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Our previous study indicated that GPC3-targeted chimeric
antigen receptor (CAR) T cell therapy has a high safety profile
in patients with hepatocellular carcinoma (HCC). However,
the response rate requires further improvement. Here, we
analyzed the combined effect of GPC3-CAR T cells and sorafe-
nib in both immunocompetent and immunodeficient mouse
models of hepatocellular carcinoma. In immunocompetent
mouse model, mouse CAR (mCAR) T cells induced regression
of small tumors (approximately 130 mm® tumor volume) but
had no effect on large, established tumors (approximately
400 mm’ tumor volume). Sorafenib, at a subpharmacologic
but not a pharmacologic dose, augmented the antitumor effects
of mCAR T cells, in part by promoting IL12 secretion in tumor-
associated macrophages (TAMs) and cancer cell apoptosis. In
an immunodeficient mouse model, both subpharmacologic
and pharmacologic doses of sorafenib had limited impacts on
the function of human CAR (huCAR) T cells in vitro and
showed synergistic effects with huCAR T cells in vivo, which
can at least partially be ascribed to the upregulated tumor
cell apoptosis induced by the combined treatment. Thus, this
study applied two of the most commonly used mouse models
for CART cell research and demonstrated the clinical potential
of combining sorafenib with GPC3-targeted CAR T cells
against HCC.

INTRODUCTION

Chimeric antigen receptors (CARs) are engineered receptors with an
extracellular, antigen-specific, single-chain variable fragment (scFv)
fused with intracellular T-cell-activating and costimulatory signaling
domains." T cells isolated from patients are activated and genetically
engineered to express CARs to mediate non-major histocompatibility
complex (MHC)-restricted killing of tumor cells. To date, CAR T cell
therapy has shown demonstrable success against hematologic malig-
nancies: for example, CD19 CAR T cells against lymphoid leukemia
and B-cell maturation antigen (BCMA) CAR T cells against multiple
myeloma.””> However, therapeutic application of CAR T cell therapy
against solid tumors has been much less promising.”” Our phase I
clinical trial (ClinicalTrials.gov: NCT02395250) in 13 Chinese
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patients showed partial antitumor activity in patients with hepatocel-
lular carcinoma (HCC), but the response needs further improve-
ment.® It is well known that the hostile immunosuppressive
microenvironment within HCC is a key barrier to the antitumor effi-
cacy of CAR T cell therapy.” ™" In addition, one strategy to overcome
this hostile environment is a combination of CAR-T cells with anti-

. 12-14
tumor compounds or immune-modulatory agents.

Sorafenib, an orally administered multikinase inhibitor, is currently
the most widely used drug for advanced HCC."” Sorafenib exhibits
pro-apoptotic and antiangiogenic effects by inhibiting multiple
kinases, including Raf kinase, vascular endothelial growth factor re-
ceptor, platelet-derived growth factor receptor, KIT, FLT-3, and
'71% 1t has also been reported that sorafenib
has immune-modulatory effects, although these studies may seem

RET tyrosine kinases.

contradictory. On one hand, several groups have shown that sorafe-
nib exerts immunosuppressive effects by directly impairing the
activation of human peripheral blood T cells.'”*° Sorafenib treatment
also increased intratumoral hypoxia, which resulted in immunosup-
pressive actions, including increased intratumoral expression of pro-
grammed death (PD) ligand-1 and accumulation of regulatory T cells
(Tregs) and M2-type macrophages.”’ On the other hand, it has
also been shown that sorafenib can reduce the number of PD-1*

22,23
and can

T cells and Tregs in HCC patients and mouse models
modulate the macrophage cytokine phenotype toward an immuno-
supportive profile, which promotes the functions of immune effector

cells.**~%°
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Considering its antitumor activities and potential capacity to modu-
late the tumor microenvironment, sorafenib has been applied to
improve the efficacy of several immunotherapy drugs, such as
monoclonal antibodies, tumor vaccines, and immune checkpoint in-
hibitors.”®*® In this study, we explored the possible combination of
sorafenib with GPC3-targeted CAR T cells in both immunocompe-
tent and immunodeficient mouse models of HCC. The underlying
mechanism of their combined effect was also elucidated.

RESULTS

Mouse CAR T Cells Failed to Control Large, Established
Hepatocellular Tumors in Imnmunocompetent Mice

To better understand the effect of the microenvironment on CAR-
T cell antitumor activities, C57BL/6 mice bearing murine Hepal-
6-chGPC3 tumor xenografts were established. Hepal-6-chGPC3
cells were constructed by transfecting Hepal-6 cells with chGPC3,
which was a human-mouse GPC3 chimera containing the binding
epitope of an anti-human GPC3 antibody (9F2) (Figure 1A). The
transfectants were recognized by 9F2 antibodies (Figure 1B). Splenic
T cells from C57BL/6 mice were genetically engineered with a 9F2-
m28z CAR composed of 9F2 scFv linked to mouse CD28 and CD3z
endodomains (Figures 1C and 1D; Figure S1A). The basic pheno-
types (CD3/CD4/CD8) of mCAR T cells are provided in Figure S2A.
On days 4 and 9 after subcutaneous injection of Hepal-6-chGPC3
tumor cells, the indicated T cells were administered to mice with
small or large tumors (approximately 130 or 400 mm” in tumor vol-
ume, respectively) (Figure 1E). Tumor growth and survival were
monitored for 60 days. Compared with untransduced (UTD)
T cells, GPC3-targeted mCAR T cells significantly inhibited tumor
growth and increased survival of the mice with initially small tu-
mors. However, mCAR T cells failed to control tumor growth and
failed to extend the survival of the mice with initially large tumors
(Figures 1F and 1G).

A Pharmacologic but Not a Subpharmacologic Sorafenib
Concentration Inhibits Antigen-Induced mCAR T Cell

Responses In Vitro

Since we do not know whether sorafenib, a multikinase inhibitor, can
inhibit kinases involved in T cell activation, the impact of sorafenib on
mCAR T cells in vitro was investigated. In the presence of sorafenib
and tumor cells, antigen-induced expression of the antitumor cyto-
toxicity marker CD107a and interferon-y (IFN-y) was decreased in
mCAR T cells, and this decrease became especially significant when
a pharmacologic dose (10 uM) of sorafenib was used (Figure 2A).
Similar inhibitory trends regarding the proliferation (Figure 2B)
and cytotoxic activity (Figure 2C) of mCAR T cells after antigen
stimulation and sorafenib exposure were also observed. Cytokine
secretion by mCAR T cells in response to target antigen was also
measured in the presence of different concentrations of sorafenib.
At 1 pM, sorafenib increased the secretion of IL-2 (Figure 2D) but
showed limited effect on the secretion of IFN-y (Figure 2E) and
TNF-a (Figure 2F). However, significant decreases in IL-2, IFN-v,
and TNF-a production by mCAR T cells were observed in the pres-
ence of 10 uM sorafenib (Figures 2D-2F).
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Subpharmacologic Doses of Sorafenib Enhance the Therapeutic
Efficacy of mCAR T Cells In Vivo

To further investigate whether a functional synergism between
sorafenib and GPC3-mCAR T cells occurs in vivo, mice bearing
large Hepal-6-chGPC3 tumors were administered sorafenib at a sub-
pharmacologic dose (7.5 mg/kg per day) or pharmacologic dose
(30 mg/kg per day) from days 8 to 18 and treated with GPC3-
mCAR T cells on days 9 and 13 (Figure 3A). Tumor growth and
survival were observed for 2 months. Compared with other treat-
ments, mCAR T cell treatment in combination with sorafenib at
the subpharmacologic dose led to the strongest tumor growth inhibi-
tion, resulting in significantly smaller tumors, with volumes (mean
[SD]) of CAR+vehicle versus CAR+Sora7.5 (1,764.3 [191.4] mm’
versus 794.5 [123.5] mm?; p < 0.001; Figure 3B) and longer survival
times of the mice (Figure 3C). In addition, the infiltration of mCAR
T cells in tumor tissues was analyzed via flow cytometry on day 11.
GPC3-mCAR T cells combined with the subpharmacologic dose of
sorafenib resulted in increased mCAR T cell infiltration and a higher
percentage of CAR" IFN-y™ T cells in tumor tissues compared with
mice that received mCAR T cells alone or mCAR T cells plus the
pharmacologic dose of sorafenib (Figures 3D-3F).

We also tested the effect of mCAR T cells combined with the subphar-
macologic dose of sorafenib in mice bearing moderate-sized Hepal-6-
chGPC3 tumors (approximately 200 mm? in tumor volume). Sorafenib
(7.5 mg/kg per day) or vehicle was orally administered beginning on
day 6 for 5 consecutive days, and 2 x 10° mCAR T cells or UTD
T cells were injected intravenously on day 7 after tumor cell inoculation
(Figure 3G). Single administration of mCAR T cells or sorafenib and
combined administration of UTD T cells and low-dose sorafenib had
a moderate inhibitory effect on tumor growth, whereas responses
were significantly improved after combined use of mCAR T cells and
low-dose sorafenib, with tumor volumes of CAR+vehicle versus
CAR+sorafenib (407 [96.0] mm” versus 19.5 [16.8] mm?; p < 0.05; Fig-
ure 3H). Mice were sacrificed on day 28. Tumor weights were measured
and were in accordance with tumor volumes (Figures S3A and S3B).
Tumor tissues in the CAR T cell-treated group still had chGPC-3
expression and T cell infiltration, as observed by immunohistochemical
(IHC) staining (Figures S4, S5A, and S5B). The higher amount of
T cells in the CAR T cell-treated groups (CAR T and their combination
with sorafenib) compared with the other control groups suggesting the
persistence of the CAR T cells in the tumor tissues. Taken together,
these data show that lower- but not pharmacologic-dose sorafenib
treatment enhanced the antitumor efficacy of mCAR T cell therapy
in an immunocompetent mouse model.

Sorafenib-Treated Macrophages Enhance mCAR T Cell Activity
by Upregulating IL12 Production

Previous studies have shown that sorafenib can modulate the expres-
sion of IL12 in macrophages and can exhibit an immune stimulatory
function.”*® To study whether this immunoregulation effect of
sorafenib contributes to the improved antitumor activity of GPC3-
mCAR T cells, IL12 expression in tumor tissues after treatment
with subpharmacologic doses of sorafenib or vehicle was examined.
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Figure 1. GPC3-mCAR T Cells Have Poor In Vivo Efficacy against Large Tumors in Imnmunocompetent Mice

(A) Construction of chGPC3. Amino acids 538-558 in mGPC3 were replaced with the huGPC3-derived 9F2-binding epitope (***SQQATPKDNEISTFHNLGNVH9). (B)
Overexpression of chGPC3 in Hepa1-6 cells. mAb 9F2 did not recognize mGPC3 but showed binding affinity comparable to huGPC3 and chGPC3 overexpressed in
Hepa1-6 cells. (C) Schematic diagram of the modular composition of GPC3-CAR. 9F2scFv, GPC3-specific single chain (heavy and light) fragment variable; tm, trans-
membrane domain; mCD28-CD3¢, combined intracellular mouse CD28 and CD3¢ signaling domain. (D) Modified T cells expressed the CAR on the surface, determined by
flow cytometry. (E) Experimental scheme. Hepa1-6-chGPC3 cells (1 x 107) were subcutaneously injected into C57BL/6 mice. Mice with small tumors (day 4) or large tumors
(day 9) received an i.v. injection of 2 x 10° GPC3-CAR T cells. (F and G) The average tumor growth (F) and survival (G) curves of each treatment group are shown (n = 5). The
results are expressed as the mean + SEM. Significance of findings was defined as follows: ns, not significant; p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.

The expression levels of IL12 mRNA in tumor-associated macro-
phages (TAMs) and IL12 protein within the tumor microenviron-
ment were significantly increased in the sorafenib-treated group
(Figures 4A and 4B). In addition, we observed IL12 upregulation in
lipopolysaccharide (LPS)-activated bone marrow-derived macro-
phages (BMDMs) induced by 1-5 uM sorafenib (Figure 4C). Howev-
er, BMDMs treated with 10 uM sorafenib showed no significant
change in the IL12 expression level (Figure 4C), mainly as a result

of the dose-dependent cytotoxicity of sorafenib in response to LPS-
activated BMDM:s (Figure 4D). To confirm whether sorafenib-treated
BMDMs enhance the activity of GPC3-mCAR T cells, BMDMs were
Transwell-cultured with Hepal-6-chGPC3 and mCAR T cells in the
presence of LPS and various concentrations of sorafenib (Figure 4E).
In this coculture system, low-concentration (1-5 pM) sorafenib but
not 10 puM sorafenib increased the IFN-y production of mCAR
T cells in the presence of LPS-stimulated BMDMs (Figure 4E).
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Figure 2. High-Dose, but Not Low-Dose, Sorafenib Inhibits the Function of GPC3-mCAR T Cells In Vitro

(A) Sorafenib inhibits CD107a expression and IFN-y production in mouse CAR T cells. GPC3-mCAR T cells (1 x 10° cells per well) were stimulated with Hepa1-6-chGPC3 at
a 1:1 ratio in the presence of 1, 5, or 10 uM sorafenib for 24 h. After cell surface and intracellular staining, the percentages of MCAR T cells expressing the relevant markers
was determined via multicolor flow cytometry. (B) Sorafenib inhibits MCAR T cell proliferation. GPC3-mCAR T cells were labeled with Cell Trace Violet, and then, 1 x 10° Cell
Trace-labeled mMCAR T cells were incubated with 1 x 10° Hepa1-6-chGPC3 cells in the presence of various concentrations of sorafenib for 24 h. The number of gated cells
indicate the dividing cell population. (C) Reduced cytotoxicity was observed after incubation of sorafenib-pretreated mCAR T cells with Hepa1-6-chGPC3 cells at various
effector:target (E:T) ratios for 4 h, determined by a standard nonradioactive cytotoxic assay. (D-F) In vitro cytokine production of mMCAR T cells. Briefly, 1 x 10° mCAR T cells
were cultivated in 24-well plates precoated with GPC3 protein. After 24 h, culture supernatants were harvested and assayed for IL-2 (D), IFN-y (E), and TNF-« (F) via
cytometric bead array (CBA). All data are presented as the mean + SEM of triplicate experiments. Significance of findings was defined as follows: ns, not significant; p > 0.05;

*p < 0.05; *p < 0.01; **p < 0.001.

Furthermore, blocking experiments with IL12 antibody confirmed
IL12 as a sorafenib-triggered mCAR T cell stimulus (Figure 4F).

Human PBMC- and Mouse Spleen-Derived CAR T Cells Have
Different Sensitivities to Sorafenib

We next asked whether the antitumor activity of human peripheral
blood mononuclear cell (PBMC)-derived CAR (huCAR) T cells
against human live cancer could also be improved by sorafenib. First,
human PBMCs were activated and transduced with 9F2-hu28z CAR
(Figures 5A and 5B; Figure S1B). The basic phenotypes (CD3/CD4/
CD8) of huCAR T cells are provided in Figure S6A. In vitro activities
of huCAR T cells were further analyzed in the presence of various
concentrations of sorafenib. We found that both pharmacologic
and subpharmacologic concentrations of sorafenib had no significant
influence on the CD107a expression (Figure 5C), proliferation (Fig-
ure 5D), or cytotoxicity (Figure 5E) of huCAR T cells. Moreover,
sorafenib upregulated the IL-2 production of huCAR T cells in a
dose-dependent manner (Figure 5F) and had a limited impact on
IFN-vy (Figure 5G) and TNF-a (Figure 5H) secretion. Compared
with huCAR T cells, dramatic decreases in CD107a expression and
IL-2, IFN-y, and TNF-a production were observed in mCAR
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T cells in the presence of 10 pM sorafenib (Figure 5I). These results
indicate that mouse spleen- and human PBMC-derived CAR
T cells have different sensitivities to high-dose sorafenib.

Sorafenib Treatment Enhances the Efficacy of Human CAR T
Cells against HCC in Immunodeficient Mice

To test the combination effect of sorafenib and huCAR T cells in vivo,
a xenograft tumor model was established with GPC3™ PLC/PRF/5
cells in NOD/Scid IL2RyC™" (NSG) mice. On day 11 after transplan-
tation, the mice were treated with one dose of 2 x 10° huCAR T cells
plus alow (7.5 mg/kg) or high (30 mg/kg) daily dose of sorafenib for 2
consecutive weeks (Figure 6A). The dosage of huCAR T cells used in
this experiment was lower than that in our previous study.”” Both the
pharmacologic and subpharmacologic doses of sorafenib combined
with huCAR T cells synergistically reduced tumor growth compared
to monotherapies, with tumor volumes of CAR+vehicle versus
CAR+Sora7.5 of 1,326.1 (186.2) mm®> versus 557.1 (113.5) mm®
(p < 0.001) and tumor volumes of CAR+vehicle versus CAR+Sora30
of 1,326.1 (186.2) mm? versus 440.3 (203.6) mm> (p < 0.001; Fig-
ure 6B). The tumor growth suppression effect caused by the combina-
tion treatment was further confirmed by the reduced tumor weight in
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Figure 3. A Subpharmacologic Dose of Sorafenib Augments the Antitumor Activity, Infiltration, and Cytokine Production of GPC3-mCAR T Cells In Vivo

(A) In vivo experimental design. Hepa1-6-chGPC3 tumor cells (1 x 107) were subcutaneously injected into C57BL/6 mice and allowed to establish for 8 days. Mice were
assigned to six experimental groups as indicated, vehicle or sorafenib at 7.5 (Sora7.5) or 30 (Sora30) mg/kg was administered via gavage for 10 days, and 2 x 10 GPC3-
mCAR T cells were adoptively transferred i.v. on days 9 and 13. (B and C) Tumor growth (B) and survival (C) curves of treatment groups (n = 6). (D) Representative flow
cytometry plots showing the frequencies of Cell Trace Violet prelabeled mCAR T cells in tumor-infiltrating CD45™ cells (E) and IFN-y* cells in mCAR T cells (F) on day 11 (n = 4).
(G) Treatment protocol. Six days after tumor inoculation, mice were divided into five experimental groups, as indicated, and then treated with 7.5 mg/kg (Sora7.5) sorafenib for
5 days. Then, 2 x 10° mCAR or untransduced (UTD) T cells were injected i.v. on day 7. (H) Tumor growth curves (n = 6). The results are expressed as the mean + SEM.

Significance of findings was defined as follows: ns, not significant; p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.
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Figure 4. A Subpharmacologic Dose of Sorafenib Triggers mCAR T Cell Activation in the Presence of Macrophages

(A and B) Expression levels of IL12 mRNA in TAMs (A) and IL12 protein in the TME (B). Eight days after Hepa1-6-chGPC3 tumor implantation, mice were treated with vehicle or
7.5 mg/kg sorafenib for 5 days. On day 14, tumors were harvested for further detection (n = 3). TAMs were isolated with anti-F4/80 microbeads, and IL12 mRNA in TAMs was
evaluated via gPCR (n = 3). Tumor lysates were assayed for IL12 via ELISA. (C) Sorafenib triggered IL12 secretion in BMDMs. BMDMs were treated with different
concentrations of sorafenib and LPS (10 ng/mL) for 24 h. IL12 secretion into culture supernatants was assayed via ELISA. The data are representative of three independent
experiments. (D) Cytotoxicity of sorafenib to BMDMs. The cell viability of BMDMs was shown after treatment with the indicated concentrations of sorafenib in the presence or
absence of LPS (10 ng/mL) for 24 h. The data are representative of three independent experiments. (E) Transwell coculture of MCAR T cells with BMDMs. BMDMs were
treated with sorafenib and LPS (10 ng/mL) for 8 h. Then, mMCAR T cells and tumor cells were added to the upper chamber for another 16 h for coculture with sorafenib-treated
BMDMs. IFN-y expression in mCAR T cells was assayed by flow cytometry. (F) Blocking experiment. Sorafenib (2 uM) and anti-IL12 antibody (5 pg/mL) were added to
the coculture system as mentioned in (E). Each data point reflects the mean + SEM of triplicate experiments. Significance of findings was defined as follows: ns, not significant;

p > 0.05; *p < 0.05; “*p < 0.01; **p < 0.001.

the combination treatment group compared with that in other treat-
ment groups (Figure 6C). The infiltration of huCAR T cells in PLC/
PRF/5 xenografts was further determined by IHC staining at the
endpoint. Mice treated with huCAR T cells plus sorafenib (7.5 or
30 mg/kg) exhibited increased huCAR T cell accumulation in tumor
tissues compared with mice treated with huCAR T cells only (Figures
6D and 6E). There was no specific staining in the groups without
huCAR T cell treatment (Figures 6D and 6E). These results indicate
that both subpharmacologic and pharmacologic doses of sorafenib
had synergistic antitumor effects with huCAR T cells.

NSG mice are highly immunodeficient and lack mature T cells,
B cells, and natural killer cells and have many defects in macrophages
and dendritic cells.*® Furthermore, mouse macrophages did not in-
crease the function of huCAR T cells in the presence of sorafenib
in vitro (Figure S7). Therefore, in NSG mice, sorafenib should
enhance the antitumor activities of huCAR T cells in a macro-
phage-independent manner. As sorafenib is known to induce
apoptosis in HCC cells, we hypothesized that sorafenib could sensitize
tumor cells to huCAR-T-cell-mediated killing. Cleaved caspase-3

1488 Molecular Therapy Vol. 27 No 8 August 2019

staining of PLC/RPF/5 xenograft sections showed that tumor cell
apoptosis was significantly increased when sorafenib and huCAR
T cells were combined (Figures 6F and 6G). A similar effect was
observed in PLC/RPF/5 cells treated with sorafenib and huCAR
T cells in vitro, according to Annexin V staining (Figures 6H and
6I). Furthermore, the apoptosis-inducing effect of sorafenib and
mCAR T cell treatment on Hepal-6-chGPC3 cells was examined.
Sorafenib at 5 uM but not at the pharmacologic concentration
(10 uM) exhibited the most significant apoptosis-inducing effect on
Hepal-6-chGPC3 cells with mCAR T cell treatment (Figure S8), sug-
gesting that sorafenib enhances the antitumor efficacy of mCAR
T cells through both macrophage modulation and apoptosis
promotion.

DISCUSSION

To date, a series of clinical trials of CAR T cell therapy have shown
demonstrable success in hematologic malignancies, including acute
lymphoid leukemia, chronic lymphoid leukemia, and multiple
myeloma.z";"“ However, similar success has not been observed in
CAR T cell trials for solid tumors.®” In this study, we found that
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Figure 5. Sorafenib Has No Significant Effect on the Activity of huCAR T Cells In Vitro

(A) Schematic representation of the modular composition of GPC3-specific human CAR. 9F2scFv, GPC3-specific single chain (heavy and light) fragment variable; tm,
transmembrane domain; huCD28-CD3Y, combined intracellular human CD28 and CD3{ signaling domain. (B) Modified T cells express 9F2-hu28z CAR on their surface,
based on flow cytometry results. (C) CD107a expression in activated huCAR T cells in the presence of sorafenib. huCAR T cells were stimulated with PLC/PRF/5 cells at 1:1
ratio in the presence of 1, 5, or 10 uM sorafenib for 24 h. Then, CD107a expression in huCAR T cells was assayed by flow cytometry. (D) The effect of sorafenib on huCAR
T cell proliferation. huCAR T cells were prelabeled with Cell Trace Violet dye and then incubated with PLC/PRF/5 cells at a 1:1 ratio in the presence of different concentrations
of sorafenib for 48 h. The numbers gated indicate the dividing cell population. (E) Cytotoxicity of sorafenib-pretreated huCAR T cells against tumor cells. huCAR T cells were
pretreated with various concentrations of sorafenib for 4 h and then cocultured with PLC/PRF/5 cells at varying effector:target (E:T) ratios for 4 h for cytotoxic assays using a
standard nonradioactive cytotoxic assay kit. The data are representative of three independent experiments. (F-H) /n vitro cytokine production of huCAR T cells. Briefly,
1 x 10° huCAR T cells were cultivated in 24-well plates precoated with GPC3 protein. After 24 h, culture supernatants were harvested and assayed for IL-2 (F), IFN-y (G), and
TNF-a (H) via cytometric bead array (CBA). (I) Comparison of the activities (CD107a, IL-2, IFN-vy, and TNF-a) of mMCAR and huCAR T cells after treatment with 10 uM sorafenib.
All data are presented as the mean + SEM of triplicate experiments, unless otherwise noted. Significance of findings was defined as follows: ns, not significant; p > 0.05;
*p < 0.05; *p < 0.01; **p < 0.001.

nation with immune-regulating agents (T. Le Trinh et al., 2016, Am.
Assoc. Cancer Res., abstract).'3

mouse GPC3-CART cells could eradicate small tumors effectively but
failed to control large, established tumors. Baseline tumor size has
been considered an independent prognostic factor for immuno-

therapy.”> Other barriers, such as poor trafficking, antigen heteroge-
neity, and the immunosuppressive microenvironment within solid
tumors, may also contribute to the non-satisfactory performance of
CAR T cells in solid tumors. To address these obstacles in solid
tumors, several corresponding strategies were proposed, including
introducing chemokine receptors into CAR T cells,”® the use of
tandem CAR T cells for targeting of multiple antigens,”* and combi-

Sorafenib, a multikinase inhibitor widely used for HCC, holds great
promise for combination with GPC3-CAR T cell therapy. Sorafenib
inhibits multiple cell surface tyrosine kinases and downstream intracel-
lular serine/threonine kinases that are involved in tumor cell prolifer-
ation, apoptosis, and angiogenesis.'® Tt has also been reported that
sorafenib has multiple immune-modulatory effects. For instance,
sorafenib can promote an antitumor immune response by enhancing
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function of tumor-specific effector T cells, thus reducing the number of
immunosuppressive cells and triggering the proinflammatory activity
of TAMs.”*>*>?° Therefore, sorafenib has been used to enhance the
therapeutic efficacy of adoptive transferred T cells and tumor-targeted
2635 However, in contrast, studies have postulated that sorafe-
nib can directly inhibit activation of human peripheral blood T cells
and has a detrimental effect on the immunostimulatory capacity of
dendritic cells.””*® Considering the immunosuppressive and support-
ive effects of sorafenib, the optimal dose sought may offer the best syn-
ergistic benefit for combination with CAR T cells.

vaccines.

Pharmacokinetic studies of sorafenib in patients with HCC showed
that the mean plasma concentration of sorafenib at 400 mg twice daily
(the U. S. Food and Drug Administration [FDA]-recommended dose)
was between 3 and 10 mg/L (approximately 5-16 pM).”” ** Pharma-
cokinetic studies in mice also demonstrated that the mean plasma
concentration of sorafenib administered at 30 mg/kg in mice was
approximately 8 uM, which is similar to that in sorafenib-treated pa-
tients. %! According to these studies, we used sorafenib at 10 pM
in vitro and 30 mg/kg in mice to represent the pharmacologic dose
and at 1 uM in vitro and 7.5 mg/kg in mice to represent a subpharma-
cologic dose. In our mCAR T cell experiments, the pharmacologic
dose of sorafenib suppressed the proliferation, cytokine production,
and cytotoxicity of mCAR T cells in vitro and showed no synergistic
effect with GPC3 mCAR T cells against C57BL/6 HCC model mice.
However, the subpharmacologic dose of sorafenib showed a limited
impact on mCAR T cell functions and enhanced the therapeutic effi-
cacy of mCARTT cells, in part by modulating the production of IL12 in
TAMs. In our huCAR T cell experiments, we found that neither the
pharmacologic nor the subpharmacologic dose of sorafenib had a sig-
nificant influence on the functions of huCAR T cells in vitro, and at
both doses, sorafenib synergized with huCAR T cells to improve anti-
tumor efficacy in vivo. Thus, we propose that we can combine mCAR
T cells with a subpharmacologic dose of sorafenib in immunocompe-
tent mice for scientific research and combine huCAR T cells with
pharmacologic doses of sorafenib in patients for clinical treatment.

The most commonly used mouse models for CAR T cell research are
of two types: mouse spleen-derived CAR T cells against murine
tumors in immunocompetent mice and human PBMC-derived
CAR T cells against human tumor xenografts in immunodeficient
%> The advantage of the immunocompetent mouse model
for CAR T research is that the intact immune microenvironment

mice.

within murine tumors is convenient for the study of interactions be-

tween mCAR T cells and other immune cell populations. The human
CAR (huCAR) T cell therapeutic model in immunodeficient mice
lacks an intact tumor immune microenvironment but more closely
reflects the way the therapy is applied clinically. Both the immuno-
competent and immunodeficient mouse models have unique advan-
tages and were therefore used in this study. In the mCAR T cell
therapeutic model experiments, we focused on the immune-regulato-
ry effects of sorafenib and found that sorafenib induced IL12 secretion
in macrophages and subsequently improved mCAR T cell activity.
However, in our huCAR T cell studies in immune-compromised
NSG mice, we found that sorafenib synergistically promoted HCC
cell apoptosis with huCAR T cells and enhanced the antitumor effi-
cacy of huCAR T cells. A synergistic effect on apoptosis induction
was also observed between mCAR T cells and sorafenib against mu-
rine HCC cells. These results indicate that combining sorafenib with
CART cell therapy increased treatment efficacy against HCC and that
multiple mechanisms may be involved in the synergistic effect be-
tween sorafenib and CAR T cells.

Different sensitivities to high-dose sorafenib were observed between
mouse and huCAR T cells in this study. The major reason for this
difference may be the different origin of mouse and huCAR T cells.
mCAR T cells were derived from mouse spleen and huCAR T cells
from human PBMCs. Species difference may be the other reason.
Additionally, mCAR T cells are much more sensitive to activation-
induced cell death and have much shorter persistence than huCAR
T cells.*” Considering the difference between the behaviors of mouse
and huCAR T cells, research results obtained from mCAR T cells
should be reconfirmed in huCAR T cells.

Lymphodepletion before CAR T cell infusion is an important compo-
nent of CAR T cell therapy.* In our phase I clinical trial of GPC3-CAR
T cells against HCC, all six patients without lymphodepleting condi-
tions who received CAR T cell therapy developed progressive disease.
Among the seven patients with lymphodepleting conditions, one had
a partial response, and two had stable disease.” One reason for the ben-
efits of lymphodepletion is the elimination of Tregs by chemothera-
peutic drugs before CAR T cell infusion.** Sorafenib has also been
shown to reduce Tregs in HCC patients.”” Hence, when we combine
sorafenib and CAR T cell treatment in the clinic, lymphodepletion
may also be considered as a beneficial part of a clinical treatment plan.

In summary, we established immunocompetent and immunodefi-
cient mouse HCC models for GPC3-CAR T cell research and then

Figure 6. Combination of Sorafenib with huCAR T Cells Leads to Enhanced Antitumor Efficacy in NSG Mice

(A In vivo experimental design. NSG mice were subcutaneously inoculated with 5 x 10° PLC/PRF/5 cells on day 0. On day 11, 2 x 10 huCAR T cells were intravenously
administered, and vehicle or sorafenib at 7.5 mg/kg (Sora7.5) or 30 mg/kg (Sora30) was administered orally for 2 weeks. (B) Tumor growth curves (n = 5 or 6). (C) On day 43
after tumor cell inoculation, the mice were euthanized. Tumor weight was measured (n = 5 or 6). (D and E) Representative immunostaining images (D) and quantification (E) of
huCART cellinfiltration in tumor tissues (n = 5). Scale bars, 50 um. (F and G) Immunohistochemistry analysis of activated caspase-3 in PLC/PRF/5 xenografts. Representative
immunostaining images (F) and quantification (G) of activated caspase-3 in tumor tissues (n = 5). Scale bars, 50 um. (H and l) Representative flow cytometry plots (H) and
quantification (I) results showing the frequencies of Annexin V* PLC/PRF/5 cells after sorafenib and huCAR T cell treatment. Before Annexin V staining, PLC/PRF/5 cells were
prelabeled with Cell Trace Violet dye and then treated with huCAR T cells at a 1:10 ratio and various concentrations of sorafenib for 48 h. The results are expressed as the
mean + SEM. Significance of findings was defined as follows: ns, not significant; p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.
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combined mouse and huCAR T cells with the clinically accessible
agent sorafenib. Although mouse and huCAR T cells showed different
sensitivities to a pharmacologic dose of sorafenib, a subpharmaco-
logic dose of sorafenib enhanced the antitumor activities of mouse
and huCAR T cells, at least in part through macrophage modulation
or apoptosis promotion. Our findings provide the basis for a clinical
trial using a combination of sorafenib and GPC3-redirected CAR
T cells against HCC.

MATERIALS AND METHODS

Primary Cells and Cell Lines

Hepal-6 mouse HCC cells were purchased from the Chinese Acad-
emy of Sciences (Shanghai, China) and modified to express mouse
GPC3, human GPC3, and chimeric GPC3 (chGPC3). The human
HCC cell line PLC/PRF/5 was purchased from ATCC. All the HCC
cell lines were cultivated in DMEM (Gibco) supplemented with
10% fetal bovine serum (FBS; GIBCO), penicillin (100 U/mL), and
streptomycin (0.1 mg/mL).

BMDMs were generated as previously described.”” Briefly, bone
marrow flushed from femurs and tibias of mice were filtered through
a 70 um nylon cell strainer and plated in Petri dishes in DMEM
supplemented with 10% heat-inactivated FBS, recombinant murine
M-CSF (50 ng/mL; Peprotech), 2-mercaptoethanol (50 uM), peni-
cillin (100 U/mL), and streptomycin (0.1 mg/mL). The cells were
re-fed on day 3 and were used within 10 days.

Expression Constructs

The human-mouse GPC3 chimera (chGPC3) was built by replacing a
sequence (Lys53 8 to Pro°®®) in mouse GPC3 (GemBank:
NM_016697.3) with a sequence from the 9F2-binding epitope
(Ser® to His**) in human GPC3 (Genbank: NM_001164617.1).
Then, chGPC3 was inserted into the third-generation, non-self-inac-
tivating, EF-1a promoter-based lentiviral expression vector pWPT-
eGFP. The CAR 9F2-m28z was composed of the anti-GPC3 scFv
9F2 linked by the hinge and transmembrane regions of the murine
CD8a. chain and intracellular murine CD28 and CD3¢ (mCD28-
CD3z) signaling domains and was cloned into the EcoRI/Sall sites
of the retroviral vector MSCV-IRES-GFP for expression. The 9F2-
hu28z construct has been described in detail by our laboratory.*®
The pCL-Eco retrovirus packaging vector and the MSCV-9F2-m28z
cDNA expression vector were used to generate a retrovirus for murine
T cell transduction. Lentiviruses and retroviruses were generated with
a polyethylenimine-based DNA transfection system.

Generation of CAR T Cells

Mouse T cells were isolated from murine spleen using a mouse T cell
isolation kit (Stemcell Technologies) and subsequently stimulated
with anti-mouse CD3/CD28 magnetic beads (Invitrogen) for 24 h.
Then, activated T cells were retrovirally transduced with 9F2-m28Z
CAR in RetroNectin (Takara)-coated plates and cultivated in RPMI
1640 medium containing 10% heat-inactivated FBS, 2-mercaptoetha-
nol (50 pM), recombinant human IL-2 (100 U/mL; Shanghai Huaxin
High Biotech), penicillin (100 U/mL), and streptomycin (0.1 mg/mL).
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For generation of huCAR T cells, PBMCs obtained from Shanghai
Blood Center were stimulated with anti-human CD3/CD28 magnetic
beads (Invitrogen) for 48 h. Human T cells were then transduced with
lentiviruses on RetroNectin-coated plates and maintained in culture
in AIM-V (Gibco) supplemented with 2% human AB Serum (ABS;
Gemini) and recombinant human IL-2 (500 U/mL).

Flow Cytometry

chGPC3 on Hepal-6 cells was detected by mAb 9F2 followed by goat
anti-mouse IgG-PE (Santa Cruz). To assess CAR expression, T cells
were stained with a goat anti-human biotin-conjugated anti-Fab anti-
body (Jackson ImmunoResearch), followed by PE-conjugated strep-
tavidin (eBioscience). For detection of CD107a and IFN-y, T cells
were fixed, permeabilized, and stained with antibodies against
CD107a and IFN-y (eBioscience). To analyze the in vitro prolifera-
tion of CAR T cells, a CellTrace Violet cell proliferation kit (Thermo
Fisher Scientific) was used for labeling of cells to trace multiple
generations via dye dilution by flow cytometry. For in vivo detection
of CAR T cells prelabeled with CellTrace Violet dye, tumor tissues
isolated from tumor-bearing mice were cut into small pieces and
resuspended in digestion medium containing collagenase type IV
(0.5 mg/mL; Sigma Aldrich) and DNase I (0.02 mg/mL; StemCell
Technologies) for 30 min at 37°C on a shaker. Then, the suspension
was filtered through a 70 um Falcon cell strainer, centrifuged, and
stained with antibodies against CD45 (BD Biosciences) and IFN-v,
according to the manufacturer’s instructions.

Cytokine Release Assay

Mouse or huCAR T cells were cultivated in 24-well plates precoated
with GPC3 protein for 24 h. The release of IL-2, IFN-y, and TNF-a
cytokines from activated mCAR or huCAR T cells was determined
with a cytometric bead array (BD Biosciences), according to the man-
ufacturer’s instructions. The release of IL12 from BMDMs was detected
with an ELISA kit (MultiSciences Biotechnology) as described in the
manufacturer’s instructions. For detection of IL12 within the tumor
microenvironment, tumor tissues were dissected into small pieces,
placed into normal saline, and homogenized with a TissueLyser
(QIAGEN). After centrifugation, the supernatant of homogenates
was collected and assayed for IL12 production with an ELISA kit.

Cytotoxicity Assay

GPC3-targeted mCAR or huCAR T cells were pretreated with sorafe-
nib at different concentrations for 4 h and then incubated with
Hepal-6-chGPC3 or PLC/RPF/5 cells for 4 h. The specific cytotox-
icity of GPC3-CAR T cells was evaluated with an LDH release assay
using a CytoTox 96 nonradioactive cytotoxicity kit (Promega) ac-
cording to the manufacturer’s instructions.

Real-Time gPCR

TAMs were isolated from a single-cell suspension of sorafenib-treated
Hepal-6-chGPC3 tumors using anti-mouse F4/80 microbeads (Milte-
nyi Biotec). Total RNA was extracted from TAMs, and cDNAs were
synthesized with a GoScript RT system (Promega). The relative gene
expression of B-actin and IL12a was determined by using Real-Time
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SYBR Green PCR Master Mix (Takara) on a 7500 Real-Time PCR
System (Applied Biosystems). The primer sequences used were, forward
primers: IL12, 5-GCCAGGTGTCTTAGCCAGTC-3' and Actin,
5'-ATCGTGCGTGACATCAAAGA-3'; reverse primers: IL12, AGC
TCCCTCTTGTTGTGGAA-3' and Actin, 5-ACAGGATTCCATA
CCCAAGAAG-3. The delta-delta comparative threshold (AACt)
method was used to calculate fold change in IL12a gene expression,
which was normalized to actin as the reference gene.

IHC

Tumor tissues were fixed with formalin and embedded in paraffin.
Then, 3-pum-thick sections were deparaffinized and treated with a
heat-induced antigen retrieval citrate solution. Slides were then
blocked with 1% BSA and stained with anti-human CD3e antibody
(Thermo Fisher Scientific), cleaved caspase-3 antibody (Cell Signaling
Technology), or mAb 9F2 in the blocking solution overnight at 4°C.
Secondary antibodies were added, and the results were visualized with
a ChemMate Envision Detection Kit (DakoCytomation).

In Vivo Engraftment Model

All animals were treated under specific-pathogen-free conditions at
the Experimental Animal Center of Shanghai Cancer Institute
(Shanghai, China). All mouse studies were performed in accordance
with protocols approved by the Shanghai Medical Experimental An-
imal Care Commission. Four- to 6-week-old C57BL/6 mice were in-
jected with 1 x 10” Hepal-6-chGPC3 cells in the right flank on day 0.
Starting on day 8, 7.5 or 30 mg/kg sorafenib (Selleck) was adminis-
tered orally to the mice for 10 days. On days 9 and 13, 2 x 10°
CAR T cells were injected into the tail vein. To establish PLC/
PRF/5 tumor models, 6-week-old NSG mice were inoculated subcu-
taneously with 5 x 10° PLC/PRF/5 cells on day 0. After 11 days,
7.5 or 30 mg/kg of sorafenib was administered by gavage daily for
2 weeks and with 2 x 10° CAR T cells injected intravenously.

Statistical Analysis

Statistical analyses were performed with GraphPad Prism software,
version 7. One-way ANOVA and Tukey’s test were performed to
assess differences between groups treated with sorafenib at various
concentrations. Tumor growth data were analyzed with two-way
ANOVA. Survival curves were analyzed by using a log-rank test.
All values and error bars represent the mean + SEM. In the figures,
significance of findings was defined as follows: ns, not significant;
p > 0.05; *p < 0.05; **p < 0.01; or **p < 0.001.
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