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Abstract 

Clinical trials are currently exploring combinations of PARP inhibitors and immunotherapies for the treatment of ovar-
ian cancer, but their effects on the ovarian tumour microenvironment (TME) remain unclear. Here, we investigate 
how olaparib, PD-L1 monoclonal antibodies, and their combination can influence TME composition and survival 
of tumour-bearing mice. We further explored how BRCA  deficiencies can influence the response to therapy. Olaparib 
and combination therapies similarly improved the median survival of Brca1- and Brca2-deficient tumour-bearing 
mice. Anti-PD-L1 monotherapy improved the survival of mice with Brca1-null tumours, but not Brca2-null tumours. 
A detailed analysis of the TME revealed that olaparib monotherapy resulted in a large number of immunosuppressive 
and immunomodulatory effects in the more inflamed Brca1-deficient TME but not Brca2-deficient tumours. Anti-PD-
L1 treatment was mostly immunosuppressive, resulting in a systemic reduction of cytokines and a compensatory 
increase in PD-L1 expression. The results of the combination therapy generally resembled the effects of one or both of 
the monotherapies, along with unique changes observed in certain immune populations. In-silico analysis of RNA-seq 
data also revealed numerous differences between Brca-deficient tumour models, such as the expression of genes 
involved in inflammation, angiogenesis and PD-L1 expression. In summary, these findings shed light on the influence 
of novel therapeutics and BRCA  mutations on the ovarian TME.
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Background
Ovarian cancer refers to a group of malignancies that 
form primary tumours in the ovarian tissue [1]. This dis-
ease is the leading cause of death among gynecological 
malignancies, and it is the fifth leading cause of cancer-
related death in women [2]. Absence of early-stage dis-
ease-specific symptoms, lack of effective screening tools, 
and high rates of relapse following initial treatment all 
contribute to the poor prognosis of ovarian cancer [3, 
4]. Treatment is generally dependent on the pathologi-
cal stage of the tumour and routinely involves cytore-
ductive surgery and chemotherapy [5, 6]. Depending on 

*Correspondence:
Barbara C. Vanderhyden
bvanderhyden@ohri.ca
1 Cancer Therapeutics Program, Ottawa Hospital Research Institute, 501 
Smyth Road, Ottawa, ON K1H 8L6, Canada
2 Department of Cellular and Molecular Medicine, University of Ottawa, 
451 Smyth Road, Ottawa, ON K1H 8M5, Canada
3 Department of Biochemistry, Microbiology and Immunology, University 
of Ottawa, 451 Smyth Road, Ottawa, ON K1H 8M5, Canada

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13048-023-01313-z&domain=pdf


Page 2 of 16Farokhi Boroujeni et al. Journal of Ovarian Research          (2023) 16:231 

the cancer genotype and presence of mutations in DNA 
repair pathways such as the Breast Cancer-Associated 
genes (BRCA ) 1 and 2, however, patients can also receive 
poly (ADP)-ribose polymerase inhibitors (PARPi) as 
maintenance therapy [7, 8].

The BRCA  genes were first identified in 1990, and 
mutations in these genes were linked with the develop-
ment of breast cancer [9]. BRCA1 and BRCA2 are cen-
tral constituents of homologous recombination (HR), a 
mechanism through which cells repair double-stranded 
DNA breaks (DSBs) [10–13]. As a result of nonsense 
mutations in BRCA1 and BRCA2, DSB repair cannot effi-
ciently take place, and this results in continuous genome 
instability, high mutational load, chromosomal rear-
rangements, and overall defective genome maintenance, 
which results in cancer development [14]. Although ini-
tially useful in allowing a cancer cell to survive, continu-
ous accumulation of mutations can result in cell death, 
even in cancer cells. As such, BRCA-mutant cells have 
to rely on alternative single-stranded break (SSB) DNA 
repair mechanisms. A prime example of SSB repair is the 
PARP repair pathway and the high reliance on this path-
way allows for the survival of HR deficient (HRD) ovar-
ian cancer cells [15]. However, the over-reliance on this 
singular repair pathway makes BRCA -mutated ovarian 
cancer cells susceptible to PARPi such as olaparib, which 
are now commonly employed as maintenance therapy [7, 
16]. Ongoing clinical trials are also testing the efficacy of 
combining PARPi with immunotherapies such as PD-L1/
PD-1 antibodies (NCT02953457).

Clinically, BRCA  mutations have been simply regarded 
as HR defects, and BRCA1- and BRCA2-mutated ovarian 
cancers have been treated as the same disease. However, 
patients with BRCA1 mutations tend to have a higher 
risk of developing ovarian cancer by the age of 80; 44% 
(95% C.I, 36%-53%) for BRCA1 and 17% (95% C.I, 11%-
25%) for BRCA2 [17]. Similarly, the 5-year survival rate 
is shorter for patients with BRCA1-mutated tumours 
[18]. Such differences point to the possibility that these 
proteins are involved in pathways other than HR, and 
therefore can potentially influence the composition of the 
tumour microenvironment (TME). In fact, in preclinical 
models, mutations in Brca1 and Brca2 have been shown 
to influence response to immune checkpoint inhibitors 
(ICIs), with anti-PD-l blockade only improving survival 
of mice harbouring Brca1-null tumours [19]. Neoantigen 
presentation as a result of BRCA -mediated changes in 
mutational landscapes can also influence the infiltration 
of tumour-infiltrating lymphocytes (TILs) in the TME. 
For instance, patient-derived BRCA -mutated ovarian 
TMEs have a higher abundance of CD3 + and CD4 + T 
cells, as well as enhanced expression of immune check-
point molecules [20]. However, the changes resulting in 

the ovarian TME as a consequence of both specific HR 
mutations and exposure to therapeutics such as PARPi 
remain largely unknown.

In this study, we used pre-clinical models to define the 
characteristics of the ovarian TME in response to the 
administration of PARPi and ICIs, which could ultimately 
lead to designing more effective combination therapies. 
In light of recent evidence that indicates the potential dif-
ferences in BRCA1 vs. BRCA2-mutated cancers, we fur-
ther tested if tumours with Brca1 and Brca2 deficiencies 
respond differently to treatment by analyzing how the 
Brca status of ovarian tumours influence the TME com-
position and response to therapy.

Results
Olaparib increases DNA damage and reduces viability 
in Brca‑deficient cell lines
The negative impact of PARP inhibition on the survival 
of ovarian cancer cells has been previously established 
[7, 8]. In this study, ID8 cells with CRISPR-mediated loss 
of Trp53 alone or in combination with Brca1 or Brca2 
deletion were used [21, 22]. To determine the extent of 
DNA damage and subsequent cell death in these mod-
els, we treated these cell lines with olaparib for 24 h and 
measured viability and γH2AX expression levels (Fig. 1A, 
B). In both Brca-deficient models, treatment with olapa-
rib resulted in a significant increase in γH2AX staining, 
which was undetectable in the Brca-proficient control 
cells (Fig.  1A, left panel). Viability of the ID8 Trp53−/− 
cells also did not change in response to any dose of olapa-
rib (Fig.  1B). In contrast, cells with double knockout of 
Trp53−/− and Brca1−/− modestly responded to olaparib 
toxicity, with the highest dose of olaparib (10 µM) caus-
ing a significant 25% reduction in viability. Despite an 
equivalent amount of DNA damage, the ID8 Trp53−/− 
Brca2−/− cells were the more olaparib-sensitive cell 
line, with viability reduced significantly at every dose of 
olaparib tested. Since olaparib differently affected Brca-
null cell viability, the expression of genes associated with 
the PARP pathway in the ID8 cell lines was compared 
by querying RNA-seq data previously published in our 
lab [23]. We discovered that the ID8 Trp53−/− Brca2−/− 
cells growing in vitro demonstrated a higher expression 
of both PARP1 and PARP2 compared to the Brca1−/− 
model (Fig.  1C). Furthermore, expression levels of the 
DNA repair gene XRCC1 were highest in the Brca2-null 
model (Fig. 1C). Interestingly, nearly all PARP pathway-
associated genes were highest in the Brca-proficient ID8 
Trp53−/− model. However, expression of XRCC1, the 
enzyme responsible for the actual DNA repair was low in 
relation to all other genes in the Trp53−/− cells (Fig. 1C). 
Thus, in the ID8 model, mutations in the Brca genes 
are associated with reduced cell viability and increased 
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susceptibility to DNA damage in response to olaparib 
treatment.

Olaparib upregulates the expression of PD‑L1
Previously, it was noted that in ovarian cancer cells, the 
PARP inhibitor niraparib can upregulate the expression 
of PD-L1, a critical regulator of immune activity [24]. To 

establish the influence of olaparib treatment on PD-L1 
expression in the various ID8 models specifically, we 
measured its expression after a 24-h treatment. Regard-
less of the cell genotype, olaparib significantly increased 
the percentage of cells which expressed PD-L1 on their 
surface within the treated group, albeit to a proportion 
less than in the positive control, IFN-γ (Fig.  1D). The 

Fig. 1 In vitro olaparib treatment induces DNA damage, reduces cancer cell viability and upregulates PD-L1. A Immunofluorescence staining 
images (left) and quantification (right) of γH2AX following a 24-h treatment of ID8 cells with 10 µM olaparib, representative of the extent of DNA 
damage. Student t test; *p < 0.05. B Histograms show the percent viability of ID8 cancer cells following treatment with 0, 1.0, 5.0 and 10 µM olaparib 
for 24 h, as assessed by AlamarBlue assays. Viability at each dose was compared to the 0 µM group. Analysis was done using a one-way ANOVA 
with Tukey’s multiple comparisons. Mean ± SEM (n = 3); *p < 0.05, **p < 0.01. C Heatmap presenting the expression levels of proteins involved 
in the PARP DNA repair pathway in the ID8 cell lines. RNA-seq data [23] collected from cell lines growing in vitro were analyzed to develop a normal 
distribution model of the expression of genes of interest. Each box represents the mean value of log-normalized RNA-seq data for 3 biological 
replicates. D PD-L1 expression in ID8 cells treated with 10 µM olaparib for 24 h, assessed using flow cytometry. Mean ± SEM (n = 3), one-way ANOVA; 
***p < 0.0001, ****p < 0.01
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results of this experiment are analogous to the data found 
in the literature and identify PD-L1 as a target for combi-
nation therapy in vivo [24].

Olaparib, anti‑PD‑L1 and their combination differently 
influence the survival of tumour‑bearing mice
To assess the impact of treatments on the survival of 
tumour-bearing mice, two animal studies were per-
formed. In the first study, mice were injected with one 
of the three ovarian cancer cell lines: ID8 Trp53−/−, ID8 
Trp53−/− Brca1−/− or ID8 Trp53−/− Brca2−/−. Treatment 
with olaparib did not significantly prolong the survival 
of the Trp53−/− model, and the median length of survival 

of the control (48  days) and olaparib groups (52  days) 
were similar (Fig. 2A). In contrast, treatment significantly 
improved survival of the mice in the Trp53−/−Brca1−/− 
and Trp53−/−Brca2−/− models by approximately 33% 
and 30%, respectively (Fig.  2B, C). The absence of any 
response in the Trp53−/− model resulted in the exclusion 
of this group from the next in vivo study.

As we had detected enhanced expression of PD-L1 in 
response to in vitro olaparib therapy, in the second ani-
mal study, mice harbouring ID8 Trp53−/− Brca1−/− or 
ID8 Trp53−/− Brca2−/− tumours were treated with either 
olaparib or anti-PD-L1 monotherapies, or a combination 
of both drugs, using the treatment regimen summarized 

Fig. 2 Syngeneic models of ovarian cancer differentially respond to treatment based on their genotype. 5 ×  106 ID8 Trp53-/- cells with or without 
Brca1 or Brca2 deficiency were injected IP to make syngeneic tumour models that were treated with olaparib, anti-PD-L1 or both. Olaparib 
was given by 18 daily IP injections at a dose of 50 mg/kg/day; the anti-PD-L1 was administered as five daily IP injections of 200 µg anti-PD-L1 
followed by one 100 µg injection every four days for a total of 11 doses. The combination group received both drugs. Mice were euthanized 
at humane endpoint. A-C Kaplan–Meier survival plots showing the response of all three ID8 models to olaparib monotherapy relative to vehicle 
control. D-E Kaplan–Meier survival plots showing the response of Brca1- and Brca2-deficient ID8 models to olaparib, anti-PD-L1 and a combination 
of both drugs. Log-rank (Mantel-Cox) test. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001
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in Supplementary Figure S  1. In the Trp53−/− Brca1−/− 
model, the anti-PD-L1 monotherapy nearly doubled the 
median survival of tumour-bearing mice (74 days) com-
pared to the isotype control (38 days), making it the most 
beneficial overall treatment in terms of survival (Fig. 2D). 
The survival of mice given olaparib monotherapy 
(50  days) and combination therapy (52  days) were very 
similar and were both significantly longer than the iso-
type control (Fig.  2D). In the Trp53−/− Brca2−/− model, 
the anti-PD-L1 monotherapy did not improve survival 
(Fig.  2E). However, the olaparib monotherapy did sig-
nificantly improve the survival of mice harbouring Brca2-
deficient tumours (68 vs. 52 days; Fig. 2E). Similar to the 
Brca1-deficient group, the outcomes from the combina-
tion therapy were not different from the survival after 
olaparib monotherapy (Fig.  2E). Overall, the olaparib 
and combination therapy similarly improved the survival 
of both models, but no synergy was observed. However, 
the anti-PD-L1 monotherapy demonstrated efficacy spe-
cifically in prolonging the survival of the Trp53-/- Brca1-
/- mice, while its effects on other treatment groups were 
not significant.

Olaparib, anti‑PD‑L1 and their combination transform 
the immune composition of the Brca1‑ and Brca2‑deficient 
tumour microenvironments
The effects of PARPi treatment on the composition of 
the ovarian TME have not been studied extensively. As 
such, we set out to characterize the immune composition 
of various innate and adaptive immune cell populations 
within the PARPi-treated animals 36  h after the end of 
therapy. We collected ascites fluid, or performed a peri-
toneal wash, as well as spleen and analyzed the immune 
cell populations by flow cytometry (Supplementary Fig. 
S2). We also characterized anti-PD-L1 as a monotherapy 
and in combination with olaparib. This addition pro-
vided us with a more sophisticated and complete image 
of the TME composition in response to novel therapeu-
tics. Analysis of the immune composition of the spleen 
from tumour-bearing mice was also performed to deter-
mine the influence of these therapeutics on the systemic 
immune system (Supplementary Fig. S 3-S 4).

Heatmaps summarize the characterization of the peri-
toneal microenvironment of the ID8 Trp53−/− Brca1−/− 
(Fig.  3A) and Trp53−/− Brca2−/− (Fig.  3B) models. All 
three treatments uniquely transformed the Trp53−/− 
Brca1−/− TME (Fig.  3A). The administration of mono-
therapies and their combination was associated with 
higher percentages of multiple different cell types as 
seen in the positive z-scores in the heatmap rows which 
represent treatment groups (Fig. 3A). The cell frequency 
changes which are significantly different from isotype 
control and/or the combination therapy are shown in 

Fig.  3C-L and included some notable effects. The com-
bination therapy resulted in an 8% increase in over-
all T cell frequency compared to the isotype control 
(Fig. 3C). The olaparib monotherapy increased the total 
frequency of CD8 T cells and activated (CD44 express-
ing) CD4 T cells by approximately 5%, thereby doubling 
this population (Fig. 3E, F). Exceptionally, the combina-
tion therapy significantly reduced the frequency of acti-
vated, CD44 + CD4 + T cells to near zero levels compared 
to the monotherapies (Fig.  3F). Similarly, the combina-
tion therapy resulted in a > 90% reduction in activated, 
CD44 + CD8 + T cells compared to all other groups, 
reducing the percentage of these cells to near zero levels 
(Fig.  3G). Olaparib alone also reduced the CD4/CD8 T 
cell ratio compared to all groups by approximately 50% 
(Fig. 3H).

The therapies also uniquely influenced the composi-
tion of NK cell populations. The olaparib monotherapy 
reduced the overall NK cell frequency by ~ 50% (Fig. 3I) 
while the combination therapy significantly enhanced 
CD25 + NK populations (Fig.  3J). The monotherapies 
both increased the frequency of CD44 + NK cells, while 
the combination therapy reduced this population to 
nearly zero (Fig.  3K). Lastly, the anti-PD-L1 monother-
apy doubled the population of LAG3 positive NK cells 
(Fig. 3L).

In contrast to the Brca1-null TME, the treatment of 
Brca2-null tumour-bearing mice resulted in fewer sig-
nificant changes in the immune cell populations found in 
the TME, as shown in the heatmap in Fig. 3B. The TME 
derived from Brca2-null group seem to exhibit a higher 
prevalence of negative z-scores, especially in response 
to olaparib alone (Fig.  3B). While the vast majority of 
immune cell populations appear to be lowest in the 
TME of the olaparib group, some cell types are present 
at higher proportions, namely those expressing LAG3, 
PD-1 and TIGIT, all of which are markers of exhaus-
tion and/or inhibition (Fig. 3B). Statistical analysis of the 
various cell types revealed a small number of significant 
differences between the isotype control and treatment 
groups (Fig.  3N-V). The percentage of LAG3 + NK cells 
was reduced to about half by the combination treatment, 
relative to the isotype control (Fig.  3V). The anti-PD-
L1 monotherapy reduced the CD4 + T cell population 
by ~ 50% (Fig.  3N). Overall, responses to therapy varies 
substantially between these models. The immune cell 
composition of the Brca2-null TME revealed much fewer 
modifications than those seen in the Brca1-null model, 
suggesting the absence or poor efficacy of the anti-PD-
L1 monotherapy in the Brca2-null model may be due to a 
lack of antitumoral immune stimulation in the TME.

Surprisingly, in both the Brca1- and Brca2-deficient 
tumour models used in this study, the in vivo treatment 
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Fig. 3 Brca deficiencies cause differential changes in the tumour microenvironment in response to therapy. A-B Heatmaps presenting the relative 
abundance of immune cell types in the (A) ID8 Trp53−/− Brca1−/− and (B) Trp53−/− Brca2−/− tumour microenvironments. Peritoneal washes (n = 5 
mice per group) were collected from tumour-bearing mice that had been treated with olaparib, anti-PD-L1 or their combination, and analyzed 
by flow cytometry 36 h after the last treatment. For each cell type, the value was calculated as the percent of all leukocytes. The percentages 
were normalized, and each box represents the mean of the 5 biological replicates. C-V. Histograms showing the immune populations that are 
significantly different from isotype control. The significant changes in cell populations are divided based on genotype: (C-L) for ID8 Trp53−/− 
Brca1−/− and (M‑V) for the Trp53−/− Brca2.−/− tumour-bearing mice. Each dot represents one biological replicate. Mean values with SEM are shown. 
ISO = isotype control group and OLA = olaparib treated group. One-way ANOVA with Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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with anti-PD-L1, whether as a monotherapy or in com-
bination with olaparib, resulted in a systemic increase 
in nearly all the studied immune cells presenting surface 
PD-L1. Both the expression levels of this marker and the 
percentage of cells expressing it were amplified signifi-
cantly (Fig. 4A-U). This systemic increase was one of the 
few changes that were consistently changed in all tissues 
analyzed in this study. Taken together, in vivo treatment 
with anti-PD-L1 results in upregulation of PD-L1 in the 
ovarian tumour microenvironment.

In vivo treatments differentially influence the cytokine 
composition of the ascites fluids in the Brca‑deficient 
models
The knowledge of the  effects of PARPi and monoclonal 
antibody therapies on cytokine production in the ovar-
ian TME is minimal. As such, we set out to determine 
the effects of these treatments on the concentrations 
of 13 cytokines and chemokines. The cytokine arrays 

conducted on ascites fluid collected at humane endpoint 
revealed several changes, as shown in the heatmap in 
Fig. 5A. Of those, changes that were significant in either 
the Brca1 or Brca2-null models are individually pre-
sented in Fig. 5B-G.

As presented in the heatmap, the anti-PD-L1 mono-
therapy resulted in a general reduction in cytokine 
concentrations in the ID8 Trp53−/− Brca1−/− model 
compared to isotype control (Fig.  5A). Olaparib mono-
therapy, on the other hand, resulted in cytokine concen-
trations that were often higher than the isotype control 
(Fig.  5A). Changes in cytokine production in the ID8 
Trp53−/− Brca2−/− model in response to anti-PD-L1 
were akin to those in the Brca1−/− model, but with more 
substantial reductions (Fig.  5A). Unlike the Trp53−/− 
Brca1−/− model, olaparib had a general suppressive effect 
on the levels of several cytokines in the Brca2−/− model 
(Fig.  5A). The combination therapy had similar effects, 
leading to both increases and decreases in cytokine 

Fig. 4 In vivo treatment with anti-PD-L1 results in a compensatory upregulation of this marker in both Brca-deficient tumour models. Peritoneal 
washes (n = 5 mice per group) were collected from tumour-bearing mice that had been treated with olaparib, anti-PD-L1 or their combination, 
and analyzed by flow cytometry 36 h after the last treatment. Only the immune populations which are significantly different from isotype control 
or the combination therapy are shown. The immune populations were divided based on genotype: (A-J) for ID8 Trp53−/− Brca1−/− and (K-U) 
for Trp53−/− Brca2.−/− tumours. Each dot represents one biological replicate. Mean values with SEM are shown. ISO = isotype control group 
and OLA = olaparib treated group. One-way ANOVA with Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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production that followed the same trends as the olaparib 
monotherapy (Fig. 5A).

It is notable that some changes in cytokine abundance 
were consistent across both models, while others were 
only present in one model (Fig. 5B-G). Compared to all 
other cytokines in the Brca1-null TME, IFN-a produc-
tion was significantly higher with olaparib monother-
apy (Fig.  5B). Remarkably, treatment with anti-PD-L1 
on its own or in combination with olaparib drastically 
reduced IFN-a concentrations to near undetectable levels 
(Fig. 5B). These differences were also seen in the Brca2-
null model (Fig.  5E). Expression of granulocyte–mac-
rophage colony-stimulating factor (GM-CSF) closely 
resembled that of IFN-a, as anti-PD-L1 treatment com-
pletely diminished GM-CSF production in both models 
(Fig. 5C, F), however these changes were only significant 
in the Brca1-null group (Fig. 5C).

A synergistic effect of both treatments resulted in the 
highest VEGF concentration after combination ther-
apy of the Brca2-null model (Fig.  5G), as the concen-
trations of VEGF were more than 4 times greater than 
the isotype control. Conversely, there were no changes 
VEGF concentrations of the Brca1-null TMEs (Fig. 5D). 
In summary, the impact of therapy on cytokine con-
centrations within the ovarian TME was found to vary 
between treatments, with anti-PD-L1 exhibiting a 
unique suppressive effect. In contrast, cytokine concen-
trations in the olaparib-treated group were generally 
similar to or higher than the isotype control, albeit not 
always significantly different. Furthermore, akin to the 
variations in the cellular composition of the TME, the 
alterations in the cytokine profiles were found to differ 
greatly between the Brca1- and Brca2-null models.

Fig. 5 Cytokine/chemokine concentrations in ascites reflect BRCA-dependent differences in response to treatment. Ascites fluids were collected 
at humane endpoint (n = 4 per group). Cytokines were quantified using the LEGENDplex Mouse Cytokine Release Syndrome flow-based assay. A 
Heatmap showing the normalized concentrations of cytokines in the ID8 Trp53−/− Brca1−/− and ID8 Trp53−/− Brca2−/− models. Each box represents 
the mean of 4 replicates. B-G Histograms indicating the concentrations that are significantly different from isotype control or the combination 
in at least one model. The histograms are divided based on tumour genotype: (B-D) shows data from the ID8 Trp53−/− Brca1−/− ascites and (E–G) 
the Trp53−/− Brca2.−/− ascites fluid. Each dot represents the ascites supernatant from one biological replicate. Mean values with SD are shown. 
Analysis was done using a one-way ANOVA with Tukey’s multiple comparison; *p < 0.05, **p < 0.01, ***p < 0.001
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Depletion of Brca1 and Brca2 in ovarian cancer cells 
differentially influences the expression of genes involved 
in the TME composition
As the TME analysis from the two models revealed dif-
ferences in various cell populations and cytokines, we 
analyzed previously published bulk RNA sequencing 
data [23] from both Brca-deficient IP tumour models to 
further investigate the differences between them. The 
analysis revealed notable differences in the transcript 
levels of several cell type markers in Brca-null TMEs. 
Expression of CD45, the pan-leukocyte marker, was 
higher in Trp53−/− Brca1−/− tumours compared to both 
the Trp53−/− Brca2−/− and the Brca-proficient Trp53−/− 
models (Fig.  6A). Similarly, expression levels for vari-
ous immune cell markers such as CD3, CD4, and CD8 
were highest in the Brca1-null tumours. Expression of 
genes associated with immune cell function also varied 
between the three models. For instance, markers of both 
leukocyte activation (CD44) and exhaustion (LAG3) were 
also highest in the Brca1-null tumours (Fig.  6A). Aside 
from cell type and functional markers, the expression of 
genes encoding cytokines differed between the models as 
well. For pro-inflammatory cytokines such as TNF-a and 
interleukin-1 alpha (IL-1a), expression levels were great-
est in the ID8 Trp53−/− Brca1−/− tumours, while the anti-
inflammatory cytokine IL-10 was expressed at the lowest 
level. However, it must be noted that expression levels 
of IL-11, a potent anti-inflammatory cytokine, were also 
higher in the Brca1-null model (Fig. 6A).

Given the large number of differences detected in the 
immune compositions of the Brca-deficient TMEs, we 
investigated further the expression of a key inflamma-
tory mediator, nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-kB) [25]. This was achieved by 
measuring the expression levels of a set of 53 genes that 
are known to be downstream of this transcription factor. 
NF-kB, in addition to being a primary driver of inflamma-
tion, is a key downstream constituent of one of the major 
driving forces in TME composition: cyclic GMP-AMP 
synthase-stimulator of interferon genes (cGAS-STING) 
signaling [26].  Therefore, analysis of NF-kB signaling 
could be used as an indicator of a potential change in 
cGAS-STING activity. Examination of this data revealed 
that NF-kB activity was highest in the Trp53−/− Brca1−/− 
model, modest in the Trp53−/− Brca2−/− tumours and 
lowest in the Trp53−/− group (Fig.  6B). Similar pathway 
analyses were done for 12 genes associated with angio-
genesis, such as Vegf, Vegfr1, Cd31, and Hif1a. Genes 
associated with angiogenesis were generally higher in the 
Trp53−/− Brca1−/− tumours (Fig. 6B). These results were 
confirmed at the protein level using immunohistochem-
istry and cytokine arrays. Immunohistochemical stain-
ing for CD31 revealed that Trp53−/− Brca1−/− tumours 

have greater levels of angiogenesis compared Trp53−/− 
Brca2−/− tumours (Fig.  6C). Likewise, results from the 
ascites cytokine array revealed that concentrations 
of VEGF are significantly higher in the ascites of the 
Trp53−/− Brca1−/− model compared to the Trp53−/− 
Brca2−/− derived samples (Fig. 6D).

Lastly, a pathway analysis of 13 genes downstream 
of PD-L1 signaling was performed to measure PD-L1 
activity in these models. The expression levels of all 
the genes analyzed for this pathway were once again 
consistently higher in the Trp53−/− Brca1−/− tumour 
samples (Fig.  6B). Results of flow cytometry staining 
support these findings, as the baseline levels of PD-L1 
positive cells were found to be significantly higher in 
the Brca1-deficient cancer cells in vitro when compared 
to Trp53−/− Brca2−/− cells (Fig.  6E). Taken together, the 
RNA sequencing data with validations at the protein 
level by flow cytometry and immunohistochemistry 
provide strong evidence that, compared to the Trp53−/− 
Brca2−/− model, the ID8 Trp53−/− Brca1−/− tumours have 
a more “inflamed” TME, with increased composition of 
leukocytes, as well as higher expression of inflammatory 
cytokines and angiogenesis associated genes.

Discussion
Despite the fact that they’ve been studied extensively, 
the effects of PARPi and PD-L1 monoclonal antibod-
ies treatment on the composition of the ovarian TME 
remain unknown. In this study, we used syngeneic mod-
els of ovarian cancer to investigate the effects of ther-
apy on the immune and cytokine profiles of the ovarian 
TME. Furthermore, we studied the role of deficiency of 
the BRCA1/2 DNA repair genes in TME composition, 
response to therapy, and expression of genes involved in 
various signalling pathways.

In the initial in  vitro analyses, the Brca-deficient ID8 
models were differently sensitized to olaparib-induced 
toxicity, with the Brca2-deficient tumours demonstrating 
greater susceptibility to PARP inhibition. This dissimi-
larity in drug sensitivity between the Brca1- and Brca2-
deficient cells may in part be explained by the expression 
of the PARP-pathway associated genes, the expression 
levels for which are higher in the ID8 Trp53−/− Brca2−/− 
cells. Thus, the Brca2−/− cell line may be more depend-
ent on the PARP DNA repair pathway and more sensitive 
to PARPi-induced toxicity. Flow cytometry following in 
vitro treatment with olaparib further revealed an increase 
in PD-L1 expression regardless of the cell’s genotype. Pre-
vious studies have linked this upregulation to a PARPi-
induced phosphorylation and subsequent inhibition of 
glycogen synthase kinase-3 beta (GSK3β), which under 
normal conditions results in phosphorylation-dependent 
degradation of PD-L1 [27, 28]. This observation allowed 
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us to select PD-L1 as a target for the in vivo combination 
therapy.

When examining the impact of treatment on the sur-
vival of tumour-bearing mice, the olaparib monother-
apy did not improve the survival of mice harbouring 

Brca-proficient tumours, as expected, as the cancer cells 
would have been able to readily repair their DNA using 
HR. As such, only the two Brca-deficient models of ovar-
ian cancer were treated with olaparib, anti-PD-L1 or 
a combination of both drugs in the subsequent study. 

Fig. 6 Deficiencies in Brca1 and Brca2 differently influence the expression of immune-related factors in the ovarian tumour microenvironment. 
A Heatmap showing the relative expression of immune-related genes in intraperitoneal tumours. Each box represents the mean value 
of log-normalized bulk RNA-seq data from 4–6 biological replicates. Gene names were replaced by the corresponding protein name. B 
Pathway analyses for three gene sets that demonstrate the activities of the NF-kB, angiogenic and PD-L1 pathways. The activity of the pathway 
was approximated by measuring the expression of 12–53 genes which are known to be downstream for the activity of each protein of interest. C 
Immunohistochemical staining images (left) and quantification of  CD31+ cells (brown) in Brca-deficient tumours collected at the humane endpoint 
(n = 4) from the mice in the isotype control group. Quantifications are based on the percentage area of  CD31+ cells in relation to all nucleated 
cells. D Histograms presenting the concentrations of VEGF in the ascites fluid collected from mice harbouring Brca1- and Brca2-deficient tumours. 
Cytokines were quantified using the LEGENDplex Mouse Cytokine Release Syndrome flow-based assay. E Histograms presenting the percentage 
of PD-L1+ cells in untreated ID8 Trp53−/− Brca1−/− and ID8 Trp53−/− Brca2.−/− cell lines. Expression levels were quantified using flow cytometry. 
Mean ± SEM are shown for all histograms. Analysis was done using the student t test; *p < 0.05, ***p < 0.001
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Olaparib improved the survival of both the Brca1 and 
Brca2-deficient models by approximately 30%. Previous 
studies have noted similar improvements in survival of 
Brca-deficient models of ovarian cancer in response to 
PARPi treatment, although in different cell lines, mice 
strains and PARPi [29]. Although it resulted in the gen-
eration of a relatively cold TME, olaparib did not yield 
any statistically significant changes in the immune popu-
lations of Trp53−/− Brca2−/− model.

In contrast, olaparib monotherapy resulted in a pleth-
ora of immunomodulatory changes in T and NK cell 
populations within the Trp53−/− Brca1−/− TME. For 
instance, the population of CD8 + T cells nearly dou-
bled in response to olaparib treatment. Due to their 
extraordinary antitumoral abilities, CD8 + cytotoxic T 
lymphocytes (CTLs) are the favoured adaptive immune 
cell for antitumour immunity [30]. In ovarian cancer, 
increased infiltration of TME by CD8 + CTL has been 
associated with better prognosis and survival [30–32]. 
Similarly, olaparib treatment increased the percentage 
of activated, CD44 + CD4 T cells in the Brca1−/− TME. 
Activated CD4 + T cells have various antitumour capa-
bilities, such as directly activating CD8 + T cells by IL-2 
secretion or the production of cytokines such as TNF-a 
and IFN-γ that can further attract and activate various 
antitumoral immune cells [33–35]. Furthermore, olapa-
rib reduced the ratio of CD4 + /CD8 + T cells in the ID8 
Trp53−/− Brca1−/− TME. In clinical studies, a lower ratio 
has been associated with superior outcomes in ovarian 
cancer patients [36, 37]. However, not all the associated 
changes within the Brca1−/− TME were inflammatory, as 
olaparib treatment also resulted in reduced frequency of 
NK cells and enhanced PD-1 expression. NK cells directly 
contribute to the killing of cancer cells through the secre-
tion of granzymes and perforin, and thus their inhibition 
through PD-1 is associated with weaker antitumour capa-
bilities [38–40]. In order to separate the effects of PARP 
inhibition on immunomodulation from its effects on the 
DNA damage repair pathway in the Trp53−/− Brca1−/− 
model, it would be valuable to test the treatment of these 
tumours with olaparib in immunodeficient mice.

Unlike the olaparib monotherapy, the survival benefits 
of anti-PD-L1 treatment were limited to the Trp53−/− 
Brca1−/− model, where treatment doubled the length of 
survival. The prolonged survival may be due to a variety 
of factors that make this tumour model more susceptible 
to PD-L1 blockade. Firstly, the changes in the Brca1−/− 
TME as a result of anti-PD-L1, such as greater expression 
of CD44 and LAG3 on NK cells, can improve the antitu-
mour activity of this cell type. In contrast, aside from the 
systemic rise in PD-L1, the only statistically significant 
change in the Brca2−/− TME was a reduction of CD4 + T 
cells. Furthermore, the RNA-seq pathway analysis and 

flow cytometry data revealed that the Trp53−/− Brca1−/− 
tumours have higher levels of PD-L1 expression and thus 
have more abundant target sites for the drug. This aligns 
well with evidence indicating higher expression of this 
molecule in BRCA1-deficient tumours from breast and 
ovarian cancer patients [19, 41]. The specific increase in 
the Brca1-deficient models may be due to the intracellu-
lar role that PD-L1 plays in DNA repair. Recent evidence 
has emerged which identified PD-L1 as a translocator 
of BRCA1 from the cytoplasm into the nucleus [42]. As 
such, effective homologous recombination is potentially 
dependent on the intracellular activity of PD-L1. Brca1-
null cells may be upregulating this protein in an attempt 
to increase translocation of absent BRCA1 from the cyto-
plasm into the nucleus.

Our results are in agreement with recent reports that 
the Brca1−/− TMEs are more infiltrated by immune cells 
and are more immunogenic than the Brca2−/− TMEs in 
humans [19, 43]. The higher expression of neoantigens 
as a result of greater tumour mutational burden in BRCA 
1-mutated tumours may in part account for the supe-
rior immune cell attraction and infiltration [19]. Greater 
abundance of immune cells within the Trp53−/− Brca1−/− 
TME makes this tumour model ideal for anti-PD-L1 
treatment, as the highly abundant immune cells will be 
able to continuously eliminate cancer cells without being 
inhibited [44, 45]. One other factor that might contribute 
to the greater abundance of TILs in Trp53−/− Brca1−/− 
TMEs is enhanced angiogenesis, supported by the RNA-
seq pathway analysis, as well as higher levels of CD31 
and VEGF proteins in this model. While the mechanism 
underlying this increase in vascularity requires further 
investigation, one possibility may be associated with the 
ability of BRCA1 to bind to the active function-2 domain 
of estrogen receptor alpha (ER-α), thereby preventing its 
dimerization with estradiol [46]. The dimerized complex 
of ER-α and estradiol induces the transcription of many 
genes, including VEGFA [47]. As such, in the absence of 
BRCA, this complex can continually induce the expres-
sion of angiogenic proteins. Greater tumour mutational 
burden, neoantigen presentation, increased PD-L1 
expression and immune cell infiltration may all combine 
to make the Trp53−/− Brca1−/− model more responsive to 
anti-PD-L1 treatment.

The survival of mice treated with the combination 
therapy was nearly identical to the olaparib monotherapy 
in both models. This observation is reasonable for the 
Trp53−/− Brca2−/− tumour-bearing mice, as this group 
did not respond to anti-PD-L1 treatment. As such, olapa-
rib was hypothetically the only effective antitumoral 
agent in the combination mixture for this specific model. 
However, the Trp53−/− Brca1−/− tumour-bearing mice 
responded remarkably well to both treatments and it was 
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expected that there would be a synergistic increase in 
survival of the mice treated with the combination ther-
apy. One plausible explanation for the lack of this synergy 
could be the unexpected reduction in CD44 expres-
sion in NK, CD4 + , and CD8 + cells within the TME of 
the Trp53−/− Brca1−/− combination group. CD44 plays 
a role in regulating cell adhesion and migration of anti-
gen experienced T cells, and CD44 ligation can augment 
T cell activation after antigen encounter and promote T 
cell survival [48]. Although the molecular mechanisms 
underlying this reduction are unclear, it is possible that 
the combination of the two monotherapies simply pro-
hibited the activation of these immune cells which in 
turn prevented their immune-mediated cancer cell elimi-
nation. As such, the only effective antitumoral agent in 
this mixture would have been the olaparib which results 
in direct HRD cancer cell death.

Two notable observations in the analysis of the ascitic 
TME and spleen tissue from tumour-bearing mice were 
the systemic increase in PD-L1 expression on many 
immune cell types, as well as a universal ablation of both 
GM-CSF and IFN-α in response to anti-PD-L1. These 
changes were observed whether the PD-L1 antibody was 
given as a monotherapy or in combination with olapa-
rib. The systemic increase in PD-L1 positivity in both 
models is likely a compensatory reaction to anti-PD-L1 
blockade. A similar compensatory upregulation of vari-
ous other immune checkpoint molecules has been noted 
in other studies [49–51]; however, here we demonstrate 
for the first time that cells within the ovarian TME can 
upregulate the expression of PD-L1 in response to anti-
PD-L1 blockade. We hypothesize that the suppression of 
GM-CSF and IFN-α may be a downstream consequence 
of the systemic rise in PD-L1. A recent study by Hodgins 
et al. demonstrated that intracellular PD-L1 activity can 
reduce type I interferon production through metabolic 
alterations that increase glycolysis and reduce oxidative 
phosphorylation [52]. PD-L1 drives upregulation of the 
glycolytic pathway and results in the accumulation of 
pyruvate, which is converted into lactate, and cytoplas-
mic lactate buildup negatively regulates the production 
of type I interferons [52]. One possible mechanism for 
this inhibition is the lactate-induced inhibition of cGAS-
STING signaling, a major driver of both type I inter-
ferons and NF-kB [26, 53]. A lactate-driven decrease in 
cGAS-STING activity could also explain the reduction 
in GM-CSF since cGAS-STING-induced NF-kB activity 
is known to regulate GM-CSF production by direct tran-
scriptional activation [25].

In this study, analysis of the response to treatments 
in  vitro and in  vivo included TME characterization, 
cytokine arrays and RNA sequencing that revealed 
numerous differences between Brca-deficient tumour 

models of ovarian cancer. ID8 Trp53−/− Brca1−/− 
tumours have a more “inflamed” phenotype, with greater 
abundance of TILs, higher expression of inflammatory 
genes and cytokines, as well as greater activity of inflam-
matory and angiogenic pathways. Clinically, BRCA1- and 
BRCA2-mutated ovarian cancers have been treated as the 
same disease. However, it is clear that these mutations 
can have significant and distinct impacts on patient out-
comes. The findings of this study, as well as the ongoing 
clinical trials, can help to shed light on the influence of 
BRCA  mutations on the response to treatment of ovarian 
cancer. Further study of the non-HR roles of the BRCA 
proteins is crucial for understanding the breadth of con-
sequences resulting from their absence. By considering 
the specific BRCA  status of the tumour, clinicians may 
be able to provide treatments that are personalized to the 
needs of patients with various genotypes.

Methods
Cell lines
The ID8 Trp53−/−, Trp53−/− Brca1−/− and Trp53−/− 
Brca2−/− were generously provided by Dr. Iain 
McNeish and were cultured using Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Corning, #10–013-
CV) supplemented with 4% Fetal Bovine Serum (FBS) 
(ThermoFisher, #12,483–020) and 1 × Insulin–Trans-
ferrin–Sodium-Selenium (Sigma-Aldrich Roche, 
#11,074,547,001) as previously described [21, 22, 54]. 
Prior to cancer cell injection in each animal study, myco-
plasma testing was performed.

In vitro olaparib treatment
In order to assess cancer cell viability in response to 
PARPi treatment, ID8 cells were treated with olaparib, 
and viability was assessed using AlamarBlue assays. 
ID8 cells were seeded in a 96-well plate at a density of 
1.0 ×  103 cells/well 24 h prior to the start of treatment. 
A stock of olaparib (MedChemExpress; HY-10162) was 
prepared by dissolving the drug in dimethyl sulfoxide 
(DMSO) at a concentration 25.57 mM. Media with var-
ious concentrations of olaparib (0, 1, 5 and 10 µM) were 
prepared by dissolving the DMSO/olaparib stock mix-
ture in DMEM media. The original culture media were 
then aspirated from the wells and replaced with media 
containing various concentrations of olaparib. After the 
24-h treatment period, the medium was aspirated from 
each well and replaced with DMEM media containing 
10% AlamarBlue cell viability reagent (ThermoFisher; 
#DAL1100). The plate was incubated in the dark at 
37 °C for 3 h and then read using a Bio-Tek Microplate 
Reader for which the absorbance and emission wave-
lengths were set at 530 and 590  nm, respectively. The 
data collected from the treated cells were normalized 
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to the untreated samples. The average results of three 
experiments each performed with three technical repli-
cates were pooled for statistical analyses.

Mouse models and in vivo studies
To assess the response of ovarian tumours to therapy, 
three different syngeneic models of intraperitoneal 
(IP) tumours were used and information regarding 
each model can be found in Supplementary Table S1. 
C57BL/6 mice (The Jackson Laboratory; #664) were 
used for syngeneic model development for all cell lines. 
All animals were housed in the Animal Care and Vet-
erinary Services (ACVS) facilities at the University of 
Ottawa. The experimental protocols adhered to the 
standards defined by the guidelines of the Canadian 
Council on Animal Care and were approved by the 
University of Ottawa Animal Care Committee. The ani-
mals were provided with the standard chow diet and 
monitored on a daily basis. For tumour development, 
8-week-old mice were given IP injections of 5.0 ×  106 
cells diluted in 100 µL of phosphate-buffered saline 
(PBS) (ThermoFisher; #14,190–144). To allow a stand-
ardized period of time for tumours to establish before 
treatment, the treatments started 25% into the pre-
dicted length of survival of each tumour model, which 
was established in previous studies in the Vanderhyden 
lab [54] (Supplementary Table S1).

Olaparib in vivo study
In the first animal study, the ID8 Trp53−/−, ID8 Trp53−/− 
Brca−/− and ID8 Trp53−/− Brca2−/− cell lines were used 
to induce tumour development in mice to study the 
effects of olaparib on the survival of tumour-bearing 
mice. Olaparib was initially dissolved in DMSO and later 
in a mixture of PBS containing Captisol (MedChemEx-
press;  HY-17031) to achieve final concentrations of 5% 
and 20%, respectively. The olaparib group received 18 
daily IP injections of 50 mg/kg/day olaparib. The 48 mice 
(8 animals/group/cell line) were then monitored regu-
larly and euthanized at a humane endpoint as indicated 
by any of the following: development of ascites evident 
by abdominal distension; piloerection; reduced mobil-
ity; and impaired blood flow to the limbs. The euthanasia 
was carried out by a short period of  CO2 exposure fol-
lowed by cervical dislocation. The mice were weighed, 
and necropsies were carried out to determine ascites vol-
ume, total tumour mass and spleen mass. The ascites was 
centrifuged at 2000 revolutions per minute (RPM) for 
15 min to pellet the cells, and the supernatant was flash 
frozen. Tumours were fixed in 10% neutral buffered for-
malin (NBF) and later transferred to 70% ethanol.

The combination in vivo study
The ID8 Trp53−/− Brca1−/− and ID8 Trp53−/− Brca2−/− 
cell lines were used to induce tumour development in 
mice to study the effects of olaparib and anti-PD-L1 
monotherapies and their combination on survival and 
TME composition. Olaparib was initially dissolved in 
DMSO and later in a mixture of PBS containing Captisol 
(MedChemExpress;  HY-17031) to achieve final concen-
trations of 5% and 20%, respectively. The PD-L1 (Leinco 
Technologies Inc; P363) and isotype control (Leinco 
Technologies Inc;  I-536) monoclonal antibodies were 
diluted in sterile PBS to produce the desired concentra-
tions. The antibodies were administered in five 100 µL IP 
daily injections of 200 µg of antibody, followed by 100 µg 
doses every four days, for a total of 11 antibody injections 
(Supplementary Fig. S1).

Animals were randomly assigned to four groups for 
each of the two Brca-mutant cell lines: (1) olaparib, (2) 
anti-PD-L1, (3) combination and (4) the control group. 
All treatments began 25% into the expected survival 
period of the animals. Animals in the olaparib group 
received 18 daily IP injections of 50  mg/kg/day olapa-
rib, as well as the appropriate dose of isotype control 
monoclonal antibody. The anti-PD-L1 group received 18 
doses of the vehicle control for olaparib, (20% captisol, 
5% DMSO in PBS); as well as the appropriate dose of the 
PD-L1 monoclonal antibody, depending on the day. The 
combination group received 18 daily injections of 50 mg/
kg/day olaparib and the appropriate dose of PD-L1 mon-
oclonal antibody. Finally, the control group received the 
vehicle control of olaparib as well as the isotype control 
antibody. The animals in this study were euthanized at 
two time points. To assess changes in TME composition 
in response to treatment, 40 mice (5 mice/cell line/treat-
ment group) were euthanized 36 h after the last olaparib 
injections. To determine the effects of the treatments on 
survival, the remaining 64 mice (8 animals/group) were 
monitored on a daily basis and euthanized as described 
previously.

Flow cytometry
Cells treated in vitro
Flow cytometry was used to assess the effects of olapa-
rib treatment on PD-L1 expression in ID8 cells. The cells 
were seeded in a 6-well plate at a density of 6.0 ×  104 
cells/ well and treated with 10 µM olaparib for 24 h. The 
negative control group received DMSO, and the posi-
tive control group was treated with recombinant 0.5 ng/
ml mouse interferon gamma (IFN-γ; Peprotech, 315–05). 
Following treatment, the cells were washed with PBS 
and incubated in the Fixable Viability Stain (BD Bio-
Sciences; #564,406) in a 1:1000 dilution for 15  min at 
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room temperature (RT). The cells were washed with PBS 
supplemented with 2% FBS and stained with the PD-
L1-PE antibody (Bio Legend; #124,308) at a 1:200 dilu-
tion for 20 min at RT. The cells were once again washed 
with PBS + 2% FBS and fixed using 1% paraformaldehyde 
(PFA). The samples were stored in the dark at 4 °C over-
night and data was acquired the following day using a 
CYTEK™ Aurora Spectral flow cytometer. The FlowJo 
program was used to determine the percentage of PD-L1 
positive cells in each sample.

TME in vivo study
Peritoneal washes and spleen were collected from the 
mice 36  h after the end of treatment and processed as 
described previously [54]. In preparation for flow cytom-
etry, T, B, and NK cells, as well as various myeloid cells 
were fixed and stained as described previously [54]. A list 
of antibodies included in each flow cytometry panel are 
provided in Supplementary Table S2.

Immunofluorescence
Immunofluorescence staining for γH2AX was performed 
on ID8 cells treated with 10  µM olaparib for 24  h to 
determine the extent of DNA damage according to the 
previously described protocol [54], using Cell Signaling 
(2577L) antibody at a 1:200 dilution, incubated over-
night. Images were acquired using the ZEISS Axioscope 
5 Smart Laboratory Microscope (100 × objective) and 
quantification was performed using Orbit Image Analysis 
(percent positive cells).

Immunohistochemistry
Immunohistochemical analysis of CD31 expression was 
performed on tumours collected at humane endpoint to 
determine the extent of vascularity in ID8 models. The 
method was performed as described previously [54], 
using an Abcam (ab28364) antibody at a 1:50 dilution for 
2 h. Images were acquired using the Zeiss AxioScan Z1 
(10X objective) and quantification was performed using 
Orbit Image Analysis (percent positive pixels).

Cytokine array
Ascites supernatant was diluted in the LEGENDplex™ 
Cytokine Release Syndrome Panel assay buffer (BioLeg-
end, #741,024). The staining was then carried out using 
the manufacturer’s protocol and flow cytometry was car-
ried out using the BD LSR Fortessa flow cytometer on the 
same day. The data was analyzed using the LEGENDplex 
Quognit software (BioLegend).

Analysis of RNA sequencing data
RNA-seq data from ID8 cell lines and IP tumours which 
were previously generated by the Vanderhyden lab [23] 

were used to assess transcriptomes related to PARP 
activity and differential TME gene expression. The cell 
lines were all of a similar passage number (< 20) and the 
IP tumours were collected at the humane endpoint. The 
R Studio program was used to create a normal distribu-
tion of the log-normalized RNA-seq values and the vari-
ous sets of data were visualized using the “pheatmap” 
function in R. Pathway analyses were done by analysing 
the expression levels of genes which are associated with 
the pathway of interest (Supplementary Table S3).

Statistical analysis
All statistical analyses were performed with Prism 9.0 
(GraphPad Software Inc.) The Prism 9.0 software and R 
Studio were used to generate all the figures. Compari-
sons between two groups were performed using the stu-
dent’s t test, and one-way analysis of variance (ANOVA) 
and Tukey’s multiple comparisons were used to com-
pare three or more groups. The Log-Rank test was used 
to determine any significant differences in the survival 
data shown using Kaplan–Meier plots. Histogram data 
sets are presented as the means ± standard deviation (SD) 
or stranded error of the mean (SEM). Statistical signifi-
cance was set at p ≤ 0.05 (*p ≤ 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001).

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13048- 023- 01313-z.

Additional file 1: Figure S1. Treatment regimen in the second in vivo 
study. The mice were all injected with 5.0x106 cells with a similar passage 
number (<10) by intraperitoneal injections on day zero. The treatments 
began 25% into the predicted survival period of each model. All treat-
ments were provided using 100 μL intraperitoneal injections. All drugs 
were dissolved in sterile PBS. On days that the mice received both drugs 
(olaparib and the monoclonal antibody, or their controls), the drugs 
were administered using one 200 μL injection to reduce stress. In order 
to analyze the TME composition in response to treatment, 40 mice were 
collected 36 hours after the end treatment. The rest of the animals (n=64) 
which belonged to the survival group were collected at the humane 
endpoint to assess the impact of treatment on the survival of tumour-
bearing mice.

Additional file 2: Figure S2. Gating strategy for the analysis of flow 
cytometry data. Peritoneal washes and spleens were collected and ana-
lyzed by flow cytometry approximately 36 hours after the end of therapy. 
(A) The gating strategy used to analyze the first flow cytometry panel 
is as follows: singlet, cell debris exclusion, live cell exclusion, leukocytes 
(CD45+), CD3+ (T cells), CD3- (B cells), DX5+ (natural killer cells). The T cell 
panel was further assessed using markers such as CD4, CD8, PD-1, LAG3, 
CD44, CD25, CD62L and TIGIT. (B) The gating strategy for the second panel 
included selection of singlets, cell debris exclusion, live cell exclusion, 
leukocytes (CD45+), CD3+ (T cells) and CD3- (Myeloid-like cells). The 
myeloid-like panel was further assessed by using markers for dendritic 
cells (DCs), myeloid-derived suppressor cells (MSDCs), monocytes, mac-
rophages, and other myeloid-like cells. Fluorescence minus one (FMOs) 
represent the counter plots shown in each figure.

Additional file 3: Figure S3. Abundance of innate and adaptive immune 
cells within the ID8 Trp53-/- Brca1-/- spleens. Spleen tissues (n=5 mice 
per group) were collected from tumour-bearing mice injected with  5x106 
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cells. The mice were treated with olaparib, anti-PD-L1 or their combina-
tion, and analyzed by flow cytometry approximately 36 hours after the 
end of treatment. Only the immune populations which are significantly 
different from isotype control or the combination therapy are shown. Each 
dot represents one biological replicate. Mean values with SD are shown. 
ISO indicates the isotype control group and OLA indicates the olaparib 
treated group. Analysis was done using a one-way ANOVA followed by a 
Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001.

Additional file 4: Figure S4. Abundance of innate and adaptive immune 
cells within the ID8 Trp53-/- Brca2-/- spleen. Spleen tissues (n=5 mice per 
group) were collected from tumour-bearing mice injected with  5x106 
cells. The mice were treated with olaparib, anti-PD-L1 or their combina-
tion, and analyzed by flow cytometry approximately 36 hours after the 
end of treatment. Only the immune populations which are significantly 
different from isotype control or the combination therapy are shown. Each 
dot represents one biological replicate. Mean values with SD are shown. 
ISO indicates the isotype control group and OLA indicates the olaparib 
treated group. Analysis was done using a one-way ANOVA followed 
by a Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001.

Additional file 5: Table S1. Development timelines for various ID8 synge-
neic models of HGSOC. The mice were each injected with 5.0x106 cells at a 
similar passage number (<10) by intraperitoneal injection. Survival periods 
were calculated based on the mean survival of 8 mice bearing the same 
syngeneic tumour type in previous studies.

Additional file 6: Table S2. Fluorophore conjugated flow cytometry 
antibodies used to analyze the composition of the ovarian tumour micro-
environment. All antibodies, with the exception of BV510, were diluted in 
PBS + 2% FBS. The viability BV510 stain was diluted in PBS only.

Additional file 7: Table S3. List of genes involved in the pathway analysis.
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