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Despite the implementation of multiple HER2-targeted therapies,
patients with advanced HER2" breast cancer ultimately develop
drug resistance. Stromal fibroblasts represent an abundant cell
type in the tumor microenvironment and have been linked to poor
outcomes and drug resistance. Here, we show that fibroblasts
counteract the cytotoxic effects of HER2 kinase-targeted therapy
in a subset of HER2" breast cancer cell lines and allow cancer cells
to proliferate in the presence of the HER2 kinase inhibitor lapati-
nib. Fibroblasts from primary breast tumors, normal breast tissue,
and lung tissue have similar protective effects on tumor cells via
paracrine factors. This fibroblast-mediated reduction in drug sen-
sitivity involves increased expression of antiapoptotic proteins and
sustained activation of the PI3K/AKT/MTOR pathway, despite in-
hibition of the HER2 and the RAS-ERK pathways in tumor cells.
HER2 therapy sensitivity is restored in the fibroblast cocultures
by combination treatment with inhibitors of MTOR or the antia-
poptotic proteins BCL-XL and MCL-1. Expression of activated AKT
in tumor cells recapitulates the effects of fibroblasts resulting in
sustained MTOR signaling and poor lapatinib response. Lapatinib
sensitivity was not altered by fibroblasts in tumor cells that exhibited
sustained MTOR signaling due to a strong gain-of-function PI3KCA
mutation. These findings indicate that in addition to tumor cell-
intrinsic mechanisms that cause constitutive PI3K/AKT/MTOR path-
way activation, secreted factors from fibroblasts can maintain this
pathway in the context of HER2 inhibition. Our integrated proteomic—
phenotypic approach presents a strategy for the discovery of protec-
tive mechanisms in fibroblast-rich tumors and the design of rational
combination therapies to restore drug sensitivity.
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HERZ-overexpressing (HER2*) breast tumors account for
~20% of all breast cancer cases and multiple therapies have
been developed for the early and metastatic setting (1). In the
metastatic setting, treatment options include HER2-targeted
antibodies (naked or linked to a cytotoxic agent) or small mol-
ecules targeting the HER2-signaling axis (e.g., lapatinib and
neratinib) (2). Most patients develop resistance to these agents.
Therefore, it is critical to better understand the mechanisms that
mediate tumor cell resistance to these therapies in order to de-
velop more effective strategies for treatment of metastatic re-
current HER2™" breast cancer. Multiple mechanisms of HER2
therapy resistance have been proposed, including genetic trun-
cation of the HER2 receptor (3), HER2 receptor mutations (4),
compensatory HER3 signaling (5), activation of bypass signaling
[e.g., PI3K (6-8), CyclinE (9), and CDK4/6 (10)], mesenchyme
transition (11), and metabolic reprogramming (12, 13). In addi-
tion to these tumor-intrinsic resistance mechanisms, factors
present in the tumor microenvironment can influence drug
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sensitivity (14). However, the contribution of these microenvi-
ronmental factors on HER2 therapy resistance remains poorly
understood.

Stromal fibroblasts are abundant in the breast tumor micro-
environment and tumor—fibroblast interactions can occur via
direct cell-cell contact or through secretion of soluble factors
that can activate multiple signaling pathways in tumor cells (15).
Juxtracrine and paracrine interactions have been reported to
affect sensitivity of breast cancer cells to a variety of therapies,
including chemotherapy (16-18), endocrine therapy (19), and
HER?2 therapy (16, 20, 21). Identifying effective ways to over-
come the protective effects of fibroblasts is a major challenge
and need, with several different strategies being proposed based
on analysis of the fibroblast secretome and signaling in tumor
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cells; these include blocking IL-6 and IL-8 (18) produced by fi-
broblasts or targeting pathways activated by fibroblasts in tumor
cells (e.g., JAK/STAT and EGFR) (16, 19). Approaches that
systematically measure fibroblast-mediated changes across mul-
tiple signaling pathways are necessary to develop rational ther-
apies and overcome fibroblast-mediated resistance.

Using a panel of HER2" breast cancer cell lines, we charac-
terized cell growth dynamics under lapatinib treatment and
found that coculture with multiple different fibroblast cell lines
or primary fibroblast populations protect cancer cells from the
cytotoxic effects of lapatinib. The fibroblast-mediated reduction
in drug sensitivity was specific to HER?2 kinase inhibitors, since
treatment with the HER2-targeted antibody drug conjugate
T-DM1 and paclitaxel did not alter drug responsiveness. Con-
ditioned medium from the fibroblasts was sufficient to confer
lapatinib resistance; specifically, these protective effects were
mediated by secreted factors that were greater than 3 kDa. In-
terestingly, resistance was associated with sustained MTOR sig-
naling activity and increased antiapoptotic protein levels in the
presence of lapatinib, whereas RAS-ERK pathway inhibition was
not significantly affected by fibroblast coculture. Drug sensitivity
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Fig. 1.

could be restored by addition of MTOR, BCL-XL, or MCL-1
inhibitors. These findings indicate that fibroblasts in the tumor
microenvironment can maintain AKT/PI3K/MTOR pathway
activity under conditions of HER?2 inhibition and thus contribute
to therapeutic response in tumors that lack mutations that con-
stitutively activate this pathway and suggest a rational combi-
nation drug strategy to restore sensitivity.

Results

Fibroblasts Reduce Lapatinib Sensitivity in a Subset of HER2" Breast
Cancer Cell Lines In Vitro. To measure the responsiveness of
HER2™* breast cancer cells to HER2-targeted therapy under
conditions in which fibroblasts directly interact with tumor cells,
we developed an imaging-based dynamic coculture assay by
tagging tumor cells with the nuclear marker H2B-GFP (Fig. 14).
This allowed us to simultaneously monitor the effects of fibro-
blasts on baseline tumor cell growth rate, as well as the specific
effects of lapatinib on tumor cells with or without fibroblast
coculture (Fig. 14). H2B-GFP expressing tumor cells exhibited a
similar response to lapatinib compared to wild-type tumor cells
(SI Appendix, Fig. S14). We employed a panel of six HER2*
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Fibroblasts limit lapatinib response in a subset of HER2* breast cancer cell lines in vitro. (A) H2B-GFP (green) expressing EFM192 tumor cells cocultured

with AR22 fibroblasts for 96 h under control (dimethyl sulfoxide [DMSO]) and lapatinib (1 pM) treatment. Representative images from three biological
replicates of monoculture and coculture of viable (green only) and dead (orange) tumor cells (red objects: ethidium bromide staining). (Scale bar, 200 pm.) (B)
Cells were incubated with increasing drug concentrations for 96 h and the number of tumor cells was assayed in monoculture (black) and AR22 coculture
(orange). Data are representative of three independent experiments and error bars are SD for three replicate wells. (C) Lapatinib AUC values. Data are
derived from three independent experiments and error bars are SEM for three biological replicates. (D and E) Change in viable EFM192 tumor cell numbers
over time at increasing lapatinib concentrations in monoculture and coculture with AR22 fibroblasts. Data are representative of three independent exper-
iments and error bars correspond to SD for n = 3 replicate wells.
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breast cancer cell lines with a range of lapatinib sensitivities (S/
Appendix, Fig. S1B) and estrogen receptor expression (SI Ap-
pendix, Table S1). Direct coculture with AR22 fibroblasts, which
are derived from human breast tissue, resulted in decreased
lapatinib sensitivity in three cell lines (EFM192, BT474,
HCC202) as indicated by a 20 to 40% increase (P = 0.002 to 0.02,
Fig. 1C) in the area under the curve (AUC) compared to
monoculture. The drug response of the other three cell lines
(SUM225, HCC1419 and HCC1954) was not altered by fibro-
blast coculture. Although lapatinib reduced tumor cell numbers
in the presence of fibroblasts across all HER2* cell lines in a
dose-dependent manner, the fibroblast-protected cell lines dis-
played a fivefold higher ICsy when cultured with fibroblasts
(Fig. 1B and SI Appendix, Fig. S1B).

We investigated whether the reduced drug sensitivity of the
EFM192, BT474, and HCC202 cell lines arises from differences
in tumor cell growth rate or cell viability under AR22 fibroblast
coculture conditions (Fig. 1 D and E and SI Appendix, Fig. S2).
In the absence of lapatinib treatment, tumor cell numbers in-
creased by twofold (HCC1419) to sevenfold (HCC1954) over
96 h (SI Appendix, Fig. S2). Fibroblast coculture did not change
the baseline growth rate of any HER2™" breast cancer cell line
(Fig. 1 D and E and SI Appendix, Fig. S2). Treatment with in-
creasing concentrations of lapatinib in monoculture resulted in
heterogeneous responses among the cell lines, ranging from
growth inhibitory (HCC202 and HCCI1954) to cytostatic
(HCC1419), to cytotoxic (EFM192, BT474, and SUM225). Thus,
the cell lines that were unaffected by fibroblast coculture were
not intrinsically less sensitive to lapatinib. The presence of fibro-
blasts dampened the lapatinib responses in the three fibroblast-
protected cell lines, diminishing the growth inhibitory effect in
HCC202 and shifting the cytotoxic response to a cytostatic one in
EFM192 and BT474 cells. For the three fibroblast-insensitive cell
lines (SUM225, HCC1419, and HCC1954) we found that fibroblast
coculture did not alter tumor cell response to lapatinib. These tu-
mor cell line growth results under fibroblast coculture conditions
agree with our independent measurements of lapatinib sensitivity
using AUC (Fig. 1C). Analysis of drug response using a growth rate
inhibition metric (22) that corrects for differences in cell pro-
liferation, also confirmed the differential effects of fibroblasts in
lapatinib drug sensitivity (SI Appendix, Fig. S34).

We also investigated the effects of AR22 fibroblasts on re-
sponsiveness to neratinib (23) and afatinib (24), two FDA-
approved HER2 kinase inhibitors that are currently in the
clinic. Treatment with these inhibitors elicited a dose-dependent
reduction in cell numbers in three breast cancer cell lines
(EFM192, HCC202, and HCC1954) (SI Appendix, Fig. S3 B and
C). Fibroblast coculture significantly decreased the sensitivity of
EFM192 and HCC202 cells to neratinib and afatinib compared
to monoculture, while no difference was observed for the
fibroblast-insensitive cell line HCC1954. On the contrary, re-
sponse to the FDA-approved HER2 antibody drug conjugate
T-DM1 was not altered by the presence of fibroblasts in the
fibroblast-protected cell lines EFM192 and BT474 (SI Appendix,
Fig. S44). Fibroblast viability was not altered by T-DM1 (SI
Appendix, Fig. S4B). Cancer cell sensitivity to the tubulin-
targeted chemotherapy paclitaxel (SI Appendix, Fig. S4C) was
also not influenced by fibroblasts. These findings are consistent
with a previous coculture screen that compared kinase inhibitors
to chemotherapeutics (25), and an in vivo xenograft study that
compared the pathologic response between lapatinib and T-DM1
(25). Taken together, these results highlight that direct coculture
with AR22 fibroblasts reduces sensitivity to HER?2 kinase-targeted
therapy in a subset of HER2" breast cancer cell lines, causing a shift
from a growth-inhibited/cytotoxic phenotype to a sustained growth/
cytostatic phenotype.
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Diverse Fibroblast Lines Confer Protective Effects that Are Mediated
Via Secreted Factors. Given previous reports that fibroblasts from
different tissues influence drug responses (17), we assessed the
effects of distinct fibroblast cell lines on lapatinib sensitivity. Our
panel included a line of murine fibroblasts (3T3), primary human
breast fibroblasts from normal breast (AR22 and CCD1068) or
tumor tissue (CAF1 and CAF2), and human fibroblasts from the
lung, an organ where HER2* breast tumors commonly metas-
tasize. All fibroblasts tested were able to protect EFM192 cells,
inducing a three- to sixfold increase in lapatinib ICsy (Fig. 24).
To test whether direct cell contact is required, we examined the
effects of fibroblast-conditioned medium on lapatinib sensitivity.
Fibroblast-conditioned medium phenocopied the protective ef-
fects of direct coculture, as measured by assaying viable cell
numbers after 96 h of treatment (Fig. 2B) and characterizing
tumor cell growth dynamics in response to lapatinib (Fig. 2C).
Conditioned medium from two different fibroblast cell lines
(AR22 and CCD1068) resulted in a similar increase in lapatinib
AUC (31% vs. 35% P = 0.02 and P = 0.009, SI Appendix, Fig.
S5A4) providing further supportive evidence of the paracrine
nature of this protective effect. Using a 3-kDa filter (26), we
found that the conditioned medium fraction above 3 kDa
blocked the lapatinib-induced effects on tumor cell numbers and
that the <3-kDa fraction did not affect sensitivity, showing that
small molecules secreted by fibroblasts do not alter lapatinib
sensitivity (SI Appendix, Fig. S5B). Next, we analyzed the cyto-
kines and growth factors present in the conditioned medium
from these two fibroblast cell lines and found a similar secretion
profile (SI Appendix, Fig. S5C). Specifically, 25 factors repre-
senting different ligand families, including interleukins, FGF,
VEGF, WNT, and proteases, were detected at higher levels
compared to control medium (SI Appendix, Fig. S5C). Finally, we
analyzed the effects of conditioned medium in the panel of the
HER2" breast cancer cell lines and found a strong correlation
(P = 0.016, R* = 0.89, Fig. 2D) between lapatinib sensitivity
under conditioned medium and direct fibroblast coculture con-
ditions. These results demonstrate that fibroblasts from distinct
tissue microenvironments can confer protective effects via
paracrine tumor—fibroblast signaling.

Fibroblast Coculture Results in Sustained MTOR Signaling in Tumor
Cells Despite Blockade of the EGFR/HER2 Axis. Given that fibroblasts
secrete many factors that could contribute to lapatinib re-
sistance, we were interested in investigating whether specific
pathways downstream of HER?2 were differentially affected by
paracrine signaling with fibroblasts in order to define the critical
pathways responsible for resistance. To examine this, we mea-
sured protein and phosphoprotein levels under monoculture and
coculture conditions using reverse phase protein arrays (RPPA).
We characterized protein level changes and pathway activity in
nine signaling pathways and their protein members (27). These
pathways included receptor tyrosine kinases (RTKs), the HER2-
activated pathways PI3K/AKT and RAS/MAPK, downstream
pathways (cell cycle, MTOR, and apoptosis), DNA damage, and
hormone A and hormone B signaling. To physically separate the
fibroblasts from the tumor cells, we used Transwell filters and
analyzed tumor cell protein lysates. Protein measurements were
performed in three fibroblast-protected (EFM192, HCC202, and
BT474) and one fibroblast-insensitive (HCC1954) HER2*
breast cancer cell lines. In the absence of drug treatment, the
protein levels of the direct lapatinib targets phospho-EGFR Y73
and phospho-HER2Y'?*8 were not significantly altered by AR22
fibroblast Transwell coculture (SI Appendix, Fig. S6A4, average
change across all cell lines: +10% for phospho-EGFR, P = 0.38
and —6% for phospho-HER2, P = 0.63). Treatment with lapa-
tinib (0.1 pM) for 48 h resulted in effective blockade of these two
drug targets under both monoculture and coculture conditions
for all cell lines (SI Appendix, Fig. S6A4, average change across all
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cell lines: 57% inhibition of phospho-EGFR, P < 0.001 and 86%
inhibition in phospho-HER?2, P < 0.001).

Treatment with lapatinib resulted in effective inhibition of the
RTK pathway across all cell lines (average inhibition >60%, P <
0.004) for both monoculture and coculture conditions (SI Ap-
pendix, Fig. S6B). The cell cycle pathway was also inhibited
across all cell lines with fibroblast coculture slightly attenuating
the average percent inhibition from 20 to 13% (SI Appendix, Fig.
S6C). RAS/MAPK signaling was effectively inhibited by lapati-
nib across all cell lines and coculture with fibroblasts did not
attenuate inhibition (Fig. 34: average inhibition >30%, P =
0.024). In contrast, while PI3K/AKT signaling was effectively
inhibited under monoculture conditions for the three fibroblast-
protected cell lines (Fig. 3B: average inhibition >80%, P =
0.004), fibroblasts strongly attenuated the extent of lapatinib
pathway inhibition by more than 30% for EFM192 and HCC202
cells and by 8% for BT474 cells. Similarly, MTOR signaling was
largely unaffected by lapatinib treatment in the fibroblast co-
cultures for EFM192 and HCC202 (Fig. 3C), while a 13% at-
tenuation in MTOR pathway was measured for BT474.

Interestingly, PI3K/AKT and MTOR were not effectively
inhibited by lapatinib in the fibroblast-insensitive HCC1954 cells,
suggesting that PI3K/AKT and MTOR activation in these cells is
HER?2 independent. We also examined the extent of inhibition
of individual phosphoproteins in the PI3K/AKT/MTOR path-
way, such as phospho-AKT*"3| phospho-4EBP1%%° phospho-
70S6K™%, and phospho-MTORS**® (Fig. 3D). Under mono-
culture, these proteins were more strongly inhibited in the
fibroblast-protected cell lines EFM192, HCC202, and BT474
(average inhibition 51%, P = 0.005) compared to the fibroblast-
insensitive HCC1954 cell line (average inhibition 10%, P = 0.06).
Paracrine coculture with fibroblasts rescued this inhibition in the
fibroblast-protected cells by 10 to 58% compared to only 2 to 8%
for the fibroblast-insensitive HCC1954 cells. Notably, coculture
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resulted in dramatic rescue of phospho-MTORS?**® inhibition in
EFM192, HCC202, and BT474, which resulted effectively in
MTOR signaling staying “on” (no inhibition in EFM192 and
HCC202 and 25% inhibition in BT474). Fibroblast coculture
differentially affects the MTOR and PI3K/AKT pathways, in-
dicating that secreted factors from fibroblasts activate MTOR
and PI3K/AKT independent of HER2.

Lapatinib did not significantly alter the DNA damage re-
sponse pathway (SI Appendix, Fig. S6D), while heterogeneous
responses were observed for the apoptosis (Fig. 3E) and hor-
mone A/B pathways (SI Appendix, Fig. S6 E and F). EFM192 and
BT474 exhibited a stronger induction in apoptotic pathway score
after lapatinib treatment of monocultures compared to cocul-
tures, which is consistent with the cell growth measurements
showing cell death at lapatinib concentrations higher than 0.1 uM
(SI Appendix, Fig. S2). In these two cell lines, fibroblasts rescued
the increase in apoptotic pathway score by 87% in EFM192 and
by 15% in BT474. To further explore the heterogeneous re-
sponse of these pathways to lapatinib, we analyzed the protein
level changes for individual pathway members (Fig. 3D). Because
coculture induced large differences in the apoptotic pathway
score, we first examined individual antiapoptotic protein level
changes in the fibroblast-protected cell lines. Lapatinib treat-
ment increased MCL-1 levels in EFM192 and BT474, and BCL-
XL in HCC202 under both monoculture and coculture condi-
tions. On the contrary, proapoptotic proteins (BIM, PUMA, and
SMAC) were increased by lapatinib only under monoculture
conditions, showing that signaling from fibroblasts prevents the
lapatinib-induced elevation in proapoptotic proteins and con-
verts cytotoxic responses to cytostatic.

To independently examine the effects of lapatinib on the
AKT/MTOR pathway, we also performed immunofluorescence
(28) under conditions of direct coculture in the fibroblast-
protected EFM192 and the fibroblast-insensitive HCC1954
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Fig. 2. Diverse fibroblast cell lines reduce lapatinib sensitivity that is mediated via secreted factors. (A) Human fibroblasts (primary lung: Wi38; primary
normal breast: 1068; primary cancer-associated fibroblasts: CAF1 and CAF2; immortalized normal breast: AR22; and murine fibroblasts: 3T3) reduce lapatinib
sensitivity. Representative dose-response data from at least two biological replicates for each tumor—fibroblast pair. Error bars are SD for three replicate
wells. (B) Conditioned medium from normal breast fibroblasts (AR22) reduces lapatinib sensitivity. Representative experiment for three biological replicates.
Error bars are SD for three replicate wells. (C) Treatment with AR22-conditioned medium confers protection from lapatinib-induced cell death. Results are
representative of three biological replicates. Error bars are SD for three replicate wells. (D) Cancer cell lines that are desensitized to lapatinib in coculture
(increase in normalized AUC >1) are also desensitized by conditioned medium (Pearson R? = 0.8917, P = 0.02). Error bars are SEM for three biological

replicates.
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Fig. 3. Paracrine coculture with fibroblasts results in sustained MTOR signaling in tumor cells. (A-D) Pathway score changes in EFM192, HCC202, BT474, and
HCC1954 induced by lapatinib (0.1 uM) treatment in monoculture and coculture conditions. Values are average log2-transformed ratios of each sample
normalized to the dimethyl sulfoxide (DMSO) monoculture control in each cell line for at least two biological replicates. Error bars are SEM. (D) Heatmap of
protein expression changes for MTOR/PI3K/Apoptotic pathway members. Red color indicates a protein increase, while blue indicates protein decrease for the
average log2-transformed ratios. (E) Apoptosis pathway scores visualized in the same way as A-C. (F) Analysis of phospho-HER2 (Tyr1248), phospho-EGFR
(Tyr1068), phospho-AKT (Ser473), and phospho-S6 (Ser235/236) protein expression changes in direct EFM192-AR22 cocultures using immunofluorescence.
Cells were dosed with 0.1 uM of lapatinib for 48 h. Data are representative of two biological replicates.

cells. Consistent with the paracrine coculture results in the
Transwell filters, phospho-S65°°5%%® was not inhibited by lapa-
tinib treatment in direct fibroblast coculture in EFM192 cells,
despite effective blockade of phospho-EGFR™'%® and phospho-
HER2"'**® (Fig. 3F and SI Appendix, Fig. S7 A and B). Direct
fibroblast coculture reduced the extent of phospho-AKT 5473
inhibition in EFM192 (Fig. 3F), while phospho-AKT/S6 protein
levels were not altered by fibroblast coculture in the fibroblast-
insensitive HCC1954 cells (SI Appendix, Fig. S7 C-F). These
results show that fibroblast-induced effects on HER2 inhibition
involve fibroblast secretion of prosurvival factors that activate
AKT/MTOR signaling in tumor cells and prevent induction of
proapoptotic signaling.
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Expression of Constitutively Activated AKT in Tumor Cells Results in
Sustained MTOR Signaling and Reduced Lapatinib Sensitivity. To
further examine the contribution of the AKT/MTOR pathway in
altering lapatinib sensitivity in fibroblast-protected HER2™ tu-
mor cells, we overexpressed myristoylated AKT, a constitutively
active form of AKT (29), in one of the fibroblast-protected cell
lines, BT474 cells. Compared to the control cells, myrAKT-
overexpressing cells exhibited an increase of 356% and 430%
in phospho-AKT®*> and phospho-AKT™%,  respectively
(Fig. 4A2), while MTOR pathway targets, such as phospho-
MTORS?# and phospho-S652>%, increased only slightly by
4% and 13%, respectively. Treatment of control and
myrAKT cells with lapatinib resulted in effective inhibition of
the HER2-signaling axis as demonstrated by a similar extent of
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phospho-HER2 and phospho-EGFR down-regulation (SI Ap-
pendix, Fig. S84: 60% decrease in phospho-EGFR and 90%
decrease in phospho-HER2) and RTK pathway scores (Fig. 4B:
69% compared to 65% inhibition). However, myrAKT signifi-
cantly reduced the level of lapatinib-induced inhibition of the
PI3K/AKT and MTOR pathways (PI3K/AKT: 91% vs. 35%,
MTOR 62% vs. 10%). This attenuated inhibition of the PI3K/
AKT/MTOR pathway in response to lapatinib was also reflected
at the individual phosphoprotein levels (Fig. 44). Specifically,
the percent inhibition decreased from 82 to 31% in phospho-
AKT®*", 93 to 20% in phospho-S652%%% and 47 to 0% in
phospho-MTORS%*#® in control compared to myrAKT cells. We
next measured the sensitivity of the BT474 control and
myrAKT cells to lapatinib in monoculture. We found that the
BT474-myrAKT cells were less sensitive to lapatinib, with a 86%
increase in lapatinib AUC (P < 0.001) compared to the control
cells (Fig. 4 C and D). Immunofluorescence analysis of AKT/
MTOR protein expression confirmed the protein array results,
with the myrAKT cells exhibiting sustained AKT/MTOR sig-
naling desyite inhibition of phospho-EGFR™%® and phospho-
HER2"'** levels (ST Appendix, Fig. S8 B-E). Hence, these re-
sults show that sustained AKT/MTOR signaling is sufficient to
alter lapatinib sensitivity.

Targeting MTOR and Antiapoptotic Proteins Eliminates Fibroblast-Protected
Tumor Cells. We next investigated whether inhibiting MTOR would
resensitize the fibroblast-protected cancer cell lines EFM192 and
HCC202 to HER2-targeted therapy. Cells were treated with single-
agent or combination treatment of lapatinib + INKI28 (dual
MTORCI/2 inhibitor) (30) or lapatinib + everolimus (MTORCI1
specific inhibitor) (30) under both monoculture and coculture condi-
tions (Fig. 5 A and B and SI Appendix, Fig. S9 A-C). Single-agent
treatment with INK128 resulted in larger decreases in cell number
compared to everolimus. Under coculture conditions either MTOR
inhibitor, when combined with lapatinib, was effective in reducing cell
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numbers in both cell lines to lower levels compared to lapatinib single-
agent treatment (Fig. 5B and SI Appendix, Fig. S9B). Combination
treatment resulted in complete eradication of the fibroblast-protected
EFM192 cancer cells (94% and 99% reduction in viable cell numbers
at the maximum dose for everolimus and INK128, respectively).
HCC202 cell numbers under coculture were more effectively reduced
by combining INK128 with lapatinib, resulting in a 77% reduction in
viable cells, compared to a 46% reduction for everolimus. This dis-
parity in rescue ability of INK128 compared to everolimus is consistent
with the inability of everolimus to block both the MTORC2 complex
and phospho-4EBP1 sites (30). Under monoculture conditions, com-
bination treatment of MTOR inhibitors with lapatinib also resulted in
lower viable cell numbers compared to either treatment alone with a
larger extent of sensitization in EFM192 compared to HCC202 cells
(Fig. 5B and SI Appendix, Fig. S9B). This reduction of viable cell
numbers by MTOR inhibition in monoculture is expected because
MTOR represents a central prosurvival pathway in tumor cells.
Given the increase in antiapoptotic protein levels in lapatinib-
treated tumor cells under coculture conditions (Fig. 3E), we
hypothesized that antiapoptotic proteins present an actionable
vulnerability to restore lapatinib sensitivity. We tested the effects
of a dual BCL-2/BCL-XL inhibitor (ABT-263) or a MCL-1
(S63845) inhibitor that are currently in clinical trials (31). Single-
agent treatment with ABT-263 did not reduce cell numbers ef-
fectively in either cell line under monoculture or coculture
conditions (minimum viable cell numbers 71% for HCC202 co-
culture) (Fig. 5 C and D). Combination treatment of ABT263
with lapatinib resulted in almost complete killing of EFM192
cells in coculture (93% reduction in viable cells at maximum
dose) and a significant reduction in HCC202 cell numbers (53%
reduction) (SI Appendix, Fig. S9D). Targeting BCL-2/BCL-XL
with ABT-263 in combination with lapatinib was also effective
under monoculture conditions for both cell lines (Fig. 5D and SI
Appendix, Fig. SOD). Single-agent treatment with S63845 resul-
ted in a greater dose-dependent reduction of cell numbers in
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Fig. 4. Overexpression of AKT results in sustained MTOR signaling despite lapatinib treatment and reduces lapatinib sensitivity. (A) Heatmap of absolute
protein expression levels of MTOR and PI3K/AKT pathway members in control BT474 cells (pLNCX) and AKT-overexpressing BT474 (myrAKT) under no-
treatment (dimethyl sulfoxide [DMSO]) and lapatinib-treatment (0.1 pM) conditions. Data are average median-normalized values for at least two bi-
ological replicates. Red indicates protein increase compared to median, while blue indicates protein decrease. (B) Pathway score changes due to lapatinib
treatment in control and AKT-overexpressing BT474 cells. (C) Lapatinib dose-response for control and myrAKT BT474 cells. Error bars are SD for three
replicate wells and results are representative of three biological replicates. (D) Lapatinib AUC values were quantified and compared between the control and
AKT-overexpressing BT474 cells. Error bars represent SEM from three biological replicates.
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replicate wells and results are representative of three biological replicates.

EFM192 compared to HCC202 under both monoculture and
coculture conditions (Fig. 5 E and F and SI Appendix, Fig. SOF).
Targeting MCL-1 in combination with lapatinib resulted in fur-
ther decreases in cell numbers across multiple drug concentra-
tions (Fig. 5SE and SI Appendix, Fig. S9E). MCL-1 and lapatinib
combination treatment reduced the fraction of EFM192 viable
cells to 10% at concentration as low as 0.3 pM, while HCC202
cell numbers were reduced to 23% at the maximum dose under
coculture conditions. These results suggest that inhibiting
MTOR, BCL-2/BCL-XL, or MCL-1 in combination with lapa-
tinib is an effective approach to sensitize fibroblast-protected
cells to HER2-targeted therapy.

Discussion

Resistance to HER2-targeted therapies represents a major
challenge, as the majority of advanced HER2™" breast cancer
patients eventually exhibit disease progression (32, 33). In this
work, we present an integrated phenotypic—proteomic approach
to systematically investigate how fibroblasts modulate tumor cell
response to HER?2 therapy. We found that fibroblasts protect a
subset of HER2" breast cancer cells from lapatinib-induced cell
death via paracrine signaling, while the response to paclitaxel or the
HER2-conjugated chemotherapeutic T-DM1 is not influenced by

16506 | www.pnas.org/cgi/doi/10.1073/pnas.2000648117

the presence of fibroblasts. Specifically, fibroblast-secreted factors
sustain prosurvival signaling despite effective blockade of the
HER?2-signaling axis. Combination treatment with lapatinib to-
gether with either an MTOR, BCL-2/XL, or MCL-1 inhibitor re-
stored lapatinib drug sensitivity and thus such drug combinations
represent a rational approach to sensitize fibroblast-protected
HER2* breast tumors to HER2-targeted therapy.

Previous preclinical (7, 34) and clinical studies (35, 36) that
investigated tumor cell autonomous mechanisms of HER2
therapy resistance have provided evidence that activation of
PI3K/AKT signaling via PTEN copy number loss or PI3K mu-
tation is associated with poor response to therapy. Our results
demonstrate that sustained PI3K/AKT or MTOR signaling
through fibroblast-secreted factors represents an additional re-
sistance mechanism in tumors that do not carry genomic alter-
ations in the PI3K/AKT pathway. We found that the HER2™ cell
line HCC1954 which carries a strong gain-of-function PI3KCA
mutation (H1047R) exhibited sustained MTOR signaling after
lapatinib treatment, and fibroblast coculture did not alter sen-
sitivity to lapatinib. On the contrary, the BT474 cells that carry a
weaker gain-of-function PI3KCA mutation (K111N) (37), were
protected by fibroblasts and exhibited a significant reduction in
AKT/MTOR signaling after lapatinib treatment. A detailed
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understanding of how the PI3K/AKT/MTOR pathway is acti-
vated by different genomic alterations is necessary to predict
which tumors utilize this pathway to limit HER2 therapy efficacy.
Taken together, these results suggest that prosurvival fibroblast
signals are not required to sustain MTOR signaling when the
PI3K/AKT pathway is activated by strong gain-of-function mu-
tations. In the clinic, a subset of patients that lack mutations in
the PI3K/AKT pathway (35, 36) exhibit resistance to HER2-
targeted therapy, raising the possibility that factors from the
tumor microenvironment may contribute to the survival of re-
sidual tumor cells in fibroblast-rich tumors.

MTOR has been proposed as a promising target for restoring
drug sensitivity in breast cancers that are HER?2 therapy resistant
(33, 38). Preclinical evidence includes studies using in vitro cell
lines with differential lapatinib (39, 40) or trastuzumab (6, 39,
41) sensitivity, tumor progression in transgenic animals (42, 43),
and drug efficacy studies in cell line xenografts (6, 42, 44) and
patient-derived xenografts (44, 45). In vivo combination studies
of MTOR inhibitors with lapatinib (44) or trastuzumab (6, 42,
45) resulted in effective tumor growth inhibition or tumor re-
gression. Clinical trials investigating trastuzumab and everolimus
(46) or sirolimus (47) combination therapies have shown that a
subset of patients derived survival benefit from this combination
therapy. These patients exhibited activation of the PI3K/MTOR
pathway that was assessed either by PTEN copy alterations or
high expression of pS6 (48). Our findings suggest that the effi-
cacy of HER2 and MTOR inhibitor combinations may at least in
part be due to inhibition of fibroblast-mediated sustained
MTOR signaling; thus, together these results highlight the po-
tential for MTOR inhibitors to block both autonomous and
microenvironment-mediated cancer vulnerabilities.

Tumor cells interact with multiple cell types in the breast stroma,
including lymphocytes and fibroblasts, that could differentially reg-
ulate therapeutic efficacy. A high tumor-infiltrating lymphocyte
score has been associated with improved response to HER2-
targeted therapy in the clinic (49) and in an immunocompetent
mouse model, lapatinib treatment induced a Statl-dependent cy-
tokine release that enhanced antitumor immune effects (50). On
the other hand, fibroblasts have been shown to regulate breast tu-
mor cell metabolism (51) and reduce sensitivity to estrogen therapy
(52). However, in our coculture studies the fibroblast-protective
effects were mediated by the conditioned medium fraction with a
molecular weight larger than 3 kDa, suggesting that metabolites are
not sufficient to reduce lapatinib sensitivity (SI Appendix, Fig. S5B).
Extracellular matrix deposition by fibroblasts has been previously
associated with resistance to chemotherapy and lapatinib and could
be reversed by targeting JAK/STAT signaling or hyaluronic acid
(16). Studies employing stimulation with single cytokines (e.g., FGF,
HGEF, IL-6, IL-8, and NRG1p) have also demonstrated that these
secreted factors can induce resistance to chemotherapeutics (18),
lapatinib (53), and other tyrosine kinase inhibitors (21). The mul-
tifactorial nature of the fibroblast-secreted factors (S Appendix, Fig.
S5C) makes it challenging to block fibroblast-mediated resistance;
hence we decided to focus on downstream signaling pathways that
were maintained in the fibroblast-protected state. Inhibiting MTOR
restored lapatinib sensitivity in the fibroblast-protected tumor cells
(Fig. 5). Previous studies have shown that MTOR signaling can be
activated by different cytokines [e.g., IL-6 (54), NRG1p (53)] and
matrix proteins (e.g., hyaluronic acid via JAK/STAT signaling) (16);
thus MTOR presents a convergence node to microenvironment-
mediated resistance. To identify predictive biomarkers of drug
sensitivity, new experimental systems are needed that incorporate
the tumor stroma and have improved predictive capabilities of
preclinical in vivo and clinical responses (55).

The prosurvival phenotype conferred by fibroblast coculture
(Fig. 3 A-E) was also associated with an increase in antiapoptotic
protein expression that could be exploited with a combination
treatment of lapatinib and a BCL-2/XL or MCL-1 inhibitor. This
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represents an alternative therapeutic strategy to targeting vul-
nerabilities associated with the fibroblast-protected state that can
be mediated via multiple fibroblast-secreted factors. Importantly,
the BCL-2 family network is downstream of multiple signaling
pathways that have been implicated in HER2 therapy resistance
(PI3K/AKT, RAS/MAPK, JNK, and RTK) and can be activated
by these fibroblast-secreted factors. Analysis of tumor cell sur-
vival in breast cancer in vivo xenografts treated with lapatinib,
showed that tumor cells that were in direct contact with base-
ment membrane exhibited up-regulation of the BCL-2 anti-
apoptotic protein®>. BCL-XL- or MCL-1-targeted therapy could
be personalized depending on the BCL-2 family expression sta-
tus of the HER2" tumor using a proteomic approach that we
previously developed in ovarian cancer (56). The HER2 and
antiapoptotic combination treatment results show effective re-
duction in viable cell numbers and are consistent with previous
preclinical reports in HER2" breast cancer models (25, 57). Our
systems approach of profiling multiple signaling pathways com-
bined with new dynamic drug response monitoring, uncovered
the differential effects of fibroblasts on PI3K/AKT vs. RAS/
MAPK pathways and provided insights into mechanisms of
tumor—fibroblast communication. Furthermore, this profiling
approach can help address the in vitro to in vivo gap of response
to anticancer treatments, while also allowing the study of ther-
apeutic effects on fibroblasts.

Understanding how tumor cells integrate signals from the tu-
mor microenvironment is critical for uncovering mechanisms of
therapy resistance. The ability of fibroblasts derived from pri-
mary tumor and metastatic sites to alter lapatinib response has
important implications for developing treatment strategies that
can restore sensitivity in multiple drug-resistant microenviron-
ments. Due to the diversity of microenvironmental factors be-
tween these sites, targeting downstream survival programs
instead of individual factors released by fibroblasts represents a
promising treatment strategy to combat microenvironment com-
plexity. Our integrated approach of drug response profiling with
proteomic analysis of multiple signaling pathways allows for rational
combination therapy design to target fibroblast-protected tumor cells.

Materials and Methods

Cell Lines, Drug Response Assays, and Protein Expression Analysis. Breast
cancer cell lines (EFM192, BT474, HCC202, HCC1419, SUM225, and HCC1954)
were a gift from Dennis Slamon, University of California Los Angeles, Los
Angeles, CA; fibroblast cell lines (CCD1068, Wi38, and 3T3) were purchased
from ATCC; and primary fibroblasts (AR22, CAF1, and CAF2) were derived
from normal or breast cancer tissue (S/ Appendix, Supplementary Methods).
Cells were grown in the appropriate medium and drug dose-response assays
were conducted in 96-black/clear well plates (S/ Appendix, Supplementary
Methods). Cyclic immunofluorescence experiments were also performed in
96-black/clear well plates, and protein lysate samples were prepared using
6-well plates and Transwell filters.

Statistical Analysis. Reported values are mean + SEM unless otherwise stated.
Statistical analyses were performed in Prism. The level of statistical signifi-
cance is marked by asterisks in the figures and we considered P values below
0.05 significant. For the pathway inhibition analysis, two-tailed one-sample
t tests were performed.

Materials and Data Availability. Requests for reagents and code should be
directed to the corresponding author. RPPA data are available on Figshare at
(https://figshare.com/articles/RPPA_data/12199835/1).
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