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Abstract

One of the most recent advances in the treatment of HER2þ

breast cancer is the development of the antibody–drug con-
jugate, T-DM1. T-DM1has proven clinical benefits for patients
with advanced and/or metastatic breast cancer who have
progressed on prior HER2-targeted therapies. However,
T-DM1 resistance ultimately occurs and represents a major
obstacle in the effective treatment of this disease. Because anti-
apoptotic BCL-2 family proteins can affect the threshold for
induction of apoptosis and thus limit the effectiveness of the
chemotherapeutic payload, we examined whether inhibition
of BCL-2/XL would enhance the efficacy of T-DM1 in five
HER2-expressing patient-derived breast cancer xenograftmod-
els. Inhibition of BCL-2/XL via navitoclax/ABT-263 significant-
ly enhanced the cytotoxicity of T-DM1 in two of three models
derived from advanced and treatment-exposed metastatic
breast tumors. No additive effects of combined treatmentwere

observed in the third metastatic tumor model, which was
highly sensitive to T-DM1, as well as a primary treatment-
exposed tumor, which was refractory to T-DM1. A fifthmodel,
derived from a treatment na€�ve primary breast tumor, was
sensitive to T-DM1 but markedly benefited from combination
treatment. Notably, both PDXs that were highly responsive to
the combination therapy expressed low HER2 protein levels
and lacked ERBB2 amplification, suggesting that BCL-2/XL

inhibition can enhance sensitivity of tumors with low HER2
expression. Toxicities associated with combined treatments
were significantly ameliorated with intermittent ABT-263 dos-
ing. Taken together, these studies provide evidence that T-DM1
cytotoxicity could be significantly enhanced via BCL-2/XL

blockade and support clinical investigation of this combina-
tion beyond ERBB2-amplified and/or HER2-overexpressed
tumors.

Introduction
BCL-2 and BCL-XL prosurvival proteins represent a barrier to

effective tumor cell killing by cancer therapies. Agents that neu-
tralize BCL-2 and BCL-XL (ABT-263/navitoclax) or BCL-2 only
(ABT-199/venetoclax) have been developed (1) and provide one
approach to target and inhibit the prosurvival function of these
proteins (2, 3). In preclinical studies, ABT-263 was found to
display remarkable enhancement of cell killing by targeted ther-
apies (4–6) and chemotherapies (7–9), and the clinical benefit in
solid tumors is currently under investigation in several clinical
trials (10). However, treatments combining chemotherapeutic

drugs (e.g., carboplatin/paclitaxel) with ABT-263 caused dose-
limiting toxicities in patients due to the combined toxicity to
platelets and other hematopoietic cells (11). To avoid these
systemic side effects and enable the delivery of powerful combi-
nations of chemotherapeutic drugs with BCL-2 family inhibitors,
we explored a strategy that combines ABT-263 with an antibody–
drug conjugate (ADC). Antibody–drug conjugates link target-
specific antibodies to a powerful cytotoxic payload (12). To date,
four ADCs are FDA-approved for clinical usage in certain lym-
phomas (brentuximab vedotin), acute lymphoblastic leukemia
(inotuzumab ozogamicin), acute myeloid leukemia (gemtuzu-
mab ozogamicin) or HER2þ breast cancers (trastuzumab emtan-
sine/T-DM1). T-DM1 significantly reduces toxicity to healthy
tissues and hematopoietic cells by specifically targeting the deliv-
ery of a cytotoxic drug (emtansine; DM1) to HER2þ tumor cells.

T-DM1 combines the anti-HER2 properties of trastuzumab
with the anti-microtubule cytotoxic activities of DM1 (13–15).
Although the effectiveness and benefits of T-DM1 as second-line
or beyond treatment in patients with HER2þ advanced or met-
astatic breast cancer has been demonstrated in numerous clinical
trials (16–22), drug resistance is an eventual occurrence in the
majority of patients.

Several lines of evidence indicate that the BCL-2 prosurvival
protein prevents drug-induced apoptosis and contributes to
HER2-targeted drug resistance. For example, an increased
BCL-2:BAX ratio was associated with acquired trastuzumab resis-
tance in onemodel (23) and BCL-2 upregulationwas shown to be
a component of acquired lapatinib resistance in two different
models (24, 25). Furthermore, there is substantial evidence in the
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literature that implicates BCL-2/XL in resistance to chemothera-
peutics (26–29). These observations and previous studies from
our lab and others indicate that BCL-2/XL inhibitors significantly
enhance the efficacy of other therapies by lowering the threshold
for apoptosis (1, 5, 6, 8, 30–33). As such, we were motivated to
examine whether BCL-2/XL inhibition could improve the efficacy
of T-DM1. For these studies, we used HER2-expressing patient-
derived xenografts (PDX) transplanted orthotopically into the
mousemammary gland (34, 35).Comparedwith tumor cell lines,
these PDXs recapitulate the heterogeneity, microenvironment,
and drug responsiveness of human breast tumors.

Materials and Methods
Orthotopic tumor fragment transplantation

Orthotopic tumor fragment transplants were performed as
previously described (36). Tumor fragments derived from PDX8
and PDX12 were kindly provided by Alana Welm (Huntsman
Cancer Institute; ref. 34). Tumor fragments derived from BCM-
3963, BCM-4888, and BCM-3613 were kindly provided by
Michael Lewis (Baylor College ofMedicine; ref. 35). Briefly, tumor
fragments were successfully generated and serially passaged via
orthotopic transplant into themammary fat pad of 6- to 10-week-
old female NOD/scid mice (RRID:IMSR_ARC:NODSCID). A
slow-release estrogen pellet (Innovative Research of America
NE-121 0.18 mg 90 days) was implanted subcutaneously to
maintain the HER2þ ERþ BCM-4888 model (35). All procedures
were carried out according to IACUC 04004 and Harvard ARCM
policies.

Drug treatment in vivo
For in vivo studies, T-DM1 (Genentech) was administered

intraperitoneally at 10 mg/kg once per week. ABT-737 (AbbVie)
was administered intraperitoneally at 70 mg/kg once per day.
ABT-263 (AbbVie) was administered orally at 70 mg/kg once per
day. T-DM1 was prepared according to Genentech recommenda-
tions in sterile water for injection (Gibco). ABT-737 and ABT-263
were prepared according to AbbVie recommendations. ABT-737
in 30% propylene glycol (Sigma) plus 0.5% Tween 80 (Sigma)
and 65% D5W (5% dextrose in water; Sigma) pH 3 to 4 and
ABT-263 in 60% PHOSAL 50 PG (Lipoid) plus 30% polyethylene
glycol 400 (Dow Chemical) and 10% ethanol. Matched control
animals received vehicle alone in the samemanner as drug-treated
counterparts. All animals were randomized into groups and
weighed before treatment. Individual weights were used for dose
calculations.Weightswere remeasured at the 14-day experimental
end point. Weight reductions >20% prevented continuous treat-
ments beyond 14 days.

Bio-specimen collection
Retro-orbital blood collection was performed at the experi-

mental endpoint. Mouse platelet counts were measured by
Charles River Research Animal Diagnostic Services. Tumor tissue
was harvested at the experimental endpoint and fixed in 10%
neutral buffered formalin (Sigma).

Tumor histology, FISH, and IHC assays
Tissue was processed for paraffin embedding, sectioning, H&E,

and trichrome staining by the Harvard Rodent Histopathology
Core.Unstained sectionswere analyzedby IHCanalysis according
to previously described procedures (31). Marker specifics are as

follows: HER2 (Dako; A0485), HER3 (Cell Signaling Technolo-
gies; 12708), BCL-2 (Dako; M0887), BCL-XL (Cell Signaling
Technologies; 2764), EMA (Dako; M0613), MCL-1 (Ventana;
SP143), and p63 (Biocare; CM163A). Additional details are
summarized in Supplementary Table S1. For BCL-2 and BCL-XL

IHC assays, human tonsil was used as a positive control and
unrelated PDX tumor tissue was used as a negative control
(incubation with secondary antibody alone). Trichrome results
were scored by rodent pathologist Dr. Roderick Bronson as a
percentage (0–100) of trichrome-positive stroma present within
the tumor cross-sections. IHC results were scored by breast
pathologist Dr. Deborah Dillon according to H-scores as previ-
ously described (37). Intensities were qualitatively scored as
strong (3þ), moderate (2þ), weak (1þ), or negative (0).
H-scores were calculated by (% of cells 3þ � 3) þ (% of cells
2þ � 2) þ (% of cells 1þ � 1) þ (% of cells 0 � 0).

Unstained sections were evaluated for MCL-1 via IHC on a
Ventana Benchmark XT (10 mg/mL antibody, 32 minutes, 37�C).
Slides were pretreated with CC1 mild conditioning and were
developed with OptiView DAB for 8 minutes. MCL-1 results were
interpreted by pathologist Dr. Franklin Peale according to a
qualitative scale of weak, moderate, and strong intensity using
A549 (very weak), LP1 (weak), and MCF7 (moderate to strong)
cell line samples for controls. Bacterial artificial chromosome
clones RP11-62N23, RP11-1065L22, and RP11-1044P23 were
obtained from Children's Hospital Oakland and used in con-
struction of FISH probes for a 340 kb region including ERBB2.
Probes were biotin-labeled using the Random Prime DNA Label-
ing System (Invitrogen) according to the manufacturer's protocol
and detected with rhodamine (red). The FITC-labeled probe
(green) for the chromosome17 centromeric regionwas purchased
fromAbbott/Vysis. Specificity of probe binding was verified using
normal lymphocyte metaphase spreads. Dual color FISH was
performed on whole tissue sections. Slides were counterstained
with DAPI/Antifade (Vector Labs) and evaluated using an Olym-
pus BX51 fluorescence microscope. Hybridization signals were
scored by K.T. and D.D. in at least 20 tumor cells according to
current ASCO/CAP guidelines (38).

Analysis of treatment effects
Treatment effects, as measured by pathological response,

included tumor cross-sectional area and tumor viable cellular
content. Both parameters are components of the clinically rele-
vant Residual Cancer Burden score system (39). Tumor cross-
sectional area was either approximated with breast pathologist
Dr. Deborah Dillon from the H&E sections or approximated
via ex vivo caliper measurements at the experimental endpoint.
Tumor cross-sectional area was based upon estimates of
the tumor dimensions (length and width) and calculated by
p � 1/2[length] � 1/2[width]. Tumor viable cellular content was
also approximated with breast pathologist Dr. Deborah Dillon
and inferred from the H&E sections. Tumor cell content was
scored as a percentage (0–100) of viable invasive carcinoma (IC)
present within the tumor cross-sections [intraductal carcinoma
(ID) and other cell types were excluded from these estimates].

Microscopy
H&E and IHC images were captured on the laboratory Nikon

Eclipse E200microscope equippedwith an Idea color camera and
the SPOT software package.H&Eand IHC imageswere scanned, at
the Neurobiology Imaging Facility at HarvardMedical School, on
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the Olympus VS120-S5microscope equipped with a Hamamatsu
ORCA-R2 color camera. The VS-ASW-FL software package was
used for image analysis.

Statistical analysis
Statistical analyses were performed using GraphPad Prism

version 7 for MAC. For the analysis of continuous variables with
normal distributions, Welch's t test was applied. For the analysis
of nonnormal data, Mann–Whitney test was applied.

Results
Characterization of PDX models

FiveHER2-expressingPDXs(Fig. 1A–E,Table1; refs. 34,35)were
established in female NOD/scid mice via orthotopic transplanta-
tion of tumor fragments as described previously (36). Twomodels
were derived from patient primary breast tumors (35). BCM-3963
was established before the patient received treatment (treatment
na€�ve) whereas BCM-4888 was established after the patient
received treatment. Three models (PDX12, PDX8, and BCM-
3613) were established from pleural effusions after the patients
received systemic treatment with numerous HER2-targeted and/or
standard chemotherapeutics (34, 35). As such, the latter models
recapitulate advanced and metastatic human breast cancer.

To compareHER2 protein levels, we analyzed the expression of
HER2 by IHC (Fig. 1F–J). The levels of these proteins, as sum-
marized in Table 1, were quantified via intensity score assessment
as previously described (38).HER2 IHC (using the FDA-approved
HER2 antibodyA0485,which recognizes an intracellular epitope)
indicated that BCM-3613 (IHC 3þ) and BCM-3963 (IHC 3þ)
expressed the highest levels of HER2. PDX8 (IHC 2þ) and BCM-
4888 (IHC 2þ) expressed moderate levels whereas PDX12
expressed the lowest levels of HER2 overall (IHC 1þ). To assess
HER2 amplification in thesemodels, we carried out FISHanalysis.
The three BCM PDX models were positive for ERBB2 amplifica-
tion (Supplementary Fig. S1); however, PDX12 and PDX8 lacked
ERBB2 amplification (Supplementary Fig. S1).

Review of the clinical records and pathology reports for PDX8
and PDX12 and comparison to the IHC and FISH analyses of
the PDX models indicated that the HER2 levels changed after the
initial HER2 diagnosis. With respect to PDX8, the patient's pri-
mary breast tumor was described as HER2-positive (IHC 3þ)
whereas the pleural cells from which PDX8 were derived were
recorded as weak HER2-positive. Interestingly, for PDX12, the
patient's primary breast tumor was initially described as HER2-
negative (IHC 1þ) ER/PR-positive, whereas the first recurrence
was described as HER2-positive, ER/PR-negative.

We also analyzed the expression levels of BCL-2 (Fig. 1K–O)
and BCL-XL (Fig. 1P–T) by IHC and quantified via H-score
assessment (37). PDX12, PDX8, BCM-3963, and BCM-3613
tumors expressed overall moderate levels of BCL-XL (Table 1)
and, consistent with an ER-negative phenotype (34, 35), unde-
tectable levels of BCL-2 (Table 1; refs. 40–42). BCM-4888
tumors (35) expressed moderate levels of BCL-XL and low levels
of BCL-2, unlike the majority of ERþ tumors, which express high
BCL-2 (Table 1; refs. 40–42). For comparative purposes, this
information is summarized in Table 1.

Analysis of treatment effects
We initiated our preclinical treatment studies using PDX12

and PDX8. Following tumor establishment, tumor-bearing
mice (n ¼ 3–5 mice per group) were randomized into one
of four treatment arms: T-DM1, ABT-263, T-DM1 þ ABT-263
or vehicles (Supplementary Fig. S2). T-DM1 was administered
at 10 mg/kg i.p. once per week. ABT-263 was administered at
70 mg/kg p.o. once per day for 14 days. Vehicle controls were
administered in the same manner and schedule. To explore
alternative dosing schedules that could alleviate known
adverse events such as thrombocytopenia, which has been
shown to be associated with T-DM1 (43) and ABT-263
(44, 45) monotherapy, we included a fifth treatment arm
designated T-DM1 þ PULSEABT-263. These animals received
intermittent (pulse) ABT-263 treatments administered at
70 mg/kg p.o. on days 2–4 on each of two successive
seven day periods. Continuous combination treatment was
associated with weight loss and thrombocytopenia but pulse
combination treatment did not elicit either of these side effects
(Supplementary Fig. S2).

Microscopic analysis of the PDX12 tumor H&E sections
revealed that single-agent T-DM1 or ABT-263 treatment had
minimal effects on the invasive tumor cells; however, combina-
tion treatment resulted in substantial elimination of the tumor
cells and the emergence of a reactive stromal-rich tumor bed
(Fig. 2). We found similar combination effectiveness in PDX8.
PDX8 tumors, which are smaller in size than PDX12 tumors,
exhibited partial responses to single agent T-DM1. This response
was dramatically enhanced with ABT-263 treatment (Fig. 2).

To better distinguish tumor cells from stromal elements, we
used epithelial membrane antigen (EMA) IHC to visualize tumor
cells and trichrome stain to visualize stromal content (Fig. 3).
Consistent with our H&E observations and quantitative measure-
ments, the combination of T-DM1 and ABT-263 decreased EMAþ
content (tumor) and increased trichromeþ content (stroma)
when compared with each agent alone. The quantitative

Table 1. Characterization of PDX models

Patient Patient HER2 ER BCL-2 BCL-XL

PDX tumor source (34, 35) clinical treatments (34, 35) IHC-score statusa H-scoreb H-scoreb

PDX12 Post-Tx PE cape; vino; trastuzumab; lapatinib 1þ � 0 97
PDX8 Post-Tx PE 5-FU; cape 2þ � 0 183
BCM-3963 Pre-Tx PT NONE 3þ � 0 110
BCM-4888 Post-Tx PT cyclo; doxo; GSI 2þ þ 13 102
BCM-3613 Post-Tx PE cyclo; doxo; pacl; trastuzumab; lapatinib; GSI; doce; others 3þ � 0 117

Abbreviations: 5-FU, 5-fluorouracil; cape, capecitabine; cyclo, cyclophosamide; doce, docetaxel; doxo, doxorubicin; GSI, gamma secretase inhibitor; pacl, paclitaxel;
PE, pleural effusion; PT, primary breast tumor; Tx, treatment; vino, vinorelbine.
aER-positive (þ) or ER-negative (�) as previously described (34, 35).
bH-score represents the average of three to five tumors per PDX.
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pathologic assessment of viable tumor cell content for each
tumor, which is based on the proportion of viable invasive,
non-intraductal, carcinoma present within the tumor cross-
sections (Fig. 4A and D), demonstrates a significant reduction in
neoplastic tumor cell content with combined T-DM1 and ABT-
263 treatment in both models. Quantitative pathologic assess-
ment of tumor stroma, which is based on the proportion of
trichromeþ content present within the tumor cross-sections
(Fig. 4B and E), further supports the significant reduction in
neoplastic tumor cell content and the emergence of a reactive
stromal-rich tumor bed in response to combined T-DM1 and
continuous ABT-263 treatment in both models.

We also examined the cross-sectional area of the tumors, which
reflects the overall size of the tumors posttreatment, and consists
of both tumor and stromal components. The cross-sectional areas
of PDX12 combination-treated tumors were significantly reduced
at the experimental endpoint compared with T-DM1–treated
tumors (Fig. 4C; Supplementary Fig. S3A). Despite the significant
reduction in tumor cell content (Fig. 4D), the combination
treatment effect on the cross-sectional areas of the much smaller
PDX8 tumors, which were sensitive to T-DM1 alone, was less
significant (Fig. 4F; Supplementary Fig. S3A). Because of the small
size and the stromal infiltration associated with reduction in
tumor cell content, the cross-sectional tumor area does not
accurately reflect the effects of drug treatment on PDX8 whereas
closer inspection of tumor cell and stromal content does (Fig. 3).
Comparison of the combination treatments with either contin-

uous or pulsatile ABT-263 revealed that there were no statistically
significant differences in the reduction of either tumor cell content
or cross-sectional area between the two dosing schedules for
PDX8 (Fig. 4A and C) or PDX12 (Fig. 4D and F).

PDX12 tumors were treated with T-DM1 þ continuous
dosing of ABT-737, a derivative of ABT-263 that also neutralizes
BCL-2/XL, to determine whether this agent mimicked the efficacy
observed with T-DM1þ ABT-263 (Supplementary Fig. S4). Com-
bination-treated PDX12 tumors were characterized by significant-
ly reduced cross-sectional area and tumor cell content (Supple-
mentary Fig. S4). For PDX8, three out of five PDX8 tumors treated
with T-DM1þ ABT-737 displayed a dramatic reduction in tumor
cell content with significant stromal cell infiltration, similar to the
T-DM1 þ ABT-263 response. The reduction in cross-sectional
areas of the combination treated tumors were similar to those
of T-DM1, as observed with ABT-263 þ T-DM1 combinations
(Supplementary Fig. S4).

We next tested the T-DM1 þ ABT-263 combination treatment
in the three additional HER2-expressing PDX models (BCM-
3963, BCM-4888, and BCM-3613). Tumor-bearing mice were
randomized into four groups as described above. ABT-263 was
administered continuously with an experimental endpoint on
day 14. Treatment-na€�ve BCM-3963 was sensitive to single-agent
T-DM1 (Fig. 5A–D; Supplementary Fig. S3B). Consistent with
this, the patient fromwhich this xenograft was derived responded
to trastuzumab and lapatinib and the initially established
BCM-3963 xenografts were reported to be sensitive to

Figure 1.

Comparison of HER2, BCL-2, and BCL-XL expression levels. Tumor sections were visualized via H&E (A–E) and were evaluated for HER2 (F–J), BCL-2 (K–O), and
BCL-XL (P–T) via IHC. Representative IHC images are presented for PDX12, PDX8, BCM-3963, BCM-4888, and BCM-3613. IHC or H-scores for each marker are
summarized in Table 1. Scale bar,�90 mm.
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trastuzumab and lapatinib (35). Calculation of tumor cross-
sectional area indicated that combination treatment was compa-
rable to single-agent T-DM1 in reducing tumor size (Fig. 5E).
However, specific analysis of the residual tumor cell mass indi-
cated that a significant portion of the residual mass was stromal
cells, thus indicating that the addition of ABT-263 enhanced
T-DM1 cytotoxicity (Fig. 5F). BCM-4888 was insensitive to sin-
gle-agent T-DM1 but partially sensitive to single-agent ABT-263
treatment (Fig. 5G–L; Supplementary Fig. S3B). Assessment of
viable tumor cell content indicated that the combination treat-
ment was comparable to single agent ABT-263 (Fig. 5L). Com-
bination treatment benefits were not observed within BCM-3613
tumors, which were highly sensitive to single-agent T-DM1
(Fig. 5M–R; Supplementary Fig. S3B).

Analysis of residual tumor cells
Under all treatment conditions examined, islands of residual

EMAþ tumor cellswere observed inPDX12 andPDX8. Thesewere
scattered throughout a trichromeþ reactive stroma similar to
posttreatment patient samples observed in the clinic (46).
Because a subset of residual PDX8 tumor cells exhibited intra-
ductal-like histology, we performed p63 IHC in order to label
myoepithelial cells which surround the mammary ducts. The
majority of the residual PDX8 tumor cells were present within
p63þ ducts (Supplementary Fig. S5A). Residual PDX12 tumor
cells were not surrounded by myoepithelial cells indicating that
they are not intraductal, but rather invasive. These results suggest

that tumor cells within ducts may escape the cytotoxicity of
T-DM1 þ ABT-263 combined treatment.

Because MCL-1 levels have been shown to correlate with
resistance to ABT-263 (47–50), we performed MCL-1 IHC on
PDX12 and PDX8 tumors. PDX12 and PDX8 tumors express low
levels of MCL-1. We did not detect any enrichment of MCL-1
expression in the residual cells following treatmentwith T-DM1þ
ABT-263, suggesting that enhanced expression ofMCL-1 does not
associate with lack of sensitivity to the drug combination in
PDX12 and PDX8 tumor cells that remain after treatment (Sup-
plementary Fig. S5B).

Because intracellular delivery of T-DM1 depends on the level
of target expression, we also evaluated HER2 levels within
PDX12 and PDX8 tumors treated with T-DM1 alone or in
combination with ABT-263. For HER2 IHC, we used HER2
antibody A0485 and quantification via H-scores (37) in order
to detect and compare HER2 across all treatment groups.
Decreased total HER2 protein levels were observed in PDX12
and PDX8 tumors treated with T-DM1 alone, in combination
with ABT-263 (Fig. 6) or in combination with ABT-737 (Sup-
plementary Fig. S6); however, the effect in PDX12 is subtle
because the pretreatment levels are very low to begin with.
Because HER3 has been shown to contribute to T-DM1 resis-
tance (13), HER3 expression was also examined. HER3 levels
were unaltered in PDX8 (Supplementary Fig. S5C) and unde-
tectable in PDX12 tumors, suggesting specific reductions in
HER2 expression. The same treatments did not alter HER2

Figure 2.

Microscopic analysis of treatment effects. Representative H&E images are presented to compare PDX12 (A–J) and PDX8 (K–T) treatment groups. Note significant
elimination of tumor cells after combination treatment (D and N or I and S). H&E images presented inA–E and K–O are magnified in F–J and P–T, respectively.
The presence of notable intraductal carcinoma (ID) is indicated. Scale bar,�480 mm.
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Figure 3.

Tumor cellular and stromal characterization posttreatment. Representative Masson's trichrome stained tumor sections from PDX12 (A and C) and PDX8 (E andG)
comparing vehicle controls, single agents, and combination treatment. Masson's trichrome stains the cell nuclei (black), cell cytoplasm (red), and collagen
(blue). Note the emergence of scar-like reactive stroma at the tumor bed in response to combination treatment (C and G). Representative EMA stained tumor
sections from PDX12 (B andD) and PDX8 (F and H) comparing treatment groups. Note the substantial elimination of invasive tumor cells in response to
combination treatment (D andH). The elimination of invasive tumor cells and the emergence of a desmoplastic stroma are characteristic features of effective
treatment response. The images presented in A and B or E and F are magnified in C and D or G and H, respectively. The presence of notable intraductal
carcinoma (ID) is indicated. Scale bar,�525 mm.
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protein levels in BCM-3963, BCM-4888, or BCM-3613 tumors
(Supplementary Fig. S7). These results suggest that decreased
HER2 expression could explain, at least in part, the presence of
residual T-DM1-insensitive PDX12 and PDX8 tumor cells.
Because some of the residual tumor cells displayed HER2 levels
similar to untreated tumor cells, other factors likely contribute
to resistance as well. IHC evaluation of cell proliferation
(Ki67), proapoptotic protein levels (BIM), and cell signaling
(phospho-S6) did not show distinguishable differences in
residual tumor cells between untreated and treated groups.
Interestingly, PDX12 tumors treated with ABT-263 (Fig. 6) or
ABT-737 (Supplementary Fig. S6) exhibited increased HER2
protein levels. These results suggest that enhanced target expres-
sion underscores response to combination treatment in PDX12
tumors.

Discussion
Here, we characterized the in vivo responses of five HER2-

expressing PDX models to T-DM1þ ABT-263 combination treat-
ment. Neutralization of BCL-2/XL proteins, in three of the five
models, resulted in enhanced T-DM1 cytotoxic treatment effects,
as opposed to cytostatic treatment effects, characterized by wide-
spread elimination of the invasive tumor cells. Beyond charac-
terization of treatment efficacy, we determined that pulsatile
ABT-263 treatments minimize the reduction of platelets, which
is a side effect of both T-DM1andnavitoclax, and largelymaintain
combination effectiveness in the two models where pulsed deliv-
ery was evaluated. Furthermore, we characterized the residual
tumor cell populations that escape combination treatment and
identified lower expression of HER2 as a potential factor.

Figure 4.

Quantitative pathologic assessment of treatment effects. Tumor cellular content was summarized across multiple tumors from PDX12 (A) and PDX8 (D)
experiments (Mann–Whitney one-tailed test PDX12: T-DM1 vs. T-DM1þABT-263; P value¼ 0.0286, T-DM1 vs. T-DM1þ PULSEABT-263; P value¼ 0.1714 and
PDX8: T-DM1 vs. T-DM1þ ABT-263; P value¼ 0.0429, T-DM1 vs. T-DM1þ PULSEABT-263; P value¼ 0.0286). Tumor stromal content was summarized
across multiple tumors from PDX12 (B) and PDX8 (E) experiments (Mann–Whitney one-tailed test PDX12: T-DM1 vs. T-DM1þABT-263; P value¼ 0.0286, T-DM1
vs. T-DM1þ PULSEABT-263; P value¼NS and PDX8: T-DM1 vs. T-DM1þ ABT-263; P value¼ 0.0286, T-DM1 vs. T-DM1þ PULSEABT-263; P value¼ 0.0571).
Tumor cross-sectional area was summarized across multiple tumors from PDX12 (C) and PDX8 (F) experiments (Welch's one-tail t test PDX12: T-DM1 versus
T-DM1þ ABT-263; P value¼ 0.0418, T-DM1 vs. T-DM1þ PULSEABT-263; P value¼ 0.0366 and PDX8: T-DM1 vs. T-DM1þ ABT-263; P value¼ 0.0667, T-DM1 vs.
T-DM1þ PULSEABT-263; P value¼ 0.0115). P values� 0.05 (�) are indicated as numerical values; P values > 0.05 and� 0.2 are also indicated as numerical values,
whereas P values > 0.2 are indicated as nonsignificant. Additional statistical tests comparing vehicle with each of the treatment groups are summarized in
Supplementary Table S2. Each line represents the median (A and D or B and E) or the mean (C and F).
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The five PDX models that we examined displayed heteroge-
neous responses to single-agent T-DM1 and the T-DM1 þ ABT-
263 combination treatment. These PDX models recapitulate the

heterogeneity of human HER2-expressing breast cancers and
highlight relevant clinical scenarios. BCM-3963 represents a treat-
ment-na€�ve bona fide HER2þ patient primary breast tumor with

Figure 5.

BCM-3963, BCM-4888, and BCM-3613 response to combination treatment. BCM tumors were administered vehicle controls, single agents, or combination
treatments for 14 days. ABT-263 was administered continuously days 1 to 14. Representative H&E images are presented to compare BCM-3963 (A–D), BCM-4888
(G–J), and BCM-3613 (M–P) treatment groups. Note significant elimination of BCM-3963 tumor cells post-combination treatment (D). Tumor cross-sectional area
was summarized across multiple tumors from BCM-3963 (E), BCM-4888 (K), and BCM-3613 (Q) experiments (Welch's one-tail t test BCM-3613: vehicle vs. T-DM1;
P value¼ 0.0159). Tumor cellular content was summarized across multiple tumors from BCM-3963 (F), BCM-4888 (L), and BCM-3613 (R) experiments (Mann–
Whitney one-tail test BCM-3963: vehicle vs. T-DM1; P value¼ 0.0143, T-DM1 vs. T-DM1þ ABT-263; P value¼ 0.0143 and BCM-4888: vehicle vs. ABT-263; P value
¼ 0.0357). P values� 0.05 (�) are indicated as numerical values, and P values > 0.2 are indicated as nonsignificant. Additional statistical tests comparing vehicle
with each of the treatment groups are summarized in Supplementary Table S3. Each line represents the mean (E, K, andQ) or the median (F, L, and R). Scale bar,
�185 mm.

Figure 6.

HER2 levels posttreatment. PDX12 (A–E) and PDX8 (G–K) tumor sections were evaluated for HER2 via IHC. Representative HER2 IHC images are presented to
compare treatment groups. Note PDX12 and PDX8 T-DM1–treated tumors express lower levels of HER2 (C–E and I–K). Note single-agent ABT-263 upregulates
HER2 in PDX12 tumors (B). HER2 was quantified via H-score assessment (37). Data were summarized across multiple tumors from PDX12 (F) and PDX8 (L)
experiments (Mann–Whitney one-tail test PDX12: vehicle vs. ABT-263; P value¼ 0.0500, vehicle vs. T-DM1; P value¼ 0.0500, vehicle vs. T-DM1þABT-263; P
value¼ 0.0286, vehicle vs. T-DM1þ PULSEABT-263; P value¼ 0.0286 and PDX8: vehicle versus T-DM1; P value¼ 0.0079, vehicle vs. T-DM1þABT-263; P value¼
0.0079, vehicle vs. T-DM1þ PULSEABT-263; P value¼ 0.0179). P values� 0.05 (�) or� 0.01 (��) are indicated as numerical values. Each line represents the
median. Scale bar,�90 mm.
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ultrasensitive responses to HER2-targeted therapies in vivo (i.e.,
trastuzumab, lapatinib, T-DM1; ref. 35). In this model, where
single-agent HER2 therapy was highly effective, we observed
added benefit of ABT-263 based on a further reduction of tumor
cell content. PDX12 and PDX8, which were derived from HER2-
expressing patient pleural effusions, represent advanced meta-
static disease. The PDX12 and PDX8 models exhibited partial
responses to T-DM1 single agent but dramatic and near complete
responses to combination treatment. Assessment of HER2 levels
in established PDX12 and PDX8 tumors indicated that these
tumors expressed low levels of HER2 and lacked ERBB2 ampli-
fication. It has previously been reported that HER2 expression can
decrease throughout patient disease progression (51, 52) and that
loss of HER2 can occur in response to clinical treatment (53–59).
Nonetheless, the ability of ABT-263 to dramatically enhance
tumor cell killing in both of thesemodels highlights the potential
relevance of this drug combination to patients with advanced
and/or metastatic breast cancer who have progressed on the
standard-of-care first-line and second-line treatments. Further-
more, T-DM1 effectiveness in the low-HER2 tumors extends
consideration and application of this drug combination and
concept outside of ERBB2-amplified and/or HER2-overexpressed
breast cancers.

Two models failed to show enhanced responsiveness to the
drug combination relative to single agents. BCM-3613 was
derived from a HER2þ patient pleural effusion and is highly
sensitive to T-DM1 alone, exhibiting a dramatic reduction in
tumor area without evidence of cytoxicity. These results suggest
that BCM-3613 may have a high threshold for cell death and is
thus sensitive to T-DM1-associated proliferative blockade, but not
cytotoxic death. BCM-4888 represents a posttreatment HER2þ

patient primary breast tumor that is highly refractory to T-DM1. In
this model, single-agent T-DM1 was ineffective whereas ABT-263
was partially effective. The insensitivity to T-DM1 may limit the
extent to which ABT-263 would have additive effects.

One notable finding in the PDX8 model was the detection of
residual drug-resistant tumor cells confined within p63þ ductal
spaces. This observation remarkably recapitulates the features of
residual DCIS often encountered in patient specimens posttreat-
ment within the context of near complete or complete patholog-
ical responses (60, 61). These findings and previous observations
from our lab and others highlight the protected status of
tumor cells confined within myoepithelial cells and basement
membrane (31).

Another interesting observation from our studies was the
finding that HER2 protein levels were lower in tumors treated
with T-DM1 alone or in combination with ABT-263. Lower target
expression could account, at least in part, for the residual T-DM1
insensitive tumor cells. Unexpectedly, ABT-263 treatment alone
upregulatedHER2protein levels in one of the five PDXmodels we
examined (PDX12). This result was confirmed with ABT-737.
Although the mechanism that mediates/underlies/regulates this
process remains to be determined, the combination effectiveness
observed in PDX12 tumors could potentially be explained by
enhanced target expression. Similar upregulation of HER2 and
sensitization to T-DM1 has been documented in gemcitabine-
treated MCF7 tumor cells (62).

AlthoughMCL-1 has been reported to confer resistance to ABT-
263 treatment (47–50), our evidence does not support a role for
MCL-1 as a critical component of the residual PDX12 or PDX8
tumor cells. Tumors were overall MCL-1-low, with no evidence

of MCL-1 upregulation or of selection of MCL-1-positive cells
posttreatment. Consistent with an ER-negative phenotype, both
PDX12 and PDX8 tumors expressed low levels of BCL-2 (40–42)
but moderate levels of BCL-XL. As such, we predict combination
effectiveness is mediated via BCL-XL neutralization.

The BCL-2-selective inhibitor venetoclax mitigates thrombocy-
topenia associated with BCL-XL inhibition and may represent an
attractive agent for treating ERþ tumors, which are enriched for
BCL-2 (3, 40–42). Indeed, preclinical data have shown that BCL-2
inhibition in combination with ER blockade is efficacious in
HER2�ERþ PDXmodels (33) and suggest thatHER2þERþ tumors
could also benefit from BCL-2-selective blockade in combination
with HER2- and ER-targeted therapies.

Despite substantial preclinical evidence for the effectiveness of
ABT-263/taxol combinations (8), clinical application was not
feasible due to side effects of systemic treatment with both
drugs (1, 11). ADCs, which target and selectively deliver a payload
to tumor cells, minimize these potential side effects. One concern
regarding combined treatment with T-DM1 and ABT-263 is the
potential for dose-limiting thrombocytopenia. ABT-263 treat-
ment depletes mature platelets due to the dependence of these
cells on BCL-XL for survival (63, 64). T-DM1 has been shown to
be taken up by megakaryocyte platelet precursors and inhibits
generation of platelets due to toxicity (65–67). Thus, T-DM1 and
ABT-263 have nonoverlapping effects on platelets. Although
T-DM1–associated platelet side effects were not observed at our
experimental endpoints, continuous ABT-263 treatment-associ-
ated thrombocytopenia was indeed notable. We circumvented
this issue by intermittent dosing of ABT-263, which eliminated
thrombocytopenia without significant reduction in efficacy.

Taken together, our preclinical studies highlight T-DM1 plus
ABT-263 as an effective treatment option worthy of future clinical
investigation. The development of next-generation HER2
ADCs (68–72), with proven effectiveness and without platelet
liabilities, further support exploration of ABT-263/navitoclax
within HER2-expressing breast and other tumor types.
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