts when tumors
grew to 250-300 mm® (Fig. 3A). As shown in Fig. 3A, 3 X 10°
GPC3-28Z-NFAT-IL-12 T cells mediated extraordinary inhi-
bition of tumor growth, whereas UTD and GPC3-28Z T cells
were unable to suppress tumor growth. The tumor-inhibiting
rates of GPC3-28Z- and GPC3-28Z-NFAT-IL-12 T cells—treated
group were 11 and 95%, respectively, 23 d after T cell injection
(Fig. 3B). In addition, mice body weight was also monitored
simultaneously. The data showed that there was no significant
body weight loss in mice treated with GPC3-28Z-NFAT-IL-12
T cells compared with other groups (Fig. 3C). To elucidate the
mechanism of the antitumor function of GPC3-28Z-NFAT-IL-
12 T cells, we assessed the secretion of IFN-y and IL-12 (p70)
in the sera of mice. As shown in Fig. 3D, elevated levels of
serum IFN-vy and IL-12 were detected in mice treated with
GPC3-28Z-NFAT-IL-12 T cells in contrast with mice treated
with GPC3-28Z T cells.

We further explored the antitumor efficiency of GPC3-28Z-
NFAT-IL-12 T cells in NSG mice bearing Huh-7 xenografts,
which was high endogenous GPC3 expression. Mice bearing
large tumor xenografts were treated with 3 X 10° T cells when
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tumor volume grew to 650-700 mm?>. As shown in Fig. 3E,
GPC3-28Z-NFAT-IL-12 T cells significantly suppressed the
tumor growth compared with the control groups. The tumor-
inhibiting rates of GPC3-28Z and GPC3-28Z-NFAT-IL-12 T cell
groups were 59 and 98%, respectively, 25 d after T cell infusion
(Fig. 3F). Likewise, no significant body weight loss and path-
ological changes in organs of mice treated with GPC3-28Z-
NFAT-IL-12 T cells were observed (Fig. 3G, Supplemental
Fig. 1A). Serum IFN-y and IL-12 (p70) levels were then mea-
sured. As shown in Fig. 3H, mice treated with GPC3-28Z-NFAT-
IL-12 T cells manifested significantly elevated levels of serum
IFN-v and IL-12 in contrast with mice treated with GPC3-28Z
T cells.

In vivo persistence and infiltration of GPC3-28Z-NFAT-1L-12
T cells

The CAR-T cells persistence in peripheral blood of treated mice
was further determined. For PLC/PRF/5 and Huh-7 xenografts
models, the peripheral blood of mice treated with GPC3-28Z-
NFAT-IL-12 T cells had significantly more human T cells than
that of GPC3-28Z T cells 14 d after T cell infusion (Fig. 4A, 4C).
Furthermore, IHC was performed to certify the infiltration of
T cells in these two xenografts. The data showed that both GPC3-
28Z T cells and GPC3-28Z-NFAT-IL-12 T cells could infiltrate
into residual tumors, and there was significantly more CD3" T cell
infiltration in tumors treated with GPC3-28Z-NFAT-IL-12 T cells
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than with that treated with GPC3-28Z T cells (Fig. 4B, 4D). These
results suggested that GPC3-28Z-NFAT-IL-12 T cells could
inducibly express IL-12 in vivo, and IL-12 could favor the se-
cretion of IFN-vy, the persistence and infiltration of CAR-T cells,
and furthermore, augment antitumor activity of CAR-T cells.

Generation of murine GPC3-specific CAR-T cells releasing
transgenic murine IL-12

To better understand the mechanisms in augmented antitumor
efficacy of GPC3-28Z-NFAT-IL-12 T cells, further studies were
carried out in immunocompetent mice models. We first constructed
a murine second generation CAR. GPC3-m28Z is a chimeric re-
ceptor composed of the GPC3-targeting scFv (34) combined with
murine CD28 and murine CD3{ intracellular signaling domains
(Fig. 5A, top panel). To further generate the murine IL-12-
releasing CAR constructs, we fused GPC3-m28Z with a murine
NFAT-IL-12-PA2 cassette to generate GPC3-m28Z-mNFAT-
mlL-12 (Fig. 5A, bottom panel), which restricts murine IL-12
expression locally to tumor sites. Murine T cells were trans-
duced retrovirally to express either GPC3-m28Z or GPC3-m28Z-
mNFAT-mIL-12, and murine UTD (mUTD) cells served as
controls. The transduction efficiency of murine CAR-T (mCAR-T)
cells was then measured by FACS analysis 4 d post transduction
(Fig. 5B).

Inducible expression of murine IL-12 and in vitro function of
GPC3-m28Z-mNFAT-mIL-12 T cells

Hepal-6 cells were lentivirally transduced with human mouse
chimeric GPC3, designated as Hepal-6-GPC3 (Fig. 5C). To test if
murine IL-12 (mIL-12) secretion could be driven in an activation-
dependent way, the mIL-12 secretion of CAR-T cells stimulated
with Concanavalin A or GPC3-expressed target cells was tested
after. The results showed that activated GPC3-m28Z-mNFAT-
mlL-12 T cells expressed significantly more mIL-12 than that of
in resting status, whereas no increased mIL-12 was observed in
activated GPC3-m28Z T cells (Fig. 5D, Supplemental Fig. 1C).
Meanwhile, we assessed the cytokine productions of murine CAR-
T cells. The secretion of murine TNF-a (mTNF-a) and murine

IFN-y (mIFN-v) were significantly higher in GPC3-m28Z-mNFAT-
mlL-12 T cells compared with GPC3-m28Z T cells when cocul-
tured with GPC3* tumor cells (Fig. 5E). However, we also found a
markedly decreased amount of murine IL-2 (mIL-2) in GPC3-
m28Z-mNFAT-mIL-12 T cells when cocultured with GPC3*
tumor cells, which was coincident with previous studies dem-
onstrating sensitization of T cells to IL-2 in the presence of
IL-12 (44-46). However, we did not observe this phenomenon
when human T cells (Fig. 2C). The cytotoxicity assay were also
performed, and the data showed that GPC3-m28Z-mNFAT-
mIL-12 T cells could kill GPC3" tumor cells equally effectively
and specifically as GPC3-m28Z T cells (Fig. 5F).

Regression of large established tumors induced by
GPC3-m28Z-mNFAT-mIL-12 T cells

To explore the antitumor efficacy of GPC3-m28Z-mNFAT-mlIL-12
T cells in vivo, C57BL/6 mice were inoculated s.c. with Hepal-6-
GPC3 murine T cells transduced with GPC3-m28Z or GPC3-
m28Z-mNFAT-mIL-12 at indicated doses and were infused
without prior conditioning when tumors grew to 350-400 mm?®
(Fig. 6A). As shown in Fig. 6A, tumors in mice treated with
GPC3-m28Z-mNFAT-mIL-12 T cells at both doses grew more
slowly than those in mice treated with mUTD and GPC3-m28Z
T cells. Mice were euthanized 24 d after T cell infusion, and the
tumor-inhibiting rates of 2 X 10® GPC3-28Z T cells, 2 X 10°, and
1 X 10° GPC3-28Z-NFAT-IL-12 T cells group were 6, 98, and
94%, respectively (Fig. 6B). We found that even GPC3-m28Z-
mNFAT-mIL-12 T cells at a low dose (1 X 10°% could mediate
dramatic tumor regression, whereas GPC3-m28Z T cells at a high
dose (2 X 10°) failed to inhibit tumor growth. The inducible ex-
pression of mIL-12 did not resulted in obvious changes in body
weight (Fig. 6C). In addition, there was no treatment-related in-
jury observed (Supplemental Fig. 1D). Futher, the amounts of
mIFN-y and mIL-12 (p70) in sera were measured. Both mIFN-y
and mlL-12 were elevated in GPC3-m28Z-mNFAT-mlL-12
T cell-treated mice (at both doses) and barely detectable in
mice treated with mUTD or GPC3-m28Z T cells (Fig. 6D). CAR
copies in residual tumors were also detected. As Fig. 6E shows,
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the CAR copy numbers were more significantly elevated in the
GPC3-m28Z-mNFAT-mIL-12 T cell group than those of in other
groups. Previous studies reported the presence of CD8* T cells
and a high CD8/Foxp3 ratio in solid tumors had a positive effect
on survival (47). The infiltration of murine CD8" T cells and Tregs
of tumor tissue were also assessed 8 d after murine T cell infusion.
Compared with mUTD and GPC3-m28Z T cells, tumors in the
GPC3-m28Z-mNFAT-mIL-12 T cell groups were infiltrated
with more murine CD8" T cells and lower Foxp3™ cells (Fig. 6F).
Moreover, to investigate the antitumor efficacy of more, lower
doses of murine CAR-T cells, 2 X 105, 5 X 105, and 1 X 10°
GPC3-m28Z-mNFAT-mIL-12 T cells were transfused into mice
bearing Hepal-6-GPC3 xenografts. Interestingly, even the lowest
dose of GPC3-m28Z-mNFAT-mIL-12 T cells (2 X 10°) could also
eradicate tumors (Supplemental Fig. 2A) 24 d after T cell infu-
sion. To explore the kinetics of IL-12 expression after CAR-T
infusion, the secretion of serum mlL-12 was detected. The re-
sults showed that the levels of serum mIL-12 gradually increased
12 d after GPC3-28Z-NFAT-IL-2-CAR-T infusion and then grad-
ually reduced with the extension of CAR-T infusion (Supplemental
Fig. 2B). These data indicated that mIL-12 accumulated at first
and then decreased along with the tumors being eradicated. Fur-
thermore, we also measured the IL-12 levels in the sera of mice

not bearing tumors. The results showed that there was almost
no IL-12 secretion observed in the serum of UTD-, GPC3-
m28Z—, and GPC3-m28Z-mNFAT-mIL-12 T cell-treated mice
(Supplemental Fig. 2C). These data suggested the GPC3-specific
on-tumor activation of the NFAT-IL-12 cassette in GPC3-28Z-
NFAT-IL-2-CAR-T cells. Collectively, our results demonstrated
that in vivo GPC3-m28Z-mNFAT-mIL-12 T cells could be in-
duced to secrete mIL-12, which could augment mIFN-vy secre-
tion, increase murine CD8" T cells infiltration, decrease murine
Treg infiltration, and further augment antitumor immunity when
used against GPC3* HCC tumors.

Discussion

Adoptive immunotherapy based on CAR-T cells has been dem-
onstrated as a promising strategy in B cell lymphoid malignancies.
However, this clinical success has failed to translate into solid
tumors to a large extent because of the heterogeneity of tumor cells
and the hostile tumor microenvironment, which involves inhibitory
cells, such as myeloid-derived suppressor cells, Tregs, and immu-
nosuppressive cytokines, such as IL-10, as well as immune check-
point molecules, such as PD-L1 (48, 49). These obstacles limit
the proliferation and persistence of CAR-T cells and, furthermore,
tend to impair the antitumor efficiency of CAR-T cells.
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IL-12 is a heterodimeric proinflammatory cytokine mainly
produced by APCs such as dendritic cells and macrophages (50).
Given its potent mobilization of the immune systems, IL-12 has
emerged as one of the most robust cytokines in mediating anti-
tumor activity in various murine tumor models (18, 51, 52).
Brunda and colleagues (53) demonstrated rIL-12 exerted antitu-
mor responses in murine models. However, much evidence has
demonstrated that systemic administration of rIL-12 could bring
some severe toxicities, including deaths, which extremely re-
stricted its clinical application (24, 25). Thus, some researchers
attempted to localize the effects of IL-12 into the tumor envi-
ronment (54-56) or express IL-12 locally via different gene
therapy vectors (57-59). Although monotherapy of IL-12 showed
limited therapeutic effects, the compelling antitumor properties of
IL-12 made it a promising candidate for combination with other
therapeutic strategies. Wagner and colleagues (60) first reported a
local delivery of IL-12 to tumor sites by EBV-specific cyto-
toxic T cells. Subsequently, researchers have launched various

preclinical and clinical studies using different effector cells, such
as tumor-infiltrating lymphocytes and CAR-T cells, with either
constitutive or inducible expression of IL-12 (37, 61).

In this study, we combined GPC3-specific CAR-T cells with
inducible IL-12 expression and explored antitumor efficacy of
CAR-T cells in immunodeficient and immunocompetent hosts. The
results showed the activation-dependent production of IL-12 in
GPC3-28Z-NFAT-IL-12 T cells when cocultured with target cells
in vitro. GPC3-28Z T cells and GPC3-28Z-NFAT-IL-12 T cells
lysed GPC3* tumor cells with equal efficiency, which suggested
that the transgene of IL-12 did not compromise the cytotoxicity of
CAR-T cells. However, even with similar cytotoxicity, GPC3-28Z-
NFAT-IL-12 T cells displayed augmented cytokine secretion com-
pared with GPC3-28Z T cells. In vivo, GPC3-28Z-NFAT-IL-12
T cells were more potent when applied against GPC3-expression
tumors without obvious toxicity compared with GPC3-28Z T cells,
which could be attributed to IL-12 favoring IFN-y production and
the infiltration and persistence of CAR-T cells. There is a concern
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that better infiltration and persistence of CAR-T cells might incur
potential unwanted side effects, such as off-tumor toxicity. The
infiltration of CAR-T cells was also measured in mice liver tis-
sues, and no human CD3™ T cells were observed in liver tissues
(Supplemental Fig. 1B). In immunocompetent mice, GPC3-m28Z-
MNFAT-mIL-12 T cells showed the more cytokine secretion and
similar cytotoxicity compared with GPC3-m28Z T cells in vitro.
In vivo, GPC3-m28Z-mNFAT-mIL-12 T cells augmented antitu-
mor immunity without the need for prior conditioning, which
could be attributed to mIL-12 increasing mIFN-y production, fa-
voring murine CD8* T cell infiltration into established tumors.
Strikingly, decreasing the dose of CAR-T cells could also achieve
remarkable antitumor efficacy. In addition, releasing mIL-12 de-
creased Treg frequency in established tumors, as previous studies
reported (62, 63), which paved the way for CAR-T cells performing
an antitumor function in a hostile tumor microenvironment.

Nevertheless, our study also has some limitations. The mice
models used in this study were not suitable to assess toxicity
because the CAR-T cells are specific for a human Ag. It was
difficult to observe the on-target off-tumor effects in our animal
experiments. Additionally, we did not use orthotopic tumor models
to investigate the antitumor efficacy and toxicity of CAR-T cells
in vivo. It is unknown if toxicity would be greater in situ than
s.c., so deeper studies are needed for further investigation before
GPC3-28Z-NFAT-IL-12 T cells are translated into clinical
application.

Together, our research demonstrated the inducible expression of
IL-12 could boost CAR-T cell function with less potential side
effects, both in immunodeficient and immunocompetent hosts, and
the combination of CAR-T therapy with IL-12 makes it possible to
decrease the application dose of CAR-T cells, which is of great
significance to cancer patients with damaged T lymphocytes. These
findings may broaden the application of CAR-T-based immuno-
therapy to patients intolerant of lymphodepletion chemotherapy
and might be an alternative therapeutic strategy for patients suf-
fering from low GPC3-expression HCC or advanced large GPC3™"
HCC and other GPC3" solid tumors.
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