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Abstract
Pyrrolobenzodiazepine dimers (PBDs) form cross-links within the minor groove of DNA
causing double strand breaks (DSB). DNA repair genes such as BRCA1 and BRCA2 play
important roles in homologous recombination repair of DSB. We hypothesized that PBD-based
antibody drug conjugates (ADCs) will have enhanced killing of cells in which homologous
recombination processes are defective by inactivation of BRCA1 or BRCA2 genes. To support
this hypothesis, we found 5T4-PBD, a PBD-dimer conjugated to anti-5T4 antibody, elicited more
potent antitumor activity in tumor xenografts that carry defects in DNA repair due to BRCA
mutations compared to BRCA wild-type xenografts. To delineate the role of BRCA1/2 mutations
in determining sensitivity to PBD, we used siRNA knockdown and isogenic BRCA1/2-knockout
models to demonstrate that BRCA deficiency markedly increased cell sensitivity to PBD-based
ADCs. To understand the translational potential of treating patients with BRCA deficiency using
PBD-based ADCs, we conducted a “mouse clinical trial” on 23 patient-derived xenograft (PDX)
models bearing mutations in BRCA1 or BRCA2. 61-74% PDX models had tumor stasis or
regression when treated with a single dose of 0.3 mg/kg or three fractionated doses of 0.1
mg/kg of a PBD-based ADC. Furthermore, suboptimal dose of PBD-based ADC in combination
with olaparib resulted in significantly improved antitumor effects was not associated with
myelotoxicity and was well tolerated. In conclusion, PBD-based ADC alone or in combination
with a PARP inhibitor may have improved therapeutic window in cancer patients carrying BRCA
mutations.
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Introduction
Antibody-drug conjugates (ADCs) are an emerging novel class of anticancer treatment
agents that provide improved target specificity and potency. Four ADCs have been approved
so far, ado-trastuzumab emtansine, brentuximab vedotin, inotuzumab ozogamicin, and
gemtuzumab ozogamicin. However, most ADCs still fail due to dose-limiting toxicities on critical
normal tissues occurring at doses too low to achieve antitumor activity (1). Therefore, one of
the major challenges to ADCs is the narrow therapeutic index. In recent years, significant
advances in engineering new linker and conjugation technologies together with novel highly
cytotoxic payload have been made in an effort to develop safer, more effective ADCs. Most
cytotoxic payloads used in ADCs currently under investigation are microtubule inhibitors and
DNA-damaging drugs. The tubulin inhibitors, such as auristatin and maytansinoid, are potent
cytotoxic agents against cultured cancer cells, with IC50 values in the picomolar range as free
drugs (2, 3). The DNA-damaging agents, such as duocarmycin and calicheamicin are powerful
antitumor antibiotics that bind to the minor groove of DNA. Another new category of DNAdamaging agent is pyrrolobenzodiazepine dimers (PBDs). PBD dimers bind in the minor groove
of DNA and crosslink opposite strands causing double stand breaks (DSB) (4). It has been
shown that PBD dimers have very potent cytotoxicity with 10-fold lower IC50 compared to
auristatins and maytansinoids with activity against a broad spectrum of tumors (5, 6, 7, 8). PBD
dimers and PBD-based ADCs are currently being evaluated in clinical trials with more
anticipated to enter clinical development over the next few years (9, 10, 11).
The repair of DSB is accomplished by two main DNA damage repair mechanisms:
homologous recombination (HR) and non-homologous end joining (NHEJ). HR uses a
homologous DNA template and can repair DSB with high fidelity. BRCA1 and BRCA2 are key
mediators involved in repairing DSB via HR (12). When mutated, these genes are associated
with familial breast and ovarian cancer. Approximately 10% to 20% of breast and ovarian
cancers are attributed to germline mutations in BRCA1/2 genes (13, 14). Normal tissues are
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heterozygous and retain a wild-type copy of the BRCA gene, while tumors lose the functional
allele and become homozygous for BRCA deficiency. BRCA mutated cells exhibit enhanced
sensitivity to DNA interstrand crosslinking agents including platinum-based chemotherapeutic
drugs, melphalan, topoisomerase II inhibitors, and inhibitors of poly-ADP-ribosylation (PARP)
(15, 16). PARP is a DNA binding protein that binds and removes the damaged region of DNA
(17). PARP inhibitors (PARPi) have been shown to induce synthetic lethality in BRCA-mutated
cancer cells (18, 19). In the clinic, PARPi, such as olaparib and rucaparib, significantly
improved progression-free survival in patients with germline BRCA mutations as single agent,
and have gained FDA approval (20, 21, 22). Other PARPi, including veliparib, talazoparib, and
niraparib, are currently being accessed in clinical trials and showed promising results (23, 24,
25). Despite the profound and sustained anti-tumor response in patients harboring BRCA
mutations, PARPi has not yet demonstrated significant improvement in overall survival (26, 27,
28). PARPi combination therapy has been evaluated extensively over the last decade. A
number of preclinical studies have shown that PARP inhibition can enhance the effects of
agents that induce DNA damage such as ionizing radiation and some chemotherapeutics in
cancer types such as breast, ovarian, lung, melanoma, and prostate cancers (29, 30, 31, 32,
33). This includes the first combination of a PARPi with an ADC, IMMU-132, which employs a
topoisomerase I inhibitor (34).
We hypothesized that since PBD dimers cause DNA damage by crosslinking, that PBDbased ADCs will have enhanced killing of cells in which HR processes are defective by
inactivation of BRCA1 or BRCA2 genes. In this paper, we provide evidence that knocking down
or mutating BRCA1 or BRCA2 genes by genetic approaches sensitized cells to PBD and a
PBD-based ADC. In addition, enhanced efficacy was observed upon combining olaparib with a
less than full monotherapy dose of PBD-based ADC in BRCA2-deleted xenograft models.
Furthermore, combination therapy was not associated with myelotoxicity and was well tolerated
in mice, indicating an improved therapeutic window. The marked sensitivity of BRCA-deficient
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tumors to PBD-based ADC alone and its combination with PARP inhibitor may have important
implications for optimal treatment of breast and ovarian cancer patients carrying BRCA
mutations.

Materials and Methods
Cells and Reagents
Breast cancer cell lines MDA-MB-361, SUM149PT, MDA-MB-436, pancreatic cancer cell
line Capan-1, and Hela cells were purchased from American Type Culture Collection
(Manassas, VA). DLD-1, DLD-1 BRCA2-/-, MCF10A, and MCF10A BRCA1(185delAG/+) cells
were purchased from Horizon Discovery Ltd (Cambridge, United Kingdom). Upon delivery, cells
were expanded and low passage vials were stored in liquid nitrogen. Studies were carried out
within 8 weeks after resuscitation. Cell line authentication was conducted using STR-based
DNA fingerprinting and multiplex PCR. IMPACT tests were also performed on all cell lines.
CellTiter-Glo (CTG) reagents were obtained from Promega (Madison, WI). For in vitro studies,
Olaparib (LC Laboratories, Woburn, MA, USA) was dissolved in DMSO and diluted by culture
media before use. ELISA kits for H2AX were purchased from R&D Systems (Minneapolis, MN).

H2AX Immunofluorescence and ELISA assay
H2AX immunofluorescence staining was done using a chamber slide staining assay.
DLD-1 and DLD-1 BRCA2-/- were plated 25,000 cells/well in 8-well, collagen coated chamber
slides in 10%FBS DMEM medium. On the next day, medium containing 1 g/ml cisplatin or 10
ng/ml 5T4-PBD or 100 ng/ml 5T4-PBD were added to the treatment wells. After 24 hr, cells
were fixed and permeabilized. Cells were then incubated with primary antibody (phospo-histone
H2A.X, Cell Signaling Technology) at room temperature for 1 hr, followed by incubation with
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secondary antibody (goat anti-rabbit IgG (H+L) Alexa Fluor 647 conjugate, Thermo Fisher
Scientific) for 1 hr, and mounted using DAPI-containing mounting media. Images were captured
using a confocal microscope.
H2AX pharmacodynamic assay kit was purchased from Trevigen, Inc. Assay was
performed following the protocol established by the manufacturer.

siRNA Knockdown Experiment
HeLa cells were transfected with siRNA directed against BRCA1 or BRCA2 genes (ONTARGETplus SMARTpool reagents, Dharmacon) and a negative control GAPDH gene (ONTARGETplus siCONTROL Non-targeting Pool reagent, Dharmacon) using RNAiMax
transfection reagent (Life Technologies) for 48 hr according to manufacturer’s instructions. After
that, cells were treated with either PBD (SG3199) or 5T4-PBD in the medium containing 10%
FBS for 5 days. Cell viability was measured by Cell Titer Glow reagent (Promega).

qRT-PCR Analysis
HeLa cells were transfected using siRNA directed against BRCA1, BRCA2, and GAPDH
genes as described above. After 48 hr, cells were lysed using Cells to Ct kit (Ambion) and qRTPCR analysis was performed with EXPRESS One-Step Superscript qRT-PCR Kit using probes
against BRCA1, BRCA2, and GAPDH. 18S rRNA was used as a housekeeping gene for
normalization of samples (Thermo Fisher Scientific).

BRCA Mutation Characterization in PDX Tumors
Whole exome sequencing (WES) was performed on 23 patient-derived xenograft
samples. DNA was isolated using QIAamp DNA Mini Kit (Qiagen, Germantown, MD) and 3 µgs
were randomly fragmented to an average peak size of 200bp using Covaris M220 (Covaris,
Woburn, MA). Agilent Sure Select Human All Exon V6 baits were utilized for exome capture
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and the WES library preparation was performed following the manufacture’s protocol (Agilent
SureSelectXT Target Enrichment System for Illumina Multiplexed Sequencing). The quality and
quantity of the libraries were evaluated using an Agilent Bioanalyzer 2200 (Agilent, Santa Clara,
CA) in conjunction with KAPA Library Quantification Kit (Kapa Biosystems, Wilmington, MA).
The WES libraries were sequenced on an Illumina NextSeq 500 instrument at 2 x 100bp using
NextSeq 500/550 v2 reagent kits (Illumina, San Diego, CA).
Sequencing reads were aligned to the human hg19 reference genome (UCSC hg19; Feb
2009 release; Genome Reference Consortium GRCh37) using Bowtie 2 (35). Duplicate reads
were identified and removed using Picard. Samtools was applied to bam files from all PDX
models to create a single summary of coverage for mapped reads. Bcftools was used to call
variants and generate a single VCF file for all PDX models. Functional annotation was assigned
to variants with ANNOVAR, which assigned annotation from selected databases (RefGene,
1000 Genome Project, Phast Cons, Genomic Super Dups, ESP6500, LBJ and COSMIC).
Variants were filtered to include only nosynonymous, stop gain or loss, or frameshift insertion or
deletion. Variants were further filtered to include only rare occurrences by retaining variants
with MAF≤0.05, or no presence in the 1000 Genome Project database.
Raw sequencing data has been deposited in SRA database. The accession number is
PRJNA494524.

Xenograft Studies in Mice
All procedures using mice were approved by the MedImmune Institutional Animal Care
and Use Committee according to established guidelines. For in vivo efficacy studies, 5 or 10
million cells in 50% matrigel were inoculated subcutaneously into female athymic nude mice
(Harlon Laboratories). When tumors reached approximately 150-200 mm3, mice were randomly
assigned into groups (8-10 mice per group). 5T4-PBD was administered intravenously as a
single dose at indicated doses. Olaparib was solubilized in DMSO and diluted in water
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containing 15% Hydroxypropyl betadex (Sigma, St. Louis, MO) before administering by oral
gavage daily at indicated dose. Tumor volumes were measured twice weekly with calipers.
Tumor growth inhibition was calculated using the formula ½ x L x W2 (L = length; W = width).
Body weights were measured twice weekly to assess tolerability of the treatments. Two-way
ANOVA was used to compare the reduction in tumor volume in mice treated with the
combination therapies versus those treated with either agent alone.
For hematologic toxicity study, athymic nu/nu nude mice received either olaparib (100
mg/kg, oral gavage, day 0-15), or 5T4-PBD (0.1 mg/kg, iv, single dose on day 0), or the
combination of both. Whole blood (50 l) was drawn through orbital bleeding and was
transferred to EDTA tubes. Complete blood count was determined using the Sysmex XT-2000
hematology analyzer.

Results

Enhanced killing of BRCA-1 or BRCA-2 deficient xenograft tumors compared to BRCA
wild-type tumors
5T4-PBD (MEDI0641) is an ADC in which anti-5T4 antibody was site-specifically
conjugated to two PBD dimers (SG3249) per antibody. It has been shown to elicit a potent antitumor response in 5T4-positive xenograft models (36). In the process of characterizing 5T4PBD, we noticed that it had superior anti-tumor activity in the models that carry BRCA
mutations. To fully understand the efficacy of the PBD-based ADC in BRCA mutated xenograft
tumors, we established BRCA wild-type and BRCA mutated xenograft models. BRCA wild-type
xenografts include two breast cancer models that have high 5T4 surface expression (MDA-MB361, MDA-MB-468) and one lung cancer model NCI-H1975 with low to medium 5T4 expression.
BRCA mutated xenograft models include two breast cancer models with BRCA1 mutation that
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express high or medium levels of surface 5T4 (SUM149PT and MDA-MB-436), and one
pancreatic cancer xenograft model that has low levels of surface 5T4 and is BRCA2 deficient
(Capan-1). Treatment of mice bearing BRCA wild-type xenografts with a single dose of 5T4PBD at 0.3 mg/kg resulted in tumor stasis followed by tumor regrowth (Figure 1A). However,
treatment of mice bearing BRCA mutated xenografts with a single dose of 5T4-PBD at 0.3
mg/kg resulted in tumor regression (Figure 1B). Even treatment with the low dose of 0.1 mg/kg
resulted in tumor regression in two of the BRCA deficient models. Isotype control ADC
demonstrated more impact in BRCA mutant models compared to wild type again suggesting
that the cells are more sensitive to the PBD regardless of whether it enters the cell in a targetspecific or non-specific manner. Overall, the PBD-based ADC was more potent in BRCA
deficient xenograft models compared to wild type xenografts, regardless of target expression
levels consistent with a role for BRCA1/2 in repair of DNA interstrand crosslinks and related
downstream DNA damage

DNA repair defects from genetic deletion of BRCA1/2 markedly increases anti-tumor
activity of a PBD-based ADC
To investigate BRCA as a determinant of sensitivity to PBD, we used siRNA to
knockdown BRCA1 or BRCA2 genes in DNA repair wild type Hela cells. Quantitative PCR and
western blot demonstrated nearly complete depletion of BRCA1 and BRCA2 at mRNA and
protein levels. Suppression of BRCA1 or BRCA2 resulted in 5- to 10-fold increase in sensitivity
to PBD and 5T4-PBD (Supplemental Figure S1).
To further demonstrate the role of BRCA genes in determining sensitivity to PBD-based
ADCs, we used isogenic models of BRCA1 or BRCA2 deficiency. MCF10A
BRCA1(185delAG/+) is a breast epithelial cell line with heterozygous knockin of a 2-bp
deletion resulting in a premature stop codon at position 39 terminating BRCA1 protein
expression (37) vs. the BRCA1 wild-type parental MCF10A line. DLD1 BRCA2-/- is a colorectal
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adenocarcinoma cell line with homozygous deletion of exon 11 of the BRCA2 gene (15),
engineered from BRCA2 wild-type DLD1 cells. The use of isogenic cell pairs allowed us to
exclude many other unknown factors that could contribute to the differential sensitivity in
nonisogenic systems. FACS analysis demonstrated that both parental and BRCA-deficient cells
had equivalent 5T4 surface expression (Figure 2A, Supplemental Figure S2A). MCF10A
BRCA1(185delAG/+) and DLD1 BRCA2-/- cells were 5-fold and 24-fold more sensitive to 5T4PBD in cytotoxicity assays compared with their wild-type cells, respectively (Figure 2B,
Supplemental Figure S2B).
To examine effects of BRCA deficiency on antitumor activity in vivo, we grew DLD1
parental and DLD1 BRCA2-/- xenografts subcutaneously in nude mice and compared tumor
growth following administration of a single dose of 5T4-PBD at 0.1, 0.3, and 1 mg/kg. 0.1 mg/kg
of 5T4-PBD was inactive against DLD1 wild-type tumor. There was modest tumor growth
inhibition of DLD1 tumors observed with 5T4-PBD treatment at 0.3 and 1.0 mg/kg (Figure 2C,
top panel). In contrast, even though DLD1 BRCA2-/- tumors grew slower than DLD1 wild-type
parental tumors, a single dose of 5T4-PBD at 0.1 mg/kg significantly inhibited growth of DLD1
BRCA2-/- tumor xenografts, with tumor regression seen at 0.3 and 1.0 mg/kg (Figure 2C,
bottom panel), suggesting BRCA2 deficiency markedly sensitized DLD1 tumors to the DNA
damage caused by the PBD-based ADC.
To examine the extent of DNA damage in response to PBD-based ADC treatment, we
evaluated H2AX foci formation, a well-established biomarker of DNA damage (38). H2AX
immunofluorescence staining was notably stronger in BRCA2-/- cells as compared with wildtype cells upon 5T4-PBD treatment (Figure 2D). We also quantified expression of H2AX
protein using an ELISA-based H2AX pharmacodynamic assay. Expression of H2AX was
elevated in all treatment groups compared with untreated control in both DLD1 BRCA2-/- and
wild-type lines, however, the increase associated with 5T4-PBD treatment in BRCA2-/- cells
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was statistically significant (Figure 2D). Interestingly, increased H2AX were readily detected in
untreated BRCA2-/- cells compared to untreated parental cells consistent with an intrinsic HR
defect.
Of interest, we noticed that baseline levels of other HR repair (HRR) proteins such as
FANCD2, Rad51, BARD1, and DNA excision repair protein ERCC1 were higher in DLD1 cells
than those in DLD1 BRCA2-/- cells (Figure 2E). It is possible that the high expression of other
HRR proteins in DLD1 cells may result in more efficient repair of damaged DNA induced by
5T4-PBD. The decreased expression of HRR proteins in DLD1 BRCA2-/- cells may contribute to
the greater sensitivity to PBD-based ADC. DLD1 BRCA2-/- cells also had increased protein
expression of PARP1 compared to parental DLD1 cells.

Pharmacologic response across BRCA deficient PDX models
To understand the translational potential of treating patients with BRCA deficiency using
PBD-based ADCs, we collected 23 breast and ovarian patient-derived xenograft models that
were deficient for either BRCA1 (n=12) or BRCA2 (n=6) or both genes (n=5) (Supplemental
Table S1) and assessed the efficacy of 5T4-PBD. Mice were treated with 5T4-PBD
administered as either a single dose of 0.3 mg/kg or as three fractionated doses of 0.1 mg/kg.
When administered as single dose at 0.3 mg/kg, 17 PDXs (73.9% DCR (disease control rate))
demonstrated complete regression (CR), partial regression (PR), and stable disease (SD)
(Supplemental Figure S3). We then tested the dosing regimen of 0.1 mg/kg given every 3
weeks for a total of 3 doses. DCR rate was 60.8% (14 out of 23 models). In some models,
tumor regressions including CRs were already observed after first dose of 0.1 mg/kg
(Supplemental Figure S3). In contrast, neither dosing regimen resulted in a response in 3
BRCA wild-type PDX models (Supplemental Figure S4). The 5T4-PBD was well tolerated with
no body weight loss reported in any of the PDX models.
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We performed retrospective analysis of 5T4 expression in untreated PDX tumors using
methods previously described (36). IHC analysis demonstrated a wide range of 5T4 staining
patterns across 23 BRCA-deficient and 3 BRCA-wild type PDX models. Each tumor was
assessed with membrane staining and given two scores, intensity score (IS, 1+, 2+, 3+) and
frequency score (FS, proportion of positive tumor cells across majority of section where 1 is <
10% of tumor cells staining positive, 2 = 11-24%, 3 = 25-49%, 4 = 50-75% and 5 = >75%)). The
final IHC score of each tumor was calculated using the formula of IS x FS. The tumors were
then divided into 3 groups based on the following criteria: (i) IHC score 1 had IS x FS score < 5;
(ii) IHC score 2 was categorized as 5 < IS x FS < 10; (iii) 10 < IS x FS < 15 was considered as
IHC score 3. Representative IHC images are shown in Supplemental Figure S5. Figure 3
depicts waterfall plots of the anti-tumor effect of 5T4-PBD dosed at 0.3 and 0.1 mg/kg with an
integration of the IHC scores for each PDX model. The data indicated no correlation between
5T4 expression and sensitivity to 5T4-PBD in these BRCA-deficient PDX tumors.

Combination with olaparib further enhances the anti-tumor activity of a PBD-based ADC
in BRCA2-/- tumors
BRCA-deficient cells are known to be more sensitive to PARP inhibitors compared with
wild-type BRCA cells (18, 19). Using DLD1 isogenic cells, we found similar to published results
that BRCA2-/- cells were as much as over 200-fold more sensitive to olaparib compared to
BRCA wild-type cells in a cytotoxicity assay (Figure 4A).
The findings demonstrating an increased sensitivity of BRCA mutated cells to either
PBD-based ADCs or olaparib prompted us to consider combination strategies that could
potentially lead to an enhanced anti-tumor effect compared to single agent therapy. We first
used in vitro cytotoxicity assays to evaluate the efficacy of sub-optimal doses of 5T4-PBD and
olaparib alone or in combination in DLD1 parental and BRCA2-/- cells. In DLD1 parental cells, a
minimal cytotoxic effect was observed with combination treatment. However, in BRCA2-/- cells,

13

Downloaded from mct.aacrjournals.org on June 25, 2019. © 2018 American Association for Cancer Research.

Author Manuscript Published OnlineFirst on October 23, 2018; DOI: 10.1158/1535-7163.MCT-18-0314
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

when 5T4-PBD was combined with olaparib, a significantly higher percentage of cell death was
induced compared with either agent alone (Figure 4B).
The combination of 5T4-PBD with olaparib was also assessed in vivo in the DLD1 and
DLD1 BRCA2-/- xenograft models. In the DLD1 xenograft model, olaparib had a minimal effect
on tumor growth whereas 5T4-PBD dosed at a high dose of 1 mg/kg showed 66% tumor growth
inhibition. However, the combination failed to improve efficacy in this model (Figure 4C, left
panel). On the other hand, olaparib demonstrated some degree of anti-tumor activity in the
DLD1 BRCA2-/- xenograft model (59% TGI) (Figure 4D, left panel). Consistent with the data in
Figure 2C, 5T4-PBD treatment was efficacious as a single agent at a dose as low as 0.1 mg/kg
in DLD1 BRCA2-/- tumor (69% TGI). Combining olaparib with 0.1 mg/kg 5T4-PBD resulted in
tumor regression (111% TGI), a significantly improved efficacy compared to either single agent
alone (Figure 4D, left panel). We also noticed that animals in the 5T4-PBD or combination
treatment groups showed body weight gain compared to those treated with olaparib alone. This
trend was much more obvious in mice bearing DLD1 BRCA2-/- tumor, suggesting a benefit of
the combination in tolerability/safety in addition to efficacy (Figure 4D, right panel), perhaps in
part due to significantly reduced tumor burden.

Combination of PBD-based ADC and olaparib is not associated with any increased
hematological toxicity compared to single agent alone
Olaparib toxicities in human include thrombocytopenia and grade 3 fatigue (39). In
preclinical toxicity studies, the primary target organ of olaparib was bone marrow, with
associated changes in peripheral hematology parameters. Currently, only a limited number of
PBD-based ADCs are in clinical trials. Initial toxicities that have been reported include
neutropenia, low platelet counts, and skin rash (10, 11). We decided to look at the hematologic
profile of combining olaparib with 5T4-PBD to see whether the combination would be associated
with any increased toxicities. We did the study in naïve mice to examine the possible off-target
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toxicities as 5T4 antibody does not cross react with the mouse 5T4 antigen. The doses and
dosing schedule were the same as used in the DLD1 BRCA2-/- efficacy study at which optimal
antitumor activity was observed (Figure 4D). On day 0, mice were administered a single dose
of 5T4-PBD at 0.1 mg/kg and daily olaparib therapy (100 mg/kg) up to day 15. Blood samples
were collected at indicated time points and complete blood counts were measured. Despite
some significant decreases in WBC, monocyte, and lymphocyte upon olaparib treatment on day
9, the counts all recovered once olaparib dosing was stopped (day 20, day 27) (Figure 5). Mice
treated with 5T4-PBD monotherapy did not demonstrate changes in any parameters up to day
27 (Figure 5). Importantly, olaparib plus 5T4-PBD treatment was well tolerated. The only
significant drop was found in monocyte counts on day 9, which mirrored the olaparib single
agent showing full recovery after olaparib dosing was stopped (day 20, day 27) (Figure 5).
Together, the results indicate that the combination of olaparib with low dose level of 5T4-PBD
improves efficacy as demonstrated in Figure 4D, and does not cause significant myelotoxicity.
It further suggests a wider therapeutic window for the combination strategy in treating BRCA
mutated tumors.

Discussion
The concept of an ADC is to direct the action of the chemotherapeutic drug to maximize
the impact in tumor while minimizing the damage to normal tissues. While some clinical success
and validation of this technology has been realized, the vast majority of ADCs have failed in the
clinic due to lack of therapeutic index. These failures appear to be independent of the target or
technology employed. All classes of warheads have suffered clinical failures, including several
recent failures by PBD-based ADCs, largely due to toxicity typically associated with the
cytotoxic agent. Advances in ADC technology continue to offer promise to widen the therapeutic
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index. Similarly, a better understanding of the underlying biology and mechanisms of action of
the cytotoxic agents may provide opportunity to widen the therapeutic index of ADCs. Herein we
provide further evidence that tumor cells with underlying defects in DNA damage response
(DDR) pathways, such as mutation or loss of BRCA1/2, may be hypersensitive to PBD based
ADCs. Likewise, combinations with inhibitors of DDR pathways such as the PARPi olaparib
demonstrated here, can further enhance the antitumor activity. This supports testing expanded
patient selection strategies for ADCs beyond just target expression and to think about rational
combination strategies based on warhead mechanism of action as a way to further enhance the
therapeutic index of ADCs.
In this study 5T4-PBD was used as an exemplary ADC to further explore these
hypotheses in preclinical models. 5T4 is a target of both active and failed ADCs and has been
well characterized as an ADC target in preclinical models (36). Therefore, it served as a logical
surrogate in these studies to deliver the PBD payload to tumor cells. The mechanism of action
of the PBD is expected to be the critical factor when exploring biomarkers of activity and drug
combination strategies. To this end, we did not observe any dependence on 5T4 expression
levels provided that it was expressed at a sufficient level to deliver PBD inside the cell. This
finding is consistent with the results previously reported by Sutherland et al who demonstrated
that CD33A-PBD retained potent cytotoxicity even in cells with low expression of CD33 (40).
Cell models that do not express 5T4 do not show the same effects (Supplemental Figure S6)
and activity was observed well above control IgG-PBD so it is anticipated that target expression
is still a critical variable to consider in patient selection.
The strengths of this study include the use of a panel of BRCA-deficient PDX models
that allowed us to test the clinical potential of this treatment protocol. Cell line xenograft models
are generally not considered reliable predictors of clinical activity due to the clonal selection
process on plastic. Patient-derived xenografts, on the other hand, recapitulate the genetic
diversity found in human tumors and properly mimic intratumoral heterogeneity. Confidence in
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preclinical outcomes can be greatly increased by using a panel of PDX models for each tumor
type. In our case, we selected 23 breast or ovarian PDX models based on their BRCA gene
deficient status, and were blinded to target 5T4 expression. We demonstrated that a single
dose of PBD-based ADC at 0.3 mg/kg induced tumor regression with DCR of 74% in BRCA
deficient PDX models. Three fractionated doses of 0.1 mg/kg administered every 3 weeks
resulted in similar DCR of 61%. Lower dose of ADC and increased dosing intervals may further
minimize ADC-induced toxicity, as we have previously shown that fractionated dosing improved
tolerability of PBD-based ADCs without impacting anti-tumor activity (41). Although our study is
focused on breast and ovarian cancer, we expect that our results can be extended to other
BRCA mutated cancers, such as prostate and pancreatic tumors, that are vulnerable to PBDbased ADCs.
Even though the PBD-based ADC demonstrated impressive anti-tumor efficacy in the
majority of BRCA-mutant tumors in our study, some BRCA mutated tumors did not respond
regardless of target expression level. It is possible that some tumors may require defects in
more DNA repair proteins in addition to BRCA in order to demonstrate hypersensitivity to PBD
treatment. In fact, our finding showing decreased expression of multiple DDR proteins in DLD1
BRCA2-/- cells suggests that defects in other DDR proteins may contribute to the high
sensitivity observed with PBD-based ADC in BRCA deficient cells (Figure 2E). Previously,
McCabe et.al showed that the sensitivity of BRCA-deficient cells to PARP inhibition was due to
a defect in DNA damage signaling proteins, such as RAD51, RAD54, DSS1, RPA1, NBS1,
ATR, ATM, CHK1, CHK2, FANCD2, FANCA, or FANCC, rather than a deficiency in BRCA1 or
BRCA2 per se (42). Similarly, loss of tumor suppressor INPP4B resulted in a DNA repair defect
and increased sensitivity to PARP inhibitor due to concomitant loss of BRCA1, ATR, and ATM
(43). Interestingly, many of the PDX models examined in our study also carry mutations
including PTEN, p53, ATM, and ATR. Further characterization of other DDR proteins or
oncogenic pathways and understanding how they are associated with response to PBD-based
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ADC is currently underway. It is our hope to identify other genes besides BRCA1/2 that may
contribute to the “BRCAness” of tumors, and to understand how other signaling pathways
interplay with DDR pathway and whether this can be therapeutically exploited.
Following PBD-based ADC treatment, the BRCA-mutated cancer cells are unable to
repair DSB and undergo cell death, or the cells rely on the base excision machinery to repair
PBD-based damage via the enzyme PARP. PARP inhibitors have been shown to effectively kill
BRCA deficient tumors by preventing cells from repairing DNA. Therefore, we hypothesized
that the anti-tumor effect of PBD-based ADC in BRCA-mutated tumors could be further
enhanced with concomitant PARP inhibition. By combining PBD-based ADC with a PARPi,
there would be an increased accumulation of DSB due to the inability of DNA repair pathways to
repair the damage with high fidelity, therefore causing cell death. Approaches combining PARPi
with other DNA-damaging agents have been explored. A number of preclinical studies in
various cancer types, such as breast, ovarian, and prostate cancer, have shown that PARP
inhibition can enhance the effects of some chemotherapies and ionizing radiation. In addition to
agents that directly interact with DNA and cause DSB, agents that inhibit topoisomerse 1, such
as irinotecan, have been shown to synergize with PARPi. Recently, Cardillo et.al demonstrated
that combining the anti-Trop-2-SN-38 ADC (IMMU-132) with PARPi resulted in synergistic
growth inhibition in triple negative breast cancer tumors, regardless of BRCA1/2 status (34).
Here, we show that suboptimal dose of PBD-based ADC in combination with olaparib resulted in
significantly enhanced antitumor effects compared to monotherapy in mice bearing BRCA2deleted tumors. While BRCA wild-type tumors can still respond to PBD-based ADCs at
significantly higher doses, these tumors do not respond to PARPi monotherapy. Consequently,
we did not observe any synergy in this setting with the combination treatment, unlike in BRCAmutated tumors. This contrasts with the observation by Cardillo et al suggesting there may
either be differences in how cells repair damage induced by SN-38 compared to PBD or that
other differences exist between DDR pathways used in the cell line models.
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Since the therapeutic window is determined by efficacy and safety, the tolerability of
PBD-based ADC in combination with olaparib was also evaluated in tumor-bearing and naïve
mice. One noteworthy finding from our tolerability study was that 5T4-PBD plus olaparib
combination therapy was well-tolerated in mice, with no effect on body weight change and little
evidence of hematologic toxicity during and after the course of treatment. Together, the data
demonstrate the potential for an increased therapeutic window by combining PBD-based ADC
with a PARPi, as a result of significantly enhanced efficacy and improved tolerability in treating a
subset of patients with BRCA deficient cancers. The combination strategy may be particularly
advantageous for indications in which PARPi has been approved.
In conclusion, here we demonstrate that both BRCA1 and BRCA2 mutation status are
key factors in determining the sensitivity to PBD-based ADCs. Our results show a markedly
increased sensitivity to PBD-based ADC in BRCA deficient tumors. Moreover, we have
demonstrated that PBD-based ADC in combination with PARPi has a widened therapeutic
window with improved efficacy and better tolerability in treating BRCA deficient tumors. These
results suggest a novel strategy for treating patients with BRCA-mutated tumors.
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Figure Legends

Figure 1. In vivo efficacy of 5T4-PBD in BRCA wild-type or BRCA-deficient cancer xenograft
models. A single dose of 5T4-PBD was administrated at 0.1 and 0.3 mg/kg intravenously into
nude mice bearing (A) BRCA wild-type tumors (MDA-MB-361, MDA-MB-468, NCI-H1975), or
(B) BRCA-deficient tumors (Figure 1B: SUM149PT, MDA-MB-436, and Capan-1). 5T4
expression in tumor cell lines was determined by FACS analysis and annotated as 5T4 high,
medium, and low.

Figure 2. Genetic deletion of BRCA2 augments antitumor activity of PBD-based ADC in vitro
and in vivo. A, Flow cytometric analysis of 5T4 surface expression in DLD1 parental and
BRCA2-/- cells. B, dose-response curves from in vitro cell viability assays in DLD1 isogenic
cells. Cell viability was calculated by normalizing to untreated cells. C, tumor volumes of DLD1
parental tumors (top panel) or DLD1 BRCA2-/- tumors (bottom panel) in nude mice
administrated with single dose of 5T4-PBD intravenously at dose levels of 0.1, 0.3, 1 mg/kg. D,
treatment with 5T4-PBD induces enhanced DNA damage in BRCA2-/- cells.
Immunohistochemical staining of H2AX (red) and DAPI (blue) in DLD1 wild-type or DLD1
BRCA2-/- cells treated with ADC dilution buffer or 5T4-PBD (10 or 100 ng/ml) for 24 hours.
Graph represents quantitation of H2AX formation using a -H2AX Pharmacodynamic Assay. P
values were calculated by student T-test. E, western blot of HRR proteins expression in DLD1
and DLD1 BRCA2-/- cells.

Figure 3. Pharmacologic response to PBD-based ADC across BRCA-deficient PDX
populations. 18 breast and 5 ovarian PDX models with BRCA mutations or deletions (n=2-3
mice per group) were treated intravenously with 5T4-PBD at (A) 0.3 mg/kg single dose, or (B)
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0.1 mg/kg Q3W x 3 dosing regimen. Waterfall plots illustrate the best response indicated by
percentage tumor volume change from baseline in all PDX tumors on study. Each untreated
tumor was stained and scored for 5T4 expression. Colored bars represent individual tumors
and colors correspond to the IHC scores. Solid bars are breast PDX models, and patterned
bars are ovarian PDX models. IS: intensity score; FS: frequency score. Tumor growth curves
on individual PDX models can be found in Supplemental Figure S3 & S4.

Figure 4. Effect of 5T4-PBD in combination with olaparib. A, In vitro cell viability assay of
olaparib in DLD1 and DLD1 BRCA2-/- isogenic cells. B, In vitro cell viability assay testing the
combination of 5T4-PBD with olaparib in DLD1 and DLD1 BRCA2-/- isogenic cells. Statistical
significance was assessed using Student T-test. ***, p<0.001; *, p<0.05. C, combination of
5T4-PBD with olaparib in DLD1 xenograft model. 5T4-PBD (1 mg/kg) was given as single dose
intravenously on day 9 post tumor implantation. olaparib (100 mg/kg) was dosed daily by oral
gavage starting on day 9 ending on day 34. D, combination of 5T4-PBD with olaparib in DLD1
BRCA2-/- xenograft model. 5T4-PBD was dosed at 0.1 mg/kg on day 8. Olaparib was dosed
daily by oral gavage staring on day 8 ending on day 35. Statistical significance was evaluated
using two-way ANOVA. ****, p<0.0001.

Figure 5. Tolerability of 5T4-PBD in combination with olaparib in naïve nude mice. Single dose
of 5T4-PBD (0.1 mg/kg) was administered on day 0. Olaparib (100 mg/kg) was given daily from
day 0-15. Whole blood was collected via orbital bleeding on day 2, day 9, day 13, day 20, and
day 27 for automated CBC determinations. Statistical significance was evaluated using Student
T-test. *, p<0.05 versus untreated; **, p<0.01 versus untreated.
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