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ABSTRACT

PURPOSE Long-term outcomes of patients with stage I human epidermal growth factor
receptor 2 (HER2)–positive breast cancer receiving adjuvant trastuzumab
emtansine (T-DM1) remain undefined, and prognostic predictors represent an
unmet need.

METHODS In the ATEMPT phase II trial, patients with stage I centrally confirmed HER2-
positive breast cancer were randomly assigned 3:1 to adjuvant T-DM1 for 1 year
or paclitaxel plus trastuzumab (TH). Coprimary objectives were to compare the
incidence of clinically relevant toxicities between arms and to evaluate invasive
disease-free survival (iDFS) with T-DM1. Correlative analyses included the
HER2DX genomic tool, multiomic evaluations of HER2 heterogeneity, and
predictors of thrombocytopenia.

RESULTS After a median follow-up of 5.8 years, 11 iDFS events were observed in the
T-DM1 arm, consistent with a 5-year iDFS of 97.0% (95% CI, 95.2 to 98.7). At
5 years, the recurrence-free interval (RFI) was 98.3% (95%CI, 97.0 to 99.7), the
overall survival was 97.8% (95%CI, 96.3 to 99.3), and the breast cancer-specific
survival was 99.4% (95% CI, 98.6 to 100). Comparable iDFS was observed with
T-DM1 irrespective of tumor size, hormone receptor status, centrally deter-
mined HER2 immunohistochemical score, and receipt of T-DM1 for more
or less than 6 months. Although ATEMPT was not powered for this end point,
the 5-year iDFS in the TH arm was 91.1%. Among patients with sufficient tissue
for HER2DX testing (n 5 187), 5-year outcomes significantly differed according
to HER2DX risk score, with better RFI (98.1% v 81.8%, hazard ratio [HR], 0.10,
P 5 .01) and iDFS (96.3% v 81.8%, HR, 0.20, P 5 .047) among patients with
HER2DX low-risk versus high-risk tumors, respectively.

CONCLUSION Adjuvant T-DM1 for 1 year leads to outstanding long-term outcomes for pa-
tients with stage I HER2-positive breast cancer. A high HER2DX risk score
predicted a higher risk of recurrence in ATEMPT.

ACCOMPANYING CONTENT

Appendix

Data Supplement

Protocol

Accepted April 1, 2024

Published June 27, 2024

J Clin Oncol 42:3652-3665

© 2024 by American Society of

Clinical Oncology

View Online
Article

Creative Commons Attribution
Non-Commercial No Derivatives
4.0 License

3652 | Volume 42, Issue 31 | ascopubs.org/journal/jco

https://orcid.org/0000-0001-8686-0228
https://orcid.org/0000-0001-6088-167X
https://orcid.org/0000-0003-4868-6585
https://orcid.org/0000-0002-6677-1014
https://orcid.org/0000-0002-7364-2835
https://orcid.org/0000-0003-1977-8894
https://orcid.org/0000-0003-3734-1063
https://orcid.org/0000-0001-6903-0177
https://orcid.org/0000-0001-6710-4814
https://orcid.org/0000-0002-4005-1764
https://orcid.org/0000-0002-5427-7465
https://orcid.org/0000-0003-0136-6912
https://orcid.org/0000-0001-5302-6368
https://orcid.org/0000-0002-2899-2473
https://orcid.org/0000-0003-1422-3734
https://orcid.org/0000-0001-5248-0876
https://orcid.org/0000-0001-7691-2389
https://orcid.org/0000-0002-4284-5656
https://orcid.org/0000-0002-6855-1322
https://orcid.org/0000-0001-5523-6908
https://orcid.org/0000-0001-5161-8319
https://orcid.org/0000-0002-8206-5232
https://orcid.org/0000-0001-6298-332X
https://orcid.org/0000-0003-1963-8162
https://orcid.org/0000-0002-4722-4824
https://orcid.org/0000-0002-3296-3982
https://orcid.org/0000-0002-7161-1496
https://orcid.org/0000-0002-9762-8536
https://orcid.org/0000-0003-1868-7739
https://orcid.org/0000-0001-8686-0236
https://orcid.org/0000-0002-8819-1723
https://orcid.org/0000-0002-6380-5944
https://orcid.org/0000-0002-5940-8671
https://doi.org/10.1200/JCO.23.02170
https://ascopubs.org/doi/suppl/10.1200/JCO.23.02170
https://ascopubs.org/doi/suppl/10.1200/JCO.23.02170
http://ascopubs.org/journal/jco


INTRODUCTION

Patients with stage I human epidermal growth factor re-
ceptor 2 (HER2)–positive breast cancer have recurrence
rates ranging between 5% and 30%,1-3 supporting the ad-
ministration of adjuvant systemic therapy. The APT trial
found that 12 weeks of adjuvant paclitaxel, combined with
1 year of trastuzumab (TH regimen), was associated with a
10-year invasive disease-free survival (iDFS) of 91.3% for
patients with small node-negative HER2-positive tumors,4

leading to the recommendation by international guidelines5-7

and worldwide adoption of this regimen.

Although TH is less toxic than trastuzumab combined with
poly-chemotherapy regimens, it is still associated with
adverse events that can affect quality of life including fa-
tigue, neutropenia, peripheral neuropathy, and alopecia.8

Thus, optimizing adjuvant therapy remains an area of ac-
tive interest in this setting. Trastuzumab emtansine (T-DM1)
is currently approved for the adjuvant treatment of patients
with HER2-positive breast cancer with residual invasive
disease after neoadjuvant treatment9 or with metastatic
disease,10-12 and in themetastatic setting, it has shown similar
efficacy with lower toxicity compared with trastuzumab plus
taxane treatment.13,14

The randomized phase II ATEMPT trial was designed to
evaluate the activity of 1 year of adjuvant T-DM1 and to
compare the rate of clinically relevant toxicities (CRT)
with that of TH in patients with stage I centrally confirmed
HER2-positive breast cancer. In the initial analysis, T-DM1
produced a 3-year iDFSof97.8% (95%CI, 96.3 to99.3),which
rejected the null hypothesis for efficacy (P < .001). The CRT
rate was 46% for patients on T-DM1 and 47% for patients on
TH (P5 .83).15 In this final preplanned analysis of the trial, we

report the 5-year survival outcomes for patients enrolled in
ATEMPT and conduct a multidimensional assessment of
HER2 heterogeneity, evaluated through machine learning
(ML) algorithms, single-cell fluorescence in situ hybrid-
ization (FISH), spatial proteomics, and the HER2DX genomic
assay. Finally, we investigate genomic correlates of throm-
bocytopenia or bleeding with T-DM1 through germline
whole-genome sequencing (WGS).

METHODS

Study Design

ATEMPT was a multicenter, randomized, investigator-
initiated phase II trial. Details of the trial design and patient
population have been previously reported.15 Briefly, eligible
patients included those with pathologic stage I (N0 or N1mi)
HER2-positive invasive breast cancer (HER2-positive by
central testing according to the ASCO/CAP 2013 guidelines16).
Patients were required to have left ventricular ejection
fraction ≥50%, have Eastern Cooperative Oncology Group
performance status ≤1, be within 90 days of most recent
breast surgery, and have nohistory of previous invasive breast
cancer.

Patients were randomly assigned after surgery in a 3:1 ratio to
receive T-DM1 (3.6 mg/kg once every 21 days for 17 cycles) or
TH (once weekly paclitaxel 80 mg/m2 with concurrent once
weekly trastuzumab at a loading dose of 4 mg/kg followed by
2 mg/kg for 12 weeks, followed by 6mg/kg trastuzumab once
every 21 days for 13 cycles). Adjuvant radiation therapy and
endocrine therapy could be initiated after 12 weeks of T-DM1
or after the conclusion of paclitaxel therapy. Patients were
followed for recurrence after the completion of study treat-
ment. Those who discontinued treatment for unacceptable

CONTEXT

Key Objective
To determine long-term outcomes of patients with stage I human epidermal growth factor receptor 2 (HER2)–positive
breast cancer treated with adjuvant trastuzumab emtansine (T-DM1), and to investigate biomarkers able to identify patients
with a higher risk of recurrence despite adjuvant treatment.

Knowledge Generated
We report outstanding long-term outcomes with adjuvant T-DM1 for stage I HER2-positive tumors, with a 5-year invasive
disease-free survival of 97.0%. In addition, we report multiomic correlative analyses conducted on the study samples and
describe the results of HER2DX testing, which identified a subset of patients with significantly higher risk of recurrence in
ATEMPT.

Relevance (J.W. Friedberg)
One year of adjuvant T-DM1 is a treatment option for patients with stage I HER2 positive breast cancer who are not
candidates of chemotherapy, resulting in durable responses.*

*Relevance section written by JCO Editor-in-Chief Jonathan W. Friedberg, MD.
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toxicity remainedon study andweremonitored for recurrence
and resolution of toxicity. Patients were monitored for CRTs,
defined as grade ≥3 nonhematologic toxicity, grade ≥2 neu-
rotoxicity, grade ≥4 hematologic toxicity, febrile neutropenia,
any serious adverse event, and any adverse event requiring
dose delay or treatment discontinuation.

Outcomes

The coprimary end points, previously reported,15 were to
compare the incidence of CRT in patients treatedwith T-DM1
versus TH and to evaluate iDFS in patients treated with
T-DM1. Patients were monitored for iDFS, defined as in-
vasive local or regional recurrence, contralateral invasive
breast cancer, distant recurrence, or death from any cause.
Recurrence-free interval (RFI) was a secondary end point
and was defined as invasive local or regional recurrences,
distant recurrences, and any death from breast cancer.
Correlative analyses were conducted on the study samples,
all of which were post hoc except the analysis of genomic
predictors of thrombocytopenia, which was prespecified in
the trial.

Statistical Analysis

The coprimary end points were evaluated separately, and the
family-wise Type I error rate for the study was controlled at
10% using a Bonferroni correction. On the basis of historical
data,1,2,17 a 3-year iDFS failure rate of 5% or less with T-DM1
was considered successful, whereas a 3-year iDFS failure rate
of 9% was deemed to be unacceptable. With 375 patients in
the T-DM1 arm, the study had 95% power to reject the null
hypothesis for efficacy, with overall type I error controlled at
5% (one-sided).

HER2DX Testing

The standardized HER2DX genomic test18 was performed at
Hospital Clinic of Barcelona (Spain) on 225 primary tumor
samples frompatients enrolled inATEMPTandwas successful
for 187 samples with enough invasive component (T-DM1
arm: 147,THarm:40). Thepre-establishedHER2DX risk score
cutoff was used to createHER2DX risk groups (low [0-50] and
high [50-100]).18 The association between HER2DX risk
groups and survival outcomeswasassessed amongall patients
treated in ATEMPT. Genomic analyses were performed blin-
ded from clinical outcome data. HER2DX results were further
compared among patients with and without HER2 genetic
heterogeneity detected at single-cell FISH.

Machine Learning Analysis of HER2 Expression

PathAI’s ML-based HER2 algorithms were deployed on
whole slide images of the HER2-stained slides from the
ATEMPT clinical trial. We calculated the proportion of in-
vasive cancer cells with each stain intensity and the cir-
cumferential completeness on the basis of the ASCO/CAP
2018 guidelines.33 The distribution of each stain intensity

proportion feature across cases was compared for multiple
data set splits of interest using the Mann-Whitney U test.
The followingdata splitswere tested for significant differences
in the distribution across patients: (1) RFI event versus no RFI
event (RFI event n 5 10, no RFI event n 5 432), (2) estrogen
receptor (ER)–positive versus ER-negative (ER-positive
n 5 318, ER-negative n 5 124), and (3) progesterone receptor
(PR)–positive versus PR-negative (PR-positive n 5 239,
PR-negative n5 203). The heterogeneity in stain intensitywas
quantified by calculating the entropy of the distribution across
stain intensities across one slide19 and compared between the
three data set splits listed above using the Mann-Whitney U
test. All reported P valueswere corrected using the Benjamini-
Hochberg method for false discovery rate (FDR) correction.

HER2 Genetic Heterogeneity

Central pathology evaluation of HER2 heterogeneity was
performed at the European Institute of Oncology (Milan,
Italy) on 13 baseline samples from patients experiencing RFI
events (cases) and 39 controls matched on study arm, tumor
size, and hormone receptor status. The study included 24
patients from the T-DM1 arm and 28 patients in the TH arm.
HER2 gene status was assessed by FISH using the HER2
IQFISH pharmDx assay. FISH-stained slides were evaluated
using a Zeiss Axio Imager Z2 microscope, equipped with
Metafer 4 Metacyte software for automating microscopy.
Each slide was evaluated visually and independently by two
trained readers blinded to outcomes, counting at least 60
invasive tumor cells, and subsequently using the Metafer
software counting an average of 300 invasive tumor cells.
HER2 heterogeneity was defined as the existence of the
population of tumor cells with HER2 amplification (ie, HER2/
chromosome enumeration probe [CEP17] ratio >2.0 or a gene
copy number [GCN] >6), representing more than 5% but <
50% of invasive tumor cells, following recommendations
from dedicated guidelines.20,21

NanoString GeoMX Digital Spatial Profiling

FFPE tumor samples from 13 patients who experienced iDFS
events and 21 matched controls were analyzed using the
NanoString GeoMXDigital Spatial Profiler. Detailedmethods
are provided in the Data Supplement (online only).

WGS and Thrombocytopenia Associations

Germline WGS was conducted among 110 patients treated
with T-DM1 in ATEMPT to identify genomic predictors of
thrombocytopenia or bleeding with T-DM1. Detailedmethods
are provided in the Data Supplement.

Compliance With Ethical Standards

The study was conducted in accordance with the Interna-
tional Conference on Harmonization Good Clinical Practice
Standards and the Declaration of Helsinki. Institutional
review board approval was obtained from the Dana-Farber/
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Harvard Cancer Center and all participating sites. Safety and
efficacy monitoring was conducted on a semiannual basis by
a data safety monitoring board. The investigators obtained
informed consent from each participant or each partici-
pant’s guardian.

RESULTS

Among 512 patients recruited between May 2013 and De-
cember 2016, 384 and 128 were randomly assigned to the
T-DM1 arm and to the TH arm, respectively. Of these, 383
patients on the T-DM1 arm and 114 patients on the TH arm
received protocol treatment and were included in the
analysis (Fig 1). Baseline patient and tumor characteristics
were reported previously15 and did not differ significantly
between study arms (Table 1). Approximately half of the
patients had tumors larger than 1 cm, 373 (75%) had
hormone receptor-positive disease, and 4% had microme-
tastatic nodal involvement, with all the remaining patients
having node-negative disease.

After a median follow-up of 5.8 years, 11 iDFS events were
observed in the T-DM1 arm, consistent with a 5-year iDFS
of 97.0% (95% CI, 95.2 to 98.7; Fig 2A). The 5-year RFI was
98.3% (Fig 2B, 95% CI, 97.0 to 99.7), the 5-year overall
survival (OS) was 97.8% (Fig 2C, 95% CI, 96.3 to 99.3), and

the 5-year breast cancer-specific survival (BCSS) was
99.4% (Fig 2D, 95% CI, 98.6 to 100). Among the 11 iDFS
events observed with T-DM1, only three were distant re-
currences, with the remaining events being two ipsilateral
recurrences (one of which was HER2-negative), three new
contralateral primary breast cancers (all HER2-negative),
and three non–breast cancer-related deaths (Data Sup-
plement, Table S1).

Although the study was not powered to evaluate the efficacy
of TH, a total of nine iDFS events were observed in the TH
arm, consistent with a 5-year iDFS of 91.1% (Data Supple-
ment, Fig S1A, 95% CI, 85.7 to 96.8). The 5-year RFI was
93.2% (Data Supplement, Fig S1B, 95% CI, 88.5 to 98.2), the
5-year OS was 97.9% (Data Supplement, Fig S1C, 95% CI,
95.2 to 100), and the 5-year BCSS was 99.0% (Data Sup-
plement, Fig S1D, 95% CI, 97.2 to 100; Data Supplement,
Table S1). Among the nine iDFS events observed with TH,
only two were distant recurrences (Data Supplement, Table
S1). Patient and tumor characteristics for the patients ex-
periencing iDFS events are shown in the Data Supplement
(Table S2).

Post hoc analyses were conducted to evaluate outcomes with
T-DM1 among different clinically relevant groups of patients.
Comparable survival outcomes were observed with T-DM1

Assessed for eligibility (N = 696)

Follow-up

Randomly assigned (n = 512)
Arm 1:

T-DM1

Arm 2:

TH

Excluded                                            (n = 184)
  Did not meet inclusion criteria      (n = 130)
  Patients decided to not participate (n = 44)
  Other reasons                                    (n = 10)

Follow-up                                     (n = 383)
  Completed study                       (n = 249)
  Lost to follow-up                         (n = 15)
  Patient who withdrew consent   (n = 10)
  Death                                              (n = 9)
  Other                                                             (n = 0)

Follow-up                                          (n = 114)
  Completed study                              (n = 70)
  Lost to follow-up                              (n = 12)
  Patient who withdrew consent          (n = 6)
  Death                                                   (n = 2)
  Other                                                   (n = 1)

Allocation

Allocated to intervention        (n = 384)
  Received intervention           (n = 383)
  Did not receive intervention     (n = 1)
    Withdrew consent                   (n = 1)

Allocated to intervention                 (n = 128)
  Received intervention                    (n = 114)
  Did not receive intervention           (n = 14)
    Withdrew consent                          (n = 13)
    Death                                                 (n = 1)

Excluded from analysis               (n = 1)
  Did not receive intervention     (n = 1)

Excluded from analysis                     (n = 14)
  Did not receive intervention           (n = 14)

FIG 1. CONSORT diagram. T-DM1, trastuzumab emtansine; TH, paclitaxel plus trastuzumab.
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irrespective of the tumor size and hormone receptor status.
The 5-year iDFS was 98.7% (95% CI, 97.0 to 100) for patients
having tumors <1 cm and 95.6% (95% CI, 92.9 to 98.5) for
tumors ≥1 cm (Fig 3A). Similarly, the 5-year iDFS was
96.8% (95% CI, 94.7 to 98.7) for patients with hormone
receptor-positive tumors and 97.6% (95% CI, 94.4 to 100)
for patients with hormone receptor-negative tumors
(Fig 3B). Similar survival outcomes were also observed for
patients receiving T-DM1 with centrally determined HER2

immunohistochemistry (IHC) 31 disease (n 5 277 [72.3%],
5-year iDFS 96.9%, 95% CI, 94.9 to 99.1) and IHC ≤21
disease (n 5 97 [25.3%], 5-year iDFS 96.7%, 95% CI, 93.1 to
100; Fig 3C), with 10 patients not having central IHC testing.
Analogous results were observed for RFI (Fig 3D).

Among patients receiving T-DM1 for <6 months (n 5 37,
9.7%), the 5-year iDFS was 96.8% (95% CI, 90.8 to 100) and
the 5-year RFI was 100% (Fig 3E), whereas among patients

TABLE 1. Patient and Tumor Characteristics

Characteristic

Arm 1: T-DM1 Arm 2: TH

ITT
(n 5 383)

No HER2DX
(n 5 236)

HER2DX
(n 5 147) P

ITT
(n 5 114)

No HER2DX
(n 5 74)

HER2DX
(n 5 40) P

Age, years

Median (range) 56 (32-85) 55 (33-79) 57 (32-85) .14 55.5 (23-82) 56 (29-82) 53 (23-82) .64

Sex, No. (%)

Female 378 (99) 232 (98) 146 (99) .65 113 (99) 74 (100) 39 (98) .35

Male 5 (1) 4 (2) 1 (1) 1 (1) 0 (0) 1 (2)

Race, No. (%)

White 327 (85) 198 (84) 129 (88) .82 93 (82) 61 (82) 32 (80) .29

Black/African American 21 (5) 14 (6) 7 (5) 7 (6) 6 (8) 1 (2)

Asian 22 (6) 14 (6) 8 (5) 4 (4) 3 (4) 1 (2)

More than one race 2 (1) 2 (1) 0 (0) 1 (1) 0 (0) 1 (2)

Others 11 (3) 8 (3) 3 (2) 9 (8) 4 (5) 5 (12)

Ethnicity, No. (%)

Hispanic or Latino 11 (3) 8 (3) 3 (2) .60 1 (1) 1 (1) 0 (0) .86

Non-Hispanic 352 (92) 214 (91) 138 (94) 97 (85) 62 (84) 35 (88)

Unknown 20 (5) 14 (6) 6 (4) 16 (14) 11 (15) 5 (12)

Tumor size, cm, No. (%)

≤0.1 4 (1) 4 (2) 0 (0) .03 7 (6) 7 (9) 0 (0) .05

>0.1-0.5 57 (15) 40 (17) 17 (12) 13 (11) 11 (15) 2 (5)

>0.5-1.0 127 (33) 80 (34) 47 (32) 40 (35) 26 (35) 14 (35)

>1.0-1.5 124 (32) 64 (27) 60 (41) 29 (25) 18 (24) 11 (28)

>1.5-2.0 71 (19) 48 (20) 23 (16) 25 (22) 12 (16) 13 (32)

Nodal (micrometastasis), No. (%)

Yes 18 (5) 13 (6) 5 (3) .46 1 (1) 1 (1) 0 (0) 1

No 365 (95) 223 (94) 142 (97) 113 (99) 73 (99) 40 (100)

Histologic grade, No. (%)

Well diff 11 (3) 6 (3) 5 (3) .96 4 (4) 2 (3) 2 (5) .20

Moderately diff 148 (39) 92 (39) 56 (38) 46 (40) 34 (46) 12 (30)

Poorly diff 219 (57) 135 (57) 84 (57) 62 (54) 36 (49) 26 (65)

Unknown 5 (1) 3 (1) 2 (1) 2 (2) 2 (3) 0 (0)

HER2 by IHC (central testing), No. (%)

(0, 11) 5 (1) 5 (3) 0 (0) <.001 1 (1) 1 (1) 0 (0) <.001

(21) 92 (24) 86 (36) 6 (4) 25 (22) 25 (34) 0 (0)

(31) 277 (72) 137 (58) 140 (95) 87 (76) 47 (64) 40 (100)

Not done/unknown 9 (2) 8 (2) 1 (1) 1 (1) 1 (1) 0 (0)

Hormone receptor status, No. (%)

Positive 289 (75) 186 (79) 103 (70) .07 84 (74) 52 (70) 32 (80) .37

Negative 94 (25) 50 (21) 44 (30) 30 (26) 22 (30) 8 (20)

Abbreviations: diff, differentiated; HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; ITT, intention to treat; T-DM1,
trastuzumab emtansine; TH, paclitaxel plus trastuzumab.
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receiving ≥6 months of T-DM1 (n 5 343, 90.3%), the 5-year
iDFS was 97.0% (95% CI, 95.1 to 98.8) and the 5-year RFI
was 98.1% (95% CI, 96.7 to 99.6; Fig 3F).

HER2DX Analysis

The standardized HER2DX genomic test was obtained for 187
(37.6%) patients enrolled in ATEMPT (147 receiving T-DM1,
40 receiving TH). Baseline characteristics of the patients
included in this study were comparable with those of the
overall study cohort (Table 1, Data Supplement, Table S3).
The 5-year iDFS and 5-year RFI in the cohort of patientswith
available HER2DX testing were 95.4% (95% CI, 92.3 to 98.6)
and 97.0% (95% CI, 94.5 to 99.6), respectively. The pro-
portion of patients with high expression of luminal, pro-
liferation, and immunoglobulin G (IGG) signatures was
34.8%, 57.8%, and 48.1%, respectively, and 133 patients
(71.1%) had highHER2 expression (Fig 4A, Data Supplement,
Table S4). The proportion of patients with HER2DX low-risk
disease was 93.6% (n 5 175), whereas 6.4% (n 5 12) had
HER2DX high-risk disease (Fig 4B). Patients with HER2DX
low-risk disease were found to have significantly more

favorable RFI compared with patients having HER2DX high-
risk disease (5-year 98.1% v 81.8%, hazard ratio [HR], 0.10
[95%CI, 0.02 to 0.57], P5 .01) and better iDFS (5-year 96.3%
v 81.8%, HR, 0.20 [95% CI, 0.04 to 0.98], P 5 .047; Figs 4C
and 4D, Data Supplement, Table S5). A total of 26 patients
(6.8%) had both HER2DX information and single-cell FISH
results available to evaluate the HER2 heterogeneity (25
HER2 nonheterogeneous and one HER2 heterogeneous). The
patient classified as HER2 heterogeneous showed the
lowest level in HER2DX ERBB2 score, HER2DX HER2
amplicon signature, and HER2DX IGG score (Data Supple-
ment, Fig S2B).

Machine Learning Analysis of HER2 Heterogeneity

A wide range of variabilities in HER2 staining intensity was
observed at a cancer cell level within and across the tumors
(Fig 5A), with notable variability in both study arms (Fig 5B).
Hormone receptor-positive tumors were found to be asso-
ciated with a higher proportion of tumor cells expressing
weak-to-moderate and incomplete membrane staining (ER:
P5 .002; PR: P < .001), whereas hormone receptor-negative
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FIG 2. Survival outcomes in the T-DM1 arm in terms of (A) iDFS, (B) RFI, (C) OS, and (D) BCSS.
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cancer receiving adjuvant T-DM1, with a 5-year iDFS of 97.0%, and only three distant recurrences were
observed among 383 patients treated in the study arm. BCSS, breast cancer–specific survival; HER2,
human epidermal growth factor receptor 2; iDFS, invasive disease-free survival; RFI, recurrence-free
interval; T-DM1, trastuzumab emtansine.
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tumors were associated with a higher proportion of tumor
cells with intense and complete circumferential staining for
HER2 (ER: P < .001; PR: P < .001, Figs 5C and 5D, Data
Supplement, Tables S6 and S7). However, none of the HER2
stain intensity proportion features were significantly as-
sociated with the risk of recurrence among patients en-
rolled in ATEMPT (Fig 5E, Data Supplement, Table S8)
although this analysis had limited power. The entropy of

HER2 stain intensity distributions across each slide were
evaluated as a measure of HER2 heterogeneity. Examples of
tumors exhibiting high entropy (entropy 5 1.55, ie, high
HER2 heterogeneity) and low entropy (entropy 5 0.39, ie,
low HER2 heterogeneity) are shown in Figure 5F. Numer-
ically higher entropy in HER2 staining distribution was
observed among ER-positive versus ER-negative cases and
PR-positive versus PR-negative cases although neither
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effect was significant (ER: U 5 21,972, P 5 .062; PR: U 5

26,866, P 5 .051; Figs 5G and 5H). No significant difference
in entropy distribution was seen between patients expe-
riencing or not experiencing recurrence, either in the
overall study cohort (U 5 2,649, P 5 .221; Fig 5I) or when
evaluating each arm separately (T-DM1 arm: U 5 1,209,
P 5 .086; TH arm: U 5 247, P 5 .982; Fig 5L).

Single-Cell FISH Analysis of HER2 Heterogeneity

A case-control study was conducted to characterize HER2
heterogeneity via single-cell FISH on primary tumors of 52
patients with evaluable tissue enrolled in ATEMPT, including
13 patients experiencing RFI events (seven ipsilateral recur-
rences, five distant recurrences, one breast cancer–related
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death; cases) and 39 matched controls. Fifty-one of the 52
samples showed HER2 gene amplification according to the
ASCO/CAP guidelines.33 Visual and Metafer-assisted evalua-
tions were highly concordant (Kendall’s Tau: 0.93 for both
HER2/CEP17 ratio and GCN) with mean ratio values of 5.44
(min 1.66, max 9.93) and 5.37 (1.64-9.79), respectively, and
mean GCNs of 11.11 and 10.82. Intratumoral genetic hetero-
geneity was encountered in 4 of the 51 amplified cases
(Figs 6A-6D); HER2 IHC was 21 or 31 in all but 8 of the 51
amplified cases (seven were 11, one nonevaluable). No sig-
nificant association was observed between HER2 genetic
heterogeneity and recurrence (7.7% of patients had HER2
genetic heterogeneity among both those with and without
recurrence, P 5 1; Fig 6A). Among patients receiving T-DM1,
16.7% of those who experienced recurrence and 5.6%without
recurrence had HER2 genetic heterogeneity (P 5 .45; Fig 6B).
In a cross-analysis of heterogeneity assessed via single-cell
FISH and ML-assisted HER2 evaluation, tumors with HER2
genetic heterogeneity were also found to harbor higher en-
tropy of the IHCHER2 stain intensity distribution than tumors
without genetic heterogeneity (U 5 149, P 5 .024; Data
Supplement, Fig S2A).

Spatial Proteomic Analysis

To investigate biomarkers of treatment resistance among
the patients enrolled in ATEMPT, spatial proteomic analyses
were conducted on tumor samples of 13 patients experi-
encing iDFS events (cases) in the trial and 21 matched
controls. Differential expression analyses between primary
tumors of cases and controls revealed three upregulated
(NF1, CTLA4, CD20) and five downregulated proteins
(Cleaved Caspase 9, CD25, ICOS, GITR, GZMB) in the cases,
with P < .05 and FDR <0.05 (Data Supplement, Figs S3 and
S4). Expanded results are provided in the Data Supplement.

Thrombocytopenia Analysis

A total of 54 single nucleotide polymorphisms (SNPs) and 103
SNPs were found to be associated with the occurrence of
thrombocytopenia/bleeding and with thrombocytopenia,
respectively, with P values <1024 (Data Supplement, Fig S5,
Table S9). None of the variants, however, had a P value that
reached the threshold for genome-wide significance. Ex-
panded results are provided in the Data Supplement.

DISCUSSION

This final analysis of ATEMPT confirms the outstanding
efficacy of T-DM1 at preventing recurrences of stage I
HER2-positive breast cancer, with a 5-year RFI of 98.3%. In
terms of tolerability, a similar CRT rate was observed with
T-DM1 and TH in the study15 although patient-reported

outcomes favored T-DM1, with less alopecia and higher
workproductivity compared toTH.22Overall, on thebasis of the
excellent long-term outcomes and favorable tolerability,15,22,23

1 year of adjuvant T-DM1 represents an alternative treatment
option to TH for patients with stage 1 HER2-positive breast
cancer. Importantly, to further improve treatment tolerability,
a new randomized phase II trial (ATEMPT 2.0, Clinical-
Trials.gov identifier: NCT04893109) is testing a shorter course
of adjuvantT-DM1 (six cycles) for stage IHER2-positive breast
cancer. In addition, the phase II ADEPT trial (ClinicalTrials.gov
identifier: NCT04569747) is testing the chemotherapy-free
regimen of endocrine treatment plus subcutaneous trastu-
zumab plus pertuzumab for stage I, hormone receptor-
positive/HER2-positive breast cancer.

Despite favorable long-term outcomes observed with de-
escalated regimens, a small number of recurrences were still
observed in APT and ATEMPT,24 irrespective of the tumor
size, HER2 IHC score, and hormone receptor status of the
disease. Given that standard clinicopathologic features alone
were not able to identify higher-risk tumors, we conducted
multiomic analyses to evaluate innovative prognostic and
predictive biomarkers in this setting. The presence of HER2
heterogeneity has been previously associated with the lack of
response to T-DM1,25 and therefore, we focused on this
feature, evaluated through comprehensive genomic and
proteomic analyses and through novel ML-based algorithms.
Single-cell FISH analysis confirmed that HER2 heterogenous
tumors account for a minority of HER2-positive tumors,
representing approximately 8% in ATEMPT. However, this
feature had no significant impact on survival outcomes in
ATEMPT. These results highlight the complex relationship
between response to neoadjuvant treatment and survival in
HER2-positive tumors, given that certain features (eg, lu-
minal genes expression) canbe concomitantly associatedwith
not only decreased likelihood of response at surgery but also
better long-term survival.18 Evenwhen assessed throughML-
based algorithms and using spatial proteomic analyses, HER2
heterogeneity did not show a clear relationship with survival
although the small number of recurrences provided limited
power for these analyses.

Of note, a comprehensive assessment of the tumor biology
with the HER2DX tool showed that a pre-established risk
score threshold was able to discriminate a small proportion of
patients (6.4%) with significantly higher risk of recurrence in
ATEMPT. This finding further reinforces what was previously
observed in the APT trial, where a similar percentage of pa-
tients (4.9%) were found to have HER2DX high-risk disease,
which was associated with increased risk of recurrence.4

The results from both trials underscore the promise of
HER2DX in tailoring treatments for patients with early-stage
HER2-positive tumors, warranting prospective validation.

FIG 5. (Continued). Entropy distribution (ie, level of HER2 heterogeneity) according to (G) the ER expression and (H) PR expression of the tumor,
(I) according to the recurrence status overall, and (J) depending on the study arm. ER, estrogen receptor; HER2, human epidermal growth factor
receptor 2; PR, progesterone receptor; RFI, recurrence-free interval; T-DM1, trastuzumab emtansine; TH, paclitaxel plus trastuzumab.
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In addition to looking atHER2 heterogeneity andHER2DX,we
used spatial proteomic analyses to identify biomarkers as-
sociated with a higher risk of recurrence. NF1 and CTLA4were
found to be overexpressed in primary tumors of patients
experiencing ipsilateral or contralateral events, whereas
Cleaved Caspase 9, CD25, ICOS, GITR, and GZMB were found
to be upregulated in matched controls. NF1 alterations have

been previously found to be enriched in advanced breast
cancers compared with matched primary tumors26-28 and
potentially associatedwith increased sensitivity toT-DM1.29,30

CTLA4 is an immune checkpoint molecule that negatively
regulates T-cell activation,31 often upregulated by tumors as
a strategy to achieve immune evasion.32 Conversely, most
proteins found to be upregulated in controls are associated
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either with the activation of the apoptotic pathway (Cleaved
Caspase 9) or with immune activation (CD25, ICOS, GITR, and
GZMB), suggesting that an active antitumor immune re-
sponse, inducing a higher degree of apoptosis among cancer
cells, may signal a better prognosis.

No germline genomic variants predictive of thrombocyto-
penia and bleeding with T-DM1 could be identified in our
study, possibly because of little statistical power or the

complex, multifactorial mechanism of T-DM1–induced
thrombocytopenia.

In conclusion, the administration of 1 year of adjuvant
T-DM1 led to outstanding long-term outcomes among pa-
tients with stage I HER2-positive breast cancer, with only
three distant recurrences observed after more than a 5-year
follow-up. The HER2DX score was found to be significantly
associated with the risk of recurrence in ATEMPT.
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