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A hostile tumor microenvironment is one of the major obsta-
cles for the efficacy of chimeric antigen receptor modified T
(CAR-T) cells, and combination treatment might be a potential
way to overcome this obstacle. Poly(ADP-ribose) polymerase
inhibitor (PARPi) has demonstrated tremendous potential in
breast cancer. In this study, we explored the possible combina-
tion of the PAPRI olaparib with EGFRvIII-targeted CAR (806-
28Z CAR) T cells in immunocompetent mouse models of breast
cancer. The results indicated that the administration of ola-
parib could significantly enhance the efficacy of 806-28Z
CAR-T cells in vivo. Interestingly, we observed that olaparib
could suppress myeloid-derived suppressor cell (MDSC)
migration and promote the survival of CD8" T cells in tumor
tissue. Mechanistically, olaparib was shown to reduce the
expression of SDFla released from cancer-associated fibro-
blasts (CAFs) and thereby decreased MDSC migration through
CXCR4. Taken together, this study demonstrated that olaparib
could increase the antitumor activities of CAR-T cell therapy at
least partially through inhibiting MDSC migration via the
SDF1a/CXCR4 axis. These findings uncover a novel mecha-
nism of PARPi function and provide additional mechanistic
rationale for combining PARPi with CAR-T cells for the treat-
ment of breast cancer.

INTRODUCTION

Breast cancer remains the leading cause of death from malignant tu-
mors among women, despite significant advances in surgery, chemo-
therapy, radiotherapy, endocrine therapy, and now molecular-tar-
geted therapy. Chimeric antigen receptors (CARs) are engineered
receptors with an extracellular, antigen-specific, single-chain variable
fragment (scFv) fused with intracellular T cell-activating and costi-
mulatory signaling domains. T cells isolated from patients are acti-
vated and genetically engineered to express CARs to mediate non-
major histocompatibility complex (MHC)-restricted killing of tumor
cells. To date, CAR-T cells are effective in the treatment of several he-
matologic malignances and are being actively investigated for the
treatment of solid tumors, such as breast cancer.' ™ However, the ef-
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ficacy in solid tumor is still far from proven. The immunosuppressive
microenvironment within solid tumors may contribute to the non-
satisfactory performance of CAR-T cells in solid tumors. Immune
cells, such as macrophages, dendritic cells (DCs), and myeloid-
derived suppressor cells (MDSCs), are an important component of
the tumor microenvironment that greatly impact tumor development
and therapeutic outcomes.” To overcome this obstacle in solid tu-
mors, several corresponding strategies were proposed, including the
combination with immune-regulating agents.®”

Poly(ADP-ribose) polymerase (PARP) is identified as a key molecule
in the repair of DNA single-strand breaks (SSBs).” Inactivation of SSB
repair by PARP inhibitor (PARPi) during S-phase induces DNA dou-
ble-strand breaks (DSBs) and may thus confer synthetic lethality to
cells with defective homology-directed DSB repair.” PARPi has
been shown to be an effective therapeutic strategy against tumors
associated with germline mutation in double-strand DNA repair
genes by inducing synthetic lethality.'” In recent years, PARPi has
demonstrated tremendous potential in breast cancer, and several
active clinical trials are evaluating PARPi-containing combination
therapies for advanced breast cancer. Olaparib is the most widely
studied third-generation PARPi in clinical practice. It is a potent
PARP1 inhibitor that kills tumor cells mainly by participating in
DNA defect repair pathways. Veliparib is a small molecule oral
PARPi that entered clinical trials in 2006 and is currently used pri-
marily in combination with various chemotherapeutic drugs.'"'* It
has been reported that olaparib could induce CD8" T cell infiltration
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Figure 1. Effects of Olaparib on Mouse Breast Cancer Cells and CAR-T Cells In Vitro

(A) The construction of 806-28Z CAR-T cells. This construct includes an extracellular region of antigen recognition, a transmembrane domain (TM), an intracellular region of
mouse CD28 costimulatory molecules, and a mouse CD3-¢ chain. (B) The transduction efficiency of 806-28Z CAR on splenic T cells derived from C57BL/6 was determined
by flow cytometry. UTD cells served as negative controls. (C) The establishment of 4T1EGFRVIIl cells and EO771EGFRUVIIl cells. (D) Western blot of PARP1 expression in tumor
cells and T cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as a loading control. (E and F) The cytotoxicity of (E) olaparib or (F) veliparib to CAR-T cells and
tumor cells was shown after treatment with indicated concentrations of olaparib or veliparib for 48 h. (G and H) More pronounced DNA breaks in chromosome bridges caused
by olaparib were observed in a dose-dependent manner. (G) EO771EGFRUVII cells and (H) 4T1EGFRUVIII cells were treated with 0, 1uM, 5uM, or 10uM olaparib for 24 or 48 h.
The expressions of p-H2AX (y-H2AX), H2AX, and GAPDH were determined by western blot. () The gRT-PCR analysis showed energy metabolism-related genes expression

in EGFRUVIII-positive tumor cells after olaparib treatment for 48 h.

and activation in breast cancer and inhibit angiogenesis.'>'* These
findings provide a rationale for combining PARPi with immunother-
apies, such as CAR-T cells, for the treatment of breast cancer.

EGFR and EGFRvIII, the most common EGFR mutant forms with
constitutively activated kinase domain, can promote tumor cells pro-
liferation, invasion, and tumor microenvironment angiogenesis.
EGFRVIII has been reported to be expressed in various human can-
cers, including breast cancer, but has not been detected in normal
° EGFRVIII expression has been detected in
approximately 5% of primary breast cancer cases and contributes to
cancer stem cell phenotypes in invasive breast carcinomas.'® EGFR-

adult human tissue."

vIIT has also been found in circulating breast cancer cells and corre-
lated with breast cancer metastasis.'’ In our previous studies, we
have generated EGFRvIII-targeting CAR-T cells and defined that

EGFRVIII has an anti-tumor effect, especially in breast cancer,!"!1%1?

In this study, we explored the possible combination of olaparib with
EGFRvIII-targeting CAR (806-28Z CAR) T cells in immunocompetent
mouse models of breast cancer. Our results demonstrated that olaparib
might suppress the recruitment of MDSCs to improve the immunosup-
pressive microenvironment, which contributes to the infiltration and
survival of CAR-T cells. These findings uncover a novel mechanism of
PARPi and provide an additional mechanistic rationale for combining
PARPi with CAR-T therapy for the treatment of breast cancer.

RESULTS

Effects of Olaparib on Mouse Breast Cancer Cells and CAR-T
Cells In Vitro

We constructed a retroviral vector encoding 806-28Z CAR, which
was composed of an extracellular scFv derived from 806 antibody
linked through a hinge region to a mouse CD8 transmembrane region
and a mouse CD28 intracellular signaling domain and CD3-{ chains
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(Figure 1A). The transduction efficiency of 806-28Z CAR (T cells
from C57BL/6 mice) was 70.7% (Figure 1B) and 52.9% (T cells
from BALB/c mice) (Figure S1A), which was determined by flow cy-
tometry. EGFRVIII-positive E0771 and 4T1 cells were sorted out suc-
cessfully (Figure 1C). BRCA1/2 defects have therapeutic implications,
as it confers the sensitivity to platinum-based drugs and PAPRi.*’ The
mRNA expressions of BRCAI and BRCA2 in EGFRvIII-positive tu-
mor cells were observed, which were much higher in 4T1EGFRvIII
cells than in E0771EGFRVIII cells (Figure S1B). In this study, we eval-
uated the cytotoxicity of PARPi on the two mouse breast cancer cells
and CAR-T cells with different BRCA1/2 expression. Expression of
PARP1 was detected in mouse breast cancer cells, mouse T cells,
and CAR-T cells (Figure 1D). Since the homology of PARPI protein
in mouse and human cells reaches 99.9%, and the binding site of
PARPi is consistent in mouse and human cells, the PARPi could be
used in mouse cells. In this study, we chose the two main PARPis, ola-
parib and veliparib, to explore the impact of PARPis on different cells.
According to proliferation analysis, olaparib presented better cytotox-
icity in EGFRvIII-positive cells than veliparib (Figures 1E and 1F),
and olaparib could also suppress the proliferation of CAR-T cells
when the concentration of olaparib reached 2.5 uM and above (Fig-
ures 1E and 1F). Further, more pronounced DNA breaks in chromo-
some bridges caused by olaparib were observed in a dose-dependent
manner in mouse breast cancer cells as judged by p-H2AX (y-H2AX)
(Figures 1G and 1H). Olaparib treatment could induce DNA damage
even at 1 pM concentration (Figures 1G and 1H). Moreover, EGFR-
vIII-positive tumor cells treated with olaparib showed a state of senes-
cence with less cell proliferation, as observed by B-galactosidase stain-
ing (Figure SIC), and olaparib exposure resulted in a significant
reduction of energy metabolism-related gene expression (Figure 1I).
These alterations were attributed to a reduction in proliferation of
mouse breast cancer cells treated with olaparib.

The exhaustion markers of mouse CAR-T cells were then tested. No
significant differences appeared in the expression of T cell exhaus-
tion-related proteins (PD1, TIM3, and LAG3) of CAR-T cells treated
with olaparib (Figure S1D). Further, olaparib treatment could induce
more CAR-T cell apoptosis (p < 0.05; Figure S1E), and the percent-
ages of central memory T cell (T.,) (CD8'CD44"CD62L") cells
were elevated in olaparib-treated CAR-T cells (p < 0.01; Figure S1F),
suggesting the possible role of olaparib in improving cell persistence
in vivo.

Olaparib Enhances the Antigen-Induced CAR-T Cell Responses
In Vitro

Due to the impact of olaparib on the proliferation of CAR-T cells,
target cells were pretreated with 0, 1 uM, or 5 pM olaparib for 24
h. Then the medium of the co-culture of effector and target cells
was added with or without olaparib 1 uM or 5 pM (Figure 2A). Mu-
rine CAR-T cells showed significant specific cytolysis activity against
EGFRuvIII-positive tumor cells but not antigen-negative tumor cells
(Figures 2B and 2C). Significantly higher specific lysis of the target
cells could be detected at a 3:1 effector-to-target (E/T) ratio compared
toa 1:3 or 1:1 E/T ratio (Figure 2C). The cytotoxic activity of CAR-T
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cells after olaparib exposure was enhanced at a 1:3 E/T ratio in the co-
culture system (Figure 2C). Furthermore, cytokine secretion by CAR-
T cells in response to antigen stimulation was also measured in the
presence of different concentrations of olaparib. Increased inter-
feron-vy (IFN-vy) production by CAR-T cells was observed in the pres-
ence of olaparib in E0771EGFRVIII cells (Figure 2D). However, there
were no differences of interleukin-2 (IL-2) and granzyme B secretion
by CAR-T cells in either the olaparib pretreatment or the treatment
group (Figure 2D). The phenotype of CAR-T cells in response to an-
tigen stimulation was then evaluated. Stimulated with EGFRVIII-pos-
itive tumor cells, there were no significant differences in the percent-
ages of CD8" T cells, T.y cells, and the expression of T cell
exhaustion-related protein of CAR-T cells in each treatment group
(Figures S2A-S2D). Of note, with olaparib exposure, more apoptosis
and less proliferation of CAR-T cells were observed in the olaparib
and CAR-T cell co-culture system. However, in olaparib pretreatment
conditions, the apoptosis and proliferation of CAR-T cells were
almost not changed (Figures 2E and 2F). Moreover, the combination
of olaparib with CAR-T cells could induce significant tumor cell
apoptosis (Figure 2G).

Olaparib Enhances the Anti-Tumor Activity of CAR-T Cells

In Vivo

To address whether olaparib could enhance the anti-tumor activities
of CAR-T cells, mice bearing EGFRvIII-positive tumor xenografts
were established (Figures 3A and 4A). The mice were administered
olaparib at a dose of 10, 50, or 100 mg/kg/day from day 14 to 24 and
treated with CAR-T cells on day 21 after tumor cell inoculation
(Figure S3A). The results showed that a 50 mg/kg dose of olaparib
could significantly enhance the tumor-suppression activity of CAR-
T cell, as shown by the delayed tumor growth and lighter tumor
weight (Figures S3B and S3C). Meanwhile, we did not find any se-
vere toxicity on mice treated with CAR-T cells or olaparib in vivo.
No morphological abnormality appeared in the H&E staining of the
tissue sections from heart, liver, spleen, lung, and kidney (Fig-
ure S3D). Therefore, in the following experiments in vivo, mice
bearing EGFRvIII-positive tumors were administered olaparib at a
dose of 50 mg/kg/day to combine with CAR-T cells (Figures 3A
and 4A).

Tumor growth and body weight of mice were observed for 35 days af-
ter tumor cell inoculation (Figures 3B, 3C, 4B, and 4C). The body
weight of mice showed no significant difference in all groups, suggest-
ing no severe toxicity caused by CAR-T and olaparib treatment (Fig-
ures 3C and 4C). Single administration of olaparib had no inhibitory
effect on tumor growth, whereas the tumor-suppression activities
were significantly improved after combining with CAR-T cells.
Compared with single CAR-T cells or olaparib treatment groups in
E0771EGFRVIII tumor xenografts, CAR-T cell (2 x 10° and 5 x
10°) treatment in combination with olaparib (50 mg/kg) led to stron-
ger tumor growth inhibition (p < 0.01; Figure 3B). In 4T1EGFRvIII
tumor xenografts, CAR-T cell (5 x 10°) treatment in combination
with olaparib (50 mg/kg) also significantly suppressed the tumor
growth compared with single CAR-T cells or olaparib treatment
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Figure 2. Olaparib Enhances the Antigen-Induced CAR-T Cell Responses In Vitro

(A) Schematic diagram of cytotoxic activities of CAR-T cells combined with olaparib. Target cells were pre-treated with 0, 1 uM, or 5 uM olaparib for 24 h. Then the medium of
the co-culture system was added with or without olaparib (1 uM or 5 uM) in E-plate at 37°C for 18 h. (B) In vitro cytotoxic activities of CAR-T cells on EGFRvIII-negative tumor
cells. (C) The cytotoxicity analysis after incubation of EGFRvIII-positive tumor cells and CAR-T cells at the three E/T ratios in different olaparib treatment groups. (D) The levels
of IFN-vy, IL-2, and granzyme B in the co-cultured supernatants were determined by ELISA. (E) The number of gated cells indicates the dividing cell population of CAR-T cells.
EGFRuvlll-positive tumor cells were pre-treated with or without various concentrations of olaparib for 24 h. 1 x 10° CellTrace-labeled CAR-T cells were incubated with 1 x 10°
EGFRUVIII-positive tumor cells at a 1:1 E/T ratio in the presence of various concentrations of olaparib for 24 h. (F and G) The representative flow cytometry plots showing the
frequencies of Annexin V* (F) CAR-T cells and (G) EGFRvlll-positive tumor cells. All data are presented as the mean + SEM of triplicate experiments. *p < 0.05, **p < 0.01.

(p <0.05; Figure 4B). Tumor inhibition rates and tumor weights were
measured and were in accordance with tumor volumes (Figures 3D,
3E, 4D, and 4E). DNA copy numbers were more significantly elevated
in the CAR-T cells in combination with the olaparib (50 mg/kg)
group than those of other groups (Figures 3F and 4F). Compared
with single CAR-T cell treatment, CAR-T cells in combination with
olaparib treatment showed more CD8" T cells and fewer CD31" cells
in tumor tissue by immunohistochemical (THC) staining, whereas the
CD4'T cells in each group showed no differences (Figures 3], 3K, 4],
and 4K). These data suggested that combination with olaparib treat-

ment could improve the anti-tumor efficacy of CAR-T cell therapy in
immunocompetent mouse models.

Olaparib Decreased MDSC Recruitment in Tumor Tissue of
Tumor-Bearing Mice

MDSCs have emerged as important contributors to solid tumor im-
mune evasion.’! In our study, the infiltration of CD45" immune cells
and MDSCs was analyzed via flow cytometry on day 28. Large
amounts of MDSCs were detected in the tumor tissue of EGFRVIII-
positive tumor-bearing mice (Figures 3G and 4G). However, after
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Figure 3. Olaparib Enhances the Anti-tumor Activity of CAR-T Cells in Mice Bearing EO771EGFRvIIl Tumor Cells

(A) In vivo experimental design. EO771EGFRvIII tumor cells (5 x 10°%) were in situ inoculated into C57BL/6 mice and allowed to establish for 14 days. Mice were assigned to six
experimental groups and indicated PBS or olaparib (50 mg/kg) was administered via intraperitoneal injection for 10 days. CAR-T cells were injected intravenously (i.v.) on day
21. (B-E) Tumor growth (B), body weight (C), tumor inhibition rate (D), and tumor weight (E) of each treatment group (n = 6). (F) CAR copy number in genomic DNA of residual

(legend continued on next page)
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olaparib treatment, the ratio of CD45" immune cells in tumor tissue
of EGFRvIII-positive tumor-bearing mice was increased, whereas the
ratio of MDSCs was significantly decreased (Figures 3G, 3H, 4G, and
4H). L-Arg (L-arginase) is depleted by inducible nitric oxide synthase
(iNOS), and Arg-1 is produced by MDSCs, leading to the depression
of T cells.”> The mRNA expressions of Arg-1 and iNOS were
increased, which were the related markers of MDSCs (Figures 3I
and 4I). It has been reported that olaparib could induce the recruit-
ment of CD8" T cells into tumor tissue.'” The results of IHC staining
indicated that there was more infiltration of CD8" T cells in tumor
tissue in the combination treatment group than those of the single
CAR-T cell treatment group (Figures 3], 3K, 4], and 4K). Previously,
we observed that MDSCs could suppress mouse T cell proliferation. '
To evaluate the contribution of MDSCs on the survival of CAR-T
cells, MDSCs were isolated from the bone marrow of C57BL/6 mice
and co-cultured with CAR-T cells for 24 h (Figures 5A and 5B; Fig-
ure S4A). As shown in Figure 5B, the CD8'T cells presented more
cell apoptosis when co-cultured with MDSCs, suggesting that the
decreased presence of MDSCs should promote the survival of CD8"
T cells in tumor tissue in the combination treatment group. More-
over, MDSCs could inhibit the lytic activity of CAR-T cells in a
dose-dependent manner (Figure S4B). To exclude the direct toxic ef-
fect of olaparib on MDSCs, MDSCs were treated with different doses
of olaparib in vitro. The cell proliferation results showed that olaparib
had almost no direct toxic effects on MDSCs (Figure S4C). Further,
the toxic effect of olaparib on MDSCs in vivo was also investigated
(Figure S5A). The results showed that, compared with the control
group, no significant differences of MDSCs were observed in blood,
spleen, and bone marrow from mice bearing EGFRvIII-positive tu-
mor xenografts treated with different doses of olaparib (Figures
S5B-S5G). These results suggested that olaparib improving the
anti-tumor effects of CAR-T cells was attributed to the reduction of
MDSC recruitment in tumor tissue of tumor-bearing mice.

Olaparib Induced SDF1a Downregulation in CAFs

The tumor microenvironment is composed of extracellular matrix
(ECM) and non-malignant stromal cells, including fibroblasts, peri-
cytes, immune cells, and endothelial cells.?® Cancer-associated fibro-
blasts (CAFs) are the main cell types constituting the tumor stroma of
breast cancer.” In this study, the expression of CAFs was examined
by immunostaining, and large number of CAFs were observed in tu-
mor tissue of EGFRvIII-positive tumor-bearing mice (Figure S6A).
MDSCs could be recruited into tumor tissue by a variety of chemo-
kines. To determine the key chemokines relevant to olaparib-reduced
recruitment of MDSCs, mRNA levels of chemokines and cytokines
were detected in tumor tissue from EGFRVIII-positive tumor-bearing
mice (Figures S6B and S6C). The stromal cell-derived factor 1o
(SDF1a), also known as CXCL12, was produced in different cell types,

including stromal cells such as CAFs. A previous study reported that
CAFs could promote the recruitment of MDSCs via the SDFla/
CXCR4 axis in tumor tissue, which led to tumor growth.”* The
SDF1a/CXCR4 axis also participates in promoting the proliferation
and migration of breast cancer cells.”>*° In this study, our results
showed that the protein expression of both SDF1a and CXCR4 was
decreased with olaparib treatment in the tumor tissue of EGFRVIII-
positive tumor-bearing mice (Figures 5C-5F). In addition, tumor-
derived CAF cells were isolated from mammary tissues of mice
bearing EGFRvIII-positive tumor xenografts (Figure S6D). There
was almost no difference of SDF1a. expression in tumor tissue and tu-
mor-derived CAFs (Figure S6E). These results suggested that SDF1la
in tumor tissue was mainly derived from CAFs.

Next, to determine the effect of olaparib on the SDF1a expression in
CAFs, mouse fibroblast NIH 3T3 cells were first induced into CAFs by
starvation and transforming growth factor B (TGF-p) treatment ac-
cording to the previous report.”” As shown in Figure 5G, the protein
level of a-smooth muscle actin (0-SMA), a marker of CAFs, was
significantly increased in induced NIH 3T3 cells. We know that the
tumor environment is hypoxic, and in order to imitate the hypoxic
environment, EGFRvIII-positive tumor cells and CAFs were cultured
in the absence or presence of 1% O, conditions. The mRNA expres-
sions of a variety of chemokines were increased under hypoxic condi-
tions, including SDFla (Figure S6F). The protein expression of
CXCR4 in the EGFRvIII-positive tumor cells and SDFla in CAFs
were all downregulated after 48 h treatment of olaparib under hypoxic
conditions (Figure 5H-5K).

Olaparib Reduced the Recruitment of MDSCs in an
SDF1a-Dependent Manner

It has been reported that CAFs could produce key growth factors and
cytokines to recruit immune cells, especially immunosuppressive cells,
into the tumor stroma.*' High levels of pro-inflammatory cytokines and
chemokines were detected in CAFs (Figure 6A). The mRNA expression
of SDF1a was significantly decreased in CAFs with olaparib treatment
(Figure 6B). To determine whether the olaparib-reduced SDFla in
CAFs contributed to less recruitment of MDSCs, MDSCs were Trans-
well cultured in the upper chamber, with the cell culture supernatant
of CAFs treated with different concentrations of olaparib (0, 1 uM, or
5 uM) in the lower compartment (Figure 6C). Less migration of MDSCs
was detected in the cell culture supernatant of CAFs treated with ola-
parib group (Figure S7A). MDSCs treated with or without olaparib
were added in the upper chamber, while the cell culture supernatant
of CAFs was in the lower chamber of the Transwell co-culture system.
Less migration of MDSCs was detected in the olaparib treatment group
(Figure S7B). Then, we evaluated the impact of olaparib on CXCR4
expression of MDSCs. The CXCR4 expression on the cell surface of

tumors 10 days after therapy was measured by qRT-PCR (TagMan probe). (G and H) The representative flow cytometry plots showing the (G) frequencies and (H) quan-
titations of tumor-infiltrating CD45" immune cells and MDSCs of each treatment group. (I) The mRNA expression of INOS and Arg-1 in EO771EGFRvIII tumor tissue of mice.
(J and K) The tumor tissues from mice of each treatment group were immumostained with anti-CD4, anti-CD8, or anti-CD31 Ab and H&E staining. (J) The representative
immunostaining images (K) and quantifification of CD4+ ,CD8+, and CD31+ cells in tumor tissues from each treatment group. The images were obtained under original
magnification 200x. Scale bars, 100 um. All data are presented as the mean + SEM of triplicate experiments. *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 4. Olaparib Enhances the Anti-tumor Activity of CAR-T Cells in Mice Bearing 4T1EGFRvIIl Tumor Cells
(A In vivo experimental design. 4T1EGFRvIII tumor cells (5 x 10°) were in situ inoculated into BABL/c mice and allowed to establish for 14 days. Mice were assigned to four
experimental groups and PBS or olaparib (50 mg/kg) was administered via intraperitoneal injection for 10 days. CAR-T cells were injected i.v. on day 21. (B-E) Tumor growth
(B), body weight (C), tumor inhibition rate (D), and tumor weight (E) of each treatment group (n = 6). (F) CAR copy number in genomic DNA of residual tumors 10 days after
therapy were measured by gRT-PCR (TagMan probe). (G and H) The representative flow cytometry plots showing the (G) frequencies and (H) quantitations of tumor-infil-
trating CD45" immune cells and MDSCs of each treatment group. (I) The mRNA expression of INOS and Arg-1 in 4T1EGFRuvIIl tumor tissue of mice. (J and K) The sections of
formalin-fixed, paraffin-embedded tumor tissue from mice of each group were immunostained with anti-CD4, anti-CD8, or anti-CD31 Ab and H&E staining. The images were
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Figure 5. Olaparib Decreased MDSC Recruitment in Tumor Tissue of Tumor-Bearing Mice

(A) Representative flow cytometry plots showing the frequencies of MDSCs (CD11b*Gr1™ cells) in CD45" immune cells isolated from bone marrow. (B) The representative
flow cytometry plots and quantification results showed the frequencies of Annexin V* CD8* cells in CAR-T cells after co-culture with MDSCs without IL-2 in the medium. (C-F)
The protein levels of CXCR4 and SDF1a were decreased with olaparib treatment in the tumor tissue of (C and D) EQ771EGFRuvIIl-tumor bearing mice and (E and F)
AT1EGFRUVIII-tumor bearing mice from each treatment group. (G) NIH3T3 cells were starved for 24 h and then treated with TGF-B (2.5 ng/mL) for 16 h to acquire the
phenotype of CAFs. The expression of a-SMA was increased in TGF-B-induced conditions. (H and I) The expressions of HIF1e. and CXCR4 were decreased in (H)
E0771EGFRVII tumor cells and (I) 4T1EGFRvIIl tumor cells after O, 1 uM, 5 uM, or 10 uM olaparib treatment under normal or hypoxic conditions for 24 or 48 h. (J and K) The

expressions of HIF1e and SDF1a. were decreased in CAFs treated with olaparib (0, 1
loading control. All data are presented as the mean + SEM of triplicate experiments.

MDSCs from mice bearing EGFRvIII-positive tumor xenografts treated
with olaparib decreased in a dose-dependent manner (Figures S7C and
S7D). In addition, in vitro, the decreased expression of CXCR4 on the
cell surface of MDSCs was also observed in the presence of 1 uM ola-
parib (p < 0.01; Figure S7E). These results suggested that the SDF1o./

M, or 5 uM) under normal or hypoxia conditions for 24 or 48 h. GAPDH served as a

*p < 0.05, *p < 0.01.

CXCR4 axis played a key role on olaparib-induced reduction of
MDSC migration.

The expression of chemokines released by CAFs such as SDFla,
CXCL1, and CCL2 was downregulated with olaparib treatment
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Figure 6. Olaparib Reduced the Recruitment of MDSCs in an SDF1a-Dependent Manner

(A) The mRNA expression of chemokines in NIH 3T3 and CAFs. (B) The mRNA expression of VEGFa, SDF1a, CXCL1, and CCL2 in CAFs treated with DMSO or 1 uM olaparib
for 24 h or 48 h. (C) Transwell co-culture of MDSCs with cell culture supernatant of CAFs. 1 x 10° MDSCs were added to the upper chamber and the cell culture supernatant
of CAFs was added in the lower chamber. The cell number in the lower chamber was counted at 2 h and 6 h. (D and E) CAFs were transfected with siRNA for 48 h. The
expression of SDF1a was determined by western blot, and siRNA-3 of SDF 1« could significantly block the SDF1a expression in CAFs. GAPDH served as a loading control. (F)
Effects of olaparib and SDF1a. on CAF-induced chemotaxis of MDSCs. CAFs were transfected with siRNA SDF1a.-3 or scramble, treated with 0, 1 uM, or 5 uM olaparib for 48
h, and then the cell culture supernatant was collected. 1 x 10 MDSCs were added to the upper chamber, and the cell culture supernatant of CAFs was added in the lower
chamber. The cell number in the lower chamber was counted at 2 h and 6 h. (G and H) The CAFs were transfected with siRNA of HIF 1a. for 48 h. The expressions of HIF 1. and
SDF1a were successfully decreased in CAFs transfected with siRNA-3 of HIF1a. (I and J) CAFs were transfected with siRNA-3 of HIF1a. and treated with different con-
centrations of olaparib for 48 h. The HIF1o. and SDF 1 levels were decreased with olaparib treatment in control group (scramble). The expression of SDF1a. was not changed
with olaparib treatment in sSiRNA-3 of HIF 1 transfected group, determined by western blot. (K) Effects of olaparib and HIF1a. on CAF-induced chemotaxis of MDSCs. CAFs
were transfected with sSiRNA HIF1a-3 or scramble, treated with O, 1 uM, or 5 uM olaparib for 48 h and then collected the cell culture supernatant. 1 x 10° MDSCs were added
to the upper chamber and the cell culture supernatant of CAFs were added in the lower chamber. The cell number in the lower chamber was counted at 2 h and 6 h. All data
are presented as the mean + SEM of triplicate experiments. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.

(Figure 6B). However, whether SDF1a plays the key role in olaparib-  transfected with scramble siRNA (Figure 6F). However, with decreased

reduced recruitment of MDSCs was not clear. To clarify this, CAFs
were transfected with control small interfering RNA (siRNA) (Fig-
ure S7F) or the siRNA of SDFla, and the siRNA-3 of SDFla. could
significantly block the SDF1a expression in CAFs (p < 0.001; Figures
6D and 6F; Figure S7G). In the Transwell co-culture system, the cell cul-
ture supernatants of CAFs transfected with SDF1la siRNA-3 treated
with different concentration of olaparib were added in the lower cham-
ber, and MDSCs were Transwell cultured in the upper chamber. The cell
culture supernatant of CAFs transfected with siSDF1a-3 induced less
MDSC migration compared with the cell culture supernatant of CAFs
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expression of SDF1a (CAFs transfected with siSDF1a-3), there was no
difference in MDSC migration in the groups of CAFs treated with
different concentration of olaparib (Figure 6F), suggesting that the
reduced recruitment of MDSCs by olaparib was dependent on SDFla.

Hypoxia-inducible factor 1o (HIF1a) activates transcription of genes
in hypoxic cells. It has been reported that HIFla levels could be
downregulated by olaparib.”® In this study, the expression of HIFla,
decreased in olaparib-treated tumor cells and CAFs in a dose-depen-
dent manner under hypoxic conditions (Figures 5H and 5I). Notably,
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Figure 7. Schema: Olaparib Enhances the Anti-tumor
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the expression of HIF1a. was consistent with the SDF1a expression in
CAFs treated with olaparib under hypoxic conditions (Figures 5] and
5K; Figure S7H). To determine whether HIF1a mediates the downre-
gulation of SDF1a, CAFs were transfected with HIF1a. siRNA under
hypoxic conditions. The expression of HIFla was successfully
decreased in CAFs transfected with the siRNA-3 of HIFla (Figures
6G and 6H; Figure S7I). Consistently, the expression of SDFla was
also decreased. Furthermore, to confirm whether HIFla is the key
regulator of olaparib-induced SDF1a downregulation in CAFs under
hypoxic conditions, CAFs were transfected with HIF1o. siRNA-3 or
scramble and then treated with or without olaparib under hypoxic
conditions. The expression of HIFla could be suppressed by the
siRNA-3 of HIFla or olaparib treatment in CAFs (Figures 61 and
6]). However, transfection with the siRNA-3 of HIF1a along with ola-
parib treatment did not induce a synergistic suppression of SDFla
expression (Figures 61 and 6]). Furthermore, with HIF1a knockdown,
there were no differences in MDSC migration in the cell culture su-
pernatants from CAFs treated with or without olaparib (Figure 6K).
These data demonstrated that olaparib might regulate the SDFla
expression via HIF1a.

DISCUSSION

CAR-T cells have encountered significant challenges for treatment of
solid tumors because of their poor trafficking and antigen heterogene-
ity and the immunosuppressive microenvironment within solid tu-
mors.””*° To overcome these obstacles in solid tumors, several corre-
sponding strategies were proposed, including combining CAR-T cells
with radiotherapy, chemotherapy, and small molecule inhibitors. In
this study, we provided evidence that olaparib, a PARPi, combined
with CAR-T cells triggers an anti-tumor immune response with
improved recruitment of CD8" T cells in mouse breast cancer models.
Mechanistically, we demonstrated that olaparib might suppress the
release of SDF1o in CAFs via HIF1a and further limit the recruitment
of MDSCs into tumor tissue, which might promote the survival of
CD8" T cells (Figure 7).

Previously, olaparib was first approved by the US Food and Drug
Administration (FDA) in 2014 for the treatment of germline

cells and MDSCs. With less MDSC recruitment, CAR-T
cells could significantly inhibit tumor angiogenesis.

BRCA1/2-deficient ovarian cancer.”' In tumors with no BRCA1/2
deficiency, a massive dose of olaparib is required for tumor suppres-
sion. In this study, the mRNA expressions of BRCAI and BRCA2 were
found expressed in EGFRvIII-positive tumor cells. CAR-T cells com-
bined with olaparib at the dose of 50 mg/kg/day could suppress tumor
progress in mice bearing EGFRvIII-positive cell xenografts. Previous
studies showed that the mutation rate of BRCA1/2 only reaches 12.2%
in breast cancers and 25% in triple-negative breast cancers,”” which
limits clinical use of PARPi. However, our data demonstrated that
CAR-T cells combined with olaparib might be applied in treating
breast cancers without BRCA1/2 deficiency. Further studies are
needed to understand the efficacy of the combination treatment on
breast cancers with BRCA1/2 mutation.

In this study, a high concentration of olaparib was shown to be able to
induce CAR-T cell death. Thus, tumor cells were pre-treated with ola-
parib to reduce the growth-suppression effect of olaparib on CAR-T
cells and enhance the cytotoxicity of CAR-T cells in vitro. Here,
increased IFN-y produced by CAR-T cells was observed in the pres-
ence of olaparib co-cultured with E0771EGFRVIII cells in vitro. How-
ever, in vivo there were no significant differences of serum IFN-vy in
the CAR-T cells treatment group and combination treatment group
from mice bearing EGFRvIII-positive tumor xenografts (data not
shown). These results suggested that olaparib might improve IFN-y
secretion in the co-culture system in vitro. However, olaparib-
enhanced anti-tumor activity of CAR-T cells in vivo might be very
complicated.

MDSCs have emerged as important contributors to solid tumor im-
mune evasion. This negative effect has been ascribed to their immu-
nosuppressive roles and their effects on tumor cell invasion and
angiogenesis.”” Tumor-induced MDSCs were associated with poor
CAR-T cell efficacy against xenografts in vivo, implicating the immu-
nosuppressive solid tumor microenvironment as a modulator of
CAR-T cell efficacy.”’ In the study, increased CD8" T cells and
decreased recruitment of MDSCs were detected in tumor tissue of
the combination treatment group. Our results showed that more
apoptosis of CD8" T cells and inhibited lytic activity of CAR-T cells
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could be induced by co-culture with MDSCs in vitro. Thus, more resi-
dence of CD8" T cells in tumor tissue of mice treated with olaparib
may be at least partially ascribed to less recruitment of MDSCs. In
addition, EGFRVIII-positive tumor cells treated with olaparib showed
a state of senescence, with less cell proliferation. Senescent cells could
secret various cytokines and chemokines to recruit immune cells,
which might also induce the infiltration of CD8" T cells into tumor
tissue.

Notably, a significant increase in the number of MDSCs was found in
tumor tissue in the CAR-T cell treatment group compared with the con-
trol, and this correlated with the number of CAR-T cells administered.
These results suggested that CAR-T cell administration might induce
more recruitment of MDSCs into tumor tissue, and the accumulation
of intratumoral MDSCs might contribute to immunosuppression in tu-
mor. The recruitment of MDSCs induced by CAR-T cells to tumor
might be affected by complicating factors. It has been reported that a
set of tumor-derived microRNAs were elevated in melanoma patients
treated with immune checkpoint inhibitors and associated with
MDSC infiltration.”* Moreover, some chemokines, such as CXCLI1,
could be increased under monoclonal antibody treatment, thereby pro-
moting more MDSC infiltration to the tumor.” In this study, the
expression of CXCL1, CCL2, and CCL5 were found increased in tumor
tissue of E0771EGFRVIII tumor-bearing mice with a high dose of CAR-
T cell treatment (5 x 10%), compared with a low dose of CAR-T cell
treatment (2 x 10°), and these enhanced chemokines induced by
CAR-T cells administered might lead to more MDSC recruitment to tu-
mor tissue. It is necessary to do more work to clarify the mechanism of
CAR-T cells inducing infiltration of MDSCs in the future.

CAFs are differentiated from quiescent fibroblasts and are associated
with increased expression of myofibroblastic markers, such as
a-SMA. Multiple studies have shown that CAFs create a microenvi-
ronment suitable for cancer cell invasion.’®” In this study, CAFs
were detected to exist in the tumor tissue of EGFRVIII-positive tu-
mor-bearing mice. SDF1a, released by CAFs, is probably one of the
major chemokines inducing MDSC chemoattractant.’® Here, in
mouse models, the tumor tissue showed less SDF1a expression and
consistently less MDSC recruitment in the olaparib combined with
CAR-T cell treatment group. Further, our findings demonstrated
that SDF1a. is the key cytokine in olaparib-reduced MDSC recruit-
ment. The SDF1a,/CXCR4 axis plays an important role in promoting
the recruitment of MDSCs and the growth and migration of breast
cancer cells.”” With less expression of CXCR4, tumor cells presented
less ability for cell proliferation and migration.*’ In this study, CXCR4
expression was significantly decreased in olaparib-treated tumor cells
and tumor tissue in the combination treatment group. Additionally,
MDSCs treated with olaparib presented a decrease of CXCR4 expres-
sion. These results suggested that the SDF10/CXCR4 axis might play
an important role in decreasing the recruitment of MDSCs and tumor
cell proliferation in the combination treatment group.

As we know, the tumor microenvironment is generally hypoxic. It has
been reported that olaparib could suppress HIF1a expression. Mean-
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while, HIFla could decrease the expression of CXCR4 and
SDF1a.*"** In this study, we observed reduced SDFla. expression
in CAFs under hypoxic conditions when HIF1a was knocked down
with siRNA. We concluded that olaparib reduced SDF1a. expression
in CAFs via downregulation of HIFla. Meanwhile, in accordance
with HIFla expression, the expression of CXCR4 was decreased in
EGFRvIII-positive tumor cells. In addition, it has been reported
that in tumors, PARPi had anti-angiogenesis potential through sup-
pressing VEGFa, expression.”*** CD31 is known as a platelet-endo-
thelial cell adhesion molecule and is expressed on the surface of
vascular endothelial cells. Our results showed that CD31" cells were
decreased in tumor tissue after the combined therapy compared
with the CAR-T cell treatment alone (Figures 3] and 4]), suggesting
the combined therapy has an anti-angiogenesis capacity. These data
demonstrated that olaparib combined with CAR-T cell therapy could
not only suppress tumor cell proliferation and MDSC migration via
the HIF1a/SDF1a,/CXCR4 axis but also inhibit angiogenesis in tumor
tissue.

In contrast, many reports on the interaction of PARPi with the im-
mune microenvironment have shown variable results in preclinical
breast cancer models. PARPi was shown to promote the expression
of PD-L1 in tumor cells, contributing to immunosuppression that
was reversed by addition of an anti-PD-L1 antibody.”* PARPi has
also been associated with an increase in T regulatory (Tieg) cells.*
However, we did not observe a significant change in the number of
immunosuppressive CD4 " FoxP3" T,., cells in response to olaparib
in our model (data not shown), and the high expression of PD-L1
was also not observed in tumor tissue of the olaparib treatment group
or the combination treatment group (data not shown). Stimulator of
interferon genes (STING), a major adaptor protein in antiviral innate
immune signaling, has been linked to anti-tumor immunity.*® It has
been reported that STING suppresses tumor-induced MDSC differ-
entiation by inhibiting signal transducer and activator of transcrip-
tion 3 (STAT3) signaling.”” Recent studies demonstrated that ola-
parib-induced T cell recruitment is mediated through activation of
the ¢cGAS/STING pathway in tumor cells.'” Whether olaparib-
reduced migration of MDSCs is regulated by the STING pathway
needs further investigation.

Together, in this study, we identified that olaparib could significantly
enhance the anti-tumor efficacy of CAR-T cells in mouse breast can-
cer xenografts, and the reduced recruitment of MDSCs in the tumor
microenvironment was the critical determinant of therapeutic effi-
cacy. Our findings provide a further possibility for clinical trials
against breast cancer by combining olaparib with CAR-T cells.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Murine breast cancer cell line E0771 cells (EGFRvIII, gifted by Dr.
Xiang Zhang of Baylor College of Medicine) were cultured in RPMI
1640 medium (GIBCO, USA) with 10% fetal bovine serum (FBS)
(Gibco, USA) and 100 U/mL penicillin/streptomycin (Invitrogen,
USA). Murine breast cancer cell line 4T1 cells (obtained from the
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Cell Bank of the Shanghai Institute of Cell Biology, Chinese Academy
of Sciences) were cultured in DMEM (Gibco, USA) with 10% FBS
(Gibco, USA) and 100 U/mL penicillin/streptomycin (Invitrogen,
USA). 293T packaging cell lines (obtained from the ATCC) were
cultured in DMEM (Gibco, USA) with 10% FBS (Gibco, USA). Mouse
NIH 3T3 cell lines (obtained from ATCC) were cultured in DMEM
(Gibco) with 10% newborn calf serum (NCS) (Gibco, USA) and
100 U/mL penicillin/streptomycin (Invitrogen, USA). All cells were
routinely maintained at 37°C in a 5% CO, atmosphere incubator.
Cell line authentication was not performed. To induce NIH 3T3 cells
into CAF cells, NIH 3T3 fibroblasts were incubated with free serum
for 24 h, then treated with 2.5 ng/mL TGF-f1 in 10% serum for 24 h.

CAR Design and Generation of CAR-T Cells

The epitope of 806 antibody, EGFR287-302, is only fully exposed on
EGFRVIII or activated EGFR, which makes it a perfect target for CAR-
T cell therapy.'®*® The recombinant murine EGFRvIII-specific CAR
retrovirus was generated as follows. Splenic T cells from C57BL/6 or
BALB/c mice were genetically engineered with a 806-28z CAR
composed of 806 scFv linked to mouse CD28 and CD3-{ endodo-
main. The mouse T cells were isolated from murine spleen using a
mouse T cell isolation kit (STEMCELL Technologies, USA) and sub-
sequently stimulated with anti-mouse CD3/28 magnetic beads
(Thermo Fisher Scientific, USA) at a bead-to-cell ratio of 1:1 for 24
h. Mouse T cells were cultured in RMPI 1640 with 10% FBS, supple-
mented with 50 pM/mL B-mercaptoethanol, 100 U/mL penicillin/
streptomycin, and 100 U/mL recombinant human IL-2 (Shanghai
Huaxin High Biotechnology, China) at 37°C, 5% CO, cell incubator.

Animal Experiments

The 4- to 6-week-old C57BL/6 and BALB/c mice were bought from
Shanghai Sippr BK laboratory. All animal experiments were per-
formed according to protocols approved by the Shanghai Cancer
Institute Experimental Animal Care Commission. 5 x 10> EGFR-
vIII-positive tumor cells were in situ inoculated into the fourth
inguinal mammary fat pads of C57BL/6 and BABL/c mice. When
the tumor volume reached 120 mm?® (day 14), tumor-bearing mice
were randomly grouped (n = 6). Then 50 mg/kg olaparib was intra-
peritoneally injected for 10 days (discontinuous: 5 days consecutively,
2 days off). Mice intraperitoneally injected with the same volume of
PBS were used as control. Then, tumor-bearing mice received tail
vein injection of 2 x 10° or 5 x 10° 806-28Z CAR-T cells in sterile
PBS while the control group received 5 x 10° untransduced (UTD)
T cells (day 21). Tumor growth was measured by caliper twice a
week. Tumor volumes were calculated using the following formula:
Tumor volumes = length x width®/2. Lack of survival was defined

as death or tumor size >2,000 mm°>.

Flow Cytometry

To evaluate CAR expression, cells were incubated for an hour with
EGFR/biotin-labeled EGFR287-302 expression protein, which was
generated by our lab, and then followed by incubation with a PE-con-
jugated anti-streptavidin antibody for 30 min. To measure the expres-
sion of EGFRVIII on tumor cells, cells were incubated with ch806 anti-

body for an hour, followed by incubating with fluorescein
isothiocyanate (FITC)-conjugated goat anti-human antibody (Invi-
trogen, USA) for 30 min. The analysis was performed by using a
flow cytometer. To analyze the in vitro proliferation of CAR-T cells,
a CellTrace Violet cell proliferation kit (Thermo Fisher Scientific,
USA) was used for labeling of cells to trace multiple generations via
dye dilution by flow cytometry. For in vivo detection of MDSCs, tu-
mor tissue isolated from tumor-bearing mice was cut into small pieces
and resuspended in digestion medium containing collagenase type IV
(0.5 mg/mL, Sigma Aldrich, USA), collagenase type I (0.5 mg/mL,
Sigma Aldrich, USA), hyaluronidase (0.5 mg/mL, Sigma Aldrich,
USA), and DNase I (0.02 mg/mL, StemCell Technologies, USA) for
30 min at 37°C. The suspensions were filtered through a 70 pM Fal-
con cell strainer, centrifuged, and stained with antibodies against
CD45, CD11b, and Gr1 according to the manufacturer’s instructions.

In Vitro Cytotoxicity

Cytotoxicity was assessed by the Real Time Cellular Analysis (RTCA).
RTCA was detected in the xCELLigence instrument (Agilent Biosci-
ences, USA) according to the manufacturer’s instructions. Due to the
impact of olaparib on the proliferation of CAR-T cells, target cells
were pretreated with 0, 1 pM, or 5 uM olaparib for 24 h. Then the me-
dium of the co-culture of effector and target cells was added with or
without olaparib (1 uM or 5 pM). Briefly, E0771, E0771EGFRVIII,
4T1, and 4T1EGFRVIII cells (1 x 10*) were co-cultured with CAR-
T cells with or without olaparib at E/T ratios of 1:3, 1:1, and 3:1 in
E-plate at 37°C for 18 h. The percentage of specific cell lysis was calcu-
lated using a standard formula provided in the manual.

Enzyme-Linked Immunosorbent Assay (ELISA)

To further assess the function of olaparib on CAR-T cells upon anti-
gen-specific stimulation, CAR-T cells were co-cultured with EGFR-
vIII-positive tumor cells. CAR-T cells or untransduced T (UT) cells
were co-cultured with target cells at a 1:1 E/T ratio for 24 h. The
release of IFN-v, IL-2, and granzyme B in cell culture supernatants
from activated CAR-T cells were determined by using ELISA kits
(MultiSciences Biotechnology, China) according to the manufac-
turer’s instructions.

Immunohistochemistry Staining

Formalin-fixed and paraffin-embedded tumor tissues were examined
by immunohistochemistry staining as previously described using
anti-CD4 (Abcam, USA), anti-CD8¢a. (Abcam, USA) and anti-CD31
antibody (Abcam, USA).* Briefly, the sections were exposed to 3%
H,0, in methanol after deparaffinization and rehydration and then
blocked with 1% BSA for 30 min at room temperature. After blocking,
the sections were incubated with primary antibody overnight at 4°C,
followed by incubation with peroxidase-conjugated secondary anti-
bodies (ChemMate DAKO EnVision Detection Kit, Peroxidase/
DAB, Rabbit/Mouse) and detection reagents. CD4" cells and CD8"
cells were quantified by measuring the number of stained cells in sec-
tions from three mice in each group. The mean count of the three
areas per section was obtained and expressed as the absolute.

Molecular Therapy Vol. 29 No 1 January 2021 71


http://www.moleculartherapy.org

Chemotaxis Assay In Vitro

In vitro, chemotaxis assay was performed as described previously.”’
For migration, 1 x 10° MDSC cells were added in the upper chamber
of a Transwell unit with a 5-um polycarbonate filter (Corning, USA),
and the culture supernatants of CAFs were added in the lower cham-
ber. At 2 h and 6 h of migration, the cells in the lower chamber were
counted.

RNA Isolation and Quantitative Reverse Transcriptase PCR
(qRT-PCR)

Total RNAs of CAFs and tumor cells were extracted using Trizol re-
agent. One microgram of total RNA was used for first-strand cDNA
synthesis according to the manufacturer’s protocol (Promega, USA).
The sequences of the qRT-PCR primers are listed in Table S1. Gene
expression was analyzed by qRT-PCR using the standard curve
method on an ABI 7500 Real-Time PCR System (Applied Biosystems,
CA, USA).

RNA Interference and Infection

The siRNAs were designed and synthesized by Sangon Biotech
(China). NIH 3T3 cells were transfected at ~50% confluence with
siRNAs using Lipofectamine 3000 (Thermo Fisher Scientific, MA,
USA). The sequences for successful siRNAs were listed in Table
S2. Transfected NIH 3T3 cells with GFP tag negative control siRNA,
and the transfection efficiency was 51.2% detected by flow

cytometry.

Western Blot Analysis

Cells were washed three times with PBS and lysed in RIPA buffer with
a protease inhibitor cocktail. Equal amounts of protein were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes (Millipore,
USA). The membranes were blocked with 5% non-fat dry milk in
PBS containing 0.1% Tween-20 at room temperature for 1 h. Subse-
quently, the membranes were exposed to the indicated primary anti-
bodies in 5% non-fat dry milk in tris buffered saline Tween (TBST)
overnight at 4°C. After washing and incubating with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 2 h at room
temperature, the membranes were incubated with Pierce ECL West-
ern Blotting Substrate (Thermo Fisher Scientific, USA) as the sub-
strate of HRP and membranes were scanned on film.

MDSC Isolation

The amount of MDSCs was detected to be high in bone marrow
(44.3%) and low in spleen (4.11%). MDSCs were isolated via
Ly6G magnetic selection from bone marrow of healthy mice by us-
ing the myeloid-derived suppressor cell isolation kit (Miltenyi Bio-
tec, USA).

Statistical Analysis

All data are presented as the mean + SEM. Student’s t test was used for
two-sample comparisons. One-way analysis of variance (ANOVA)
was used for multi-sample comparisons. Tumor growth data were
analyzed with two-way ANOVA. All statistical analyses were done us-
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ing GraphPad Prism 5.0 software. *p < 0.05, *p < 0.01, and ***p <
0.001 were considered statistically significant.
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Supplemental Information can be found online at https://doi.org/10.
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SUPPLEMENTARY MATERIALS AND METHODS
Virus production

Retroviruses were obtained by transfection of 80% confluent 293T cells with 806-28Z
CAR and packaging plasmid pCL-Eco using poly ethylenimine (PEI). Retroviruses
were produced by co-transfection of pMSCV-EGFRVIII together with the packaging
plasmid pCL-Eco into 80% confluent 293T cells using PEI. Viruses were harvested
48h later and filtered through a 0.45 um filter unit (Millipore, USA) to remove cell
debris.

Murine EGFRvIII Construction

A murine homolog of the human EGFRvIII mutation was created by using cDNA
sequences spanning the murine EGFR according to report. Briefly, the cDNA
sequences cloned into pWPT vector to construct the recombinant murine EGFRvIII.
Mouse EGFRVIII sequences were generated by delete exon 2—7 of mouse EGFR and
insert a human EGFR 806 epitope (Amino acids 287-302, CGADSYEMEEDGVRK
C) after exon 1. Replication-defective lentiviral vectors containing the recombinant
murine EGFRVIII were then generated by 293T packaging cell lines and used to
transfect 4T1 and EO771 cells. Transfected cells were incubated with ch806 Ab
followed with FITC-labeled goat anti-human IgG, then positive cells were sorted by
flow cytometry. Mouse breast cancer cells EO771EGFRvIII and 4T1EGFRVIII cells
were constructed by using a lentivirus transfection system.

Proliferation Analysis

Tumor cells and CAR-T cells were plated at 10* cells/well in 96-well plates with
different concentrations of olaparib or veliparib (0, 0.5 ng/mL, 5 ng/mL, 50 ng/mL,
500 ng/mL, 5 pg/mL). The cell proliferation was analyzed by CCKS kits at 48h.

Animal experiments

The 4-6 weeks old C57BL/6 mice were bought from Shanghai Sippr BK laboratory
animal Co. Ltd. All animal experiments were performed according to protocols
approved by the Shanghai Cancer Institute Experimental Animal Care Commission.
5x10° EGFRuvlIlI-positive tumor cells were inoculated into the forth inguinal
mammary fat pads of C57BL/6 mice. When the tumor volume reached 120mm? (day
14), tumor-bearing mice were randomly grouped (n=6). Mice were administrated with
various concentrations of olaparib (10mg/kg, 50mg/kg or 100mg/kg) for 10 days
(discontinuous: 5 days consecutively, 2 days off). Then, tumor-bearing mice received
tail vein injection of 5x10° CAR-T cells in sterile PBS while the control group
received 5x10° untransduced T (UTD) cells at day 21. Tumor growth was measured
twice a week. The tumor volumes were calculated using the following formula:
Tumor volumes=lengthxwidth?/2. Lack of survival was defined as death or tumor
size > 2000 mm’.



Flow cytometry

To evaluate the impact of olaparib on exhaustion, memory T cells and proliferation of
CAR-T cells in the presence of antigen-positive or antigen-negative target cells,
EGFRvIII-positive tumor cells were pre-treated with or without various
concentrations of olaparib for 24 h. Then CAR-T cells were labeled with CellTrace
Violet, and then, 1x10° CellTrace-labeled CAR-T cells were incubated with 1x10°
EGFRvIlI-positive tumor cells in the presence of various concentrations of olaparib
for 24 h. The cells were stained with antibodies against CD3, CD4, CD8, CD44,
CD62L, PDI1, TIM3 and LAG3 according to the manufacturer’s instructions and
determined by flow cytometry.

MDSCs Suppression Assays

MDSCs were isolated via Ly6G magnetic selection from bone marrow of healthy
mice by using the myeloid-derived suppressor cell isolation kit. To determine whether
MDSCs decrease the anti-tumor activity of CAR-T cells in vitro, the specific lytic
function of CAR-T cells on target cells was examined in the presence of MDSCs.
CAR-T cells and target cells were co-cultured at an E:T ratio of 1:1. Isolated MDSCs
were added at varying MDSCs:CAR-T cells ratios (1:3, 1:1, 3:1) in E-plate at 37 °C
for 18h. Th cytotoxicity was assessed by RTCA.The cytotoxicity of CAR-T cells was
analyzed using a standard formula provided in the manual.

Chemotaxis Assay in vitro

To determine the effects of olaparib on CAFs-induced chemotaxis of MDSCs,
NIH3T3 cells were induced into CAFs by harvested after stimulation with TGFf for
16 h. The CAFs were treated with 0 or 1uM olaparib for 48h and collected the cell
culture supernatants. MDSCs cells (2x10°) (isolated from bone marrow) were added
in the upper chamber and the cell culture supernatants of CAFs from each treatment
group were added in the lower chamber. The chamber aperture is 3um. The cell
number in the lower chamber was counted at 2h and 6h. To clarify the effects of
olaparib on CXCR4-dependent chemotaxis of MDSCs, MDSCs (2x10°) (isolated
from bone marrow) treated with 0, 1uM olaparib or DMSO for 24 were added in the
upper chamber and the cell culture supernatants of CAFs were added in the lower
chamber. The chamber aperture is 3um. The cell number in the lower chamber was
counted at 2h and 6h.

In vivo and in vitro Toxic Effect of olaparib on MDSCs

To evaluate the direct toxic effect of olaparib on MDSCs, the MDSCs isolated from
bone marrow were treated with olaparib in vitro. The MDSCs were plated at 10*
cells/well in 96-well plates with different concentrations of olaparib (0, 0.5 ng/mL, 5
ng/mL, 50 ng/mL, 500 ng/mL and 5 pg/mL). The cell proliferation of MDSCs was
analyzed by CCKS kits at 24h.



The 4-6 weeks old C57BL/6 and BALB/c mice were bought from Shanghai Sippr BK
laboratory animal Co. Ltd. All animal experiments were performed according to
protocols approved by the Shanghai Cancer Institute Experimental Animal Care
Commission. 1x10° EGFRvlIII-positive tumor cells were inoculated into the forth
inguinal mammary fat pads of C57BL/6 and BABL/c mice. When the tumor volume
reached 120mm? (day 14), mice were randomly grouped and administrated
intraperitoneally with 10mg/kg or 50mg/kg dose of olaparib for 10 days. PBS was
served as negative control. After two weeks, the percentages of MDSCs from blood,
spleen and bone marrow of mice were determined by flow cytometry.

The separation and culture of tumor-derived CAFs

The EGFRvIlII-positive tumor cells were into mammary fat pads of C57BL/6 and
BALB/c mice. After three weeks, mammary tissues near the tumors were isolated,
digested with collagenase I, collagenase IV and trypsin, and plated on dishes for
culture. Cells grew in two weeks and CAFs were isolated by monoclonal culture.



SUPPLEMENTARY FIGURE AND FIGURE LEGENDS
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Fig. S1 The effect of olaparib on the phenotype of CAR-T cells

(A) The transduction efficiency of 806-28Z CAR on splenic T cells derived from
BABL/c determined by flow cytometry. (B) The mRNA expression of BRCAI and
BRCA?2 in 4T1EGFRvIII, E0771EGFRvIII, NIH3T3, mouse T cells and CAR-T cells.
(C) The B-galactosidase staining of E0771EGFRvIII and 4T1EGFRVIII cells treated
with 0,1uM olaparib or SuM olaparib for 48h. Scale bars, 100um. (D) The expression
of PD1, TIM3 and LAG3 of CAR-T cells treated with 0, 1uM or 5uM olaparib for
24h or 48h. (E) The representative flow cytometry plots results showing the
frequencies of PI" and Annexin V' CAR-T cells after treated with 0,1 or 5uM
olaparib for 24h or 48h. (F) The percentages of CAR-T cells expressing the relevant
markers of Tem (CD44"CD62L") in CD8" T cells after treated with 0, 1uM or 5uM
olaparib for 24h or 48h, determined by flow cytometry. All data are presented as the
mean+SEM of triplicate experiments. *p<0.05, **p<0.01, ***p<0.001.
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Fig. S2 The effect of olaparib on the phenotype of CAR-T cells in response to
antigen stimulation

EGFRuvIII-positive tumor cells without various
concentrations of olaparib for 24 h. Then, 1x10° CellTrace-labeled CAR-T cells were

incubated with EGFRvlIII-positive tumor cells at a E/T ratio of 1:1 in the presence of

were pre-treated with or

indicated concentrations of olaparib for 24 h. (A) The representative flow cytometry
plots results showing the frequencies of CD4" T and CD8" T cells in CD3" CAR-T
cells. (B) The percentages of Tem (CD44"CD62L") in CD8" T cells of CAR-T cells in
each treatment group. (C) The expression of PD1, TIM3 and LAG3 of CAR-T cells in

each treatment group.
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Fig. S3 The anti-tumor activity of different dose of olaparib combined with
CAR-T cells in mice bearing E0771EGFRvIII tumor cells

(A) In vivo experimental design. 5x10° EGFRvIII-positive tumor cells were in situ
inoculated into the forth inguinal mammary fat pads of C57BL/6 mice. Mice were
administrated with various concentrations of olaparib (10mg/kg, 50mg/kg or
100mg/kg) for 10 days. Then, tumor-bearing mice received tail vein injection of
5x10° CAR-T cells in sterile PBS, while the control group received 5x10° UTD cells
at day 21. (B) The average tumor growth of each treatment group. (C) The tumor
weight of each treatment group. (D) The H&E staining results of heart, liver, spleen,
lung and kidney of mice from each group. Scale bars, 100pum. All data are presented

as the mean+SEM of triplicate experiments. ***p<0.001
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Fig. S4 In vitro lytic activity of CAR-T cells against EGFRvIlI-positive tumor
cells co-cultured with MDSCs

(A) The representative flow cytometry plots results showing the frequencies of
MDSCs (CD11b*Grl" cells) in CD45" immune cells isolated from bone marrow and
spleen. (B) In vitro lytic activity of CAR-T cells against EO771EGFRvIII and
AT1EGFRVIII cells co-cultured with MDSCs. CAR-T cells and target cells were
co-cultured at an E:T ratio of 1:1. Isolated MDSCs were added at different MDSC:
CAR-T cell ratios of 1:3, 1:1, 3:1 in E-plate at 37°C for 18 h. The cytotoxicity of
CAR-T cells was analyzed using a standard formula provided in the manual. (C) The
cytotoxicity of olaparib to MDSCs was shown after treatment with the indicated

concentrations of olaparib for 24 h by CCKS.
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Fig. S5 The direct toxic effect of olaparib on MDSC:s in vivo

(A) In vivo experimental design of EGFRvIII-positive tumor xenografts. 1x10°
EGFRuvlIlI-positive tumor cells were inoculated into the forth inguinal mammary fat
pads of C57BL/6 and BABL/c mice. When the tumor volume reached 120mm? (day
14), tumor-bearing mice were randomly grouped. Mice were injected with 10mg/kg
or 50mg/kg olaparib intraperitoneally for 10 days. (B-D) The quantitation of CD45"
immune cells and MDSCs in various organs: (B) bone marrow, (C) spleen and (D)
blood of 4T1IEGFRVIII tumor-bearing mice injected with different dose of olaparib.
(E-G) The quantitation of CD45" immune cells and MDSCs in various organs: (E)
bone marrow, (F) spleen and (G) blood of E0771EGFRvIIl tumor-bearing mice
injected with different dose of olaparib. All data are presented as the mean+SEM of
triplicate experiments. ns, not significant.
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Fig. S6 SDF1a in tumor tissues mainly derived from CAFs

(A) The immunostaining images of a-SMA and H&E staining of tumor tissue from
mice bearing EGFRvIII-positive tumors. Scale bars, 100um. (B and C) The mRNA
expression of cytokines and chemokines in EGFRvIII-positive tumor tissues of mice
from each treatment group. (D) The protein levels of a-SMA and GAPDH were
determined in NIH3T3 cells and CAFs isolated from tumor tissue of
EGFRvIII-positive tumor bearing mice. GAPDH served as a loading control. (E) The
protein levels of SDFla and GAPDH were determined in CAFs (induced from
NIH3T3 cells), EGFRvIII-positive tumor cells, EGFRvIII-positive tumor tissue and
CAFs isolated from tumor tissue of EGFRvIII-positive tumor bearing mice. NIH3T3
cells were starved for 24h and then treated with TGFf (2.5ng/ml) for 16h to acquire
the phenotype of CAFs. GAPDH served as a loading control.
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Fig. S7 Effects of olaparib on SDF1lae-induced chemotaxis of MDSCs

(A) Effects of olaparib on CAFs-induced chemotaxis of MDSCs. (B) Effects of
olaparib on CXCR4-dependent chemotaxis of MDSCs. MDSCs (2x10°) treated with
1uM olaparib or DMSO for 24 were added in the upper. The cell culture supernatants
of CAFs were putted in the lower chamber. The chamber aperture is 3um. The cell
number in the lower chamber was counted at 2h and 6h. (C and D) 1x10°
EGFRuvlIlI-positive tumor cells were inoculated into the forth inguinal mammary fat
pads of C57BL/6 and BABL/c mice. When the tumor volume reached 120mm? (day



14), tumor-bearing mice were randomly grouped (n=3). Then mice were injected with
10mg/kg or 50mg/kg olaparib for 10 days. The expression and quantification results
of CXCR4 on MDSCs were determined by flow cytometry in tumor tissue of
EGFRuvIlI-positive tumor-bearing mice. (E) The expression CXCR4 on the cell
surface of MDSCs treated with 1uM olaparib or DMSO (control) for 24h in vitro was
determined by flow cytometry. Negative: mouse IgG. The numbers above the graphs
indicate the MFI of CXCR4. (F) The NIH3T3 cells were transfected with control
siRNA (GFP-tag) for 48h. The transfection efficiency of siRNA in NIH3T3 cells was
determined by flow cytometry. (G) The CAFs were transfected with siRNA of
SDFla-1, SDFla-2, SDFla-3 for 48h. The mRNA expression of SDFla was
determined by Western Blot. (H) The mRNA expression of HIFla and SDFla in
CAFs treated with 0, 1uM or 5uM olaparib for 48h. (I) The CAFs were transfected
with siRNA of HIFla for 48h. The mRNA expression of HIFla and SDFla was
determined by RT-qPCR. All data are presented as the mean+SEM of triplicate
experiments. *p<0.05, **p<0.01, ***p<0.001.



SUPPLEMENTARY TABLE S1 Primer sequences for various mouse genes for

RT-qPCR. Primers were designed using Primer5 software

Gene Forward (5'-3') Reverse (5'-3')
UCPI CCCGACAACTTCCGAAGTGCA | GGAAGCCTGGCCTTCACCTTG
HK1 AGGAAGAACCAACCCACAAA | ACCCCAAGGAAACACCACTC
AC
HK?2 GGAGGAGATGCGTAATGTGG | TGCCAGGGTTGAGAGAGAG
CPTIb ACCACAAAGGTCGCTTCTTC TCTTCATCCAGGGTCACAAAG
CPT12 CTCATCCGCTTTGTTCCTTC AGTTCATCACGACTGGGTTTG
HSL TGAGATGGTAACTGTGAGCC ACTGAGATTGAGGTGCTGTC
ATGL GAGCCCCGGGGTGGAACAAG | AAAAGGTGGTGGGCAGGAGTAAG
AT G
PGCla TGCCCCTGCCAGTCACAGGA GCTCAGCCGAGGACACGAGG
FAS ACAAACTGCACCCTGACCCAG | TGCTGGTTGCTGTGCATGGCT
A
ACC GAAGTCAGAGCCACGGCACA | GGCAATCTCAGTTCAAGCCAGTC
PKM?2 GGAGATGTGGTCATTGTGCTG | AAAGGATAGGGGAGGGGAAG
SREBP-1¢c | GCTTAGCCTCTACACCAACTG | ACAGACTGGTACGGGCCACAAG
GC
PPARa CAGGAGAGCAGGGATTTGCA | CCTACGCTCAGCCCTCTTCAT
FOX01 GGACAGCCGCGCAAGACCAG | TTGAATTCTTCCAGCCCGCCGA
GSK-3p CTGGTGCTGGACTATGTTCC CGATGGCAGATTCCAAAGGA
iNOS GTTCTCAGCCCAACAATACAA | GTGGACGGGTCGATGTCAC
GA
CcCL2 TAAAAACCTGGATCGGAACCA | GCATTAGCTTCAGATTTACGGGT
AA
IL-1p GAAATGCCACCTTTTGACAGT | TGGATGCTCTCATCAGGACAG
G
IL-6 GAACAACGATGATGCACTTGC | TCTCTGAAGGACTCTGGCTTTG
TNFa CCATTCCTGAGTTCTGCAAAG | AAGTAGGAAGGCCTGAGATCTTA
G TC
CcCL2 GCTCAGCCAG ATGCAGTTA CTGCTGGTGATCCTCTTGTA G
CXCLI GCTGGGATTCACCTCAAGAA TGGCTATGAC TTCGGTTTGG
BRCAI ATGGATTTATCTGCCGTC CTCAGCAGCTCTTCAGCA
BRCA2 ATGCCCGTTGAATACAAAAG CTCTGAAAGGCGACTGGT
VEGFa GGAGACTCTTCGAGGAGCACT | GGCGATTTAGCAGCAGATATAAG

T

AA

GLUT4

CTTCTTTGAGATTGGCCCTGG

AGGTGAAGATGAAGAAGCCAAGC




FATP1 TGCCTCTGCCTTGATCTTTT GGAACCGTGGATGAACCTAA
ARG-1 AGTCTGGCAGTTGGAAGCAT CATCTGGGAACTTTCCTTTC
CCL5 CCCACGTCAAGGAGTATTTC ACCCTCTATCCTAGCTCATC
18s rRNA | CGGCTACCACATCCAAGGAA | GCTGGAATTACCGCGGCT
SDFla GGTTCTTCGAGAGCCACATC TCTTCAGCCGTGCAACAA




SUPPLEMENTARY TABLE S2 The sequences for siRNA

siRNA

Sense (5'-3')

Anti-sense (5'-3")

siRNA1 HIF1la

GCUCACCAUCAGUUAUUUA
TT

UAAAUAACUGAUGGUGAGC
TT

siRNA2 HIF1a

CCAUGUGACCAUGAGGAAA
TT

UUUCCUCAUGGUCACAUGG
TT

siRNA3 HIF1a

GCUGAUUUGUGAACCCAUU
TT

AAUGGGUUCACAAAUCAGC
TT

siRNA1 SDF1la

GCACGGCUGAAGAACAACA
TT

UGUUGUUCUUCAGCCGUGC
TT

siRNA2 SDF1la

GAGUACCUGGAGAAAGCUU
TT

AAGCUUUCUCCAGGUACUC
TT

siRNA3 SDF1a

UCUGCAUCAGUGACGGUAA
TT

UUACCGUCACUGAUGCAGA
TT

Negative control

UUCUCCGAACGUGUCACGU
TT

ACGUGACACGUUCGGAGAA
TT
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