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Abstract

Purpose:Despite favorable responses of chimeric antigen recep-
tor (CAR)-engineered T-cell therapy in patients with hematologic
malignancies, the outcome has been far from satisfactory in the
treatment of solid tumors, partially owing to the development of
an immunosuppressive tumor microenvironment. To overcome
this limitation, we engineered CAR T cells secreting checkpoint
inhibitors (CPI) targetingPD-1 (CAR.aPD1-T) andevaluated their
efficacy in a human lung carcinoma xenograft mouse model.

Experimental Design: To evaluate the effector function and
expansion capacity of CAR.aPD1-T cells in vitro, we measured the
production of IFNg and T-cell proliferation following antigen-
specific stimulation. Furthermore, the antitumor efficacy of
CAR.aPD1-T cells, CAR T cells, and CAR T cells combined with
anti–PD-1 antibody was determined using a xenograft mouse
model. Finally, the underlying mechanism was investigated by
analyzing the expansion and functional capacity of TILs.

Results: Human anti–PD-1 CPIs secreted by CAR.aPD1-T
cells efficiently bound to PD-1 and reversed the inhibitory
effect of PD-1/PD-L1 interaction on T-cell function. PD-1
blockade by continuously secreted anti–PD-1 attenuated the
inhibitory T-cell signaling and enhanced T-cell expansion and
effector function both in vitro and in vivo. In the xenograft
mouse model, we demonstrated that the secretion of anti–PD-1
enhanced the antitumor activity of CAR T cells and prolonged
overall survival.

Conclusions: With constitutive anti–PD-1 secretion, CAR.a
PD1-T cells are more functional and expandable, and more
efficient at tumor eradication than parental CAR T cells. Col-
lectively, our study presents an important and novel strategy
that enables CAR T cells to achieve better antitumor immunity,
especially in the treatment of solid tumors. Clin Cancer Res; 23(22);
6982–92. �2017 AACR.

Introduction
Adoptive cell transfer (ACT), as a modality of immunotherapy

for cancer, has demonstrated remarkable success in treating
hematologic malignancies and malignant melanoma (1–5). An
especially effective form of ACT, which uses gene-modified T cells
expressing a chimeric antigen receptor (CAR) to specifically target
tumor-associated antigen (TAA), such as CD19 and GD2, has
displayed encouraging results in clinical trials for treating such
diseases as B-cell malignancies and neuroblastoma (6–8).

Unlike naturally occurring T-cell receptors (TCR), CARs are
artificial receptors consisting of an extracellular antigen recogni-
tion domain fused with intracellular T-cell signaling and costi-
mulatory domains. CARs can directly and selectively recognize
cell surface TAAs in an MHC-independent manner (9). Despite
the documented success of CAR T-cell therapy in patients with
hematologic malignancies, only modest responses have been
observed in solid tumors. This can be attributed, in part, to the
establishment of an immunosuppressive microenvironment in
solid tumors. Such milieu involves the upregulation of a number
of intrinsic inhibitory pathwaysmediated by increased expression
of inhibitory receptors (IR) in T cells reacting with their cognate
ligands within the tumor (10, 11).

So far, several IRs have been characterized in T cells, such as
cytotoxic T-lymphocyte–associated protein 4 (CTLA-4), T-cell
immunoglobulin domain and mucin domain–containing pro-
tein 3 (TIM-3; also known as HAVCR2), lymphocyte-activation
gene 3 (LAG-3), and programmed death-1 (PD-1; ref. 12). These
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molecules are upregulated following sustained activation of
T cells in chronic disease and cancer, and they promote T-cell
dysfunction and exhaustion, thus resulting in the escape of tumor
from immunosurveillance (12). Unlike other IRs, PD-1 is upre-
gulated shortly after T-cell activation, which, in turn, inhibits T-
cell effector function via interacting with its two ligands, PD-L1 or
PD-L2. PD-L1 is constitutively expressed on T cells, B cells,
macrophages, and dendritic cells (DC; ref. 13). PD-L1 is also
shown to be abundantly expressed in a wide variety of solid
tumors (14–16). In contrast, the expression of PD-L1 in normal
tissues is undetectable (15). As a consequence of its critical role in
immunosuppression, PD-1 has been the focus of recent research,
aiming to neutralize its negative effect on T cells and enhance
antitumor responses. Clinical studies have demonstrated that PD-
1 blockade significantly enhanced tumor regression in colon,
renal and lung cancers, and melanoma (12).

A recent study shows tumor-induced hypofunction of CAR T
cells as well as upregulation of PD-1 on the CAR T cells and
demonstrates the contribution of PD-1 to the dysfunction of
tumor-infiltrating CAR T cells (17), thereby suggesting a potential
strategy whereby CAR T therapy could be combined with PD-1
blockade in cancer treatment (18). Therefore, in this study, to
overcome the inhibitory effect of PD-1 signaling inCART cells, we
genetically engineered CAR T cells with the capacity to constitu-
tively produce a single-chain variable fragment (scFv) form of
anti–PD-1 antibody. In our own tumor models, we found that
anti–PD-1 scFv expression and secretion could interrupt the
engagement of PD-1 with its ligand, PD-L1, and prevent CAR T
cells from being inhibited and exhausted. Most importantly, in a
CD19 tumor model, we demonstrated for the first time that the
secretion of anti–PD-1 scFv by CAR T cells could significantly
improve the capacity of CAR T cells in eradicating an established
solid tumor.

Materials and Methods
General methods for cell culture, supplementary reagents,

antibodies, ELISA assay, specific cell lysis assay, cell proliferation

assay, and Western blotting analysis are detailed in the electronic
Supplementary Material. Detailed information about retroviral
vector production, T-cell transduction and expansion, surface
immunostaining analysis, and intracellular cytokine staining
analysis is provided in our previous publication (19).

Mice
Six- to 8-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ

(NSG) mice were purchased from The Jackson Laboratory. All
animal studies were performed in accordance with the Animal
Care and Use Committee guidelines of the NIH (Bethesda, MD)
and were conducted under protocols approved by the Animal
Care and Use Committee of the USC.

Cell lines
Cell lines SKOV3 and 293T were obtained directly from ATCC

for this study. The lung cancer lineNCI-H292was kindly provided
by Dr. Ite Laird-Offringa (University of Southern California, Los
Angeles, CA) and was used without further authentication. The
H292-CD19 and SKOV3-CD19 cell lines were generated by the
transduction of parental NCI-H292 and SKOV3 cells with a
lentiviral vector encoding the cDNA of human CD19. All cells
were routinely tested for potential mycoplasma contamination
using the MycoSensor qPCR Assay Kit (Agilent Technologies).

Plasmid construction
The retroviral vector encoding anti-CD19 CAR (CAR) was

constructed on the basis of the MP71 retroviral vector kindly
provided by Prof. Wolfgang Uckert, as described previously (20).
The vector encoding anti-CD19 CARwith anti–PD-1 scFv (CAR.a
PD1) was then generated on the basis of the anti-CD19 CAR. The
insert for CAR.aPD1 vector consisted of the following compo-
nents in frame 50 end to 30 end: a NotI site, the anti-CD19 CAR, a
leader sequence derived from human IL2, the anti-PD-1 scFv light
chain variable region, a GS linker, the anti–PD-1 scFv heavy chain
variable region, the HA-tag sequence, and an EcoRI site.

The anti–PD-1 scFv portion in the CAR.aPD1 vector was
derived from the amino acid sequence of human mAb 5C4
specific against human PD-1 (21). The corresponding DNA
sequence of the scFv was codon optimized for its optimal expres-
sion in human cells using the online codonoptimization tool and
was synthesized by Integrated DNA Technologies. The anti-PD-1
scFv was then ligated into the CD19 CAR vector via the EcoRI site
through the Gibson assembly method.

Competitive blocking assay
The 96-well assay plates (Thermo Fisher Scientific) were coated

with 3 mg/mL of anti-human CD3 antibody at 4�C overnight. On
the secondday, the supernatant of thewellswas aspirated, and the
wells were washed once with 100 mL per well of PBS. rhPD-L1/Fc
(10 mg/mL; R&D Systems) in 100 mL of PBS was added. In each
well, 100 mg/mL of goat anti-human IgG Fc antibody in 10 mL of
PBS was then added. The assay plate was incubated for 4 hours at
37�C. Human T cells were harvested, washed once, and then
resuspended to 1 � 106 cells/mL in TCM. The wells of the assay
plate were aspirated. Then, 100 mL of human T-cell suspension
(1 � 105) and 100 mL of supernatant of CAR or CAR.aPD1 T-cell
culture 3-day posttransduction, supplemented with GolgiPlug
(BD Biosciences), were added to each well. The plate was covered
and incubated at 37�C and 5%CO2 overnight. After incubation, T
cells were harvested and stained with IFNg intracellularly.

Translational Relevance

Chimeric antigen receptor (CAR) T cells with antitumor
activity are frequently compromised in the immunosuppres-
sive tumormicroenvironment. The PD-1 receptor is one of the
major effector molecules in mediating inhibitory T-cell sig-
naling. A previous study demonstrated that anti–PD-1 anti-
body treatment enhanced antitumor activity when combined
with anti-HER2 CAR T cells in a syngeneic breast carcinoma
mousemodel. However, achieving a substantial and sustained
efficacy requires continuous administration and a large
amount of antibodies, often leading to severe systemic toxicity.
Therefore, instead of administering the anti–PD-1 antibody
systemically, we engineered anti–PD-1 self-secreting CAR.a
PD1-T cells, which are more functional and expandable, and
more efficient at mediating tumor eradication compared with
injection of CAR T cells alone, or the combined injection of
anti–PD-1 antibody with the CAR T cells. Our study provides
an efficient and safe strategy for combining CPI treatmentwith
CAR T-cell therapy for immunotherapy in solid tumors.

Engineered CAR T Cells to Secrete Checkpoint Inhibitors
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Tumor model and adoptive transfer
At 6 to 8 weeks of age, mice were inoculated subcutaneously

with 3� 106 H292-CD19 cells, and 10 to 13 days later, when the
average tumor size reached 100 to 120 mm3, mice were treated
with intravenous adoptive transfer of 1 � 106 or 3 � 106 CAR-
transduced T cells in 100 mL PBS. CAR expression was normalized
to 20% in both CAR groups by addition of donor-matched
nontransduced T cells. Tumor growth was monitored twice a
week. Tumor size was measured by calipers and calculated by
the following formula: W2 � L/2. Mice were euthanized when
they displayed obvious weight loss, ulceration of tumors, or
tumor size larger than 1,000 mm3. For PD-1 blockade, tumor-
bearing mice were injected intraperitoneally with 125 mg anti-
human PD-1 mAb (J116; Bio X Cell) twice a week for 2 weeks.

Statistical analysis
Statistical analysis was performed in GraphPad Prism, version

5.01. One-way ANOVA with Tukey multiple comparison was
performed to assess the differences among different groups in
the in vitro assays. Tumor growth curve was analyzed using one-
wayANOVAwith repeatedmeasures (Tukeymultiple comparison
method). Mouse survival curve was evaluated by the Kaplan–
Meier analysis (log-rank test with Bonferroni correction). A
P < 0.05 was considered statistically significant. Significance of
findings was defined as: ns¼ not significant, P > 0.05; �, P < 0.05;
��, P < 0.01; ���, P < 0.001.

Results
Characterization of anti-CD19 CAR T cells secreting anti–PD-1
antibody

The schematic representation of the retroviral vector constructs
used in this study is shown in Fig. 1A. The retroviral vector
encoding the anti-CD19 CAR composed of anti-CD19 scFv, CD8
hinge, CD28 transmembrane, and intracellular costimulatory
domains, as well as intracellular CD3z domain was designated
as CAR19. The retroviral vector encoding both anti-CD19 CAR
and secreting anti-PD-1 scFv was designated as CAR19.aPD1.
Human PBMCs were transduced with each construct to test the
expressionofCAR inprimary lymphocytes. As seen in Fig. 1B,CAR
expression was observed for both constructs in human T cells,
although anti–PD-1–secreting CAR19 T cells expressed slightly
lower level of theCARon the cell surface. Expression and secretion
of anti–PD-1 was assessed by performing Western blotting anal-
ysis and ELISA on the cell supernatant 3 days after transduction.
We observed that anti–PD-1 could be successfully expressed and
secreted by T cells transduced with CAR19.aPD1 (Fig. 1C and D).
Furthermore, to better quantify the amount of anti–PD-1 secreted
by CAR19.aPD1 T cells, we seeded 1 � 106 of CAR19.aPD1
T cells and cultured for 24 hours with or without brefeldin A. The
anti–PD-1 scFv in the cell culture supernatant was then measured
by ELISA. Approximately 0.1 mg/mL of anti–PD-1 was present
in the supernatant (Supplementary Fig. S1A). The expression of
anti–PD-1 scFv was also monitored over the course of CAR19.a
PD1 T-cell expansion.We found that the production of anti–PD-1
was maintained at a relatively stable level (0.2–0.5 mg/mL; Sup-
plementary Fig. S1B).

To evaluate the binding activity of anti–PD-1 scFv secreted by
CAR19.aPD1 T cells, we incubated the activated T cells with
CAR19.aPD1 T-cell culture supernatant for 30 minutes. The T
cells were then stainedwith anti-HA antibody to detect the bound

anti–PD-1 on the T-cell surface. Compared with the control
medium incubation, the secreted anti–PD-1 was able to bind to
the PD-1 on the activated T-cell surface and then detected by the
anti-HA antibody (Supplementary Fig. S1C and S1D). To further
investigate the blocking function of anti–PD-1 scFv secreted by
CAR19.aPD1 T cells, a competitive binding and blocking assay
was performed. Intracellular IFNg was measured to assess the
activity of the T cells. As shown in Fig. 1E, the expression of IFNg
was upregulated when the T cells were stimulated by anti-CD3
antibody, and indeed, the presence of recombinant humanPD-L1
(rhPD-L1) resulted in significantly lower IFNg expression. How-
ever, adding the cell culture supernatant fromCAR19.aPD1T cells
effectively reversed the inhibitory effect of rhPD-L1 on the T cells
and significantly increased IFNg production (Fig. 1E).

Secreting anti–PD-1 antibody enhances the antigen-specific
immune responses of CAR T cells

To further assess the effector function of anti–PD-1–secreting
CAR19 T cells through antigen-specific stimulation, both CAR19
and CAR19.aPD1 T cells were cocultured for different durations
withH292-CD19or SKOV3-CD19 target cells, bothofwhichwere
shown to have high surface expression of PD-L1 (Supplementary
Fig. S2A). T cells at different time points were then harvested, and
the cell function marker IFNg in the supernatant was measured
by ELISA. Upon antigen stimulation for 24 hours, we found that
both CAR19 and CAR19.aPD1 T cells had a similar amount of
IFNg secretion (Fig. 2A; Supplementary Fig. S2B and S2C). How-
ever, after 72 hours of stimulation with H292-CD19 cells,
CAR19.aPD1 T cells secreted significantly higher IFNg compared
with the parental CAR19T cells (Fig. 2A; Supplementary Fig. S2C).
Combination of CAR19 T cells with anti–PD-1 antibody (0.6 mg/
mL) resulted in IFNg expression comparable with the parental
CAR19 T cells after stimulation (Supplementary Fig. S2C). Sim-
ilarly, after 96 hours of antigen stimulation, CAR19 T cells
secreting anti–PD-1 expressed significantly more IFNg than that
expressed by the parental CAR19 T cells (Fig. 2A; Supplementary
Fig. S2B).

Next, the cytolytic function of engineered T cells was examined
by a 6-hour cytotoxicity assay. The cytotoxic activity of CAR19 and
CAR19.aPD1 T cells against H292-CD19 cells was evaluated at
effector/target (E/T) ratios of 1, 5, 10, and 20. We found that both
CAR19 and CAR19.aPD1 T cells mediated significant target cell
lysis, especially at higher E/T ratios in comparison with the
nontransduced T cells. However, little difference was found
between CAR19 and CAR19.aPD1 T cells in terms of cytolytic
activity (Fig. 2B).

T-cell proliferation was then evaluated by a carboxyfluorescein
diacetate succinimidyl ester (CFSE)-based proliferation assay after
96-hour coculture of engineered T cells with target H292-CD19
cells. We observed that antigen-specific stimulation of both
CAR19 and CAR19.aPD1 T cells resulted in a markedly higher
level of proliferation rate compared with nontransduced T cells.
Moreover, compared with CAR19 T cells (57.9% � 10.2%), the
proliferation rate of CAR19.aPD1 T cells (75.9% � 5.5%) was
significantly higher (Fig. 2C and D). The cell proliferation poten-
tial was further assessed by cell expansion. With antigen-specific
stimulation, it was shown that both CAR19 and CAR19.aPD1
T cells significantly expanded compared with the nontransduced
T cells. Remarkably, in comparison with parental CAR19 T cells
(2.4� 0.2), the number of cell doublings was significantly higher
in CAR19.aPD1 T cells (3.2 � 0.3; Supplementary Fig. S3).
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Secreting anti–PD-1 limits the upregulation of PD-1 on CAR T
cells after antigen stimulation

To assess the effect of secreted anti–PD-1 scFv on protecting
human T cells from functional inhibition, the engineered CAR T
cells were cocultured with either H292-CD19 or SKOV3-CD19
target cells for 24 hours and then stained for the T-cell–inhibitory
marker PD-1. We found that the expression of PD-1 was signif-
icantly upregulated in both CAR19 and CAR19.aPD1 T cells
following antigen-specific stimulation. In comparison, the upre-
gulated PD-1 expression on CAR19.aPD1 T cells was significantly
lower than that on parental CAR19 T cells (Fig. 3A and B;
Supplementary Fig. S6A). However, without antigen-specific
stimulation, the expression of PD-1 in both CAR19 and
CAR19.aPD1 T cells maintained at a similar and stable level over
the course of T-cell expansion (Supplementary Fig. S6B).

To further determine whether the lower expression of PD-1
in CAR19.aPD1 T cells is due to the blocking function of
secreted anti–PD-1 scFv on the binding of PD-1 detection
antibody or the downregulation of PD-1, we incubated the
activated T cells with either the control medium or CAR19.a
PD1 T-cell culture supernatant for 30 minutes before staining
them with anti–PD-1 antibody. We found that the secreted
anti–PD-1 scFv was able to block approximately 20% of the
binding of the PD-1 detection antibody (Supplementary
Fig. S4A). In tandem, we cocultured either the CAR19 or
CAR19.aPD1 T cells with target cells H292-CD19 for 24 hours.
Both T cells were then harvested and the transcriptional expres-
sion of PD-1 was measured by qPCR. We observed that PD-1
expression in CAR19.aPD1 T cells was significantly lower than
that in parental CAR19 T cells (Supplementary Fig. S4B). This

Figure 1.

Construction and characterization of CAR19 and CAR19.aPD1. A, Schematic representation of parental anti-CD19 CAR (CAR19) and anti–PD-1–secreting
anti-CD19 CAR (CAR19.aPD1) constructs. B, Expression of both CARs in human T cells. The two groups of CAR T cells were stained with biotinylated protein
L followed by FITC-conjugated streptavidin to detect CAR expression on the cell surface. A viable CD3þ lymphocyte gating strategy was used. NT indicates
nontransduced T cells, which were used as a control. C and D, Expression of secreted anti–PD-1 antibody in the supernatant from either CAR19 or CAR19.aPD1
T-cell culture was analyzed by Western blot (C) and ELISA (D). E, The percentage of CD8þ T cells expressing IFNg over total CD8þ T cells with the indicated
treatment (n ¼ 4, mean � SEM; �� , P < 0.01).
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indeed confirms that CAR19.aPD1 T cells have downregulated
PD-1 expression.

In addition to PD-1, other cell surface–inhibitory molecules,
including LAG-3, TIM-3, and CTLA-4, also play important roles in
inducing inhibitory signals and limiting the antitumor efficacy of
CAR T-cell therapy (12). To evaluate whether the expression of
other T-cell–inhibitory markers is regulated by CAR stimulation,
we measured the expression of LAG-3 and TIM-3 on CAR-engi-
neered T cells. Similar to PD-1, we found that the expression of
LAG-3 and TIM-3 was significantly upregulated on both CAR19
and CAR19.aPD1 T cells following antigen stimulation, com-
pared with nontransduced T cells. In comparison with CAR19 T
cells, CAR19.aPD1 T cells expressed slightly lower LAG-3 and
TIM-3 after stimulation with H292-CD19 cells. Moreover, upon
SKOV3-CD19 stimulation, CAR19.aPD1 T cells had significantly
lower LAG-3 expression than CAR19 T cells, whereas they had
similar TIM-3 expression (Fig. 3C andD; Supplementary Figs. S5A
and S6A). In comparison, without antigen-specific stimulation,
LAG-3 in CAR19 and CAR19.aPD1 T cells was expressed at a
similar level and remained stable over the course of T-cell expan-
sion (Supplementary Fig. S6B).

It has been shown that PD-1 blockade could promote the
survival of GD2 CAR T cells after activation with the PD-L1–
negative target cells, indicating that the interaction between

PD-1–expressing T cells and T cells expressing PD-1 ligands, such
as PD-L1, might contribute to the suppression of T-cell function
(22). Thus, in this experiment, we alsomeasured the expression of
PD-L1 in both CAR19 and CAR19.aPD1 T cells and found that it
was significantly increased following antigen-specific stimulation.
However, the expression of PD-L1 in CAR19.aPD1 T cells was
significantly lower than that in CAR19 T cells (Fig. 3E; Supple-
mentary Fig. S5B).

Anti–PD-1 engineered CAR T cells exhibit enhanced antitumor
reactivity

To evaluate the antitumor efficacy of CAR19.aPD1 T cells, we
adoptively transferred 1 � 106 CAR-engineered T cells into NSG
mice bearing established H292-CD19 subcutaneous tumors
(�100 mm3). The experimental procedure for animal study is
shown in Fig. 4A. The data in Fig. 4B demonstrate that all three
anti-CD19 CAR T-cell groups showed decreased tumor sizes
compared with nontransduced T cells or nontransduced T cells
combined with anti–PD-1 antibody treatment over the course of
the experiment. However, in comparison with parental CAR19 T
cells or CAR19 T cells combined with anti–PD-1 antibody treat-
ment, CAR19.aPD1 T-cell treatment significantly enhanced the
antitumor effect, which became evident as early as one week after
T-cell infusion (Fig. 4B). Notably, 17 days after adoptive cell

Figure 2.

Anti–PD-1 expression enhanced the antigen-specific immune responses of CAR T cells. A, Both CAR19 and CAR19.aPD1 T cells were cocultured with
H292-CD19 cells for different durations. IFNg production was measured by ELISA (n ¼ 5, mean � SEM; ns, not significant, P > 0.05; � , P < 0.05).
B, Cytotoxicity of both CARs against target cells. The two groups of CAR T cells were cocultured for 6 hours with H292-CD19 cells at 1:1, 5:1, 10:1, and 20:1
effector-to-target ratios, and cytotoxicity against H292-CD19 was measured. Nontransduced (NT) T cells were used as a control. C, Proliferation of both
CARs after antigen-specific stimulation. The two groups of CAR T cells were prestained with CFSE. The stained T cells were then cocultured for 96 hours with H292-
CD19 cells at 1:1 effector-to-target ratio, and the intensity of CFSE was measured. Nontransduced (NT) T cells were used as a control. D, The summarized statistics
of proliferation rate for nontransduced (NT) T cells, CAR19 T cells, and CAR19.aPD1 T cells in C were shown in bar graphs (n ¼ 4, mean � SEM; � , P < 0.05).
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transfer, we observed that the tumors from mice treated
with CAR19.aPD1 T cells almost disappeared. In the parental
CAR19 T-cell group or combination group, 4 of 6 mice (�70%)
still had either progressive or stable disease states and only
experienced a decrease in tumor size of less than 30% (Fig.
4C). The overall survival of the tumor-bearing mice was also
evaluated. It showed that CAR19.aPD1 T-cell treatment signifi-
cantly prolonged long-term survival (100%), compared with
either the parental CAR19 T-cell treatment alone (17%) or the
combined anti–PD-1 antibody and CAR19 T-cell treatment
(17%; Fig. 4D).

Anti–PD-1 engineered CAR T cells can expandmore in vivo than
parental CAR T cells

Next, the engraftment and expansion of CAR T cells were
assessed in vivo. Two days following T-cell infusion, mice were
euthanized, and different organs and tissues, including the tumor,
blood, spleen, and bonemarrow, were harvested for human T-cell
staining. We found that T-cells in all groups had barely expanded

and that less than 2% of T cells could be observed in all examined
tissues.Most T cells (1%–2%)homed to the spleen,while a certain
percentage of T cells (0.1%–0.5%) circulated were in the blood.
The infiltration level of transferred T cells was low in tumor and
bone marrow. In addition, the T-cell percentage between the
nontransduced and CAR-transduced T cells showed little differ-
ence across all examined tissues (Fig. 5A). However, one week
after T-cell infusion, on day 10, we observed a significant expan-
sion of CAR T cells in all examined tissues, whereas nontrans-
duced T cells were barely present. Notably, consistent with our in
vitro data, CAR19.aPD1 T cells had a significantly higher expan-
sion rate compared with parental CAR19 T cells, especially in
tumor, spleen, and blood (Fig. 5B and C).

Anti–PD-1 engineered CAR T cells lead to higher T-cell effector
function at the established tumor site

To further determine whether the enhanced antitumor effects
observed following CAR19.aPD1 T-cell therapy are correlated
with increased function of CAR T cells at the tumor site, mice were

Figure 3.

Secreting anti–PD-1 scFv protected CAR T cells from being exhausted. Both CAR19 and CAR19.aPD1 T cells were cocultured with either H292-CD19 or
SKOV3-CD19 cells for 24 hours. A, PD-1 expression was measured by flow cytometry. CD8þ T cells were shown in each panel. PD-1–expressing CD8 T cells
were gated, and their percentage over total CD8þ T cells was shown in each scatterplot. B, The summarized statistics of triplicates were shown in bar graphs
(n ¼ 3, mean � SEM; �� , P < 0.01; ��� , P < 0.001). C, LAG-3 expression was measured by flow cytometry. The percentage of LAG-3–expressing CD8 T cells
over total CD8þ T cells was shown in bar graphs (n¼ 3, mean� SEM; ns, not significant, P > 0.05; �� , P < 0.01).D, TIM-3 expressionwasmeasured by flow cytometry.
The percentage of TIM-3–expressing CD8 T cells over total CD8þ T cells was shown in bar graphs (n¼ 3, mean � SEM; ns, not significant, P > 0.05). E, Both CAR19
and CAR19.aPD1 T cells were cocultured with either H292-CD19 or SKOV3-CD19 cells for 24 hours. PD-L1 expression was measured by flow cytometry. The
percentages of PD-L1–expressing CD8 T cells over total CD8þ T cells and PD-L1–expressing CD4 T cells over total CD4þ T cells were shown in bar graphs (n ¼ 3,
mean � SEM; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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challenged with H292-CD19 tumors before receiving 3 � 106

CAR T cells. The experimental design is shown in Fig. 6A. Eight
days after T-cell infusion, we euthanized the mice and analyzed T
cells in tumor, blood, spleen, and bone marrow, using flow
cytometry. Compared with the CAR T-cell treatment, we observed
that the injected anti–PD-1 antibody had little effect on enhanc-
ing the expansion of T cells in vivo. However, consistent with our
previous observation (Fig. 5B), T cells from mice treated with the
CAR19.aPD1 regimen expanded at a higher rate in tumor, blood,
and spleen (Fig. 6B). It has been shown that the population of
cytotoxic CD8þ T cells among tumor-infiltrating lymphocytes
(TIL) is critical in eliciting antitumor immunity and spontaneous
tumor control (23). Therefore, the ratio of CD8þ versus CD4þ T
cells was analyzed among TILs. Compared with the parental
CAR19 T cells, results showed that the CAR19.aPD1 T cells had
a significantly higher ratio of CD8þ versus CD4þ T cells, whereas
the combination therapy had a similar CD8þ versus CD4þ T-cell
ratio comparedwithCART-cellmonotherapy (Fig. 6C). Similarly,
in the blood and spleen, the ratio of CD8þ versus CD4þ in
CAR19.aPD1 T-cell treatment was also significantly higher than
that in parental CAR19 T-cell monotherapy and combination
treatment groups (Fig. 6C), although there was little difference
between the CD8þ versus CD4þ T-cell ratio between CAR19 and
CAR19.aPD1 T cells before T-cell infusion (Supplementary Fig.
S7A). Furthermore, we assessed PD-1 expression on tumor-infil-
trating CD8þ T cells and found that both the injected and secreted
anti–PD-1 antibodies could significantly decrease the expression

of PD-1 (Fig. 6D). We also performed the ex vivo culture and
activated TILs with either anti-CD3/CD28 antibodies or target cell
H292-CD19.We observed significantly higher expression of IFNg
in adoptively transferred CAR19.aPD1 T cells, compared with
either parental CAR19 T cells or CAR19 T cells combined with
systemic anti–PD-1 antibody treatment. Little difference was
observed in IFNg expression between CAR T-cell monotherapy
and combined therapy (Fig. 6E and F). In addition, we measured
the expression of IFNg and anti–PD-1 antibodies in the sera and
found little difference in IFNg expression among all groups
(Supplementary Fig. S7C). Notably, compared with CAR19 T-cell
treatment, CAR19.aPD1 T-cell therapy had significantly higher
anti–PD-1 concentration in the sera, although the concentration
was more than 15-fold lower than that with systemic anti–PD-1
antibody injection (Fig. 6G).

Discussion
In this study, we engineered human anti-CD19 CAR T cells that

secrete human anti–PD-1 scFvs and demonstrated that anti–PD-1
scFv could be efficiently expressed and secreted by CAR19.aPD1
T cells. The secreted scFvs successfully bound to PD-1 on the cell
surface and reversed the inhibitory effects of PD-1/PD-L1 inter-
actiononT-cell function. PD-1blockadeby constitutively secreted
anti–PD-1 scFv decreased the inhibitory signal and significantly
enhanced T-cell proliferation and effector function in vitro. Our
study using xenograft mouse models also demonstrated that

Figure 4.

Adoptive transfer of CAR T cells secreting anti–PD-1 scFv enhanced the growth inhibition of established tumor. A, Schematic representation of the
experimental procedure for tumor challenge, T-cell adoptive transfer, and antibody treatment. NSG mice were subcutaneously challenged with 3 � 106 of
H292-CD19 tumor cells. At day 20, when the tumors grew to approximately 100 mm3, 1 � 106 of CAR19 or CAR19.aPD1 T cells were adoptively transferred
through intravenous injection. One day after T-cell infusion, anti–PD-L1 antibody treatment was initiated, and the treatment was continued on the indicated
dates. Tumor volume was measured every other day. B, Tumor growth curve for mice treated with nontransduced (NT), NT plus anti–PD-1 injection, CAR19,
CAR19 plus anti–PD-1 injection, or CAR19.aPD1. Data were presented as mean tumor volume � SEM at indicated time points (n ¼ 8; � , P < 0.05; ��� , P < 0.001).
C, Waterfall plot analysis of tumor reduction on day 17 after therapy for various treatment groups. D, Survival of H292-CD19 tumor-bearing NSG mice after
indicated treatment. Overall survival curves were plotted using the Kaplan–Meier method and compared using the log-rank (Mantel–Cox) test (n ¼ 6; ns,
not significant, P > 0.05; � , P < 0.05; �� , P < 0.01).
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CAR19.aPD1T cells,when comparedwithparentalCAR19T cells,
further enhanced antitumor activity and prolonged overall sur-
vival. Mechanistically, we observed that CAR19.aPD1 T cells had
greater in vivo expansion. In addition, at the local tumor site,
CAR19.aPD1 T cells were shown to be less exhausted and more
functional than parental CAR19 T cells.

The engagement of PD-1 and its ligand PD-L1 or PD-L2
transduces an inhibitory signal and suppresses T-cell function in
the presence of TCR or BCR activation (24–26). In this study, the
presence of recombinant human PD-L1 protein (rhPD-L1) sig-
nificantly inhibited T-cell activation in an in vitro activation assay.
To examine the binding and blocking activity of anti-PD-1 scFv
secreted by CAR19.aPD1 T cells, we cultured the T cells with cell
culture supernatant from either CAR19 T cells or CAR19.aPD-1
T cells in the presence of rhPD-L1 protein. We observed that the
supernatant fromCAR19.aPD1 T cells rescued T-cell function and
significantly increased IFNg production, indicating that secreted
anti–PD-1 could successfully bind to PD-1 and reverse the inhib-
itory effects of the PD-1/PD-L1 interaction on T-cell function.

The PD-1/PD-L1 pathway involves the regulation of cytokine
production by T cells, inhibiting production of IFNg , TNFa, and
IL2 (24). PD-1 expression of human GD2 and anti-HER2 CAR
T cells has been shown to increase following antigen-specific
activation, and PD-1 blockade has been shown to enhance T-cell
effector function and increase the production of IFNg in the
presence of PD-L1þ target cells (22, 27). Therefore, in this
study, to compare the functional capacity of CAR19 T and
CAR19.aPD1 T cells, we cocultured T cells with a PD-L1þ cancer

cell line, H292-CD19 or SKOV3-CD19, and found that the anti–
PD-1–secretingCAR19T cells produced a significantly higher level
of IFNg than parental CAR19 T cells. In addition to cytokine
production, PD-1 can also inhibit T-cell proliferation (28). With
CAR-specific stimulation in the presence of PD-L1þ cancer cells,
we found that CAR19.aPD1 T cells had a significantly higher
proliferation potential than the parental CAR19 T cells. Taken
together, these data imply that PD-1/PD-L1 signaling blockade
results in more functional CAR19.aPD1 T cells with higher
proliferation capacity compared with CAR19 T cells alone.

To better understand how secreted anti–PD-1 affects the func-
tion of CAR19.aPD1 T cells, we exposed CAR19 T cells and
CAR19.aPD1 T cells to PD-L1þ target cells and examined the
expression of T-cell–inhibitory markers, including PD-1, LAG-3,
and TIM-3. We observed significantly lower PD-1 expression on
CAR19.aPD1 T cells, as well as lower expression of other inhib-
itory markers, such as LAG-3, compared with parental CAR19 T
cells. The decreased expression of PD-1 in CAR19.aPD1 T cells is
caused by the dual effects of antibody blockade and downregula-
tion of PD-1 surface expression (22, 27). PD-1 upregulation on
tumor-infiltrating T cells was reported to be amajor contributor to
T cell hypofunction in high PD-L1–expressing tumors. Down-
regulation of PD-1 may contribute to reversion of T-cell hypo-
function and enhanced T-cell effector function, which is sup-
ported by increased IFNg production of CAR19.aPD1 T cells. In
addition, the lower expression level of other inhibitory makers,
such as LAG-3, may also contribute to the higher function of
CAR19.aPD1 T cells upon antigen stimulation. Our observation

Figure 5.

CAR T cells secreting anti–PD-1 were expanded more efficiently than parental CAR T cells in vivo. The percentage of human CD45þ T cells in the tumor,
blood, spleen, and bone marrow of H292-CD19 tumor-bearing mice that were adoptively transferred with nontransduced (NT), CAR19, or CAR19.aPD1 T cells
was investigated by flow cytometry at day 2 (A) or day 10 (B) after therapy (n ¼ 3, mean � SEM; � , P < 0.05; ��� , P < 0.001). C, A representative FACS scatter
plot of the percentage of human CD45þ T cells in the tumor, blood, spleen, and bone marrow of different groups.
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is consistent with a recent study, demonstrating that coexpression
of multiple inhibitory receptors is a cardinal feature of T-cell
exhaustion (29, 30). Moreover, we found that PD-L1 expression
was significantly increased on CAR T cells with antigen-specific
stimulation, which may also contribute to T-cell hypofunction
through T cell–T cell interaction. Notably, in comparison, we
observed that the expression level of PD-L1 on CAR19.aPD1 T
cells was significantly lower. These data suggest that the inhibited
upregulation of PD-1 and PD-L1 expression on CAR19.aPD1 T
cells may contribute to the reduction of tumor cell–induced and/
or T cell–induced inhibitory signaling, thereby further enhancing
T-cell effector function and its antitumor immunity.

Our in vivo study showed that the tumor growth could be
inhibited by CAR T-cell treatment, irrespective of PD-1/PD-L1
blockade. Compared with CAR19 T-cell treatment or combined
CAR19 T-cell and systemic anti–PD-1 antibody treatment, in
which 67% of the mice still had either stable or progressive
disease, we observed that CAR19.aPD1 T-cell treatment achieved
more than 90% tumor eradication in about 2 weeks. To under-

stand the underlying mechanism of enhanced antitumor efficacy
of CAR19.aPD1 T cells, we analyzed the expansion of adoptively
transferred T cells in vivo. Consistent with our in vitro data, we
found that the anti–PD-1–secreting CAR T cells were expanded
significantly more than parental CAR T cells in all examined
tissues, including tumor, blood, spleen, and bonemarrow. More-
over, the population of cytotoxic CD8þ T cells among TILs is
critical in eliciting antitumor immunity (23). A previous study
demonstrated that PD-1 signaling is involved in regulating the
expansion and functionofCD8þTILs (31). In this study, the larger
population of CD8þ TILs expresses IFNg when stimulated ex vivo
and the higher ratio of CD8þ versus CD4þ TILs in the CAR19.a
PD1 T-cell group implies that CAR19.aPD1 T cells are more
functional and expandable in vivo compared with parental CAR19
T cells.

Our data show that for the CAR19.aPD1 T-cell group, the ratio
of CD8þ versus CD4þ T cells was significantly lower in tumor
than that in blood and spleen (Supplementary Fig. S7B). Carter
and colleagues reported that CD8þ T cells are more sensitive to

Figure 6.

CAR T cells secreting anti–PD-1 were more functional than parental CAR T cells at local tumor site. A, Schematic representation of the experimental
procedure for tumor challenge, T-cell adoptive transfer, and antibody treatment. NSG mice were subcutaneously challenged with 3 � 106 of H292-CD19
tumor cells. At day 20, 3 � 106 of CAR19 or CAR19.aPD1 T cells were adoptively transferred through intravenous injection. One day after T-cell adoptive transfer,
anti–PD-1 antibody treatment was initiated, and the treatment was continued on the indicated dates. The mice were then euthanized on day 8 for analysis.
B, The percentage of human CD45þ T cells in the tumor, blood, spleen, and bone marrow of H292-CD19 tumor-bearing mice that were adoptively transferred
with CAR19 or CAR19.aPD1 T cells, or treated with CAR19 T cells along with injection of anti–PD-1 antibody, was investigated by flow cytometry (ns, not significant,
P >0.05; � , P <0.05; �� , P <0.01). C, The ratio of CD8þ versus CD4þ T cells in the tumor, blood, and spleen (n¼ 3, mean� SEM; ns, not significant, P >0.05; � , P <0.05;
��� , P < 0.001). D, The percentage of PD-1–expressing CD8 TILs over total CD8þ TILs (n ¼ 3, mean � SEM; � , P < 0.05). TILs were harvested and stimulated
ex vivo for 6 hours by either anti-CD3/anti-CD28 antibodies (E) or target cells H292-CD19 (F). The percentage of CAR T cells in the tumor expressing
intracellular IFNg was investigated by flow cytometry (n ¼ 3, mean � SEM; � , P < 0.05; �� , P < 0.01). G, The secreted anti–PD-1 scFvs and injected anti–PD-1
antibodies in the sera were evaluated using ELISA (n ¼ 3, mean � SEM; �� , P < 0.01; ��� , P < 0.001).
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PD-1–mediated inhibition than CD4þ T cells (32). In tumor
microenvironment, which is enriched by the PD-L1þ tumor cells,
even with the secretion of anti–PD-1 antibody, CD8þ T cells
remain more likely to be inhibited than those in blood or spleen,
thereby causing lower ratio of CD8þ versus CD4þ T cells. In
addition, the active recruitment of CD4þ T cells, especially
Treg cells by the tumor, which has been shown by Schabowsky
and colleagues may also contribute to the lower CD8þ versus
CD4þ T cell ratio (33).

Interestingly, in this study,wedemonstrated that systemic anti–
PD-1 antibody injection has little effect on enhancing the anti-
tumor efficacy of CAR T-cell therapy. In a syngeneic HER2þ self-
antigen tumor model, recent studies have demonstrated that a
high-dosage (250 mg/mouse of anti–PD-1 antibody) PD-1 block-
ade was capable of enhancing the antitumor activity of anti-HER2
CAR T cells in the treatment of breast cancer (27). However, a
lower dosage (200 mg/mouse) of anti–PD-1 antibody showed a
limited effect on CAR T-cell therapy (34). In the current xenograft
tumor model that is treated with a low dose (125 mg/mouse) of
anti–PD-1, the antibody failed to inhibit tumor growth or
enhance the antitumor efficacy of CAR T cells even though the
amount of circulating antibody (�0.7 mg/mL) was 15-fold higher
than the amount detected in the CAR19.aPD1 T-cell treatment
group. This observation indicates that administration of amodest
dose PD-1 antibody blockade may not be sufficient to improve
the therapeutic outcome of CAR T-cell therapy. Although both
administered and self-secreting anti–PD-1 antibodies efficiently
decreased andblocked the PD-1 expression inCD8þ T cells in vivo,
systemically injected anti–PD-1 antibody had little effect on
increasing the population of cytolytic CD8þ TILs or enhancing
IFNg production of TILs upon ex vivo stimulation. This result
suggests that the injected antibody has little effect on augmenting
infused T-cell function at the current dose, which may contribute
to the observed failure of injected PD-1 blockade in enhancing the
antitumor activity of CAR T-cell therapy. Indeed, according to our
combination treatment regime, the PD-1 antibody was adminis-
tered 24 hours after CAR T-cell infusion, and one may argue that
this delay may have also been a contributing factor to the subpar
effect on enhancing the antitumor efficacy of CAR T cells. How-
ever, our in vivo results demonstrated that CAR T-cell homing to
the tumor is low within the first 48 hours, which suggest that the
delay of PD-1 antibody injection may not be a substantial factor
limiting the efficacy of the combination treatment. Thus, given the
low concentration of secreted anti–PD-1 and the augmented
effector function at the local tumor tissue, the anti–PD-1 secreted
by CAR T cells may provide a safer and more potent approach in
blocking PD-1 signaling and enhancing the functional capacity of
CAR T cells.

In conclusion, CAR19.aPD1 T cells exhibited alleviated T-cell
hypofunction, enhanced T-cell expansion, and improved CAR T-
cell treatment of human solid tumors in a xenograft mouse
model. It is worth noting that other than PD-1, the self-secreting

anti–PD-1has little effect on the other examined T-cell–inhibitory
markers, such as LAG-3 and TIM-3. Given that PD-1 is one of
major effector molecules in mediating T-cell exhaustion (35),
further studies are needed to evaluate whether the self-secreting
anti–PD-1 has a role in ameliorating T-cell exhaustion. In this
study, even though CD19 may not be an ideal antigen for the
study of solid tumors, our data indeed imply that self-secreting
anti–PD-1 CAR T cells could be another promising approach to
improve the capacity of CAR T-cell therapy in the treatment of
solid tumors. For future studies, other solid tumor antigens, such
as mesothelin or HER2, should be investigated to better evaluate
the antitumor efficacy of CAR.aPD1 T cells for solid tumors. In
addition, it is unclear fromour current study how the self-secreted
anti-PD-1 affects immune cells other than infused CAR T cells in
tumor. Given the durable effect of PD-1 blockade on modulating
the tumor microenvironment (12, 36), it could be beneficial to
explore the capacity of CAR.aPD1 T cells to eradicate solid tumor
in an immunocompetent condition, such as syngeneic mouse
models. We anticipate that in such a condition, anti–PD-1–
engineered CAR T cells may be more effective in inducing tumor
eradication.
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