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ABSTRACT HERZ2 mutations define a subset of metastatic breast cancers with a unique
mechanism of oncogenic addiction to HERZ2 signaling. We explored activity of the
irreversible pan-HER kinase inhibitor neratinib, alone or with fulvestrant, in 81 patients with HER2-
mutant metastatic breast cancer. Overall response rate was similar with or without estrogen receptor
(ER) blockade. By comparison, progression-free survival and duration of response appeared longer in
ER* patients receiving combination therapy, although the study was not designed for direct compari-
son. Preexistent concurrent activating HERZ or HER3 alterations were associated with poor treatment
outcome. Similarly, acquisition of multiple HERZ-activating events, as well as gatekeeper alterations,
were observed at disease progression in a high proportion of patients deriving clinical benefit from
neratinib. Collectively, these data define HERZ mutations as a therapeutic target in breast cancer
and suggest that coexistence of additional HER signaling alterations may promote both de novo and
acquired resistance to neratinib.

SIGNIFICANCE: HER2 mutations define a targetable breast cancer subset, although sensitivity to irre-
versible HER kinase inhibition appears to be modified by the presence of concurrent activating genomic
events in the pathway. These findings have implications for potential future combinatorial approaches
and broader therapeutic development for this genomically defined subset of breast cancer.
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INTRODUCTION

Somatic mutations in HER2 (also known as ERBB2) occur
in approximately 3% of breast cancers, predominantly in
the hormone receptor-positive (HR*) HER2-negative (HER2",
nonamplified) subtype (1-4). These mutations are further
enriched in patients with lobular histology, where the rate
may be as high as 10% (S5, 6). A subset of HER2 mutations are
activating and associated with worse prognosis (3, 7-9).

The therapeutic relevance of HER2-directed therapy in
HER2-mutant breast cancers is an area of ongoing inves-
tigation (1, 3, 10, 11). We previously reported results
from the multicenter, multihistology phase II “basket”
trial of single-agent neratinib in HER2-mutant advanced
solid tumors (SUMMIT; NCT01953926). In that analysis,
the greatest antitumor activity was observed in patients
with breast cancer, satisfying the primary efficacy end-
point in this tumor-specific cohort (10). Although some
patients with HER2-mutant breast cancer exhibited dra-
matic responses to neratinib, these responses were gener-
ally short-lived, and the median progression-free survival
(PES) on neratinib was only 3.5 months.

‘ —R American Association for Cancer Research

In addition to its role in breast cancer initiation, HER2
signaling activation has been identified as a mechanism of
endocrine therapy resistance (4, 12-17). Moreover, feedback
between HER2 and estrogen receptor (ER) signaling has
been postulated to be reciprocal, such that inhibition of
either pathway may result in upregulation and activation of
the other (18, 19). Indeed, treatment with neratinib induces
ER-dependent gene transcription in HER2-positive (HER2™)
breast cancer cell lines (20, 21) and has been demonstrated to
overcome endocrine resistance in HER2-mutant breast cancer
cell lines and xenografts (14, 17). Consistent with these obser-
vations, the greatest benefit of neratinib as extended adjuvant
therapy in HER2" breast cancer in the ExteNET trial was in
the ER-positive (ERY) subgroup, most of whom were receiving
concurrent endocrine therapy (22).

We therefore hypothesized that simultaneously targeting
HER2 and ER might result in synergistic antitumor activ-
ity in patients with HRY, HER2-mutant breast cancer. To
evaluate this prospectively, we amended SUMMIT to add a
cohort testing the combination of neratinib and fulvestrant,
a selective ER degrader. We utilized the SUMMIT clinical trial
platform to explore the genomic determinants of response
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to neratinib-containing therapy, as well as mechanisms of
primary and acquired resistance through molecular charac-
terization of tissue and plasma samples.

RESULTS
Patient Characteristics

In total, 81 patients with HER2-mutant metastatic breast
cancer were enrolled (Supplementary Table S1), including
34 patients who received neratinib monotherapy [23 HRY,
11 HR-negative (HR")] and 47 who received neratinib plus
fulvestrant (all HR*). To further facilitate demographic
comparisons between subgroups, patients who received

neratinib monotherapy were further subdivided by ER sta-
tus (Table 1). Patients with HR" disease were initially
enrolled into the neratinib monotherapy cohort; these
patients were subsequently exclusively enrolled into the
neratinib plus fulvestrant combination cohort after its
opening in March 2015. Thus, there was no randomization
of HR* patients between the neratinib monotherapy and
combination therapy cohorts. Patients with HR™ disease
were enrolled to neratinib monotherapy throughout the
study period. In total, 33% of patients had lobular breast
cancer compared with the estimated 10% incidence in meta-
static breast cancer overall, consistent with the enrichment
of HER2 mutations in breast cancers of this histology (24).

Table 1. Baseline demographic and disease characteristics

Neratinib monotherapy (n=34)

Characteristic ER*(n=23) ER-(n=11) Neratinib + fulvestrant (n=47)
Median age, years (range) 57 (37-78) 59 (52-80) 60 (43-87)
Female, n (%) 22(95.7) 10(90.9) 47(100)
ECOG performance status, n (%)
0 6(26.1) 4(36.4) 24(51.1)
1 16(69.6) 7(63.6) 22(46.8)
2 1(4.3) 0 1(2.1)
Postmenopausal, n (%) 21(91.3) 10(90.9) 42(89.4)
Tumor histology, n (%)
Ductal 15(65.2) 9(81.8) 27(57.4)
Lobular 7(30.4) 2(18.2) 16(34.0)
Other 1(43) 0 4(85)
HER?Z status® nonamplified, 20(87.0) 10(90.9) 44(93.6)
equivocal®
Visceral disease at 18(78.3) 7(63.6) 37(78.7)
enrollment, n (%)
Prior endocrine therapy,©n (%)
Aromatase inhibitor 14(60.9) 1(9.1) 31 (66.0)
Tamoxifen 8(34.8) 0 9(19.1)
Fulvestrant 12(52.2) 1(9.1) 23(48.9)
Prior therapies,© median (range)
Total 5.5(1-9) 2(1-5) 4(1-11)
Chemotherapy 3(1-6) 2(1-5) 1(0-6)
Endocrine therapy 3(1-5) 1(1-1) 2(0-5)
Prior targeted therapy, n (%)
CDK4/6 2(87) 2(18.2) 20(42.6)
PI3K/AKT/mTOR 7(30.4) 1(9.1) 10(21.3)
HERZ mutations
Kinase-domain hotspot 15 (65.2) 7(63.6) 26 (55.3)
Exon 20 insertion hotspot 3(13.0) 3(27.3) 9(19.1)
S310 3(13.0) 0 7(14.9)
Other 2(87) 1(9.1) 5(10.6)

Abbreviation: ECOG, Eastern Cooperative Oncology Group.

3Includes both primary and metastatic biopsies.

bAs reported by local sites according to American Society of Clinical Oncology/College of American Pathologists

or European Society for Medical Oncology guidelines (23).

CAny prior therapy in advanced or metastatic setting.
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Figure 1. Response in the monotherapy and combination therapy cohorts. A, Distribution of HER2 mutations observed in 34 monotherapy cohort
patients (top) and 47 combination therapy cohort patients (bottom) positioned by their amino acid across the respective ERBB2 protein domains. Each
unique mutation is represented by a circle and colored by their best overall response as indicated in the legend. B, Treatment response and outcome for
34 monotherapy cohort patients (left) and 47 combination therapy cohort patients (right). Top graph represents percent best change of target lesion
from baseline according to the appropriate response criteria [RECIST (version 1.1) or PET] with each bar colored by the respective HERZ allele as indi-
cated in the legend. Bottom graph represents PFS with arrows indicating patients with ongoing treatment.

The ER" monotherapy and combination therapy cohorts inhibitors was higher in the combination therapy cohort
were generally well balanced for baseline characteristics, (43% vs. 12%; P = 0.003), likely reflecting the different peri-
although there were some exceptions with potential implica- ods during which these patients were enrolled relative to
tions for any efficacy comparisons across groups (Table 1). regulatory approval of CDK4/6 inhibitors in this indica-
Overall, ER" patients were heavily pretreated, with a median tion. Interestingly, the median duration of prior CDK4/6
of 5.5 and 4 total prior therapies in the monotherapy and inhibitor-containing therapy across both cohorts was only
combination therapy cohorts, respectively. The ER" cohorts S months (range, 0.4-17.4 months).
were also well balanced for prior fulvestrant exposure. By In total, 22 unique HER2 mutations were observed (Fig. 1A).
comparison, monotherapy patients had received more lines There was no significant difference between the two cohorts
of chemotherapy than combination therapy patients [median for domains mutated, genomic alteration class, or individual
(range), 3 (1-6) lines vs. 1 (0-6) line, respectively]. Similarly, variants. The majority were missense mutations (65/81, 80%),

prior exposure to cyclin-dependent kinase 4/6 (CDK4/6) followed by exon 20 insertions (15/81, 19%; Supplementary
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Table S2). At the individual variant level, the most common
mutant alleles included L755 (19/81, 23%), V777 (14/81,
17%), S310 (10/81, 12%), D769 (8/81, 10%), G778_P780dup
(8/81, 10%), and Y772_A775dup (7/81, 9%). To determine
if this mutational pattern was consistent with the broader
distribution of HER2 mutations in both breast cancer and
other cancers, we performed a population-scale analysis to
discover hotspot mutations in ERBB2 in 42,434 retrospec-
tively and prospectively sequenced samples from patients
with cancer using an established computational framework
(25). Overall, 73% (16/22) of all unique HER2 mutations
observed occurred at statistically significant hotspots based
on this analysis. At the patient level, 93% (75/81) of patients
enrolled in SUMMIT harbored at least one HER2 mutation
at a known hotspot. Overall, based on this analysis and other
genomic landscape studies, the HER2 mutational pattern
across the monotherapy and combination therapy cohorts
was consistent with the expected distribution of HER2 muta-
tions in breast cancer.

Efficacy

In total, 82% (28/34) of monotherapy-treated and 83%
(39/47) of combination-treated patients had RECIST-
measurable disease at baseline. Patients with RECIST non-
measurable disease, most often confined to the bones, were
primarily evaluated by ['F]-fluorodeoxyglucose positron-
emission tomography (FDG-PET) as previously described

Table 2. Treatment efficacy

(26). Key efficacy endpoints are shown in Fig. 1B and Table 2.
Of note, the study was not designed for statistical analysis
of the direct comparison of efficacy in the monotherapy
and combination therapy cohorts. In monotherapy-treated
patients, the confirmed overall response rate (ORR) was
17.4% [95% confidence interval (CI), 5-38.8] in patients with
ER* disease and 36.4% (95% CI, 10.9-69.2) in patients with
ER™ disease. In combination therapy-treated ER" patients,
the ORR was 29.8% (95% CI, 17.3-44.9). In monotherapy-
treated patients, the median PFS was 3.6 months (95% CI,
1.8-4.3) in ER* disease and 2 months (95% CI, 1-5.5) in ER”
disease; combination-treated patients had a median PFS of
5.4 months (95% CI, 3.7-9.2; Supplementary Fig. S1A and
S1B). Finally, the median duration of response (DOR) in
monotherapy patients was 6.5 months [95% CI, 3.7-not esti-
mable (NE)] in ER" disease and 3.8 months (95% CI, 3.7-NE)
in ER” disease; combination-treated patients had a median
DOR of 9.2 months (95% CI, 5.5-16.6). Similar outcomes
were observed in patients with RECIST-measurable disease at
baseline (Table 2).

In an attempt to understand how prior therapy may have
conditioned response to neratinib combination therapy, we
next conducted a retrospective, non-prespecified analysis of
efficacy based on prior exposure to CDK4/6 inhibitor or
fulvestrant-containing regimens (Supplementary Table S3).
In this exploratory analysis, prior exposure to fulvestrant
(n = 25) did appear to be associated with inferior outcome in

Neratinib monotherapy

Response ER* ER- Neratinib + fulvestrant
All patients (intent to treat)? (n=23) (n=11) (n=47)
Confirmed overall objective response,”n (%) 4(17.4) 4(36.4) 14(29.8)
Complete response 2(8.7) 1(9.1) 4(8.5)
Partial response 2(8.7) 3(27.3) 10(21.3)
Overall objective response rate (95% Cl) 17.4(5.0-38.8) 36.4(10.9-69.2) 29.8(17.3-44.9)
(

CBR,*% (95% Cl)
Time to event (months), median (95% Cl)

30.4(13.2-52.9)

36.4(10.9-69.2) 46.8(32.1-61.9)

Zz0z 1snbny 2z uo 1senb Aq ypd-861/1Z6¥081/861/2/0L/4Pd-80nie/Aien00sIpieoues/Bio sjeuinolioee/:dpy woy pspeojumoq

PFS 6(1.8-4.3 2.0(1-5.5) 4(3.7-9.2)
DOR .5(3.7-NA 3.8(3.7-NA) .2(5.5-16.6)
RECIST-measurable disease only (n=18) (n=10) (n=39)
Confirmed overall objective response, °n (%) 3(16.7) 2(20.0) 12(30.8)
Complete response 1(5.6) 1(10.0) 2(5.1)
Partial response 2(11.1) 1(10.0) 10(25.6)
Overall objective response rate, % (95% Cl) 16.7 (3.6-41.4) 20.0(2.5-55.6) 30.8(17.0-47.6)
CBR,<% (95% Cl) 27.8(9.7-53.5) 20.0(2.5-55.6) 46.2(30.1-62.8)
Time to event (months), median (95% Cl)
PFS 3.6(1.8-4.3) 1.9(1.0-5.4) 5.4(3.5-10.3)
DOR 7.4(3.7-NA) 3.8(3.7-3.9) 9.0(4.5-16.6)

Abbreviations: CBR, clinical benefit rate; NA, not available.

Response is based on investigator-assessment per RECIST (version 1.1), in patients with measurable disease, or PET response criteria in patients
without measurable disease.

Confirmed no less than 4 weeks after the criteria for response are initially met.

cClinical benefit is defined as confirmed best overall response of complete response, partial response of any duration, or stable disease lasting for at least 24 weeks.
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patients receiving combination therapy. By comparison, prior
CDK4/6 inhibitor treatment (n = 20) was not clearly associ-
ated with outcome, although we cannot rule out whether
such an effect would be observed in a larger and more rigor-
ously controlled dataset.

Safety

The safety profile of neratinib was consistent with prior
studies and comparable across the monotherapy and combi-
nation cohorts (Table 3). Across both cohorts, the most com-
mon treatment-emergent adverse events (AE) of any grade
were diarrhea (82%), fatigue (35%), nausea (44%), vomiting
(28%), and constipation (36%). The most common grade 3
AE was diarrhea (25%; Supplementary Table S4). No patient
discontinued treatment as a result of diarrhea. Neratinib
dose reductions occurred in 10% of patients overall. Only

1 patient in the combination cohort discontinued because of
grade 3 failure to thrive unrelated to neratinib).

Genomic Determinants of Response

To facilitate standardized genomic assessment and down-
stream analysis of pretreatment material, central sequencing
[Memorial Sloan Kettering-Integrated Mutation Profiling of
Actionable Cancer Targets (MSK-IMPACT); see Methods; ref.
27| was performed based on sample availability. Given the
largely similar efficacy profiles of the two cohorts (total
n = 81), samples were pooled for this analysis. Overall, central
sequencing data were available for 56 patients (69%; Supple-
mentary Fig. S2).

HER2 Biomarker Analysis

The locally reported HER2 mutation was not confirmed

RESEARCH ARTICLE

2 patients (2%) permanently discontinued neratinib due to by central assessment in 6 patients (6 of 56 eligible patients; g
an AE (1 patient in the monotherapy cohort discontinued 11%), none of whom responded to treatment. In 2 of these g
because of grade 2 ascites and fatigue unrelated to neratinib; patients, local HER2 testing results were consistent with a g
Table 3. Adverse events® §
Eé"
Neratinib monotherapy (n=34) Neratinib + fulvestrant (n=47) g
Event Any grade Grade>3  Anygrade Grade>3 ‘g\‘
Any AE 33(97.1) 16(47.1)  47(100) 23(48.9) §
Diarrhea 26(76.5) 9(265)  40(85.1) 11(234) g‘,
Fatigue 16(47.1) 0 12(25.5) 0 g
Nausea 15(44.1) 0 21 (44.7) 0 3
Constipation 14(41.2) 0 15(31.9) 0 %
Vomiting 13(38.2) 1(2.9) 10(21.3) 1(21) §
Abdominal pain 8(23.5) 1(29) 8(17.0) 0 g
Decreased appetite 8(23.5) 0 13(27.7) 0 %
AST increased 7(20.6) 3(8.8) 3(6.4) 1(2.1) §
Arthralgia 6(17.6) 0 6(12.8) 0 gf
Pyrexia 6(17.6) 0 4(8.5) 0 g
Anemia 5(14.7) 2(5.9) 6(12.8) 1(2.1) E
Dyspnea 5(14.7) 2(5.9) 6(12.8) 1(2.1) ’%
Headache 5(14.7) 0 6(12.8) 0 gg
ALT increased 4(11.8) 1(2.9) 2(4.3) 0 %
Dehydration 4(11.8) 2(5.9) 2(43) 0 R
Pruritus 4(11.8) 0 4(8.5) 0
Rash 4(11.8) 0 7(14.9) 0
Abdominal distension 4(11.8) 0 2(4.3) 0
Dry skin 3(88) 0 9(19.1) 0
Back pain 3(8.8) 1(2.9) 8(17.0) 0
Insomnia 2(5.9) 0 5(10.6) 0
Peripheral edema 1(2.9) 0 7(14.9) 0
Weight decreased 1(2.9) 0 5(10.6) 0
Hot flash 0 0 5(10.6) 0

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase.

3Regardless of attribution, occurring in >10% of patients.
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Figure 2. Clonality and comutation of ERBB2. A, Plot of the ERBBZ clonality of 44 evaluable patients represented by cancer cell fractions with 95%
Cls and colored by additional ERBB2/ERBB3 activating events as indicated by the legend. B, Bar plot showing the overall percent of ERBB2-mutant
cases and the number of cases with multiple ERBB2 mutations (in dark blue) in the top mutated tumor types. C, Allele-specific copy-number plot showing
copy-neutral loss of heterozygosity (CN-LOH) at the ERBB2 locus (left) and plot of the expected (dotted line) and observed allele frequencies with 95%
binomial Cls of the mutations to infer the phase (in cis) of the ERBB2 mutations (right). OR, odds ratio. D, Proportion of all phaseable ERBB2 mutations
across the broader prospective sequencing cohort occurring in cis versus in trans. Het, heterozygosity.

subclonal HER2 mutation, potentially explaining the dis-
cordance with central testing. To more broadly assess the
hypothesis that patients enrolled on the basis of a subclonal
HER2 mutation are less likely to respond to neratinib, we
evaluated the clonality of HER2 mutations via central test-
ing. At least one HER2 mutation was clonal in 93% (41/44)
of patients evaluable for clonality analysis (Fig. 2A). Notably,
none of the 3 patients with exclusively subclonal HER2 muta-
tions responded to treatment.

Sequencing also identified multiple, concurrent, and
potentially activating alterations in HER2 in 16% (7/44)

of patients (Fig. 2A), including two with a second HER2
mutation, three with concurrent HER2 amplification, and
two with both an additional mutation and amplification.
Of note, 4 of the 5 patients with genomically amplified
HER2 by next-generation sequencing had previously been
locally assessed as HER2™, consistent with prior experience
that cascade testing based initially on IHC and then FISH
may fail to identify a small proportion of HER2* patients
(4). Interestingly, 86% (6/7) of patients with multiple pre-
treatment HER2-activating events did not achieve clinical
benefit.
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Figure 3. ERBB2and ERBB3 comutation. A, OncoPrint of 47 evaluable patients grouped by clinical benefit (left, no clinical benefit, n = 28; right,
clinical benefit, n=19). Top bar chart represents the tumor mutational burden (TMB) shown in mutations per megabase (mut/Mb). MSl, allele domain, and
therapy type as indicated in the legend. Comprehensive oncoPrint showing alterations and clonality of ERBBZ and other coalterations in genes associ-
ated with RTK/RAS/RAF and other pathways. B, Heat map of co-alteration patterns in the MAPK pathway with significant associations highlighted and
represented by the number of cases observed across the broader prospective sequencing cohort. C, Condensed oncoPrint showing ERBB2 missense and
in-frame indel mutations grouped by their respective protein domain and their co-occurrence patterns with ERBB3 and other MAPK alterations. *, Signifi-
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Given the prevalence of patients whose pretreatment
HER2-mutant tumor was characterized by multiple HER2
alterations (comutations, gene amplification), we hypothe-
sized that these may represent a molecularly distinct subset
of tumors that appear to exhibit selection for the acquisi-
tion of multiple activating signaling events. We therefore
analyzed 29,373 prospectively sequenced advanced cancers
(see Methods) to identify the broader prevalence of this
phenomenon. Interestingly, the greatest relative frequen-
cies of tumors harboring more than one HER2 mutation
were observed in bladder and breast cancers, the two cancer
types with the highest overall rates of HER2 mutations
(Fig. 2B). Although this clinical sequencing cohort consisted
of patients with advanced and often heavily pretreated
disease, the molecular subset of HER2-mutant tumors
appeared to be independent of prior therapy; we identi-
fied a similar pattern and frequency of HER2 mutations
in the primary untreated tumors of The Cancer Genome
Atlas (data not shown). Overall, these findings indicate
that a subset of tumors exhibited selection for acquisition
of multiple HER2 mutations early in tumorigenesis. As
most of the affected patients in the trial and the broader
prospective sequencing cohort had their concurrent HER2
mutations present in 100% of sequenced cancer cells, we
investigated whether these were present in cis (on the same
allele) or in trans. Integrating physical read support and,
where evaluable, allele-specific absolute copy-number anal-
ysis (Fig. 2C), we determined the genomic configuration of
concurrent HER2 mutations and found that 88% of cases
analyzable by this methodology were present in ¢is (Fig. 2D),

further suggesting that these tumors positively select for
additional HER2-activating events.

Concurrent Genomic Events

We next sought to determine how concurrent genomic
alterations might be associated with outcome to neratinib-
containing therapy in a subset of patients with sufficient
broad profiling sequencing data (see Methods, n = 47; Sup-
plementary Fig. S2). After excluding patients with exclusively
subclonal HER2 mutations (n = 4), concurrent mutations in
TP53 were associated with lack of clinical benefit (nominal
P = 0.006), whereas mutations in ERBB3 trended toward
the same relationship (nominal P = 0.111; Fig. 3A). In total,
8 patients (17%) had concurrent ERBB2 and ERBB3 muta-
tions, four of which (50%) were ERBB328¢ hotspot muta-
tions (Supplementary Table S5). Concurrent ERBB2 and
ERBB3 mutations were mutually exclusive with the presence
of multiple ERBB2-activating events, suggesting that ERBB3
mutations may be selected for in a subset of tumors with
only one ERBB2 mutation to further augment HER kinase
signaling (28).

Given the unexpectedly high rate of concurrent ERBB2
and ERBB3 alterations, we sought to determine whether
ERBB2 mutations were significantly associated with other
activating events in the MAP kinase pathway using the
aforementioned broader cohort of prospectively sequenced
cancers (n = 29,373). Consistent with observations from
the SUMMIT breast cohort, ERRB2 mutations were sig-
nificantly and specifically associated with concurrent ERBB3
mutations (P = 2.9 x 107°) but not with other alterations of
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effectors of the MAP kinase pathway alterations (Fig. 3B).
Interestingly, co-occurrence of MAP kinase pathway-acti-
vating events was ERBB2 allele-specific, associated with
missense mutations in the extracellular (P = 3.36 x 107%)
and kinase (P =1.02 X 107%) domains but not kinase-domain
insertions (P = 1; Fig. 3C). Collectively, these data suggest
that a subset of HER2-mutant breast cancers will exhibit
selection for additional activating events in either HER2
or HER3, observed in 32% (15/47) of this cohort, and that
these concurrently mutated tumors may be more resistant
to pharmacologic inhibition with neratinib.

Expanding analysis of coalterations to the pathway level
did not identify additional patterns of genomic activation
associated with outcome. Tumor mutational burden (TMB;
mutations/megabase) was, however, significantly lower in
patients deriving benefit from treatment versus those with
no benefit (median 3.9 vs. 5.4 somatic variants per sample;
P = 0.01), suggesting that either tumors with higher TMB
may be more likely to acquire passenger HER2 mutations or
the greater genomic complexity associated with higher TMB
may limit benefit from HER2 inhibition.

Mechanisms of Acquired Resistance

We then investigated whether exposure to neratinib-con-
taining therapy caused selection for genomic changes that
could potentially explain the emergence of therapeutic resist-
ance. To this end, we compared the genomic profiles of

tumor samples [6 tissue, 13 cell-free DNA (cfDNA), 3 both;
Supplementary Fig. S2| obtained before starting neratinib
treatment and after progression in a subset of patients deriv-
ing significant clinical benefit.

Nine patients, most of whom achieved clinical benefit
[two complete response (CR), five partial response (PR), and
two stable disease (SD)], had paired archival or pretreatment
and post-treatment tissue samples and successfully com-
pleted central sequencing. Although 62% of genomic altera-
tions (67% mutations and 56% copy-number alterations)
were shared between the pretreatment and post-treatment
tumors, considerable interpatient variability existed (Fig. 4A).
Of the private mutations, most were present only in the
post-treatment sample (36% vs. 2% in the pretreatment
sample alone), consistent with increasing genomic complex-
ity acquired with time and under the selective pressure of
pharmacologic inhibition.

The pretreatment HER2 mutation that formed the basis
of enrollment was retained in the post-treatment tissue of
all 9 patients. Secondary alterations in HER2 (4 in total)
were observed in post-treatment tumors from 3 patients
(one CR and two PRs). Specifically, 1 patient gained an
ERBB2 amplification that targeted the mutant allele, the
second acquired both a secondary clonal HER2 mutation
and amplification, and the third acquired a nonhotspot
mutation in HER2VYSF (Supplementary Table S6). Prior
work has shown that HERYSY mutation induces steric
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interference with the reversible HER kinase inhibitor lapa-
tinib (29), and similarly mutations in the EGFR paralog
L777 confer resistance to other irreversible pan-HER kinase
inhibitors (Fig. 4B; refs. 30, 31). To evaluate the possibility
that alterations beyond acquired HER2 mutations may be
responsible for development of resistance, all gained or lost
alterations annotated as oncogenic or occurring at previ-
ously established hotspots (see Methods) were examined.
Beyond the acquired HER2 alterations, only five additional
non-ERBB2 alterations met criteria for potential signifi-
cance (Supplementary Fig. S3). These additional variants,
including copy-number alterations in CDKN2A/B, MYC, and
MDMA4 (one each) and mutations in PIK3RI and ALK (one
each), involve heterogeneous cellular mechanisms and do
not demonstrate clear convergence on a single pathway.

To further evaluate the frequency at which additional
HER2 mutations were potentially selected for after exposure
to neratinib plus fulvestrant, we analyzed paired cfDNA
samples from 16 patients, most of whom achieved clini-
cal benefit (one CR, nine PRs, and two SDs), including 13
additional patients with insufficient paired tissue sequenc-
ing data. Consistent with observations from tumor tissue
profiling, acquisition of one or more HER2 mutations was
observed in tumor-derived cfDNA from 44% (7/16) of these
patients. All 3 patients in whom pretreatment and post-
progression tumor and plasma samples existed showed
an acquired HER2 alteration detected using at least one
assay (Supplementary Table S6). In 1 patient, both tissue
and plasma sequencing identified a new HER2 amplifica-
tion at disease progression. Interestingly, in this same
patient, tissue and plasma sequencing each identified one
acquired HER2 mutation, although the specific variants
differed between assays (S310Y and 1767M, respectively),
consistent with multiple dual HER2-mutant clones arising
in the same patient. In the second patient, four new HER2
mutations emerged in the plasma sample alone, albeit at
low variant frequencies (0.09-0.96%). To verify this finding,
we repeated deep sequencing using an orthogonal assay
that also utilizes unique molecular identifier barcodes of a
second independent plasma sample from the same patient
and timepoint, and confirmed all four mutations at similar
allele frequencies, excluding the possibility that these were
technical artifacts detected at the level of assay sensitivity.
In the third patient, we detected an acquired HER2 ampli-
fication in both the tissue and plasma samples. In all cases,
the acquired HER2 mutations occurred at allele frequencies
10 to 100 times lower than the antecedent HER2 mutation.
Overall, 62% (8/13) of emergent HER2 mutations detected
in cfDNA occurred at previously described hotspots
(Fig. 4C). Two of the non-hotspot mutations were apparent
HER2 gatekeeper mutations, including the L785F mutation
described above. No two mutations in the same sample
occurred close enough together to evaluate whether they
occurred in the same allele. Integrating analyses across
both tissue and cfDNA, 8 of 22 patients (36%) with samples
analyzed by either methodology exhibited acquisition of at
least one new HER?2 alteration; all but one of these patients
derived clinical benefit from neratinib-containing therapy.
Beyond acquisition of HER2 alterations, no other broader
pattern was observed.

DISCUSSION

Utilizing SUMMIT, a multihistology, genomically driven
basket study, we sequentially evaluated the efficacy of ner-
atinib, with or without fulvestrant, in patients with HER2-
mutant metastatic breast cancer. The ORRs were similar
with monotherapy and the combination. However, PFS and
DOR appeared somewhat longer with the combination,
both for all patients and when the analysis was restricted to
ER" patients alone. Despite this finding, it is important to
note that this study was not designed to formally compare
efficacy in the two cohorts. In fact, there are noteworthy
differences in the populations enrolled into each cohort.
Specifically, CDK4/6 inhibitors were approved during the
study, resulting in significantly higher rates of prior expo-
sure to these agents in the combination cohort. The absence
of a fulvestrant-only contemporary control group also some-
what complicates interpretation of the combination data.
Nevertheless, the efficacy of neratinib with fulvestrant in
patients with heavily pretreated ER* HER2-mutant meta-
static breast cancer is encouraging and warrants additional
investigation.

While recognizing the important limitations of any ret-
rospective genomic analysis conducted in a relatively small
patient population, this study nonetheless provided a plat-
form upon which to start interrogating broader genomic
factors underlying the heterogeneous response to HER
kinase inhibition in HER2-mutant metastatic breast can-
cer. Integrating deep genomic annotation with treatment
outcomes, a broad pattern of observations emerged. We
observed that concurrent HER2 and/or HER3 alterations at
baseline appeared to predict for poor treatment outcomes.
Potentially consistent with these observations, analyses of
large prospective clinical sequencing studies demonstrated
that concurrent HER2 mutations appear most common in
tumors with the highest rates of HER2 mutations (breast
and bladder cancers) and that the majority of these muta-
tions occur on the same allele. These clinical sequencing
studies also demonstrate enrichment for concurrent HER2
and HER3 mutations but no other specific MAP kinase
pathway-activating mutations. Importantly, in patients
deriving clinical benefit from neratinib-containing ther-
apy, acquisition of additional HER2-activating events was
observed in a high proportion of patients upon disease
progression on neratinib. It is important to note that these
acquired alterations were observed at low allele frequencies
in cfDNA, consistent with subclonal events. We also can-
not rule out the possibility that a subset of these detected
acquired alterations, in particular those not occurring at
known hotspots or previously characterized, may be biologi-
cally neutral passenger events.

Collectively, however, these data suggest that at least a
subset of HER2-mutant tumors appear to exhibit selec-
tion for multiple HER2 or HER3 alterations, which may
consequently result in both de novo and acquired resist-
ance to HER kinase inhibitors (Fig. 4D). This observation
is consistent with prior genetically engineered models of
HER2-mutant cancer, demonstrating that expression of
a single copy of many HER2 missense hotspot mutants
results in incomplete pathway activation and is associated
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with a weakly transformed phenotype (32). Consistent
with our proposed model for neratinib sensitivity, prior
work with RAF-targeted therapies in BRAF'®-mutant
melanoma demonstrated that a threshold of pathway inhi-
bition of approximately >80% was required to observe
clinical responses (33). Our data lead us to speculate that
HER?2 inhibitors with different mechanisms of action (e.g.,
kinase inhibitors in combination with antibodies that
inhibit HER kinase dimer formation) may be worth testing
in this setting.

Our findings build upon, and provide additional context
to, prior work aimed at understanding the biological role
of HER2 mutations in breast cancer. A previous proof-of-
concept study of neratinib monotherapy in HER2-mutant
breast cancer identified emergence of multiple HER2 muta-
tions in c¢fDNA from 1 patient, including both a gate-
keeper alteration (T798I) and a hotspot activating alteration
(T862A; ref. 1). Consistent with this, another group sep-
arately reported identification of a gatekeeper HER2178
mutation in a HER2-mutant patient treated with ner-
atinib (34). Another group recently reported a case series of
patients with ER" breast cancer who developed emergence
of HER2 mutations after exposure to various antiestrogen
therapies (14). In this series, endocrine resistance was suc-
cessfully reversed in 1 patient with the addition of neratinib.
In HER2-amplified cancers, acquisition of activating HER2
mutations has also been reported by multiple groups as a
potential resistance mechanism to HER2 therapy (35, 36).
Interestingly, we have previously shown that at least a subset
of these acquired HER2 mutations in HER2-positive breast
cancers retain sensitivity to neratinib, despite conferring
resistance to HER2-directed monoclonal antibodies and
reversible kinase inhibitors (11).

In conclusion, these trial data provide additional clinical
evidence that HER2-mutant tumors represent a distinct
genomic subtype of breast cancers with oncogenic addic-
tion and consequent sensitivity to HER kinase inhibition.
The efficacy of neratinib in combination with fulvestrant
was promising in this heavily pretreated patient popula-
tion. Integrated genomic analysis suggests that concurrent
genomic events in HER2 and HER3 at baseline and progres-
sion may confer resistance to HER2 kinase inhibition. This
finding provides a potential rationale for the combina-
tion of multiple HER2 inhibitors in HER2-mutant breast
cancer, a therapeutic strategy that has already proved
highly effective in HER2-amplified breast cancer (37). To
address this strategy, the SUMMIT trial has recently been
amended to explore dual HER2 targeting with the com-
bination of neratinib plus trastuzumab (plus fulvestrant
in HR* disease) in patients with HER2-mutant breast
cancer.

METHODS
Eligibility Criteria

Eligible patients were men and women aged >18 years with his-
tologically confirmed HER2-mutant advanced breast cancer and an
Eastern Cooperative Oncology Group performance status of 0-2,

with adequate hematopoietic, hepatic, kidney, and cardiac function
(defined as a left ventricular ejection fraction >50%). Patients were

eligible regardless of the number of prior lines of chemotherapy or
endocrine therapy, including fulvestrant.

HR* disease was required for enrollment in the neratinib plus
fulvestrant combination therapy cohort, but not in the neratinib
monotherapy cohort. HR* disease was defined as 21% ER" or pro-
gesterone receptor-positive cells, according to American Society
of Clinical Oncology/College of American Pathologists guidelines
(38). HER2 mutations were identified through testing as obtained
at each participating site; tissue- and plasma-based assays were
accepted. Central confirmation of the HER2 mutation was not
required before study enrollment and was performed retrospec-
tively.

Key exclusion criteria included prior therapy with HER tyros-
ine kinase inhibitors (HER2 monoclonal antibodies were permit-
ted), prior receipt of a cumulative epirubicin dose of >900 mg/m?
or cumulative doxorubicin dose of >450 mg/m?, and unstable brain
metastases (treated and/or asymptomatic brain metastases were
allowed).

Study Design and Treatment

The open-label, single-arm, multicohort, multitumor, phase II,
“basket”-type SUMMIT trial was conducted at 23 centers interna-
tionally, 15 of which enrolled at least 1 patient with breast cancer.
Enrollment in the monotherapy and combination therapy cohorts
began on July 8, 2013, and March 17, 2015, respectively. Following
opening of the combination cohort, enrollment in the mono-
therapy cohort was permitted only for patients with HR™ breast
cancer. Patients in the monotherapy cohort received neratinib
240 mg orally daily on a continuous basis. Patients in the com-
bination therapy cohort additionally received fulvestrant 500 mg
intramuscularly on days 1, 15, and 29, then once every 4 weeks
thereafter. All patients received mandatory loperamide prophy-
laxis during cycle 1 (see Protocol Appendix for details). Patients
were treated until disease progression, unacceptable toxicity, or
withdrawal of consent. The protocol was approved by the institu-
tional review boards of all participating institutions, and written
informed consent was obtained for all patients before performing
study-related procedures.

Assessments

Tumor response was assessed locally every 8 weeks by CT, MRI,
and/or FDG-PET. Patients with measurable disease according to
RECIST (version 1.1) were assessed primarily according to these crite-
ria. The remaining patients with nonmeasurable disease (i.e., patients
with bone-only disease) were evaluated for response by FDG-PET
according to PET Response Criteria (Supplementary Table S7)—a
modified version of the PET Response Criteria in Solid Tumors
(PERCIST; version 1.0; ref. 39), as previously reported (40). AEs were
classified according to the Common Terminology Criteria for AEs
(version 4.0; ref. 41) from consent until day 28 after discontinuation
of study treatment.

Statistical Analysis

The data cutoff for this report was October 19, 2018. Efficacy
and safety analyses were performed on all patients who received at
least one dose of neratinib. The primary endpoint was ORR at week
8 (ORRS), as assessed by investigators according to RECIST or PET
Response Criteria (for those with RECIST nonmeasurable disease
at baseline). Secondary endpoints included confirmed ORR; best
overall response (BOR); clinical benefit rate (CBR), defined as
confirmed BOR of CR, PR, or SD for at least 24 weeks; DOR; PES;
and safety.

For each cohort, a Simon optimal two-stage design with a
true ORR8 < 10% was considered unacceptable (null hypothesis),
whereas a true ORR8 > 30% (alternative hypothesis) merited further
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study. Efficacy in each cohort was analyzed independently, and the
study was not designed to formally compare efficacy across cohorts.
DOR, PFS, and overall survival were estimated using the Kaplan-
Meier method. The Clopper-Pearson method was used to calculate
95% Cls for ORR8, ORR, BOR, and CBR. Individual associations
between genomic alterations and response were assessed by either
Fisher exact test or y? test (where appropriate) and corrected for
multiple hypothesis testing (42). Such testing was performed to
compare gene-level associations between the dichotomous clinical
benefit groups. All statistical analyses were performed using SAS
(version 9.4; SAS Institute Inc.) and R software (43). All figures were
generated using R software.

Central Sequencing and Broad Profiling
Genomic Analyses

Collection of archival tumor tissue samples and cfDNA from
plasma was mandatory before treatment. cfDNA was also collected
from plasma at each radiologic response assessment and at progres-
sion. Before protocol version 3, patients were offered the option of
having fresh biopsies taken before treatment and at progression.
From protocol version 3 onward, pretreatment biopsy became man-
datory. DNA from formalin-fixed paraffin-embedded archival tumor
tissue samples (n = 46) or cfDNA from plasma (n = 10) and matched
germline DNA (n = 55) were sequenced using MSK-IMPACT to iden-
tify somatic single-nucleotide variants, small insertions and deletions
(indels), copy-number alterations, and structural variants (27). Over-
all, an average 691-fold (range, 209-1,128-fold) coverage per tumor
was achieved. These data were used to centrally confirm the reported
HER2 mutations and establish allele-specific DNA copy number,
clonality, comutational patterns, TMB, and microsatellite instabil-
ity status. Using MSK-IMPACT data, focal HER2 amplifications
were inferred using a fold-change cutoff of 21.5 (MSK-IMPACT
tumor:normal sequencing coverage ratio) based on prior clinical
validation (44). Hotspot alterations were identified using a previ-
ously described method (25) and applied to an extended cohort
of 42,434 sequenced human tumors. In addition, alterations were
annotated as oncogenic using OncoKB, a curated knowledge base
of the oncogenic effects and treatment implications for muta-
tions in a subset of cancer genes (http://www.oncokb.org; ref.
45). For patients with centrally confirmed ERBB2 mutations and
matched germline DNA (n = 44), total and allele-specific copy
number, tumor purity, and ploidy were estimated using the Frac-
tion and Allele-Specific Copy Number Estimates from Tumor
Sequencing (FACETS) algorithm (version 0.5.6; ref. 46). FACETS
data were used to infer clonality by calculating cancer cell frac-
tions with 95% Cls as previously described (47, 48). In addition to
HER2 overexpression/amplification status, as routinely assessed
at each site, HER2 copy-number amplification was centrally evalu-
ated by sequencing. In cases of concurrent HER2 amplification,
allele-specific copy number was inferred in a locus-specific and
genome-wide manner using FACETS and integrated with mutant
allele frequencies using previously published methods (47, 48) to
determine whether the mutant or wild-type allele was amplified. In
addition, for the subset of patients from the combination therapy
cohort with sufficient remaining paired pre- and post-treatment
cfDNA, key regions of 73 cancer-related genes were analyzed on
a commercial targeted sequencing plasma assay (Guardant360;
Guardant Health) using previously published methods (ref. 49;
Supplementary Fig. S2).

Pan-Cancer Mutational Data Analyses

Somatic tumor mutation data consisting of 29,373 pan-can-
cer tumor samples from 26,777 patients with advanced cancers
sequenced with MSK-IMPACT were used in our analyses (27). All
samples were sequenced with one of three incrementally larger

versions of the IMPACT assay, including 341, 410, and 468 cancer-
associated genes. To identify somatic mutations in the MSK-
IMPACT dataset with the greatest likelihood for being oncogenic
drivers, we restricted our analyses to nonsynonymous protein-
coding variants, including missense, nonsense, and splice-site alter-
ing mutations, as well as small in-frame and frame-shift indels.
These variants were annotated as known or likely oncogenic driver
mutations using the OncoKB database (45). We then retained any
additional single-nucleotide polymorphisms and indels that arose
at protein residues previously shown to be enriched for somatic
mutations in tumors beyond a rate expected in the absence of selec-
tion (25). Finally, all truncating mutations (including nonsense,
splice-site, and frame-shift indels) in proteins annotated as known
tumor-suppressor genes based on OncoKB were also retained. All
other mutations were excluded due to insignificant evidence for
their role as oncogenic drivers.

Identification of Compound ERBB2 Mutations

We identified all known and likely driver mutations arising in
ERBB2 from the MSK-IMPACT tumor mutation dataset. All sam-
ples harboring any putative ERBB2 driver mutations were then
inspected for possessing either 1 or 2+ distinct putative ERBB2
driver mutations in the same tumor sample. The frequency of
samples with 1 or 2+ ERBB2 drivers in breast, bladder, or other
cancer types was divided by the total number of nonhypermutated
samples in each of the cancer types to obtain the percentages
shown.

Phasing ERBB2 Compound Mutations

All compound ERBB2 mutations in the MSK-IMPACT dataset
were subjected to in silico phasing to identify ERBB2 mutations that
could definitively be classified as arising in cis or trans. To this end,
we used a combination of read-backed (i.e., physical) and inference-
based approaches to phase the largest number of compound ERBB2
mutations possible in the data. Briefly, for read-backed phasing,
we inspected the raw sequencing BAM files in ERBB2 compound-
mutant samples for reads spanning the loci of both ERBB2 vari-
ants. As individual sequencing reads will align only to single DNA
fragments, we took the presence of three or more reads calling both
ERBB2 variants simultaneously to be sufficient evidence for the
mutations arising in cis in the tumor genome. Conversely, when
three or more reads called the mutant allele for one mutation and
the wild-type allele for the other mutation, and vice versa (i.e., the
mutations were called by mutually exclusive sets of at least three
reads each), we took this to be evidence of a trans configuration,
given knowledge that the two alleles were also both clonal in the
tumor, as determined by FACETS allele-specific copy-number analy-
sis (46). Compound mutations not in either of these two scenarios
were deemed ambiguous by read-backed phasing and attempted for
phasing by inference.

ERBB2 Driver Coincidence with ERBB3 and Other
MAP Kinase Drivers

We queried the complete MSK-IMPACT dataset of 25,197 non-
hypermutated pan-cancer tumor samples for any known or likely
oncogenic driver mutations. Samples with ERBB2 driver muta-
tions (n = 436) were then queried for additional coincident driver
mutations in ERBB3, and in the absence of ERBB3 drivers, queried
for other MAP kinase pathway effector driver mutations. ERBB2
driver-mutant samples were then categorized into three functionally
distinct mechanisms of oncogenic ERBB2 signaling: extracellular-
domain hotspot mutations (hotspot mutations in HER2 residues
23-652); kinase-domain hotspot mutations (hotspot mutations in
HER?2 residues 720-987); and kinase-domain in-frame indels (small
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indels with N-terminal residues within the kinase domain). To test
in-frame ERBB2 indels, extracellular-domain hotspot mutations,
and kinase-domain hotspot mutations for statistically significantly
different rates of coalteration with non-ERBB2 MAP kinase driver
mutations, we used a two-sided Fisher test to compare the counts
of non-ERBB2 MAP kinase driver-mutant samples and non-ERBB2
MAP kinase driver-less samples between pair-wise combinations of
the three ERBB2-mutant categories.

Structural Impact of ERBB2-785F on
Neratinib Binding

The structure of ERBB2 bound to neratinib was obtained based
on an experimentally derived structure of EGFR in complex with
neratinib (50) to which the structure of the kinase domain of ERBB2
(51) was aligned. Briefly, the residues of EGFR undergoing hydro-
phobic interactions with the neratinib ligand were identified using
UCSF Chimera (52), by searching for carbon atoms in hydrophobic
residues of EGFR that were closer than 4 A to the carbon atoms of
the neratinib molecule (53). The structure of the kinase domain of
ERBB2 was then aligned to these hydrophobic-interacting residues
using Chimera’s MatchMaker function. The structure of EGFR was
then removed, leaving neratinib in place in the region of ERBB2 that
aligned to its binding pocket in EGFR. Hydrophobic interactions
between ERBB27% and neratinib were subsequently determined by
searching for carbon atoms in L785 within 4 A of carbon atoms in
the neratinib molecule.

Data Availability

All patient-level clinical outcome and genomic data are available
on the cBioPortal.org (cbioportal.org/neratinibbreast).
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