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ABSTRACT Intratumor heterogeneity is postulated to cause therapeutic resistance. To pro-

spectively assess the impact of HER2 (ERBBZ2) heterogeneity on response to
HER2-targeted therapy, we treated 164 patients with centrally confirmed HER2-positive early-stage
breast cancer with neoadjuvant trastuzumab emtansine plus pertuzumab. HER2 heterogeneity was
assessed on pretreatment biopsies from two locations of each tumor. HER2 heterogeneity, defined as
an area with ERBB2 amplification in >5% but <50% of tumor cells, or a HER2-negative area by FISH,
was detected in 10% (16/157) of evaluable cases. The pathologic complete response rate was 55% in
the nonheterogeneous subgroup and 0% in the heterogeneous group (P <0.0001, adjusted for hormone
receptor status). Single-cell ERBBZ2 FISH analysis of cellular heterogeneity identified the fraction of
ERBBZ nonamplified cells as a driver of therapeutic resistance. These data suggest HER2 heteroge-
neity is associated with resistance to HER2-targeted therapy and should be considered in efforts to
optimize treatment strategies.

SIGNIFICANCE: HER2-targeted therapies improve cure rates in HER2-positive breast cancer, sug-
gesting chemotherapy can be avoided in a subset of patients. We show that HERZ2 heterogeneity, par-
ticularly the fraction of ERBB2 nonamplified cancer cells, is a strong predictor of resistance to HER2

therapies and could potentially be used to optimize treatment selection.

INTRODUCTION

Targeted therapies have now replaced or are used in con-
junction with conventional cytotoxic chemotherapy in the
treatment of the majority of cancers. This evolution in cancer
care has resulted in improved outcomes and often less toxic-
ity compared with previous chemotherapy regimens, which
have led to interest in broadening the use of targeted agents
and reducing the use of chemotherapy. However, resistance
to targeted therapy almost always occurs. One potential
mechanism of resistance is heterogeneous expression of the
therapeutic target within the tumor (1), which is potentially
of greatest concern in the curative setting in which a subclone
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lacking the target could escape the effects of the targeted
therapy and lead to tumor recurrence. Thus, understanding
how intratumor heterogeneity affects response to targeted
therapies is critical.

One example of the shift to targeted therapy is the treat-
ment of HER2-positive breast cancer. Historically, amplifica-
tion of ERBB2 (encoding HER2) defined a subset of breast
cancers with aggressive clinical features and poor outcomes
(2, 3). However, the development of the HER2-specific mon-
oclonal antibodies trastuzumab and pertuzumab and the
antibody-drug conjugate trastuzumab emtansine (T-DM1),
which consists of trastuzumab covalently linked to an anti-
microtubule cytoxic agent, have markedly decreased recur-
rence rates of patients with early-stage HER2-positive breast
cancer (4-6).

The relevance of HER2 as a therapeutic target underscores
the importance of accurate HER2 testing. The routine use of
HER2 IHC and in situ hybridization assays followed a seminal
study demonstrating that the benefit of trastuzumab was
restricted to patients diagnosed with HER2-positive tumors
(7, 8). Over the years, published guidelines from the American
Society of Clinical Oncology and the College of American
Pathologists have optimized thresholds and recommenda-
tions to define HER2 positivity (9-11). With the widespread
use of HER2 testing, retrospective studies have reported
different patterns of HER2 expression, coining the term
“HER2 heterogeneity” (12). In parallel, diagnostic guidelines
proposed definitions for HER2 heterogeneity (13-15), but
its relevance in clinical practice has not been prospectively
evaluated. Defining the impact of HER2 heterogeneity on
responses to targeted anti-HER2 therapies is of particular
importance as we endeavor to “de-escalate” standard thera-
peutic regimens and rely more on targeted anti-HER2 thera-
pies for patients diagnosed with early-stage HER2-positive
breast cancer (16, 17).

In this study, we aimed to determine the effect of HER2
heterogeneity on response to therapy. We hypothesized that
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tumors with heterogeneity for HER2 amplification would
have lower rates of pathologic complete response (pCR) when
treated with a HER2-targeted regimen in the absence of
conventional chemotherapy. To test this hypothesis, we con-
ducted a prospective study in which patients diagnosed with
HER2-positive breast cancer were treated with T-DM1 in
combination with pertuzumab prior to surgery. The specific-
ity and potency of T-DM1 and pertuzumab against HER2-
amplified cells were critical components to the study design.
Image-guided research biopsies performed prior to treatment
initiation allowed a central pathology evaluation of HER2
heterogeneity. The study was powered to assess the impact
of HER2 heterogeneity on the probability of achieving a pCR
after a course of targeted anti-HER2 therapy.

RESULTS
Patients and Treatment

A total of 164 patients were enrolled in the study from
January 2015 to January 2018 (Fig. 1A; Supplementary Table
S1). Patients received 6 cycles of T-DM1 and pertuzumab
(Fig. 1B). The baseline demographic and clinical character-
istics of the enrolled patients are listed in Table 1. Of all
patients, 163 were treated with at least one dose of T-DM1
and pertuzumab. Central confirmation of HER2 status to
define eligibility classified 74% (121/163) of cases as HER2
3+ by IHC and 25% (40/163) as HER2 2+. HER2 2+ cases
were confirmed to be HER2-positive by FISH prior to study
enrollment. HER2 positivity was defined by FISH without
IHC information in two cases (1%, 2/163). All but one patient
(99.4%) had either stage II or III cancer at presentation. Two
thirds (68.7%) of tumors were classified as hormone receptor
(HR)-positive and the remaining tumors as HR-negative.

T-DM1 plus pertuzumab was associated with a favorable
toxicity profile (Table 2; Supplementary Table S1). Mild
fatigue was the most common adverse event and was observed
in 67% of patients. Grade 3 or higher toxicities were rare.
Overall, 95% of the study population completed the planned
six cycles of therapy. T-DM1 dose reductions occurred in 11%
of patients. Two patients (1.2%) discontinued treatment due
to adverse events.

HER2 Heterogeneity and Treatment Response

Central pathology evaluation of HER2 heterogeneity was
successful in 97% (158/163) of cases. The five unsuccess-
ful evaluations were due to a lack of invasive disease in the
research core biopsies. To assess HER2 heterogeneity, two
spatially distinct biopsies performed at baseline were evalu-
ated by FISH; ~50 cells were counted in three areas of each
biopsy (Fig. 1C and D). The assessment of HER2 heteroge-
neity determined by central pathology review classified 10%
(16/157) of tumors as HER2 heterogeneous (Supplementary
Fig. S1). The study met its primary objective by demonstrat-
ing a significant association between HER2 heterogeneity
and pCR adjusted by HR status; no cases of pCR, defined as a
residual cancer burden (RCB) of 0, were observed in the hetero-
geneous subgroup, whereas the pCR rate was 55% (77/141) in
the nonheterogeneous subgroup (P=0.0001, % test; Fig. 2A).
When using a less strict definition of pathologic response
defined as RCB 0 or I (ie., including minimal residual

disease), we found that the association between HER2 hetero-
geneity and response remained significant [odds ratio (OR) =
5.6; P=0.002, x* test; Fig. 2B|.

Regarding the study’s secondary objectives, the overall pCR
rate was 49% (n =77/157). Among cases with residual disease,
the distribution of RCB scores was RCB-I 14% (22/157), RCB-
I 26% (41/157), and RCB-III 11% (17/157). Higher pCR rates
were observed in the subset of HR-negative cases compared
with HR-positive cases (65% vs. 42%, P=0.016, ) test; Fig. 2C).
The breakdown by HR status in the nonheterogeneous sub-
group revealed pCR rates of 69% (31/45) in the HR-negative
subset and 48% (46/96) in the HR-positive subset.

The subset of cases classified as heterogeneous for HER2
had a similar distribution of HR status as the overall study
population, with 13 (81%) classified as HR-positive and 3 (19%)
as HR-negative. HER2 IHC evaluation performed on diagnos-
tic core biopsies classified 75% (n = 12) of heterogeneous cases
as HER2 2+, and 25% (n = 4) as HER2 3+ disease. The majority
(81%) of nonheterogeneous cases were HER2 3+.

In order to evaluate whether HER2 protein levels were
confounding the association between heterogeneity and pCR,
we performed an additional exploratory analysis and found
that, when adjusted by HER2 protein THC levels (2+ vs. 3+)
and HR status, the association between HER2 heterogeneity
and pCR remained statistically significant (P = 0.002, strati-
fied Mantel-Haenszel y? test). The association between HER2
heterogeneity and HER2 protein IHC levels (2+ vs. 3+) was
also significant (P = 2e-06, % test).

HER2 Heterogeneity Assessed at the
Single-Cell Level

To better understand the relationship between spatial
HER?2 heterogeneity and clinical outcome at a more granular
level, we assessed HER2 copy number at the single-cell level
using FISH (Supplementary Tables S2 and S3). A median
of six tumor areas per patient were analyzed and each area
contained a median of 75 cells [95% confidence interval (CI):
67-83]. We first quantified HER2 cellular heterogeneity using
the Shannon equitability index (18), a diversity measure that
is commonly used to quantify heterogeneity in cancer biol-
ogy (Methods). We found that cases with pCR had higher
levels of heterogeneity than cases without pCR (P = 0.0032,
Wilcoxon test; Fig. 3A). This observation was unexpected
because previous retrospective studies found that heteroge-
neous tumors are more likely to be resistant to treatment
(19-21). Upon further investigation, we determined that the
Shannon equitability index was negatively correlated with
the fraction of ERBB2 nonamplified cells in our cohort (R* =
-0.64, P < 2.2e-16, Pearson correlation; Fig. 3B), suggesting
that patients with a low extent of heterogeneity tend to have
uniformly low HER2 levels and patients with higher hetero-
geneity tend to have populations of cells with high ERBB2
copy numbers. We additionally found that patients meeting
the clinical definition of heterogeneity have a lower Shannon
index (P = 3.2e-09, Wilcoxon test; Fig. 3C) and a higher frac-
tion of ERBB2 nonamplified cells (P = 2.1e-10, Wilcoxon test;
Fig. 3D).

We then quantified the extent of HER2 cellular heterogene-
ity using the Gini index (22), a metric that is frequently used
to assess dispersion (Supplementary Fig. S2). We found that
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Table 1. Patient and disease characteristics

Characteristics

T-DM1 plus pertuzumab

N (%) N=163
Age
<35 16(9.8)
35-50 50(30.7)
51-65 65 (39.9)
>65 32(19.6)
Race
White 140(85.8)
Black 6(3.6)
Asian 10(6.1)
Missing 7(4.3)

Median tumor size (IQR)

HR status, n (%)
ER*and/or PR*
ER and PR~

Clinical stage
|
I
1l

HER2 IHC (central evaluation)
2+
3+
Missing
Histologic grade
1
2
3
Missing
Surgery?
Wide local excision
Mastectomy

2.8cm(2.1-3.8cm)

112(68.7)
51(31.3)

1(0.6)
138(84.7)
24(14.7)

40(24.5)
121(74.2)
2(1.2)

3(1.8)

56 (34.4)
103(63.2)
1(0.6)

83(51.2)
79(48.8)

Abbreviations: ER, estrogen receptor; HR, hormone receptor; IQR, interquartile range; PR, progesterone receptor.

20ne patient withdrew consent prior to surgery.

95% of patients had a Gini coefficient between 0.18 and 0.45,
suggesting that overall dispersion of ERBB2 copy number is
relatively low across the patient cohort. Moreover, we found
that there was no significant difference in the Gini coefficient
between cases with and without pCR (P = 0.39; Supplemen-
tary Fig. S2A). The Gini coefficient is weakly correlated with
the Shannon equitability index (R*> = 0.25, P = 0.0015, Pear-
son product moment correlation; Supplementary Fig. S2B).
Lastly, the Gini coefficient was not correlated with the per-
centage of ERBB2 nonamplified cells (R* = -0.082, P = 0.31,
Pearson product moment correlation; Supplementary Fig.
S2C). Altogether, these results suggest that the Gini index is
not informative for predicting the response to T-DM1 plus
pertuzumab.

Based on these observations, we quantified HER2 hetero-
geneity as a continuous variable according to the fraction of
ERBB2 nonamplified cells across the areas in each tumor.
When analyzing the association of this metric with outcome,

we found that patients without pCR had a higher overall
fraction of ERBB2 nonamplified cells compared with patients
with pCR (P = 0.0064, Wilcoxon test; Fig. 4A). This relation-
ship holds for HR-negative (P = 0.0029, Wilcoxon test) and
HR-positive (P = 0.061, Wilcoxon test) patients, although
the latter is not statistically significant (Fig. 4B). We addi-
tionally calculated the fraction of ERBB2 nonamplified cells
separately for each of the six area biopsies from each patient,
and observed that pCR was significantly negatively associated
with the fraction of ERBB2 nonamplified cells per area (P =
0.017 for HR-positive, P=0.0045 for HR-negative cases, F-test
with the Satterthwaite method; Fig. 4C).

Next, we investigated whether the relationship between
response and the fraction of ERBB2 nonamplified cells was
driven by a subpopulation of cells in one area. To this end, we
determined the fraction of ERBB2 nonamplified cells for each
area and used the maximum value across areas to investigate
whether an area with a particularly high fraction of ERBB2
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Table 2. Summary of adverse events in the safety population®

Pertuzumab + T-DM1

Adverse events (n=163)
Number of patients with at least one, n (%)
Grade 1 155(95.1)
Grade 2 85(52.1)
Grade>3 AEs 12(7.4)
AE leads to Tx discontinuation 2(1.2)
AE with fatal outcome 0(0)
Grade > 3 AEs that occurred in>1% of patients
Diarrhea 3(1.8)
Hypokalemia 2(1.2)
Platelet count decreased 2(1.2)

Abbreviations: AE, adverse event; Tx, treatment.

2Listed are all AEs regardless of attribution to study drugs with an onset that occurred from the first dose of
treatment through the first study visit after breast surgery.

nonamplified cells was driving resistance to treatment. We
found that the relationship between pCR rate and the maxi-
mum area fraction of ERBB2 nonamplified cells (Supplemen-
tary Fig. S3A) was similar to the relationship between pCR
rate and the total tumor fraction of ERBB2 nonamplified
cells (Fig. 4A). This observation suggests that one area with
a particularly high fraction of ERBB2 nonamplified cells was
not driving resistance to treatment. Moreover, we found that
the minimum and maximum fraction of ERBB2 nonampli-
fied cells in an area were highly correlated with each other
and with the total fraction of ERBB2 nonamplified cells per
tumor (Supplementary Fig. S3B-S3D). Taken together, these
observations suggest that there was a low degree of spatial
heterogeneity of HER2" cells in this patient cohort and that
nonresponders had a higher fraction of ERBB2 nonamplified

A B
P =0.0001

pCR (%)
RCB 0 or 1 (%)

P =0.002

cells overall rather than in one specific area that is responsible
for resistance.

We then investigated the relationship between ERBB2 copy
number and pCR in order to identify whether pCR was
driven by the level of ERBB2 copy number in addition to
the fraction of ERBB2 nonamplified cells. We found that
patients with pCR have significantly higher median ERBB2
copy number compared with patients without pCR (P =
0.048, Wilcoxon test; Supplementary Fig. S4A), and that this
relationship held for HR-negative (P = 0.028, Wilcoxon test)
patients (Supplementary Fig. S4B). Likewise, we calculated
the median ERBB2 copy number separately for each of the
six core biopsy areas from each tumor, and found that pCR
was associated with the median ERBB2 copy number per area
(P = 0.081 for HR-positive, P = 0.09 for HR-negative, F-test

C 0.8

P=0.016

—

pCR (%)

T T
Nonheterogeneous Heterogeneous

T T
Nonheterogeneous Heterogeneous

HR ne'gative HR pbsitive

Figure 2. Pathologic response according to HER2 heterogeneity and HR status. The mean and 95% Cl of the mean is shown in each graph. A, pCR by HER2
heterogeneity. B, Pathologic response defined as RCB 0 or | by HER2 heterogeneity. C, pCR by HR status for the overall study population. A-C, P values are

from ay? test.
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Figure 3. Assessment of HER2 heterogeneity at the single-cell level. A, Shannon equitability index for each patient, separated by response. P value is
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no further than 1.5*IQR from the hinge, where the IQR is the distance between the first and third quartiles. All data points are plotted.

with the Satterthwaite method; Supplementary Fig. S4C).
These results are consistent with results of the analysis of the
fraction of ERBB2 nonamplified cells, likely because biopsies
with a higher fraction of ERBB2 nonamplified cells have a
lower median ERBB2 copy number.

We then assessed whether we could predict pCR using the
single-cell HER2 FISH data. We first predicted pCR by clas-
sifying patients based on the fraction of ERBB2 nonamplified
cells and achieved an area under the curve (AUC) of 0.62 (0.59
HR+; 0.75 HR-; Table 3; Supplementary Fig. S5A). We then
fit seven different logistic regression models: (1) including
the fraction of ERBB2 nonamplified cells and HR status; (2)
including the median ERBB2/CEP17 ratio and HR status; (3)
including all terms in model 1 plus median ERBB2/CEP17

ratio; (4) including all terms in model 1 plus an interaction
term between HR status and the fraction of ERBB2 nonampli-
fied cells; (5) including all terms in model 1 plus clinical varia-
bles including stage (tumor size and nodal status) and HER2
IHC by central review; (6) including all terms in model 1 plus
the Shannon equitability index; and (7) including all terms in
model 1 plus heterogeneity (as per the College of American
Pathologists definition). The resulting coefficient estimates
and significance values are shown in Supplementary Table
S4 and the resulting AUC values are shown in Table 3 (Sup-
plementary Figs. S5B and S6A-S6G). We observed that the
fraction of ERBB2 nonamplified cells (model 1) was slightly
more predictive than the median ERBB2/CEP17 ratio (model
2), and that the median ERBB2/CEP17 ratio coefficient was
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A and B, and data points outside of the whiskers are plotted separately in C.

not significant in model 3. Together, these results suggest
that the fraction of ERBB2 nonamplified cells was more pre-
dictive of pCR than the median ERBB2/CEP17 ratio, and that
adding median ERBB2/CEP17 ratio to a model that includes
the fraction of ERBB2 nonamplified cells did not significantly
improve prediction of pCR.

We also found that the interaction terms in model 4 were
not significant, suggesting that the interaction between HR
status and the fraction of ERBB2 nonamplified cells was
not predictive of response in this patient cohort. Moreover,
we found that the additional clinical variables in model S
were not significant, suggesting that the single-cell ERBB2

FISH data are more predictive of treatment response than
clinical stage or HER2 IHC score. Finally, we found that nei-
ther Shannon equitability index in model 6 nor College of
American Pathologists-defined heterogeneity in model 7 was
significant, suggesting that these metrics did not add addi-
tional information to model 1. Together, the results of this
analysis suggest that the model using the fraction of ERBB2
nonamplified cells and HR status was optimal among the
models investigated for predicting pCR. We then examined
whether assessment of HER2 heterogeneity was affected by
sampling. Only a section of each cell’s nucleus was assessed
when measuring gene copy number, which could potentially
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Table 3. Model AUC values

AUC value

Randomly sampling

Randomly sampling

one area per core

Randomly adding

Model All observed data one biopsy biopsy HER2 copies

Classification based on All patients 0.62 0.63(0.60-0.66) 0.61 (0.56-0.65) =
the fraction of HER2 HR* 0.59 0.61 (0.57-0.65) 0.60(0.54-0.66) =
nonamplified cells HR- 0.75 0.72(0.67-0.77) 0.69(0.61-0.77) =

Logistic regression Model 1 0.70 0.69(0.66-0.72) 0.68(0.65-0.72) 0.69(0.65-0.72)
Model 2 0.65 0.65 (0.64-0.67) 0.65 (0.64-0.68) —
Model 3 0.70 0.69(0.67-0.72) 0.68(0.65-0.72) —
Model 4 0.71 0.69(0.66-0.72) 0.68(0.65-0.72) —
Model 5 0.72 0.72(0.69-0.75) 0.71(0.68-0.75) —
Model 6 0.71 0.70(0.68-0.73) 0.70(0.66-0.73) —
Model 7 0.69 0.69(0.67-0.71) 0.69(0.66-0.72) —

lead to an artifactual appearance of heterogeneity in cases
with low levels of ERBB2 amplification. To investigate
whether this potential issue affected our predictions, we
generated a simulated data set by adding a random Poisson
(A = ERBB2/2) value to the ERBB2 copy number of each cell
and repeating the simulation 1,000 times. We chose this A
under the assumption that the number of uncounted ERBB2
copies would, on average, be half the number of observed
copies in any given cell. Note that a Poisson (A = ERBB2/2)
random variable has variance A = ERBB2/2, which allows for
variability in the number of uncounted ERBB2 copies. The
resulting AUC based on logistic regression model 1 applied
to this simulated data set was 0.69 (95% CI: 0.65-0.72; Table
3), which is very close to the AUC achieved by model 1 using
the observed data (0.70). This finding suggests that our
results were not likely caused by artifactual heterogeneity of
the samples.

Finally, we assessed whether the addition of data from the
second biopsy improves our prediction accuracy by randomly
sampling one biopsy from each patient to use in the predic-
tion model. The resulting AUC values from this sampling
approach are shown in Table 3. The 95% confidence intervals
of the AUC using this sampling approach contain the AUC
obtained when using all observed data for every model. These
results suggest that the addition of the second biopsy does
not improve prediction accuracy based on our patient cohort
(Table 3). We also assessed whether analyzing three areas
rather than one area per core biopsy improved our predic-
tion accuracy by randomly sampling one of the three areas
from the selected biopsy in the analysis above. Similar to our
analysis of using one versus two biopsies, we found that the
95% confidence intervals of the AUC using one versus three
areas sampled contain the AUC obtained when using all three
areas from a sampled biopsy for every model (Table 3). As
expected, we also found that the confidence intervals were
wider when sampling one area from each sampled biopsy
compared with using information from all three areas from
each sample biopsy for every model tested. This observation
suggests that using less information increases the variability

of the prediction accuracy. Furthermore, we found that our
logistic regression model improves the sensitivity of predict-
ing pCR without sacrificing specificity, compared with using
the current metric of heterogeneity suggested by the College
of American Pathologists. For reference, we achieved a speci-
ficity of 1 and a sensitivity of 0.162 when using the current
guidelines for assessing heterogeneity. Depending on the
threshold chosen, the logistic regression model can achieve a
sensitivity above 0.3 with specificity above 0.9, or a sensitiv-
ity above 0.5 with specificity above 0.75. Thus, our approach
allows the identification of a larger number of patients who
are likely resistant to neoadjuvant T-DM1 plus pertuzumab
as compared with the current clinical definition of hetero-
geneity.

DISCUSSION

Cancer, almost by definition, implies the presence of intra-
tumor heterogeneity, as tumors arise from accumulating
genetic and epigenetic alterations (23-25). As treatments have
evolved from older drugs able to disrupt the DNA of cancer
cells (i.e., chemotherapy) to targeted therapies, studying how
heterogeneity of the drug target affects responses to thera-
pies becomes increasingly important. In this study, we pro-
spectively evaluated how intratumor heterogeneity of HER2
affects response to T-DM1 plus pertuzumab. Our study met
its primary objective by demonstrating a significant associa-
tion between HER2 heterogeneity and pCR. In the subset of
heterogeneous tumors, all cases had residual disease at the
time of surgery, while the pCR rate was 55% in the subset
without heterogeneity. The effect of heterogeneity remained
significant when controlling for HR status, HER2 protein
levels, and less strict definitions of pathologic response
including RCB 0 or I. Our analysis of heterogeneity at the
single-cell level confirmed the presence of a direct relation-
ship between HER2 heterogeneity and response to targeted
anti-HER2 therapy. Our findings suggest that HER2 het-
erogeneity defined by FISH does not reflect methodological
limitations of the test, but rather represents a true biological
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readout of the impact of HER2 heterogeneity on response to
targeted anti-HER2 therapy.

To the best of our knowledge, this is the first clinical trial
designed to prospectively evaluate the impact of intratu-
mor heterogeneity on response to targeted therapy in breast
oncology. The results of this study suggest that efforts to
reduce the amount of conventional chemotherapy and rely
more on HER2-targeted therapies for patients diagnosed
with HER2-positive early-stage disease may not be successful
if intratumor heterogeneity is not taken into consideration.

It is important to note that the T-DM1 and pertuzumab
regimen used in this study represents a hybrid model of
targeted anti-HER2 therapy linked to chemotherapy and
an anti-HER2 therapy, respectively. One significant limita-
tion of our study was that we did not have a control group
treated with conventional chemotherapy and HER2-directed
therapy. Such a control arm would have allowed us to inves-
tigate the benefits of chemotherapy in the subset of HER2
heterogeneous cancers. Moreover, having an investigational
arm containing targeted anti-HER2 agents only (i.e., no cyto-
toxic component) could also be of interest. The latter was
considered as a possibility while designing the study but
deemed infeasible as it would require a larger sample size due
to expected lower pCR rates with targeted anti-HER2 thera-
pies only. It is possible that cancers with HER2 heterogeneity
may be less sensitive not only to a T-DM1-based regimen but
also to HER2 therapy with or without chemotherapy. Indeed,
supporting this possibility, a retrospective analysis of the
Kristine phase III study (26) comparing neoadjuvant T-DM1
plus pertuzumab versus TCHP (taxotere, carboplatin, trastu-
zumab, and pertuzumab) observed numerically lower pCR
rates in both arms of the study in the subset of tumors with
focal or variable HER2 THC staining compared with those
with homogeneous HER2 staining. These results, together
with the data from the current study, suggest that the ability
to identify HER2 heterogeneous tumors may be useful in the
development of novel targeted anti-HER2 agents with the
capacity to target tumors with less uniform levels of HER2
amplification. For one such agent, trastuzumab deruxtecan,
preclinical and clinical evidence already exists suggesting
effectiveness against such tumors (27).

The favorable toxicity profile observed with T-DM1 and
pertuzumab in this study is similar to previous studies (28-
30). In the Kristine study, T-DM1 was associated with a lower
incidence of grade > 3 adverse events (13% vs. 64%) and lower
incidence of treatment discontinuation (3% vs. 8%) when
compared with TCHP (26, 31).

The neoadjuvant setting in this study provided us with an
ideal platform for evaluating HER2 heterogeneity. Image-
guided research biopsies were obtained from all participants,
and HER2 heterogeneity was evaluable in 97% of cases. In
HER2-positive disease, pCR after neoadjuvant therapy is a
surrogate for improved survival outcomes (32). It is important
to note, however, that pCR has not been validated as a trial-
level surrogate for survival outcomes, and the current study
was not designed to establish a direct link between the lack of
PCR associated with heterogeneity and long-term outcomes. A
larger sample size and long-term follow-up would be needed
to evaluate the association between HER2 heterogeneity and
survival outcomes. Nonetheless, data from the Kristine study

indicated a favorable 3-year invasive disease-free survival out-
come of 97% among patients treated with T-DM1 and pertu-
zumab who achieved a pCR (31). The integration of HER2
heterogeneity evaluation in the selection of patients for treat-
ment with targeted HER2 therapies in the early-stage setting
could prove to be a successful strategy in future clinical trials.

The definition of HER2 heterogeneity in this study follows
recommendations from treatment guidelines (13, 15). Retro-
spective series evaluating the prevalence of HER2 heterogene-
ity have reported variable prevalence of heterogeneity, varying
from 5% to 40%, likely reflecting differences in sample size or
variations in the definition of heterogeneity (12). A retrospec-
tive series found a significant association between HER2 het-
erogeneity and inferior survival outcomes (33). The potential
clinical impact of intratumor heterogeneity observed in that
retrospective study and our current prospective study high-
light the need to develop a uniform, reproducible definition
of HER2 heterogeneity for future studies.

To elucidate the relationship between spatial HER2 heter-
ogeneity and response to targeted therapy at a more granular
level, we leveraged the two spatially distinct tumor biopsy
samples obtained from each patient and analyzed HER2
copy-number data at the single-cell level. Using these data,
we found that the main driver of resistance to therapy (as
defined by lack of pCR) was the fraction of HER2 nonampli-
fied cells across the tumor. Interestingly, it did not appear
that one tumor area with a high fraction of ERBB2 non-
amplified cells accounted for the lack of pCR; instead, the
overall tumor fraction of ERBB2 nonamplified cells was the
key factor. Consistent with this observation, pCR could be
predicted as well with the single-cell data from one biopsy
per patient as with two biopsies. Furthermore, we found that
models using the overall fraction of ERBB2 nonamplified
cells to predict patient pCR achieve higher prediction sen-
sitivity without sacrificing specificity compared with using
the current recommendations from treatment guidelines.
Together, the results from these single-cell analyses high-
light the potential for defining novel thresholds for HER2
heterogeneity and response to HER2-targeted therapies. In
addition, it will be important to determine if similar aspects
of heterogeneity drive resistance to therapies against other
targets and in other cancer types.

The decision to use FISH to measure HER2 in our study
facilitates reproducibility but is not meant to account for the
full spectrum of HER2 heterogeneity. Certainly, our selection
of a single primary modality to evaluate HER2 heterogeneity
in this study represents a limitation. Previous studies in both
the early disease and metastatic setting have demonstrated a
significant association between lower HER2 levels quantified
at the mRNA level and decreased T-DM1 benefit. A multimo-
dality approach to evaluate HER2 heterogeneity including
HER2 mRNA and additional features associated with resist-
ance (e.g., PIK3CA mutation status) could be informative.
With the development of modern techniques able to evaluate
the genomic (and perhaps proteomic) landscape at the single-
cell level, we should expect to understand the biological sig-
nificance of intratumor heterogeneity in an unprecedented
manner.

From a clinical perspective, the integration of tumor het-
erogeneity measurements in the selection of patients for
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treatment with targeted therapies could prove to be a suc-
cessful strategy to reduce the use of conventional cytotoxic
chemotherapy. As an example, patients identified as having
nonheterogeneous HER2* tumors could be offered partici-
pation in a trial comparing T-DM1 plus pertuzumab ver-
sus conventional chemotherapy and HER2-directed therapy.
Those achieving a pCR with T-DM1 plus pertuzumab would
continue therapy with anti-HER2 therapies, limiting the use
of standard cytotoxic agents only to those patients with
residual disease at the time of surgery. In the control arm of
the study, patients would be treated with standard anti-HER2
therapy and chemotherapy. Such a treatment strategy could
translate into a significant reduction in the use of standard
chemotherapy for patients diagnosed with HER2*' breast
cancer and improve quality-of-life outcomes. If this type of
approach is successful in HER2* breast cancer, it could then
be explored in other cancer types in which targeted therapies
are utilized.

In conclusion, our study illustrates the critical importance
of understanding the impact of intratumor heterogeneity on
response to targeted therapies in the early-disease (i.e., cura-
tive) setting. This issue is particularly important in the mod-
ern era where the number of targets and targeted therapies
has increased dramatically and there is a strong interest in
using these targeted agents in place of conventional chemo-
therapy. In the subset of HER2-positive breast cancer, HER2
heterogeneity strongly affects response to T-DM1 given in
combination with pertuzumab. If these results are validated
in additional studies, assessment of HER2 heterogeneity may
facilitate optimal selection of therapy for patients with early-
stage HER2-positive cancers.

METHODS
Study Design, Eligibility, and Enrollment

We conducted an investigator-initiated single-arm phase II study.
The study was open at the Dana-Farber Cancer Institute, Massachu-
setts General Hospital, Sarah Cannon Research Institute, Tennes-
see Oncology, and Vanderbilt-Ingram Cancer Center. Enrollment
required a pathologic diagnosis of carcinoma of the breast with IHC
staining for the HER2 protein of 3+ intensity or amplification of
the ERBB2 gene based on FISH [ratio of ERBB2 to chromosome 17
centromere (CEP17) > 2, or ERBB2 copy number > 6]. HER2 status
was centrally confirmed before study enrollment. The invasive tumor
had to measure at least 2 cm in the greatest dimension assessed by
physical examination or imaging; there was no upper limit on tumor
size or axillary nodal status. Other requirements included willing-
ness to undergo a research biopsy prior to treatment initiation,
adequate hematopoietic and liver function, and a left ventricular
ejection fraction of 55% or greater. The institutional review board at
each participating institution approved the study. Written informed
consent was provided by all participants. The protocol is available as
a Supplementary File.

Assessment of HER2 Heterogeneity

Patients underwent image-guided research biopsies performed
in two different geographic areas of the same tumor prior to treat-
ment initiation. Central pathology evaluation of HER2 heterogene-
ity was performed at the European Institute of Oncology in Milan
and blinded to treatment outcome. Formalin-fixed research biopsies
were embedded into paraffin blocks. HER2 status was assessed by
IHC and FISH. HER2 heterogeneity was evaluated following recom-

mendations from the College of American Pathologists (13) and the
United Kingdom HER2 testing guidelines (34). An entire tissue sec-
tion of each core biopsy site was scanned before selecting three tumor
areas for HER2 counting. ERBB2 and CEP17 signals were counted in
approximately 50 cells per area (i.e., approximately 300 cells counted
per tumor). HER2 heterogeneity was defined as the existence of an
area of tumor cells with ERBB2 amplification (i.e., ERBB2/CEP 17
ratio > 2.0 or a gene copy number > 6) representing more than 5%
but less than 50% of infiltrating tumor cells, or an area of tumor that
tested HER2-negative by FISH. HER2 THC results did not influence
the definition of HER2 heterogeneity for the evaluation of primary
endpoint.

Treatment Regimen

Treatment consisted of six cycles of T-DM1 given in combination
with pertuzumab. Participants received T-DM1 at a dose of 3.6 mg
per kilogram of body weight, and pertuzumab at a loading dose of
840 mg followed by 420 mg. T-DM1 and pertuzumab were given
every three weeks intravenously for a total duration of six cycles.
Patients underwent breast surgery within 42 days of the last cycle of
therapy. The type of breast surgery was at the discretion of the patient
and surgeon. Decisions regarding choices of adjuvant radiotherapy
and adjuvant systemic therapy were made by the treatment team and
not mandated per protocol.

Endpoints and Study Assessments

The primary objective was to evaluate the relationship between
PCR and intratumor heterogeneity of HER2 amplification. Key sec-
ondary objectives included assessment of safety, the relationship
between pCR and intratumor heterogeneity assessed as a continuous
variable.

Pathologic response was reported using the RCB calculator. RCB
0, no residual invasive cancer in the breast or axillary nodes, defined
PCR for the primary endpoint of the study. Left ventricular ejection
fraction was assessed at baseline, end of cycle 2, and at the presurgery
visit. Laboratory monitoring was performed prior to each treatment
cycle and adverse events were assessed with each treatment cycle
according to Common Terminology Criteria for Adverse Events
v4.0. Single-cell HER2 counting by FISH was used to evaluate HER2
heterogeneity as a continuous variable. The fraction of HER2 non-
amplified cells was evaluated in three areas per core biopsy site at the
central pathology laboratory in Milan.

The protocol was reviewed by the Dana-Farber/Harvard Cancer
Center Data and Safety Monitoring Committee throughout the
study to monitor toxicity and review accrual.

Statistical Analysis

The study sample size was determined by the expected percentage
of the study population classified as HER2 heterogeneous, the over-
all pCR rate, and the ability to demonstrate differences in pCR rates
between heterogeneous and nonheterogeneous subsets. Considering
that the study sample size would not be adjusted according to the
prevalence of HER2 heterogeneity, we included a sensitivity analysis
with different effect sizes (pCR heterogeneous versus nonheteroge-
neous) for which there would be 80% and 90% power to detect under
varying prevalences of HER2 heterogeneity (e.g., 10%, 20%, 30%).
By estimating that the overall pCR with T-DM1 plus pertuzumab
would be approximately 40%, and 20% of the population classified
as heterogeneous, the study would have 80% power with 136 evalu-
able patients to detect a difference in pCR of 44.9% in the homo-
geneous versus 20.3% in the heterogeneous subgroup. The final
sample size was defined as 165 participants, assuming a 15% failure
rate in the assessment of heterogeneity. As detailed in the protocol
(see Supplement), the study had 90% power to detect differences in
PCR of 43.4% in the homogenous versus 8.8% in the heterogeneous
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subgroup if the observed prevalence of HER2 heterogeneity was 10%.
To evaluate the association between pCR and HER2 heterogeneity,
we used a stratified Mantel-Haenszel %2 test across HR-positive and
HR-negative patients. The use of a stratified model was deemed criti-
cal to prevent confounding due to the known relationship between
HR status and pCR.

Assessing Tumor Heterogeneity Using HER2 FISH

We used Shannon equitability index to assess tumor heterogeneity
based on single-cell HER2 FISH. For each patient i, wherei=1,2,...,
157, denote the number of tumor images as »;. For each tumor image
j» where j=1,2, ... m, we obtained the HER2, x;;,, and CEP17, y;,
levels for each cell k =1, ..., K in the image. Each cell was then
denoted by the tuple (x;= b, y;. = c), where h=1,2, ..., His the HER2
leveland ¢=1,2,..., Cis the CEP17 copy number. We then calculated
the frequency of each tuple in each image, where Z;, is the frequency
of (h, ¢) cells in image j from patient i and |Z;| is the total number
of species in image j from patient i. Each species then has frequency
Pipe = Zijp/ | Z;|. Finally, we calculated the Shannon index for each
image: H; = -Xg,opindn(p;) and the Shannon equitability index:
E; = Hy/In(| Z;]). We also calculated the overall Shannon index for
each patient iz H; = -¥,  pinc In(py), where py, is the overall frequency
of (h, ¢) cells among all of the images from patient i Likewise, the
overall Shannon equitability index for each patient i is given by
E;=H,/In(|Z;|), where|Z,] is the total number of species among all of
the images from patient 7.

We used the Gini coefficient to assess dispersion of the HER2/
CEP17 ratio within each patient. We used the “gini” function from
the “reldist” package in R to calculate the gini index for each patient.

We used the fraction of HER2 nonamplified cells to assess the level
of HER2 amplification within each patient. A cell was considered
nonamplified if the HER2/CEP17 ratio < 2 and the gene copy num-
ber < 6. The fraction of HER2 nonamplified cells was calculated to
be the percentage of nonamplified cells out of the entire population.

Predicting Patient Response Using ERBB2 FISH

To predict patient response using the fraction of ERBB2 nonampli-
fied cells, we tested every threshold between 0 and 1 at 0.01 intervals.
Patients below the threshold were predicted to be responders; patients
at or above the threshold were considered to be nonresponders. We
then calculated the sensitivity and specificity of the prediction for every
threshold. These values were used to create a receiver operating charac-
teristic (ROC) curve and calculate the AUC. This analysis was done both
on the entire patient cohort and subcohorts stratified by HR status.

We additionally used logistic regression to model patient response
as a function of the fraction of ERBB2 nonamplified cells, median
ERBB2 copy number, and HR status. We used the “glm” function in R.
We tested the model both with and without interaction terms between
HR status and fraction of ERBB2 nonamplified cells, and HR status
and median ERBB2 copy number. We then used the “predict” function
to compute the predicted probability of response for each patient,
given the estimated logistic regression model. The “roc” function in R
was used to create ROC curves and estimate the AUC.

We used a sampling method to assess whether the use of data from
two biopsies provides significantly more information for predicting
response compared with using one biopsy. For each patient, we ran-
domly sampled one core biopsy site and used the FISH data to calcu-
late the fraction of ERBB2 nonamplified cells and median ERBB2 copy
number. We then used these sampled data to predict patient response
using the two methods described above and estimate the AUC. We
repeated this process 1,000 times, resulting in 1,000 sampled AUC val-
ues for each method where each sample is a permutation of randomly
selecting one biopsy per patient. We then used the 2.5% and 97.5%
quantiles to estimate 95% CIs of the AUC for each method where only
one biopsy per patient is used.

Finally, we used a simulation method to assess the accuracy of
copy-number assessment using FISH, given that only a section of
the nucleus is assessed in each individual cell. For each simulation,
we randomly added additional ERBB2 copies to each cell according
to a poisson (M) distribution, where A = HER2/2 for each cell. We
then used these randomly simulated data to predict patient response
using logistic regression and estimate the AUC. We repeated this pro-
cess 1,000 times, resulting in 1,000 randomly simulated AUC values.
We then used the 2.5% and 97.5% quantiles to estimate the 95% Cls
of the AUC.

Data Availability

All data generated or analyzed during this study are included in
this published article (and its Supplementary Information files).
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