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Despite the remarkable success of chimeric antigen receptor-
modified T (CAR-T) cell therapy for blood malignancies, the
clinical efficacy of this novel therapy in solid tumor treatment
is largely limited by the immunosuppressive tumor microenvi-
ronment (TME). For instance, immune checkpoints (e.g., pro-
grammed cell death protein 1 [PD-1]/programmed death
ligand 1 [PD-L1]) in TME play an important role in inhibiting
T cell proliferation and functions. Transforming growth factor
b (TGF)-b secreted by cancer cells in TME induces regulatory
T cells (Tregs) and inhibits cytotoxic T cells. To overcome the
inhibitory effect of immune checkpoints, we have previously
engineered CAR-T cells to secrete anti-PD-1 to block the PD-
1/PD-L1 pathway activity, a step demonstrating superior anti-
tumor efficacy compared with conventional CAR-T cells. In
this study, we engineered CAR-T cells that secrete bispecific
trap protein co-targeting PD-1 and TGF-b, with the aim of
further improving antitumor immunity. Compared with con-
ventional CAR-T cells and anti-PD-1-secreting CAR-T cells,
data from in vitro and in vivo experiments showed that CAR-
T cells with trap protein secretion further attenuated inhibitory
T cell signaling, enhanced T cell persistence and expansion, and
improved effector function and resistance to exhaustion. In the
xenograft mouse model, CAR-T cells with trap protein secre-
tion exhibited significantly enhanced antitumor immunity
and efficacy. With these observations, we demonstrate the po-
tential of trap protein self-secreting CAR-T cells as a potent
therapy for solid tumors.
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INTRODUCTION
Over the last two decades, adoptive transfer of chimeric antigen
receptor-engineered T (CAR-T) cells has emerged as a promising
therapeutic strategy for management and treatment of cancer.1–3 In
general, CARs are synthetic proteins expressed on the T cell surface.
CARs consist of an extracellular antigen-binding domain, a hinge, a
transmembrane domain, and both intracellular costimulatory and
activation domains. Upon antigen recognition, CAR-T cells can be
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activated and exhibit a major histocompatibility complex (MHC)-un-
restricted tumor cell killing effect.4 The potential of CAR-T therapy
for hematological malignancies has been validated by clinical studies.
Two anti-CD19 CAR-T products have been approved by the US Food
andDrug Administration (FDA) encouraging more research aimed at
developing CAR-T therapies with higher remission rates inmore can-
cer types.5 However, despite extensive efforts, the success of CAR-T
therapy is not yet extrapolated to solid tumors.

The tumor microenvironment (TME) in solid tumor imposes immu-
nosuppression on CAR-T cells, constituting a critical challenge to the
success of CAR-T therapy in solid tumors. Besides the physical and
metabolic barriers of, for example, low oxygen, low nutrient, or low
pH, multiple mechanisms in TME act to inhibit CAR-T cell function
and expansion.6,7 For instance, tumor cells have upregulated expres-
sion of immune-checkpoint ligands, such as programmed cell death
ligand 1 (PD-L1). When PD-L1 binds to its receptor programmed
cell death protein 1 (PD-1) on CAR-T cells, the immune-checkpoint
interaction activates immunosuppressive cell signaling that causes
CAR-T cell dysfunction and exhaustion, ultimately leading to the im-
mune tolerance of tumor cells.8,9 Recent preclinical and clinical
studies have shown that knockdown or knockout of the PD-1 gene
in CAR-T cells or combining immune-checkpoint blockades with
CAR-T cells could significantly augment T cell immune response
and enhance the antitumor efficacy of CAR-T therapy.10–12 There-
fore, to provide a new approach for combinational CAR-T therapy,
we previously developed CAR-T cells secreting checkpoint inhibitors
to block the PD-1/PD-L1 interaction.13 Compared with systemic
administration of the PD-1 antibody with CAR-T cells, anti-PD-1
self-secreting CAR-T cells have proven more functional and expand-
able, as well as more efficient in mediating tumor eradication.13
or(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Generation and characterization of CAR-T cells and target cells

(A) Schematic diagram of CAR-T cells with trap protein secretion in the tumor microenvironment. (B) Schematic representation of CAR constructs of the parental anti-CD19

CAR (CD19 CAR), anti-CD19 CAR with anti-PD-1 scFv secretion (CD19 CAR-aPD-1) and anti-CD19 CAR with trap protein secretion (CD19 CAR-Trap). (C) Expression of

CARs in primary human T cells. CAR-T cells were stained with biotin-conjugated rat anti-mouse F(ab0)2 antibody, followed by APC-conjugated streptavidin, to detect CAR

expression on the cell surface. NT indicates non-transduced T cells, which were used as a control. (D and E) Expression of PD-L1 and CD19 on the cell surface of target cell

lines. (F) Secretion level of TGF-b by target cell lines. The concentrations of TGF-b in the conditioned cell culture medium were shown in the bar graph (n = 3, mean ± SD).

www.moleculartherapy.org
Another well-defined immunosuppressive mechanism in TME comes
from the soluble molecules secreted by tumor cells, stromal cells, and
suppressive immune cells. Among these molecules, transforming
growth factor b (TGF-b) is particularly important in inhibiting
T cell effector function and inducing T cell differentiation into the
regulatory phenotype.14–16 Immunosuppression from TGF-b is
potent and associated with immune-checkpoint signaling path-
ways.17,18 Studies have found that active TGF-b signaling in TME
might be responsible for the poor response rates observed in clinical
trials of checkpoint inhibitors, especially in the treatment for prostate
cancer, ovarian cancer, and breast cancer.19,20 Seeking to boost anti-
tumor immunity, several studies have reported on checkpoint inhib-
itors with anti-TGF-b monoclonal antibodies or small molecule in-
hibitors of the TGF-b receptor.21–23 In a recent study, Ravi et al.24

reported a bifunctional antibody-ligand trap protein comprising an
anti-PD-L1 antibody fused with a TGF-bRII ectodomain sequence.
Through the dual-targeting effect, the trap protein simultaneously
blocks immune checkpoints and inhibits TGF-b-mediated differenti-
ation of regulatory T cells (Tregs), thereby offering a promising strat-
egy for cancers that fail to respond to immune-checkpoint inhibitors.

Inspired by the findings from combination therapies that co-target
immune checkpoints and the TGF-b signaling pathway, we herein
report the development of anti-PD-1 self-secreting CAR-T cells
with the capacity to release trap proteins (Figure 1A). It consists
of an anti-PD-1 single-chain fragment variant (scFv) fused with a
TGF-bRII ectodomain, and it is expected to enhance CAR-T therapy
for solid tumors. In our xenograft mouse model, CAR-T cells with
trap protein secretion exhibited enhanced tumor infiltration, expan-
sion, and antitumor efficacy when compared with both parental
CAR-T cells and anti-PD-1 self-secreting CAR-T cells. We demon-
strated that trap protein secretion empowered CAR-T cells with
notable potential to eradicate solid tumors and prevent tumor
relapse.

RESULTS
Generation and characterization of CAR-T cells and target cell

lines

The schematic representation of the retroviral vector constructs used
in this study is shown in Figure 1B. Based on the construct of the sec-
ond-generation anti-human CD19 CAR (CD19 CAR) that contains
an anti-human CD19 scFv, a hinge and transmembrane domain, an
intracellular CD28 costimulatory domain, and a CD3z activation
domain, we generated the anti-CD19 CARwith anti-PD-1 scFv secre-
tion (CD19 CAR-aPD-1) by using a P2A element as the linker be-
tween the CD19 CAR sequence and the anti-PD-1 scFv sequence.
The feasibility and functionalities of CD19 CAR-aPD-1 have been
demonstrated by various in vitro and in vivo experiments in our pre-
vious study.13 In the present study, we further engineered the anti-
CD19 CAR with trap protein secretion (CD19 CAR-Trap) by fusing
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Figure 2. Characterization of trap protein

(A and B) Detection of trap protein binding to 293T-PD-1 cells by anti-His-tag antibody or anti-mouse Fab antibody. Cell culture supernatant was collected from 293T cells

transfected with the trap protein vector and used to incubate 293T cells with PD-1 expression at room temperature for 1 h. Cell culture soup collected from wild-type 293T

cells was used as control. (C) Trap protein purified from transfected 293T cells was analyzed by western blot. (D and E) Binding ability of trap to PD-1 and TGF-b using

sandwich ELISA, wherein purified trap protein was added to PD-1-Fc- or TGF-b-coated plates, followed by detection by anti-His-tag antibody conjugated with HRP.
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the anti-PD-1 scFv sequence with a TGF-b-binding sequence derived
from TGF-bRII through a glycine-serine (GS) linker.

Human peripheral blood mononuclear cells (PBMCs) were activated
and transduced with each of the three CAR constructs. As shown in
Figure 1C, CARs were expressed in primary lymphocytes at a simi-
larly high level (>60%). During the 2-week T cell expansion phase,
CAR expression levels were stably maintained. After performing
freeze and thaw, about 40% of CAR expression was maintained. To
test the antigen-specific functionalities of CAR-T cells, we engineered
three different target cell lines, SKOV3-CD19, H292-CD19, and PC3-
PD-L1-CD19, also termed as PC3-CD19. The three target cell lines
showed similar expression levels of antigen CD19 and TGF-b (Fig-
ures 1E and 1F), but for immune-checkpoint molecule PD-L1,
PC3-CD19 had a significantly higher expression level than the other
two cell lines (Figure 1D). Since the cell line with a higher expression
of TGF-b and PD-L1 might serve as a better tool to test the effect of
the bifunctional trap protein on CAR-T cells, PC3-CD19 was used in
most of the following experiments.

Characterization of trap protein

To assess trap protein synthesized by engineered cells, 293T cells were
transfected to produce trap protein labeled with a His-tag. 3 days
post-transfection, the cell culture supernatant was harvested and
used to incubate 293T cells engineered to express PD-1 on the cell
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surface. After 1 h of incubation, trap protein binding to 293T-PD-1
was detected by either anti-His-tag antibody or anti-mouse F(ab0)2
antibody (Figures 2A and 2B).

Furthermore, trap protein was purified from cell culture supernatant
of transfected 293T cells using a His-tag-labeled protein purification
protocol. Western blotting analysis confirmed the secretion of the
trap protein with a molecular weight of 56 kDa (Figure 2C). The
bifunctional binding activity of the trap protein to PD-1 and TGF-
b was confirmed by enzyme-linked immunosorbent assay (ELISA),
wherein purified protein was added to recombinant human PD-1-
Fc- or TGF-b-coated plates at different concentrations, and the bind-
ing was detected by anti-His-tag antibody (Figures 2D and 2E).

Trap protein secretion changes cytokine expression and

improves proliferation of CAR-T cells in response to antigen

stimulation

To study how trap protein affects the response of CAR-T cells to
target cells in vitro, we co-cultured CAR-T cells with PC3-CD19 cells
at a 1:1 cell-to-cell ratio for 16 h in the presence of the protein trans-
port inhibitor. Compared with non-transduced (NT) control cells, we
found that CAR-T cells all responded to the stimulation from target
cells with increased expression of the proinflammatory cytokines
interferon (IFN)-g, tumor necrosis factor (TNF)-a, and interleukin
(IL)-2. However, the effects of protein drug secretion on the cytokines



Figure 3. Reponses of CAR-T cells upon stimulation from target cells

CAR-T cells were co-cultured with PC3-PD-L1-CD19 (also termed PC3-CD19) cells for 16 h in the presence of protein transport inhibitor Brefeldin A. (A–F) IFN-g (A), TNF-a

(B), IL-2 (C), Ki67 (D), granzyme B (E), and CD107a (F) were measured by flow cytometry, and the percentages of marker-positive cells were shown in the bar graphs. NT cells

were used as a control (n = 3, mean ± SD).
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were quite different. For IFN-g, CD19 CAR-aPD-1 and CD19 CAR-
Trap failed to exhibit a higher percentage of IFN-g+ T cells than CD19
CAR in either CD4+ or CD8+ T cell populations (Figure 3A). For
TNF-a, CD19 CAR-Trap showed more production than CD19
CAR in both CD4+ and CD8+ T cell populations, whereas CD19
CAR-aPD-1 only had an effect similar to that of the CD4+ T cell pop-
ulation (Figure 3B). When IL-2 was examined, no difference was
detected with the exception of the CD19 CAR-aPD-1 group, which
exhibited a higher expression of the CD4+ T cell population compared
with the other two groups (Figure 3C). Besides PC3-CD19, the im-
mune response of CAR-T cells upon stimulation from H292-CD19
and SKOV3-CD19 was confirmed by intracellular IFN-g staining
(Figure S1).

Granzyme B and CD107a expression were measured to assess the
cytotoxic function of CAR-T cells upon antigen stimulation. Unlike
the results of proinflammatory cytokine production, CD19 CAR-
Trap showed a consistently enhanced expression of granzyme B
and CD107a in its CD8+ T cell population in all four groups (Figures
3E and 3F). CD19 CAR-aPD-1 had an improved production of gran-
zyme B over that of CD19 CAR in the CD8+ T cell population, but no
significant improvement was observed in the production of CD107a
(Figures 3D and 3E).

Meanwhile, the expression of Ki67 in CAR-T cells was measured to
elucidate the cell-proliferative potential. Among three CAR-T groups,
it was found that CD19 CAR-Trap had the highest positive rate of
Ki67 in CD4+ or CD8+ T cell populations, followed by CD19 CAR-
aPD-1 (Figure 3D).

Taken together, these results clearly show that trap protein secretion
differentially influenced T cell functional markers. Although trap pro-
tein did not profoundly affect pro-inflammatory cytokine expression,
it did significantly enhance the expression of cell proliferation marker
and cytotoxicity-related molecules, indicating that CAR-T cells with
trap protein secretion can proliferate faster and exert a more potent
target killing effect upon short-term stimulation.

Trap protein secretion attenuates TGF-b signaling, reduces the

proportion of Treg, and improves the effector cytokine secretion

of CAR-T cells

We next sought to study the capability of CAR-T cells with trap pro-
tein secretion to lyse target cells by co-culturing CAR-T cells with a
series of target cells at various effector-to-target ratios for 24 h. In
the co-culture with H292-CD19, SKOV3-CD19, and PC3-CD19 cells,
at different effector-to-target ratios, CD19 CAR-Trap exhibited a cell
killing capability comparable to that of CD19 CAR and CD19 CAR-
aPD-1 (Figure 4A). The antigen-specific cell lysis of CAR-T cells was
so potent that saturation was observed at the effector-to-target ratio of
3:1 for H292-CD19 and PC3-CD19 cells and at 1:1 for SKOV3-CD19
cells (Figure 4A). The effect of trap protein secretion on cell killing
capability was, however, not significant (ns) within 24 h of co-culture.
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Figure 4. In vitro functionality of CAR-T cells

(A) Cytotoxicity of CAR-T cells against target cells. Three groups of CAR-T cells were co-cultured for 24 h with H292-CD19, SKOV3-CD19, and PC3-CD19 cells at 1:1, 3:1,

and 5:1 effector-to-target ratios. NT cells were used as a control (n = 3, mean ± SD). (B) Expression of phosphorylated Smad2/3 (pSmad2/3) in T cells after incubation in

different concentrations of recombinant TGF-b for 24 h. The percentages of pSmad2/3+ T cells were shown in bar graphs (n = 3, mean ± SD; ***p < 0.001). (C) Representative

FACS gating for pSmad2/3+ T cells using NT cells without incubation as a negative control. (D) Percentages of Tregs (CD4+CD25+Foxp3+) in different CAR-T cell groups with

or without co-culture with PC3-CD19 cells for 24 h. The data from FACSwere shown in bar graphs. NT cells were used as a control (n = 3, mean ± SD; ***p < 0.001). (E) CAR-

T cells were co-culturedwith PC3-CD19 cells for various durations. IFN-g secretion in supernatants was quantified by ELISA (n = 3,mean ±SD; ns, not significant; **p < 0.01).
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In human CD4+ T cells, antigen stimulation concomitant with TGF-b
induces the expression of Foxp3 in naive CD4+ T cells and converts
them to CD4+ CD25+ Foxp3+ Tregs.25 To confirm the ability of the
trap protein to block the TGF-b signaling pathway, TGF-b-induced
phosphorylation of Smad2/3 and Foxp3 expression in human
148 Molecular Therapy: Oncolytics Vol. 21 June 2021
T cells was measured. When CAR-T cells were incubated with
TGF-b at various concentrations for 24 h, the phosphorylation of
Smad2/3 was elevated in the NT, CD19 CAR, and CD19 CAR-
aPD-1 groups in a dose-dependent manner, whereas that in the
CD19 CAR-Trap group remained at the basal level (Figures 4B and



Figure 5. Expression of exhaustion markers in CAR-T cells

(A) CD3+ T cells were shown in each panel. PD-1+CD8+ T cells were gated, and their percentage over total CD3+ T cells was shown in each scatterplot. (B) The percentages of

PD-1+CD4+ and PD-1+CD8+ T cells over total CD4+ and CD8+ T cells were shown in bar graphs (n = 3, mean ± SD; ***p < 0.001). (C and D) LAG3 expression and TIM3

expression were measured by flow cytometry. The percentages of LAG3+CD8+ and TIM3+CD8+ T cells over total CD8+ T cells were shown in bar graphs (n = 3, mean ± SD;

**p < 0.01). (E and F) PD-L1 expression wasmeasured by flow cytometry. The percentages of PD-L1+CD4+ and PD-L1+CD8+ over total CD4+ andCD8+ T cells were shown in

bar graphs (n = 3, mean ± SD; *p < 0.05; **p < 0.01).
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4C). The expression of Foxp3 in the CD4+ T cell population, repre-
senting the differentiation of Tregs, was measured with or without
co-culture with PC3-CD19 cells. We found that CD19 CAR and
CD19 CAR-aPD-1 exhibited a greater proportion of Tregs compared
with NT, especially after being co-cultured with target cells. However,
CD19 CAR-Trap contained fewer Tregs than CD19 CAR and CD19
CAR-aPD-1, irrespective of co-culture with target cells (Figure 4D).
Notably, the proportion of Tregs in CD19 CAR-Trap T cells was
lower than that in NT cells.

To evaluate the effect of trap protein on effector function, CAR-T cells
were co-cultured with PC3-CD19 for different durations. The condi-
tioned supernatants were collected and processed for IFN-g quantifi-
cation by ELISA. Upon stimulation by PC3-CD19 for 24 h and 48 h,
CD19 CAR-aPD-1 and CD19 CAR-Trap secreted a similar amount
of IFN-g, which was higher than the amount secreted by CD19
CAR (Figure 4E). After 72 h of antigen stimulation, CD19 CAR-
Trap had a significantly higher secretion of IFN-g than either
CD19 CAR or CD19 CAR-aPD-1 (Figure 4E).

Trap protein secretion rescues the CAR-T cell from exhaustion

by limiting the upregulation of immune-checkpoint molecules

Importantly, trap protein blocks the binding between PD-1 and PD-
L1, concomitant with the blocking of TGF-b signaling, as a step to
remediate T cell exhaustion. Since PD-1/PD-L1 binding induces
increased expression of PD-1 on the T cell surface, we investigated
the effect of trap protein on PD-1 expression by co-culturing CAR-
T cells with PC3-CD19 cells. After 24 h, all CAR-T groups exhibited
upregulated PD-1 expression compared with NT. In contrast, PD-1
expression was significantly lower in the CD19 CAR-aPD-1 and
CD19 CAR-Trap groups compared with that in the CD19 CAR
group, indicating that the secreted protein drugs, anti-PD-1 scFv
and trap protein, played a role in limiting the upregulation of PD-1
expression. No significant difference was observed between CD19
CAR-aPD-1 and CD19 CAR-Trap (Figure 5A). When different
T cell subtypes were examined, similar results were observed in
both CD4+ T cells and CD8+ T cells (Figure 5B).

In addition to PD-1, other immune-checkpoint molecules are ex-
pressed on the T cell surface, such as lymphocyte-activation gene 3
(LAG3), T cell immunoglobulin domain and mucin domain-contain-
ing protein 3 (TIM3), and PD-L1, contributing to T cell exhaustion
upon antigen stimulation as a complex interaction network.26–28 To
further evaluate the capability of trap protein to rescue CAR-T cells
under these conditions, we tested the expression of LAG3, TIM3,
and PD-L1 in CAR-T cells after co-culture with PC3-CD19 cells for
24 h. Again, CAR-aPD-1 and CD19 CAR-Trap had less LAG3 and
PD-L1 upregulation than that exhibited by CD19 CAR (Figures 5C,
5E, and 5F). In the analysis for TIM3, CAR-aPD-1 and CD19
CAR-Trap showed a trend toward the inhibition of TIM3
Molecular Therapy: Oncolytics Vol. 21 June 2021 149
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upregulation, but it did not reach statistical significance (Figure 5D).
The effect of trap protein to alleviate CAR-T cell exhaustion was also
confirmed by the data collected from co-culture with H292-CD19 and
SKOV3-CD19 (Figures S2–S5).
Trap protein-secretingCAR-T cells exhibit enhanced expansion,

infiltration, and antitumor efficacy in vivo

Having confirmed the in vitro specificity and functionality of CD19
CAR-Trap in response to CD19+PD-1+ target cells, we continued to
evaluate the antitumor potential of CD19 CAR-Trap cells in vivo uti-
lizing a subcutaneous human prostate cancer xenograft model in
NOD.Cg-PrkdcscidIL2Rgtm1Wjl/Sz (NSG) mice. The experimental
procedure for animal study is shown in Figure 6A.

Briefly, PC3-CD19 cells (3� 106) were injected into the right flank of
NSG mice. When the average tumor size reached 75�100 mm3 on
day 16 post-tumor inoculation, the tumor-bearing mice were ran-
domized into four groups (5 mice per group), and they received
2 � 106 CAR-T cells through intravenous injection. During the 12-
day tumor-growth monitoring period, groups receiving CAR-T treat-
ment groups showed more efficacy in inhibiting tumor progression
compared to the NT group. Among CAR-T treatment groups,
CD19 CAR-Trap exhibited significantly slower tumor growth than
CD19 CAR and CD19 CAR-aPD-1, suggesting enhanced antitumor
efficacy (Figure 6B). In comparison between CD19 CAR and CD19
CAR-aPD-1, no significant difference was observed.

On day 12 post-treatment, mice were all euthanized, and T cells in tu-
mors were analyzed. In the analysis of tumor samples, T cell infiltra-
tion of the NT group was negligible; therefore, we only focused on the
three CAR-T treatment groups. In terms of tumor-infiltrating lym-
phocytes (TILs), the CD19 CAR-Trap groups had a higher CD8
T:CD4 T ratio than either the CD19 CAR group or CD19 CAR-
aPD-1 group (Figure 6C). Consistent with the data from in vitro
studies, treatment with CD19 CAR-Trap resulted in inhibition of
PD-1 expression on TILs, differentiation of Foxp3+ Tregs, and
TGF-b signaling (Figures 6D–6F). Furthermore, TILs of the CD19
CAR-Trap treatment group displayed a slightly higher proportion
of effector memory T cells than either the CD19 CAR group or
CD19 CAR-aPD-1 group (Figure S6).

To compare the CAR-T infiltration and expansion in vivo, tumor,
blood, spleen, and bone marrow of each group were harvested and
examined. The T cell population was identified using tissue samples
from a nontreated mouse as a control (Figure 6H). We found that
CD19 CAR-Trap maintained a high proportion of T cells (14%) in tu-
mors on day 12 post-treatment, which was more than three times the
T cell percentages shown in the CD19 CAR group (1%) and CD19
CAR-aPD-1 group (4%) (Figure 6G). Similar results were shown in
the analysis for blood, spleen, and bone marrow. Compared with
NT, all CAR-T treatment groups had more T cells present, but
CD19 CAR-Trap exhibited a significantly higher level than other
CAR-T groups (Figure 6G). In a nutshell, within 12 days, CD19
150 Molecular Therapy: Oncolytics Vol. 21 June 2021
CAR-Trap showed a superior expansion in tumor, blood, spleen,
and bone marrow.

Trap protein-secretingCAR-T cells achieve long-term remission

and prevent tumor relapse

To further explore the antitumor potential of CD19 CAR-Trap, we
conducted a long-term in vivo efficacy study with the dose of CAR-
T cells doubled (4� 106 cells). The establishment of the tumor model
was the same as previously described. As shown in Figure 7A, tumor-
bearing mice were randomized into four groups (8 mice per group)
with an average tumor size of ~100 mm3. Most mice of the NT group
reached the endpoint tumor size of 1000 mm3 within the 12 days.
Although CD19 CAR and CD19 CAR-aPD-1 indistinguishably
slowed the tumor growth rate, CD19 CAR-Trap decreased the tumor
size by more than 50% (Figure 7B). Notably, we found that tumors of
mice in the CD19 CAR-Trap group shrank faster when the tumor vol-
ume got smaller, and they could be detected at 16 days post-treat-
ment. In the meantime, no significant body weight loss was observed
in any treatment group (Figure 7C).

After taking out the mice that met the endpoint, we continued to
monitor the survival of mice for 60 days. The 8 mice of the CD19
CAR-Trap group kept complete remission until the end. In the
CD19 CAR and CD19 CAR-aPD-1 groups, only 1 mouse achieved
complete remission. Compared with either CD19 CAR (12.5%) or
CD19 CAR-aPD-1 (12.5%), CD19 CAR-Trap significantly improved
the survival rate (100%) (Figure 7D). The 8 mice of CD19 CAR-Trap
group were then bled on day 61 for T cell analysis. Except for 2 mice
found to develop graft-versus-host disease (GvHD) with an abnor-
mally high percentage of T cells in blood and GvHD symptoms, 6
mice had percentages of T cells that ranged from 3% to 8% (Figure S7).
We injected those 6 mice with 1 � 106 PC3-CD19 cells into the left
flank subcutaneously and monitored them for another 2 weeks.
None of the 6 mice developed detectable tumors.

DISCUSSION
Our strategy to overcome the current hurdles faced by CAR-T ther-
apy in solid tumor treatment involved the engineering of CAR-T cells
to secrete bifunctional trap proteins into the TME, simultaneously
targeting checkpoint-molecule PD-1 and soluble immunosuppressive
molecule TGF-b. The in vitro studies showed that the secreted trap
protein significantly enhanced CAR-T cell proliferation and the pro-
duction of cytotoxicity-related molecules upon antigen stimulation,
whereas inhibiting the activation of Tregs and upregulation of im-
mune-checkpoint molecules in vitro. In the xenograft mouse model,
we established that CAR-T cells with trap protein secretion exhibited
not only superior antitumor efficacy but also enhanced tumor infiltra-
tion and expansion when compared with conventional CAR-T cells
and CAR-T cells with anti-PD-1 scFv secretion.

Over the years, despite the unprecedented success that CAR-T ther-
apy has achieved in hematological malignancies, the clinical results
of it in solid tumor treatment are still far from satisfactory.29–33 Un-
like hematological malignancies, the unique TME poses significant



Figure 6. Antitumor efficacy, infiltration, and functionality of CAR-T cells in vivo

(A) Schematic representation of the in vivo experimental procedure. NSGmice were subcutaneously (s.c.) injected with 3� 106 of PC3-CD19 tumor cells into the right flank.

After 16 days, when the tumors grew to 75�100 mm3, 2 � 106 of CD19 CAR, CD19 CAR-aPD-1, or CAR19 CAR-Trap T cells were adoptively transferred through

intravenous (i.v.) injection. Tumor volume was measured every other day. The mice were euthanized for analysis on day 12 post-treatment. (B) Tumor growth curve for mice

treated with NT, CD19 CAR, CD19 CAR-aPD-1, or CAR19 CAR-Trap T cells (n = 5, mean ± SD; **p < 0.01; ***p < 0.001). (C) The ratio of CD8+ versus CD4+ T cells in the

tumor (n = 5,mean ±SD; ***p < 0.001). (D) The percentage of PD-1+ TILs over total TILs (n = 5,mean ±SD; *p < 0.05). (E) The percentage of Tregs (CD45+CD4+CD25+Foxp3+

cells) over total TILs (n = 5, mean ± SD; **p < 0.01; ***p < 0.001). (F) The percentage of pSmad2/3+ TILs over total TILs (n = 5, mean ± SD; **p < 0.01). (G) The percentage of

CD45+ T cells in tumor, blood, spleen, and bone marrow tissues of PC3-CD19 tumor-bearing mice of different groups (n = 5, mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001).

(H) A representative FACS scatterplot of the percentage of CD45+ T cells in tumor, blood, spleen, and bone marrow tissues of different groups.
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Figure 7. Long-term antitumor efficacy and immune surveillance of CAR-T cells in vivo

(A) Schematic representation of the in vivo experimental procedure. NSG mice were s.c. injected with 3 � 106 of PC3-CD19 tumor cells into the right flank. After 16 days,

when the tumors grew to ~100 mm3, 4� 106 of CD19 CAR, CD19 CAR-aPD-1, or CAR19 CAR-Trap T cells were adoptively transferred through i.v. injection. Tumor volume

was measured every other day. The mice were monitored until they met the endpoint. On day 60 post-treatment, mice in the CD19 CAR-Trap group were rechallenged with

1 � 106 PC3-CD19 tumor cells and monitored for another 2 weeks. (B) Tumor growth curve for mice treated with NT, CD19 CAR, CD19 CAR-aPD-1, or CD19 CAR-Trap

T cells (n = 8, mean ± SD; ***p < 0.001). (C) Waterfall plot analysis of tumor reduction on day 12 post-treatment for various treatment groups. (D) Body weight curve for mice in

various treatment groups (n = 8, mean ± SD). (E) Survival of PC3-CD19 tumor-bearing NSG mice after indicated treatment. Overall survival curves were plotted using the

Kaplan-Meier method.
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challenges for CAR-T cells to mount their effector function and
expand at the tumor sites. PD-1/PD-L1 pathway and TGF-b signaling
pathway have been demonstrated as the two major resistance mech-
anisms exerted by solid tumors in response to T cell antitumor activ-
ity.8,34 In clinical studies, single agents targeting only one signaling
pathway are unable to induce effective immune responses in most pa-
tients.35,36 To assess the potential of CAR-T cells with trap protein
secretion to solve these issues, an ideal tumormodel should have three
characteristics: (1) overexpression of tumor-associated antigen; (2)
high expression level of PD-L1; and (3) high secretion level of
TGF-b. Thus, we chose the prostate cancer cell line PC3 known to
have high endogenous TGF-b secretion, and we engineered it to over-
express PD-L1 and CD19, the well-documented antigen in CAR-T
research.37 Engineered PC3-CD19, together with engineered ovarian
cancer cell line SKOV3-CD19 and lung cancer cell line H292-CD19,
as target cell lines, provided the basis for our in vitro and in vivo
analyses.

Numerous studies have shown that activation of the PD-1/PD-L1
pathway in T cells inhibits cytokine production, T cell proliferation,
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and effector function.8 In our previous study, the secretion of anti-
PD-1 scFv was demonstrated to help CAR-T cells maintain effector
function and rescue CAR-T cells from exhaustion in vitro.13 In this
study, to investigate the effect of a secreted trap protein, we conducted
similar co-cultures between CAR-T cells and the target cell lines, and
we found that CAR-T cells with trap protein secretion showed signif-
icantly improved cytotoxic function by elevated granzyme B and
CD107a expression and higher proliferation potential by higher
Ki67 expression in comparison with the parental CAR-T cells. For
effector cytokine IFN-g, a higher secretion level from the trap protein
self-secreting CAR-T cells was observed, especially when co-cultured
with target cells for a long period. In these analyses, anti-PD-1 self-
secreting CAR-T cells showed a similar, but weaker, enhancement.
The different results between anti-PD-1 self-secreting CAR-T and
trap protein self-secreting CAR-T might result from the blocking ef-
fect of trap protein against the TGF-b signaling pathway. Dimeloe
et al.38 reported that tumor-derived TGF-b inhibits IFN-g production
by human CD4+ T cells but that the production capacity can be
restored by applying TGF-b-neutralizing antibodies. In addition to
inhibition of T cell proliferation, TGF-b also inhibits the expression
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of perforin, granzyme A, granzyme B, and IFN-g by CD8+ T cells, as
described by Thomas and Massagué.16 In the staining for CAR
expression, we noticed that the self-secreting CAR-T cells had a lower
CAR density than the parental CAR-T cells, probably because the
insertion of additional DNA sequences, which encode anti-PD-1
scFv or trap protein, impairs vector production and transduction ef-
ficiency. However, the cytotoxic effector functions of self-secreting
CAR-T cells were not comprised, as indicated by our in vitro and
in vivo results.

Upon persistent antigen stimulation, the expression level of PD-1 in
T cells is upregulated.39 To study the ability of the trap protein to
overcome suppression posed by immune checkpoints, we analyzed
the expression of PD-1 and its co-expressing immune-checkpoint
molecules, such as LAG3, TIM3, and PD-L1, in CAR-T cells post-an-
tigen stimulation. Consistent with the findings from our previous
study, the self-secreting CAR-T cells alleviated upregulation of PD-
1, LAG3, TIM3, and PD-L1 after co-culture with various target cell
lines. Positive correlations among the expressions of PD-1, TIM3,
and LAG3 have been reported by Zhou et al.40. Our data indicate
that the secreted trap protein alters the signaling network of im-
mune-checkpoint molecules, rather than merely targeting the PD-
1/PD-L1 pathway. The inhibitory effect of trap protein on the expres-
sion of LAG3, TIM3, and PD-L1 might then contribute to the
enhanced functions of trap protein self-secreting CAR-T cells, as well.

On the other hand, both autocrine and paracrine TGF-b in the TME
promote differentiation of Tregs and attenuate the activation of
T cells through the induction of Smad2/3 phosphorylation and
Foxp3 expression.15 In the incubation with recombinant TGF-b, we
found that the phosphorylation of Smad2/3 in conventional CAR-T
cells and anti-PD-1 self-secreting CAR-T cells increased with TGF-
b concentration, whereas trap protein self-secreting CAR-T cells
remained at the basal level, indicating that trap protein enables
CAR-T cells to counteract TGF-b-mediated signaling. Apart from tu-
mor cell-derived TGF-b, it has been reported that T cell-derived TGF-
b also regulates T cell differentiation and tolerance.41 However, it is
not known if T cell-derived TGF-b will be increased in genetically
modified CAR-T cells. Even without antigen stimulation, we noticed
that conventional CAR-T cells and anti-PD-1 self-secreting CAR-T
cells had an elevated percentage of Tregs compared with NT
T cells. Protected by the inhibition of TGF-b signaling pathway,
trap protein self-secreting CAR-T cells kept a small Treg proportion
with or without antigen stimulation.

The superior antitumor efficacy of trap protein self-secreting CAR-T
cells was demonstrated in the PC3-CD19 xenograft mouse model. At
a low dose of 2million CAR-T cells, trap protein self-secreting CAR-T
cells achieved stability of tumor growth in the treated mice, whereas
other treatments failed to control tumor progression. The undifferen-
tiated efficacy of conventional CAR-T and anti-PD-1 self-secreting
CAR-T cells suggests that targeting only the PD-1/PD-L1 pathway
is not enough to enhance CAR-T cells in this progressive prostate tu-
mor model. CD8+/CD4+ T cell ratio at the tumor site is another
important prognostic marker in immunotherapy. In solid tumors,
research has found that a high CD8+/CD4+ T cell ratio is often corre-
lated with absence of metastasis, slow tumor progression, and
improved survival.42–44 In our in vivo results, the CD8+/CD4+

T cell ratio of the trap protein self-secreting CAR-T group was twice
that of the conventional CAR-T group and anti-PD-1 self-secreting
CAR-T group, indicating that trap protein self-secreting CAR-T cells
are skewed toward an effector phenotype, thereby possibly contrib-
uting to the enhanced inhibition of tumor progression. Although
CD4+ T cells are not the major T cell population within the tumor-
infiltrating T cells, they contribute to overall antitumor efficacy via
multiple mechanisms in the presence of trap protein that can block
TGF-b signaling. Recent studies have shown that TGF-b blockade
not only increases IL-2 and IFN-g secretion of CD4+ T helper type
1 (Th1) cells but also improves IL-4 expression of CD4+ Th2 cell,
causing reorganization of tumor vasculature, tumor tissue hypoxia,
and the consequent tumor cell death.45,46 For the expressions of
biomarkers related to PD-1/PD-L1 and TGF-b pathways, we found
consistency between in vivo and in vitro data. The trap protein self-
secreting CAR-T group exhibited lower expression of PD-1, attenu-
ated phosphorylation of Smad2/3, and a smaller proportion of
Foxp3+ Tregs. Taken together, these findings can help to explain
why the trap protein self-secreting CAR-T group exhibits dramati-
cally improved antitumor efficacy and T cell expansion in tumor,
spleen, and bone marrow.

In the subsequent in vivo study, with the treatment protocol slightly
modified by doubling the dose of CAR-T cells, we focused on the
capability of trap protein self-secreting CAR-T cells to eradicate solid
tumors and to improve survival. Within 12 days, the change in dose
showed no significant impact on the tumor growth of the conven-
tional CAR-T group and anti-PD-1 self-secreting CAR-T group; it
did lead to a remarkable tumor shrinkage in the trap protein self-
secreting CAR-T group. Trap protein self-secreting CAR-T cells suc-
cessfully eradicated tumors on day 16 post-treatment and improved
survival rate compared with the conventional CAR-T group and
anti-PD-1 self-secreting CAR-T group. For 6 out of the 8 mice in
the trap protein self-secreting CAR-T group, it is worth noting that
CAR-T cells can persist in the body for 60 days without causing
GvHD. When tumor rechallenge was given by injecting tumor cells
into the cured mice, no new tumor was developed, suggesting that
the remaining trap protein self-secreting CAR-T cells in the mouse
body prevent tumor recurrence.

In conclusion, this proof-of-concept study provides support for the
strategy of utilizing self-secreting CAR-T cells for co-targeting two
immunosuppressive mechanisms in the TME. This three-in-one
approach could potentially improve the clinical outcome of CAR-T
therapy by rescuing CAR-T cells from immunosuppression and
enhancing the expansion and functionalities of CAR-T cells. More-
over, the protein drug secreted by CAR-T cells could achieve a local-
ized accumulation at the tumor site, which may improve the safety
profile of combinational CAR-T therapy by avoiding toxicities asso-
ciated with systemic administration of protein drugs. Although the
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trap protein self-secretion strategy has shown promising results,
further modifications and improvements could be made to expand
CAR-T therapy in different clinical settings. First, the antigen CD19
used in this proof-of-concept study is not a solid tumor antigen. To
improve the clinical relevance of this therapeutic strategy, solid tumor
antigens, such as prostate-specific membrane antigen (PSMA) or hu-
man epidermal growth factor receptor 2 (HER2), could be exploited
in the future. Second, given the numerous dynamic interplays be-
tween cells and molecules in the TME, the simultaneous inhibition
of PD-1/PD-L1 and TGF-b signaling pathways may even have a
more profound effect than the results of our in vivo study might sug-
gest. Therefore, it would be beneficial to unveil the antitumor poten-
tial of the trap protein self-secreting CAR-T cells in syngeneic mouse
models. Finally, this self-secretion platform is modular and flexible,
and it can be applied to combinations of different antibodies and
binding sequences for receptors or ligands. For example, the combi-
nations of anti-PD-L1 antibody or anti-cytotoxic T-lymphocyte-asso-
ciated protein 4 (CTLA-4) antibody with TGF-b, already shown to
have antitumor potential in previous studies, can also be explored.24

MATERIALS AND METHODS
Cell lines

SKOV3 ovarian cancer cell line, PC3 prostate cancer cell line, and
293T were obtained from ATCC. NCI-H292 lung cancer cell line
was kindly provided by Dr. Ite Laird-Offringa. The PC3 cell line
was transduced with viral vector to express a high level of PD-L1
on the cell surface as PC3-PD-L1 and sorted to 99% purity. The
SKOV3, NCI-H292, and PC3-PD-L1 cell lines were transduced
with a lentiviral vector FUW-CD19. The transduced cells were then
stained with anti-human CD19 antibody and sorted to 99% purity.
The cell culture methods for 293T, engineered SKOV3-CD19, and
H292-CD19 were described in our previous publications.13,47 PC3
and PC3-CD19 were maintained in D10 medium consisting of
DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.

Plasmid construction

The retroviral vectors encoding anti-CD19 CAR (CD19 CAR) and
CD19 CAR-aPD-1 were constructed based on the MP71 retroviral
vector kindly provided by Prof. Wolfgang Uckert, as described previ-
ously.13 The vector encoding CD19 CAR-Trap was generated based
on CD19 CAR-aPD-1. The RV-CD19 CAR-Trap vector consisted
of the following components in frame from 50 end to 30 end: the
MP71 retroviral backbone, a NotI site, the anti-CD19 CAR, a T2A
sequence, a human IL-2 leading sequence, the anti-PD-1 scFv light-
chain variable region (GGGGS)3, the anti-PD-1 scFv heavy-chain
variable region (GGGGS)2, a TGF-b-binding sequence, and an EcoRI
site. Another trap sequence with the same components followed by a
His-tag sequence was inserted into the pcDNA3.1 vector for trap pro-
tein purification and binding assessment.

The anti-PD-1 scFv in the CD19 CAR-Trap vector was derived from
the amino acid sequence of monoclonal antibody 5C4-specific against
human PD-1. The TGF-b-binding sequence was derived from the
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amino acid sequence of the ligand-binding region in the human
TGF-bRII extracellular domain. The amino acid sequences were
codon optimized using an online codon optimization tool, and corre-
sponding DNA sequences were synthesized by Integrated DNATech-
nologies. The DNA sequence encoding trap protein was ligated into
the CD19 CAR vector through the Gibson assembly method to
generate the CD19 CAR-Trap vector.

Trap protein purification and western blotting analysis

Using PEIpro (Polyplus) as the transfection reagents, 293T cells were
transfected with the pcDNA3.1 encoding trap protein labeled with
His-tag. 3 days after transfection, cell culture supernatant was har-
vested, and trap protein was purified with HisPur Ni-NTA Resin
(Thermo Scientific), following the manufacturer’s instruction. The
purified trap protein was then quantified using a Micro BCA (bicin-
choninic acid) Protein Assay Kit (Thermo Scientific).

20 ng and 200 ng of purified protein were resolved by SDS polyacryl-
amide gel electrophoresis (PAGE) and transferred to polyvinylidene
fluoride (PVDF) membrane (Bio-Rad). The PVDF membrane was
blocked with 5% bovine serum albumin (BSA) for 2 h and then incu-
bated with anti-6� His-tag antibody-horseradish peroxidase (HRP;
1:10,000 dilution; Abcam) at 4�C overnight. After incubation, the
membrane was washed and developed with western blotting substrate
(Thermo Scientific) and visualized with the enhanced chemilumines-
cence (ECL) machine (Bio-Rad).

Retroviral vector production

Retroviral vectors were prepared by transient transfection of 293T cells
using a standard calciumphosphateprecipitationmethod. Briefly, 293T
cells were seeded in a 15-cm tissue-culture dish at a density of 0.8� 106

cells/mL. When confluency reached 70%–80%, 293T cells were trans-
fected with 37.5 mg of the retroviral backbone plasmid, together with
18.75 mg of the envelope plasmid RD114 and 30 mg of the packaging
plasmid encoding gag-pol. The supernatants were harvested at 48 h af-
ter transfection and filtered through a 0.45-mm filter prior to use.

CAR-T cell production and expansion

Frozen human PBMCs were obtained from AllCells. The T cell cul-
ture medium (TCM) was composed of AIM-V medium with 5%
(v/v) human AB serum, 10 mM HEPES, 1% (v/v) GlutaMax-100�,
12.25 mM N-acetylcysteine (NAC), 100 U/mL penicillin, and
100 mg/mL streptomycin. The cell culture was supplemented with
10 ng/mL human IL-2. After the activation by Dynabeads Human
T-Expander CD3/CD28 (Invitrogen) at a bead:PBMC ratio of 3:1
for 48 h, PBMCs were transduced with retroviral vectors using the
method previously described. Transduced T cells were expanded
for 2 weeks in TCM, during which, time-culture medium was replen-
ished every 2 days, and T cell density was maintained between 0.5 and
1 � 106 cells/mL.

Flow cytometry

AMACSQuant Analyzer was used for flow cytometry analysis. Before
staining, cells were harvested and washed with fluorescence-activated
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cell sorting (FACS) buffer (PBS containing 4% BSA fraction V). To
detect CAR expression on the T cell surface, we used rat anti-mouse
biotin-conjugated F(ab0)2 antibody (Abcam), followed by allophyco-
cyanin (APC)-conjugated streptavidin (BioLegend). Anti-human
PD-L1 antibody and anti-human CD19 antibody (BioLegend) were
used to detect the expression of PD-L1 and CD19 on the target cell
surface, respectively. The following antibodies were used for T cell
phenotyping: CD3-fluorescein isothiocyanate (FITC), CD45-phyco-
erythrin (PE), CD8-Pacific Blue, CD4-PerCP/Cy5.5, PD-1-Brilliant
Violet 421, PD-L1-PE, TIM3-PE, LAG3-PerCP/Cy5.5, CD107a-
APC, CD45RO-PE, CD62L-APC, and CD25-Pacific Blue (Bio-
Legend). For cell-surface staining, cells were stained with appropriate
antibodies in FACS buffer at 4�C for 15 min. For intracellular stain-
ing, cells were permeabilized by Cytofix/Cytoperm Fixation and Per-
meabilization Solution Kit (BD Biosciences) before being stained with
appropriate antibodies in FACS buffer at 4�C for 30 min. The
following antibodies were used for T cell intracellular staining: IFN-
g-PE, phospho-Smad2/3-APC, FoxP3-APC, Ki67-Brilliant Violet
421, granzyme B-PE, IL-2-APC, and TNF-a-PE. Prior to staining
for cells from mouse organs (tumor, spleen, bone marrow, blood),
1� lysing solution (BD Biosciences) was used to lyse the red blood
cells on ice for 10 min, as recommended by the manufacturer.

ELISA

The TGF-b secretion levels of target cells were evaluated by the Hu-
man TGF-b1 ELISA Kit (BD Biosciences). Cancer cell lines were
seeded at 1 � 106 cells per well in a 6-well tissue-culture plate (Corn-
ing) for 24 h, and the supernatants were harvested. The concentration
of TGF-b1 in the supernatants was determined by following the man-
ufacturer’s protocol.

The binding ability of trap protein to PD-1 and TGF-b protein was
evaluated by sandwich ELISA, wherein recombinant human PD-1-
Fc (GenScript) or TGF-b protein (R&D Systems) (200 ng/mL) was
coated on the plates, followed by purified trap protein (0�40 mg/
mL) detected by anti-6 � His-tag antibody-HRP (1:500 diluted;
Abcam).

IFN-g secreted by T cells was measured by the Human IFN-g ELISA
Set (BD Biosciences). Briefly, 2 � 105 CAR-T cells were co-cultured
with 2� 105 PC3-CD19 cells per well in a 96-well round-bottom plate
in a 200-mL vol of complete media. Supernatants were harvested at 24
h, 48 h, and 72 h after co-culture. The concentration of IFN-g in the
supernatants was determined by following the manufacturer’s
protocol.

Cytotoxicity assay

The cytotoxic activity of CAR-T cells against target cells was evalu-
ated by a 24-h co-culture assay using target cells pre-labeled with
CFSE (Invitrogen), as described previously. We co-cultured NT cells
and CAR-T cells with target cells (5� 104 cells/well) at effector:target
ratios of 1:1, 3:1, and 5:1. After co-culture, 7AAD (BD Biosciences)
was added, as recommended by the manufacturer. Flow cytometric
analysis was performed to quantify the dead target cells (CFSE+
and 7-AAD+). Cell cytotoxicity was calculated as CFSE+7-AAD+

cells/(CFSE+7-AAD� + CFSE+7-AAD+) cells.
Tumor model and adoptive transfer

The animal experiments were conducted following the animal proto-
col approved by the University of Southern California (USC) Institu-
tional Animal Care and Use Committee (IACUC). 6- to 8-week-old
female NSG mice (Jackson Laboratory) were inoculated with 3 �
106 PC3-CD19 cells subcutaneously. When the tumor size reached
75�100 mm3, the mice were randomized into 4 groups and were
treated with 2 � 106 (in the short-term study) or 4 � 106 (in the
long-term study) CAR-T-positive cells in 100 mL of PBS intrave-
nously via tail-vein injection. An equal number of donor-matched
NT T cells were used as a control. CAR expression level was normal-
ized to 20% in all of the CAR-T groups by adding NT cells prior to
injection. Tumor growth was monitored every 2 days. Tumor size
was calculated as (width2 � length)/2. For the short-term study,
mice were euthanized on day 12 post-treatment. Then ex vivo analysis
was performed on harvested tumors, spleens, bone marrows, and
blood. For the long-term study, mice were euthanized when they dis-
played obvious weight loss, ulceration of tumors, or tumor size larger
than 1,000 mm3.
Statistical analysis

Statistical analysis was performed in GraphPad Prism, version 7.0a.
The differences among groups were determined with two-way anal-
ysis of variance (ANOVA) with Tukey’s multiple comparison. Tumor
growth curve was analyzed using one-way ANOVA with repeated
measures (Tukey’s multiple comparison method). Mouse survival
curve was evaluated by the Kaplan-Meier method. A p value <0.05
was considered statistically significant. Significance of findings was
defined as follows: ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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