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Intratumor heterogeneity is postulated to cause therapeutic resistance. To prospectively assess
the impact of HER2 (ERBBZ) 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 2 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
non-heterogenous subgroup and 0% in the heterogenous group (p<0.0001, adjusted for hormone
receptor status). Single cell ERBB2FISH analysis of cellular heterogeneity identified the fraction
of ERBBZnon-amplified cells as a driver of therapeutic resistance. These data suggest HER2
heterogeneity is associated with resistance to HER2-targeted therapy and should be considered in
efforts to optimize treatment strategies.

Keywords
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INTRODUCTION

Targeted therapies have now replaced or are used in conjunction 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 toxicity compared to 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 lacking the target could escape the effects of the targeted therapy and lead to
tumor recurrence. Thus, understanding how intratumor heterogeneity impacts response to
targeted therapies is critical.

One example of the shift to targeted therapy is the treatment of HER2-positive breast cancer.
Historically, amplification of ERBBZ (encoding human epidermal growth factor receptor

2 [HERZ2]) defined a subset of breast cancers with aggressive clinical features and poor
outcomes (2,3). However, the development of the HER2-specific monoclonal 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 recurrence rates of patients with early-stage HER2-positive breast
cancer (4-6).

The relevance of HER? as a therapeutic target underscores the importance of accurate HER2
testing. The routine use of HER2 immunohistochemistry (IHC) and /n situ hybridization
(ISH) 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 (ASCO) and the
College of American Pathologists (CAP) have optimized thresholds and recommendations to
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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-HER?2
therapies is of particular importance as we endeavor to “de-escalate” standard therapeutic
regimens and rely more on targeted anti-HER2 therapies 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 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 conducted
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 specificity 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-HER?2 therapy.

Patients and Treatment

A total of 164 patients were enrolled in the study from January 2015 to January 2018 (Fig.
1A and (Supplementary Table S1). Patients received 6 cycles of T-DM1 and pertuzumab
(Fig. 1B). The baseline demographic and clinical characteristics 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 fluorescence in situ hybridization (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 11 or 11l 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 observed in
67% of patients. Grade 3 or higher toxicities were rare. Overall, 95% of the study population
completed the planned 6 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 5 unsuccessful evaluations were due to a lack of invasive disease in the research
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core biopsies. To assess HER2 heterogeneity, two spatially distinct biopsies performed at
baseline were evaluated by FISH; ~50 cells were counted in three areas of each biopsy (Fig.
1C, D). The assessment of HER2 heterogeneity determined by central pathology review
classified 10% (16/157) of tumors as HER2 heterogeneous (Supplementary Fig. S1). The
study met its primary objective by demonstrating 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 heterogenous subgroup while the pCR rate was
55% (77/141) in the non-heterogenous subgroup (p = 0.0001, XZ test) (Fig. 2A). When
using a less strict definition of pathological response defined as RCB 0 or | (i.e., including
minimal residual disease), we found that the association between HER2 heterogeneity and
response remained significant (odds ratio [OR] = 5.6; p=0.002, X2 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-I1 26% (41/157); and RCB-111 11% (17/157). Higher pCR rates were
observed in the subset of HR-negative cases compared to HR-positive cases (65% vs 42%, p
=0.016, XZ test) (Fig. 2C). The breakdown by HR status in the non-heterogenous subgroup
revealed pCR rates of 69% (31/45) in the HR-negative and 48% (46/96) in the HR-positive
subset (Fig. 2C).

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 diagnostic core biopsies classified
75% (n=12) of heterogeneous cases as HER2 2+, and 25% (n=4) as HER2 3+ disease. The
majority (81%) of non-heterogeneous 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 IHC levels (2+ vs 3+) and HR status, the association
between HER?2 heterogeneity and pCR remained statistically significant (p=0.002, stratified
Mantel-Haenszel x 2 test). The association between HER2 heterogeneity and HER2 protein
IHC levels (2+ vs 3+) was also significant (p=2e-06, ;(2 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 6 tumor areas per patient

were analyzed and each area contained a median of 75 cells (95% confidence interval [CI]
67 to 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
biology (Materials and 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 heterogeneous 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
non-amplified cells in our cohort (R2=-0.64, p < 2.2e-16, Pearson correlation; Fig. 3B),
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suggesting that patients with a low extent of heterogeneity tend to have uniformly low HER2
levels and patients with higher heterogeneity tend to have populations of cells with high
ERBBZ 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 fraction of ERBBZ2 non-amplified cells (p = 2.1e-10, Wilcoxon test; Fig. 3D).

We then quantified the extent of HER2 cellular heterogeneity using the Gini index (22),

a metric that is frequently used to asses dispersion (Supplementary Fig. S2). We found

that 95% of patients had a Gini coefficient between 0.18 and 0.45, suggesting that overall
dispersion of ERBBZ2 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; Supplementary Fig. S2A). The Gini coefficient is weakly correlated
with the Shannon equitability index (R = 0.25, p = 0.0015, Pearson’s product moment
correlation, Supplementary Fig. S2B). Lastly, the Gini coefficient was not correlated with
the percentage of £RBB2non-amplified cells (R? = —0.082, p = 0.31, Pearson’s 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 heterogeneity as a continuous variable
according to the fraction of ERBB2 non-amplified 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 £RBB2non-amplified cells compared to patients with
PCR (p = 0.0064, Wilcoxon test; Fig. 4A). This relationship 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 additionally calculated the fraction of
ERBBZnon-amplified 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
non-amplified cells per area (p = 0.0045 for HR-positive, p = 0.017 for HR-negative cases,
F-test with Satterthwaite’s method; Fig. 4C).

Next, we investigated whether the relationship between response and the fraction of ERBB2
non-amplified cells was driven by a subpopulation of cells in one area. To this end,

we determined the fraction of ERBBZ2 non-amplified cells for each area, and used the
maximum value across areas to investigate whether an area with a particularly high fraction
of ERBBZnon-amplified cells was driving resistance to treatment. We found that the
relationship between pCR rate and the maximum area fraction of ERBB2 non-amplified
cells (Supplementary Fig. S3A) was similar to the relationship between pCR rate and the
total tumor fraction of £RBBZ2non-amplified cells (Fig. 4A). This observation suggests that
one area with a particularly high fraction of ERBBZ2non-amplified cells was not driving
resistance to treatment. Moreover, we found that the minimum and maximum fraction of
ERBBZ2non-amplified cells in an area were highly correlated with each other and with the
total fraction of ERBBZ2non-amplified cells per tumor (Supplementary Fig. S3B-D). 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
non-amplified cells overall rather than in one specific area that is responsible for resistance.
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We then investigated the relationship between £/RBBZ2 copy number and pCR in order to
identify whether pCR was driven by the level of £ERBBZ copy number in addition to the
fraction of ERBB2Znon-amplified cells. We found that patients with pCR have significantly
higher median ERBBZ copy number compared to 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 ERBBZ copy number separately for each of the six core biopsy areas from each
tumor, and found that pCR was associated with the median £RBBZ2 copy number per area
(p = 0.081 for HR-positive, p = 0.09 for HR-negative, F-test with Satterthwaite’s method;
Supplementary Fig. S4C). These results are consistent with results of the analysis of the
fraction of ERBB2Znon-amplified cells, likely because biopsies with a higher fraction of
ERBBZnon-amplified cells have a lower median ERBBZ2 copy number.

We then assessed whether we could predict pCR using the single cell HER2 FISH data. We
first predicted pCR by classifying patients based on the fraction of ERBBZnon-amplified
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 £RBBZnon-amplified cells and hormone receptor status; (2)
including the median £RBB2Z/ICEP17 ratio and hormone receptor status; (3) including all
terms in model 1 plus median ERBBZICEP17 ratio; (4) including all terms in model

1 plus an interaction term between hormone receptor status and the fraction of ERBB2
non-amplified cells; (5) including all terms in model 1 plus clinical variables including stage
(T and N) 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 (Supplementary Fig. S5B, Supplementary Fig. SEA-G). We observed that
the fraction of £RBBZ2non-amplified cells (model 1) was slightly more predictive than the
median ERBBZ/CEP17 ratio (model 2), and that the median ERBBZICEP17 ratio coefficient
was not significant in model 3. Together, these results suggest that the fraction of ERBB2
non-amplified cells was more predictive of pCR than the median ERBBZ/ICEP17 ratio, and
that adding median ERBBZ/CEP17 ratio to a model that includes the fraction of ERBB2
non-amplified 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 hormone receptor status and the fraction of £RBBZ2 non-amplified
cells was not predictive of response in this patient cohort. Moreover, we found that the
additional clinical variables in model 5 were not significant, suggesting that the single cell
ERBBZ2FISH data are more predictive of treatment response than clinical stage or HER2
IHC score. Finally, we found that neither Shannon equitability index in model 6 nor College
of American Pathologists-defined heterogeneity in model 7 were significant, suggesting
that these metrics did not add additional information to model 1. Together, the results of
this analysis suggest that the model using the fraction of £RBBZ2 non-amplified cells and
hormone receptor 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
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could potentially lead to an artefactual appearance of heterogeneity in cases with low levels
of ERBBZamplification. To investigate whether this potential issue affected our predictions,
we generated a simulated dataset by adding a random Poisson(A=ERBBI/2) value to the
ERBBZ2 copy number of each cell and repeating the simulation 1,000 times. We chose this
A under the assumption that the number of uncounted £RBBZ2 copies would, on average,
be half the number of observed copies in any given cell. Note that a Poisson(A=ERBBI2)
random variable has variance A=ERBB2Z2, which allows for variability in the number of
uncounted ERBBZ copies. The resulting AUC based on logistic regression model 1 applied
to this simulated dataset 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 unlikely caused by artefactual 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
prediction 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 prediction accuracy by randomly sampling one of the three areas
from the selected biopsy in the analysis above. Similar to our analysis of using one vs. two
biopsies, we found that the 95% confidence intervals of the AUC using one vs three areas
sampling 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 to 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 predicting pCR without
sacrificing specificity, compared to using the current metric of heterogeneity suggested

by the College of American Pathologists. For reference, we achieved a specificity 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 sensitivity 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 to the currently clinical
definition of heterogeneity.

DISCUSSION

Cancer, almost by definition, implies the presence of intratumor 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 impacts responses

to therapies becomes increasingly important. In this study, we prospectively evaluated
how intratumor heterogeneity of HER?2 affects response to T-DM1 plus pertuzumab. Our
study met its primary objective by demonstrating a significant association between HER2
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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 |.

Our analysis of heterogeneity at the single cell level confirmed the presence of a direct
relationship between HER2 heterogeneity and response to targeted anti-HER?2 therapy. Our
findings suggest that HER2 heterogeneity defined by FISH does not reflect methodological
limitations of the test, but rather represents a true biological 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 intratumor 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 limitation 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 investigate 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 cytotoxic 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
therapies 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 Il study
(26) comparing neoadjuvant T-DML1 plus pertuzumab versus TCHP (taxotere, carboplatin,
trastuzumab, and pertuzumab) observed numerically lower pCR rates in both arms of the
study in the subset of tumors with focal or variable HER2 IHC staining compared to those
with homogenous HER?2 staining. These results, together with the data from the current
study, suggest that the ability to identify HER2 heterogenous tumors may be useful in the
development of novel targeted anti-HER?2 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
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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 IDFS outcome of 97% among patients treated with T-DM1 and pertuzumab
who achieved a pCR (31). The integration of HER2 heterogeneity evaluation in the selection
of patients for treatment 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). Retrospective series evaluating the prevalence of HER2 heterogeneity
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
retrospective series found a significant association between HER?2 heterogeneity and inferior
survival outcomes (33). The potential clinical impact of intratumor heterogeneity observed
in that retrospective study and our current prospective study highlight the need to develop a
uniform, reproducible definition of HER2 heterogeneity for future studies.

To elucidate the relationship between spatial HER2 heterogeneity 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 non-amplified 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 £/RBB2non-amplified
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 £RBB2non-amplified cells to predict
patient pCR achieve higher prediction sensitivity without sacrificing specificity compared
to using the current recommendations from treatment guidelines. Together, the results from
these single cell analyses highlight 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 HER? 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 multimodality approach to evaluate HER2
heterogeneity including HER2 mRNA and additional features associated with resistance
(e.9., PIK3CA mutation status) could be informative. With the development of modern
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techniques able to evaluate the genomic (and perhaps proteomic) landscape at the single cell
level, we should expect to understand the biological significance of intratumor heterogeneity
in an unprecedented manner.

From a clinical perspective, the integration of tumor heterogeneity measurements in the
selection of patients for treatment with targeted therapies could prove to be a successful
strategy to reduce the use of conventional cytotoxic chemotherapy. As an example, patients
identified as having non-heterogeneous HER2+ tumors could be offered participation in

a trial comparing T-DM1 plus pertuzumab versus conventional chemotherapy and HER2-
directed therapy. Those achieving a pCR with T-DM1 plus pertuzumab would continue
therapy with anti-HER?2 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., curative)
setting. This issue is particularly important in the modern 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 chemotherapy. In the subset of HER2-positive breast
cancer, HER2 heterogeneity strongly impacts 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 2 study. The study was open at

the Dana-Farber Cancer Institute, Massachusetts General Hospital, Sarah Cannon Research
Institute, Tennessee Oncology, and Vanderbilt-Ingram Cancer Center. Enrollment required
a pathological diagnosis of carcinoma of the breast with immunohistochemical staining

for the HER2 protein of 3+ intensity or amplification of the £RBBZ2 gene based on FISH
(ratio of ERBBZ2to chromosome 17 centromere [CEP17] = 2, or ERBBZ copy number

> 6). HER?2 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 willingness 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
supplemental file.
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Assessment of HER2 Heterogeneity

Patients underwent image-guided research biopsies performed in two different geographic
areas of the same tumor prior to treatment initiation. Central pathology evaluation of

HER?2 heterogeneity 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 recommendations from the College of American Pathologists (13) and the United
Kingdom HER?2 testing guidelines (34). An entire tissue section of each core biopsy site
was scanned before selecting 3 tumor areas for HER2 counting. £RBBZ2and 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 ERBBZ2 amplification (i.e., ERBBZICEP 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 IHC 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-DML1 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 secondary 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
pre-surgery 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.
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Statistical Analysis

The study sample size was determined by the expected percentage of the study population
classified as HER2 heterogeneous, the overall pCR rate and the ability to demonstrate
differences in pCR rates between heterogeneous and non-heterogenous 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
heterogenous versus non-heterogeneous) 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 evaluable patients to detect a difference in pCR of 44.9% in the homogenous
versus 20.3% in the heterogenous 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 heterogenous 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 chi-square test across HR-
positive and HR-negative patients. The use of a stratified model was deemed critical 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 /, where /= 1,2, ..., 157, denote the number of tumor images
as n;. For each tumor image /, where j=1, 2, ..., 17;, we obtained the HER2, x;, and CEP17,
Yijk levels for each cell k=1, ..., K'in the image. Each cell was then denoted by the tuple
(Xjjk= I, Vijjk= ¢), where h=12, ..., His the HER2 level and c¢= 1,2, ..., Cis the CEP17
copy number. We then calculated the frequency of each tuple in each image, where Zjjc is
the frequency of (/, ¢) cells in image / from patient /and | Zj is the total number of species
in image / from patient / Each species then has frequency pjjnc = Zjjnd|Zjl- Finally, we
calculated the Shannon index for each image: Hjj= = X ¢ Pjjnc In(jjnc) and the Shannon
equitability index: £j;= HjfIn(|Z]). We also calculated the overall Shannon index for each
patient 7. Hj= = Z(5,¢) Pinc IN(Linc), where pjp is the overall frequency of (4, ¢) cells among
all of the images from patient /. Likewise, the overall Shannon equitability index for each
patient 7is given by £;= H{In(|Z}), where |Z} is the total number of species among all of the
images from patient /.

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 non-amplified cells to assess the level of HER2 amplification
within each patient. A cell was considered non-amplified if the HER2/CEP17 ratio < 2 and
the gene copy number < 6. The fraction of HER2 non-amplified cells was calculated to be
the percentage of non-amplified cells out of the entire population.
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Predicting Patient Response using ERBB2 FISH

To predict patient response using the fraction of £/£BB2non-amplified 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 non-responders. We
then calculated the sensitivity and specificity of the prediction for every threshold. These
values were used to create a receiver operating characteristic (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 ERBBZnon-amplified cells, median £RBBZ 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 £/RBB2non-amplified cells, and HR status and
median ERBBZ 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 to using one biopsy. For
each patient, we randomly sampled one core biopsy site and used the FISH data to calculate
the fraction of ERBBZ2non-amplified cells and median ERBBZ copy number. We then used
this 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
values 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% Cls 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 humber assessment
using FISH, given that only a section of the nucleus is assessed in each individual cell.
For each simulation, we randomly added additional £/RBBZ2 copies to each cell according
to a poisson(A) distribution, where A = HER2/2 for each cell. We then used this randomly
simulated data to predict patient response using logistic regression and estimate the AUC.
We repeated this process 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

HER2-targeted therapies improve cure rates in HER2-positive breast cancer, suggesting
chemotherapy can be avoided in a subset of patients. We show that HER2 heterogeneity,
particularly the fraction of ERBB2non-amplified cancer cells, is a strong predictor

of resistance to HER2 therapies and could potentially be used to optimize treatment
selection.
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Patients diagnosed with centrally confirmed HER2
positive breast cancer (N=164)

> Consent withdrawal (n=1)

Safety population: patients treated with at least
one cycle of treatment (N=163)

Consent withdrawal (n=1)
Failed heterogeneity evaluation (n=5)

Efficacy population (n=157)

Centrally Assesment of
confirmed HER2+ pathologic complete
breast cancer response (pCR)

Neoadjuvant therapy (6 cycles) Surgery
TDM-1 + pertuzumab <42 days after treatment end
Research biopsies to
assess heterogeneity
C Area 1
Site 1
Not amplified
Site 2
Amplified

Core biopsy site 1 (not amplified)

ERBB2/CEP17 ratio: 1.23 ERBB2/CEP17 ratio: 3.12

Figure 1. Study Design.
A, CONSORT diagram. B, Study design. Centrally confirmed HER2-positive breast cancer

patients were treated in a single arm study. Treatment consisted of six infusions of T-DM1
given in combination with pertuzumab. C, Example of central pathology evaluation of HER2
heterogeneity assessed by FISH, with CEP17 probe in green and £ERBBZin red. ERBB2
copy number counting was performed in three different areas per core biopsy site counting
approximately 50 cells in each area. Scale bar corresponds to 10 um. D, A representative
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case of HER2 heterogeneity with core biopsy site 1 showing HER2-negative cancer and core
biopsy site 2 HER2-amplified cancer. Scale bar corresponds to 10 pm.
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Figure 2. Pathological response according to HER2 heterogeneity and hor mone receptor status.
The mean and 95% confidence interval of the mean is shown in each graph. A, pCR

by HER2 heterogeneity. B, Pathological response defined as RCB 0 or | by HER2
heterogeneity. C, pCR by hormone receptor (HR) status for the overall study population.
A-C, P-values are from a y? 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

from a Wilcoxon test. B, Shannon equitability index (x-axis) vs. frequency of ERBB2
non-amplified cells. Each datapoint represents one patient. R and p-value are from a

Pearson correlation test of association. Red represents non-responders and blue represents
responders. C, Shannon equitability index for each patient, separated by central pathology
evaluation of HER2 heterogeneity. P-value is from a Wilcoxon test. D, Frequency of ERBB2
non-amplified cells in each patient, separated by central pathology evaluation of HER2
heterogeneity. P-value is from a Wilcoxon test. A, C-D, The lower and upper hinges
correspond to the 1st and 3rd quartiles, respectively. The lower and upper whiskers extend to
the smallest and largest values, respectively, no further than 1.5*IQR from the hinge, where
the IQR is the distance between the 1st and 3rd quartiles. All data points are plotted.
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A, Fraction of ERBBZ2non-amplified cells in each patient. P-value is from a Wilcoxon
test. B, Fraction of ERBBZnon-amplified cells in each patient separated by HR status:
HR-negative cases and HR-positive cases. P-values are from a Wilcoxon test. C, Frequency
of ERBBZ2non-amplified cells in each patient separated by HR status: HR-negative patients

(top) and HR-positive cases (bottom). Each boxplot shows the fraction of HER2 non-

amplified cells in each area for one patient, where patients are ordered by the maximum
fraction of ERBBZnon-amplified cells found in any area and stratified by hormone receptor
status. Responders (i.e., patients achieving pCR) are enriched on the left side of the plot
with a lower fraction of ERBBZnon-amplified cells, and non-responders are enriched on
the right side of the plot with a higher fraction of £R£BBZ2 non-amplified cells. P-values are
from an F-test with Satterthwaite’s method. A-C, Red represents patients without pCR and
blue represents pateints with pCR. The lower and upper hinges correspond to the 1st and
3rd quartiles, respectively. The lower and upper whiskers extend to the smallest and largest
values, respectively, no further than 1.5*IQR from the hinge, where the IQR is the distance
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between the 1st and 3rd quartiles. All data points are plotted in A-B, and data points outside
of the whiskers are plotted separately in C.
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Table 1:

Patient and Disease Characteristics

Characteristic T-DM 1 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) 2.8cm (2.1-3.8cm)

Hormone receptor status, n (%)

ER+ and/or PR+ 112 (68.7)

ER- and PR- 51 (31.3)
Clinical stage

I 1(0.6)

I 138 (84.7)

n 24 (14.7)
HER2 IHC (central evaluation)

2+ 40 (24.5)

3+ 121 (74.2)

Missing 2(1.2)
Histologic Grade

1 3(1.8)

2 56 (34.4)

3 103 (63.2)

Missing 1(0.6)
Surgery *

Wide local excision 83 (51.2)

Mastectomy 79 (48.8)

*
One patient withdrew consent prior to surgery.

Abbreviations: ER, estrogen receptor; IHC, immunohistochemistry; IQR, interquartile range; PR, progesterone receptor
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Table 2:

Summary of Adverse Events in the Safety Population ™

Adverse Events Pertuzumab + TDM 1
(n=163)

Number of patientswith 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)

*
Listed 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.

Abbreviations: AE, adverse event; Tx, treatment

Cancer Discov. Author manuscript; available in PMC 2022 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Filho et al. Page 26
Table 3:
Model AUC values
AUC value
Modd All czjb;erved Randomly sampling Randomly sampling one a&?ﬂg%rg)éz
a one biopsy area per core biopsy copies
All patients 0.62 (0,6%—%66) (0,5%%.65) -
Classification based on
the frzcr;igﬂf?;‘dHcEelFfSZ non- HR+ 059 (0.5%&.65) (0.5%538.66) -
HR- 0.75 (0.607'_75,77) (o.e%fg.m B
Model 1 0.70 (0_6%f§_72) (o.e%fgjz) (o.e%—sc?.n)
Model 2 0.65 (0.6%3.67) (0-6%—605-68) -
Model 3 0.70 (o.egfgjz) (O-G%fgﬁ) -
Logistic regression Model 4 0.71 (016%_6372) (0.6%%3.72) -
Model 5 0.72 (0.6%—75.75) (0.6%—7&-75) -
Model 6 0.71 (0.6%—78.73) (0.6%—78-73) -
Model 7 0.69 (0.607%).71) (0-6%f§-72) -
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