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ABSTRACT
PARP inhibitors are synthetically lethal with BRCA1/2 mutations, and in this setting, accumulation of DNA 
damage leads to cell death. Because increased DNA damage and subsequent immune activation can 
prime an anti-tumor immune response, we studied the impact of olaparib ± immune checkpoint blockade 
(ICB) on anti-tumor activity and the immune microenvironment. Concurrent combination of olaparib, at 
clinically relevant exposures, with ICB gave durable and deeper anti-tumor activity in the Brca1m BR5 
model vs. monotherapies. Olaparib and combination treatment modulated the immune microenviron-
ment, including increases in CD8+ T cells and NK cells, and upregulation of immune pathways, including 
type I IFN and STING signaling. Olaparib also induced a dose-dependent upregulation of immune path-
ways, including JAK/STAT, STING and type I IFN, in the tumor cell compartment of a BRCA1m (HBCx-10) 
but not a BRCA WT (HBCx-9) breast PDX model. In vitro, olaparib induced BRCAm tumor cell–specific 
dendritic cell transactivation. Relevance to human disease was assessed using patient samples from the 
MEDIOLA (NCT02734004) trial, which showed increased type I IFN, STING, and JAK/STAT pathway expres-
sion following olaparib treatment, in line with preclinical findings. These data together provide evidence 
for a mechanism and schedule underpinning potential benefit of ICB combination with olaparib.
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Background

Identification of PD-1/PD-L1 and CTLA-4 as T cell checkpoints, 
and therefore potential points of intervention to improve anti- 
tumor immune responses,1,2 has led to the clinical development 
and regulatory approval of multiple therapeutics targeting PD-1, 
PD-L1, or CTLA-4. Although these have resulted in clinical 
responses in multiple indications, including melanoma, non- 
small cell lung cancer (NSCLC), and mismatch-repair-deficient 
cancers,3 the majority of patients do not show a clinical response 
to ICB monotherapy, suggesting potential for additional benefit 
from combination therapy with tumor-targeted agents (reviewed 
in Gotwals et al.4).

Advances in the understanding of DNA damage repair 
pathways have identified synthetic lethality in tumors with 
BRCA1 or BRCA2 mutations to treatment with PARP inhibi-
tors (PARPi), where accumulation of DNA damage leads ulti-
mately to cell death.5–7 PARPi are now approved clinically for 
the treatment of multiple cancer indications, including ovar-
ian, breast, prostate, and pancreatic cancers, which are often 
reported to have low responses to immunotherapy.8,9

DNA damage, which may result in increased levels of cytosolic 
DNA, can be detected via intracellular anti-viral DNA sensors, 
including cGAS and IFI16,10 which initiate activation of pro- 
inflammatory gene expression programs, including type 
I interferon (IFN) responses.11 Similarly, deficiencies in DNA 

damage repair pathways, including BRCA1/2 and ATM, are 
reported to result in increased baseline pro-inflammatory 
signaling.12,13 Type I IFNs have pleiotropic effects on the immune 
response, including supporting the maturation of dendritic cells 
(DCs), which process and present antigens released by dying 
tumor cells to prime an anti-tumor T cell response.14 Because 
of the potential for increased DNA damage to stimulate immune 
priming, there is ongoing clinical investigation of PARPi in 
combination with ICB, in multiple tumor types.15

To define the activity and elucidate potential mechanisms 
underpinning combination of the PARPi olaparib with ICB, 
anti-tumor activity and immune modulation in a Brca1 mutant 
(Brca1m) syngeneic tumor model were investigated. 
Additionally, effects on tumor immune infiltrate and develop-
ment of immune memory were assessed. To confirm activation 
of tumor-intrinsic pathways by PARPi and impact of BRCA 
mutation in human tumor cells, effects of olaparib on tran-
scriptional changes in the tumor cell compartment of BRCA 
WT and mutant patient-derived xenograft (PDX) models were 
compared. Direct effects of olaparib treatment on human 
immune cells were evaluated, including in vitro tumor/dendri-
tic cell co-cultures. Finally, consistent with the findings in our 
preclinical studies, changes in STING pathway expression were 
observed in clinical pre- and post-olaparib treatment biopsies 
from the MEDIOLA (NCT02734004) clinical trial.16
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Materials and methods

In vivo studies

BR5 cells17 were obtained from Prof. Sandra Orsulic laboratory 
and grown in DMEM with 10% FBS, under standard condi-
tions. 3 × 106 cells in 50% Matrigel were implanted subcuta-
neously (SC) into female FVB/N mice (Jackson and Envigo 
UK). CT26 and MC38 cells were purchased from ATCC and 
grown in RMPI-1640 and DMEM, respectively, with 10% FCS. 
5 × 105 CT26 cells or 1 × 107 MC38 cells were implanted 
subcutaneously into female Balb/c and C57Bl/6 (Charles 
River) mice, respectively. HBCx-9 and HBCx-10 PDX studies 
were performed at Xentech. Tumor fragments were implanted 
subcutaneously into female athymic Nude-Foxn1nu mice 
(Envigo).

Animal studies were conducted in accordance with UK 
Home Office legislation, the Animal Scientific Procedures Act 
1986, and the AstraZeneca Global Bioethics policy or 
Institutional Animal Care and Use Committee guidelines. 
Experimental work is outlined in project license 70/8894, 
which has gone through the AstraZeneca Ethical Review 
Process. Olaparib was formulated in 10% DMSO and 30% 
Kleptose (Roquette) and administered by oral gavage once 
daily (QD) at 10 mL/kg final dose volume. Anti-murine PD- 
L1 and anti-murine CTLA-4 surrogate antibodies for durvalu-
mab and tremelimumab (AstraZeneca) were diluted in saline 
and administered intraperitoneally twice weekly (BIW) at 
5 mL/kg or 10 mL/kg final dose volume. Tumor growth inhibi-
tion was analyzed as described before.18,19

Flow cytometry

MC38 and BR5 tumors were prepared and cells stained with 
antibodies as described.20 Briefly, tumors were harvested and 
dissociated using a mouse tumor dissociation kit (Miltenyi 
Biotec). Cells were stained with Live-Dead fixable Zombie 
UV stain dye (ThermoFisher) and then with a mix of flow 
cytometry antibodies listed in Supplementary Table 1. Sample 
data were acquired using a BD LSR Fortessa (BD Bioscience), 
and data analysis was performed using Flow Jo 10.6 (BD 
Bioscience). For statistical analysis, the frequency data were 
processed with a beta regression, treating treatment as a fixed 
effect. Post hoc testing with no correction for multiple testing 
was used to compare each treatment group to the reference 
group. As there are multiple variables for a treatment versus 
references group, introducing a multiple testing burden, the 
p values were adjusted using the Benjamini and Hochberg FDR 
methodology to control the false discovery rate within signifi-
cant calls to 5% (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** 
p < 0.0001).

RNA sequencing from human patient samples

All patients provided written informed consent, and ethics 
committee approvals were as previously described.16 

Sequencing was performed as per the manufacturer’s protocol 
on the Illumina HiSeq platform with 2x150bp-paired end reads 
using the KAPA whole-transcriptome kit, generating an aver-
age of 50 million reads per sample (Illumina).

The RNAseq pipeline implemented in bcbio-nextgen (ver-
sion 1.1.6) (https://bcbio-nextgen.readthedocs.org/en/latest/) 
was used for quality control and gene expression quantifica-
tion. Reads were aligned to the UCSC-build GRCh38 Homo 
Sapiens genome, augmented with transcript information from 
Ensembl release 86 using HiSat2.21 Alignments were evaluated 
for evenness of coverage, rRNA content, genomic context of 
alignments, and complexity using a combination of FastQC, 
Qualimap, and custom tools.22

Gene signature analysis of human patient samples

A STING signaling gene signature was developed through the 
integration of the following gene sets: canonical STING path-
way genes (from Dunphy et al.10), STING, and IRF3 down-
stream genes using an internal causal reasoning database. To 
reduce the contribution of non-specific STING pathway genes 
and broad inflammatory genes, NFκB (from internal causal 
reasoning database) and non-canonical STING pathway 
genes (from Dunphy et al.10) were removed from the gene 
signature generation. The STING gene signature was opti-
mized by removing the genes in the signature that did not 
show positive correlation with the overall gene signature. 
A further optimization step was used to remove genes that 
did not show upregulation following treatment with dsDNA 
and/or downregulation following siSTING in preclinical mod-
els (from Abe et al.23). The STING gene signature was then 
scored using the GSVA method in R.

Results

Combination of olaparib with ICB results in increased 
in vivo anti-tumor responses and development of 
immune memory

Combinations of ICB with PARPi are being tested clinically; 
however, the effects of tumor genetics and contribution of 
components to response have not been fully explored. 
Olaparib was first tested in combination with either anti-PD- 
L1 or anti-CTLA-4 in CT26 and MC38 syngeneic models, 
which are commonly used for investigation of tumor immune 
modulation. In these Brca WT models, no olaparib monother-
apy anti-tumor activity was observed, nor was olaparib plus 
anti-PD-L1 combination activity greater than that observed 
with anti-PD-L1 alone (Fig S1a-b). Similar results were 
observed with anti-CTLA-4 as the combination partner for 
olaparib (Fig S1c-d). Olaparib shows robust clinical benefit in 
patients with germline or somatic mutations in BRCA.24 To 
assess the activity of olaparib in a disease-relevant context, we 
used a Brca1 mutated (Brca1m) syngeneic model, BR5. In this 
model, olaparib dosed concurrently with anti-PD-L1 demon-
strated potent and reproducible combination activity 
(Figure 1a), with increased numbers of complete responders 
(CRs, defined as tumors ≤14 mm3 at the end of the study) in 
the combination group (6/9 in a representative study shown) 
versus either olaparib (1/9 CR) or anti-PD-L1 monotherapy (2/ 
9 CRs). Similar results were observed when olaparib was com-
bined with anti-CTLA-4 in the BR5 model (Fig S2a). 
Monotherapy olaparib also resulted in significant 58% growth 
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rate inhibition (45% inhibition for anti-PD-L1 alone), while 
combination treatment resulted in 106% growth rate inhibition 
(Figure 1b).

The responses observed in mice treated with olaparib plus 
ICB combinations were durable (representative plot for BR5 
model shown in Figure 1c). When evaluated across multiple 
(n = 3) studies, over at least 90 days, olaparib monotherapy 
treatment resulted in 10/30 CRs, of which 8 recurred prior to 
the end of the study. Anti-PD-L1 monotherapy resulted in 5/30 
CRs, of which 4 were durable. In contrast, olaparib dosed 
concurrently with anti-PD-L1 resulted in 19/30 CRs, of which 
only 5 recurred. Time to recurrence off-treatment in the com-
bination treated animals did not differ significantly from ola-
parib monotherapy-treated mice (range 3–44 days vs. 3– 
49 days). Thus, the differences between combination and ola-
parib monotherapy were the frequency of both complete and 
durable complete responses (Supplementary Table 5). Similar 
results were observed for olaparib and anti-CTLA-4 combina-
tion (Fig S2b).

Olaparib in combination with ICB also resulted in the 
development of immune memory. Mice that had shown 
a complete response following either anti-PD-L1 or anti- 
CTLA-4 alone or in combination with olaparib were rechal-
lenged with implantation of 3 × 106 BR5 cells on the opposite 

flank. All re-challenged animals showed initial tumor growth, 
followed by complete and durable tumor rejection, without 
further treatment (Figure 1d; S2c). Olaparib monotherapy did 
not show consistently durable complete responses, so these 
mice were not able to be rechallenged.

Concurrent schedule of olaparib and ICB shows most 
consistent anti-tumor activity

Most current clinical trials use olaparib and anti-PD-L1 in 
a concurrent dose scheduling regime (e.g. NCT03334617 and 
NCT02734004, www.clinicaltrials.gov). However, several trials 
utilize an anti-PD-L1/chemotherapy lead-in schedule (i.e. 
NCT03740165 and NCT04191135), and an olaparib lead-in sche-
dule has also been used (NCT02734004). However, there is a lack 
of preclinical data comparing different dosing sequences. Hence, 
a comparison of a concurrent schedule of olaparib plus anti-PD- 
L1 with an olaparib-lead-in or anti-PD-L1 lead-in schedules was 
tested in the BR5 Brca1m model. When dosing started on day 7 
(palpable tumors), the concurrent dosing schedule resulted in 
a number of durable complete responses. This effect was compar-
able to the anti-PD-L1 lead-in schedule, where olaparib dosing 
was delayed for 14 days. These two schedules were superior to the 
olaparib lead-in (Figure 2a, 2c, S3), where anti-PD-L1 dosing was 

Figure 1. Anti-tumor activity of olaparib alone and in combination with anti-PD-L1 in BR5 Brca1m syngeneic tumor model. (a) Individual animal tumor growth curves or 
mean tumor volume ± SEM for BR5 model treated with vehicle, 100 mg/kg olaparib daily, 10 mg/kg anti-PD-L1 biweekly, or the combination. Dosing period is indicated 
by shaded boxes. Data representative of n = 4 independent experiments. (b) Boxplot of the growth rate for BR5 tumors treated as above. Whiskers indicate the 
minimum and maximum and lines indicate median values. One-way ANOVA was used for statistical analysis (* p < 0.05; **** p < 0.0001). (c) Swimmer lane plots of 
survival (bars) for mice bearing BR5 tumors following treatment as above. For mice that reached a complete response (CR), times of complete response identification 
and progression are marked with triangles and circles, respectively. (d) Mice that showed complete regression of tumor following treatment with anti-PD-L1 and 
olaparib + anti-PD-L1 were rechallenged with BR5 tumor cells in the contralateral flank and monitored for tumor growth.
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Figure 2. Concurrent schedule of olaparib and ICB is the most efficacious in a Brca1m tumor model. (a) Individual animal tumor growth curves for BR5 model treated 
with vehicle, 100 mg/kg olaparib daily, 10 mg/kg anti-PD-L1 biweekly, or the combination. Dosing period is indicated by shaded boxes and red (olaparib) or blue (anti- 
PD-L1) lines. Data representative of at least n = 3 independent experiments. (b) Boxplot of the growth rate for BR5 tumors treated as above. Whiskers indicate the 
minimum and maximum and lines indicate median values. One-way ANOVA was used for statistical analysis (*** p < 0.001; **** p < 0.0001). (c) Swimmer lane plots of 
survival (bars) for mice bearing BR5 tumors following treatment as above. For mice that reached a complete response, times of complete response identification and 
progression are marked with triangles and circles, respectively. (d) Individual animal tumor growth curves for BR5 model treated with vehicle, 100 mg/kg olaparib daily, 
10 mg/kg anti-PD-L1 biweekly, or the combination. Dosing period is indicated by shaded boxes and red (olaparib) or blue (anti-PD-L1) lines. (e) Boxplot of the growth 
rate for BR5 tumors treated as in (d). Whiskers indicate the minimum and maximum and lines indicate median values. One-way ANOVA was used for statistical analysis 
(**** p < 0.0001). (f) Kaplan–Meier survival plot for study in (d). Log rank test was used for statistical analysis (** p < 0.01; **** p < 0.0001).
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similarly delayed. Moreover, the concurrent schedule caused 
103% growth rate inhibition compared to 81% and 63% for the 
anti-PD-L1 lead-in and olaparib lead-in schedules, respectively 
(Figure 2b). These results were consistent even when olaparib 
dosing was extended from 3 to 5 weeks (Supplementary Table 6). 
The three dosing schedules were further compared in a study 
where dosing commenced on day 22. Although no complete 
responses were reached (Figure 2d), a significant growth rate 
inhibition was observed in all schedules (Figure 2e), and survival 
analysis revealed that the concurrent and olaparib lead-in sche-
dules significantly prolonged survival compared to the anti-PD- 
L1 lead-in schedule (Figure 2f). Taken together, these data suggest 
that the concurrent schedule of the two agents delivers the best 
anti-tumor benefit in a Brca1m tumor model.

Olaparib treatment increases CD8+ T cells and NK cells 
and decreases myeloid cell infiltration

It has previously been reported that inhibition of PARP in 
BRCAm tumors results in modification of the immune 
infiltrate;25–28 therefore, we investigated changes in immune cell 
infiltration in the Brca1m BR5 model (Figure 3a-c). Treatment 
with olaparib resulted in a significant increase in the frequency of 
tumor-infiltrating total (CD3+) and CD8+ T cells, which was 

maintained with anti-PD-L1 combination treatment. 
Combination treatment also resulted in a significantly increased 
frequency of granzyme B–positive (GzmB+) CD8+ T cells 
(1.6-fold increase from control), whereas olaparib or anti-PD- 
L1 alone did not. Similarly, there was an increase in proliferating 
Ki67+ CD8+ T cells in the combination group (1.3-fold increase 
from control, however, not statistically significant). Olaparib 
treatment alone or in combination with anti-PD-L1 also signifi-
cantly increased the frequency of tumor NK cells (1.4- and 
1.5-fold increase from control, respectively), which was accom-
panied by an increase in the frequency of GzmB+ NK cells in the 
combination group (1.4-fold increase). In contrast, neither total 
T cell frequency nor CD8+ T cell frequency was altered by 
olaparib monotherapy in the MC38 model (Brca WT), although 
an increase in CD8+ T cells was observed in the anti-PD-L1 and 
combination groups (1.7- and 2.1-fold increase, respectively) (Fig 
S4a-b, S4c: Cd8a, Cd8b1). No significant changes in NK cell 
frequency were observed with any treatment in the MC38 
model (Fig S4a-b, S4c: Ncr1). Finally, decreases in the frequencies 
of macrophages, CD11b+Ly6C+ cells (M-MDSCs), and CD11b 
+Ly6G+ MDSCs were observed following olaparib treatment ± 
anti-PD-L1 in the BR5 model, indicating a potential relative 
reduction in immunosuppressive myeloid cells (Figure 3c). In 
contrast, no consistent changes in myeloid cells were seen in the 

Figure 3. Olaparib alone or in combination with anti-PD-L1 alters frequency of tumor infiltrating immune cells towards an immuno-activated phenotype. (a) Schema of 
flow cytometry experiments. (b) Mean tumor volume ± SEM for representative study. (c) Frequency of CD3+ cells, CD4+ T cells, CD8+ T cells, Ki67+ CD8+ T cells, GzmB+ 
CD8+ T cells, NK cells, GzmB+ NK cells, macrophages, CD11b+Ly6C+, and CD11b+Ly6G+ MDSCs depicted as percentage of CD45+ cells in BR5 tumors. Representative of 
n = 2 independent experiments with n = 8 mice/group per experiment. One-way ANOVA was used for statistical analysis (* p < 0.05; ** p < 0.01; **** p < 0.0001).
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MC38 model with olaparib monotherapy (Fig S4). Thus, 
increases in immune cells associated with an increased anti- 
tumor immune response were observed in olaparib-treated 
Brca1m but not Brca WT tumors, and this effect was further 
increased in combination with anti-PD-L1.

Immune response pathway expression is increased 
in vivo in olaparib-treated Brca1m tumors

To identify immune pathways that may be altered in response 
to olaparib ± checkpoint inhibition and that could potentially 
mechanistically underpin observed immune changes and 
anti-tumor activity, we evaluated gene expression in treated 
BR5 tumors using the Nanostring nCounter pan-cancer 
immune profiling panel. Mice with established BR5 tumors 
were treated with olaparib or vehicle plus either anti-PD-L1, 
anti-CTLA-4, or isotype control antibodies (Figure 3a). 
Differential gene expression analysis revealed significant 
upregulation of multiple immune genes following olaparib 
treatment (Figure 4a), including those associated with T cell 
infiltration and activation (Cd8a, Zap70, Tbx21, Lck, Hck, 
Cd4, Fyn, Cd69) and cytotoxic T cell activity (Gzma, Prf1). 
Genes associated with T cell exhaustion (Ctla4, Lag3, Btla, 
Tigit, Havcr2 (Tim3)), as well as Pdl1 (Cd274) and Foxp3, 
were also upregulated, suggesting active suppression of an 
ongoing immune response, which was also observed in the 
olaparib + anti-PD-L1-treated tumors (Gene list in 
Supplementary Table 4). Pathways significantly upregulated 
in response to olaparib encompassed innate and adaptive 
immune responses, including T cell signaling, as well as 
those associated with antigen processing and presentation 
and IL-12/STAT4 (Figure 4b), suggesting potential for 
increased dendritic cell activation. In contrast, analysis of 
gene expression in the Brca WT MC38 tumors indicated no 
significant transcriptomic changes in the markers of immune 
cell infiltration, T cell suppression, or Pdl1 with olaparib 
treatment, although increased expression of some of these 
genes was seen in the anti-PD-L1-treated tumors (1.8-fold 
increase for Gzmb (p = 1.92E-05), 1.9-fold increase for Cd8a 
(p = 0.0151), and 2.1-fold increase for Cd8b1 (p = 0.0146)), 
consistent with flow cytometry results (Fig S4c and b).

Increased cellular DNA damage, as a consequence of PARPi 
treatment of Brca mutant tumors, has been reported to activate 
the type I IFN pathway via cGAS-STING signaling.25,28–32 To 
investigate this in the BR5 model, we developed a STING gene 
signature (see Supplemental Material and Methods) that was 
able to capture modulation of the cGAS/ STING pathway in 
preclinical models treated with dsDNA or cGAMP and which 
was lost upon STING RNA knockdown. In contrast, an IFN-I 
gene signature showed no modulation in response to dsDNA 
versus siSTING + dsDNA, highlighting a stark differentiation 
of this STING signature from an IFN-I signature (Fig S6). 
A significant upregulation of the STING gene signature was 
observed in the BR5 model treated with olaparib monotherapy 
and olaparib plus anti-PD-L1 / anti-CTLA-4 antibodies (t-test 
p values, 0.002 and 0.03 respectively; Figure 4c left panel). 
Neither anti-PD-L1 nor anti-CTLA-4 monotherapy showed 
STING signature upregulation, while olaparib plus anti-PD- 
L1 showed significant upregulation (Figure 4c). Upregulation 

of the STING signature by olaparib monotherapy and the 
combination with anti-PD-L1 was validated in an independent 
experiment in the BR5 model using gene expression analysis 
(transcriptomic analysis by qRT-PCR) of the STING pathway 
(Figure 4d). Consistent with flow cytometry and Nanostring 
results, expression of a cytotoxic lymphocyte signature 33 was 
also upregulated in the monotherapy and anti-PD-L1 / anti- 
CTLA-4 combination groups (Fig S5a). Thus, olaparib treat-
ment of Brca1m but not Brca WT tumors results in upregula-
tion of genes associated with an anti-tumor immune response, 
and this is further enhanced in combination with ICB.

Olaparib treatment results in increased tumor-cell 
intrinsic immune activation pathway expression

Activation of type I IFN as a result of DNA damage can occur 
in tumor cells, or in myeloid cells, as a result of phagocytosis 
of dead or damaged tumor cells,34–36 via myeloid cell uptake 
of DNA-containing exosomes37 or secreted cGAMP.38 To 
evaluate tumor cell-intrinsic transcriptional changes, 
RNAseq analysis of an olaparib-sensitive BRCA1m triple- 
negative breast cancer (TNBC) patient-derived xenograft 
(PDX) (HBCx-10) was compared to a PARPi-insensitive 
BRCA WT TNBC PDX (HBCx-9) 39 (Figure 5a-b). 
Differential gene expression analysis of human-specific 
RNAseq data from olaparib-treated BRCA1m HBCx-10 
tumors implanted in immunodeficient mice showed that the 
dominant upregulated pathways were immune-associated, 
specifically including those associated with type I IFN 
response, the STING pathway, as well as JAK/STAT pathway 
activation (Figure 5a,c, S8a). Analysis of murine genes (stro-
mal compartment) showed less pronounced activation of type 
I IFN pathway (Fig S7). In contrast, no coordinate upregula-
tion of these immune pathways by olaparib was observed in 
the BRCA WT HBCx-9 model, although some upregulation 
of type I IFN was observed at the highest dose of olaparib in 
HBCx-9 (Figure 5b-c, S8b).

Causal reasoning analysis further identified biological net-
works linked to immune pathways in the human tumor cell 
compartment of olaparib-treated HBCx-10 tumors and was 
compared across two olaparib dose levels (50 mg/kg and 
100 mg/kg) and two time points (6 and 24 hours). It revealed 
significant enrichment in key biological networks associated 
with immune responses to DNA damage, including TLR3, 
STING (TMEM173), and STAT1, which is activated in 
response to type I IFN signaling (Figure 5d), and further sup-
port that broad immune signaling is activated by olaparib 
treatment. STING signature expression was also compared in 
HBCx-9 and HBCx-10 and showed that both high and low 
dose of olaparib monotherapy was sufficient to induce activa-
tion of STING signaling in a dose-dependent manner in the 
BRCA1m model (Figure 5e). In contrast, in the BRCA WT 
HBCx-9 model, 50 mg/kg of olaparib did not cause significant 
enrichment in biological networks associated with immune 
pathways, while the higher dose of olaparib modestly upregu-
lated a STING gene signature (Fig S8, S5c). Hence, olaparib 
treatment induces expression of the immune-associated path-
ways in BRCAm tumors more potently than in BRCA WT 
tumors in vivo.
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PARP inhibition demonstrates indirect effects on immune 
cells

Because we had observed increased tumor cell-intrinsic activa-
tion of innate immune pathways, we investigated whether 
olaparib-treated tumor cells could modulate in vitro activation 
of dendritic cells (DCs). Immature DCs were co-cultured with 
olaparib-treated or control PARPi-sensitive BRCA1m MDA- 
MB-436 cells40 or conditioned medium (cMed). Co-culture 
with olaparib-treated cancer cells or cMed induced CD86 

expression on DCs (Figure 6a). Isogenic cell lines (DLD- 
1 WT and BRCA2−/−) were subsequently used to confirm the 
specificity of DC transactivation by olaparib for tumor BRCA 
status. We find that etoposide, olaparib, and talazoparib induce 
DC transactivation to a similar extent in DLD-1 BRCA2−/− co- 
cultures. However, in DLD-1 WT co-cultures, both olaparib 
and talazoparib elicited significantly less DC transactivation, in 
contrast to etoposide, which showed no specificity for BRCA 
status (Figure 6c). The modest activity of talazoparib in DLD- 

Figure 4. Transcriptomic changes in the BR5 syngeneic model treated with olaparib ± anti-PDL-1 antibody. (a) Differential expression of genes in BR5 tumors treated as 
in Figure 2a. Tumor RNA was isolated and analyzed with Nanostring mouse immune 770 CodeSet. Shown are olaparib + isotype control groups vs. isotype control alone 
(vehicle). (c) Changes in gene expression from (a) for olaparib-treated tumors. Significantly upregulated/downregulated pathways are depicted. (c) Modulation of 
expression of STING gene signature in tumors treated with olaparib ± anti-PD-L1 / anti-CTLA-4 (vehicle n = 9, olaparib n = 7, anti-PD-L1 n = 9, anti-CTLA-4 n = 8, 
olaparib + anti-PD-L1 n = 6, olaparib + anti-CTLA-4 n = 7). (d) GSVA score for STING pathway genes in BR5 samples. Two-tailed t-test was used for statistical analysis (* 
p = 0.0393, ** p = 0.0022).
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Figure 5. Immune gene pathway expression in olaparib-treated PDX models and in the TCGA pan-cancer database. (a, b) Heatmaps of gene expression changes in the 
BRCA1m HBCx-10 (a) or BRCA WT HBCx-9 (b) patient-derived xenograft (PDX) models treated with olaparib. PDX tumors (n = 3–5/group) were treated with 50 or 
100 mg/kg of olaparib or with vehicle for 7 days. Tumors were harvested either 6 hours or 24 hours after the last dose of olaparib, and samples were analyzed by 
RNAseq. (c) GSVA scoring of type I IFN pathway expression in HBCx-9 and HBCx-10 tumors treated with vehicle or the indicated dosage of olaparib (n = 3–5/group). 
p values refer to aggregated timepoints within each treatment. (d) Causal reasoning analysis of common regulators for gene expression changes in HBCx-10 tumors 
treated with indicated dosage of olaparib and harvested at the indicated timepoint. Regulators shown are those whose activity was altered across both doses of olaparib 
and at both timepoints. (e) Changes in expression of activated STING pathway in HBCx-9 and HBCx-10 tumors treated as in a-c. (f) Gene signature scoring (GSVA 
method) of STING pathway and CD8 T cell signatures across the TCGA pancancer samples database. Tumor type is indicated on the x-axis by the TCGA nomenclature 
(https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations).
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Figure 5. (Continued).
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1 WT co-cultures may be attributed to its greater PARP trap-
ping activity, which has previously been reported to induce 
DNA breaks in WT cells, resulting in DC transactivation.31 

Importantly, neither olaparib nor talazoparib showed direct 
activation of DCs (Fig S9a). Cytokines secreted by olaparib- 
treated cancer cells were evaluated, and surprisingly type I IFN 
was not detected. However, MDA-MB-436 showed increased 
secretion of IFN-λ and IL-1β in response to olaparib 
(Figure 6b), while DLD-1 BRCA2−/− showed increased IL-8 
secretion (Fig S9b), suggesting olaparib induced 
a proinflammatory phenotype. Consistent with in vivo results, 
both BRCA-deficient cell lines showed activation of STING- 
TBK1 and NFκB pathways upon PARPi treatment (Figure 6d), 
as well as activation of a DNA damage repair response, includ-
ing p-ATM and γH2AX induction and cell death (PARP clea-
vage; Fig S9c). Interestingly, the PARPi responses may be 
associated with their PARP-trapping activity, as the weak trap-
per, veliparib41, shows no significant changes in these path-
ways. These experiments therefore highlight the selective 
immune cross-talk elicited by olaparib in BRCA-deficient 
cells in vitro, as well as distinct patterns of cytokine expression 
by different tumor cell lines.

Recent reports have suggested that deletion of PARP1/2 in 
T cells results in impaired T cell activation and reduced anti- 
tumor immune responses,42 and a role for PARP1 in T cell 
activation via modulation of NFAT localization or function has 
also been suggested.43,44 We therefore investigated the toler-
ance of human T cells to olaparib. Olaparib had no significant 
impact on proliferation or viability of activated T cells at 
concentrations up to 10 μM nor on the secretion of IFN-γ 
(Figure 6e). We also observed no change in the expression of 
CD25 and CD69 activation markers, although we did quantify 
a small decrease in the secretion of IL-2 and TNF-α at 3–10 μM 
(Fig S9d). Finally, we investigated whether olaparib affected the 
ex vivo differentiation and polarization of human macrophages 
from peripheral blood monocytes (Fig S9e). Our data show 
inclusion of olaparib (at 1 and 3 μM) did not modulate the 
viability or surface expression of CD86, CD206, or PD-L1 on 
cells cultured under M1 or M2 polarizing conditions, although 
a slight decrease in CD86 expression was observed when the 
cells were cultured with M-CSF plus olaparib vs. M-CSF alone. 
Overall, our data demonstrate that olaparib exhibits a number 
of favorable characteristics with respect to ICB-combination 
activity, including tumor cell–mediated innate immune 
transactivation.

STING signaling is activated in olaparib-treated patient 
tumors

We then investigated the potential clinical relevance of our 
STING signaling pathway in human tumor samples by analyz-
ing the STING gene signature expression in PANCANCER 
TCGA samples. This analysis showed increased gene expres-
sion in tumors from head and neck, cervical, breast, ovarian, 
renal, and lung adenocarcinomas (Figure 5f). Conversely, 
tumor types such as uveal melanoma, prostate, low-grade 
glioma, and colorectal showed very low STING signaling path-
way activity. This is consistent with previously reported loss of 

STING in colorectal cancer45 and of prostate cancer as an 
‘immune cold’ tumor type.46,47 Interestingly, we observed 
a broad correlation of the STING gene signature with a CD8 
T-cell gene signature (corr = 0.53, pval < 2.2e-16), consistent 
with its reported role in immune priming.48

Finally, we assessed the ability of olaparib to activate the 
STING axis in BRCAm tumors from the breast cohort of the 
MEDIOLA clinical trial (NCT02734004).49 RNA was isolated 
from paired biopsies from five patients before and after 
4-week 300 mg bid olaparib monotherapy treatment (P1 to 
P5) or one patient before and after 8 weeks of olaparib 
monotherapy plus 4 weeks of olaparib in combination with 
durvalumab (P6). GSVA analysis from whole transcriptome 
RNA-seq revealed that five of the six patients showed an 
increase of STING and IFN-I pathway activity following ola-
parib treatment (Figure 7, S10), although this was minimal for 
one patient who already had high baseline expression. 
Importantly, P1 who did not show an increase in STING, 
was a non-responder, and early progressor (defined as 
patients who demonstrated disease progression in target 
lesions at or before week 28).49 Furthermore, evaluation of 
ctDNA collected from this patient at baseline and progression 
identified a single BRCA1 reversion event of a somatic dele-
tion spanning the original deletion (15bp). The JAK-STAT 
pathway also showed parallel modulation following olaparib 
treatment in these patients. Notably, this was consistent 
across the intrinsic molecular subtypes (TNBC and HR+) of 
the breast tumors, suggesting a non-subtype-specific program 
of immune activation within this BRCAm cohort.25

Discussion/conclusion

We demonstrate that olaparib in combination with ICB results 
in durable anti-tumor activity and immune memory in 
a Brca1m model. The efficacy is associated with olaparib- 
driven changes in immune cell infiltration and activation sta-
tus, and increased expression of immune pathways, including 
STING/Type I IFN pathways. Importantly, we demonstrate 
that these pathways are also modulated in clinical samples 
from the MEDIOLA (NCT02734004) trial.

Scheduling of combinations of immune checkpoint block-
ade with small molecule pathway inhibitors, radiation or cyto-
toxic therapy can have profound effects on anti-tumor activity. 
Sub-group analysis of a trial combining chemotherapy with the 
anti-PD-L1 durvalumab (GeparNuevo, NCT02685059) 
reported improved pCR rate in patients where ICB treatment 
was started prior to chemotherapy.50 Our data demonstrate 
that concurrent dosing of olaparib with anti-PD-L1 shows the 
most consistent effect of several schedules on both tumor 
growth rate inhibition and depth of response, independent of 
the day when dosing started.

In the Brca1m BR5 model, olaparib monotherapy treatment 
resulted in changes in the tumor microenvironment, which 
were not observed in a Brca WT model. Significant increases 
in the frequency and activation of tumor infiltrating CD8+ T 
cells and NK cells, which were further augmented by combina-
tion with anti-PD-L1, were observed and were consistent with 
an increased anti-tumor immune response. It is formally 
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possible that some differences between the Brca1m and Brca 
WT syngeneic models may have been due to tumor back-
ground, as these were not isogenic models. However, it is also 
important to note the differences in tumor cell line sensitivity 
to olaparib (BR5 GI50 = 0.23 µM, MC38 GI50 = 10 µM, CT26 
GI50 = 10 µM; data not shown), which may result in differences 
in immune priming, consistent with our observations.

It has been reported that PARP1/2 knockout negatively 
affects murine T cells;42 however, this is not consistent with 
our in vivo observations. Furthermore, our in vitro studies 
show that olaparib does not inhibit human T cell activation 
or proliferation. Additionally, olaparib treatment does not 
interfere with generation of immune memory, as rechallenge 
of mice showing complete response to therapy resulted in 
complete tumor rejection, following initial tumor growth.

Combination therapy also led to a reduction in potentially 
suppressive myeloid cell types in the BR5 model. PARP inhibi-
tion has previously been reported to cause an increased CD8+ T 
cell infiltration;25,28 however, changes in the myeloid compart-
ment have varied between reports, and our observation of 
a reduction in tumor infiltrating macrophages and CD11b 
+Ly6C+ myeloid cells has not previously been reported. Our 
result appears to be in contrast to a recent report that PARP1 
knockout and sub-clinical low-dose olaparib resulted in 
increased MDSC infiltration.51 Similarly, treatment with low- 
dose olaparib for 5 days has been reported to increase tumor 
infiltration by CD11b+ and F4/80+ myeloid cells and expression 
of proinflammatory CD80 and CD40 markers in a Brca1m 
TNBC preclinical model.52 It has also been reported that modest 
doses of the PARP inhibitor BMN673 (talazoparib) resulted in 
decreased infiltration of CD11b+Gr1+ MDSC but no changes in 
F4/80+ macrophages in peritoneal ascites in the BR5 model.53 

Differences between these observations may be affected by dose 
and schedule, as well as activity of the PARP inhibitors; however, 
effects of the tissue microenvironment studied (e.g. peritoneal 
wash vs. subcutaneous tumor) and tumor growth kinetics can-
not be excluded.20 Because olaparib inhibits the activity of both 
PARP1 and PARP2,54 it is also formally possible that PARP2 
may play a role in remodeling of the myeloid cell infiltrate. 
Further work is required to understand the potential interplay 
between PARP1/2 activity, tissue microenvironment, and tumor 
infiltrate kinetics on myeloid cell recruitment in tumors.

We demonstrate that olaparib alone, and in combination 
with anti-PD-L1, modulates immune pathway expression and 
tumor immune infiltration specifically in Brca/BRCAm tumor 
models and not in the WT models tested. This differs to some 
previously described effects of PARP inhibition by niraparib and 
talazoparib.28,31 In these reports, immunomodulatory effects of 

PARPi ± ICB were observed regardless of BRCA proficiency. In 
parallel, a greater anti-proliferative effect55 and STING 
activation56 have been reported for niraparib and talazoparib 
in proliferating cells, regardless of the BRCA status. Talazoparib 
and niraparib also have been reported to have higher incidence 
of toxicity in the clinic (with more dose reductions/discontinua-
tions than olaparib).55 It remains unclear whether the cytotoxi-
city of these two agents, when combined with IO agents, may 
represent an additional opportunity or may translate to a higher, 
more severe incidence of side effects.

Previous studies have reported that PARP inhibition can 
result in increased DNA damage, micronuclei formation, and 
upregulation of the cGAS/STING pathway.29 Transcriptomic 
analyses in both mouse syngeneic tumors and human PDX 
models demonstrated broad upregulation of multiple immune 
pathways, in particular STING, IFN-I, and JAK/STAT path-
ways, upon PARP inhibition. The upregulation of these 
immune pathways in the HBCx-10 PDX model was particu-
larly striking as this study used immunocompromised mice, 
and immune pathways were upregulated in the human tumor 
cell compartment. Thus, these changes were specific to Brca/ 
BRCAm tumor models, in line with the observation of 
increased T and NK cell infiltration and activation in the BR5 
model. In the BRCA WT models, it is possible that a stronger 
induction of DNA damage, e.g. by combination with a drug 
blocking an additional DDR pathway, or an independent 
source of DNA damage, such as radiation or cytotoxic therapy, 
may trigger a sustained activation of these immune pathways. 
For example, addition of ceralasertib to olaparib has been 
reported to increase tumor responses in several preclinical 
models, including HBCx-9,57–60 and is presently being tested 
in the clinic in multiple cancer indications (e.g. NCT04065269, 
NCT03462342, NCT03682289, and NCT03878095).

Our results show combination benefit of olaparib with either 
anti-PD-L1 or anti-CTLA-4 in the BR5 model. Interestingly, pre-
viously published results demonstrated combination activity for 
another PARPi, veliparib, plus anti-CTLA-4, but none with anti- 
PD-L1 in the same model.27 This difference can stem from tumor 
implantation site (subcutaneous vs intraperitoneal) or PARPi 
used. Veliparib does not significantly increase the DNA damage 
marker γH2AX in BRCA-deficient cells (Figures 6d, S9C), which 
may be related to its reported low PARP trapping activity6,41 and 
so may be mechanistically distinct from olaparib in this model.

Co-culture of human monocyte-derived DCs with olaparib- 
or talazoparib-treated BRCA-deficient MDA-MB-436 or DLD- 
1 tumor cells resulted in increased DC activation, whereas 
etoposide showed no selectivity for tumor genotype. These 
data therefore highlight the specificity of PARP inhibitors for 

Figure 6. Olaparib induces tumor-immune cross-talk in BRCA-deficient cells. (a) Conditioned medium (cMed) and tumor cells were collected from MDA-MB-436 cultures 
treated with olaparib (3 µM) or talazoparib (0.1 µM) for 3 days. Immature DCs were incubated with cMed alone or cMed plus tumor cells (co-culture) for 24 hours and 
quantified for CD86 expression by flow cytometry (n=5 unique DC : MDA-MB-436 combinations from three experiments; mean ± SEM; statistics show > 99.99% 
confidence interval to controls). (b) Tumor cell cultures were treated for 3days and cMed quantified for the secretion of interferon and pro-inflammatory cytokines. 
Absolute modulation of IFN-λ and IL-1β from MDA-MB-436 supernatants (mean of four biological replicates ± SEM; data representative of three independent 
experiments). (c) DLD-1 WT and BRCA2−/− cultures were treated for 3 days with etoposide (10 µM), olaparib (3 µM), or talazoparib (0.1 µM) and then co-cultured 
with immature DCs (1:1 ratio) for 24 hours. Quantification of CD86 expression is shown for four unique DC : DLD-1 combinations (mean ± SEM; statistics by Student’s t- 
test; representative n=2). (d) MDA-MB-436 and DLD-1 cultures treated for 3 days and conditioned medium were immunoblotted for the indicated pathway nodes. 
Densitometry for p-NFκB and p-TBK1 (mean ± SEM; n=3; statistics indicate > 99.9% confidence interval to DMSO). (e) Human CD3+ T cells from 4 blood donors were 
stimulated with anti-CD3 / CD28 beads and cultured for 4 days in the presence of compounds. Representative Cell Trace Violet traces for CD4+ and CD8+ T cells, 
proliferation, viability, and IFN-γ secretion (n=4; mean ± SEM; T cell data is representative of three independent experiments using unique blood donors).
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tumor BRCA mutations in eliciting immune transactivation, as 
previously demonstrated.26 Conditioned medium from MDA- 
MB-436 cells treated with either olaparib, talazoparib, or eto-
poside was also sufficient to activate DCs and contained 
increased levels of the pro-inflammatory cytokines IFN-λ and 
IL-1β, suggesting tumor cell activation of cGAS/STING, NFκB, 
and NLRP3 inflammasome pathways,61,62 which have been 
reported to play a role in immune priming subsequent to 
DNA damage.63,64 Increased IL-8 expression was seen upon 
olaparib treatment in BRCA2−/− DLD-1 cells, suggesting that 
alternative inflammatory pathways may be activated in tumor 
cells of different genetic or tissue background. Further work is 
needed to confirm that increased expression of CD86 in DCs 
results in increased T cell priming; however, this will require 
engineering a BRCAm cell line expressing a defined tumor 
antigen to assay antigen-specific T cell activation.

The STING pathway has been reported to be downregulated 
in many human cancers;65 however, our analysis of ~10,000 
tumors from TCGA shows STING pathway expression hetero-
geneity across cancer indications. We observed a positive cor-
relation of STING signature and CD8 T cell signatures in head 
and neck, cervical, basal and HER2+ breast, kidney clear cell, 
and lung adenocarcinoma tumors. In ovarian, luminal B, and 

basal breast cancers, there was an enrichment of BRCA1/2 
mutations with higher STING signature expression, which is 
consistent with recent report of higher IFN signature expres-
sion in BRCA1m ovarian cancer.66 In contrast, uveal mela-
noma, prostate cance,r and glioma showed significantly lower 
levels of both the STING and CD8 T cell signatures. While 
these results did not show a consistent picture across all cancer 
types, it suggests that greater baseline STING signaling in some 
tumor types may associate with potentially increased immune 
priming and T cell infiltration. Finally, increased STING, type 
I IFN, and other immune signaling signatures are observed in 
tumors from 5/6 BRCA mutant patients treated with olaparib 
(NCT02734004). The patient who did not show this modula-
tion was found to have a BRCA reversion event at baseline and 
on progression. This may be a consequence of a previous 
treatment with carboplatin, which has been shown to contri-
bute to BRCA reversion events.67 Future studies could focus on 
deeper characterization of the immune microenvironment in 
patients using additional protein or nucleic acid approaches.68

In conclusion, we show that treatment of BRCA-deficient 
tumors with clinically relevant exposures of olaparib results in 
anti-tumor efficacy and immune modulation alone and is 
increased by combination with ICB. Olaparib treatment can 

Figure 7. Upregulation in STING, IFN, and JAK/STAT pathway activity after olaparib treatment in BRCA mutant breast cancer patients enrolled in the MEDIOLA clinical 
trial (N = 6). Whole transcriptome profiling by RNAseq of paired biopsies from each patient before and after at least one cycle of olaparib therapy. Colors indicate the 
intrinsic molecular subtype of the tumor at baseline.
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drive increased expression of pro-inflammatory gene signatures 
and modulation of tumor immune infiltrate associated with an 
anti-tumor immune response. Observation of increased STING/ 
Type I IFN pathway expression in olaparib-treated clinical sam-
ples reinforce our preclinical observations of olaparib-mediated 
immune activation and provide mechanistic support for clinical 
combination of olaparib with ICB such as anti-PD-L1.69–71
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