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C A N C E R

Mitigating T cell DNA damage during PARP inhibitor 
treatment enhances antitumor efficacy
Jiahao Liu1,2†, Xiaofei Jiao1,2†, Wei Mu3†, Huayi Li1,2, Yu Xia1,2, Yijie Wu1,2, Li Zhu3, Qing Zhong1,2, 
Wen Pan1,2, Xingzhe Liu1,2, Minghua Xiang1,2, Jiali Cheng3, Haolong Lin3, Xuejiao Zhao1,2,4,5, 
Zhiyong Ding6, Guang Hu7, Gordon B. Mills4,5, Ding Ma1,2, Qinglei Gao1,2*, Yong Fang1,2*

Poly(ADP-ribose) polymerase inhibitors (PARPis) are a class of agents targeting DNA damage repair that have be-
come standard therapy for epithelial ovarian cancer (EOC) and multiple other solid tumors. In addition to target-
ing DNA damage repair, PARPis actively modulate antitumor immune responses, with efficacy being partially 
dependent on T cell activity. Here, we found that patient T cells sustain DNA damage during PARPi treatment, 
which reduces treatment efficacy. Leveraging paired pre- and posttreatment tumor samples from a clinical trial of 
patients with EOC treated with neoadjuvant niraparib as monotherapy, we showed that the PARPi caused DNA 
damage, slowed proliferation, and increased apoptosis in T cells, which we validated both in vitro and in mouse 
models. A genome-wide CRISPR (clustered regularly interspaced short palindromic repeats) knockout screen in 
primary human T cells identified PARP1 as the principal mediator of PARPi-induced T cell death. T cell–specific 
deletion of PARP1 or mutating Parp1 at its binding sites in transgenic mice led to reduced T cell DNA damage dur-
ing PARPi treatment, resulting in improved efficacy of PARPis, alone or in combination with immune checkpoint 
inhibition. We then engineered PARPi-tolerant CAR T cells using cytosine base editing, which decreased PARPi-
induced PARP1 trapping and led to reduced PARPi-induced DNA damage, resulting in superior antitumor efficacy 
in xenograft models compared with parental CAR T cells. This study highlights the relevance of PARPi-induced 
DNA damage to T cells and suggests opportunities to improve the efficacy of PARPis as monotherapy or in combi-
nation with immunotherapy.

INTRODUCTION
Homologous recombination deficiency (HRD) is a hallmark of can-
cer, and poly(ADP-ribose) polymerase inhibitors (PARPis) exploit 
this genetic characteristic to induce DNA double-stranded breaks 
in cancer cells (1). Now, seven orally administered PARPis have re-
ceived global approval for the treatment of ovarian, breast, prostate, 
and pancreatic cancers, with others under development (2). PARPis 
have already revolutionized the treatment for epithelial ovarian 
cancer (EOC), the most lethal gynecologic malignancy (3). Patients 
with EOC are often diagnosed at an advanced stage and present 
with widespread disease in the peritoneal cavity; heavy tumor bur-
den at presentation leads to extensive minimal residual disease even 
after debulking surgery and postoperative chemotherapy (4). Because 
the development of precision treatments for EOC has lagged behind 
other cancers, PARPis are a notable exception that offer manageable 
tolerability, sustained tumor suppression, extended progression-
free survival (PFS), and improved overall survival as maintenance 
therapies in both frontline (5, 6) and recurrent settings (7, 8). How-
ever, PARPis often result in incomplete tumor elimination, ultimately 

leading to treatment failure (9). There are also reports suggesting 
that the application of PARPis may induce disorders in myeloid 
cells (10, 11).

PARPis have also been shown to enhance T cell–mediated antitu-
mor immune responses (12), which may create an opportunity to 
continuously eliminate residual cancer cells. Previous studies have 
demonstrated that PARPis increase lymphocyte infiltration in tumor 
islets and reverse the immunosuppressive tumor microenvironment 
(TME) in EOC, correlating with prolonged survival (13, 14). PARPis 
result in substantial DNA damage and cytosolic double-stranded 
DNA (dsDNA) accumulations in both BRCA-deficient and BRCA 
wild-type tumor cells, which activate the cyclic GMP–AMP synthase–
stimulator of interferon genes (cGAS-STING) signaling pathway 
and initiate the type I interferon response, thereby enhancing T cell 
infiltration and activation (15). In addition, DNA damage caused by 
PARPis leads to the generation of neoantigens that can promote T cell 
recognition, activation, and cytotoxicity (13). PARPis also counteract 
immunosuppressive cells including myeloid-derived suppressor cells 
(16) and regulatory T cells within the TME (14, 17). Despite that, 
the direct effects of PARPis on T cells remain poorly understood.

The combination therapies of PARPis and immunotherapies in-
cluding immune checkpoint inhibitors (ICIs) and chimeric antigen 
receptor T (CAR T) cell therapy have been explored previously based 
on the observation that PARPis could invigorate antitumor immu-
nity (18). ICIs block the interaction between immunosuppressive 
molecules like programmed cell death 1 (PD-1) or programmed cell 
death ligand 1 and T cells to reduce T cell exhaustion (19). However, 
ICIs have not achieved durable clinical responses in most of the pa-
tients with EOC, especially those with insufficient tumor-infiltrating 
lymphocytes. Although PARPis could theoretically potentiate ICI 
responses by recruiting T cells, combining PARPis and ICIs did not 
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improve antitumor efficacy in most clinical trials (20–22), and the 
underlying reasons remain unclear (23). Incorporating PARPis with 
CAR T cell therapy has the potential to address the immunosuppres-
sive TME and inadequate CAR T cell infiltration into the tumor, po-
tentially leading to active monitoring and continuous eradication of 
minimal residential disease (24). However, realizing this curative 
potential relies on effective CAR T cell expansion and persistence 
during PARPi treatment, which remains poorly explored.

Our finely annotated single-cell dissection of paired pre- and 
posttreatment samples from the phase 2 clinical trial of patients 
with EOC treated with neoadjuvant niraparib monotherapy (14) 
may offer insights into these knowledge gaps. Here, we identified 
elevated DNA damage in T cells after niraparib treatment and re-
vealed its association with clinical responses and PFS. Using in vitro 
studies and mouse models, we further showed that mitigating 
PARPi-induced DNA damage within T cells holds critical impor-
tance for maximizing the benefits of PARPis as monotherapy or in 
combination with anti–PD-1 treatment or CAR T cell therapy.

RESULTS
Increased DNA damage is found in tumor-infiltrating T cells 
after neoadjuvant treatment with niraparib
Newly diagnosed, treatment-naive patients with EOC with unre-
sectable disease received niraparib as neoadjuvant therapy in a pro-
spective clinical trial named “Effectiveness and safety of niraparib as 
neoadjuvant therapy in advanced ovarian cancer with homologous 
recombination deficiency (NANT)” (NCT04507841). Single-cell RNA 
sequencing (scRNA-seq) data from 24 paired tumor samples from 
12 patients, collected before and after neoadjuvant PARPi treatment, 
were processed (14) and used for analysis. Changes in CD8+ and CD4+ 
T cells were assessed, showing a reduction in the percentage of prolif-
erative CD8+ and CD4+ T cell subtypes after niraparib treatment (in 11 
of 12 patients) (Fig. 1, A and B). Furthermore, in T cells and CD8+ 
T cells, we observed an elevated enrichment score for tumor protein 
53 (TP53)–targeted apoptosis and DNA damage checkpoint path-
ways, along with a reduction of T cell proliferation, in posttreatment 
samples (Fig. 1, C and D).

Analysis of multiplex immunohistochemistry (mIHC) staining 
for CD8, γH2AX (phosphorylated histone family member X, a 
marker of DNA damage), cleaved caspase3 (a marker of apoptosis), 
and Ki67 revealed elevated DNA damage, increased apoptosis, and 
decreased proliferation in T cells after niraparib treatment (Fig. 1, E 
to G). Six of 12 individuals exhibited increased γH2AX, elevated 
cleaved caspase3, and diminished Ki67 staining in CD8+ T cells 
concurrently after niraparib treatment (Fig. 1, F and G). These pa-
tients demonstrated less CA125 reduction, a worse objective re-
sponse rate (83.33% versus 50%, measured by Response Evaluation 
Criteria in Solid Tumours version 1.1, RECIST1.1), and a shorter 
PFS for niraparib treatment (Fig. 1, H and I, and table S1). In sum-
mary, using clinical samples from this phase 2 trial, we demonstrat-
ed that PARPi monotherapy is associated with reduced proliferation, 
increased apoptosis, and increased DNA damage in T cells, which 
may correlate with worse clinical responses and shorter PFS.

PARPis induce T cell growth inhibition, viability loss, and 
DNA damage
To assess whether the elevated DNA damage in T cells was 
caused directly by PARPi treatment, three US Food and Drug 

Administration–approved PARPis for EOC maintenance treat-
ment (olaparib, niraparib, and rucaparib) were used to treat pri-
mary human T cells at the maximum serum concentrations (Cmax) 
(olaparib, 25 μM; niraparib, 3.75 μM; rucaparib, 8 μM) (25) or 
half of Cmax. Because niraparib can be enriched three to four times 
in the TME, a concentration of 10 μM was used (6). PARPi treat-
ment decreased proliferation and viability of T cells isolated from 
healthy donors (Fig. 2A and fig. S1A). After olaparib and nirapa-
rib treatment, the proportion of Ki67+ T cells was reduced, and 
carboxyfluorescein diacetate succinimidyl ester (CFSE) staining 
also revealed a decrease in mitotic activity (Fig. 2, B and C). PARPi 
treatment also led to increased terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
staining in T cells (Fig. 2, B and C). Because PARPis induce DNA 
damage in cancer cells via dsDNA breaks, we hypothesized that 
the inhibitory effect of PARPis on T cells could be attributed to 
increased DNA damage. As hypothesized, increased γH2AX was 
observed by flow cytometry (Fig. 2, B and C), suggesting increased 
DNA damage. Immunoblotting also revealed increased γH2AX 
and cleaved caspase3 abundance after PARPi treatment (Fig. 2D). 
There were also more TUNEL+ cells and γH2AX+ cells by im-
munofluorescence and an increased number of dsDNA breaks 
(evaluated through a Comet assay under alkaline conditions) in 
T cells after olaparib or niraparib treatment (Fig. 2, E and F). 
Furthermore, loss of cell viability and increased DNA damage 
were documented in T cells from patients with EOC and differ-
ent germline BRCA mutation statuses after PARPi treatment (fig. 
S1, B to D).

An RNA expression profile and reverse-phase protein array anal-
ysis were then undertaken. Differential gene expression profiles of 
T cells treated by olaparib or vehicle for 24 hours (fig. S1E and table 
S2) revealed an enrichment of DNA damage and apoptosis path-
ways after olaparib treatment (Fig. 2G). Protein array analysis 
revealed a marked rise in the DNA damage marker γH2AX and 
apoptosis indicators cleaved caspase3 and cleaved PARP, alongside 
a reduction in the proliferation marker Ki67 in T cells after PARPi 
treatment for 24, 48, and 96 hours (Fig. 2H and table S3). Increases 
in other DNA damage response markers, including p-ATM (phos-
phorylated ataxia telangiectasia mutated kina), p-ATR (phospho
rylated ataxia telangiectasia and Rad3-related kinase), p-CHK1 
(phosphorylated checkpoint kinase 1), RAD51 (RAD51 recombi-
nase), and RAD51C (RAD51 paralog C), were also observed after 
PARPi treatment (fig. S1F).

PARP1 is responsible for PARPi-induced DNA damage 
in T cells
To uncover the mechanism underlying PARPi-induced DNA dam-
age in T cells, a whole-genome CRISPR-Cas9 (clustered regularly 
interspaced short palindromic repeats) knockout screen was con-
ducted in human T cells (26). T cells from healthy donors were 
transfected with a genome-scale CRISPR-Cas9 knockout lentivirus 
library. One day after transfection, Cas9 protein was electroporated 
into the T cells. Olaparib was then administered at a concentration of 
50 μM for 6 days to facilitate positive selection, and the surviving 
cells were harvested for whole-genome sequencing. The model-
based analysis of genome-wide CRISPR-Cas9 knockout (MAGeCK) 
(27) algorithm was used to identify the most frequently knocked-out 
genes after olaparib treatment. PARP1 displayed the most significant 
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Fig. 1. Identification of DNA damage in T cells in samples after monotherapy with a PARPi. (A and B) Cell ratio changes for different CD8+ T cell subtypes (A) and CD4+ 
T cell subtypes (B) identified by scRNA-seq analysis of paired samples taken before and after niraparib treatment. Pretreatment samples (light gray) are plotted on the left, 
and posttreatment samples (dark blue) are plotted on the right for each T cell subtype. (C and D) Enrichment scores for apoptosis, DNA damage checkpoint, and T cell 
proliferation in T cells (C) and CD8+ T cells (D) for each sample. (E and F) Representative immunofluorescence images of Ki67 (white), cleaved caspase3 (yellow), γH2AX 
(red), and CD8 (green) staining of a tumor sample obtained after niraparib neoadjuvant treatment (E) and in paired tumor samples obtained before and after niraparib 
neoadjuvant treatment (F). Nuclei were stained blue with 4′,6-diamidino-2-phenylindole (DAPI). White arrows mark Ki67+CD8+ cells. Yellow arrows mark cleaved cas-
pase3+ CD8+ cells. Red arrows mark γH2AX+ CD8+ cells. A1 and A2 show higher magnification of two representative areas. Scale bars, 5 μm. (G) Percentage of CD8+ T cells 
staining for Ki67+, cleaved caspase3+, or γH2AX+ in patient tumor samples. (H) The percentage of CA125 decrease (left) in patients without (light gray) or with (dark blue) 
substantial DNA damage in CD8+ T cells and RECIST response rate (right) in patients without or with substantial DNA damage in CD8+ T cells. The percentage of CA125 
decrease indicates the reduction in serum CA125 concentration after treatment. (I) PFS in patients without (light gray) or with (dark blue) significant DNA damage in CD8+ 
T cells. Twelve patients for comparison. Statistical significance was determined by Wilcoxon signed-rank test [(A) to (D) and (G)], unpaired Student t test (H), and log rank 
(Mantel-Cox) survival test (I). Data are presented as means ± SEM [(A) to (D), (H), and (G)]. GNLY, granulysin; IEG, immediate-early genes; CMC1, C-X9-C motif containing 1; 
MAIT, mucosal associated invariant T cell; HSP, heat shock proteins; gdT, gamma/delta T cell; Tph, peripheral helper T cell; PD, progressive disease; SD, stable disease; PR, 
partial response; NK, natural killer; Treg, regulatory T cell; TH17, T helper cell 17; HR, hazard ratio; CI, confidence interval. *P < 0.05 and **P < 0.01.
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depletion in human T cells after olaparib treatment (Fig. 3A and 
table S4).

We then conducted in vitro knockout of PARP1 in T cells for 
validation. PARP1 knockout efficiency was confirmed at the genom-
ic (fig. S2A), protein (Fig. 3B), and functional (fig. S2B) levels. PARP1 
knockout attenuated DNA damage, apoptosis, loss of viability, and 

reversed inhibition of expansion in T cells after olaparib exposure 
(Fig. 3, B to D). Flow cytometry (Fig. 3, E and F), immunofluores-
cence, and Comet assays (Fig. 3, G and H) all supported reduced 
DNA damage, apoptosis, and dsDNA in T cells with knockout of 
PARP1 after olaparib treatment. In T cells with germline BRCA1 
(Fig. 3I and fig. S2, C and D) and BRCA2 (Fig. 3I and fig. S2, E and F) 

Fig. 2. PARPis induce T cell growth inhibition, viability loss, and DNA damage. (A) Expansion curve for T cells in vitro under different concentrations and durations of olapa-
rib (Ola), niraparib (Nira), and rucaparib (Ruca) treatment. (B) Representative flow cytometry profiles for Ki67, CFSE, TUNEL, and γH2AX staining in T cells after exposure to differ-
ent concentrations of olaparib (Ola) and niraparib (Nira) for 48 hours. (C) Quantification of percentage of Ki67-positive cells, percentages of cells negative for CFSE, and mean 
fluorescence intensity (MFI) for TUNEL and γH2AX in T cells after exposure to different concentrations of olaparib or niraparib, from (B). (D) Immunoblotting of γH2AX and cleaved 
caspase3 in T cells after exposure to different concentrations and durations of olaparib and niraparib. (E) Representative immunofluorescence images stained for γH2AX (ma-
genta, top), TUNEL (green, middle), and comet assay in T cells after exposure to different concentrations of olaparib (Ola) and niraparib (Nira) for 48 hours (h). Nuclei were stained 
blue with DAPI in the top two rows. Scale bars, 10 μm. (F) Quantification of γH2AX-positive T cells and TUNEL-positive T cells and the percentage of DNA in the comet tail for T 
cells in accordance with (E). (G) Gene set enrichment analysis (GSEA) for pathways enriched in T cells after olaparib exposure for 24 hours. (H) RPPA profiles for T cells exposed to 
olaparib (Ola), niraparib (Nira), or rucaparib (Ruca) for 24, 48, or 96 hours. Red indicates up-regulated proteins after PARPi exposure, whereas blue represents the down-regulated 
proteins. Three or more biological replicates were performed for each test. Statistical significance was determined by two-way ANOVA (A) or one-way ANOVA [(C) and (F)]. Data 
are presented as means ± SEM [(A), (C), and (F)]. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. NES, normalized enrichment score; DMSO, dimethyl sulfoxide.
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Fig. 3. PARP1 is responsible for PARPi-induced DNA damage in T cells. (A) The genes enriched after olaparib treatment, ranked by RRA score (top) or P values (bottom). 
(B) Immunoblots of γH2AX and cleaved caspase3 abundance in T cells with PARP1 wild-type (PARP1wt) and PARP1 knockout (PARP1ko) after olaparib (Ola) exposure for 
48 hours. (C) Cell viability measured by propidium iodide staining in T cells with PARP1wt and PARP1ko after olaparib (Ola) exposure for 48 hours. (D) Expansion curves for 
T cells with PARP1wt or PARP1ko under olaparib (Ola) exposure. (E) Representative flow cytometry profiles for γH2AX and TUNEL staining in T cells with PARP1wt or PARP1ko 
after olaparib (Ola) exposure for 48 hours. (F) MFI of γH2AX and TUNEL staining of T cells, from (E). (G) Representative immunofluorescence images for γH2AX (magenta, 
top row), TUNEL staining (green, middle row), and comet assay (yellow, bottom row) in T cells with PARP1wt and PARP1ko after olaparib (Ola) exposure for 48 hours. Nuclei 
were stained blue with DAPI in the top two rows. Scale bars, 10 μm. (H) Quantification of γH2AX and TUNEL-positive T cells and the percentage of DNA in the comet tail 
for T cells in accordance with (G). (I) Immunoblots of γH2AX and cleaved caspase3 abundance in T cells with PARP1wt and PARP1ko after olaparib (Ola) exposure for 
48 hours. (J) Cell viability measured by PI staining in T cells with PARP1wt and PARP1ko after olaparib (Ola) exposure for 48 hours. (K) Expansion curves for T cells with 
PARP1wt and PARP1ko under olaparib (Ola) exposure. [(A) to (H)] T cells were obtained from healthy donors. [(I) to (K)] T cells were obtained from patients with EOC with 
germline BRCA1 or BRCA2 mutations. Three biological replications were performed for each experiment. Statistical significance was assessed by one-way ANOVA [(C), (F), (H), 
and (J)] or two-way ANOVA [(D) and (K)]. Data are presented as means ± SEM [(C), (D), (F), (H), (J), and (K)]. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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mutations, knockout of PARP1 also reduced DNA damage, apop-
tosis, and proliferation loss in response to olaparib treatment (Fig. 
3, I to K).

We used the selective PARP1 inhibitor AZD5305 to further test 
the role of PARP1 during T cell DNA damage. AZD5305 led to a 
dose-dependent loss of cell viability in T cells (fig. S3, A and B), 
along with inhibition of expansion and increased DNA damage and 
apoptosis (fig. S3, C to F), all of which were attenuated by knockout 
of PARP1 (fig. S3, B to F). Because olaparib targets both PARP1 and 
PARP2, we knocked out PARP2 (fig. S3G); however, this did not at-
tenuate the effects of olaparib on T cells in vitro (fig. S3, H to L).

Introduction of mutations to PARP1 in T cells diminishes 
PARPi-induced DNA damage
Mutations in PARP1 around the sites connecting the ZnF (Zinc fin-
ger), WGR (tryptophan-glycine-arginine–rich), and the regulatory 
helical domain (HD) have been reported to increase cancer cell re-
sistance to PARPis by decreasing PARP1-DNA binding and PARP1 
trapping (28, 29). We therefore introduced nonsynonymous muta-
tions in PARP1 in primary human T cells at these sites via cytosine 
base editing to assess whether PARPi-induced DNA damage to T 
cells could be alleviated (30).

Nine single guide RNAs (sgRNAs) targeting PARP1 at sites 
around the center connecting ZnF-WGR-HD domains were de-
signed, with two targeting the DNA binding site of the ZnF domain 
(M43-D45, referred to as D45-sg1 to sg2), four targeting points con-
tacting the WGR domain with the ZnF domain (S588-R591, re-
ferred to as S588-sg1 to sg4), and three targeting interaction sites 
that bridge the DNA binding domain and the catalytic domain 
(D743-G745, referred to as G745-sg1 to sg3) (Fig. 4A). Each of these 
sgRNAs was electroporated into activated human T cells individu-
ally, together with CBE3 (cytosine base editor 3) protein to achieve 
point mutations. Genomic DNA was extracted 3 days after electropora-
tion, and Sanger sequencing was performed to validate the genomic 
changes (fig. S4A) (31). After confirming the genomic alterations in 
these PARP1-engeniered T cells, we evaluated the expansion ability 
of the engineered T cells (Fig. 4B) and their resistance to a PARPi in 
vitro (Fig. 4C).

Among the nine sgRNAs, D45-sg1, S588-sg2, and G745-sg2 were 
selected for further investigation. For these three sgRNAs, D45-sg1 
resulted in D45N and M43I mutations, both estimated to occur in 
more than 75% of the edited cells. S588-sg2 mainly resulted in an 
S588F mutation, estimated to occur in more than 80% of the cells. 
G745-sg2 led to G745K mutation (estimated to occur in more than 
60% of cells), G745R mutation (estimated to occur in less than 20% of 
cells), or G745E mutation (estimated to occur in more than 20% of 
cells) (fig. S4A). The T cells edited with these sgRNAs were desig-
nated as TD45, TS588, and TG745 cells, respectively. Compared with 
T cells electroporated with a scaffold sgRNA (TNC), all T cells carry-
ing PARP1 mutations exhibited increased resistance to olaparib (Fig. 
4D) and reduced DNA damage and apoptosis under olaparib treat-
ment as measured by immunoblotting (fig. S4B), flow cytometry, and 
immunofluorescence (Fig. 4, E to H).

The immune phenotypes of TD45, TS588, and TG745 cells were also 
compared with that of TNC cells. PARP1 mutations did not substan-
tially alter the ratios of CD8+ and CD4+ T cells (fig. S4C). The pro-
portion of naïve (CCR7+ CD45RO−), central memory (CCR7+ 
CD45RO+), effector memory (CCR7− CD45RO+), and terminally 

differentiated effector memory (CCR7− CD45RO−) T cells was also 
similar among TNC, TD45, TS588, and TG745 cells (fig. S4D). Assess-
ment of T cell activation markers, including CD38, CD69, and 
HLA-DR, showed no disparities among TD45, TS588, TG745, and TNC 
cells (fig. S4E). There were also no differences in interferon-γ 
(IFN-γ), tumor necrosis factor–α (TNF-α), or interleukin-2 (IL-2) 
production between T cells with and without PARP1 mutations after 
stimulation with PMA (phorbol 12-myristate 13-acetate) and iono-
mycin for 4 hours (fig. S4F).

Alleviating PARPi-induced DNA damage in T cells enhances 
tumor response to PARPi treatment, either as monotherapy 
or in combination with ICI
To investigate whether the reduction of PARPi-induced DNA damage 
in T cells could result in enhanced antitumor immunity mediated by 
PARPis, we conditionally introduced one Parp1 mutation mentioned 
above (Parp1S588F) in T cells using T cell–specific cre-expressing mice 
(CD4-cre; Parp1S588F/ S588F mice, referred to as ThyΔParp1-S588F), in 
comparison with cre-negative mice (Parp1S588F/ S588F mice, referred to 
as ThyParp1+/+) (fig. S5, A and B). T cells isolated from ThyΔParp1-S588F 
mice exhibited reduced DNA damage and apoptosis in response 
to olaparib treatment (fig. S5C). Trp53−/− Brca1−/− ID8 cells were 
intraperitoneally injected to establish an advanced EOC model 
(Fig. 5A).

After olaparib treatment, a reduction in tumor burden was 
observed in ThyΔParp1-S588F mice compared with the Thy Parp1+/+ 
controls (Fig. 5, B and C). Increased CD8+ T cell counts were 
noted in the TME of ThyΔParp1-S588F mice after olaparib treat-
ment (Fig. 5D and fig. S5D), accompanied by improved T cell 
proliferation and reduced T cell DNA damage compared with 
that in Thy Parp1+/+ mice (Fig. 5, E to G, and fig. S5E). Similar 
findings were observed in CD8+ T cells in the spleens of tumor-
bearing ThyΔParp1-S588F mice treated with olaparib (fig. S5, F to 
I). Immunohistochemistry staining for CD8 demonstrated in-
creased CD8+ T cell infiltration into tumors (Fig. 5, H and I), 
and immunofluorescence staining demonstrated reduced γH2AX 
staining in CD8+ T cells, indicating reduced DNA damage after 
PARPi treatment in ThyΔParp1-S588F mice (Fig. 5, J and K). Olapa-
rib treatment was also associated with increased granzyme B+ 
and IFN-γ+ CD8+ cells and decreased PD1+ TIM3+ CD8+ T 
cells in tumor-bearing ThyΔParp1-S588F mice but not tumor-bearing 
Thy Parp1+/+ mice (fig. S6A). No significant organ abnormalities 
were found in either ThyΔParp1-S588F or Thy Parp1+/+ mice before 
or after olaparib treatment (fig. S6B). Depletion of CD8+ T cells 
through administration of an anti-CD8 antibody at the time of 
tumor cell injection and during treatment eliminated the improved 
antitumor efficacy seen in ThyΔParp1-S588F mice treated with a PARPi 
(fig. S6, C and D). Together, these results indicated that alleviat-
ing PARPi-induced DNA damage in T cells could increase PARPi 
efficacy by enhancing T cell–mediated antitumor immunity.

To investigate whether alleviating PARPi-induced DNA damage 
in T cells improves combination therapy with ICI, olaparib and anti-
PD1 monoclonal antibodies (clone: RMP1-14) were concurrently 
administered to the advanced EOC syngeneic mouse models (olapa-
rib, once daily; anti-PD1, twice weekly) which were established by 
intraperitoneal injection of Trp53−/− Brca1−/− ID8 cells. Treatments 
started 7 days after tumor cell implantation. The combination re-
sulted in improved control of tumor burden in ThyΔParp1-S588F mice 
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compared with ThyParp1+/+ mice, as assessed by in vivo imaging (Fig. 
5, L and M), resulting in improved survival for ThyΔParp1-S588F mice 
compared with ThyParp1+/+ mice (Fig. 5N). Together, these data 
support the concept that alleviating DNA damage in T cells im-
proves the efficacy of PARPis as monotherapy and in combina-
tion with ICI.

PARP1-engineered CAR T cells experience less DNA damage 
and exhibit superior antitumor activity during 
PARPi treatment
CAR T cells targeting mesothelin have demonstrated promising an-
titumor activity in EOC, and the combination of PARPis and CAR 
T therapies may further enable synergistic efficacy (24, 32). We 

Fig. 4. Mutations in PARP1 diminish PARPi-induced DNA damage in T cells. (A) Sequence of sgRNAs and their general targeting position on PARP1, with edits to the 
ZnF-HD domain region shown at the left and edits to the WGR domain region at the right. The general position of the edits in each region is indicated in the PARP1 sche-
matic above each group. The specific sgRNA for each edit is named to the left. Light red indicates that the base was within the window of editing for each sgRNA. Deep 
red indicates that the base was changed. (B) The fold expansions for T cells with different point mutations on PARP1 for 9 days. (C) Cell viability measured by propidium 
iodide staining for T cells after olaparib exposure for 72 hours. (D) Cell viability measured by propidium iodide staining for TNC, TD45, TS588, and TG745 cells after exposure to 
different concentrations of olaparib for 72 hours. (E) Representative flow cytometry profiles for TUNEL and γH2AX staining in TNC, TD45, TS588, and TG745 cells after exposure 
to olaparib for 48 hours. (F) Representative immunofluorescence images for γH2AX foci in TNC, TD45, TS588, and TG745 cells after exposure to olaparib for 48 hours. Scale bars, 
5 μm. (G) MFI of TUNEL and γH2AX from (E). (H) Quantification of γH2AX-positive cells, related to (F). Three or more biological replications were used for each test. Statisti-
cal significance was determined by one-way ANOVA [(B), (C), (G), and (H)] or two-way ANOVA (D). Data are presented as means ± SEM [(B), (C), (D), (G), and (H)]. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant. PAM, protospacer adjacent motif.
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Fig. 5. Minimizing PARPi-induced DNA damage in T cells enhances the efficiency of a PARPi alone and in combination with ICI. (A) Flowchart for ID8-bearing mice 
models. Trp53−/− Brca1−/− ID8 cells were intraperitoneally injected to establish an advanced EOC model at day −7, and anti-CD8 or isotype was injected at day −3, day −1, 
and day 1, and then twice every week. Olaparib and vehicle were administered orally daily. (B) In vivo bioluminescence images showing tumor volumes after treatment 
with vehicle or olaparib in ThyParp1+/+ or ThyΔParp1-S588Fat the end of the study. (C) Quantification of tumor burden by luminescence for mice in (B). (D) Quantification of 
tumor-infiltrating CD8+ T cell numbers for mice receiving isotype antibody measured by flow cytometry. (E) Representative flow cytometry indicating Ki67+ CD8+ T cells 
in tumors without (left) and with (right) olaparib treatment from ThyParp1+/+ mice (top) and ThyΔparp1-S588F mice (bottom). (F) Quantification of percentage of Ki67+CD8+ T 
cells in (E). (G) Quantification of γH2AX in CD8+ T cells in tumors from ThyParp1+/+ or ThyΔparp1-S588F mice, treated with vehicle or olaparib, measured by flow cytometry. 
(H) Representative immunohistochemistry staining for CD8 of tumors from ThyParp1+/+ mice (top) and ThyΔparp1-S588F mice (bottom) treated with vehicle or olaparib for 
28 days. Scale bars, 50 μm. (I) Quantification of CD8+ T cell numbers in (H). (J) Representative immunofluorescence staining for γH2AX (orange) and CD8 (green) of tumors 
from ThyParp1+/+ mice (top) and ThyΔparp1-S588F mice (bottom) treated with vehicle or olaparib for 28 days. Scale bars, 5 μm. (K) Quantification of percentage of γH2AX-
positive CD8+ T cells in (J). (L) In vivo bioluminescence images showing tumor burden in ThyParp1+/+ mice (top) and ThyΔParp1-S588F mice (bottom) after olaparib or combina-
tion of olaparib plus anti-PD1 monoclonal antibody treatment. (M) Quantification of tumor burden as monitored by luminescence intensity for mice receiving olaparib or 
a combination of olaparib and anti-PD1 monoclonal antibody treatment, as shown in (L). (N) Kaplan-Meier survival curves of mice in the indicated treatment groups. Five 
mice each group [(A) to (K)]. Six mice for each group [(L) to (N)]. Statistical significance was determined by one-way ANOVA [(C), (D), (F), (G), (I), (K), and (M)] or log-rank 
(Mantel-Cox) survival test (N). Data are presented as means ± SEM [(C), (D), (F), (G), (I), (K), and (M)]. *P < 0.05, **P < 0.01, and ****P < 0.0001. PE, phycoerythrin.
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hypothesized that CAR T cells also experienced DNA damage when 
coadministered with PARPis, and mitigating PARPi-induced DNA 
damage by engineering PARP1 could improve the tumor eradica-
tion potential of combination therapy.

We generated CAR T cells following protocols from our previous 
clinical trial (NCT05141253) and engineered PARP1 with D45-sg1, 
S588-sg2, and G745-sg2. These PARP1mut CAR T cells were desig-
nated as CAR-TD45, CAR-TS588, and CAR-TG745 cells, respectively 
(Fig. 6A and fig. S7A). The PARP1 mutations were effectively incor-
porated, achieving a C-T conversion rate exceeding 90% for CAR-
TD45 and CAR-TS588 and more than 60% for CAR-TG745 (fig. S7B). 
The PARP1mut CAR T cells demonstrated improved cell viability 
(Fig. 6B) and decreased γH2AX and TUNEL staining (Fig. 6C) after 
olaparib treatment, indicating that the mutations mitigated PARPi-
induced DNA damage.

Ovarian cancer cell lines, including OVCAR8, SKOV3, and 
OVCAR3, were used to assess the in vitro tumor-killing capacities of 
these PARP1mut CAR T cells in the presence and absence of olapa-
rib (fig. S7C). IFN-γ and TNF-α secretion from CAR TNC cells ex-
hibited a time-dependent decline upon olaparib exposure, whereas 
cytokine production in PARP1mut CAR T cells remained unaffect-
ed (Fig. 6D). The in vitro killing efficiency of CAR TNC cells also 
decreased significantly when cocultured with olaparib, which was 
not observed in PARP1mut CAR T cells (Fig. 6E and fig. S7D).

Next, the antitumor efficacy of PARP1mut CAR T cells during 
PARPi cotreatment was evaluated in vivo using SKOV3 cell–derived 
xenograft (CDX) mouse models. CDX models were established by 
subcutaneously inoculating 5 × 106 SKOV3 cells into NSG mice. 
CAR-TNC, CAR-TD45, and CAR-TS588 cells were administered intra-
venously once tumors reached a volume of 200 mm3. Olaparib was 
orally administered at a daily dose of 100 mg/kg after CAR–T cell 
infusion. Results showed that CAR-TNC, CAR-TD45, and CAR-TS588 
cells alone resulted in tumor remission in approximately 40% of 
mice (Fig. 6F). The inclusion of olaparib marginally reduced tumor 
volume but did not notably affect the tumor control rate for CAR-
TNC cells. Nevertheless, the combination of olaparib with CAR-TD45 
and CAR-TS588 treatment effectively inhibited tumor progression in 
nearly all mice (Fig. 6F), resulting in a markedly extended survival 
period (Fig. 6G). Particularly in the case of CAR-TS588 cells, com-
plete eradication of tumors was observed for all seven mice when 
combined with olaparib (Fig. 6F), leading to long-term tumor-free 
survival (Fig. 6G), without evidence of toxicity (fig. S8A). Furthermore, 
gallium-68–labeled granzyme B–specific positron emission tomog-
raphy (PET)/computed tomography imaging of T cells in vivo dem-
onstrated elevated granzyme B in tumors cotreated with CAR-TS588 
and olaparib, indicating an increase in cytotoxic T cells in the TME 
(Fig. 6, H and I, and fig. S8B). In summary, these in vitro and in vivo 
studies demonstrated that when cotreated with PARPis, CAR T cells 
exhibited improved tumor-killing ability when PARPi-induced DNA 
damage was reduced.

Coadministration of PARP1mut CAR T cells and a PARPi 
improves efficacy against EOC in PDX models
To further investigate the therapeutic potential of PARP1-engineered 
CAR T cells and PARPis in EOC, adaptive transfer of CAR-TS588 
combined with olaparib treatment was used in two EOC patient-
derived xenograft (PDX) models with different genetic backgrounds, 
one established from a patient with a newly diagnosed HRD tumor 
(HRD-PDX) and the other established from a patient with EOC 

after second recurrence (multiple-relapse PDX, MR-PDX), to simu-
late both treatment-naive and tumor relapse scenarios. The presence 
of mesothelin on cancer cells was validated using flow cytometry 
(fig. S8, C and D).

The HRD tumor sample was obtained from a patient with EOC 
during primary debulking surgery before any treatment. In the 
HRD-PDX model, CAR T cell and olaparib administration followed 
a protocol similar to the CDX model. When used individually, CAR-
TS588 and CAR-TNC cells exhibited comparable antitumor effects. 
Addition of olaparib did not significantly improve the efficacy of 
CAR-TNC cells, whereas the combination of CAR-TS588 cells and 
olaparib did significantly improve treatment efficacy (P  <  0.05; 
Fig. 7A), associated with reduced tumor weights and smaller tumor 
volumes at the end of the study (Fig. 7, B and C), and increased 
CD8+ tumor-infiltrating lymphocytes by immunohistochemistry 
staining for CD8 (Fig. 7D). Improved proliferation and decreased 
DNA damage were seen in CAR-TS588 cells after olaparib treatment, 
as compared with CAR-TNC cells (Fig. 7, E and F, and fig. S8, 
E and F).

The MR tumor specimen was obtained from the patient during 
the debulking surgery for the patient’s second cancer recurrence af-
ter second-line chemotherapy and 16 months of olaparib mainte-
nance therapy (Fig. 7G). In the MR-PDX model, combination 
treatment slowed tumor growth curve, reduced tumor volumes, and 
reduced tumor weights compared with CAR-TS588 cells alone, 
whereas the addition of olaparib did not alter the efficacy of CAR-
TNC cells (Fig. 7, H to K). Olaparib increased CAR T cell numbers in 
the tumors of CAR-TS588–and–olaparib–treated animals (Fig. 7L), 
associated with increased Ki67 and decreased γH2AX compared 
with CAR-TNC cells (Fig. 7, M and N). Increased CD8+ T cell infil-
tration and reduced DNA damage for CAR-TS588 and PARPi co-
treatment were also tested using immunohistochemistry (fig. S8G) 
and mIHC staining (Fig. 7O and fig. S8H).

DISCUSSION
In this study, we demonstrated that relieving DNA damage suffered 
by T cells during PARPi treatment could enhance the efficacy of 
PARPis, either as monotherapy or in combination with ICIs. We 
also engineered PARPi-tolerant CAR T cells that demonstrated su-
perior antitumor efficacy when coadministered with PARPis in 
CDX and PDX models, offering a potentially translatable strategy to 
potentiate PARPi treatment.

The generation of PARPi-tolerant CAR T cells not only validated 
our hypothesis that reducing DNA damage caused by PARPis could 
markedly enhance antitumor immunity but also may serve as a 
strategy for future clinical translation. CAR T cell therapies have 
achieved impressive efficacy in hematological malignancies (33, 34). 
However, their applications in solid tumors are largely hindered by 
the lack of tumor-specific antigens, impaired tumor infiltration, and 
the immunosuppressive TME (35). Combining CAR T cells with 
targeted therapies with immune-evoking abilities, such as those fea-
tured by PARPis, may be a promising approach to facilitate the clin-
ical application of CAR T cells in solid tumors. The first step would 
be to ensure CAR T cell expansion and persistence during PARPi 
treatment (24). Our study provided a promising strategy by devel-
oping PARPi-tolerant CAR T cells via PARP1 engineering, which 
demonstrated improved antitumor activity when cotreated with 
PARPi. The combination of PARP1-engineered CAR T cells and 
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Fig. 6. CAR T cells edited to sustain reduced DNA damage have superior antitumor activity during PARPi treatment. (A) Representative flow cytometry staining 
profiles for CAR expression in CAR-TNC, CAR-TD45, CAR-TS588, and CAR-TG745 cells. (B) Cell viability measured by propidium iodide staining for CAR-T cells with different point 
mutations after exposure to olaparib for 48 hours. (C) Representative immunofluorescence staining for γH2AX (magenta) and TUNEL staining (green) for CAR-TNC, CAR-
TD45, CAR-TS588, and CAR-TG745 cells before and after exposure to olaparib. Nuclei were stained blue with DAPI. Scale bars, 10 μm. (D) IFN-γ (left) and TNF-α (right) concentra-
tions in the supernatant for CAR-TNC, CAR-TD45, CAR-TS588, and CAR-TG745 cells when cocultured with OVCAR8 cells for 6 hours at an effector versus target ratio (E:T) of 1:1, 
after the exposure to olaparib 25 μM for 24, 48, and 72 hours, compared with 0 hours. (E) Percentage of tumor cell lysis for the indicated ovarian cancer cell lines by CAR-
TNC, CAR-TD45, CAR-TS588, and CAR-TG745 cells when cotreated with olaparib for 24 hours. The lysis rate was normalized by cancer cell numbers under the same concentra-
tion of olaparib alone. (F) Normalized tumor volume growth curve for SKOV3-CDX models. (G) Kaplan-Meier survival curve of SKOV3-CDX mice models. (H) Representative 
images of gallium-68–labeled granzyme B–specific PET imaging. (I) Quantitative analysis for gallium-68–labeled granzyme B–specific PET imaging (two mice for the 
CAR-TNC and CAR-TS588 cell group, three mice for the CAR-TNC + Ola and CAR-TS588 + Ola group). Three or more biological replicates were performed for each test. Five mice 
for the T and T + Ola group and seven mice for other groups [(F) and (G)]. Statistical significance was determined by one-way ANOVA [(B), (E), and (I)], two-way ANOVA [(D) 
and (F)], or log-rank (Mantel-Cox) survival test (G). Data are presented as means ± SEM [(B), (E), and (I)]. *P < 0.05, **P < 0.01, and ***P < 0.001. %ID/g, percentage of total 
injection dose per gram.



Liu et al., Sci. Transl. Med. 17, eadr5861 (2025)     7 May 2025

S c i e n c e  T r a n sl  at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

11 of 15

Fig. 7. In PDX models, PARPi-resistant CAR-T cells have improved efficacy with a PARPi. (A) Tumor volume growth curves for HRD-PDX models, with T cells with or 
without olaparib shown on the left, CAR-TNC cells with or without olaparib shown in the middle, and CAR-TS588 cells with or without olaparib shown on the right. (B) Quan-
tification of tumor weights per the indicated groups. (C) Tumor sizes at the end of the experiment for each group. Scale bar, 1 cm. (D) Representative immunohistochem-
istry images stained for CD8 for the CAR-TNC + olaparib and CAR-TS588 + olaparib group. Scale bars, 20 μm. (E and F) Quantitative analysis of γH2AX (E) and Ki67 (F) in 
CAR-T cells measured by flow cytometry. (G) Schematic for MR-PDX model showing the patient’s timeline and treatment course, as well as the experimental timeline. 
(H) Tumor volume growth curve for the MR-PDX model. (I) Tumor volume growth curve for each mouse in the CAR-TNC versus CAR-TNC + olaparib groups and CAR-TS588 versus 
CAR-TS588 + olaparib groups. (J) Tumor sizes at the end of the experiment for each group. Scale bar, 1 cm. (K) Quantitative analysis for tumor weights per group. (L) Quan-
tification of tumor infiltration by CAR-T cells as measured by flow cytometry. (M) Quantification of Ki67+ and γH2AX in CAR-T cells in mouse tumors as measured by flow 
cytometry. (N) Quantification of γH2AX in CAR-T cells in mouse tumors as measured by flow cytometry. (O) Quantification of percentage of γH2AX-positive CD8+ T cells in 
mouse tumors by immunofluorescence staining. Significance was determined by two-way ANOVA [(A) and (H)] or one-way ANOVA [(B), (E), (F), (K) to (N), and (O)]. Data are 
presented as means ± SEM [(B), (E), (F), (H), (K) to (N), and (O)]. *P < 0.05, **P < 0.01, and ***P < 0.001.
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PARPis resulted in improved tumor control even in PDXs derived 
from a heavily pretreated recurrent EOC tumor, highlighting PARP1 
engineering as a promising approach to protect CAR T cells from 
PARPi-induced DNA damage, thereby maximizing the benefits of 
combination therapy.

Although PARPis induced T cell DNA damage and proliferation 
loss, the antitumor efficacy of CD8+ T cells was only restricted, not 
eliminated. Olaparib treatment did not result in reduced T cell infil-
tration or T cell activation (including IFN-γ and granzyme B pro-
duction), which is consistent with previous studies (36). These 
observations could be attributed to the fact that PARPis promote 
cancer cells to release proinflammatory cytokines rather than di-
rectly affecting T cells (15). Antitumor T cells recruited and acti-
vated by PARPis are potentially more vulnerable to DNA damage 
than T cells without activation because of their rapid proliferation 
during activation and cytotoxicity (37). In a previous study, treat-
ment with olaparib resulted in significant inhibition of AT3 tumors 
in immunocompromised mice; however, this antitumor activity is 
absent in immunocompetent mice, implying that PARPis may exert 
an unfavorable influence on antitumor T cells (38). Previous studies 
have reported that knockout of Parp1 in T cells results in enhanced 
antitumor activity because of increased memory T cells, which dis-
appeared during olaparib treatment because of olaparib’s effect on 
Parp2 (38, 39). Here, we found that mutations at the DNA trapping 
sites of PARP1 lead to enhanced T cell survival during PARPi treat-
ment, which could explain their observation of unfavorable influ-
ence of olaparib on antitumor T cells. We did not observe changes in 
memory T cells, which could be because PARP1 was mutated rather 
than knocked out in our study.

This study does have some limitations. First, the NANT clinical 
trial has not been completed, and the long-term impact of PARPi-
induced DNA damage in T cells on treatment efficacy will need to 
be further evaluated. Second, although our focus was primarily on 
the effects of PARPis on T cells, the potential impacts of PARPis on 
other immune cells within the TME remain to be elucidated. For 
example, in a previous study, PARPis enhanced both the antitumor 
and protumor characteristics of macrophages via glucose and lipid 
metabolic reprogramming in breast cancer susceptibility gene 
(BRCA)–associated triple-negative breast cancers, thereby influenc-
ing antitumor T cells (40). Third, T cells used in this study did not 
experience chemotherapy before in vitro PARPi treatment, which is 
different from regular clinical settings; how T cells that experienced 
prior chemotherapy respond to PARPis also needs to be explored in 
future studies.

In conclusion, we identified PARPi-induced DNA damage in T 
cells as a potential therapeutic opportunity to augment the antitu-
mor efficacy of PARPis, either as monotherapy or in combination 
with ICIs. In addition, we developed PARP1-engineered CAR-T 
cells that were resistant to PARPi-induced DNA damage and more 
successfully controlled EOC tumors when combined with PARPi 
treatment, highlighting a potentially translational strategy for fur-
ther study.

MATERIALS AND METHODS
Study design
The aim of this study was to assess the effect of PARPis on T cells 
directly. For human biospecimens, all samples were collected with 
prior patient consent. Peripheral blood mononuclear cells (PBMCs) 

were banked during enrollment in NCT04507841. The clinical trial 
from which specimens were analyzed was approved by the ethics 
committee of Tongji Medical College, Huazhong University of Sci-
ence and Technology (S122-5). In controlled laboratory experi-
ments, more than five mice were used in each treatment group. Mice 
were randomized after tumor establishment for the different treat-
ments. Tumor growth experiments had a predetermined end point 
based on tumor burden. For each experiment, mouse numbers, sta-
tistical tests, and experimental replicates are described in the figure 
legends. In vitro experiments were repeated at least three times, and 
the studies were not blinded. No data outliers were excluded. This 
study was approved by the institutional review board of Tongji Hos-
pital, Tongji Medical College, Huazhong University of Science and 
Technology (T1-202407087).

Cell lines
The human ovarian cancer cell lines SKOV3 (catalog no. HTB-77) 
and OVCAR3 (catalog no. HTB-161) were procured from Ameri-
can Type Culture Collection and cultured following the provided 
instructions. The murine ovarian cancer cell line ID8 (catalog no. 
SCC145) was sourced from Sigma-Aldrich. The human ovarian 
cancer cell line OVCAR8 was obtained from the Characterized Cell 
Line Core of MD Anderson Cancer Center. Cell lines SKOV3-Luci, 
OVCAR3-Luci, OVCAR8-Luci, and ID8-Luci were established 
through lentivirus transduction with firefly luciferase of parental 
cell lines, respectively. The generation of Trp53−/− Brca1−/− ID8 cell 
line was performed as previously described (14). Regular testing for 
mycoplasma contamination was conducted every 6 months.

Primary human T cells
Primary human T cells were isolated from healthy donors or pa-
tients with ovarian cancer at the Tongji Hospital. The protocol was 
approved by the institutional review board of Tongji Hospital, Tongji 
Medical College, Huazhong University of Science and Technology 
(S122-5), and informed consent was obtained from all participants. 
Human T cells were isolated from PBMCs using the EasySep human 
T cell isolation kit (STEMCELL Technologies, no. 17951) and acti-
vated with the human CD3/CD28/CD2 T cell activator following 
the manufacturer’s instructions. T cells were cultured in OpTmizer 
T cell expansion medium supplemented with 5% fetal bovine serum 
(FBS), IL-2 (200 U/ml), IL-7 (40 ng/ml), and IL-15 (50 ng/ml). T 
cells with germline BRCA2 mutations have c.9203_9210del, 
c.6513_6514del, or c.4363G  >  T on the BRCA2 gene. Mutations 
were heterozygous and tested in PBMCs as previously indicated 
(14). In general, genomic DNA was extracted using the DNeasy 
Blood and Tissue Kit for blood samples. The purified DNA was 
quantified on a Qubit 4.0 (Life Technologies) to confirm a sufficient 
amount for downstream experiments. The extracted DNA from 
blood samples was captured using the Precision human HRD assay 
[Precision Scientific (Beijing) Co. Ltd.], which is a customized panel 
of probes against sites of nucleotide polymorphisms to quantify ge-
nomic regions of 36 DNA damage repair genes for germline and 
somatic mutation calling. The captured DNA was sequenced on an 
Illumina NovaSeq 6000 instrument.

CAR T cell generation and adoptive transfer
CAR sequences were synthesized and cloned into the pLVX-EF1a 
vector (GenScript), and 293T packaging cells were transfected to 
generate lentivirus. T cells were enriched from PBMCs using the 
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human T cell enrichment isolation kit (STEMCELL, no. 17951). T 
cells were activated with the human CD3/CD28/CD2 T cell activa-
tor for 1 day before transduction with CAR lentivirus. T cells were 
cultured in OpTmizer T cell expansion medium supplemented with 
5% FBS, IL-2 (200 U/ml), IL-7 (40 ng/ml), and IL-15 (50 ng/ml). 
Functional assays were carried out after 8 days of in vitro culture.

T/CAR-T cells were genetically modified via electroporation us-
ing a ribonucleoprotein complex consisting of Cas9/CBE3 protein 
bound to sgRNAs. This process was facilitated by the Lonza P3 Pri-
mary Cell 4D-Nucleofector X kit (catalog no. V4XP-3032). Freshly 
isolated T cells were cultured with the human CD3/CD28/CD2 T 
cell activator (STEMCELL, no. 10970) for 24 hours before undergo-
ing editing. CAR-T cells were transfected by lentivirus for 24 hours 
before editing. Subsequently, 20 μM sgRNA (provided by GenScript 
Biotech Corporation) was combined at an equimolar ratio with 
Cas9 or CBE3 protein (sourced from IASO Biotherapeutics) and in-
troduced into the cells via electroporation as previously described 
(41). The efficiency of gene editing was assessed through DNA se-
quencing and subsequent ICE/EditR analysis, along with Western 
blot analysis conducted 3 days postediting.

Before CAR-T cell injection in CDX and PDX models, subcuta-
neous tumor size was assessed every third day using a digital caliper. 
Mice were distributed to different experimental arms such that each 
arm had an equal initial tumor burden. The day after distribution, 
mice were administered 5 × 106 CAR-T cells with distinct PARP1 
mutations specified for each experimental group via tail-vein injec-
tion. The tumor burden was subsequently evaluated every 3 days.

CRISPR-Cas9 screening
The CRISPR-Pool KOUT Human Library was acquired from Shanghai 
Genechem Co. Ltd. T cells were transfected with a genome-scale 
CRISPR-Cas9 knockout lentivirus library comprising 123,411 sgRNAs 
targeting 19,050 genes (each gene targeted by six different sgRNAs) 
and 1864 microRNAs (each microRNA targeted by four different 
sgRNAs), in addition to 1000 nontargeting control sgRNAs. Approx-
imately 200 million T cells per replicate were transduced at a mul-
tiplicity of infection below 0.3 to ensure that most T cells carried 
only one sgRNA, with each sgRNA represented in around 500 T cells. 
Two days posttransfection, Cas9 protein was introduced into the 
T cells via electroporation. Puromycin selection was applied for 
2 days, followed by the addition of olaparib at a concentration of 
50 μM for 6 days. Genomic DNA extracted from the remaining 
T cells underwent polymerase chain reaction (PCR) amplification 
of the sgRNA cassette for Illumina sequencing of sgRNA represen-
tation. Detailed protocols for PCR amplification and Illumina sequenc-
ing can be found at https://portals.broadinstitute.org/gpp/public/
resources/protocols. Data analysis was conducted using MAGeCK.  
To identify candidate genes, the normalized sgRNA count table was 
inputted into MAGeCK for comparing olaparib-treated (experimen-
tal) and vehicle (control) conditions as described above. Top genes 
were identified on the basis of robust rank aggregation (RRA) for all 
sgRNAs and P values.

CDX and PDX models
NSG mice were sourced from GemPharmatech and bred in the 
Tongji Hospital’s specific pathogen–free immune-core animal facil-
ity under controlled conditions: 12-hour light/dark cycles (7:00 to 
19:00 light, 150 to 300 lux), with ad libitum access to irradiated stan-
dard chow (AIN-93 formula) and autoclaved water provided via 

sterile bottles (replenished twice weekly). Body weight was moni-
tored twice weekly throughout the study period. In PDX models, fresh 
human EOC tissues were isolated into 5 mm–by–5 mm–by–5 mm 
pieces and subcutaneously implanted into 6-week-old female NSG 
mice. Upon reaching a size of 1 cm by 1 cm by 1 cm, the tumors were 
aseptically harvested and propagated to the subsequent generation. 
In the case of subcutaneously implanted samples, a small skin inci-
sion was created in the flank region, and tumor pieces were inserted 
between the skin and fascia before stapling the skin. For the CDX 
model, 5 × 106 SKOV3 cells were injected subcutaneously into  
NSG mice.

Transgenic mouse tumor models
C57BL/6JGpt-Cd4em1Cin(Cre) (CD4-cre) mice and C57BL/6JG-
Parp1em1cn(LsLp.s588F) (Parp1S588F/+) mice were acquired from Gem-
pharmatech Co. Ltd. and bred to generate T cell–specific Parp1 
mutated mice (CD4-cre; Parp1S588F/ S588F mice, referred to as 
ThyΔParp1-S588F). Control mice were cre-negative Parp1S588F/S588F 
(Thy Parp1+/+) mice matched in age. The mice were administered an 
intraperitoneal injection of an ID8 cell suspension containing 5 × 
106 cells in 100 μl of phosphate-buffered saline (PBS). Tumor bur-
den was evaluated every 5 days postinjection using noninvasive bio-
luminescence imaging on an in vivo imaging system (Caliper Life 
Sciences).

CD8+ T cell depletion was accomplished by intraperitoneal in-
jection of 100 μg of CD8β monoclonal antibody in 100 μl of PBS on 
days −3, −1, and day 1 and subsequently twice weekly after tumor 
inoculation. Control mice were administered an isotype control 
monoclonal antibody at the equivalent dosage in PBS. Confirmation 
of CD8+ T cell depletion was conducted by labeling CD8+ T cells 
from spleens and PBMCs using a CD8 monoclonal antibody fol-
lowed by flow cytometry analysis.

In ICI experiments, mice with tumors were treated with anti-
PD1 monoclonal antibody or rat immunoglobulin Ga isotype con-
trol antibody commencing on day 7 after tumor inoculation and 
subsequently twice weekly. In the case of PARPi, mice were admin-
istered olaparib at a dosage of 100 mg/kg in 100 μl or vehicle (5% 
dextrose) daily via oral gavage.

Statistical analysis
Individual-level data for experiments where n < 20 are presented in 
data file S1. The statistical analyses were conducted using R version 
3.6 and GraphPad Prism 9 software (GraphPad Software). Each ex-
periment was replicated at least three times, as specified in the figure 
legends. Various statistical tests were used for group comparisons, 
including the unpaired Student’s t test between two groups, one-
way analysis of variance (ANOVA) for comparison among three 
or more groups, and paired samples Wilcoxon signed-rank test 
for comparison between two groups. Normality was evaluated 
using Shapiro-Wilk testing (for experiments in which n < 50) or 
Kolmogorov-Smirnov testing (for experiments in which n > 50) with 
α = 0.05 to determine the use of parametric versus nonparametric 
analyses. The growth of primary tumors over time was evaluated 
using two-way ANOVA with correction for multiple comparisons. 
Mouse survival curves were compared using a log-rank (Mantel-Cox) 
test. All P values were considered two-sided, and statistical signifi-
cance was assessed at the 0.05 level. Significance is denoted as fol-
lows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

https://portals.broadinstitute.org/gpp/public/resources/protocols
https://portals.broadinstitute.org/gpp/public/resources/protocols
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