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Abstract

Background Poly (ADP-ribose) polymerase 1 and 2 (PARP1/2) inhibitors (PARPI) are targeted therapies approved

for homologous recombination repair (HRR)-deficient breast, ovarian, pancreatic, and prostate cancers. Since inhibi-
tion of PARP1 is sufficient to cause synthetic lethality in tumors with homologous recombination deficiency (HRD),
PARP1 selective inhibitors such as saruparib (AZD5305) are being developed. It is expected that selective PARP1
inhibition leads to a safer profile that facilitates its combination with other DNA damage repair inhibitors. Here, we
aimed to characterize the antitumor activity of AZD5305 in patient-derived preclinical models compared to the first-
generation PARP1/2 inhibitor olaparib and to identify mechanisms of resistance.

Methods Thirteen previously characterized patient-derived tumor xenograft (PDX) models from breast, ovarian,
and pancreatic cancer patients harboring germline pathogenic alterations in BRCAT, BRCA2, or PALB2 were used

to evaluate the efficacy of AZD5305 alone or in combination with carboplatin or an ataxia telangiectasia and Rad3
related (ATR) inhibitor (ceralasertib) and compared it to the first-generation PARPi olaparib. We performed DNA
and RNA sequencing as well as protein-based assays to identify mechanisms of acquired resistance to either PARPI.

Results AZD5305 showed superior antitumor activity than the first-generation PARPi in terms of preclinical complete
response rate (75% vs. 37%). The median preclinical progression-free survival was significantly longer in the AZD5305-
treated group compared to the olaparib-treated group (> 386 days vs. 90 days). Mechanistically, AZD5305 induced
more replication stress and genomic instability than the PARP1/2 inhibitor olaparib in PARPi-sensitive tumors. All
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tumors at progression with either PARPI (39/39) showed increase of HRR functionality by RAD51 foci formation.

The most prevalent resistance mechanisms identified were the acquisition of reversion mutations in BRCA1/BRCA2
and the accumulation of hypomorphic BRCA1. AZD5305 did not sensitize PDXs with acquired resistance to olaparib
but elicited profound and durable responses when combined with carboplatin or ceralasertib in 3/6 and 5/5 models,

respectively.

Conclusions Collectively, these results show that the novel PARP1 selective inhibitor AZD5305 yields a potent antitu-
mor response in PDX models with HRD and delays PARPi resistance alone or in combination with carboplatin or cer-
alasertib, which supports its use in the clinic as a new therapeutic option.

Keywords PARP inhibitors, PARP1 selective, Targeted therapy, Breast cancer, DNA damaging agent, BRCA1/2, RAD51,
Homologous recombination deficiency, HRD, Antitumor activity

Background

First-generation poly(ADP-ribose) polymerase inhibi-
tors (PARPi), namely olaparib, talazoparib, niraparib,
and rucaparib, have been approved for the treatment of
certain ovarian, breast, prostate, and pancreatic cancers
[1-14]. PARPi are mostly recommended in a context of
homologous recombination repair (HRR) deficiency
(HRD) [15, 16], identified either as platinum sensitivity
or by the presence of germline/tumor DNA alterations
[17]. Currently approved PARPi inhibit both PARP1 and
PARP2 (PARP1/2). PARP1/2 enzymes are important
DNA damage sensors that bind to the site of damage to
recruit repair factors through the formation of branched
poly(ADP-ribose) (PAR) chains (PARylation) [18]. PARP,
by inhibiting PARP autoPARylation, prevent its effective
release from unrepaired DNA, leading to PARP trapping.
As consequence, PARP/DNA complexes stall the progres-
sion of DNA replication forks, leading to DNA double
strand breaks (DSBs) that, in a context of HRD, cannot
be effectively repaired. Thus, these tumors accumulate
DNA damage that leads to genomic instability and cell
death. Despite their initial benefit, reducing primary and
acquired resistance to first-generation PARPi remains a
clinical need [19]. In this sense, overcoming PARPi resist-
ance with drugs that target the DNA damage response
(DDR) has been previously proposed and it has been
shown that the ATR inhibitor (ATRi) ceralasertib resen-
sitizes PARPi-resistant high grade serous ovarian cancer
to olaparib [20-22]. In addition, while demonstrating
an improved safety profile compared with standard-of-
care chemotherapy, treatment with PARPi still results in
hematological toxicity such as anemia and neutropenia in
40% and 23% of patients, respectively [23]. Importantly,
PARP1 and not PARP2 trapping is sufficient to induce
synthetic lethality in cancer cells with HRD [24, 25]. Fur-
thermore, PARP2 has been described to play an essential
role in hematopoietic renewal and thus, its inhibition
may contribute towards the hematological adverse effects
observed in patients treated with first-generation PARPi

[26, 27]. In line with this, saruparib (AZD5305), a highly
selective PARP1 inhibitor with potent trapping capacity,
has been developed [28, 29]. Selective targeting of PARP1
with AZD5305 displays greater differential antiprolifera-
tive effects in HRR-mutant vs. wild type cells, compared
to first-generation PARPI. In vivo, AZD5305 also exhib-
its a more profound antitumor response compared to
first-generation PARPi, while reducing levels of hema-
tological adverse effects both alone and in combination
with carboplatin in mouse models [29]. In the clinic, the
PETRA trial (NCT04644068) is a phase I/Ila clinical trial
assessing AZD5305 in monotherapy or in combination
with different chemotherapies or with antibody-drug-
conjugates. Here, we evaluated the antitumor activity of
AZD5305 vs. olaparib and compared AZD5305 as single
agent and its combination with carboplatin or with an
ATRi in PDX models with BRCAI, BRCA2 (BRCA1/2),
or PALB2 mutations. We also investigated potential dif-
ferences in the mode of action and mechanisms of resist-
ance following PARP1 vs. PARP1/2 inhibition.

Methods

Patient samples and clinical annotations

In this exploratory analysis, 10 PDX were used,
derived from patients with HRR-related breast (triple
negative, ER+, or HER2-positive breast cancer), ovar-
ian (high-grade serous), or pancreatic cancer from
patients carrying germline pathogenic variants in
BRCA1I, BRCA2, or PALB2 genes. One ER+BC model
was generated from a clinical progression to tala-
zoparib (PDX474.7). PDX196 was generated from the
pericardial effusion of an ovarian cancer patient on
treatment with PARPi shortly before clinical progres-
sion, and PDX168 came from a platinum-refractory
pancreatic cancer patient (Additional file 1: Supple-
mentary Table S1). Clinicopathologic characteristics,
including sex, race, histological subtype, treatment out-
come, and history before and after biopsy for PDX gen-
eration, were collected.
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Generation of PDX models and in vivo treatment
experiments

Fresh tumor samples from patients were collected for
implantation into nude mice following the European
Union’s animal care directive (2010/63/EU) and were
approved by the Ethical Committee of Animal Experi-
mentation of the Vall d’Hebron Research Institute. To
generate patient-derived xenografts (PDXs), surgical
or biopsy specimens from primary tumors or meta-
static lesions were immediately implanted in mice.
Fragments of 30 to 60 mm?® were implanted into the
lower flank of 6-week-old female athymic Rj:NMRI-
FoxnI™™ (Janvier) mice. Animals were housed in
air-filtered laminar flow cabinets with a 12-h light
cycle and food and water ad libitum. Mice bear-
ing breast cancer models were supplemented with
1.5 uM 17B-estradiol (Sigma-Aldrich) in drinking
water. Upon growth of the engrafted tumors, models
were perpetuated by serial transplantation. In each
passage, flash-frozen and formalin-fixed, paraffin-
embedded (FFPE) samples were taken for genotyping
and histological analyses.

To evaluate the sensitivity to the drugs, tumor-
bearing mice were equally distributed into treat-
ment groups with tumors ranging 100 to 300 mm?.
AZD5305 (saruparib) and olaparib were adminis-
tered orally (p.o.) six times per week in water/HCI pH
3.5—4 at 1 mg/kg and 10% v/v DMSO/10% w/v Klep-
tose [HP-B-CD] at 100 mg/kg, respectively. AZD6738
was administered p.o. five times per week in 10% v/v
DMSO, 40% v/v PEG300 at 25 mg/kg. Carboplatin
was given intraperitoneally (i.p.) once a week in 0.85%
physiologic saline at 37.5 mg/kg. Tumor growth was
measured with caliper bi-weekly from first day of
treatment. To generate PDX models with acquired
resistance to olaparib, treatment was maintained
for up to 150 days in olaparib-sensitive tumors until
individual tumors regrew or maintained in observa-
tion for up to 450 days. In addition, pharmacody-
namic experiments were conducted and collected
after 12 days of dosing and 2 h after final doses.
Tumor volume was calculated as V=4mr/3%xL X[
“L” being the largest diameter and “I” the smallest.
In all experiments, mouse weight was recorded twice
weekly. Mice were euthanized using carbon dioxide
overdose (100% at 5 PSI) for a minimum of 3 min
in an euthanasia chamber as recommended by the
Euthanasia Guidelines for Investigators. Mice were
left undisturbed for an additional 5 min and death
was confirmed by cervical dislocation. Euthanasia
was performed according to humane endpoints, e.g.,
when tumors reached 1500 mm?, in accordance with
institutional guidelines.
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Evaluation of response to therapy in PDXs

The antitumor activity in therapy-resistant models was
determined by comparing individual tumor volumes at
21 days to their respective baseline values: % tumor vol-
ume change = (Vy14ays = Vinitial)/ Vinitial X 100. For therapy
sensitive PDXs, the best response was defined as the
minimum value of % tumor volume change sustained
for at least 10 days. To classify the overall response of
each PDX, we modified the RECIST (mRECIST) crite-
ria, to be based on the mean % tumor volume change:
complete response (CR), best response < —95%; partial
response (PR),—95%<best response< —30%; stable
disease (SD), —30% < best response < +20%, progressive
disease (PD), best response > +20%.

Response to therapy was evaluated by measuring dif-
ferent preclinical readouts: preclinical complete response
rate (pCRR), preclinical overall response rate (pORR),
and preclinical benefit rate (pCBR), calculated over
the mean of individual tumors from olaparib-sensitive
PDX models showing at least one CR, CR+PR, and
CR+PR+SD upon PARPi treatment, respectively. More
specifically, pCRR was defined as the fraction of PDXs
with at least one individual tumor reaching a CR for at
least 10 days. pORR was defined as the fraction of PDXs
with at least one individual tumor reaching a CR or a PR
for at least 10 days, and pCBR as the fraction of PDXs
with at least one individual tumor reaching a CR or a PR
for at least 10 days or a SD for a minimum of 80 days.
Preclinical progression-free survival (pPFS) was defined
as the time to disease progression or death from any
cause. Preclinical time to progression (pT TP) was defined
as the number of days until initially sensitive tumors
(CR+PR+SD) regrew.

Targeted sequencing

All laboratory methods were performed using the manu-
facturer’s protocols. Genomic DNA was isolated from
fresh-frozen PDX tissue using the DNeasy Blood & Tis-
sue Kit (Qiagen). All samples were quantified using
the Qubit® dsDNA HS Assay Kit (catalog #Q32851)
and Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Hybridization, capture, and
sequencing of exonic and intronic regions (<+10 bp)
of interest were performed using the DNA NGS-based
gene panel Hereditary Plus OncoKitDx (Healthincode)
in a MiSeq device (Illumina). Bioinformatic analysis of
SNVs, insertion/deletions, CNVs, and Alus was per-
formed using Data Genomics software (Imegen; v19.1).
Reversion mutations were verified by manual inspec-
tion of alignments in IGV. Variants were described and
classified according to HGVS (http://www.hgvs.org) and
ACMG/GAMP (2015), with reference hgl9 (GRCh37).
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No variants were detected in regulatory or intronic
zones > + 10 bp.

Exome sequencing

All laboratory methods were performed using the manu-
facturer’s protocols. Genomic DNA was isolated from
fresh-frozen PDX tissue using the DNeasy Blood & Tis-
sue Kit (Qiagen). All samples were quantified using the
Qubit® dsDNA BR Assay Kit (Invitrogen; #Q32853) and
by Qubit Flex Fluorometer (Invitrogen), DNA purity was
determined using a NanoDrop Eight (Thermo Scientific),
and DNA integrity was measured using a 4200 Tapesta-
tion (Agilent). Exome libraries were constructed using
the Illumina DNA Prep with Exome 2.0 Plus Enrich-
ment ([llumina, #20077596). Paired-end sequencing with
a read length of 150 bp was performed using Illumina
NovaSeq 6000 with approximately 10 Gbp per sample
for ~200-fold average sequence depth. Library sizes and
quantification were determined by 4200 Tapestation
(Agilent) and pooled libraries were subsequently pooled
equimolar. Each library was loaded onto one lane of an
S4 v1.5 flow cell (300 cycles) (Illumina, #20028312).
Sequencing data was demultiplexed, passed through a
bcl-to-fastq conversion program (bcl2fastq v2.20.0.422).
Fastq files were analyzed using pipeline software bcbio-
nextgen v1.2.9 (https://doi.org/https://doi.org/10.5281/
zenodo.3564938). Reads were aligned to the human hg38
and mouse mml0 reference using bwa mem v0.7.17,
and sequencing duplicates for each UMI were collapsed
into a single consensus read using fgbio v1.4.0. All soft-
ware were run using best practice parameters established
within the bcbio workflow or in-house. Mouse-derived
sequences were removed using Disambiguate [30]. Vari-
ant calling was performed using VarDict v1.8.2 [31],
down to a variant allele frequency (VAF) of 1% (before
filtering and curation) and variant effects annotated by
snpEff 5.0 [32]. Filtering of non-cancer variants (i.e., com-
mon polymorphisms) was performed as per VarDict best
practice.

Additionally, the following filters were applied using
the NGS Report App in SolveBio (https://www.solvebio.
com/): preset filter: Tissue; Hide Variant Depth (VD)
below: 3; Hide Total Depth below: 50; Additional Solve-
Bio filters: “type” does not equal “synonymous_variant”
and “dkfzbias” does not equal “strand” Copy number
analysis was performed using Seq2C v1.3 [31]. The
change in the normalized Log2 values was used to deter-
mine potential copy number changes. Chromosome Y
was excluded and only deletions with log2ratio<0 or
whole gene amplifications with log2ratio >0 were kept.

Structural variants were reported by manta v1.6.0 and
filtered for having annotation_parsed.detail _exact=
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ON_PRIORITY_LIST, split_read_support_1 > 15, split_
read_support_2>15.

RNA sequencing

RNA was extracted from 15 to 30 mg of fresh-frozen
tumor from PDX samples by using the RNeasy Mini kit
(Qiagen). RNA concentration was determined by Qubit
Flex Fluorometer (Invitrogen), RNA purity was deter-
mined using a NanoDrop Eight (Thermo Scientific), and
RNA integrity was measured using a 4200 Tapestation
(Agilent). Libraries were prepared using NEBNext Ultra
II Directional RNA Library Prep Kit for Illumina (New
England BioLabs, E7760L) or NEBNext® Ultra™ II RNA
Library Prep Kit (New England BioLabs, E7770L) as per
manufacturer’s guidelines. Ribosomal RNA (rRNA) was
removed using the NEBNext® Poly(A) mRNA Magnetic
Isolation Module (New England BioLabs, E7490L) or
using the NEBNext® rRNA Depletion Kit v2 (Human/
Mouse/Rat) (New England BioLabs, E7400X). Paired-end
sequencing with a read length of 150 bp was performed
using Illumina NovaSeq 6000. Library sizes and quanti-
fication were determined by 4200 Tapestation (Agilent)
and libraries were subsequently pooled equimolar. Each
library was loaded onto one lane of an S4 v1.5 flow cell
(300 cycles) (Ilumina, #20028312).

The RNAseq pipeline implemented in bcbio-nextgen
(version 1.2.9) was used for quality control and gene
expression quantification. Reads were aligned to the
UCSC build GRCh38 Homo sapiens genome, augmented
with transcript information from Ensembl release 86
using STAR’s 2-pass mapping mode (version 2.6.1d), and
to mouse mml0 genome. Alignments were evaluated
for evenness of coverage, rRNA content, genomic con-
text of alignments, and complexity using a combination
of FastQC, Qualimap, and custom tools. Transcripts per
million (TPM) measurements per isoform were gener-
ated by alignment-based quantification using Salmon
(version 1.6.0) and used to estimate abundance of genes
[33]. The aggregated gene counts were used for differ-
ential gene expression analyses with DESeq2 [34]. Log2
transformation was used for data analysis.

BRCAT1 isoforms analysis

RNA was extracted using the RNeasy Mini Kit (Qia-
gen) with an additional step of DNase digestion using
the RNase-Free DNase Set (Qiagen). A total of 200 ng
of RNA were retrotranscribed to yield ¢cDNA using
the PrimeScript RT reagent kit (Takara), combin-
ing random and oligo-dT primers. Quantification of
the BRCAI Allq isoform transcript levels was per-
formed by reverse transcription-quantitative PCR
(RT-qPCR) using TagMan probes targeting exon 11
cryptic donor and exon 12 acceptor junction (custom
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assay). Additionally, a TagMan probe expanding exon
23-24 (Hs01556193_m1) junction was used to measure
BRCAI global expression. The geometric means of the
expression values for both RPLPO (Hs99999902_m1)
and GAPDH (Hs02758991 gl) housekeeping genes
were used to normalize the expression. For each sam-
ple, qPCR assays were performed in triplicate using
1 pl of the 20 X TagMan gene expression assay (TagMan
probes), 10 ul of 2xTagMan Fast Advanced Master
Mix (Applied Biosystems), 8 ul of water, and 1 pl of
the cDNA (20 ng) previously generated. Samples were
run for 40 cycles on a QuantStudio 6 Flex PCR System
(Applied Biosystems) with the following thermal cycler
conditions: 2 min at 50 °C, 20 s at 95 °C, 3 s at 95 °C,
and 30 s at 60 °C. Triplicates were individually ana-
lyzed, and the corresponding mean values were consid-
ered. Data obtained in the form of quantification cycle
(Ct) was normalized using the average values of the
two reference genes (ACt) [35]. Splicing fraction of the
Allq isoform was calculated as 27ACtHA11d)/(p-ACH23-
24)) % 100 [36]. Samples presenting BRCA1 Allq splic-
ing fraction > 1.5 X the splicing fraction at baseline were
classified as hypomorphic BRCA1 due to Allq isoform
overexpression.

PARylation assay

A frozen tumor specimen was homogenized in ice-
cold 1xradioimmunoprecipitation assay (RIPA) buffer
(Tris—HCI pH 8.0 10 mM, EDTA 1 mM, Triton-X-100
0.1%, SDS 0.1%, SDC 0.1%, and NaCl 140 mM) supple-
mented with 1X protease inhibitor cocktail (cOmplete,
Roche), NaF 10 mM, Na2VO4 200 mM, and PMSF
5 mM. Protein concentration was calculated using DC™
Protein Assay (Bio-Rad). PARylation was then deter-
mined by western blot. Briefly, a total of 20 ug of protein
was used on 8% and 12% SDS-PAGE acrylamide gels at
100 V and transferred to nitrocellulose membrane for
1.5 h at 100 V. Membranes were blocked for 1 h in 5%
milk in Tris-buffered saline (TBS) with 0.1% Tween20
(T-TBS) and then hybridized using the correspond-
ing primary antibodies in 5% bovine serum albumin
(BSA, Sigma-Aldrich, #A9647) with T-TBS overnight.
The rabbit anti-poly/mono(ADP-ribose) (E6F6A)
(Cell Signaling #83,732, 1:1000) and human GAPDH
(Abcam, ab128915) antibodies were used. Membranes
were incubated for 1 h with mouse and rabbit horserad-
ish peroxidase (HRP)-conjugated secondary antibodies
(GE Healthcare) in 5% milk in T-TBS. Proteins were
detected with Immobilon Western Chemiluminescent
HRP substrate (Millipore). Immunoblots were captured
at the chemiluminescence imager Amersham Imager
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600 (GE Healthcare). Images were captured with FUJI-
FILM LASS-4000 camera system.

Immunofluorescence and biomarker scoring

The following primary antibodies were used for immuno-
fluorescence (IF): rabbit anti-RAD51 (Abcam ab133534,
1:1000), mouse anti-geminin (NovoCastra NCL-L, 1:60),
rabbit anti-geminin (ProteinTech 10,802-1-AP, 1:400),
mouse anti-BRCA1 (Santa Cruz Biotechnology sc-6954,
1:50), mouse anti-y-H2AX (Millipore #05-636, 1:200),
rabbit anti-phospho RPA32/RPA2 (S4/S8) (pRPA, Bethyl
Laboratories A300-245A, 1:500), and rabbit anti-53BP1
(Cell Signaling 4937, 1:100). Goat anti-rabbit Alexa fluor
568, goat anti-mouse Alexa fluor 488, donkey anti-mouse
Alexa fluor 568, and goat anti-rabbit Alexa fluor 488 (all
from Invitrogen; 1:500) were used as secondary antibod-
ies. The IF staining was performed on FFPE PDX tumors
as described in Castroviejo-Bermejo et al [37].

RADS51, BRCA1, y-H2AX, and pRPA scores were quan-
tified as the percentage of geminin-positive cells with 5
or more nuclear foci. Geminin is a master regulator of
cell-cycle progression that ensures the timely onset of
DNA replication and was used as counterstaining to
mark for S/G2-cell cycle phase [38]. Samples with low
y-H2AX score (<25% of positive cells) or with <40 gem-
inin-positive cells were not evaluated due to insufficient
endogenous DNA damage or insufficient tumor cells in
the S/G2-phase of the cell cycle, respectively. Progressing
tumors with high BRCAL1 score (> 1.5 X the percentage of
BRCAL1 score of the same PDX at baseline) were classi-
fied as harboring hypomorphic BRCA1. Recruitment
of 53BP1 to DNA damage was evaluated by the qualita-
tive assessment of geminin-positive cells with 5 or more
53BP1 nuclear foci. One hundred geminin-positive cells
from at least three representative areas of each sample
were analyzed for each biomarker. Genomic instability
was scored as the percentage of tumor cells with at least
one micronucleus based on DAPI staining (micronuclei
score). One hundred cells from at least three representa-
tive areas of each sample were analyzed for the micronu-
clei score. All scorings were performed blindly onto life
images using a 60 X -immersion oil lens. At least two bio-
logical replicates per PDX model were analyzed.

Statistical analysis

Data was analyzed with GraphPad Prism version 8.2.1
(GraphPad Software) and R software. Shapiro—Wilk
test was used to assess normality of data distributions.
If the null hypothesis of normal distribution was not
rejected, statistical tests were performed using unpaired
two-tailed t-test (for two groups comparison of RAD51
score). Otherwise, the non-parametric pairwise Wil-
coxon test corrected for multiple testing (false discovery
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rate correction) was used (for two groups comparison of
treatments as percentage of change from baseline) [39].
Bars represent the mean of at least three technical repli-
cates. For preclinical readouts of response (pCRR, pORR,
and pCBR), two binomial generalized linear mixed-
effects models were performed, both with PDX mod-
els as random factor [40]. First, preclinical readouts of
response to AZD5305 were analyzed using the response
that the same PDX showed upon treatment with olapa-
rib as covariate. The aim of these models was to test
whether AZD5305 response rates correlated with olapa-
rib response. Second, a deeper analysis was performed
only with those models that showed at least one individ-
ual tumor sensitive to olaparib. These models included
the preclinical readouts of response as dependent vari-
able and the treatment (olaparib and AZD5305) as fixed
factor. In the case of preclinical readouts assessing pro-
gression (pPFS and pTTP), a mixed-effects cox regres-
sion model was performed [41], all of them in R software
[42]. Progression rate of tumors treated with AZD5305
and olaparib was compared using a chi-square test. To
calculate the association between RAD51 score and
pTTP to both PARPi in PDXs and between RAD51 and
BRCAL1 scores of progressing tumors, a linear regression
model was fitted to estimate the R? with 95% confidence
intervals (CI). To analyze biomarker (RAD51, BRCAI,
y-H2AX, pRPA, and micronuclei) scores according to
response to AZD5305, a linear mixed-effects model was
used.

Results

AZD5305 shows potent and durable antitumor response

in HRR-altered PDX models

The antitumor activity of saruparib (AZD5305) was eval-
uated in a panel of 13 PDX models harboring alterations
in the homologous recombination repair (HRR) pathway
genes: six with pathogenic mutations in BRCA1, two in
BRCA2, and one in PALB2 (Fig. 1A, Additional file 2:
Supplementary Table S2, and Additional file 3: Sup-
plementary Table S3). A dose of 1 mg/kg AZD5305 was
chosen as maximum efficacious dose based on previous
favorable exposure, antitumor efficacy, and tolerability
data [29]. Treatment with AZD5305 revealed antitumor
activity in 7 PDX models: complete response (CR) in
four PDXs (PDX230, PDX124, PDX474.2, and PDX173),
partial response (PR) in two (PDX179 and PDX196), and
stable disease (SD) in one PDX (PDX341; Fig. 1A). Of
note, PDX179 exhibited a markedly superior response
to AZD5305 vs. olaparib. Progression upon treatment
with AZD5305 was observed in two models with pri-
mary resistance to olaparib (PDX127 and PDX168), likely
due to loss of FAM35A/SHLD?2 leading to defects in the
53BP1-Shieldin pathway [43] and lack of gene-specific

Page 6 of 17

loss of heterozygosity (gsLOH) of the PALB2 pathogenic
mutation, respectively (Additional file 2: Supplemen-
tary Table S2). The three olaparib-resistant models that
had been generated from olaparib-sensitive PDXs after
prolonged exposure and steep progression to olaparib
(PDX1730R3, PDX2300R5, and PDX474.20R2) showed
resistance to AZD5305, as did the model obtained from
the clinical progression to talazoparib (PDX474.7). We
identified a plausible mechanism of resistance to olaparib
in two models, namely a reversion mutation in BRCA2 in
PDX474.20R2 and the expression of a potentially hypo-
morphic BRCA2 protein in PDX474.7 (Additional file 4:
Fig. S1 and Additional file 2: Supplementary Table S2)
[44]. We did not establish the specific genetic mecha-
nism of resistance to PARPi for PDX1730R3 nor for
PDX2300R5, but all resistant models showed RAD51
nuclear foci, suggesting a restoration of the HRR pathway
functionality (RAD51 score >10%, Fig. 1A).

Focusing on PARPi-sensitive tumors, AZD5305 as sin-
gle agent showed superior antitumor activity than the
first-generation PARPi in terms of preclinical CR rate
(pCRR, 75%, 95% CI: 50-90% vs. 37%, 95% CI: 18—62%;
p=0.001). However, similar preclinical overall response
rate (pORR, 94%; 95% CI: 64—99% vs. 88%; 95% CI:
46-98%; p=0.11) and preclinical benefit rate (pCBR,
96%; 95% CI: 75-99% vs. 92%; 95% CL: 64—99%; p=0.25)
were observed in AZD5305- and olaparib-treated PDXs
(Fig. 1B).

We then sought to investigate the long-term ben-
efit to either PARPi. Consistent with the higher pCRR,
a higher percentage of tumors remained in response
while on treatment or after treatment discontinuation
with AZD5305, compared to olaparib-treated tumors
(36/45 (80%) with AZD5305 vs. 20/50 (40%) with olapa-
rib, p<0.0001, Additional file 5: Fig. S2A, S2B and Addi-
tional file 6: Supplementary Table S4). In addition, the
median preclinical progression-free survival (pPFS) was
significantly longer in the AZD5305 group compared
to the olaparib group (>386 days vs. 90 days; hazard
ratio for progression or death, 0.39; 95% CI: 0.23-0.66;
p<0.001; Fig. 2A and B). The preclinical time to progres-
sion (pTTP) was also longer with AZD5305 compared to
olaparib in sensitive tumors (172 days vs. 113 days; haz-
ard ratio of 0.51; 95% CI: 0.33-0.78; p=0.002; Fig. 2B
and Additional file 5: Fig. S2C). Taken together, these
data show that treatment with AZD5305 results in a
higher degree of preclinical CR rate and a more durable
response than treatment with a first-generation PARPi.

RAD51 foci captures PARPi sensitivity and restoration

of HRR functionality

We aimed to explore if the functional status of HRD
by RAD51 foci was associated with response to PARP1
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Fig. 1 Antitumor activity of AZD5305 and olaparib in PDXs. A Waterfall plot showing the antitumor activity of AZD5305 and olaparib in N=13
PDX models, measured as percentage of tumor volume change compared with the tumor volume on day 1. Each bar indicates the mean and SEM
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are marked by dotted lines to indicate the range of PD, SD, PR, and CR, respectively. The lower box summarizes the RAD51 score (%), the specific
gene alteration harbored by each model and its allelic status, the cancer type, and previous treatment history with DDR drugs in the “Early”-stage
vs."Metastatic” disease setting. Rev, reversion mutation; DDR, DNA damage repair. p values, pairwise Wilcoxon test corrected for multiple testing.
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preclinical overall response rate; pCBR, preclinical benefit rate. Percentage of tumors, 95% confidence intervals (Cl95%), forest plot, and p values

(generalized linear mixed-effects model) are shown

selective inhibition [37, 45, 46]. Tumors that were resist-
ant to AZD5305 showed a significantly higher RAD51
score than sensitive tumors (median of 27% vs. 11%,
p=0.046; Additional file 7: Fig. S3A). Of note, some of the

AZD5305-sensitive models with high levels of RAD51
(>10%) harbor pathogenic alterations in the exon 11 of
BRCA1, for which PARP1/2 inhibitors can elicit an inter-
mediate antiproliferative response [47]. We also observed
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that the RAD51 score correlated with the pTTP upon
AZD5305 and olaparib treatment (R?=0.55, p=0.004,
and R?=0.43, p=0.01), with no differences between both
(p=0.66, Additional file 7: Fig. S3B and S3C).

We next aimed to gain further insight into the mecha-
nisms leading to acquired resistance. We observed that
most acquired-resistant tumors showed enhanced HRR
functionality as assessed by RAD51 foci, regardless of the
specific PARPi (9/9 AZD5305- (p value=0.02) and 28/30
olaparib-progressing tumors (p value=0.02); Fig. 3A).
Reversion mutations in BRCAI or BRCA2 were seen
in 5/30 (17%) tumors that had progressed to olaparib,
while no reversions were observed in those progressing
to AZD5305 (Fig. 3B, C, and D; Additional file 6: Sup-
plementary Table S4). The prevalence of reversion muta-
tions was high in tumors from certain PDX models, such
as the ER+ BRCA2-mutant model PDX474.2 (Additional
file 8: Fig. S4; Additional file 6: Supplementary Table S4).
Of note, patient 474 had not received any platinum drug
that could have induced subclonal reversion mutations
prior to establishing the PDX model. We then aimed to

investigate whether this predisposition was due to an
increased mutational rate or increased usage of microho-
mology mediated end joining (MME]) as a backup mech-
anism to repair DSBs in the absence of HRR [48, 49].
Overall, we did not observe an increased mutational rate
in PDX474.2 tumors progressing to PARPi compared to
other PARPi-progressing models (Additional file 8: Fig.
S4B), but 4/5 (80%) olaparib-progressing tumors with
reversion mutations had evidence of microhomology use
at the deletion site (Additional file 8: Fig. S4C).

We also investigated the emergence of hypomor-
phic BRCA1 associated with PARPi resistance, as it has
been described that tumors with BRCAI-exon 11 muta-
tions are prone to generate splicing isoforms, such as
the Allq, leading to the expression of a hypomorphic
BRCAL protein and to PARPi resistance [47]. We noted
that BRCA1 C-terminal nuclear foci were increased
above the baseline levels in two BRCA1-exon 11 mutated
models (PDX124 and PDX341), namely in 4/5 tumors
progressing to AZD5305 and in 14/19 tumors progress-
ing to olaparib, including the individual tumor harboring
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a BRCAI reversion mutation (Additional file 9: Fig. S5A).
Moreover, increased levels of BRCA1 foci in the tumors
that had progressed on either PARPi were accompa-
nied by increased levels of RAD51 foci, suggesting that
there was a concomitant enhanced HRR functionality
(R*=0.24, p=0.01, Additional file 9: Fig. S5B). We fur-
ther observed that the increased expression of BRCAI
Al1qg-splicing mRNA isoforms was not a common mech-
anism leading to enhanced BRCA1 foci formation, since
only three out of 17 (18%) olaparib-progressing tumors
with high levels of BRCA1 foci showed transcriptional
upregulation of the BRCAI Allq isoform (Additional
file 9: Fig. S5C and S5D).

Finally, we reviewed the presence of mutations on other
PARPI resistance factors such as TP53BP1, RIF1, PAXIP1,
and members of the Shieldin complex. We noted that
one AZD5305-progressing tumor from PDX124 showed
lack of 53BP1 nuclear foci formation, without evidence
of tumor mutation (Additional file 8: Fig. S4A). In addi-
tion, a mutation in SHLD3 was found in an additional
olaparib-progressing tumor from PDX124 at an allele fre-
quency of 0.2, which was accompanied by low expression
of SHLD3 by RNA sequencing (Additional file 6: Supple-
mentary Table S4 and Additional file 10: Supplementary
Table S5). No other alterations in genes associated with
PARPi resistance were identified (Additional file 11: Sup-
plementary Table S6).

In summary, these data show that restoration of HRR
is commonly associated with resistance to PARPi, and
that the most prevalent mechanisms are BRCA1/2 rever-
sion mutations and the accumulation of hypomorphic
BRCAL.

AZD5305 inhibits PARylation and enhances biomarkers

of DNA damage and replication stress

We next analyzed potential differences in the mode of
action of PARPI selective vs. PARP1/2 inhibition in an
attempt to identify the key mechanism leading to the
incremental response observed with AZD5305, com-
pared to olaparib. Firstly, we analyzed the effect on
protein poly(ADP-ribosylation) (PARylation) after the
initial dose and after 12 days of treatment with both com-
pounds in a subset of models. Inhibition of PARylation
was observed at 2 h after dosing in both AZD5305-resist-
ant and -sensitive tumors treated with either AZD5305
or olaparib (Additional file 12: Fig. S6A). However, while
treatment with AZD5305 inhibited PARylation by>90%
over the period of 24 h post-dose, PARylation levels
recovered to 56% by 24 h after treatment with olapa-
rib (Additional file 12: Fig. S6B). Likewise to inhibition
of PARylation at 2 h after dosing, DNA damage accumu-
lation, as measured by y-H2AX nuclear foci, increased
upon treatment with both PARPi in AZD5305-sensitive
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and resistant models (Fig. 4A). AZD5305 is also a potent
and selective PARP1 trapper [29], likely leading to the
accumulation of replication stress derived from stalled
and collapsed DNA replication forks [18, 50]. In this
sense, phosphorylation of RPA2 on Ser-4/8 (pRPA) is a
good marker of collapsed replication forks [51]. Higher
levels of pRPA were observed in AZD5305-sensitive
PDXs treated with AZD5305 compared to baseline, with
no significant difference in AZD5305-resistant models or
olaparib-treated, suggesting a poorer capacity of the sen-
sitive models resolving the replication stress produced by
PARPI1 trapped on chromatin (Fig. 4B). Finally, we quan-
tified DNA-containing micronuclei as marker of genomic
instability due to mitotic progression following DNA
damage [52]. Interestingly, treatment with AZD5305 sig-
nificantly increased micronuclei only in AZD5305-sensi-
tive models (Fig. 4C). In summary, the PARP1 selective
inhibitor AZD5305 induces more replication stress and
genomic instability than the PARP1/2 inhibitor olaparib
in PARPi-sensitive tumors.

Treatment with AZD5305 elicits profound and durable
responses in combination with carboplatin or an ATRi
in PARPi-resistant models
The addition of PARPi to platinum salts has demon-
strated combination benefit in select preclinical models
[29, 53, 54]. This combination has also been investigated
in the clinic, albeit with challenges to demonstrate safety,
or efficacy when using PARPi with low trapping capacity
or a gap schedule [55-58]. In this sense, Illuzzi et al. dem-
onstrated that treatment with AZD5305 in combination
with carboplatin in preclinical models results in rapid
recovery of red blood cell parameters, contrary to the
sustained loss observed with olaparib plus carboplatin
[29]. We therefore investigated whether the antitumor
activity of AZD5305 could be increased by adding carbo-
platin in a subset of six PDXs with a range of responses to
AZD5305 (Fig. 5A). AZD5305 plus carboplatin induced
tumor regression (CR) in two models with primary
resistance to both PARPi, namely PDX127 and PDX341,
as well as in one model sensitive to AZD5305 (PDX124).
Durable responses were observed upon combination
treatment in PDX127 (Additional file 13: Fig. S7A). How-
ever, AZD5305 plus carboplatin did not induce tumor
regression in any of the PDXs with acquired resistance to
olaparib (PDX474.20R2, PDX474.7, or PDX2300R5).
Similar to carboplatin, ATR inhibition has the potential
to synergize with PARPi since trapped PARP1 can lead to
replication fork stalling, which requires ATR for resolu-
tion [18, 21]. Thus, we explored the antitumor activity
of AZD5305 in combination with the ATRi ceralasertib
(AZD6738) in a subset of five PDXs. AZD5305 plus
AZD6738 induced tumor regression (CR) in PDX127, a
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Fig. 5 Antitumor activity of AZD5305 as single agent and in combination with other DNA damaging agents. Waterfall plots showing

the antitumor activity of AZD5305 with A carboplatin as single agent and in combination in n=6 PDX models and with B AZD6738 as single
agent and in combination in n=5 models, measured as percentage of tumor volume change, compared with the tumor volume on day 1. Each
bar indicates the mean and SEM of at least three biological replicates (open circles). The mean of control tumors (n > 3) is represented with solid
circles.+20%, —30%, and —95% are marked by dotted lines to indicate the range of PD, SD, PR, and CR, respectively. The lower box summarizes
the RADS51 score (%), the specific gene alteration harbored by each model, the cancer type, and previous treatment history with DDR drugs in
the "Early"-stage vs. "Metastatic" disease setting. Rev, reversion mutation; DDR, DNA damage repair. p values, pairwise Wilcoxon test corrected
for multiple testing
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model with primary resistance to either PARPi (Addi-
tional file 13: Fig. S7B). Interestingly, this combination
also resulted in CR in PDX474.7, a model obtained after
the clinical progression to talazoparib, and that was not
responsive to the combination of AZD5305 plus carbo-
platin. Ceralasertib increased the magnitude and the
duration of response in three AZD5305-sensitive models
(PDX124, PDX179, and PDX196) without compromising
tolerability (Fig. 5B and Additional file 13: S7B-G). Of
note, the combination arms for PDX124, PDX179, and
PDX127 were conducted with a tenfold lower dose of
AZD5305 and led to complete response. Taken together,
these results demonstrate that response to AZD5305
can be improved by combining it with carboplatin or an
ATRi.

Discussion

First-generation PARPi have been shown to be effective
in tumors with alterations in the HRR pathway leading to
their approval and use in the clinic in tumor types where
BRCA1/2 mutations are prevalent [1-14]. However, and
despite this practice-changing discovery, the emergence
of drug resistance remains a clinical limitation and thus,
more efficient therapeutic options are needed [17, 19,
59]. AZD5305 is a potent and highly selective PARP1
inhibitor and trapper that has been previously shown to
have a greater target engagement and antiproliferative
activity than first-generation PARP inhibitors in cells
with HRD [29]. Here, we demonstrate that AZD5305
elicits more potent and durable antitumor activity in vivo
than a first-generation PARPi across a panel of BRCA1/2-
and PALB2-associated PDX models. We also confirm
that PARPi-sensitive PDX models show lower RAD51
foci levels than PARPi-resistant and that enhancement
of HRR functionality is ubiquitous in models of acquired
resistance. We further show that the addition of carbopl-
atin or an ATR inhibitor overcomes PARPI resistance in
PDX models.

PARP1 selective inhibitors are expected to differenti-
ate from first-generation PARP1/2 inhibitors in several
aspects. Firstly, it would be desirable that they result in
an improved clinical response, being able to overcome
resistance to former drugs by providing a wider therapeu-
tic window, and second, that they offer the opportunity
to be more easily combined with other DNA damaging
agents to overcome drug resistance. In addition, under-
standing the mechanisms leading to the emergence of
resistance is a key aspect to rationally design subsequent
therapies.

Our study suggests that AZD5305 as single agent does
not exhibit antitumor activity in preclinical models of
acquired resistance to the first-generation PARP1/2i
olaparib or talazoparib, where resistance involved
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restoration of HRR. Also, AZD5305 did not show antitu-
mor activity in a pancreatic cancer model that does not
harbor biallelic inactivation in PALB2, nor functional
HRD by RADS51 foci. This is consistent with the lower
frequency of biallelic inactivation and HRD in tumors
harboring PALB2 mutations compared to those with
BRCA1/2 mutations in breast cancer (67% vs. 85%) and
pan-cancer [60—62]. It also highlights the need to iden-
tify biallelic PALB2 inactivation or functional HRD by
RAD51 foci in PALB2-associated BC for the person-
alization of PARPi [37]. Nonetheless, AZD5305 showed
superior activity to olaparib in some models which might
represent tumors of intermediate HRR capacity (PDX179,
PDX341). We reason that residual HRR is sufficient to
limit responses to olaparib, but that can be overwhelmed
by the greater pharmacodynamic, PARP1 trapping and
DNA damaging properties of AZD5305, leading to
responses. It is interesting to note that, in the phase I/Ila
PETRA trial (NCT04644068), preliminary results have
been reported and antitumor activity was observed both
in patients who were PARPI naive and in those who had
received a prior PARPi-containing treatment, although
had not necessarily progressed on PARPi [63]. Another
interesting aspect of our results is the observation that
treatment with AZD5305 delivers a higher complete
response rate and longer-term responses as single agent
than olaparib. This would be potentially relevant in the
advanced and in the early breast cancer setting, where
BRCA1/2 carriers could potentially achieve further over-
all survival benefit as it has already been demonstrated
for olaparib [10].

Mechanistically, AZD5305 induces DNA damage
and elicits a replication stress response along with an
increase in markers of genomic instability, measured with
the induction of y-H2AX, pRPA, and DNA-containing
micronuclei, respectively. This is consistent with cell line
data showing selective and more potent PARP1 trapping
at the low nanomolar range of AZD5305, compared to
olaparib [29]. We acknowledge that the acute measure-
ments obtained from the short-term pharmacodynamic
experiments conducted in the PDXs may not fully cap-
ture all the longer-term effects that AZD5305 elicits on
tumor cells and translates into the observed preclinical
benefit. Also, the accumulation of genomic instability
produced by treatment with DNA damaging agents such
as PARPi results in the activation of the STING pathway,
promoting an innate immune response [64]. In this sense,
further research is needed to characterize the antitumor
immune response elicited after treatment with AZD5305
in syngeneic mouse models and also in human samples,
without the inherent limitations of mouse experiments.

Reversion mutations that restore the open reading
frame of the BRCA1 and BRCA2 genes have emerged as
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a recurrent mechanism to restore HRR function leading
to PARPI resistance. In the OlympiAD trial, involving
BRCA1/2 mutation carriers with metastatic breast can-
cer treated until disease progression with olaparib, rever-
sion mutations were rarely detected in circulating tumor
DNA (ctDNA) at baseline (3%), but they were acquired
at disease progression in a substantial amount of patients
(40%) [65]. Our preclinical data suggest that models har-
boring baseline reversion mutations are intrinsically
resistant to AZD5305. Also importantly, acquired resist-
ance to PARP1 selective inhibition occurs in a smaller
fraction of tumors compared to PARP1/2 inhibition,
and neither BRCA1/2 reversion mutations nor TP53BP1
mutations were observed upon progression to AZD5305,
probably due to the relatively small sample size used in
this study. We speculate that BRCA1/2 reversion muta-
tions might become more prevalent in the near future in
breast cancer patients, based on the current treatment
regimens that include platinum in the early setting and
the observation of relatively high frequency of BRCA1/2
reversion mutations vs. TP53BPI mutations in patients
who received platinum drugs [66]. Our preclinical mod-
els also identify the presence of other mechanisms of
PARPi resistance that restore HRR functionality, includ-
ing BRCA1/2 hypomorphs and loss of 53BP1 pathway
components that are all being captured with the RAD51
foci assay [37, 45, 46].

Given that some of these mechanisms remain elusive and
the small size of the PDX panel, we cannot fully elaborate
on response biomarkers to treatment with AZD5305 plus
platinum or AZD5305 plus ATRi combinations, as done
previously with olaparib combinations [21]. Nonetheless,
we observed that PDXs that responded to AZD5305 plus
carboplatin (PDX127 and PDX341) had a primary resist-
ance or heterogeneous response to PARPi, respectively,
and harbor defects in the 53BP1 pathway [43]. In con-
trast, models that had acquired resistance to olaparib were
prone to re-express BRCA2 variants (PDX474.20R2 and
PDX474.7) and were resistant to AZD5305 plus carbopl-
atin. Also interestingly, the combination with the ATRi was
effective in one model with acquired resistance to olaparib
that was not rescued by the combination of AZD5305 plus
carboplatin (PDX474.7). Therefore, our data warrants fur-
ther investigation for this combination in the clinic. The
PETRA trial will inform about safety and signs of AZD5305
activity in advanced patients harboring BRCA1/2, PALB2,
or RADS51C/D mutations [63].

Conclusions

In summary, our data show that the PARP1 selective
inhibitor AZD5305 is a more potent anticancer ther-
apy than a first-generation PARPi. We demonstrate
that AZD5305 elicits improved and sustained response
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in vivo in tumors with HRR mutations both alone or
in combination with platinum salts or an ATRi. These
in vivo results support previously described in vitro
data and the development of new treatment combina-
tions in the clinic.
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