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Abstract 
 

Clinical trials are currently exploring the combinations of PARP inhibitors and 

immunotherapies in the treatment of ovarian 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 mutations 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 the 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 of PD-L1. 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 also revealed numerous differences between Brca-mutated tumour 

models. In summary, these findings shed light on the influence of novel therapeutics and BRCA 

mutations on the ovarian TME. 
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Introduction 
 
1.1 Ovarian Cancer  
 

Ovarian cancer refers to a group of malignancies which form primary tumours in the 

ovarian tissue1. This disease is the leading cause of death among gynecological malignancies, and 

it is the fifth leading cause of cancer-related death in women2. In Canada, there are about 3000 

new cases of ovarian cancer diagnosed each year and in 2022, there were approximately 1950 

deaths associated with this disease3. Although the survival rates of many solid cancers have 

improved over the past few decades, the improvements in the survival rates of ovarian cancer 

patients have been minimal since the 1990s4. Thus, in Canada the 5-year survival rate of this 

disease is less than 45% due to reasons such as the absence of early-stage disease-specific 

symptoms and lack of efficient screening tools4,5. Moreover, the high rates of relapse following 

initial treatment further reduce the survival rate of patients as recurrent cancers are less responsive 

to therapy6.  

Although the name of the disease may suggest that it is a single entity, ovarian cancer is in 

fact a group of distinct malignancies that share a common anatomical site of presentation7,8. Over 

90% of ovarian tumours are thought to have an epithelial origin and are referred to as epithelial 

ovarian cancers (EOC)7,8. The five most common types of EOC which are distinguished based on 

their microscopic morphology include low- and high-grade serous, endometrioid, clear cell, and 

mucinous tumours9. EOCs are further categorized into two subtypes which are referred to as Type 

I and Type II9,10. Type I malignancies include low-grade serous and endometrioid cancers, which 

often develop in a stepwise manner similar to many other epithelial malignancies9,10. Type II 

cancers, however, are often more aggressive and common and account for 80% of ovarian cancer 
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associated fatalities.8–10 They develop rapidly, include high-grade serous ovarian carcinomas 

(HGSOC), and are frequently diagnosed at an advanced stage10.  

Treatment of ovarian cancer is generally dependent on the pathological stage of the tumour 

and involves cytoreductive surgery and chemotherapy11,12. Women with early-stage EOCs often 

undergo unilateral salpingo-oophorectomy without the removal of the contralateral ovary or the 

uterus13. Depending on the presented features, the women may also receive adjuvant platinum 

chemotherapy6. For advanced stage EOCs, women typically undergo debulking surgery, which 

involves a combination of bilateral salpingo-oophorectomy as well as hysterectomy13,14. The 

standard chemotherapy regimen for advanced stage tumours involves a combination of platinum 

and taxane-based chemotherapy6,15. Following the initial surgery and chemotherapy, patients may 

also receive a maintenance therapy to eliminate residual cancer cells that could result in recurring 

tumours. These maintenance therapies include a variety of anti-angiogenic inhibitors16, platinum-

based agents17,18, and immunotherapies19. Depending on the cancer genotype and presence of 

mutations in DNA repair pathways, however, patients can receive poly (ADP)-ribose polymerase 

inhibitors (PARPi) as maintenance therapy20,21.  

 

1.2 DNA Repair Mechanisms   
 
1.2.1 The Role of BRCA in DNA Repair  
 

The BReast Cancer-Associated genes (BRCA) 1 and 2 were first identified in 1990, and 

mutations in these genes were linked with the development of breast cancer22. BRCA1 and BRCA2 

are central constituents of homologous recombination (HR), a mechanism through which cells 

repair double-stranded DNA breaks (DSBs) (Figure 1)25–28. BRCA1 is an 1,863 amino acids 

protein that is composed of 24 exons and is involved in early stages of HR, and initiates the steps 
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required for DNA resection26. BRCA2 is a large 3418 amino acids protein that is composed of 27 

exons and is involved in the downstream steps of HR and aids the recombination of DNA25 (Figure 

1).  

 
Figure 1. Molecular pathway for DNA repair through homologous recombination. Following 
the double-stranded DNA break, ataxia-telangiectasia mutated (ATM), a phosphoinositide 3-
kinase, recognizes the DNA damage and phosphorylates the histone H2AXs. This results in the 
recruitment of damage checkpoint protein 1 (MDC1), a protein which is also phosphorylated by 
ATM and recruits RING finger protein 8 (RNF8), a ubiquitin ligase. RNF8 subsequently catalyzes 
the polyubiquitination of H2AX, which attracts the ubiquitin-interacting motifs of receptor-
associated protein 80 (RAP80). As RAP80 is in a complex with BRCA1, this protein is recruited 
to the site of damage. The BRCA1-c-terminal-binding protein-interacting protein (CtIP) then 
associates with the MRN complex which is composed of meiotic recombinase 11 (MRE11), 
RAD50 and Nijmegen breakage syndrome protein 1 (NBS1). This complex senses the double-
stranded break and is responsible for the DNA resection which turns the double-stranded blunt 
ends into single-stranded overhangs. Replication proteins A (RPA) can then detect and bind to the 
overhangs, which prevents DNA folding and coordinates the assembly of repair proteins. 
Meanwhile, the BRCA1 partner and localizer of BRCA2 (PALB2) which is in a complex with 
BRCA2, interacts with BRCA1. This communication facilitates the replacement of RPAs with 
RAD51, a recombinase protein. RAD51 facilitates strand invasion of the sister chromatid which 
is used as a template to repair the DSB. Created using BioRender.    
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Since the 1990s, germline mutations in the BRCA genes have been also identified as 

primary risk factors of ovarian cancer as they are present in approximately 10-15% of patients23,24. 

Over 1600 mutations have been identified in BRCA1 and they are in forms of nonsense and 

missense mutations as well as DNA deletions and insertions29. As this protein is composed of 

several domains which serve various functions, mutations in these domains can differentially 

influence the functions of this protein. For instance, mutations in the ovarian cancer cluster region 

(OCCR) which is between codons 1380 and 4062 of exon 11 of BRCA1, have been associated with 

increased risk of ovarian cancer due to impaired really interesting gene (RING) domain activity30. 

This compromised RING domain activity can prevent BRCA1 from interacting with other proteins 

such as ubiquitin-interacting motifs of receptor-associated protein 80 (RAP80), BRCA1-c-

terminal-binding protein-interacting protein (CtIP) and inhibits the appropriate localization of this 

protein31. In contrast, over 1800 mutations have been detected in BRCA229. In this larger protein, 

3 unique OCCRs have been identified between codons 3249 and 7471 which are part of exon 11 

of this gene30. Mutations in exon 11 of BRCA2 have been associated with impaired binding to 

RAD51c, which is the recombinase protein that allows for strand invasion in DSB repair32. 

Therefore, the great variety in both the location and type of mutations in these genes can result in 

an abundance of biological consequences some of which, can completely impair the function of 

these proteins.  

As a result of nonsense mutations in BRCA1 and BRCA2, DSB repair cannot take place, 

and this results in continuous genome instability, high mutational load, chromosomal 

rearrangements, and overall defective genome maintenance33. Together, these phenotypes are 

referred to as BRCAness34,35. The importance of BRCA activity on cell survival becomes apparent 

in models of embryonic development36,37. Genome instability and DNA damage brought forth 
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through the absence of BRCA activity results in embryonic lethality and cell death in mouse 

models37. At a superficial level, these findings contradict the discovery that BRCA mutations result 

in tumorigenicity and uncontrolled cell survival. This paradox can be explained, at least in part, by 

the fact that most BRCA-mutated tumours also carry mutations in TP53, a tumour suppressor gene 

that induces cell cycle arrest and subsequent apoptosis upon detection of DNA damage28. BRCA-

mutated cells harbouring TP53 mutations can overcome cell cycle arrest and divide uncontrollably, 

initiating tumour onset. 

 

1.2.2 The PARP Pathway  
 

Although initially useful in allowing a cancer cell to survive, continuous accumulation of 

mutations can result in cell death, even in cancer cells. As such, BRCA-mutant cells have to rely 

on alternative single- or double-stranded DNA break repair mechanisms. For instance, 

nonhomologous end joining (NHEJ) is a DSB repair pathway that is alternative to HR, which 

simply involves the ligation of blunt DNA ends38. However, this method is highly error prone as 

direct ligation can require the deletion of DNA overhangs38. These deletions can later result in 

DNA indels and non-reversable chromosomal re-arrangements that can be detrimental to cell 

survival. As such, HR deficient (HRD) cells become heavily dependent on single-stranded break 

(SSB) repair mechanisms39. A prime example of SSB repair is the PARP repair pathway and the 

high reliance on this pathway is what allows for the survival of HRD ovarian cancer cells39. 

Enzymes in the PARP family of enzymes share the ability to catalyze the addition of poly-ADP-

ribose (PAR) chains to target a protein by using β-nicotinamide adenine dinucleotide (NAD+) as 

the substrate40. This post-translational modification process is commonly referred to as 

PARylation41.  
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 The PARP1 enzyme is the most bioavailable PARP, and it consists of six main domains: 

three zinc finger domains (DNA binding), one BRCA c-terminus domain (BRCT), one tryptophan-

glycine-arginine rich domain (WGR) and one catalytic domain which consists of a helical domain 

(HD) and an ADP-ribosyltransferase (ART) domain42. The PARP enzyme initially uses the zinc-

fingers to detect SSB. Consequently, the catalytic ART domain uses the co-factor NAD+ to 

produce PAR chains40,42. The biosynthesis of NAD+ is vital for PARP activity and it is achieved 

through a variety of pathways. For example, NAD+ can be produced from the amino acid 

tryptophan which is absorbed from diet43. However, the major NAD biosynthesis mechanism is 

the salvage pathway where nicotinamide (NAM) is converted to nicotinamide mononucleotide 

(MNM) using the nicotinamide phosphoribosyltransferase (NAMPT)44. The NMN is then 

converted to NAD+ using the nicotinamide mononucleotide adenylyl transferase 

(NMNAT) family of enzymes44.  

Following the process of PARylaiton, the PAR chains attached to histones at the site of 

DNA damage attract DNA repair enzymes such as X-ray repair cross complementing-1 (XRCC1), 

which has a PAR-binding motif in its central catalytic domain45,46. XRCC1 then facilitates base 

excision repair by associating with other DNA repair enzymes such as DNA polymerase β and 

DNA ligase 345. As the PARP pathway is reliable and less erroneous than NEHJ, HRD cells 

become heavily reliant on PARP activity. The over-reliance on this singular repair pathway makes 

BRCA-mutated ovarian cancer cells susceptible to PARPi, which are now commonly employed as 

maintenance therapy20,21.  

 
1.2.3 PARP Inhibitors   
 
 PARPi are a class of drug which competitively inhibit the binding of NAD+ to PARP’s 

catalytic ART domain47 (Figure 2). Alternatively, PARPi can induce the trapping of PARP onto 
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the DNA48. This trapping inhibits PARP from repairing the DNA, and also induces replication fork 

collapse and DSBs which eventually leads to apoptosis (Figure 2). In women with BRCA-mutated 

tumours, PARPi are commonly used as maintenance therapy following initial surgery and 

chemotherapy20,21. However, there is evidence to suggest that mutations in BRCA are not the only 

phenomenon that sensitizes cancer cells to PARPi toxicity as some BRCA-proficient tumours have 

also been noted to respond to PARPi therapy49. This may be due to the fact that there are several 

other genes involved in HR and mutations in any number of them (i.e., RAD51) can result in HRD. 

Furthermore, hypermethylation of HR genes may also result in the magnification of a HRD 

phenotype, thus making BRCA-proficient cells heavily reliant on PARP50.  

In HRD cells, PARPi take advantage of a phenomenon known as synthetic lethality where 

the occurrence of a single independent event is tolerable for cell survival, but their co-occurrence 

can be fatal51. Cells which are either BRCA or PARP deficient may still manage to repair their 

DNA and survive. However, inhibition of both pathways, whether through mutations or 

therapeutics, will be detrimental to cancer cell survival51.  

Olaparib, commonly known as Lynparza, was the first PARPi to be approved by the US 

Food and Drug Administration as a monotherapy in the treatment of advanced, BRCA-mutated 

ovarian cancers in 201452,53. Three years later, the drug was approved for use to treat various forms 

of recurring ovarian cancer, irrespective of the patient’s BRCA status. Since then, several other 

PARPi have been tested in clinical trials and currently, olaparib and niraparib are the only PARPi 

approved for use in Canada54. Although sold under several names, the pharmacokinetics of the 

various PARPi are similar. However, the efficiency of these drugs to inhibit PARP activity can 

vary. For instance, Talazoparib which is the latest PARPi approved for clinical study, has the 

greatest PARP1 trapping potential55.  
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Although effective as a monotherapy, PARPi can also be administered as a co-therapy with 

other compounds56,57. For example, PARPi work exceptionally well in combination with genotoxic 

chemotherapies in platinum-sensitive cases of ovarian cancer57,58. Platinum-based chemotherapies 

often generate DNA adducts that result in cross-link formations and thus impaired DNA replication 

and transcription, and eventually induce apoptosis. Platinum resistance, however, is often closely 

linked with PARP hyperactivity in HRD patients59. The elevated expression of PARP can allow 

the cancer cells to rapidly repair the DNA damage induced by the adduct. As such, PARPi 

administration in combination with platinum-based therapies can help sensitize cancer cells to 

genotoxic compounds by preventing their ability to repair the damage59. In fact, in preclinical 

models olaparib administration has been shown to improve cisplatin-based cytotoxicity60.  

  



 9 

 
Figure 2. Schematic representation of PARP inhibitor’s mechanisms of action. Under 
homeostatic conditions, PARP enzymes can repair DNA through base excision repair. However, 
PARP inhibitors can prevent PARP activity through both (A) competitive inhibition and (B) PARP 
trapping and result in apoptosis of BRCA-mutated cells. Created using BioRender. Inspired by 
Rose et al61. 
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1.3 The Tumour Microenvironment  
 

1.3.1 Overview of the Ovarian Tumour Microenvironment  
 
  Over the past decade, the tumour microenvironment (TME) has become a topic of interest 

to explore how the host’s immune system can be modulated to destroy cancer cells62. Generally, 

the TME is composed of tumour cells, fibroblasts, epithelial cells, extracellular matrix, as well as 

cells from both the adaptive and innate arms of the immune system62. The dynamic interaction 

between these various factors can influence tumour progression and the antitumour response to 

therapy, and the immune surveillance that serves as a tool to target and kill cancer cells63. In the 

case of ovarian cancer, the TME is generally characterized as immunosuppressive or “cold”; a 

characteristic that is based on the unique immune composition of this TME63,64.  

 A cold TME is often characterized by low rates of immune cell infiltration, impaired 

antigen presentation, or the presence of immunosuppressive immune cells such as myeloid-derived 

suppressive cells (MDSCs)65, regulatory T cells (Tregs)66 and M2 macrophages67. Not only do 

these cells impair the ability of the immune system to destroy tumour cells, but they also secrete 

factors that promote tumour growth. Abundant presentation of immune checkpoint molecules and 

exhaustion markers such as programmed cell death protein-1 (PD-1), programmed cell death 

ligand-1 (PD-L1), cytotoxic T-lymphocyte-associated protein-4 (CTLA4) or lymphocyte 

activating-3 (LAG3) all contribute to this cold phenotype as well68. Together, the combination of 

these immunosuppressive characteristics makes the TME immunologically destitute, thus 

rendering the immune system unable to slow down tumour progression.  

 In contrast, a “hot” TME is characterized by high rates of proinflammatory immune cell 

infiltration and is often associated with superior cancer prognosis. The elevated presence of tumour 

infiltrating lymphocytes (TILs) such as CD8+ and CD4+ T cells69, natural killer (NK) cells70, M1 
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macrophages71, and antigen presenting cells (APCs) can aid in the generation of a strong anti-

tumour immune response in hot TMEs. The TILs can also produce proinflammatory cytokines and 

chemokines which enhance the anti-tumoral response and attract more TILs from the circulation69–

71. Furthermore, hot tumours are characterized by the presence of neoantigens on the surface of 

tumour cells, which make it easier for TILs to identify and attack the cancer cells72. The enhanced 

efficiency of the immune system to implement an anti-tumour response result in reduced tumour 

progression and improved patient survival. Recently, immunotherapies have been developed with 

the aim to transform the cold ovarian TME hot and ameliorate patient outcomes19,64,73.  

 

1.3.2 Immunotherapy 
 

Immunotherapies are an emerging type of cancer treatment that boosts the patient’s 

immune system to target and kill cells64. These immunomodulatory treatments can enhance the 

ability of TILs to activate and kill cancer cells. One example of such immunotherapies are the 

immune checkpoint inhibitors (ICIs), that bind to immune checkpoint molecules and inhibit their 

immunosuppressive function74,75. Effector T cells use the T-cell receptor (TCR) to recognize cells 

in their vicinity76. Upon recognition of a cell ligand, immune checkpoint molecules which are co-

signaling pathways that modify TCR responses, can act in a negative feedback loop and prevent 

the effector T cells from mounting a response against that cell76. Although this is useful in 

preventing autoimmunity, it can also become an issue with regards to cancer cell detection. By 

expression of checkpoint molecules, tumour cells are able to dampen immune responses and thus 

escape immune surveillance77. For example, PD-L1 molecules on the surface of a tumour cell can 

interact with PD-1 on the surface of T cells and attenuate their anti-tumour action75. Consequently, 

monoclonal antibodies that target PD-1/PD-L1 interactions have been developed as 
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immunotherapies. Results of various clinical studies show an average overall response rate of 9 to 

36% to anti-PD-1/PD-L1 monoclonal antibodies in ovarian cancer patients78. This limited efficacy 

may be improved through combination therapies such as anti-PD-L1 plus olaparib and the clinical 

trials testing such combinations are currently ongoing (NCT02953457).  

 

1.3.3 Influence of BRCA Mutations on Ovarian TME Composition  
 
 Clinically, BRCA mutations have been simply regarded as HR defects, and BRCA1- and 

BRCA2-mutated tumours have been treated as the same disease. However, recent data have shown 

that 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 BRCA279. 

Similarly, the 5-year survival rate is shorter for patients with BRCA1-mutated tumours80. Such 

differences point to the possibility that these proteins are involved in pathways other than genome 

maintenance, and therefore can potentially influence TME composition.  

 For instance, the high tumour mutational burden (TMB) that results from HRD can result 

in the presentation of neoantigens on tumour cells81,82. This neoantigen load may allow for 

improved detection of these cells through immune surveillance81. In preclinical models of breast 

cancer, mutations in Brca1 and Brca2 have been shown to influence response to immune 

checkpoint blockade. Interestingly, this effect was different in the two models, with anti-PD-l 

blockade only resulting in improved survival of mice harbouring Brca1-mutated tumours81. 

Neoantigen presentation as a result of Brca-mediated differences in mutational landscapes 

can also influence the infiltration of TILs in the TME. For instance, Brca-mutated ovarian TMEs 

have a higher abundance of CD3+ and CD4+ T cells, as well as enhanced expression of immune 

checkpoint molecules83. Furthermore, mutations in BRCA are associated with higher secretion of 
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various proinflammatory cytokines such as tumour necrosis factor alpha (TNF-a) in the TMEs84. 

In summary, the TME is a dynamic entity which can be influenced by both treatment and mutations 

in DNA repair genes. 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.  

 

1.3.4 Syngeneic Models of Cancer  
 
  For many years, patient-derived xenograft (PDX) models which are developed by the 

transplant of human cancer cells into immunodeficient mice were the gold standard in the study of 

cancer treatments in preclinical stages85. However, the lack of immune activity in these animals 

limits their use for the study of the influences of the immune system on the TME during response 

to treatment. Consequently, the lack of robust immunity prevents the development of reliable 

immunomodulatory therapies. The increased use of syngeneic models in recent years has allowed 

researchers to address this issue by using cancer cells that were derived from the host’s species86,87. 

Injecting cancer cells which were developed in a relatively homogeneous model such as C57BL/6 

mice back into those animals reduces the risk of tissue rejection that is seen in immunocompetent 

mice as the cells express similar surface antigens. For instance, the ID8 cell line developed by 

Roby et al. in 2000 was created by repeated passaging of ovarian surface epithelial cells isolated 

from C57BL/6 mice86. Since then, the model has been genetically modified to replicate various 

genetic abnormalities found in the human disease (e.g., mutations in Trp53, Brca1 and Brca2), to 

enable further study of the influence of these mutations on tumour development88,89. The various 

ID8 cell lines are now frequently used as syngeneic models of ovarian cancer, and our lab has been 

using this model to study the influence of various treatments such as oncolytic viruses on the TME 

composition.  
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1.4 Rationale and Hypothesis  
 

Although PARPi and immunotherapies are commonly tested in the treatment of ovarian cancer, 

the effects of these therapies on the composition of the ovarian TME remains unknown. As such, 

we hypothesize that following the administration of these treatments, the characteristics of the 

ovarian TME can be defined and manipulated to boost the immune response, ultimately to design 

more effective combination therapies. In light of recent evidence that indicates the potential 

differences in BRCA1 vs. BRCA2-mutated cancers, we further hypothesized that tumours with 

different Brca mutations will be respond differently to treatment and therefore we analyzed how 

the Brca status of ovarian tumours influenced the TME composition and response to therapy.   

 

 

Objectives:  

Aim 1: To assess the response of Brca-mutated ovarian cancer cells to PARPi treatment in vitro. 

Aim 2: To assess the response of syngeneic Brca-mutated ovarian tumours and their TME to 

PARPi, anti-PD-L1 antibody and their combination in vivo. 

Aim 3: To use in-silico analysis of RNA sequencing data to compare the TME of Brca-mutated 

models of ovarian cancer. 
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Methods 
 
2.1 Mouse Ovarian Cancer Cell Lines  
 
 For both the in vivo and in vitro sections of this project the ID8 cell lines were used. The 

cell lines included the ID8 Trp53-/-, ID8 Trp53-/- Brca1-/-, and ID8 Trp53-/- Brca2-/- cells which 

were created using CRISPR-Cas9-mediated knockouts and were provided by Dr. Iain 

McNeish88,89. All three cell lines were cultured using Dulbecco's Modified Eagle's Medium 

(DMEM) (Corning, #10-013-CV) supplemented with 4% Fetal Bovine Serum (FBS) 

(ThermoFisher, #12483-020) and 1x Insulin-Transferrin-Sodium-Selenium (Sigma-Aldrich 

Roche, #11074547001). The cells were incubated at 37oC and 5% carbon dioxide (CO2).  

 

2.2 In Vitro Analyses  
 
2.2.1 AlamarBlue Assays  
 
 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 x 103 cells/well 24 hours 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 various concentrations of olaparib 

(0, 1, 5 and 10 µM) were prepared by dissolving the DMSO/olaparib stock mixture 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-hour treatment period, the media were aspirated from each well and replaced 

with DMEM media containing 10% AlamarBlue cell viability reagent (ThermoFisher; 

#DAL1100). The plate was incubated in the dark for 3 hours. Following the incubation, the plate 
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read was performed using a Bio-Tek Microplate Reader for which the absorbance and emission 

wavelengths were set at 530 and 590 nanometers, respectively. The data collected from the treated 

cells were normalized to the untreated samples, for which the cells were hypothetically 100% 

viable. The average results of three experiments each containing three technical replicates were 

pooled for statistical analyses.  

 

2.2.2 Flow Cytometry of In Vitro Treated Samples  
 
 Flow cytometry was used to assess the effects of olaparib treatment on ID8 cells. The cells 

were seeded in a 6-well plate at a density of 6.0 x 104 cells/ well and treated with 10 µM olaparib 

for 24 hours. The negative control group received DMSO, and the positive control group was 

treated with recombinant 0.2 ng/ml mouse interferon gamma (IFN-γ; Fisher Scientific, 315-05). 

Following the treatment, the cells were collected in 1.5 mL Eppendorf tubes and washed using 

phosphate-buffered saline (PBS) (ThermoFisher; #14190-144). The cells were then incubated in 

the Fixable Viability Stain (BD BioSciences; #564406) in a 1:1000 dilution for 15 minutes. The 

cells were washed with PBS supplemented with 2% FBS and stained with the PD-L1 antibody 

(Bio Legend; #124308) at a 1:200 dilution for 15 minutes. The cells were once again washed using 

the same wash buffer and fixed using 1% paraformaldehyde (PFA). The samples were stored in 

the dark at 4oC overnight and data was acquired the following day using the BD LSR Fortessa 

flow cytometry machine. The FlowJo program was used to determine the geometric mean 

fluorescence intensity (gMFI) of each sample. 
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2.3 In Vivo Treatment  
 
2.3.1 Mouse Models of Ovarian Cancer 
 
 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 

Table 1. C57BL/6 mice (The Jackson Laboratory; #664) were used for syngeneic model 

development for all cell lines. All the animals were housed in the Animal Care and Veterinary 

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 animals were provided with the standard 

chow diet and monitored on a daily basis. To induce tumour development, 8-week-old mice were 

given IP injections of 5.0 x 106 cells diluted in 100 µL of PBS. The treatments started 25% into 

the predicted length of survival of each tumour model which was established based on previous 

studies in the Vanderhyden lab (Table 1).  

Table 1. Development timelines for various ID8 syngeneic 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.  

Tumour Model Predicted survival (days post 
cancer cell injection) 

Start of treatment (days post 
cancer cell injection) 

ID8 Trp53-/- 65 16 
ID8 Trp53-/- Brca1-/- 46 12 
ID8 Trp53-/- Brca2-/- 57 14 

 

2.3.2 The First In Vivo Study: Impact of Olaparib Monotherapy on Survival 
 
 The three syngeneic tumour models listed in Table 1 were used to determine whether 

olaparib monotherapy can improve the survival of tumour-bearing mice. The treatment started 

when the mice reached 25% of the predicted length of their survival. The experimental groups 

(n=8) received daily doses of 50mg/kg olaparib which was initially dissolved in DMSO and later 
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in a mixture of PBS containing Captisol (MedChemExpress; HY-17031). The final concentrations 

of DMSO and Captisol were 5% and 20%, respectively. The drug was administered as a 100 µL 

IP injection daily for 18 consecutive days. The control group received PBS containing only DMSO 

and Captisol. During the period of treatment and seven days after the last injection, the mice were 

housed in the designated Level-1 cytotoxic chemical room of the ACVS facilities at the University 

of Ottawa and were later returned to general housing.  

 Following the end of the treatment period, the mice were monitored on a daily basis. The 

development of ascites evident by abdominal distension; piloerection, reduced mobility, and 

impaired blood flow to the limbs were used as additional indicators of loss of wellness at which 

time the mice were euthanized. The euthanasia was carried out by a short period of CO2 exposure 

followed by cervical dislocation. The mice were weighed, and necropsies were carried out to 

determine ascites volume, tumour mass and spleen mass. The collected ascites was centrifuged at 

2000 revolutions per minute (RPM) for 15 minutes and the supernatant was flash frozen. A portion 

of the tumours were flash frozen for RNA collection. Other portions were  either embedded in 

optimal cutting temperature compound (OCT; Fisher Scientific; 23-730-571) and stored at -80oC, 

or fixed in 10% PFA and later transferred to 70% ethanol. 

 

2.3.3 The Second In Vivo Study: Olaparib, PD-L1 Monoclonal Antibody and Their 
Combination 
 
 The two Brca-mutated ID8 cells listed in Table 1 were used to induce tumour development 

in mice to study the effects of therapy on survival and TME composition. The three treatments in 

this study included olaparib and anti-PD-L1 monotherapies, and their combination (Figure 3). 

Olaparib was prepared as described in section 2.3.1 and the monoclonal antibodies were diluted in 

sterile PBS to produce the desired concentrations. The antibodies were administered through five 

https://www.fishersci.ca/shop/products/tissue-plus-o-c-t-compound/23730571
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consecutive, 100 µL IP injections containing 200 µg of antibody. The animals then received 100 

µg doses of antibody every four days, for a total of 11 antibody injections (Figure 3).  

The study animals in the study were 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. The animals in the olaparib 

group received 18 daily of 50 mg/kg/day of olaparib, 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, which contained PBS, 20% captisol and 5% DMSO; as well as the appropriate dose of 

the PD-L1 monoclonal antibody, depending on the day. The combination group received 18 daily 

of 50 mg/kg/day of olaparib and the appropriate dose of anti-PD-L1 monoclonal antibody. Finally, 

the control group received the vehicle control of olaparib as well as the isotype control antibody. 

The animals in this study were collected at two different time points. In order to determine the 

effects of treatment on TME composition, 40 mice collected approximately 36 hours after the last 

olaparib injections. To determine the effects of treatment on animal survival, the remaining 64 

mice (8 animals/group) were monitored on a daily basis and euthanized at the humane endpoint, 

at which time tissues such as tumours and ascites were collected and flash frozen. Similar to the 

first study, the mice were housed in the designated Level-1 cytotoxic chemical room of the ACVS 

facilities at the University of Ottawa throughout the treatment period and were returned to general 

housing seven days later.  
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Figure 3. 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 treatments 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.   
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2.4 Assessment of the TME  
 
2.4.1 Flow Cytometry TME Analysis   
 
 Approximately 36 hours after the last olaparib injection on day 18, five mice from each 

group were collected for TME analysis. Euthanasia was carried out as described in section 2.3.1. 

Peritoneal washes (PW) were collected following an intraperitoneal injection of 5 mL PBS 

containing 2mM ethylenediaminetetraacetic acid (EDTA) and a 5-minute abdominal massage. To 

generate single cell suspensions of the PW, the washes were filtered using 70 µm filters. Spleen 

tissue was also collected and dissociated using glass slides over a petri-dish containing PBS and 

was later filtered using 70 µm filters. Ammonium chloride potassium (ACK) lysis buffer (VWR, 

#10128-802) was used to induce blood lysis in all samples and cells were later counted using 

Trypan blue exclusion. To assess viability, the cells were stained using a viability stain at a 1:500 

dilution (BD Biosciences, BV510) and incubated for 15 minutes at room temperature. Fc blocking 

was carried out for 5 minutes using 3.33 µl or 6.66 µl of the fragment crystallizable (Fc)-blocking 

antibody (BD Biosciences, #553142) for 2.0 x 107 spleen or PW cells, respectively. The cells were 

divided for staining using two separate antibody master mixes for different panels. The cells were 

then washed in PBS + 2% FBS, fixed using 1% PFA solution and stored at 4oC in the dark until 

flow cytometry was performed. The cells that received intracellular staining were also incubated 

in fixation/permeabilization buffer (eBioscience) at room temperature for 45 minutes and were 

later washed twice using the permeabilization buffer (eBioscience). The CD206 antibody was 

diluted in the permeabilization buffer and was used to stain the samples for approximately 40 

minutes at room temperature in the dark. Details regarding all antibodies used for flow cytometry 

staining are presented in Table 2. The data analysis for the flow cytometry was carried out using 

the FlowJo software.  



 22 

Table 2. Fluorophore conjugated flow cytometry antibodies used to analyze the composition 
of the ovarian tumour microenvironment. All antibodies, with the exception of BV510 were 
diluted in PBS + 2% FBS. The viability BV510 stain was diluted in PBS only.  

 

2.4.2 Reverse Transcription Polymerase Chain Reactions 
 
 To conduct reverse transcription and quantitative real-time polymerase chain reaction (RT-

qPCR) analysis on tumours collected at end point, flash frozen tumours were homogenized in the 

RLT Plus Lysis Buffer (Qiagen, #1053393) using a syringe and needle. RNA concentrations and 

quality were assessed using a NanoDrop spectrometry and iScript Reverse Transcription Master 

Panel Target Fluorochrome Dilution Company and Catalogue # 

   1 

FVS510 BV510 1:200 BD Biosciences Cat# 564406 
CD3e BUV496 1:200 BD Biosciences Cat# 564378 
CD45 PerCP-Cy5.5 1:200 BD Biosciences Cat# 561869  
CD4 APC-H7 1:200 BD Biosciences Cat# 561828  
CD8 BUV615 1:200 BD Biosciences Cat# 552877  
CD25 BV421 1:200 BD Biosciences Cat# 564370  
LAG3 BV605 1:200 BioLegend Cat# 135225 
PD-1 BV785 1:200 BD Biosciences Cat# 552380 

CD62L PECY7 1:200 BD Biosciences Cat# 560516 
DX5 FITC 1:200 BD Biosciences Cat# 553857 
CD44 BV711 1:200 BD Biosciences Cat# 743924 

NKG2D APC 1:200 BD Biosciences Cat# 562347 
TIGIT APC-R700 1:200 BD Biosciences Cat# 565474 
CD19 PE-CF594 1:400 BD Biosciences Cat# 562291 

    2 

FVS510 BV510 1:200 BD Biosciences Cat# 564406 
CD3e BUV496 1:200 BD Biosciences Cat# 564378 
CD45 PerCP-Cy5.5 1:200 BD Biosciences Cat# 561869  
CD11c PE-CY7 1:200 BD Biosciences Cat# 563048 
CD11b BV786 1:400 BD Biosciences Cat# 740861 
CD86 APC-R700 1:200 BD Bioscience Cat#565479 

I-A/I-E AF488 1:200 BD Bioscience Cat#562352 
PD-L1 PE 1:200 BD Biosciences Cat# 558091 
CD103 BV711 1:200 BioLegend Cat# 121435 
Ly6G APC-H7 1:200 BD Biosciences Cat# 560618 
Ly6c BV605 1:200 BD Biosciences Cat# 560618 
F4/80 BV421 1:150 BD Biosciences Cat# 565411 

CD206 AF647 1:200 BioLegend Cat# 141720 
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mix (Bio-Rad, #1708841) was used for cDNA synthesis. The relative expression of the genes of 

interest was assessed by qPCR using the Taq-polymerase-based PrimeTime Gene Expression 

Master Mix kit (Integrated DNA Technologies; #1055772) and a 7500 Fast Real-Time PCR 

machine. The expression of each gene was determined as a fold change in relation to the house-

keeping gene, Hprt. The names of each probe assay primer are listed in Table 3.   

  
Table 3. The qPCR probe assays used to analyze ovarian tumours collected at humane 
endpoint.  

Gene name IDT qPCR Probe Assay 
Hprt Mm.PT.39a 22214828 

Cd274 Mm. PT.58.11921659 
Cd8a Mm.PT.58.43535544 

 

2.4.3 Immunofluorescent Staining  
 
 Immunofluorescent staining of tissues was carried out using 7 µM sections of OCT 

embedded tumours. The sections were fixed using 2% PFA at room temperature for 20 minutes. 

The tissues were then washed twice using 1X PBS for 1 minute and incubated using a blocking 

solution containing 10% goat serum and 0.2% Triton X-100 in PBS for 1 hour at room temperature. 

A 10% goat serum in PBS solution was used to dilute the primary antibodies listed in Table 5 and 

the tissues were incubated with the antibodies in the dark at 4o C overnight. The next day, the 

primary antibodies were aspirated, and tissues were washed in PBS 3 times. The secondary 

antibodies (Table 5) were diluted in the same diluent and incubated on the tissue for 1 hour at 

room temperature in the dark. The tissues were then washed one last time, mounted using Immuno-

Mount (Themo Fisher Scientific, #9990402) and imaged the next day using the AxioSkop 2 MOT 

Zeiss microscope at 40X magnification.  
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Table 4. List of primary and secondary antibodies used for immunofluorescent staining. All 
antibodies were diluted in PBS containing 10% goat serum.  

 

2.4.4 Flow-Based Cytokine Array  
 
 Ascites fluid was collected from mice at endpoint and centrifuged at 2000 RPM for 15 

minutes, after which the supernatant was collected, flash frozen and stored at -80o C. For the assay, 

ascites supernatant was diluted in the LEGENDplexTM Cytokine Release Syndrome Panel assay 

buffer (BioLegend, #741024).  The staining was then carried out using the manufacturer’s protocol 

and flow cytometry was carried out using the BD LSR Fortessa flow cytometer on the same day. 

The data was then analyzed using the LEGENDplex Quognit software (BioLegend).  

 

2.5 Bulk RNA Sequencing Data Analysis  
 
 RNA-seq data from ID8 cell lines and IP tumours which were previously processed by the 

Vanderhyden lab90 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 

distribution of the log-normalized RNA-seq values and the various sets of data were visualized 

using the pheatmap function in R.  

 

 

 

Antibody Company and Catalogue # Dilution  
Anti-MHC Class II ThermoFisher, Cat# 14-5321-82 1:250 

Rat Anti-Mouse CD45 BD Pharmigen, Cat#550539 1:200 
AF488 Goat Anti-Rat ThermoFisher, Cat# A-11006 1:400 

AF594 Goat Anti-Rabbit ThermoFisher, Cat# A-11012 1:400 
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2.6 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. Comparisons between two groups 

were performed using the student’s t test, and the one-way analysis of variance (ANOVA) and 

Tukey’s multiple comparisons were used to compare three or more groups. The Log-Rank test was 

used to determine any significant differences in the survival data shown using Kaplan-Meier plots. 

All histogram data sets are presented as the means ± standard deviation (SD). Statistical 

significance was set at p ≤ 0.05 (*p ≤ 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).  
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Results 
 

3.1 Assessing the Response of Brca-Mutated Ovarian Cancer Cells to PARPi In Vitro 
 
3.1.1 Olaparib Reduces the In Vitro Viability of Brca-Mutated Cancer Cells  
 
 The assessment of the loss of viability in response to in vitro olaparib therapy was carried 

out using the AlamarBlue assay on the ID8 cell lines listed in Table 1. Following the 24-hour 

treatment, viability of the ID8 Trp53-/- group did not change in response to any dose of olaparib 

therapy (Figure 4). Cells with double knockout of Trp53-/- Brca1-/- modestly responded to olaparib 

toxicity and the highest dose of olaparib (10 µM) resulted in a significant 25% reduction in 

viability (p<0.05). Conversely, the viability of the ID8 Trp53-/- Brca2-/- cells was reduced 

significantly at every dose of olaparib, making it the most olaparib-sensitive cell line. Thus, within 

the ID8 model, mutations in the Brca genes are associated with reduced cell viability in response 

to olaparib treatment.  

Figure 4. Olaparib sensitivity of ID8 cell lines after a 24-hour in vitro treatment. ID8 cell lines 
were treated with 0, 1.0, 5.0 and 10 µM olaparib for 24 hours, after which AlamarBlue assays were 
used to measure viability. Viability at each dose was compared to the 0 µM (negative control) 
group. Analysis was done using a one-way ANOVA followed by a Tukey’s multiple comparison 
(n=3). Each dot represents the average data of 3 technical replicates from a unique experiment, 
and error bars indicate SD. *p<0.05, **p<0.01.  
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3.1.2 In Vitro Olaparib Treatment Results in Enhanced PD-L1 Expression in Ovarian 
Cancer Cells 
 
 Expression of immune checkpoint molecules plays an important role in creating an 

immunosuppressive TME which is often a phenotype present in ovarian tumours. In breast cancer 

models, treatment of cancer cells with olaparib results in upregulation of PD-L1 expression91. 

Expression of checkpoint molecules is also associated with PARPi resistance both in vitro and in 

vivo. To assess whether treatment with olaparib enhances the expression of PD-L1 in ID8 cells as 

well, we treated the cells with 10 µM olaparib for 24 hours and assessed PD-L1 expression by 

flow cytometry (Figure 5). Treatment with olaparib enhanced the expression of PD-L1 in all three 

cell lines (Figure 5A). However, the largest increase occurred in the Brca1-/- group (Figure 5B). 

Thus, the results of this experiment are analogous with the data found in the literature and identify 

PD-L1 as a target for combination therapy in vivo.  

Figure 5.  In vitro treatment of ID8 cells with olaparib enhances PD-L1 expression. ID8 cell 
lines were incubated with 10 µM olaparib for 24 hours and stained for PD-L1, for which the 
geometric mean fluorescence intensity was determined using flow cytometry. (A) indicates the 
visual representations of the peaks and (B) demonstrates the quantified values. Enhancement of 
PD-L1 expression occurred in all three cell lines, regardless of genotype.  
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3.2 Assessing the Influence of Olaparib Monotherapy on the Survival of Tumour-Bearing 
Mice and Their TME Composition in the First Animal Study 
 
3.2.1 Assessing the Effects of Olaparib Therapy on the Survival of Tumour-Bearing Mice  
 
 In vivo treatment of the ID8 model with olaparib was performed to determine whether 

intraperitoneal delivery of the drug can prolong the survival of tumour-bearing mice. In this study, 

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 (52 days) were similar (Figure 

6A). However, in vivo treatment of the Trp53-/-Brca1-/- tumour model significantly improved 

survival, with the median survival of the olaparib-treated mice being 32% longer than the isotype 

control (Figure 6B).  Lastly, olaparib therapy tended to improve the median survival of the Trp53-

/-Brca2-/- model, however this difference did not reach significance (Figure 6C). It should be noted 

that one mouse in the control group of this model unexpectedly survived to 100 days, which is 

double the predicted median survival. The absence of any improvements in the Trp53-/- model 

resulted in the exclusion of this group from the next in vivo study.  

 

Figure 6.  Kaplan-Meier plots showing survival of ID8 tumour-bearing mice. 5x106 cancer 
cells were injected IP on day zero (n=8 per group). The olaparib therapy began at 25% into the 
average survival timeline for that model (12-16 days post cell injection). The therapy regimen 
included 18 consecutive, daily IP injections at a dose of 50mg/kg/day or vehicle control. All mice 
were euthanized at humane endpoint. Analysis was carried out using the Log-rank (Mantel-Cox) 
test. ns: not significant, ***p<0.001.  
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3.2.2 Analysis of the Composition of the ID8 TME at Humane Endpoint   
 
 For all tumour models, tissues were collected at the humane endpoint. It is generally 

expected that tumour progression which takes place for weeks after the end of therapy may dilute 

any differences between control and treated groups at humane endpoint. Nevertheless, the tumours 

of the Brca1-mutated group were analyzed to detect any potential differences and to provide 

directions for analysis in the next study (Figure 7). Immunofluorescence staining of OCT 

embedded tissues did not result in any differences in the percentage of CD45-positive (Figure 7A-

B) or MHC II-positive cells in the Brca1-null TME (Figure 7A-C). RT-qPCR from the tumour 

RNA collected at endpoint was analyzed for the expression of CD8 and PD-L1. The expression of 

CD8 was highly variable between the biological replicates and the difference from control tumours 

was not statistically significant (Figure 7D). Similarly, expression of PD-L1 was similar between 

the treated and untreated tumours at humane endpoint (Figure 7E). As the composition of the 

TMEs were not different at the humane endpoint, the tissues used to analyze the ovarian TME 

were collected immediately after the end of treatment in the next in vivo study.  
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Figure 7. Tumour microenvironment expression of CD45, MHC II, CD8 and PD-L1 at 
endpoint in the ID8 Trp53-/- Brca1-/- model. Tumours collected at humane end point of the ID8 
P53-/- Brca1-/- model were analyzed using immunofluorescent staining (n=4-5 per group) and RT-
qPCR (n=3 per group). Immunofluorescent analysis of the tumours did not result in any significant 
differences in the expression of MHC II and CD45 between the control and olaparib-treated groups 
(A-C). RT-PCR analysis of CD8 and PD-L1 expression did not indicate any significant differences 
between the two groups. Histograms indicate the mean +/- SD. ns: not significant.  
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3.3 Assessing the Influence of Monotherapies and Their Combination on the Composition 
of the ID8 TME and Animal Survival in the Second Animal Study 
 
3.3.1 The Effects of Olaparib, PD-L1 Monoclonal Antibody and Their Combination on 
Survival  
  

Olaparib and PD-L1 antibodies, alone and in combination, differently influenced the 

survival of Brca-mutated ID8 models (Figure 8). In the Trp53-/- Brca1-/- model, the anti-PD-L1 

monotherapy nearly doubled the median survival of tumour-bearing mice (75 days) compared to 

the isotype control (38 days), making it the most beneficial overall treatment in terms of survival 

(Figure 8A). The survival of mice given olaparib monotherapy (50 days) and combination therapy 

(52 days) groups were very similar and were both significantly longer than the isotype control 

(Figure 8A).  

In the Trp53-/- Brca2-/- model, the anti-PD-L1 monotherapy did not improve the survival 

and the median survival was very similar to the isotype control (Figure 8B). Unlike the first in 

vivo study however, the olaparib monotherapy did significantly improve the survival of the mice 

harbouring Brca2-null tumours (Figure 8B). Similar to the Brca1-null group, the outcomes from 

the combination therapy heavily resembled the survival of the olaparib monotherapy group 

(Figure 8B). Overall, the olaparib and combination therapy similarly improved the survival of 

both models. However, the anti-PD-L1 monotherapy was only successful in lengthening the 

survival of the Trp53-/- Brca1-/- mice. 



 32 

 
Figure 8.  Survival Kaplan-Meier plots of ID8 tumour-bearing mice. 5x106 cancer cells were 
injected IP on day zero (n=8 per group). All therapies began at 25% into the average survival 
timeline of that model (12-16 days post cell injection). The olaparib monotherapy regimen 
included 18 daily IP injections at a dose of 50mg/kg/day; the anti-PDL1 monotherapy regimen 
included five daily IP injections of 200 µg anti-PD-L1 monoclonal antibody followed by one 100 
µg injections every four days for a total of 11 doses. The combination group received both drugs 
as outlined for the monotherapies. All mice were euthanized at humane endpoint. (A) presents the 
survival of ID8 Trp53-/- Brca1-/- tumour-bearing mice, while (B) outlines the survival mice with 
ID8 Trp53-/- Brca2-/- tumours. Analysis was carried out using the Log-rank (Mantel-Cox) test. ns: 
not significant, *p<0.05, **p<0.01, ***p<0.001. 
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3.3.2 Effects of Therapy on the Immune Composition of the ID8 TME and Spleen Tissue  
 
  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 PARPi-treated 

tumours immediately after the end of therapy. However, as we had also detected enhanced 

expression of PD-L1 in response to in vitro olaparib therapy, we also added anti-PD-L1 as a 

monotherapy and in combination with olaparib. This addition provided us with a more 

sophisticated and complete image of the TME composition in response to novel therapeutics. 

Using flow-cytometric analysis, we analyzed the TME and spleen composition (Figure 9) from 

mice 36 hours after the end of the olaparib treatment, at which time the mice had also received 8 

doses of anti-PD-L1. The analysis was done using two panels; the first panel focused on the 

adaptive immune system while the second panel analyzed the composition of the innate immune 

cells.  

The analysis of the TME and spleen immune compositions yielded over 300 unique 

correlations for each tissue. To narrow down the analysis, the changes that were significantly 

different from the isotype control or the combination therapy were identified and are presented as 

histograms. Any significant changes in <1% of cells have been excluded here as well. In our 

analysis, we measured TME changes both in terms of the percentage of cells in that population 

and also changes in expression levels which were demonstrated by the gMFI values. 
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Figure 9. Gating strategy for the analysis of flow cytometry data. Peritoneal washes and 
spleens were collected and analyzed 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, 
macrophages, and other myeloid-like cells. Fluorescence minus one (FMOs) represent the counter 
plots shown in each figure.  

 

 

A 

B 
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3.3.3 Changes in the Composition of the Trp53-/- Brca1-/- TME in Response to Therapy  
 

As the influence of treatment on the composition of the ovarian TME remains largely 

unknown, we set out to determine how the treatments used in this study can influence various 

innate and adaptive immune cell populations in the ID8 TME. We further specified this analysis 

by examining the tissues from Brca-mutated tumour individually. All three treatments uniquely 

transformed the Trp53-/- Brca1-/- TME (Figure 10). The administration of monotherapies 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 (Figure 10). The cell 

number changes which are significantly different from isotype control and/or the combination 

therapy are outlined in Figure 11. In term of T cell populations, the combination therapy resulted 

in an 8% increase in overall T cell numbers compared to the isotype control (Figure 11A). The 

olaparib monotherapy increased the total number of CD8 T cells and activated, CD44 expressing 

CD4 T cells by approximately 5% (Figure 11B-C). Notably however, the combination therapy 

resulted in a reduced number of activated CD4 T cells to near zero levels compared to the 

monotherapies (Figure 11B). Similarly, the combination therapy resulted in a consistent 14% 

reduction of activated, CD44+ CD8 T cells compared to all other groups, which once again reduced 

the percentage of these cells to near zero levels (Figure 11D). The olaparib monotherapy also 

reduced the CD4/CD8 T cell ratio compared to all groups by approximately 50% (Figure 11E).  

The therapies also uniquely influenced the composition of NK cell populations. The 

olaparib monotherapy resulted in a 5% reduction in overall NK cell numbers (Figure 11F) while 

the combination therapy enhanced CD25+ NK populations by 5% (Figure 11G). The anti-PD-L1 

and olaparib monotherapies both increased the number of CD44+ NK cells (3-4%) while the 

combination therapy reduced this population to nearly zero (Figure 11H). Lastly, the 
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monotherapies distinctively influenced NK cell exhaustion, with olaparib and anti-PD-L1 

doubling the population of PD-1 and LAG3 positive cells, respectively (Figure 11I-J).  

PD-L1 expressing cell populations were all highly influenced, and their numbers were 

increased by all therapies, but particularly when the anti-PDL1 was administered. All three 

therapies increased the number of PD-L1 expressing CD3 T cells by 30 to 40% (Figure 11K). The 

increases in the percentage of PD-L1 expressing cell types were similar in the anti-PD-L1 

monotherapy and combination groups, and they increased the percent of PD-L1+ cells by 

approximately 30% in macrophages (Figure 11L), dendritic cell 1s (DC1) (Figure 11N), DC2s 

(Figure 11O) and myeloid-like cells (Figure 11P). However, the combination therapy was the 

only treatment that uniquely increased the proportion of PD-L1+ monocytes by about 30%, 

doubling the population of this cell type (Figure 11M). Lastly, the proportion of macrophages 

expressing class II major histocompatibility complex molecule (MHC II) was influenced by all 

treatments. The anti-PD-L1 treatment resulted in relatively small (<10%) reduction in MHC II+ 

macrophages (Figure 11R). The olaparib monotherapy reduced this population more drastically 

(27.5%), to nearly half the number of cells in the isotype control (Figure 11R). However, there 

appeared to a synergetic reduction in this cell population as the combination of the two therapies 

resulted in a 42% reduction in the population of antigen-presenting macrophages (Figure 11R). 

Aside from the changes in cell numbers, the expression levels of various markers measured 

by gMFI changed as well (Figure 12). The combination therapy enhanced the expression of CD25 

on both CD4 and CD8 T cell subtypes (Figure 12A-B). Conversely, however, the combination 

therapy also drastically reduced the expression of CD44 in those cell types, similar to the change 

observed in cell percentages (Figure 12C-D). In T cells, the combination therapy also enhanced 

PD-L1 expression (Figure 12G), while olaparib monotherapy enhanced the expression of 
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exhaustion markers such as PD-1 and LAG3 in cytotoxic T cells when compared to the anti-PD-

L1 treated groups (Figure 12E-F). 

Expression of exhaustion markers was highly influenced by olaparib and combination 

therapy in NK cells as well. The olaparib monotherapy slightly enhanced the expression of PD-1 

while the combination therapy significantly reduced the expression of this marker (Figure 12H). 

However, the combination therapy doubled the expression of TIGIT on NK cells, and both the 

anti-PD-L1 and combination therapy enhanced LAG3 expression on these cells (Figure 12I-J). 

All therapies enhanced the expression of CD25 on NK cells while the combination therapy 

drastically reduced CD44, an effect also observed in the percentage of CD44+ NK cells (Figure 

12K-L). Analysis of the second panel revealed that the combination therapy drastically reduced 

MHC II expression on macrophages, a reduction which was also observed on MHCII+ 

macrophage numbers (Figure 12M). Lastly, anti-PD-L1 treatment both as a monotherapy and in 

combination with olaparib, yielded a generalized enhancement in PD-L1 expression (Figure 12N-

R). In summary, all treatments uniquely transformed the ID8 Trp53-/- Brca1-/- TME, both in terms 

of cell numbers and marker expression levels. Evaluation by flow cytometry revealed that 

compared to all tissues analyzed in this study, the ID8 Trp53-/- Brca1-/- TME was the most 

transformed entity in response to all therapies.  
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Figure 10. Heatmap presenting the abundance of various immune cell types within the ID8 
Trp53-/- BRCA1-/- tumour microenvironment. Peritoneal washes (n=5 mice per group) were 
collected from tumour-bearing mice injected with 5x106 cells which were treated with olaparib, 
anti-PD-L1 or their combination, and analyzed by flow cytometry approximately 36 hours after 
the end of treatment. For each cell type, the value was calculated as the percent in all leukocytes. 
The percentages were normalized, and each box represents the mean of the 5 biological replicates.  
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Figure 11. Abundance of innate and adaptive immune cells within the ID8 Trp53-/- BRCA1-/- 
tumour microenvironment. Peritoneal washes (n=5 mice per group) were collected from tumour-
bearing mice injected with 5x106 cells which were treated with olaparib, anti-PD-L1 or their 
combination, 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. 
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Figure 12. Mean fluorescence intensity of various markers expressed by immune cells within 
the ID8 Trp53-/- BRCA1-/- tumour microenvironment. Peritoneal washes (n=5 mice per group) 
were collected from tumour-bearing mice injected with 5x106 cells which were treated with 
olaparib, anti-PD-L1 or their combination, 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. 
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3.3.4 Changes in the Composition of the Trp53-/- Brca2-/- TME in Response to Therapy  
 

Following the analysis of the Brca1-null TME, we proceeded to investigate how the 

treatments would influence the same cell populations within the Brca2-null tumours. As seen in 

the heatmap in Figure 13, the administration of monotherapies and combination therapies 

differentially influenced Brca2-null TME composition (Figure 13). However, compared to the 

Brca1-null group, there appears to be more negative z-scores present in this tissue, especially in 

response to olaparib monotherapy (Figure 13). While the vast majority of immune cell populations 

appear to be lowest in the TME of the olaparib group, some cell types are also present at higher 

proportions, namely those expressing LAG3, PD-1 and TIGIT, all of which are markers of 

exhaustion and/or inhibition (Figure 13). Although these changes which took place within the 

olaparib treated TME were not statically different from the isotype control, it is noteworthy that 

this TME appears to be distinctively immunosuppressive.  

 Statistical analysis of the various cell types revealed a small number of significant 

differences between the isotype control and treatment groups (Figure 14-15). Interestingly, there 

were no statistically significant changes in the percentage of CD4+ and CD8+ T cells, which are 

critical components of the TME. The percent of LAG3+ NK cells was reduced by about 3% in the 

combination group, thereby reducing this population by half compared to the isotype control 

(Figure 14A). Administration of anti-PDL1 as a monotherapy or in combination with olaparib 

enhanced the population of PD-1+ B cells by approximately 3%, which nearly doubled this 

population compared to the isotype controls (Figure 14B). Furthermore, the anti-PD-L1 

monotherapy reduced the CD4+ T cell population by about 5% (Figure 14C). The olaparib 

monotherapy augmented the population of CD86+ macrophages by 10%, which doubled this 

population compared to the control (Figure 14D). Analogous to the Brca1-null TME, treatment 
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with anti-PD-L1 both as a monotherapy and in combination with PARPi resulted in greater 

percentages of PD-L1+ cells in multiple cell types. The populations of cells expressing this marker 

was elevated in CD3+ T cells (~20%), macrophages (~30%), DC1s (~13%), and other myeloid 

cells (11%) (Figures 14E-I). However, PD-L1 enhancement in monocytes were only seen when 

anti-PD-L1 was provided as a monotherapy and not in combination with olaparib (Figure 14F). 

This could potentially be caused by the greater amount of variability associated with PD-L1+ cells 

in the anti-PD-L1 monotherapy compared to the combination group, where there is much less 

variability between the biological replicates.  

Analysis of expression levels of various markers revealed a small number of trends that 

were similar to the changes in cell numbers (Figure 15). For instance, similar to the effects of the 

anti-PD-L1 therapy on the number of PD-1+ B cells, the expression of PD-1 was also increased in 

B cells with the administration of the antibody as a monotherapy or in combination with olaparib 

(Figure 15A). A similar trend was observed in NK cells, with the combination group having the 

highest PD-1 expression (Figure 15B). Lastly, the CD3+ T cells were the only cell type in which 

PD-L1 expression was enhanced by anti-PD-L1 treatment (Figure 15C). Overall, the immune cell 

composition of the Brca2-null TME revealed notable modifications albeit not as extensive as those 

seen in the Brca1-null model, suggesting that the response to therapy varies between these models. 

 



 43 

Figure 13. Heatmap presenting the abundance of various immune cell types within the ID8 
Trp53-/- BRCA2-/- tumour microenvironment. Peritoneal washes (n=5 mice per group) were 
collected from tumour-bearing mice injected with 5x106 cells which were treated with olaparib, 
anti-PD-L1 or their combination, and analyzed by flow cytometry approximately 36 hours after 
the end of treatment. For each cell type, the value was calculated as the percent in all leukocytes. 
The percentages were normalized, and each box represents the mean of the 5 biological replicates. 
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Figure 14. Abundance of innate and adaptive immune cells within the ID8 Trp53-/- BRCA2-/- 
tumour microenvironment. Peritoneal washes (n=5 mice per group) were collected from tumour-
bearing mice injected with 5x106 cells which were treated with olaparib, anti-PD-L1 or their 
combination, 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.  
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Figure 15. Mean fluorescence intensity of various markers expressed by immune cells within 
the ID8 Trp53-/- BRCA2-/- tumour microenvironment. Peritoneal washes (n=5 mice per group) 
were collected from tumour-bearing mice injected with 5x106 cells which were treated with 
olaparib, anti-PD-L1 or their combination, 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.  
 
 
3.3.5 Systemic Effects of Therapy on the Immune System of ID8 Trp53-/- Brca1-/- Tumour-
Bearing Mice 
 
 Spleen tissues collected from the mice were analyzed to get an understanding of the 

systemic effects of therapy on the animal’s immune system. As shown in the heatmap in Figure 

16, the therapies both increased and decreased the proportions of various cell populations in the 

spleen of the Trp53-/- Brca1-/- group. Notably, the spleen tissue from the isotype control group 

exhibits comparatively lower levels of innate immune cell types in contrast to the spleen of animals 

in the treatment groups (Figure 16). 

 All of the statistically significant changes in the spleens of the Brca1-null mice were 

observed in the second panel of flow cytometry, which mostly looked at the innate arm of the 

immune system (Figure 17-18). The olaparib monotherapy enhanced the population of MHC II+ 

monocytes (6%) and macrophages (20%), and in both cases nearly doubled these cell populations 

compared to the control group (Figure 17A-B). The proportion of CD86+ monocytes was reduced 

by both monotherapies, but the change was only significant in the combination group which 
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resulted in the biggest (~6%) reduction in CD86 expression (Figure 17C). In macrophages 

however, both monotherapies significantly reduced the percentage of CD86+ cells (7-8%) (Figure 

17D).  

 Changes in PD-L1+ populations resembled that of the Brca1-null TME, with the anti-PD-

L1 increasing the proportions of PD-L1 expressing cell types both as a monotherapy and in 

combination with olaparib (Figure 17E-K). In the spleen tissue, the changes in PD-L1+ 

populations were nearly identical for both the monotherapy and combination in all cell types. 

However, unlike the Brca1-null TME the percent change was not similar across the various cell 

types. In the CD3+ T cells, the percentage of PD-L1+ T cells was increased by about 15% (Figure 

17E). In monocytes and macrophages, the percentages of PD-L1+ cells were increased by 3% and 

~50%, respectively (Figure 17F-G). In both subtypes of DCs, the increase in the PD-L1+ cells 

were similar and in the 20-30% range (Figure 17H-I). The increase in the other myeloid-like cells 

was also about 20% in both the combination and monotherapy groups (Figure 17J). Lastly, the 

percentage of PD-L1+ cells was also increased in MDSCs (~4%), a change which was not present 

in the TME of either model (Figure 17K). 

 Changes in fluorescence intensity were similar and less abundant than the changes in cell 

percentages but followed similar trends (Figure 18). For instance, the olaparib monotherapy 

reduced the expression of CD86 in macrophages (Figure 18A). Moreover, the expression of MHC 

II was increased in DC2s in response to olaparib monotherapy (Figure 18B). Similar to the 

increase in the population of cells which were PD-L1+, the expression levels of this marker were 

also enhanced in macrophages, DC1s, DC2s and CD3+ T cells in response to both anti-PD-L1 and 

combination therapies (Figure 18D-I). In summary, the modifications observed in the splenic 

tissue of the animals in the Trp53-/- Brca1-/- model were predominantly limited to innate immune 
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cell populations. Additionally, the systemic rise in PD-L1 observed in the TME was also detected 

in this tissue, indicating that the effects of therapeutics are not confined to the TME but can extend 

to systemic immune responses. 

 

Figure 16. Heatmap presenting the abundance of various immune cell types present in the 
spleens of ID8 Trp53-/- BRCA1-/- mice. Spleens (n=5 mice per group) were collected from tumour-
bearing mice which were treated with olaparib, anti-PD-L1 or their combination, and analyzed by 
flow cytometry approximately 36 hours after the end of treatment. For each cell type, the value 
was calculated as the percent in all leukocytes. The percentages were normalized, and each box 
represents the mean of the 5 biological replicates 
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Figure 17. 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 cells which were treated with olaparib, anti-PD-L1 or their combination, 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.  
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Figure 18. Mean fluorescence intensity of various markers expressed by immune cells within 
the ID8 Trp53-/- BRCA1-/- spleens. Spleen tissues (n=5 mice per group) were collected from 
tumour-bearing mice injected with 5x106 cells which were treated with olaparib, anti-PD-L1 or 
their combination, 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.  
 
 
3.3.6 Systemic Effects of Therapy on the Immune System of ID8 Trp53-/- Brca2-/- Tumour-
Bearing Mice 
  

Upon the detection of several changes in the splenic tissue of the Brca1-null model 

following therapy, we further investigated how the same treatments would affect the cell 

populations within the spleens of mice harbouring Brca2-null tumors. Similar to the TME of the 

Brca2-null model which had fewer cells compared to the Brca1- null TME, the spleens of this 

model appeared to have fewer cells as well (Figure 19). This is especially true of the isotype 

control group which has the lowest overall number of leukocytes (Figure 19).  
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 Compared to the spleen of the Trp53-/- Brca1-/- model, there is a more diverse range of 

significant changes taking place in the spleens of this model; significant changes were detected in 

both innate and adaptive immune cell populations (Figure 20). The olaparib monotherapy resulted 

in an 8% increase in the population of PD-1+ CD4+ T cells, which was significantly different from 

all other groups (Figure 20A). The olaparib monotherapy also uniquely reduced CD62L 

expression in CD8+ and CD4+ T cells by 20 and 26 percent, respectively (Figure 20B-C). These 

reductions were significant compared to all other groups. However, a significant reduction of 2-

12% CD62L+ NK cells was seen in all treatments, with the olaparib monotherapy group having 

the highest reduction (Figure 20D).  

 Akin to all other tissues, administration of anti-PD-L1 enhanced the population of PD-L1+ 

cell types in the spleens of this model (figure 20E-K). However, unlike other tissues the olaparib 

monotherapy resulted in various PD-L1 related changes in multiple cell types as well.  Both the 

antibody monotherapy and the combination therapy increased the percentage of PD-L1+ cells by 

approximately 10% in CD3+T cells (Figure 20E). In monocytes, macrophages and MDSCs, the 

anti-PD-L1 monotherapy was the only treatment that changed PD-L1 expressing populations and 

the changes were 2, 21 and 5 precent, respectively (Figure 20F-H). In both DC1s and DC2s, the 

anti-PD-L1 monotherapy enhanced the PD-L1+ population by 13%, while the olaparib 

monotherapy reduced it by 4% in DC1s and 12% in DC2s (Figure 20I-J). In other myeloid-like 

cells, the anti-PD-L1 monotherapy and combination therapies increased the PD-L1+ populations 

by 11.5% and 4.2% respectively, while the olaparib monotherapy reduced it by 14.3% (Figure 

20K).  

 Analysis of gMFI values revealed changes in both PD-1 and PD-L1 (Figure 21). The 

combinaiton therapy enhanced PD-1 expression in both B cells and NK cells present in the spleen 
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of this model (Figure 21A-B). Replicating the expression levels in the spleen of the Brca1-null 

model, anti-PD-L1 both alone and in combination with olaparib enhanced PD-L1 expression in 

macrophages, DC1s, DC2s and T cell (Figure 21C-F). In summary, the modifications observed 

in the splenic tissue of the animals in the Trp53-/- Brca2-/- model were more extensive than the 

Trp53-/- Brca1-/- model, with modifications occurring in both innate and adaptive immune 

populations. Additionally, the systemic increase in PD-L1 previously observed in all analyses, was 

detected in this tissue as well. Thus, the differences in response to therapy between the Brca1- and 

Brca2-null model were not limited to the TME, and the systemic effects of treatment diverged 

between these models as well.  

 

Figure 19. Heatmap presenting the abundance of various immune cell types in the ID8 Trp53-

/- BRCA2-/- spleen tissue. Spleens (n=5 mice per group) were collected from tumour-bearing mice 
which were treated with olaparib, anti-PD-L1 or their combination, and analyzed by flow 
cytometry approximately 36 hours after the end of treatment. For each cell type, the value was 
calculated as the percent in all leukocytes. The percentages were normalized, and each box 
represents the mean of the 5 biological replicates 
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Figure 20. 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 which were treated with olaparib, anti-PD-L1 or their combination, 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.  
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Figure 21. Mean fluorescence intensity of various markers expressed by immune cells within 
the spleens of mice with ID8 Trp53-/- BRCA2-/- tumours. Spleen tissues (n=5 mice per group) 
were collected from tumour-bearing mice injected with 5x106 cells which were treated with 
olaparib, anti-PD-L1 or their combination, 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.  
 
 
 
3.4 The Influence of Therapy on Cytokine Production  
 
 The effect of PARPi and monoclonal antibody therapy on cytokine production in ovarian 

tumours remains largely unknown. As such, we set out to determine the effects of these treatments 

on the concentrations of 13 cytokines and chemokines. Analysis of the cytokine array which was 

conducted on ascites fluid collected at the humane endpoint resulted in over 100 individual 

changes, as shown in the heatmap in Figure 22A. Of those, changes that were significant in either 

the Brca1 or Brca2-null models are individually presented in Figures 22B-K.  
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 As presented in the heatmap, the anti-PDL1 monotherapy resulted in a general reduction 

in cytokine production in the ID8 Trp53-/- Brca1-/- model compared to the isotype control (Figure 

21A). The combination therapy appeared to have the same reductive effect, which was even greater 

for certain cytokines, such as chemokine CC motif ligand 4 (CCL4) (Figure 22A). The olaparib 

monotherapy, on the other hand, resulted in cytokine concentrations that were either similar to or 

higher than the isotype control (Figure 22A). Changes in cytokine production in the ID8 Trp53-/- 

Brca2-/- model were similar to those in the Brca1-/-mice, although the antibody-mediated reduction 

was more substantial in this model (Figure 22A). Unlike the Trp53-/- Brca1-/- model, olaparib 

monotherapy had both suppressive and enhancing effects on cytokine production in the Brca2-/- 

model (Figure 22A). The combination therapy had similar effects, with both increases and 

decreases in cytokine production that followed the same trends as the olaparib monotherapy. It 

should be noted however, that certain increases and decreases appeared to be greater in magnitude 

in the combination group (Figure 22A).  

 With regards to significant changes, some changes were consistent across both models, 

while others were only present in one model (Figure 22B-K). Within the ID8 Trp53-/- Brca1-/- 

model, the concentration of CCL4 was significantly reduced by 50% in the combination therapy 

compared to the isotype control and olaparib monotherapy (Figure 22B). Conversely, there were 

no statistically significant changes in CCL4 levels in the ID8 Trp53-/- Brca2-/- model and in fact, 

the combination therapy had the highest CCL4 concentration (Figure 22C). Similarly, in the 

Brca1-null group, chemokine (C-X-C motif) ligand 1 (CXCL10) concentrations were lowest in 

the combination group and this reduction was significant compared to olaparib monotherapy 

(Figure 22D). However, no change was seen in CXCL10 concentrations in the Brca2-null model 

(Figure 22E).  
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Compared to all other cytokines in the Brca1-null TME, IFN-a production was 

significantly higher in the olaparib monotherapy (Figure 22F). Remarkably however, presence of 

anti-PD-L1 on its own or in combination with olaparib drastically reduced IFN-a concentrations 

to near zero levels (Figure 22F) This trend was also seen in the Brca2-null model (Figure 22G). 

Expression of granulocyte-macrophage colony-stimulating factor (GM-CSF) closely resembled 

that of IFN-a, as the presence of anti-PD-L1 antibody completely diminished GM-CSF production 

in both models (Figure 22H-I), however the changes were only significant in the Brca1-null group 

(Figure 22H). Lastly, a synergistic effect of both monotherapies resulted in the highest VEGF 

concentration in the combination therapy in the Brca2-null model (Figure 22K). The enhanced 

concentrations of VEGF were more than 4 times greater than the isotype control (Figure 22K). 

Conversely, there were no changes VEGF concentrations of the Brca1-null TMEs (Figure 22J). 

In short, the impact of therapy on cytokine concentrations within the ovarian TME was found to 

vary between treatments, with anti-PD-L1 exhibiting a unique reductive effect. The cytokine 

concentrations in the olaparib treated group, however, were generally similar 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. 
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Figure 22. The ascites cytokine concentrations indicate the influence of therapy on 
cytokine/chemokine production. Ascites fluids were collected from peritoneal washes 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-K) Histograms indicating the concentrations which are significantly 
different from isotype control or the combination. Each dot represents the ascites supernatant from 
one biological replicate. Mean values with SD are shown. Analysis was done using a one-way 
ANOVA followed by a Tukey’s multiple comparison. *p<0.05, **p<0.01, ***p<0.001.  
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3.5 In Silico Analysis of Bulk RNA Sequencing data From the ID8 Model 
 
3.5.1 Mutations Brca1 and Brca2 Differentially Influence the Expression of Genes Involved 
in the PARP Pathway Both In Vitro and In Vivo 
 
 The ID8 cell lines and IP tumours responded differently to olaparib monotherapy. In vitro, 

the Brca2-null group was more sensitive to olaparib induced toxicity (Figure 4). In vivo however, 

the survival of the mice harbouring Trp53-/- Brca2-/- tumours was improved in only one of the two 

studies, while the survival of the Brca1-null model was improved in both studies. As such, we set 

out to study the expression of PARP pathway associated genes in both models.  

 Bulk RNA-seq analysis of the ID8 Trp53-/- Brca2-/- cells growing in vitro demonstrated a 

higher expression of both PARP1 and PARP2 compared to the Brca1-/- model (Figure 23A). 

Furthermore, expression levels of the DNA repair gene XRCC1 were highest in the Brca2-null 

model (Figure 23A). Interestingly, nearly all PARP pathway associated genes were highest in the 

ID8 Trp53-/- model without mutations in Brca. Analysis of RNA expression from IP tumours 

developing in vivo however, indicated a reversal in PARP pathway gene expression between the 

Brca1 and Brca2-mutated models (Figure 23B). In IP tumours, nearly all the genes involved in 

this pathway were highest in the ID8 Trp53-/- Brca1-/- tumours (Figure 23B). 
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Figure 23. Mutations in Trp53 and Brca1/2 can influence the expression of genes involved in 
the PARP pathway. Bulk RNA-seq data was collected from cell lines growing in vitro (n=3) and 
as intraperitoneal tumours (n=4). (A) presents the relative expression of PARP pathway genes in 
cell lines. (B) presents the relative expression of PARP pathway related genes in intraperitoneal 
tumours. Each box represents the mean value of log-normalized RNA seq data.  
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3.5.2 Mutations Brca1 and Brca2 Differentially Influence the Expression of Various Genes 
Involved in Shaping the TME  
 
  As the TME analysis from the two models revealed differences in various cell populations 

and cytokines, we analyzed bulk RNA sequencing data from both tumour models to further 

investigate the differences between them. The analysis revealed notable differences in the RNA 

levels of various cell type markers between tumour models. Expression of CD45 was higher in the 

Trp53-/- Brca1-/- model compared to both the Trp53-/- and Trp53-/- Brca2-/- models (Figure 24A). 

Flow cytometry data from the TME also revealed that, at least in part, this difference translates to 

the protein level. As shown in Figure 24B, the Brca1-null TMEs have a consistently high 

percentage of CD45+ cells, while the Brca2-null TME has a highly variable range with a mean 

value that is approximately 20% lower. However, this difference is not statistically significant 

(p=0.11) (Figure 24B).  

Similarly, expression levels for CD3 and other major T cell markers such as CD4 and CD8 

were highest in the Brca1-null model. However, the major B cell marker, CD19, was similar across 

the three tumour models. Expression of genes associated with immune cell function also varied 

between the three models. For instance, expression of PD-L1 was higher in the Brca1-null model, 

while PD-1 expression was equally high in both Brca-mutated tumours (Figure 24A). Once again, 

the RNA seq data is similar to the flow cytometry data which revealed that the percentage of PD-

L1+ cells appear to be lower in the Brca2-null TME, with the exception of one biological replicate 

(Figure 24C). Furthermore, markers of both leukocyte activation (CD44) and exhaustion (LAG3) 

were also higher levels in the Brca1-null model (Figure 24A). 

Aside from markers of cell types, the expression of genes encoding cytokines differed 

between the models as well. For pro-inflammatory cytokines for such as TNF-a and interlukin-1 

alpha (IL-1a), expression levels were greatest the ID8 Trp53-/- Brca1-/- tumour model while the 
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anti-inflammatory cytokine IL-10 was expressed at a lower 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 (Figure 24A). Lastly, genes associated with angiogenesis and tumour vascularity such 

as vascular endothelial growth factor (Vegf), VEGF receptor (Vegfr1) and hypoxia induced factor 

alpha (Hif1a) were all expressed at higher levels in the Brca1-null model (Figure 24A). This 

increase was at least in part translated to the protein level as concentrations of VEGF were higher 

in the ascites fluid of the Brca1-null model compared to the Brca2-null model (Figure 24D).  

Given the large number of differences detected between the immune composition of the 

Brca-mutated TMEs, we set out to further investigate the expression level of a key inflammatory 

mediator, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) between these 

models. This was achieved by measuring the expression levels of a set of 60 genes that are known 

to be downstream of this transcription factor. NK-kB, in addition to being a primary driver of 

inflammation, 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. Therefore, analysis of NF-kB signaling could be used as one of the indicators of 

potential a 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 (Figure 24E). Taken together, the RNA sequencing data point to the fact that, 

compared to the Brca2-null model, ID8 Trp53-/- Brca1-/- tumours have a more “inflamed” TME 

with higher expression of leukocytes, inflammatory cytokines, and angiogenesis. Nevertheless, 

this phenotype is not completely consistent, as certain anti-inflammatory regulators such as IL-11 

and tumour growth factor-beta (TGFβ) are also expressed at a higher level in the Brca1-null TME.  
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Figure 24. Mutations in Brca1 and Brca2 differently influence the expression of immune- 
related constituents in the ovarian tumour microenvironment. (A) 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-C) Percentage of CD45+ and PDL1+ immune cells in the ID8 
tumour microenvironment. Peritoneal washes (n=5 mice per group) were collected from tumour-
bearing mice injected with 5x106 cells and analyzed by flow cytometry approximately 36 hours 
after the end of therapy. These animals belonged to the isotype control group.  (D) Concentrations 
of VEGF in the ascites fluid collected at humane endpoint (n=4 mice per group). Cytokines were 
quantified using the LEGENDplex Mouse Cytokine Release Syndrome flow-based assay. (E) 
Analysis of a gene set which demonstrates NF-kB pathway activity. Each dot in the histograms 
represents one biological replicate. Mean values with SD are shown. Analysis was done using the 
student’s t-test. *p<0.05.  
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Discussion 
 

Despite the fact that they’ve been studied extensively, the effects of PARPi and PD-L1 

monoclonal antibodies on the composition of the ovarian TME remain unknown. In this thesis, we 

used syngeneic models of ovarian cancer to investigate the effects of therapy on the immune and 

cytokine profile of the ovarian TME. Furthermore, we studied the role of mutation of the BRCA1/2 

DNA repair genes in TME composition, response to therapy, and expression of genes involved in 

various pathways. 

 

4.1 In Vitro Analysis of Response to Olaparib Therapy in Ovarian Cancer Cell Lines 
 
4.1.1 In Vitro Olaparib Therapy Reduced the Survival of Brca Mutated ID8 Cell Lines 
 
 It has been previously established that Brca-mutated ovarian cancer cells which are heavily 

reliant on the PARP repair pathway are sensitive to PARPi therapy88,89. As such, various 

concentrations of olaparib were tested to determine whether the ID8 cell lines with Brca1/2 

mutations have the same PARPi sensitivity as the cell lines in the published literature. The Trp53-

null model was not sensitive to olaparib-induced toxicity. This was expected as the intact HR 

pathway would repair the DNA of this model, and the blockage of the less frequently used PARP 

repair pathway should not be detrimental to cell survival.  The Brca-mutated cell lines, however, 

were sensitive to olaparib-induced toxicity; the Trp53-/- Brca1-/- model was sensitive to the highest 

concentration of the drug while the Trp53-/- Brca2-/- model was sensitive to olaparib toxicity at all 

concentrations. This dissimilarity in drug sensitivity between the Brca1- and Brca2-mutated cells 

may in part be explained by the expression of the PARP-pathway associated genes. Analysis of 

the RNA-seq data from the ID8 cell lines revealed that the expression of PARP1 and PARP2 which 

are the major targets of olaparib48, are higher in the ID8 Trp53-/- Brca2-/- cells compared to the 
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Brca1-null cells. Thus, the ID8 Trp53-/- Brca2-/- cell line may be more dependent on the PARP 

pathway and more sensitive to PARPi-induced toxicity. The expression of XRCC1, the major SSB 

repair protein was highest in these cells as well, which provides further support for the potential 

of over reliance of the Brca2-null cells on SSB repair activity. It should be noted that the ID8 

Trp53-/- cell line had even higher levels PARP pathway expression in the RNA seq data. As 

mentioned previously, however, the less error-prone HR is functional in this model, and it is 

unlikely that the cells are frequently employing the PARP pathway to repair the DNA. Instead, the 

intact BRCA pathway is likely at play, thus eliminating, or at least reducing, the need for PARP 

activity. The low expression of XRCC1 in the Trp53-/- cells further indicates that, although the 

cells may express the enzymes involved in the PARP pathway at higher levels, SSB repair is not 

necessarily taking place. Additionally, the pathways which induce the expression of PARP 

enzymes are not completely understood. As such, it is alternatively possible that enzymes in 

unrelated pathways enhance the expression PARP, and the upregulation of this pathway in the ID8 

Trp53-/- model in unrelated to DNA repair.  

 

4.1.2 In Vitro Olaparib Treatment Enhances PD-L1 Expression in the ID8 Model  
 
 Treatment of the ID8 cells with olaparib also enhanced the expression of PD-L1, and this 

phenomenon was not limited to the Brca-mutated cell lines. Previous studies have noted that the 

treatment of breast and ovarian cancer cell lines with PARPi such as niraparib can induce the 

expression of PD-L1 through the phosphorylation of glycogen synthase kinase-3 beta 

(GSK3β)91,92. Under normal conditions, GSK3β activity results in phosphorylation-dependent 

degradation of PD-L193. Treatment of cancer cells with PARPi has been shown to phosphorylate 

GSK3β at Ser 9 and Ser 21, which inhibits the activity of this enzyme and thus, PD-L1 expression 
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can take place continuously91. The enhanced levels of PD-L1 expression in response to olaparib 

therapy in this experiment allowed us to identify a target for the in vivo combination therapy.  

 

4.1.3 Limitations of the In Vitro Experiments and Future Directions  
 
  To determine the effects of olaparib therapy on cell survival, we used a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) AlamarBlue assay. Such 

MTT assays merely detect the metabolic activity of cells through the reduction of its active 

ingredient, Resazurin, which works as an intermediate electron acceptor of the electron transport 

chain94. If presence of olaparib in the cytoplasm results in compromised oxidative phosphorylation 

or impaired mitochondrial permeability, the data produced by this assay may suffer from a type I 

error. In fact, recent evidence has demonstrated that olaparib can inhibit the activity of the 

mitochondria complex I.179 Thus, determining drug sensitivity using another assay which directly 

measures cell death (i.e., apoptosis assays) could provide a more accurate measure of PARPi-

induced toxicity. Another possible limitation associated with this study is the fact that the ID8 cell 

lines are single cell clones generated via CRISPR-Cas9 mediated gene deletions88,89. Although 

hypothetically the CRISPR-Cas9 system is supposed to induce precise DNA deletions, it can also 

influence multiple various pathways through off-target effects. As such, the phenotypes observed 

in this study could, at least in part, be the influenced by off-target effects of CRISPR-Cas9 

treatment. The ID8 model also suffers from potential issues associated with clonal variation. As 

the cell lines are generated from single cell clones, it is plausible that the unique properties 

attributed to the original cell can bias the entire model. This concern was in part addressed by 

Walton et al., where they established that the various ID8 single cell clones which they generated 

have identical IC50 values in response to rucaparib treatment88,89. Additionally, the survival 
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periods of mice harbouring tumours which were made of the various ID8 clones were extremely 

similar88. The similarities in PARPi sensitivity and survival period suggest that these clones are 

comparable, and the probability of a single-cell clone bias is minimal.  

 

4.2 Assessing the Effects of In Vivo Olaparib Therapy on the Survival of ID8 Tumour-
Bearing Mice  
 
4.2.1 Olaparib Monotherapy Improved the Survival of Mice Harbouring Trp53-/- Brca1-/- 
Tumour 
 

Prior to assessing how olaparib therapy influences the composition of the ovarian TME, 

we first set out to determine if this monotherapy can enhance the survival of tumour-bearing mice. 

As expected, the olaparib treatment regimen did not improve the survival of the mice harbouring 

ID8 Trp53-/- tumours. The underlying reasons for this lack of improvement are likely similar to 

that of the unresponsive Trp53-/- cell lines which were treated in vitro. The proficient HR pathway 

is likely repairing the DNA, which prevents the accumulation of DNA damage in tumour cells and 

thus, renders them unresponsible to PARPi treatment. Consequently, any potential 

immunomodulatory effects of PARPi therapy were likely absent or insignificant, and therefore 

unable to result in any significant reductions in tumour progression. As such, this model was 

excluded from the next animal study where the TME of the ID8 models was studied in detail. The 

prolonged survival of the Trp53-/- Brca2-/- tumour-bearing was also not significant. However, the 

median survival of the olaparib treated mice was 28% higher compared to the control group. With 

high potential for survival improvement, as well as the remarkable sensitivity of this model to in 

vitro olaparib treatment, it was deemed appropriate to study the effects of therapy on the 

composition of the Brca2-null TME in the next study. The group of mice harbouring the ID8 
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Trp53-/- Brca1-/- tumours were the only group for which survival was improved significantly.  The 

33% improvement in survival in this model was also the largest change observed in all groups.  

The difference in response to olaparib therapy between the Brca1-/- and Brca2-/- models 

may in part be due to the differences in the expression of the PARP pathways in these IP tumours. 

As shown in the RNA-seq data, the ID8 Trp53-/- Brca1-/- IP tumours have the highest expression 

of all the known genes which are involved in the PARP pathway when compared to the other 

tumour models. These higher levels of expression may be indicative of a potentially higher reliance 

on the PARP pathway, making these in vivo tumours more sensitive to the PARP-induced toxicity. 

The drastic change in the expression of the PARP-associated genes between the cell lines 

and tumours should also be noted. The literature on cancer research often points to the differences 

between cells growing in vitro compared to those developing in vivo tumours. These changes are 

often caused by the presence of the plethora of other biological systems, cell types and factors 

present in living organisms. When examining the PARP pathway, we noted a complete reversal in 

the expression of genes involved in the PARP pathway in cell lines and the IP tumours which 

develop from those cell lines. In future studies using syngeneic models, it will be critical to 

evaluate the behaviour of cancer cells in both environments in detail.  

 

4.2.2 At the Humane Endpoint, TMEs of Treated and Untreated Tumours Are Not Different   
 
 Analysis of tumours collected at the humane endpoint did not reveal any changes in the 

expression of CD45, MHC I, CD8 or PD-L1. This observation was anticipated as treated and 

untreated tumours collected humane endpoint are frequently similar. This is likely due to the fact 

that the treatment regimen ended weeks prior to the humane endpoint of these syngeneic models. 
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As such, the effects of the drug on the TME were likely diluted as tumour progression continued 

and the drug was eliminated from the body.  

 

4.2.3 Study Limitations and Future Directions  
 
 The potential limitations arising from the differences between single cell clones which 

were discussed in 4.1.3 also pose a risk in biasing the result of in vivo studies. However, there are 

also a number of other limitations which impact the outcomes associated with this in vivo model. 

First of all, the ID8 model is developed from the cells of the ovarian surface epithelium, as this 

used to be the presumed origin of most HGSOCs. The rationale behind this proposition was the 

“incessant-ovulation hypothesis”95, which associated the high rates of ovarian surface rupture 

during ovulation as the major cause of cell proliferation which increased risk of neoplasia in these 

rapidly dividing cells. More recently, however, the fallopian tube has been identified as the tissue 

of origin of most low- and high-grade ovarian carcinomas96,97. Therefore, the ID8 model is not a 

perfect representation of most ovarian tumours due to the difference in the tissue of origin. 

Secondly, the IP injected tumour cells form several small metastases as they spread around 

the peritoneal cavitary and therefore, there is a lack of a large primary tumour which is present in 

patients. As such, the peritoneal wash collected in this study is only partially representative of the 

solid TME of most ovarian cancer patients. The third limitation associated with the in vivo tumours 

of the ID8 model is the complete deletion of the genes of interest. Most patients have specific 

mutations in the BRCA genes, and the exact location of these mutations can greatly influence 

patient outcomes98. However, the Brca genes of the ID8 model have been completely deleted and 

as such their genotype is not a prefect representation of the human disease.  
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 The IP route of drug administration in this model was also not a perfect representation of 

treatment in women. PARPi are usually administered as an orally ingested pill and as such, oral 

gavage would have been a more representative mode of drug delivery21. However, the large 

number of animals and the high frequency of drug administration made oral gavage nearly 

impossible. Lastly, the time point at which the TME was analyzed was major limitation in this 

initial study, as our analysis failed to detect any differences in the treated and untreated tissued at 

humane endpoint. To address this limitation in the next animal study, the TME was analyzed 

immediately after the end of treatment.  

 

4.3 Assessing the Effects of Treatment on the Composition of the Ovarian TME  
 
4.3.1 Monotherapies and Combination Treatment Differentially Influence the Survival of 
Mice Harbouring Tumours with Brca1/2 Mutations  
 
 Unlike the previous study, the olaparib monotherapy in the second study significantly 

increased the median survival of both Brca-mutated tumour models and the improvements were 

very similar. Clinical studies have demonstrated that patients with mutations in either BRCA gene 

can benefit from the survival improvements associated with olaparib therapy, and the results of 

this animal study compliment the data found in the literature99,100. Unexpectedly, however, the 

response to anti-PD-L1 treatment was completely different between the two models, as it doubled 

the survival of mice with Trp53-/- Brca1-/- tumours but had no effect on the survival of mice 

harbouring Trp53-/- Brca2-/- tumours. The exceptional survival improvement in the Trp53-/- Brca1-

/- model may be due to a variety of different factors that make this tumour model more susceptible 

to PD-L1 blockage. First of all, RNA-seq analysis revealed that Trp53-/- Brca1-/- tumours have 

higher levels of PD-L1 expression. Data from the literature also point to higher expression of this 

marker in BRCA1-mutated tumours of breast and ovarian cancer patients81,101. This specific 
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increase in the Brca1-mutated models may be due to the intracellular 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 nucleus102. As such, homologous recombination is heavily dependent 

on the activity of this protein. Brca1-deficient cells may be upregulating PD-L1 in an attempt to 

increase translocation of absent BRCA1 from the cytoplasm into the nuclei. The higher expression 

of PD-L1 provides more targets for the anti-PD-L1 to bind to and therefore, increase the likelihood 

of the drug to improve outcomes by reducing immune cell exhaustion.  

Secondly, data from the flow cytometry study, as well as the recent literature indicate that 

the Trp53-/- Brca1-/- TME is more infiltrated by immune cells and is more immunogenic than the 

Trp53-/- Brca2-/- TME81,103. The higher expression of neoantigens as a result of greater TMB in 

BRCA1-mutated tumours may in part account for this immune cell attraction and infiltarion81. The 

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 inhibited75,104. Overall, greater TMB, neoantigen presentation, 

PD-L1 expression and immune cells 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, olaparib was 

hypothetically the only effective tumour suppressive 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 expected that there would be a synergistic increase in survival in the 

combination group. One plausible explanation for the lack of this observation could be the 
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surprising reduction in CD44 expression in NK, CD4+, and CD8+ cells in the TME of the Trp53-

/- Brca1-/- combination group. Although the molecular mechanisms underlying this reduction are 

unclear, it is possible that the combination of the two monotherapies simply prohibited the 

activation of these immune cells which in turn prevented their immune-mediated cancer cell 

elimination. As such, the only functional tumour-suppressive agent in this mixture would have 

been the olaparib which results in direct HRD cancer cell death. A list of the changes in immune 

cell populations of the Brca-mutated tumor microenvironments that potentially contributed to 

improvements in survival is outlined in Table 5. Data from the ongoing clinical trials which are 

currently testing the combination of these therapeutics in women would be useful in better 

understanding this lack of synergy.  

Table 5. List of the changes in immune cell populations of the Brca-mutated tumor 
microenvironments that potentially contributed to improvements in survival. 
 Olaparib Anti-PD-L1 

ID8 Trp53-/- Brca1-/- 

• ↑ in CD44+ CD4+ T cell 
number 

• ↑ in CD8+ T cell number 
• ↓ in CD4/CD8 T cell ratio 

• ↑ in LAG3+ NK cell 
number 

• ↑ expression of LAG3 on 
NK cells 

• ↑ expression of CD25 on 
NK cells 

ID8 Trp53-/- Brca2-/- • N/A • ↑ in CD86+ macrophage 
number 

 

4.3.2 Olaparib Monotherapy Differently Influences the Composition of Brca-Mutated TMEs 
and the Spleen of Tumour-Bearing Mice  
 
 Olaparib treatment transformed the TME of Brca1- and Brca2-null mice differently. In the 

Trp53-/- Brca1-/- TME, the changes were in the percentage of cells expressing various markers as 

well as the expression levels of the markers themselves. Treatment with PARPi increased the 

percentage of activated, CD44+ CD4 T cells. Expression of CD44 can be used a means to 

discriminate between naïve helper T cells and those that are activated, which can be subdivided 
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into effector and memory CD4+ T cells105. The activated CD4+ helper T cells can drive the direct 

activation of anti-tumour cytotoxic CD8 T lymphocytes (CTL) through the secretion of IL-2, a 

cytokine which can also help induce proliferation of these cells106–108. Indirectly, CD4 T cells also 

produce cytokines such as TNF-a and IFN-γ that can further attract, activate, and help with the 

differentiation of other immune cells in the TME109,110. Furthermore, through CD40 and CD40 

ligand (CD40L) interaction, CD4+ helper T cells can stimulate antibody production in B cells, 

which in turn assist with tumour antigen recognition and destruction by CTLs111–114.  

The olaparib monotherapy also enhanced the proportion of CD8+ T cells in the ovarian 

TME. Upon activation by T helper cells or DCs, effector CD8+ CTLs can kill cancer cells through 

two major pathways: exocytosis of granule115,116 and Fas ligand (FasL)-induced117 apoptosis. Due 

to their extraordinary tumour suppressive abilities, CD8+ CTLs are the favoured adaptive immune 

cell for antitumour immunity. In fact, increased infiltration of TME by CD8+ CTL has been 

associated with better prognosis and survival in ovarian cancer patients118–120. The olaparib 

monotherapy also reduced the ratio of CD4/CD8 T cells in the ID8 Trp53-/- Brca1-/- TME. In 

clinical studies, a lower CD4/CD8 ratio has been associated with better outcomes in ovarian cancer 

patients121,122. Together, the olaparib driven changes in the T lymphocytes populations within the 

Trp53-/- Brca1-/- TME are all associated with improved anti-tumour activity and superior 

prognosis. 

In terms of NK cell populations, the olaparib monotherapy was mostly immunosuppressive 

and the total population of NK cells was decreased. Similarly, the expression of the inhibitory 

marker PD-1, as well the percentage of cells which expressed this marker significantly increased 

upon olaparib therapy. NK cells directly contribute to the killing of cancer cells through the 

secretion of granzymes and perforin74,123. Increased expression of PD-1 on NK cells has been 
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associated with dysfunction, exhaustion, and poor outcomes124, while the blockage of this ligand 

has been shown to restore NK cell activity125. As such, it is expected that reduced NK cell numbers 

as well as enhanced inhibition of this cell type reduced NK-mediated cancer cell death in the 

Brca1-null model.  

Finally, olaparib monotherapy reduced the percentage of MHC II+ macrophages in the 

Trp53-/- Brca1-/- TME. Expression of MHC II in macrophages is linked with enhanced expression 

proinflammatory genes which are often correlated with a M1 phenotype126. Generally, M1 

macrophages are associated with anti-tumour activity not only because they can be directly 

cytotoxic to tumour cells127,128, but also because they secrete factors (i.e., IFN-γ) which stimulate 

the tumour suppressive NK and T cells129.  

Taken together, analysis of the effects of olaparib on the Trp53-/- Brca1-/- TME revealed 

several potential mechanisms through which this PARPi could both augment and suppress the 

functions of the immune system. Within the Trp53-/- Brca2-/- TME, however, olaparib 

monotherapy did not result in any significant changes in immune cell populations. In fact, based 

on the heatmap shown in Figure 13, the olaparib-treated Brca2-null TME appears to be the 

“coldest”. This extreme difference in TME response to treatment is one of many results in this 

study that defines the differences between Brca1- and Brca2-mutated TMEs. Based on these 

results, mutations in Brca do not only influence DNA replication and TME composition, but also 

response to PARPi therapy.  

 The spleens of treated mice were collected and studied as they represent the “systemic” 

effects of treatment on the immune system. Yet again, the tissues of Brca1- and Brca2-mutated 

models underwent completely diverse transformations in response to therapy. In the spleens of the 

Trp53-/- Brca1-/- model, the changes were associated with MHC II expression on monocytes and 
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macrophages. However, unlike the TME, the percentage of these MHC II+ mononuclear 

phagocytes increased in the splenic tissue. A reduction of these cells in the TME and an increase 

in the spleens may be a result of poor tumour infiltration as a result of olaparib therapy. It is 

possible that olaparib may be impairing the expression or function of adhesions molecules that are 

required for the trafficking circulating immune to the TME. Immunohistochemical analysis of 

tumours collected shortly after treatment would be helpful in determining whether or not this 

hypothesis is correct. Alternatively, olaparib treatment may be reducing MHC II expression on the 

phagocytes which enter the TME after they depart from the spleen. As IFN-γ is the main driver of 

MHC II expression in macrophages and monocytes, analyzing the concentration of this cytokine 

in the TME immediately following treatment would also be useful in understanding this 

observation130. The expression levels of MHC II were also increased in DC2s present in the spleen 

of the Trp53-/- Brca1-/- model. Within the TME, DC2s can help to both initiate and support anti-

tumour activity through antigen presentation131. More specifically DCs use the MHC II molecule 

for naïve CD4+ T cell recognition which results in T cell priming132. It is possible that the systemic 

increase in MHC II+ DC2s is one of the factors contributing to the enhanced levels of activated 

CD4+ T cells in the Brca1-null TME. Although not statistically significant, the levels of MHC II+ 

DC2s were also highest in the Trp53-/- Brca1-/- tumours (Figure 10). It is possible that MHC II+ 

DC2s are leaving the spleen and infiltrating the TME following olaparib exposure. Analysis of 

olaparib treated spleen and TME at various time points throughout the treatment period would be 

needed to confirm this postulation. The last olaparib induced change in the spleen of the Trp53-/- 

Brca1-/- model was a reduction in CD86 expression on macrophages. The expression of this marker 

on macrophages provides a co-stimulatory signal for T cell activation through CD86-CD28 

signaling and its reduction may reduce T cell priming133. In short, the olaparib induced changes in 
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the spleens of the Brca1-deficient model were all in various APC populations which have both 

immunosuppressive and immunomodulating effects, with the vast majority of the changes biasing 

towards a tumour suppressive phenotype.  

In splenic tissue of the Trp53-/- Brca2-/- model the effects of olaparib monotherapy were 

almost exclusively immunosuppressive. For instance, this treatment significantly increased the 

percentage of PD-1+ CD4+ T cells. PD-1 expression on T cells is generally a marker of exhaustion 

and inhibition, due to a variety of downstream pathways that are inhibited upon PD-1 activity. PD-

1 activity results in recruitment of phosphatases such as Src homology 2 (SH2) domain-

containing tyrosine phosphatase-2(SHP2)134. This phosphatase can inhibit signalling pathways 

that are downstream of the TCR, such as phosphatidylinositol 3-kinase (PI3K)/protein kinase B 

(Akt) pathway, which plays a role in T cell activation and proliferation135,136. As such, it is likely 

that the highly abundant PD-1+ CD4+ T cells in the olaparib-treated mice are unable to perform 

functions such as CTL activation and proinflammatory cytokine release137. Likewise, the olaparib 

monotherapy reduced CD62L expression in NK cells, CD8 and CD4 T cells. CD62L, or L-selectin, 

is a cell adhesion molecule that controls the infiltration of immune cells into various tissues such 

as lymph nodes and TME138. A reduction of CD62L within the TME would be indicative of an 

effector phenotype within the T cell populations, which would be considered a tumour suppressive 

phenotype139. However, the reduction of this marker in spleen cells may reduce the ability of 

circulating NK and T cells to infiltrate the tumour and kill the cells within the TME. In this 

situation, the analysis of triple positive groups (i.e., CD44+ CD62L+ CD8+) cells would provide 

more information on the acquired phenotype of these cells. However, in our analysis these cell 

types were extremely rare (<1%) and reliable analysis of these populations was not possible.  
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In summary, the olaparib monotherapy resulted in augmented CD4 T cell exhaustion and 

systemic reduction of CD62L expression in the spleens of the Trp53-/- Brca2-/- model. This is in 

contrast to the generally tumour suppressive changes in the innate immune cells of the Trp53-/- 

Brca1-/- spleen which once again points out the vast difference in treatment response in these 

models. Based on these data, the type of BRCA status in ovarian tumours should be considered 

when determining the optimal treatment regimen for ovarian cancer patients.  

 

4.3.3 Anti-PD-L1 Monotherapy Differently Influences the Composition of Brca-Mutated 
TMEs and the Spleen of Tumour-Bearing Mice  
 
 The remarkable difference in survival timelines of the anti-PD-L1 treated mice harbouring 

Brca1- and Brca2-null tumours was an early indicator of the fact that the treatment likely had 

different effects on the composition of these TMEs. Upon further analysis, however, we found that 

these TMEs were parallel in many ways. In the Trp53-/- Brca1-/- TME, the anti-PD-L1 monotherapy 

increased the number of LAG3+ NK and the level of expression of this marker. In NK cells, LAG3 

is an inhibitory marker that can impair cytokine production140. Aside from this immunosuppressive 

change, the anti-PD-L1 monotherapy resulted in a universal increase in PD-L1, both in expression 

levels and the number of cells which expressed this marker. Surprisingly, the anti-PD-L1 was more 

transformative in the Trp53-/- Brca2-/- TME and affected the population B cells, T cells and 

macrophages, as well as a systemic increase in the percentage of PD-L1+ cells which was also 

noted in the previous tumour model. This monoclonal antibody enhanced PD-1 expression on a 

large percentage of B cells, a phenotype which is generally associated with reduced B cell function, 

likely as a result of a similar inhibition noted in T cells141. B cells play a diverse and critical role 

in the TME through direct cytotoxicity to tumour cells and priming of CD4+ and CD8+ T cells142. 

In ovarian cancer, low B cell counts have been associated with unfavourable prognostic impact143. 
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As such, inhibition of B cell activity may be limiting the potential immunomodulatory influences 

of anti-PD-L1 therapy in the Trp53-/- Brca2-/- TME.  

Another outcome of anti-PD-L1 monotherapy which may hinder its anti-tumour functions 

is a reduction in CD4+ T cell numbers. As described previously, the helper T cell is a central 

mediator of anti-tumour immunity and a reduction in this cell type may limit the 

immunomodulatory effects of immunotherapy. On the other hand, the monoclonal antibody 

therapy enhanced the percent of CD86+ macrophages in the Brca2-null TME which is associated 

with improved T cell priming133.  

One significant effect which was shared by both tumour models was a universal increase 

in PD-L1+ cells in the treated TME. In the Trp53-/- Brca1-/- TME the expression of PD-L1 was 

also upregulated in all cell types. However, in the Trp53-/- Brca2-/- model the change was only in 

the percent of cells and not expression levels, with the exception of CD3+ T cells. This systemic 

increase in PD-L1 positivity in both models in likely a compensatory reaction to anti-PD-L1 

blockade. A similar compensatory upregulation of alternative immune checkpoint molecules has 

been noted in various other studies144–146. However, none of the studies reported an upregulation 

in the very target which they inhibited and rather focused on alternative checkpoint molecules. 

Here, we demonstrate that ovarian cancer cells can upregulate the expression of PD-L1 in response 

to anti-PD-L1 blockage. It is possible that this upregulation is a result of increased IFN-γ 

production in antibody treated cells, as IFN-γ signaling is the main driver of PD-L1 signaling147. 

Blocking of PD-L1 could result in hyperactivity and eventually exhaustion of lymphocytes. The 

overworked lymphocytes such as CD8+ T cells will upregulate IFN-γ, as the upregulation of this 

marker is a marker of CTL exhaustion. Ultimately, the over expression of IFN-γ could drive the 

expression of PD-L1 in the antibody treated cells. Although both the Trp53-/- Brca1-/- and Trp53-/- 
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Brca2-/- TME models share the increase in PD-L1+ cells, the expression of this protein is only 

upregulated in the Trp53-/- Brca1-/- TME. Yet again, this finding points to differences in these 

tumour models. Since the baseline expression levels of PD-L1 are already higher in the Trp53-/- 

Brca1-/- model, as discussed previously, this may be one of the factors which contributes to the 

difference in the compensatory PD-L1 expression of these two models. Overall, the findings from 

the analysis of anti-PD-L1 treated TMEs signified that this monotherapy resulted in generally 

immunosuppressive effects in the ovarian TME. Furthermore, the compensatory and systemic 

increase in PD-L1+ cells was present in both models was likely IFN-γ driven.  

 The effects of anti-PD-L1 therapy were similar in the spleens of Trp53-/- Brca1-/- and Trp53-

/- Brca2-/- tumour-harboring mice. The only difference between these two models was in the 

percentage of CD86+ macrophages, which was reduced in the Trp53-/- Brca1-/- model. A similar 

reduction was seen as a result of the olaparib monotherapy, which indicates that both 

monotherapies impair the activity of macrophages to systemically activate and prime T cells. 

However, the more drastic change that occurred in the spleen was the universal increase in PD-

L1. It is possible that the compensatory upregulation of PD-L1 both systemically and within the 

TME is limiting the ability of this monotherapy to have a prolonged immunomodulatory effect. 

Future studies which test the combination of various ICIs would be useful in addressing this 

limitation.  

  

4.3.4 The Combination Therapy Differently Influenced the Composition of Brca-Mutated 
TMEs and the Spleen of Tumour-Bearing Mice  
  
 In the TME of the two Brca-mutated models, some of the effects of the combination 

therapy were as a result of a synergistic influence of both components, while the majority of 

changes were driven by one monotherapy. The largest change that was present in both models and 
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was the antibody-driven systemic upregulation of PD-L1 which was also noted in the anti-PD-L1 

monotherapy. The vast majority of other differences in each TME were different as a result of the 

tumour Brca status.  

In the Trp53-/- Brca1-/- TME, a large of number of changes were caused by the synergy of 

the monotherapies. For instance, although both monotherapies yielded insignificant increases in 

total CD3+ cell percentages, their combination significantly increased the percent of T cells 

present in the TME. A similar effect was present with regards to the expression of CD25 in NK 

cells, where the cooperative influence of both drugs significantly upregulated the expression of 

this marker on these cells and also enhanced the percentage of CD25+ NK cells within the TME. 

CD25, a high affinity receptor for IL-2, is a marker expressed on active NK cells and allows for 

the proliferation of these cells within the TME148. Increased expression of CD25 and the 

consequent IL-2 attraction augments the production of cytolytic effectors and improves the NK 

cell’s efficacy to eliminate target cells149,150. The synergistic effects were not all 

immunomodulatory however, as the combination therapy treated Trp53-/- Brca1-/- TMEs also had 

the lowest expression levels and cell number of MHC II+ macrophages. As described previously, 

MHC IIhigh macrophages acquire an anti-tumour, M1 phenotype and the reduction in MHC II is 

indicative of weaker innate immunity within the TME126. Furthermore, the combination of the two 

drugs resulted in a collective increase in expression of CD25 in CD4 and CD8 T cells. Unlike its 

effects in NK cell populations, CD25 plays a regulatory role in T cells; and CD25+ CD4+ and 

CD25+ CD8+ T cells are often regarded as regulatory T cells (Tregs)151. Although the expression 

of the prominent Treg marker FOX3 is also required to confirm the Tregs status of these T cells 

with certainty, the recent literature has indicated improved antitumour activity in CD8+ CTLs 

following CD25 blockade within the TME152.  
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Aside from the harmonious effects of the monotherapies, several outcomes of the 

combination therapy were driven by the individual monotherapies. In addition to the universal 

upregulation of PD-L1, the monoclonal antibody was the main driver of many significant changes 

in the combination group. For instance, the olaparib monotherapy significantly increased the 

percentage of inhibited PD-1+ NK cells. Within the combination group however, the addition of 

anti-PD-L1 monotherapy prevented this increase and reduced the percent of PD-1+ NK cells back 

to basal levels. Similarly, the presence of anti-PD-L1 in this combination was responsible for 

preventing the olaparib driven increases of LAG3 and PD-1 which were observed in the TME of 

the olaparib monotherapy. Thereby, treatment with anti-PD-L1 prevented olaparib-induced T cell 

exhaustion and inhibition in the combination group153. However, the influence of anti-PD-L1 in 

the combination group was not exclusively immunomodulatory, as the upregulated levels of LAG3 

which were seen in the NK cells of the anti-PD-L1 monotherapy were also present in the 

combination group.  

In addition to the influence of complementary and individual effects of the monotherapies 

within the Trp53-/- Brca1-/- model, the combination therapy also resulted in some unique and 

unexpected changes in this TME. For instance, this treatment resulted in a universal 

downregulation of CD44, a marker that is often associated with immune cell activation105. 

Furthermore, although the monotherapies resulted in slight increases in PD-1 expression in NK 

cells, the combination therapy reduced the expression of this marker to below basal levels. On the 

contrary, however, the combination therapy also enhanced the expression of TIGIT on NK cells. 

This effect was unexpected as neither monotherapy had any impact on NK cell LAG3 expression 

within the Brca1-null TME. One plausible explanation for the paradoxical change in PD-1 and 

TIGIT expression within the NK populations would be a compensatory reaction. As PD-1 
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functionally blocks NK cell activity, it is expected that reduced expression of this inhibitory 

molecule would result in prolonged and uninterrupted NK cell activity154. However, this 

continuous activity may eventually lead to NK cell exhaustion, reflected by the expression of 

TIGIT155,156.  

In summary, the composition of the Trp53-/- Brca1-/- TME was heavily altered by the 

combination therapy, with effects from both monotherapies and their synergy. The combination 

therapy in this TME also resulted in unique and unexpected changes that can in part be explained 

by continued immune cell stimulation and eventual exhaustion. The numerous changes in response 

to the combination therapy were exclusive to Brca1-null TME, as the mixture of these drugs 

resulted in little to no change in other tissues analyzed in this study. The immunogenicity of the 

Brca1 mutation which can result in exceptional immune diversity of this TME model are likely 

the underlying causes behind these various transformations103.  

The combination therapy was far less transformative in the Trp53-/- Brca2-/- TME, although 

there were a small number of both immunomodulatory and immunosuppressive changes. The 

percentage of LAG3+ NK cells were reduced in what appears to be a synergistic effect of both 

combination therapies. Similarly, olaparib monotherapy prevented the anti-PD-L1 driven decrease 

in the total number CD4+ T cells. On the other hand, the presence of anti-PD-L1 yielded a tumour 

promoting increase of PD-1 in both B and NK cells, which assisted with impaired function in both 

cell types141,153. The comparatively small number of changes in the Brca2-null tumour model are 

yet another indication that the difference in Brca status can greatly impact the response to therapy.  

 The study of the systemic effects of the combination therapy by spleen tissue analysis 

revealed one main similarity between this tissue and the TME: systemic upregulation of PD-L1 as 

a result of treatment with anti-PD-L1. In the Trp53-/- Brca1-/- model, the individual potential of 
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both monotherapies also resulted in a synergistic reduction of CD86+ monocytes in this model. 

Aside from this singular change, the spleens of the Brca1-null model were unreactive to the 

combination therapy. In the Trp53-/- Brca2-/- model, the olaparib reduction in CD62L in various 

cell types was rescued by the anti-PD-L1. Furthermore, similar to the changes seen in the TME of 

this model, the combination therapy enhanced the expression of PD-1 in B cells and NK cells of 

the spleen tissue, making this one of the few observations that were similar in both tissues.  

Nevertheless, mutations in Brca1 and Brca2 radically changed the response to combination 

therapy. The moderately “hot” TME of the Brca1-null model was transformed drastically while 

the relatively cold Brca2-null TME was hardly responsive. The clinical trials which are testing the 

efficacy of the combination of olaparib and anti-PD-L1 in patients harbouring BRCA mutations 

started patient recruitment in 2016157. As of now, no results have been published on the effects of 

this combination therapy in patients. These results would be imperative in determining the level to 

which the outcomes of this animal study are replicated in patients.  

 

4.3.5 Limitations and Future Directions 
 
 All limitations discussed in 4.2.3 directly apply to this animal study as well. However, this 

combination study was also faced with another limitation: the clonal variability of the anti-PD-L1 

antibody. The anti-PD-L1 used in this study was just one of many clones used for in vivo blocking 

of this ligand. Depending on their binding epitope, however, anti-PD-L1 antibodies can have both 

blocking and agonistic effects158. Although the published literature does not indicate any agonistic 

effects associated with the 10F.9G2 clone used in this study, it would be valuable to test the 

blocking potential of multiple anti-PD-L1 clones from various manufacturers to identify any 

potential differences in TME composition in future studies.  
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4.4 Cytokine Secretion in the Ovarian TME  
 
4.4.1 Monotherapies and Their Combination Differentially Effect Cytokine Production in 
Brca-Mutated TMEs 
 
 The TME changes induced by the various treatments continued for weeks after the end of 

therapies, which may have minimized any differences in cytokine expression observed at the 

humane endpoint. For the most part, the Brca-mutated models had similar cytokine secretions. For 

instance, in both tumour models anti-PD-L1 treatment resulted in a universal reduction of cytokine 

secretion, although this reduction was more severe in the Trp53-/- Brca2-/- model. Similarly, the 

combination therapy resulted in a general reduction of most cytokine concentrations in both 

models, which in this case, was more severe in the Brca1-null model. One noteworthy reduction 

observed in both models was the complete diminution of IFN-a and GM-CSF concentrations as a 

result of anti-PD-L1 treatment, both as a monotherapy or in combination with olaparib. It should 

be noted, however, that the reductions were only statistically significant in the Trp53-/- Brca1-/- 

model. The reduction in IFN-a may be a result of the universal upregulation of PD-L1 in both 

tumour models. A recent study by Hodgins et al., demonstrated that intracellular PD-L1 activity 

can reduce type 1 interferon production through metabolic alterations that increase glycolysis and 

reduce oxidative phosphorylation158.  PD-L1 drives the upregulation of the glycolytic pathway and 

results in the accumulation of pyruvate, which is converted into lactate, and cytoplasmic lactate 

buildup negatively regulates the production of type I interferons158. The pathway through which 

lactate buildup negatively regulates type I interferon expression is not completely understood. One 

possible explanation could be the lactate-induced inhibition of cGAS-STING signaling. This 

pathway is a major driver of both type I interferons and NF-kB (Figure 25). It is plausible that 
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lactate build up results in impaired cGAS-STING activity which in turns inhibits IFN-a 

transcription159,160.  

Figure 25. Overview of the cGAS-STING signaling pathway. Presence of cytoplasmic DNA 
can result in the dimerization of GTP and ATP by cyclic GMP-AMP synthase (cGAS), producing 
2'3'-cyclic GMP-AMP (2,3-cGMAP). The 2,3-cGMAP then binds the endoplasmic reticulum 
transmembrane protein stimulator of interferon genes (STING), which becomes activated and 
translocates to the intermediate compartments between the endoplasmic reticulum and the Golgi 
apparatus. During translocation, cGAMP recruits TANK-binding kinase-1 (TBK1), which 
phosphorylates STING, leading to recruitment of interferon regulatory factor-3 (IRF3). TBK1 
phosphorylates IRF3, causing it to dimerize and move into the nucleus, where it induces 
transcription of genes such as type-I interferons. The TBK1 can also recruit and phosphorylate IκB 
kinase (IKK), and pathways downstream of the activated IKK can drive the expression of NF-kB. 
Created using BioRender.  
 

The possible lactate-driven decrease in cGAS-STING could also be associated with 

reductions in GM-CSF in anti-PD-L1 treated models. Aside from type I interferon transcription, 

cGAS-STING signaling induces the activity of NF-kB which can increase GM-CSF production in 

2 ways. Firstly, NF-kB directly drives the transcription of GM-CSF as the promoter for this gene 
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has a Kappa B binding site161. As such, inhibition of NF-kB signaling would reduce the 

downstream transcription of GM-CSF. Similarly, enhanced expression of NF-kB can recruit GM-

CSF producing immune cells into the TME162. Chronic impairments in the transcription of NF-kB 

in anti-PD-L1 treated TMEs may reduce the number of infiltrated TILs at humane endpoint and 

thus, it may be one of the reasons behind the low levels of GM-CSF. It should be noted that 

clustering of protein concentrations in the R software revealed a close relationship between the 

levels of these two cytokines across all biological replicates, which further supports a common 

underlying mechanism for their similar reduction. Aside from changes in GM-CSF and IFN-a 

concentrations, all statistically significant changes were dissimilar in the Brca1- and Brca2-

mutated TMEs indicating that these mutations continue to play a role in TME composition long 

after the end of therapy.   

 The combination therapy resulted in a significant reduction in both CCL4 and CXCL10 

only in the Trp53-/- Brca1-/- model. Within the TME, CCL4 can enhance vascularization163, 

metastasis164, and overall cancer progression165,166. Similarly, CXCL10 within the TME has been 

associated with enhanced tumour progression and increased infiltration of regulatory T cells167. 

The reductions in CCL4 and CXCL10 in the combination group were surprising as neither 

monotherapy independently reduced their concentrations. This unexpected reduction was akin to 

the reduced levels of CD44 expression, which was unique to the combination therapy treated 

Trp53-/- Brca1-/- tumour. There is some evidence that expression of both CCL4 and CXCL10 is 

associated with the expression of CD44. CCL4 is primarily produced by the immune cells within 

the TME, and blocking CD44 has been linked with reduced levels of this protein168. As such, it is 

plausible that the reduced expression of this activation marker within the Brca1-null TME caused 

the impairments in CCL4 secretion. Similarly, CXCL10 expression is driven by leukocytes in the 



 85 

TME and in mouse models of vitiligo, tissues with the lowest levels of CXCL10 also had highest 

ratio of CD44low to CD44high CD8+ T cells169. As such, the reduction of one variable, either 

CXCL10 or CD44, may be driving the reduction of the other.  

The last significant difference in the cytokine levels of the Trp53-/- Brca1-/- tumour model 

was an increase in the concentrations of IFN-a in the olaparib treated mice. As discussed 

previously, the cGAS-STING pathway is a major driver of type 1 interferon expression (Figure 

25). The major driver of cGAS-STING signalling is the detection of cytosolic DNA. Upon 

detection of DNA within the cytoplasm, the cGAS enzyme drives the dimerization of GTP and 

ATP, which produced 2'3'-cyclic GMP-AMP (2,3-cGMAP). The 2,3-cGMAP binds to STING on 

the endoplasmic reticulum and sets off a cascade of reactions that result in IFN-a expression170. 

The accumulation of DNA damage as a result of olaparib activity in HRD cells results in 

transmission of DNA damage into the stages of mitosis, and the P53 protein is not present to 

control the quality of the DNA171. This causes formation of mitotic bridges from the fusion of 

sister chromatids and these bridges result in the formation of micronuclei, small DNA-containing 

structures surrounded by a lipid bilayer. The weak structural integrity of the micronuclei lamina 

results in frequent rupture within the cytoplasm, which results in the release of the DNA fragments 

in the cytosol172. The cGAS senses the presence of cytosolic DNA, which results in overactivation 

of the cGAS-STING pathway and yields higher levels of IFN-a in PARPi treated tissues173. In fact, 

RNA-seq analysis of Brca-mutated ID8 tumours also indicated higher levels of NF-kB, which 

provides further support for the greater activity of cGAS-STING in cells with greater levels of 

DNA damage. 

 

 



 86 

 

4.4.2 Limitations and Future Directions  
 
 One limitation associated with this cytokine array was the fact that it was limited to 13 

protein targets. In future studies, analysis of a larger number of cytokines can address this 

limitation and provide us with better understanding of how various therapies and Brca mutations 

influence the cytokine profile of the ID8 TME. Another limitation associated with this array was 

the fact that the cytokines could have been produced by any cell type present within the TME. In 

order to assess the change in the cytokine production of the tumour cells specifically, it would also 

be valuable to collect media from the cells treated in vitro and repeat this experiment. This will 

allow us to determine the extent to which Brca mutations in the cancer cells themselves can 

influence cytokine production.   

 

4.5 Mutations in Brca1 and Brca2 Result in Differential TME Composition 
 
 Nearly every experiment in this thesis indicated that both TME composition and response 

to therapy are different in the Brca-mutated models of ovarian cancer. As such, we set out to 

determine the expression levels of various pathways through RNA-seq analysis which resulted a 

plethora of differences between these models. Aside from the PARP pathway and expression of 

PD-L1 discussed earlier, absence of Brca1 resulted in greater expression CD45, as well as other 

major immune cell indicators much as CD4, CD8, CD19 etc. Similarly, markers of exhaustion 

such as PD-1, LAG3 and PD-L1 were also highest in the Trp53-/- Brca1-/- model. Lastly, the 

expression of various genes involved in angiogenesis such as VEGF, VEGFR, and HIF1a were all 

highest within the Brca1-null TME. The expression levels of some of these genes such as CD45, 

PDL1 and VEGF were also higher at the protein level, although these differences were not all 
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statistically significant. Rather, these trends indicate that at least in part, the changes at the RNA 

levels translate to the protein level and the recent literature supports these observations. For 

instance, a study by Dai et al., identified BRCA1 as a marker of immunogenicity in ovarian cancer 

as the mutations in this gene associated with greater immune infiltration and expression of immune 

check-point molecules103. Furthermore, similar to the findings of this thesis, their study indicated 

that patients harbouring BRCA1 mutations are more responsive to immunotherapy103. 

Analogously, a study by George et al., indicated that both mutations and hypermethylation of 

BRCA1 but not BRCA2 are associated with greater T cell infiltration within the ovarian TME and 

overall created a more “immunoreactive” environment174.  

 One notable difference between the Brca1- and Brca2-mutated models which was detected 

in our analysis and is discussed in length in the literature, was the increase in angiogenic markers. 

At the RNA level, Trp53-/- Brca1-/- IP tumours had greater expression VEGF, VEGFR, and HIF1a 

and at the protein level, expression of VEGF was significantly higher in this model compared to 

the Brca2-null TME. Bruand et al., also found that loss of Brca1 was associated with upregulation 

of VEGF within tumours, which supported the observations in our analysis175. Interestingly, results 

of PAOLA-1 which is a recent clinical trial that tested the efficacy of combining olaparib with a 

VEGF inhibitor (bevacizumab), noted that this combination therapy was most beneficial for 

ovarian cancer patients harbouring BRCA1-mutated tumours98. These results confirm that absence 

BRCA1 or BRCA2 does not result in the same phenotype, and that these proteins have functions 

that beyond DNA repair. For instance, expression of BRCA1 can negatively regulate the expression 

of VEGFA, and in its absence, this VEGFA is upregulated. This is likely as a result of the 

interaction between BRCA1 and estrogen receptor alpha (ER-a)176. Two specific domains on 

BRCA1 are capable of binding to the active function-2 domain of ER-a, thereby preventing its 
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dimerization with estradiol (E2)176. The dimerized complex of ER-a and E2 can induce the 

transcription of many genes, including VEGFA177. As such, in the absence of BRCA, the ER-a-E2 

complex can continually induce the expression of this protein. Given the overabundance of data 

that point to differences between tumours harbouring BRCA mutations, new studies have been 

exploring the influence of these mutations in response to therapy and TME composition, although 

not yet in ovarian cancer. A recent study by Samstein et al., found that in mouse models of breast 

cancer, a deficiency in Brca2 was associated with greater immunogenicity, unlike the ovarian 

cancer models178. Furthermore, in near perfect contrast to the findings of this thesis and the ovarian 

cancer literature, ICI treatment significantly improved the survival of mice harbouring Brca2-null 

breast cancer tumours, but not mice with Brca1-null tumours178.  

In summary, analysis of the RNA-seq data complemented the results of the in vivo studies 

and points out the significant impacts of Brca mutations on the composition of the ovarian TME. 

These findings, along with recent evidence from the literature indicate that BRCA proteins likely 

have functions beyond DNA repair and that personalized treatments are required based on the 

specific patient genotypes. Future studies investigating the various influences of BRCA mutations 

are key in improving our understanding of ovarian cancer and its treatment.  

 

  

 

 

 

  



 89 

4.6 Conclusion  

 This thesis aimed to elucidate the effects of PARPi, immunotherapies and their 

combination on the immune composition of the ovarian TME. Additionally, we sought to 

investigate how the presence of Brca1 and Brca2 mutations can alter the results of therapy. To 

achieve these objectives, we first analyzed the in vitro response of ovarian cancer cell PARPi-

induced toxicity. Our results indicate that the presence of Brca1 and Brca2 mutations confer 

varying degrees of sensitivity to olaparib, likely due to differential expression of the PARP 

pathway between these models. We also established that in vitro olaparib treatment upregulates 

the expression of PD-L1 on ovarian cancer cells, independent of their genotype.  

In vivo olaparib treatment of mice harbouring Brca1- and Brca2-mutated tumours 

significantly increased the survival rate. Interestingly, only the Brca1-/- TME underwent significant 

transformation following this monotherapy, exhibiting pro- and anti-inflammatory changes in 

CD8+ and CD4+ T cells, as well as NK cells. The anti-PD-L1 monotherapy improved the survival 

of mice with Brca1-null tumours but not Brca2-null tumours. This treatment induced several 

significant changes in both tumour models, with the systemic increase in PD-L1 being the most 

prominent alteration in all tissues. This novel observation was likely a compensatory reaction in 

response to the prolonged immune activation. Additionally, the anti-PD-L1 treatment led to a 

substantial reduction in cytokine concentrations, namely IFN-a and GM-CSF. Lastly, the 

improvements in survival produced by the combination therapy heavily resembled the olaparib 

monotherapy. The TME changes produced by this treatment were generally attributed to one or 

both of the monotherapies. However, this therapy also led to an unexpected reduction of CD44 

among multiple cell types on the Brca1-null TME. Furthermore, the TME of combination treated 

mice exhibited the same significant upregulation of PD-L1 as seen in the anti-PD-L1 group.  
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Through a detailed in silico analysis of RNA-seq data from Brca-mutated tumours, we 

found that these mutations have differential effects on the ovarian TME. Specifically, Brca1-null 

tumours exhibited an inflamed phenotype, with enhanced expression of various adaptive and 

innate immune markers, cytokines, vascularity, as well as the PARP and NF-kB 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 impacts on patient outcomes. 

The findings of this study, as well as the ongoing clinical trials, can help to shed light on the 

influence of BRCA mutations in the treatment of ovarian cancer. Further study of the non-HR roles 

of the BRCA proteins is crucial for understanding the exact role that their absence plays in clinical 

outcomes. By considering the BRCA status of the tumour, clinicians may be able to provide 

treatments that are personalized to the needs of patients with various genotypes. 
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