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Abstract

Background: Targeted therapies for triple-negative breast cancer (TNBC) are limited; however, the epidermal
growth factor receptor (EGFR) represents a potential target, as the majority of TNBC express EGFR. The purpose of
these studies was to evaluate the effectiveness of two EGFR-targeted antibody-drug conjugates (ADC: ABT-414;
ABBV-321) in combination with navitoclax, an antagonist of the anti-apoptotic BCL-2 and BCL-XL proteins, in order
to assess the translational relevance of these combinations for TNBC.

Methods: The pre-clinical efficacy of combined treatments was evaluated in multiple patient-derived xenograft
(PDX) models of TNBC. Microscopy-based dynamic BH3 profiling (DBP) was used to assess mitochondrial apoptotic
signaling induced by navitoclax and/or ADC treatments, and the expression of EGFR and BCL-2/XL was analyzed in
46 triple-negative patient tumors.

Results: Treatment with navitoclax plus ABT-414 caused a significant reduction in tumor growth in five of seven PDXs
and significant tumor regression in the highest EGFR-expressing PDX. Navitoclax plus ABBV-321, an EGFR-targeted ADC
that displays more effective wild-type EGFR-targeting, elicited more significant tumor growth inhibition and regressions
in the two highest EGFR-expressing models evaluated. The level of mitochondrial apoptotic signaling induced by
single or combined drug treatments, as measured by DBP, correlated with the treatment responses observed in vivo.
Lastly, the majority of triple-negative patient tumors were found to express EGFR and co-express BCL-XL and/or BCL-2.

Conclusions: The dramatic tumor regressions achieved using combined agents in pre-clinical TNBC models
underscore the abilities of BCL-2/XL antagonists to enhance the effectiveness of EGFR-targeted ADCs and highlight the
clinical potential for usage of such targeted ADCs to alleviate toxicities associated with combinations of BCL-2/XL
inhibitors and systemic chemotherapies.

Keywords: BCL-2, BCL-XL, ABT-263, Navitoclax, Apoptosis, TNBC, ADC, EGFR, Cytotoxic, PDX

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: joan_brugge@hms.harvard.edu
1Department of Cell Biology and Ludwig Center at Harvard, Harvard Medical
School, 240 Longwood Avenue, Boston, MA 02115, USA
Full list of author information is available at the end of the article

Zoeller et al. Breast Cancer Research          (2020) 22:132 
https://doi.org/10.1186/s13058-020-01374-8

http://crossmark.crossref.org/dialog/?doi=10.1186/s13058-020-01374-8&domain=pdf
http://orcid.org/0000-0002-2547-4814
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:joan_brugge@hms.harvard.edu


Background
The epidermal growth factor receptor (EGFR) [1] is a po-
tential target for therapeutic intervention, as it is highly
expressed in the majority of TNBC [2–9]. To date, clinical
responses to EGFR-targeted receptor tyrosine kinase in-
hibitors and function-blocking antibodies have been dis-
appointing [1, 10]; however, these trials were designed
without selection for EGFR-expressing triple-negative pa-
tient tumors and limited by dose-limiting EGFR-
associated toxicities. Thus, it remains unclear whether
EGFR is an actionable and relevant target and whether it
can be exploited safely. Next-generation tumor-specific
EGFR-targeted antibodies (ABT-806) [11] and their
antibody-drug conjugates (Table 1) [12–14] represent
promising alternative approaches because these agents en-
able tumor-selective EGFR-targeting as well as subsequent
delivery of the cytotoxic payload independent of EGFR in-
hibition, and eliminate the systemic side effects associated
with exposures to conventional anti-EGFR agents and
cytotoxic chemotherapy. ABT-414 (depatux-m), compris-
ing ABT-806 conjugated to the cytotoxic monomethyl
auristatin F (MMAF), has demonstrated single-agent ac-
tivities across several tumor types in which EGFR is ampli-
fied, mutated (e.g., EGFRvIII mutations) or over-expressed
[12]. Next-generation antibody-drug conjugates (ADCs)
comprising an affinity-matured version of ABT-806 conju-
gated to either monomethyl auristatin E (ABBV-221) [13]
or the ultra-potent pyrrolobenzodiazepine (PBD) dimer
(ABBV-321) [14] exhibit enhanced EGFR affinities and
killing potencies and have demonstrated effectiveness
within EGFR-expressing tumors or tumor cell lines. Com-
bined, the higher affinity of ABBV-321 for EGFR and po-
tency of the PBD payload is predicted to permit targeting
and killing of cells with lower receptor expression. Given
the elevated expression of EGFR in TNBC, we were inter-
ested in investigating the efficacy of the EGFR-targeted
ADCs in TNBCs.
We previously demonstrated that inhibition of the

pro-survival proteins BCL-2 and BCL-XL via ABT-263/
navitoclax dramatically enhanced the effectiveness of a
HER2-targeted ADC (T-DM1) [15]. The success of navi-
toclax+T-DM1 prompted us to explore whether navito-
clax can enhance the effectiveness of either ABT-414 or
ABBV-321 in a series of EGFR-expressing patient-
derived xenografts (PDX) of TNBC [16].

Methods
Patient-derived xenografts
Patient-derived xenograft models of TNBC were devel-
oped and provided by Y.D., M.F., and A.W. (Huntsman
Cancer Institute). As previously described [17], tumor
fragments were orthotopically transplanted into female
NOD.scid mice (Charles River Labs; RRID:IMSR_ARC:
NODSCID). For the PDX studies presented within
Figs. 2, 3, and 4 and Supplemental Figure 7, each mouse
was transplanted with one tumor fragment in order to
generate one tumor per mouse. Procedures were com-
pleted in accordance with IACUC#0990 and Harvard
University ARCM policies.

Drug treatments
100 mpk ABT-263/navitoclax (AbbVie) was adminis-
tered p.o. once per day. ABT-263 was formulated ac-
cording to AbbVie recommendations in 60% phosal 50
PG (Lipoid), 30% polyethylene glycol 400 (DOW Chem-
ical), and 10% ethanol. 10 mpk ABT-414 (AbbVie) or
the non-tumor targeted ADC AB095-MMAF (AbbVie)
was administered i.p. once per week; 0.5 mpk ABBV-321
(AbbVie) or the non-tumor targeted ADC AB095-PBD
(AbbVie) was also administered i.p. once per week.
ADCs were prepared in 0.9% sterile saline for injection
(Hospira). The vehicle-treated mice received the vehicles
corresponding to drug-treated mice. Tumor-bearing
mice were randomized according to pre-treatment
tumor volumes. For the studies presented within Figs. 2,
3, and 4 and Supplemental Figure 7, tumor volumes
prior to treatment initiation are presented in Supple-
mental Figure 2, Supplemental Figure 3, Supplemental
Figure 4, Supplemental Figure 6, and Supplemental Fig-
ure 7. For the studies presented within Figs. 3 and 4 and
Supplemental Figure 7, the number (n) of tumor-bearing
animals randomized per group were in agreement with
the results from our initial in vivo studies (Fig. 2), which
determined statistical significance between vehicle- and
combo-treated PDX using n = 3–6 tumor-bearing ani-
mals per group. For the initial studies (Fig. 2), the 14-
day treatment plan was based upon our previous work
which demonstrated the efficacy of navitoclax and a
HER2-targeted ADC (T-DM1) within the same time
frame [15]. Pre-treatment body weights were used for in-
dividualized mpk calculations. Body weights measured at
the experimental endpoints were used to calculate per-
cent reductions in body weight.

Specimen collection
For tumor-bearing animals, tumors were collected at the
experimental endpoints, bisected along the longitudinal
axis and fixed in 10% neutral buffered formalin (Sigma).
For nontumor-bearing animals, blood was collected from
the retro-orbital sinus < 4 h post-treatment on day 17

Table 1 EGFR-targeted and non-targeted antibody-drug
conjugates

ADC Antibody Linker Payload

ABT-414 ABT-806 mc (non-cleavable) MMAF

AB095-MMAF AB095 mc (non-cleavable) MMAF

ABBV-321 ABT-806 AM1 mc-VC (cleavable) PBD

AB095-PBD AB095 mc-VC (cleavable) PBD
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(experimental endpoint). The serum was isolated (BD
Microtainer SST) and stored at − 20 °C. Carcasses were
collected at the experimental endpoint, dissected along
the midline and fixed in Bouin’s solution (Sigma).

H&E
Formalin-fixed paraffin-embedded (FFPE) tumors and
Bouin’s-fixed paraffin-embedded livers were prepared,
processed, sectioned, and H&E-stained by the Harvard
Rodent Histopathology Core.

Clinical chemistry
Serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), and albumin
(ALB) levels were measured by Charles River Laboratories,
Clinical Pathology Services (Shrewsbury, MA).

FISH
FISH assays were performed using bacterial artificial
chromosome clones RP11-148P17 and RP11-81B20 (Oak-
land Children’s Hospital) to construct probes for a 333-kb
region including EGFR. Probes were biotin-labeled using
the Random Prime DNA Labeling System (Invitrogen) ac-
cording to the manufacturer’s protocol and detected with
rhodamine-streptavidin. A FITC-labeled probe to the
chromosome 7 centromeric region (CEP7) was purchased
from Abbott/Vysis. The 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 Olympus BX51 fluorescence
microscope. Hybridization signals were scored in ≥ 20
tumor cells for each case. The average EGFR signals per
cell, average CEP7 signals per cell and, EGFR:CEP7 ratio
were calculated. Previously described EGFR copy number
classifications were applied [9, 18].

IHC
EGFR (Cell Signaling Technologies 4267), BCL-2 (Dako
M0887), and BCL-XL (Cell Signaling Technologies 2764)
IHC assays and H-scores [19] were performed as previ-
ously described [15, 20].

Tumor volumes
For in vivo tumor measurements in 2-dimensions, caliper-
based measurements approximated length (l) and width
(w). These values were used to calculate volume via ½(l ×
w2). For ex vivo tumor measurements in 3-dimensions,
caliper-based measurements approximated length, width,
and height (h). These values were used to calculate vol-

ume via π � 1
.
6
ðl � w� hÞ . For each tumor, tumor

growth was calculated as a percentage of pre-treatment
tumor volume and based upon pre- and post-treatment

in vivo tumor volumes. Tumor-bearing mice that died be-
fore the experimental endpoints were excluded from vol-
ume comparisons; however, tumor data for these mice is
presented in the Additional file 1.

Microscopy
Histology slides were visualized and images were ac-
quired via a Nikon Eclipse E200 microscope, Idea color
camera, and SPOT software for MAC.

Statistics
GraphPad Prism for MAC was utilized for statistical tests
(Welch’s t test) and correlation analyses (Pearson’s r).

Microscopy-based dynamic BH3 profiling
HCI-010 or HCI-025 patient-derived xenografts were dis-
sociated using a combination of mechanical and enzym-
atic disruption methods. PDX were cut into small pieces
using a scalpel and added to digestion medium composed
of DMEM/F12 (Gibco) with DNase I recombinant grade I
(130 U/ml, Roche), hyaluronidase from bovine testes
(0.1 KU/ml, Sigma), and collagenase type I from rat tail (2
mg/ml, Gibco). To obtain a single-cell suspension, tumor
samples were incubated in a dissociation medium at 37 °C
with continuous shaking for 45–90min. Freshly isolated
PDX-derived tumor cells were cultured in advanced
DMEM/F12 (Gibco) with N2 supplement (Gibco), B27
supplement (Gibco), 1% L-glutamine (Gibco), and 10%
FBS (Gibco) at 37 °C under 5% CO2. For DBP, PDX-
derived tumor cells were seeded in 384 well plates (Corn-
ing 3764BC) and treated for 24 h with ABT-263 (AbbVie),
ABBV-321 (AbbVie), ABT-263+ABBV-321, AB095-PBD
(AbbVie), or ABT-263+AB095-PBD. DBP was performed
as previously described [21, 22]. Briefly, BIM peptide dilu-
tion curves were generated using untreated tumor cells. A
concentration of BIM peptide that corresponded to 10%
of cytochrome c-negative cells was selected based upon
the dilution curves and was used to perform BH3 profiling
on the drug-treated tumor cells. Twenty-four hours post-
treatment, the tumor cells were washed three times with
PBS using the BioTek 406EL plate washer. Consequently,
the BIM peptide was added using the HP D300e Digital
Dispenser (Hewlett-Packard Development Company) at
the designated concentration. Tumor cells were incubated
in a BH3 profiling buffer containing 0.002% digitonin for
1 h. Tumor cells were fixed in paraformaldehyde for 15
min. The fixative was subsequently neutralized using a
Tris/Glycine buffer. Tumor cells were stained overnight
with Hoechst 33342 (tumor nuclei, Invitrogen), anti-
cytochrome c Alexa Fluor 647-conjugated antibody (Bio-
Legend), anti-cytokeratin antibody (tumor cells, BioLe-
gend), and anti-vimentin antibody (tumor cells,
BioLegend). Prior to imaging, the stain solution was re-
moved via washes using the BioTek 406EL plate washer

Zoeller et al. Breast Cancer Research          (2020) 22:132 Page 3 of 13



(BioTek). Fluorescence microscopy images from DBP
plates were acquired using the IXM XLS high-content
widefield microscope (ICCB Longwood Screening Facility,
Harvard Medical School). Analysis of the images was per-
formed using the MetaMorph Microscopy Automation
and Image Analysis Software. The Multi Wavelength Cell
Scoring Module was used to quantify the fraction of cyto-
chrome c-positive tumor cells per well. All subsequent
data analysis was performed in Microsoft Excel or Graph-
Pad Prism.

TMA
Tissue microarrays (TMA) corresponding to patient
triple-negative breast cancers (HTMA-240) were ob-
tained from the Breast Biorepository at the DFCI/HCC.
HTMA-240 samples were previously collected via DFCI
IRB#93085 and were de-identified prior to analysis.
HTMA-240 was sectioned by the Brigham & Women’s
Hospital Specialized Histopathology Core, and unstained
FFPE were assayed for EGFR and co-expression of BCL-
2/XL according to the IHC methods described above. H-
scores were determined by breast pathologist Dr. Deb-
orah Dillon (BWH) according to standard procedures
[19] and using reference controls [EGFR, MDA-MB-468
cell-derived xenografts; BCL-2, human tonsil tissue;
BCL-XL, HCI-025 patient-derived xenografts].

Results
PDX models of TNBC express EGFR, BCL-2, and BCL-XL

Seven previously generated patient-derived xenograft
models of HER2−/ER−/PR− breast cancer [16] were
established and maintained via orthotopic transplant-
ation in female NOD.scid mice [17]. Five models were
derived from primary breast tumors that were either
treatment naïve (HCI-002; HCI-004; HCI-016; HCI-019)
or had undergone prior treatment (HCI-001), whereas
two models (HCI-010; HCI-015) were derived from ad-
vanced metastatic breast cancers with multiple prior
treatment exposures (Table 2).

To compare EGFR, BCL-2, and BCL-XL expression
levels within these tumor models, we performed IHC as-
says and H-score (H) assessment for each protein (Fig. 1
and Table 2). These models displayed a range of EGFR
expression levels (Fig. 1a), with HCI-004 (Hx = 76) as the
lowest EGFR-expressing tumor model and HCI-010
(Hx = 228) as the highest EGFR-expressing tumor model.
Two models (HCI-002 and HCI-016) were distinguished
by high BCL-2 expression whereas the other five models
expressed low levels of BCL-2 (Fig. 1b). There was also
variation in the expression of BCL-XL, which ranged
from H-scores of 10 to 220 (Fig. 1c).
To compare EGFR within these tumor models, we per-

formed FISH assays and, as previously described [9],
classified EGFR copy number alterations (Supplemental
Table 1a). Based upon EGFR:CEP7 assessments (Supple-
mental Table 1b), none of the models examined was
characterized by EGFR:CEP7 ≥ 2 and classified as EGFR-
amplified; however, HCI-001, HCI-002, HCI-004, HCI-
015, HCI-016, and HCI-019 were characterized by EGFR
trisomy, and HCI-010 was characterized by EGFR polys-
omy (Supplemental Table 1b). Consistent with EGFR
polysomy and EGFR expression (Fig. 1 and Table 2), the
HCI-010 model was distinguished by the greatest pro-
portion of tumor cells with ≥ 4 EGFR per cell (~ 26%).
For the other PDX models evaluated, there was no obvi-
ous correlation between EGFR copy numbers and EGFR
expression levels.

Navitoclax enhances the in vivo efficacy of ABT-414 or
ABBV-321
To obtain an initial assessment of which PDX models
were most sensitive to navitoclax+ABT-414 treatments,
we evaluated the efficacy of this drug combination in all
seven EGFR-expressing PDX models. For these studies,
tumor-bearing mice (n = 4–6 per group) were random-
ized into one of two groups: one to be treated with navi-
toclax+ABT-414 and another with the vehicles for both
agents (Supplemental Figure 1a). Navitoclax (100 mpk)

Table 2 PDX models of triple-negative breast cancers

PDX Patient sourcea Patient treatmentb HER2 statusc ER status PR status EGFR H-scored BCL-2 H-scoree BCL-XL H-score

HCI-001 PT + Prior T× – – – 188 10 100

HCI-002 PT − Prior T× – – – 121 230 90

HCI-004 PT − Prior T× – – – 76 10 220

HCI-010 PE + Prior T× – – – 228 10 10

HCI-015 MT + Prior T× – – – 193 20 60

HCI-016 PT − Prior T× – – – 90 280 90

HCI-019 PT − Prior T× – – – 208 40 155
aPT primary breast tumor, PE pleural effusion, MT metastatic breast tumor
bT×, treatment as previously described [16] and unpublished data kindly provided by A.W.
cHER2, ER, and PR as previously described [16] and unpublished data kindly provided by A.W.
dH-score represents the average of 4–6 tumors per PDX
eH-score represents one tumor surveyed per PDX kindly provided by A.W.
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was administered once per day and ABT-414
(10 mpk), once per week. Using caliper-based
measurements, we calculated tumor volumes pre-
(Supplemental Figure 2a) and post-treatment (Supple-
mental Figure 2b). Fourteen days post-treatment
(Fig. 2), we observed significant reductions in tumor
growth in five of seven combination-treated tumor
models (HCI-001; HCI-002; HCI-004; HCI-010; HCI-
019). Tumor regressions were observed in HCI-002,
HCI-004, and HCI-010, with the most consistent and

substantial tumor regressions being observed in HCI-
010 tumors (Fig. 2a). Compared to the other PDX
models, HCI-010 tumors were distinguished by the
highest EGFR expression levels and the highest per-
centage of cells with ≥ 4 EGFR copies (Table 2 and
Supplemental Table 1). Non-significant reductions in
tumor growth were observed in the two additional
combination-treated tumor models (HCI-015; HCI-
016); however, these determinations could have been
limited by sample size (Fig. 2a).

Fig. 1 Comparison of EGFR, BCL-2, and BCL-XL expression levels. Seven PDX models of TNBC were immuno-stained for EGFR (a), BCL-2 (b), and
BCL-XL (c). Representative immuno-stains are shown. The IHC results were semi-quantitated via H-score assessment and summarized in Table 2.
Scale bar, ~ 200 μm

Fig. 2 Evaluation of ABT-263/navitoclax+ABT-414 treatment responses. Seven EGFR-expressing PDX models were treated with ABT-263+ABT-414
[combo] or the vehicles for both agents [vehicle] according to the dose and schedule presented in Supplemental Figure 1a. Fourteen days post-
treatment, significant tumor growth inhibition and regressions were observed in five of seven PDX models: HCI-001, HCI-002, HCI-004, HCI-010,
and HCI-019 (a). The graphs present tumor growth as a percent of pre-treatment tumor volumes for each tumor (n = 3–6 per group). Each
symbol represents a tumor. Each line represents the mean. Note that consistent and substantial regressions are restricted to HCI-010 tumors. p
values < 0.05 (*), < 0.01 (**), < 0.001 (***), and < 0.0001 (****) are indicated. p values > 0.05 = NS. p values, determined by Welch’s one-tailed test,
are presented for vehicle versus combo comparisons in Supplemental Table 2a. Representative H&E images for vehicle- (b) and combo-treated (c)
tumors are shown to highlight treatment-associated pathological responses within HCI-002, HCI-010, and HCI-015 tumors. Note that HCI-002-
treated tumors were characterized by regions of multi-focal cellular dropout; HCI-010-treated tumors were characterized by a desmoplastic
stroma; HCI-015-treated tumors displayed reduced tumor cell content (→ ←) associated with expanded areas of necrosis. Scale bar, ~ 200 μm
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Macroscopic evaluation of H&E-stained tumor sec-
tions from the vehicle-treated and combo-treated tu-
mors (Supplemental Figure 2c) supported the tumor
growth inhibition observed within HCI-001, HCI-002,
HCI-004, and HCI-010 tumors. Microscopic evaluation
of the H&E sections corresponding to these tumors
(Fig. 2b, c) also revealed pathological responses within
HCI-002 and HCI-010 tumors as well as HCI-015 tu-
mors. Although these responses were characterized by a
reduction in viable invasive tumor cell content, each
model exhibited unique treatment-associated histology.
For example, HCI-002-treated tumors were character-
ized by regions of multi-focal cellular dropout whereas
HCI-010-treated tumors were characterized by a desmo-
plastic stroma. Interestingly, HCI-015-treated tumors
displayed reduced tumor cell content associated with ex-
panded areas of necrosis.
Based upon our initial in vivo studies, which indicated

that HCI-010 tumors were the most sensitive to com-
bined navitoclax+ABT-414 treatments, we next com-
pared single agents and combined treatments in the
HCI-010 PDX model. As a control, we also included a
non-tumor [tetanus toxoid] targeted ADC (AB095-
MMAF) as a single agent or in combination with navito-
clax. For these studies, tumor-bearing mice (n = 5 per
group) were randomized into one of six groups: navito-
clax, ABT-414, navitoclax+ABT-414, AB095-MMAF,
navitoclax+AB095-MMAF, and vehicles (Supplemental
Figure 1b). Navitoclax (100 mpk) was administered once
per day, 5 days per week, and MMAF-loaded ADCs

(10 mpk), once per week. Similar to the initial studies,
we calculated tumor volumes pre- (Supplemental Figure
3a) and post-treatment (Supplemental Figure 3b).
Single-agent ABT-414 treatment had no effect, whereas
treatment with navitoclax reduced tumor volume and
caused regressions of ~ 20% on average in a subset of
treated mice (Fig. 3a and Supplemental Figure 3c). How-
ever, combined navitoclax+ABT-414 treatment induced
significant tumor regressions of ~ 40% on average (Fig. 3a
and Supplemental Figure 3c), similar to the findings for
the combined treatment of HCI-010 presented in Fig. 2.
Tumor size was unaffected by single-agent AB095-MMAF
treatment, whereas tumors treated with navitoclax+
AB095-MMAF were comparable in size to tumors treated
with single-agent navitoclax. Microscopic evaluation of
the H&E slides also revealed notable pathological re-
sponses associated with navitoclax treatments, character-
ized by a reduction in viable invasive tumor cell content
(Fig. 3b). Together, these results provided evidence that
navitoclax enhances the cytotoxicity of ABT-414.
Since TNBCs are often enriched for EGFR expression

in the absence of EGFR mutation or amplification, we
also assessed an alternative EGFR-targeted ADC (ABBV-
321) that displays an enhanced affinity for wild-type
EGFR and carries the ultra-potent pyrrolobenzodiaze-
pine (PBD) dimer [23] as an alternative cytotoxic pay-
load. To evaluate the efficacy of ABBV-321 combined
treatment in the HCI-010 model, tumor-bearing mice
(n = 4–5 per group/2 studies) were randomized into six
groups: navitoclax, ABBV-321, navitoclax+ABBV-321,

Fig. 3 ABT-263/navitoclax enhances ABT-414 treatment responses within HCI-010 tumors. HCI-010 tumors were treated with vehicles, ABT-263,
ABT-414, ABT-263+ABT-414, AB095-MMAF, or ABT-263+AB095-MMAF (Supplemental Figure 1b). Graphs present tumor growth as a percent of pre-
treatment tumor volumes for each tumor (n = 5 per group). Each symbol represents a tumor. Each line represents the mean. Thirteen days post-
treatment, significant tumor volume reductions and regressions were observed following either ABT-263 or ABT-263+ABT-414 treatments (a).
Note greater regressions achieved after combined treatments. Note tumor growth was unaffected by ABT-414 or AB095-MMAF single agents.
Note that ABT-263+AB095-MMAF was comparable to single-agent ABT-263. p values < 0.05 (*) are indicated for the most relevant comparisons
(Welch’s one-tailed test: ABT-263 versus ABT-263+ABT-414 and ABT-263+ABT-414 versus ABT-263+AB095-MMAF). p values, determined by Welch’s
one-tailed test, for vehicles versus ABT-263, ABT-414, ABT-263+ABT-414, AB095-MMAF, and ABT-263+AB095-MMAF, are presented in Supplemental
Table 2b. Representative H&E images for tumors, corresponding to each treatment group, are shown (b) to highlight pathological responses
associated with ABT-263 combined treatments. Scale bar, ~ 200 μm
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AB095-PBD, navitoclax+AB095-PBD, and vehicles (Sup-
plemental Figure 1c). 100 mpk of navitoclax was admin-
istered once per day, 5 days per week. Based upon
ABBV-321’s enhanced EGFR affinity and potency,
0.5 mpk of PBD-loaded ADCs was administered once
per week. We assessed tumor volumes pre- (Supplemen-
tal Figure 4a) and post-treatment (Supplemental Figure
4b). As observed in the previous experiments, navitoclax
caused a reduction in HCI-010 tumor volume and in-
duced partial tumor regression (Fig. 4a). However, unlike
single-agent treatment with ABT-414, ABBV-321 single-
agent treatment resulted in dramatic tumor regressions,
on average ~ 66% (Fig. 4a). Notably, navitoclax enhanced
the effectiveness of ABBV-321 as evidenced by dramatic
and near-complete tumor regressions, on average ~ 88%
(Fig. 4a). Macroscopic analysis of the H&E slides (Sup-
plemental Figure 4d) indicated the tumor size reductions
induced by ABBV-321 or navitoclax+ABBV-321 treat-
ment. Consistent with these measurements, pathological
responses characterized by the elimination of viable in-
vasive carcinoma were associated with ABBV-321 and
were dramatically enhanced by navitoclax (Fig. 4b).

We extended these studies to include an additional
PDX (HCI-025). We selected HCI-025 after characteriz-
ing EGFR, BCL-2, and BCL-XL expression levels in an-
other seven PDX models of TNBC (Supplemental Table
3). HCI-025 was characterized by EGFR low polysomy
(Supplemental Table 1) and comparable to HCI-010,
high EGFR expression levels (H = 230) (Supplemental
Figure 5). Compared to the HCI-010 model (Supplemen-
tal Figure 4), HCI-025 tumors expand at a faster rate
in vivo (Supplemental Figure 6). To evaluate ABBV-321
combined treatment within the HCI-025 model, we per-
formed a similar six-group treatment study (Supplemen-
tal Figure 1d) and calculated tumor volumes pre-
(Supplemental Figure 6a) and post-treatment (Supple-
mental Figure 6b). HCI-025 tumors were sensitive to
single-agent ABBV-321, displaying tumor regressions on
average ~ 36% (Fig. 4c). As observed with HCI-010, navi-
toclax also enhanced the effectiveness of ABBV-321 in
HCI-025 tumors, as evidenced by dramatic tumor re-
gressions, on average ~ 68% (Fig. 4c). Consistent with
these measurements, macroscopic analysis of the H&E
slides highlighted ABBV-321-associated tumor size

Fig. 4 ABT-263/navitoclax enhances ABBV-321 treatment responses in vivo. HCI-010 (Supplemental Figure 1c) or HCI-025 (Supplemental Figure
1d) tumors were treated with vehicles, ABT-263, ABBV-321, ABT-263+ABBV-321, AB095-PBD, or ABT-263+AB095-PBD. The graphs present tumor
growth as a percent of pre-treatment tumor volumes for each tumor (n = 2–5 per group) enrolled in one of two independent treatment studies
(e.g., blue, study A; red, study B). Each symbol represents a tumor. Each line represents the grand mean. For HCI-010 (a), note the tumor volume
reductions and regressions observed under ABT-263 treatment, and unlike ABT-414, under ABBV-321 treatment. Note the dramatic regressions
observed following ABBV-321 are further enhanced by ABT-263 combined treatments. p values < 0.05 (*) and p values < 0.01 (**) are indicated for
the most relevant comparisons (Welch’s one-tailed test: ABBV-321 versus ABT-263+ABBV-321 and ABT-263+ABBV-321 versus ABT-263+AB095-PBD).
For HCI-025 (c) tumors, note the tumor volume reductions and regressions following ABBV-321 and enhanced responses following combined
treatment with ABT-263. p values < 0.001 (***) and p values < 0.0001 (****) are indicated for the most relevant comparisons (Welch’s one-tailed
test: ABBV-321 versus ABT-263+ABBV-321 and ABT-263+ABBV-321 versus ABT-263+AB095-PBD). p values, determined by Welch’s one-tailed test,
for HCI-010 and HCI-025 vehicles versus ABT-263, ABBV-321, ABT-263+ABBV-321, AB095-PBD, and ABT-263+AB095-PBD are presented in
Supplemental Table 2c. Representative H&E images for HCI-010 (b) or HCI-025 (d) tumors, corresponding to each treatment group, are shown to
highlight pathological responses associated with ABBV-321 and ABT-263 treatments. Note that near-complete pathological responses were
achieved following ABT-263+ABBV-321 combined treatments of HCI-010 tumors. The H&E are presented as matched low- and high-magnification
images. Scale bar, ~ 200 μm
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reductions (Supplemental Figure 6d). Moreover, patho-
logical responses characterized by the elimination of vi-
able invasive carcinoma were associated with combined
navitoclax treatments (Fig. 4d).
AB095-PBD (non-tumor targeted ADC) and navito-

clax+AB095-PBD also caused reductions in tumor vol-
ume and regressions in the HCI-010 and HCI-025 PDX
models; however, responses to ABBV-321 alone were
significantly greater than to AB095-PBD alone, and the
responses to navitoclax+ABBV-321 were greater than
navitoclax+AB095-PBD, supporting a contribution of
EGFR-targeted effects to the efficacy of ABBV-321.
These observations are consistent with some level of
antigen-independent accumulation and uptake of
AB095-PBD, which could be due to enhanced perme-
ability and retention (EPR) of antibody-drug conjugates
[24], tumor-associated macropinocytosis [25–28], or
extracellular cleavage of the ADC linker [29]. These ef-
fects have been previously described for ADCs and other
agents in vivo [25, 29–32].
To address combination effectiveness within the context

of larger tumors, we evaluated treatment effects in the
HCI-025 model after tumors had reached a volume of ~
382.5 mm3 on average (Supplemental Figure 7). These
pre-treatment tumor volumes were three times larger than
the pre-treatment tumor volumes used in the experiments
shown in Fig. 4 and Supplemental Figure 6a (~ 120mm3

on average). Treatment groups and schedules were as de-
scribed above (Supplemental Figure 1d). Significant
ABBV-321 treatment effects, characterized by tumor
growth arrest, were observed in mice carrying larger tu-
mors (Supplemental Figure 7). Importantly, navitoclax
once again enhanced the efficacy of ABBV-321 and re-
sulted in moderate regressions characterized by ~ 21.5%
on average (Supplemental Figure 7).
Adverse events were observed in HCI-010 and HCI-

025 tumors treated with the PBD-loaded antibodies
combined with navitoclax. Deaths were documented in
two out of nine HCI-010 and three out of ten HCI-025
mice treated with navitoclax+ABBV-321 (Supplemental
Figure 8a and e). Deaths were also documented in two
out of nine HCI-010 and two out of ten HCI-025 mice
treated with navitoclax+AB095-PBD (Supplemental Fig-
ure 8a and e). Interestingly, neither body weight reduc-
tions (Supplemental Figure 8b and f) nor tumor growth
inhibition (Supplemental Figure 8c and d & g and h) dis-
tinguished HCI-010 or HCI-025 tumor-bearing mice
that died. To provide additional insight into the nature
of the toxicity, nontumor-bearing female NOD.scid mice
(n = 5 per group) were treated with the PBD-loaded anti-
bodies and or navitoclax according to the doses and
schedules presented in Supplemental Figure 1d. Deaths
were not observed in nontumor-bearing mice treated
with PBD-loaded antibodies combined with navitoclax

(Supplemental Figure 8i); however, body weight reduc-
tions (< 15%) were observed after day 12 (Supplemental
Figure 8j-l). Seventeen days post-treatment, the serum
was collected for clinical chemistry analyses, and car-
casses were saved for necropsies. Microscopic evaluation
of the livers revealed no obvious histopathology in any
of the treatment groups except for those treated with
PBD-loaded antibodies combined with navitoclax. Livers
collected from animals treated with combined agents
were distinguished by occasional apoptotic and or nec-
rotic hepatocytes. To better assess liver function, we
evaluated the serum samples for alanine aminotransfer-
ase (ALT; Supplemental Figure 8 m), aspartate amino-
transferase (AST; Supplemental Figure 8n), alkaline
phosphatase (ALP; Supplemental Figure 8o), and albu-
min (ALB; Supplemental Figure 8p). One of the five
mice treated with either navitoclax+ABBV-321 (#16;
Supplemental Figure 8 m and n) or navitoclax+AB095-
PBD (#27; Supplemental Figure 8m and n) displayed
significantly elevated levels of ALT and AST (3.2-, 7.7-,
2.8-, and 4.2-fold higher than the mean of the vehicle-
treated ALT and AST levels, respectively). None of the
mice displayed significantly elevated levels of ALP (Sup-
plemental Figure 8o), whereas there was a trend towards
decreased levels of ALB in mice treated with combined
agents (Supplemental Figure 8p). Together, these results
suggest possible hepatotoxicity in some animals treated
with combined agents.

Early time point mitochondrial apoptotic signaling
predicts treatment responses
Dynamic BH3 profiling (DBP) [21, 22] was performed
on PDX-derived tumor cells corresponding to HCI-010
(Fig. 5a) and HCI-025 (Fig. 5b) in order to assess the ex-
tent of mitochondrial apoptotic priming induced by
ABBV-321 and/or ABT-263/navitoclax treatments. It
was also of interest to assess whether AB095-PBD dis-
played apoptotic priming in vitro as this compound
caused reductions in tumor size and regressions in vivo
(Fig. 4). DBP revealed that both navitoclax and ABBV-
321 single-agent treatments induced mitochondrial-
associated apoptotic signaling within HCI-010 tumor
cells, whereas only ABBV-321 single-agent treatments
induced mitochondrial-associated apoptotic signaling
within HCI-025 tumor cells. Notably, tumor cells de-
rived from either HCI-010 or HCI-025 exhibited en-
hanced priming under combined navitoclax+ABBV-321
treatments in vitro. These responses were remarkably
consistent with the treatment responses observed in vivo
(Fig. 4). Surprisingly, treatments in vitro with AB095-
PBD as a single agent failed to induce mitochondrial
apoptotic signaling within either HCI-010 (Fig. 5a) or
HCI-025 (Fig. 5b), and treatment with navitoclax+
AB095-PBD in HCI-010 did not induce additional
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apoptotic priming relative to navitoclax alone, suggesting
that the tumor reductions associated with this non-
targeting ADC are dependent on factors within the
tumor microenvironment in vivo.

Triple-negative patient tumors co-express EGFR and BCL-
2/XL

Our pre-clinical results provide evidence that navitoclax
enhances the effectiveness of EGFR-targeted ADCs and
highlight the potential clinical utility of navitoclax+
ABBV-321 as an effective treatment option for EGFR-
expressing TNBC. To evaluate the co-expression of
EGFR and BCL-2/XL within patient triple-negative tu-
mors, we utilized a human tumor microarray (HTMA-
240) comprising triple-negative breast cancers. Forty-six
TNBC cases (TN#) arrayed on HTMA-240 were evalu-
able for EGFR, BCL-2, and BCL-XL. To compare EGFR
expression levels within these tumors, we performed
IHC assays and H-score (H) assessment as described
above (Fig. 1). EGFR expression (H > 0) was detected in
87% of tumors (n = 40), and the majority of these cases
were characterized by EGFR H-scores ≥ 50 (n = 27)
(Fig. 6). Co-expression of the pro-survival proteins BCL-
2 (Fig. 6a) and BCL-XL (Fig. 6b) was also characterized
for these tumors. Only 28% of tumors evaluated were
distinguished by BCL-2 expression greater than an H-

score of 50 (n = 13); the majority either expressed low
levels (0 <H < 50; n = 10) or undetectable levels (H = 0;
n = 23) of BCL-2. Compared to BCL-2, BCL-XL expres-
sion was detected in 100% of tumors (n = 46), and the
majority of these cases were characterized by BCL-XL H-
scores ≥ 50 (n = 44). Although comparative assessment
of BCL-2 and BCL-XL (Fig. 6) revealed predominant
BCL-XL expression within tumors (BCL-XL > BCL-2; n =
35), the subset of tumors distinguished by notable BCL-
2 expression co-expressed BCL-XL at levels less than
BCL-2 (BCL-XL < BCL-2; n = 7) or comparable to BCL-2
(BCL-XL ≈ BCL-2; n = 4).

Discussion
Here, we describe the treatment responses of multiple
EGFR-expressing triple-negative patient-derived xeno-
grafts to drug combinations that included an EGFR-
targeted ADC together with navitoclax. Navitoclax en-
hanced the effectiveness of the cytotoxic payloads deliv-
ered via either ABT-414 or ABBV-321 and resulted in
tumor regressions and pathological responses. Beyond
efficacy assessment, we also determined that the major-
ity of triple-negative patient tumors expressed EGFR and
co-expressed BCL-XL or both BCL-2 and BCL-XL. These
data support further evaluation of combined targeting of
EGFR and BCL-2/XL for the treatment of triple-negative

Fig. 5 DBP predicts HCI-010 and HCI-025 treatment responses. HCI-010 (a) or HCI-025 (b) PDX-derived tumor cells were treated with vehicles,
ABT-263, ABBV-321, ABT-263+ABBV-321, AB095-PBD, or ABT-263+AB095-PBD. The graphs present delta (Δ) priming as a normalized percentage
(%) value for PDX-derived tumor cells (n = 3 tumors per PDX) evaluated in one of three independent DBP experiments. Each symbol represents
PDX-derived cells evaluated once or twice per experiment. Each bar represents the mean. For HCI-010 (a), note that priming was observed under
ABT-263 treatment and enhanced priming was observed under ABT-263+ABBV-321 combined treatments, consistent with the in vivo responses
observed in Fig. 4. For HCI-010 (a), also note that insignificant priming was observed under either AB095-PBD or ABT-263+AB095-PBD treatment
conditions. p values > 0.05 = NS are indicated for the most relevant comparisons (Welch’s one-tailed test: vehicles versus AB095-PBD and ABT-263
versus ABT-263+AB095-PBD). For HCI-025 (b), note that priming was observed under ABBV-321 treatment and enhanced priming following
combined treatment with ABT-263, consistent with the in vivo responses observed in Fig. 4. For HCI-025 (b), also note that insignificant priming
was observed under either AB095-PBD or ABT-263+AB095-PBD treatment conditions. p values > 0.05 = NS are indicated for the most relevant
comparisons (Welch’s one-tailed test: vehicles versus AB095-PBD and vehicles versus ABT-263+AB095-PBD). p values, determined by Welch’s one-
tailed test, for additional HCI-010 and HCI-025 comparisons are presented in Supplemental Table 2d
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patient tumors. Together with our previous studies dem-
onstrating dramatic combination efficacy of navitoclax+
T-DM1 [15], these results provide strong support for a
translational paradigm involving antibody-drug conju-
gates together with anti-apoptotic inhibitors in order to
ameliorate the systemic toxicities associated with these
therapies [33].
The PDX models employed here recapitulate several

relevant clinical scenarios of TNBC [16]. Multiple
models were derived from primary breast tumors with-
out prior treatment exposure and other models were de-
rived from metastatic breast cancers with multiple prior
treatment exposures. Importantly, the two PDX models
evaluated for and defined by navitoclax+ABBV-321
treatment responses (HCI-010; HCI-025) were derived
from treatment-exposed patients with advanced/meta-
static TNBC. HCI-010 was established from a pleural ef-
fusion following clinical exposures to five prior
treatments, whereas HCI-025 was established from a cu-
taneous metastasis following clinical exposures to nine
prior treatments. Similar to triple-negative patient tu-
mors [9], the triple-negative PDXs evaluated here were
characterized by low-level EGFR copy number alter-
ations and a range of EGFR expression levels. The sig-
nificant tumor regressions and pathological responses
achieved, following combined treatments of the tumors
that displayed the highest expression of EGFR and the
highest percentage of tumor cells with ≥ 4 EGFR copies
(HCI-010 and HCI-025), suggest that navitoclax+ABBV-

321 would be an effective treatment option for previ-
ously treated advanced/metastatic TNBC that express
high levels of EGFR. Furthermore, the navitoclax sensi-
tivities observed in the HCI-010 model, which was char-
acterized by low-level BCL-2/XL expression, suggest that
low levels are functionally relevant and that efficacy of
combined treatments does not require high levels of
BCL-2/XL. Our results also demonstrated that ABBV-
321 is more effective than ABT-414 in these models.
This is likely due to the higher affinity of the EGFR anti-
body associated with ABBV-321 compared to ABT-414
as well as the differential potency and or mechanism of
action of PBD relative to MMAF.
One notable observation is the more pronounced navi-

toclax+ABBV-321 responses in HCI-010 compared to
HCI-025 tumors. Despite comparable EGFR copy number
alterations and EGFR expression levels, HCI-010 tumors
treated with navitoclax+ABBV-321 achieved near-
complete tumor regressions and pathological responses.
Interestingly, HCI-010 carries a BRCA1 mutation. This
mutation prevents homologous repair (HR) of DNA
double-strand breaks (DSB) [34, 35], and confers sensitiv-
ities to DNA alkylating agents [36] and PARP-inhibitors
[37]. Consistent with our observations and perhaps
explaining enhanced ABBV-321 responses in HCI-010 tu-
mors, recent studies have associated BRCA1/2 mutations
with sensitivities to DNA-damaging PBD-containing
antibody-drug conjugates [38]. Given that 10% of triple-
negative breast cancers harbor BRCA1/2 mutations [39],

Fig. 6 Clinical evaluation of EGFR and BCL-2/XL co-expression. Forty-six triple-negative breast cancers were evaluable for EGFR, BCL-2, and BCL-XL
co-expression analysis. The graphs depict the co-expression of either BCL-2:EGFR (a) or BCL-XL:EGFR (b). Each symbol represents an individual
clinical case (TN#). Each case is colored and or labeled for comparison purposes. H-scores [0–300] are presented for EGFR and BCL-2/XL
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our results support consideration of the PBD-containing
EGFR-targeted ADC (ABBV-321) within this specific sub-
set of EGFR-expressing TNBC.
Treatment with AB095-PBD (non-tumor targeted

antibody-drug conjugate) alone, and in combination with
navitoclax, caused a reduction in tumor volume within
both PDX models tested; however, ABBV-321 responses
were significantly greater, supporting EGFR-mediated ef-
fects. Moreover, in contrast to ABBV-321, AB095-PBD
treatment of HCI-010 and HCI-025 tumor cells in vitro
failed to induce mitochondrial apoptotic signaling, as
measured by DBP, suggesting that AB095-PBD re-
sponses were restricted to tumors in vivo. As indicated
above, these observations are consistent with previous
reports of antigen-independent ADC accumulation and
uptake within pre-clinical tumor models [25, 29, 32],
and likely due to enhanced permeability and retention
(EPR) effects in vivo [24]. While vascular leakiness un-
derscores intra-tumor drug accumulation via EPR [40],
antigen-independent uptake mechanisms have been
linked to microenvironment-associated ADC linker sta-
bilities [29] and with enhanced tumor macropinocytosis
at the cellular level [25–28]. The differential AB095-PBD
sensitivities observed within HCI-010 and HCI-025 sug-
gests that tumors have variable propensities for antigen-
independent ADC accumulation and uptake.
Mortalities were observed in a subset of HCI-010 and

HCI-025 tumor-bearing mice treated with combined
agents (navitoclax + PBD-loaded ADCs). These events
were largely unrelated to clear signs of toxicity, as mea-
sured by body weight reductions, or efficacy as measured
by tumor volume. Since ABBV-321 does not cross-react
with murine EGFR and mortalities were also observed
with combined AB095-PBD treatments, these events are
considered unrelated to any EGFR-mediated side effects
on normal tissues. Although safety and tolerability of
these agents will require advanced pharmacological and
toxicological assessments in models more predictive of
human physiology, several toxicities (e.g., myelosuppres-
sion, nephrotoxicity, hepatotoxicity) have been reported
with PBD-containing ADCs in animals and patients [41],
whereas thrombocytopenia is a known side effect associ-
ated with navitoclax [42, 43]. Importantly, these types of
adverse events are clinically manageable and avoidable.
For example, liver function can be readily assessed via
measurements of alanine transaminase (ALT) and aspar-
tate aminotransferase (AST), and treatment schedules
can be adapted accordingly whereas navitoclax-
associated thrombocytopenia can be assessed during
routine blood labs and mitigated via pulsatile treatments
[15]. Interestingly, recent pre-clinical studies have dem-
onstrated that fractionated dosing of PBD-containing
ADCs mitigates side effects and maintains effectiveness
[44]. Although the ABBV-321 recommended clinical

dosing regimen remains to be established, previous clin-
ical testing of other PBD-loaded ADCs indicates that
clinical doses have been much lower than used here, and
or at much longer intervals for a very limited number of
cycles [45–47]. Clinical dosing, safety, and tolerability
will be ultimately informed by results from an ongoing
phase I clinical trial investigating ABBV-321 in EGFR-
overexpressing solid tumors (NCT#03234712).
Clinical studies of EGFR-targeted therapies within the

context of breast cancer have been discouraging [1, 10];
however, these trials were largely designed without selec-
tion for and treatment of EGFR-expressing triple-
negative patient tumors. These trials were also designed
with the assumption that breast cancers were EGFR
dependent and without consideration of EGFR-
associated adaptive response mechanisms. Nonetheless,
EGFR-targeted therapies were often additionally con-
founded by dose-limiting EGFR-associated toxicities,
which most likely compromised efficient disruption of
EGFR signaling. Thus, it remained unclear whether
EGFR is an actionable and relevant target and whether it
can be exploited safely. The efficacy of ABBV-321 sug-
gests EGFR is actionable and relevant within the context
of TNBC. This agent enables tumor-specific EGFR-
targeting as well as subsequent delivery of the cytotoxic
payload independent of EGFR dependency. While its ef-
ficacy in combination with navitoclax was highly effica-
cious, single-agent activity could also be explored
clinically.
In summary, the tumor regressions and pathological

responses achieved with navitoclax + EGFR-targeted
ADCs, together with the finding that the majority of
TNBCs co-express EGFR and BCL-2/XL underscore the
significant potential of navitoclax to enhance the effect-
iveness of EGFR-targeting ADCs and highlight navito-
clax+ABBV-321 as a treatment option for therapy-
resistant advanced/metastatic TNBCs that express high
levels of EGFR. Additional studies are required to under-
stand the safety of this combination.

Conclusions
Breast cancers classified as triple-negative account for
15–20% of breast tumors and are characterized by ag-
gressive clinical courses and overall poor prognoses.
Treatment options for advanced/metastatic TNBC,
which have progressed on prior treatments, are ineffect-
ive and limited. As a result, many patients experience
disease progression and succumb to their disease. Thus,
treatment advancements are essential for improving the
care and management of TNBC and for eliminating the
mortalities associated with metastatic disease. Here, we
identified a novel and effective combined treatment
strategy for EGFR-expressing TNBC. Employing clinic-
ally relevant patient-derived xenografts of EGFR-
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expressing advanced/metastatic TNBC, we provide pre-
clinical evidence that navitoclax enhances the effective-
ness of EGFR-targeted ADCs. Our pre-clinical results
provide a strong rationale for the translational consider-
ation of combined navitoclax and EGFR-targeted ADC
treatments within the context of EGFR-expressing
TNBC. Moving this combination of drugs into the clinic
will require careful evaluation of treatment doses and
schedules in order to minimize toxicities.
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