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Background: The HER2DX genomic test predicts pathological complete response (pCR) and survival outcome in early-
stage HER2-positive (HER2þ) breast cancer. Here, we evaluated the association of HER2DX scores with (i) pCR according
to hormone receptor status and various treatment regimens, and (ii) survival outcome according to pCR status.
Materials and methods: Seven neoadjuvant cohorts with HER2DX and clinical individual patient data were evaluated
(DAPHNe, GOM-HGUGM-2018-05, CALGB-40601, ISPY-2, BiOnHER, NEOHER and PAMELA). All patients were treated
with neoadjuvant trastuzumab (n ¼ 765) in combination with pertuzumab (n ¼ 328), lapatinib (n ¼ 187) or without
a second anti-HER2 drug (n ¼ 250). Event-free survival (EFS) and overall survival (OS) outcomes were available in a
combined series of 268 patients (i.e. NEOHER and PAMELA) with a pCR (n ¼ 118) and without a pCR (n ¼ 150).
Cox models were adjusted to evaluate whether HER2DX can identify patients with low or high risk beyond pCR status.
Results: HER2DX pCR score was significantly associated with pCR in all patients [odds ratio (OR) per 10-unit increase ¼
1.59, 95% confidence interval 1.43-1.77; area under the ROC curve ¼ 0.75], with or without dual HER2 blockade. A
statistically significant increase in pCR rate due to dual HER2 blockade over trastuzumab-only was observed in
HER2DX pCR-high tumors treated with chemotherapy (OR ¼ 2.36 (1.09-5.42). A statistically significant increase in
pCR rate due to multi-agent chemotherapy over a single taxane was observed in HER2DX pCR-medium tumors
treated with dual HER2 blockade (OR ¼ 3.11, 1.54-6.49). The pCR rates in HER2DX pCR-low tumors were �30.0%
regardless of treatment administered. After adjusting by pCR status, patients identified as HER2DX low-risk had
better EFS (P < 0.001) and OS (P ¼ 0.006) compared with patients with HER2DX high-risk.
Conclusions: HER2DX pCR score and risk score might help identify ideal candidates to receive neoadjuvant dual HER2
blockade in combination with a single taxane in early-stage HER2þ breast cancer.
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INTRODUCTION

Neoadjuvant systemic therapy is standard for patients with
clinical stage II-III HER2-positive (HER2þ) breast cancer
according to the 7th edition of the American Joint Committee
on Cancer (AJCC) staging system.1,2 The pathological com-
plete response (pCR) rates are 29%-46% following trastuzu-
mab in combination with chemotherapy.3-5 The addition of a
second anti-HER2 agent, such as pertuzumab or lapatinib, to
trastuzumab and chemotherapy increases pCR rates by 10%-
20%, albeit with modest improvements in long-term sur-
vival.3,5-8 Nonetheless, patients with HER2þ disease who
experience a pCR have better long-term survival outcomes
than those without a pCR.9,10 This observation seems valid
irrespective of the type of systemic therapy received before
surgery.9,11-13 In patients who do not achieve a pCR, adjuvant
trastuzumab emtansine (T-DM1) improves invasive disease-
free survival compared to trastuzumab;14 thus, pCR is a
highly clinically meaningful endpoint for multiple reasons.

Several clinical questions remain unanswered regarding
the optimal neoadjuvant treatment approach in HER2þ
breast cancer. For example, who benefits from pertuzumab
when added to trastuzumab and chemotherapy is still un-
clear. In addition, it is unclear as to what the optimal
chemotherapy backbone in combination with dual HER2
blockade is. The DAPHNe phase II trial treated 98 patients
with stage II-III HER2þ disease with 3 months of paclitaxel,
trastuzumab and pertuzumab (THP), with no further
chemotherapy in 98% of patients who achieved a pCR.15

The CompassHER2-pCR (NCT04266249) and the Decre-
scendo (NCT04675827) phase II clinical trials are currently
evaluating survival outcomes following neoadjuvant THP
and adjuvant HP only in the context of pCR across >3000
patients. Thus, upfront identification of patients likely to
benefit from a de-escalated chemotherapy treatment
strategy such as THP might be clinically important.

The HER2DX genomic test16 is a single 27-gene expression
and clinical featureebased classifier which provides two in-
dependent scores to predict both long-term prognosis and
likelihood of pCR in patients with HER2þ early breast cancer.
The assay integrates biological information tracking immune
response, luminal differentiation, tumor cell proliferation and
expression of the HER2 17q12-21 chromosomal amplicon,
including the ERBB2 gene, with clinical information (i.e. tumor
size and nodal status).16 The prognostic value of HER2DX was
shown in 1341 patients across five datasets, and the ability to
predict pCR following trastuzumab-based therapy was
demonstrated in 558 patients across four datasets, including
127 tumor samples from the ISPY-2 clinical trial, which evalu-
ated HP in combination with anthracycline/taxane-based
chemotherapy,17 and 263 tumor samples from CALGB-
40601, which evaluated paclitaxel with trastuzumab, lapati-
nib or the combination of both HER2-targeting drugs.16 More
recently, theHER2DXpCR score has beenvalidated in 80 tumor
samples from theDAPHNeneoadjuvant trial18 and in a Spanish
study of 155 patients treated with neoadjuvant docetaxel,
carboplatin, trastuzumab with or without pertuzumab [GOM-
HGUGM-2018-05 (GOM) cohort].19
784 https://doi.org/10.1016/j.annonc.2023.05.012
Here, we combined HER2DX and clinical data from the
ISPY-2, CALGB-40601, DAPHNe, GOM, BiOnHER, NEOHER
and PAMELA cohorts to test the ability of the HER2DX pCR
score to predict pCR across different subgroups of patients.
Specifically, we focused on two clinically relevant questions:
who benefits from the addition of a second anti-HER2
agent, pertuzumab or lapatinib, as dual therapy with
trastuzumab and chemotherapy, and who benefits from
multi-agent chemotherapy over a single-agent taxane when
treated with dual HER2 blockade. Finally, we tested the
ability of the HER2DX risk score to predict survival outcome
according to pCR status in a combined dataset (i.e. NEOHER
and PAMELA) with long-term follow-up.

MATERIALS AND METHODS

ISPY-2 cohort

The ISPY-2 phase II trial17 adaptively randomized 128 pa-
tients with clinical stage II-III HER2þ breast cancer to four
cycles of T-DM1 [3.6mg/kg intravenously (i.v.) every 3
weeks] in combination with pertuzumab (n ¼ 52) or THP
(n ¼ 45), or a common control arm of weekly paclitaxel (80
mg/m2) and trastuzumab for 12 weeks (n ¼ 31). All patients
received four cycles of doxorubicin (60mg/m2) and cyclo-
phosphamide (600mg/m2) i.v., every 2-3 weeks, before
surgery (Supplementary Figure S1, available at https://doi.
org/10.1016/j.annonc.2023.05.012). The results of the
HER2DX assay in ISPY-2 have been previously reported in
127 patients (99.2%).16

CALGB-40601 cohort

The CALGB-40601 study3,7 is a phase III clinical trial that
randomized 305 women with untreated stage II and III
HER2þ breast cancer to receive weekly paclitaxel (80 mg/
m2) for 16 weeks combined with trastuzumab plus 1000
mg/day of lapatinib (THL), trastuzumab (TH) or lapatinib
(TL) (Supplementary Figure S1, available at https://doi.org/
10.1016/j.annonc.2023.05.012). The results of the HER2DX
assay are available in 263 patients (86.2%).

DAPHNe cohort

DAPHNe is a prospective investigator-initiated, single-arm
phase II study, where 98 patients were assigned to receive
preoperative paclitaxel (80mg/m2 weekly for 12 weeks) in
combination with THP15 (Supplementary Figure S1, avail-
able at https://doi.org/10.1016/j.annonc.2023.05.012). The
HER2DX results for 80 patients (81.6%) in DAPHNe are re-
ported elsewhere.18

GOM cohort

GOM is an ongoing retrospective observational study since
2018 of consecutive patients with newly diagnosed stage I-
III HER2þ breast cancer who were candidates for neo-
adjuvant therapy across seven public hospitals in Spain. All
patients received six cycles of docetaxel 75 mg/m2 i.v. every
3 weeks in combination with carboplatin area under the
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ROC curve (AUC) of 6 i.v. every 3 weeks and trastuzumab
every 3 weeks (TCH). Once neoadjuvant pertuzumab was
reimbursed in Spain, most patients received TCH in
combination with pertuzumab 840 mg i.v. loading dose,
followed by pertuzumab every 3 weeks (TCHP) depending
on high-risk tumors at the clinician’s discretion and/or ac-
cording to the hospital’s criteria for availability of the drug
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.annonc.2023.05.012). The results of the HER2DX
assay are available in 155 patients and are reported
elsewhere.19
BiOnHER cohort

BiOnHER is a single-arm phase II trial carried out at the
Catalan Institute of Oncology (Barcelona, Spain), where 46
patients with clinical stage II-III HER2þ were treated with
one cycle of trastuzumab and pertuzumab without
chemotherapy, followed by weekly paclitaxel for 16 weeks
in combination with trastuzumab and pertuzumab every 3
weeks (THP) (Supplementary Figure S1, available at https://
doi.org/10.1016/j.annonc.2023.05.012). The results of the
HER2DX assay are available in all patients.
PAMELA cohort

SOLTI-1114 PAMELA was an open-label, single-group,
phase II trial of 151 patients with HER2þ breast cancer,
stage I-IIIA and a performance status of 0-1.20 Patients
were given lapatinib (1000 mg per day) and trastuzumab
for 18 weeks; hormone receptor (HR)-positive patients
were additionally given letrozole (2.5 mg/day) or tamoxifen
(20 mg/day) according to menopausal status
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.annonc.2023.05.012). Treatment after surgery was
left to the treating physician’s discretion. The results of the
HER2DX assay are available in 84 patients (55.6%) and are
reported elsewhere.16 For this analysis, the median follow-
up was 6.4 years.
NEOHER cohort

NEOHER is based on two retrospective cohorts from the
Hospital Clinic of Barcelona and Padova University. Patients
with early-stage HER2þ breast cancer and a performance
status of 0-1 were treated, as per standard practice, with
neoadjuvant trastuzumab-based chemotherapy for 3-6
months, followed by surgery (Supplementary Figure S1,
available at https://doi.org/10.1016/j.annonc.2023.05.012).
Adjuvant treatment was completed with trastuzumab for up
to 1 year, and a minimum of 5 years of hormonal therapy
for patients with HR-positive tumors. Only 14 patients with
residual disease at surgery received adjuvant T-DM1. Radi-
ation therapy was administered according to local guide-
lines. The results of the HER2DX assay are available in 184
patients and are reported elsewhere.16 For this analysis, the
median follow-up was 5.9 years.
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TCGA dataset

Clinical, genetic (i.e. somatic mutations), genomic (i.e. gene
expression) and proteomic data from the breast cancer The
Cancer Genome Atlas (TCGA) dataset was obtained from
cbioportal.21 HER2DX pCR score was applied on to RNA-seq
data of 161 HER2þ tumors.

HER2DX assay

HER2DX was evaluated in tumor samples from pre-
treatment baseline samples. In the GOM, BiOnHER,
NEOHER, PAMELA and DAPHNe cohorts, the HER2DX stan-
dardized assay was carried out using RNA extracted from
formalin-fixed, paraffin-embedded (FFPE) tissue, as previ-
ously described.16,18,19 In ISPY-2 and CALGB-40601, HER2DX
was applied on to publicly available microarray data
(GSE181574) and mRNAseq data, respectively (dbGaP
website, under accession number phs001570.v3.p1), as
previously described.16 From FFPE RNA, the HER2DX stan-
dardized assay was carried out on the nCounter platform
(NanoString Technologies, Seattle, WA). The HER2DX assay
is based on four different gene signatures comprising 27
genes, including the 14-gene immunoglobulin (IGG) module
(i.e. CD27, CD79A, HLA-C, IGJ, IGKC, IGL, IGLV3-25, IL2RG,
CXCL8, LAX1, NTN3, PIM2, POU2AF1 and TNFRSF17). The
other three gene signatures were: a four-gene tumor cell
proliferation signature (EXO1, ASPM, NEK2 and KIF23), a
five-gene luminal differentiation signature (BCL2, DNAJC12,
AGR3, AFF3 and ESR1) and the four-gene HER2 amplicon
signature (ERBB2, GRB7, STARD3 and TCAP).16 Two scores
were calculated for each patient: (i) HER2DX pCR score and
(ii) HER2DX risk score (both from 0 to 100). Pre-established
cut-offs were used to create HER2DX pCR groups [low (0-
33.3), medium (33.3-66.7) and high (66.7-100)], and also to
create HER2DX risk groups [low (0-50) and high (50-100)].16

Statistical analyses

The first objective was to evaluate the association of the
HER2DX pCR score with pCR status. Univariable and multi-
variable logistic regression models were used to investigate
the association for each variable with pCR in terms of odds
ratios (ORs) with 95% confidence interval (95% CI). All
variables evaluated in the univariable analysis were
included in the multivariable model. The first multivariable
analysis used multiple imputation of random missing values
using the mice R package (Supplementary Table S1, avail-
able at https://doi.org/10.1016/j.annonc.2023.05.012).
Additionally, two sensitivity analyses were carried out: (i)
without data imputation and (ii) excluding data from the
CALGB-40601, ISPY-2, NEOHER and PAMELA cohorts
because they were included in the original HER2DX valida-
tion. The association of the HER2DX pCR score with pCR was
also evaluated in several clinically relevant subgroups of
patients: (i) patients treated with chemotherapy and tras-
tuzumab, (ii) patients treated with chemotherapy and dual
HER2 blockade, (iii) patients treated only with dual HER2
blockade, (iv) patients with HR-positive disease and (v)
patients with HR-negative disease. To summarize the overall
https://doi.org/10.1016/j.annonc.2023.05.012 785
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Table 1. Clinicalepathological characteristics of the seven neoadjuvant cohorts evaluated

Overall
(n [ 765)

CALGB-40601
(n [ 206)

ISPY-2
(n [ 127)

DAPHNe
(n [ 80)

GOM
(n [ 155)

BIOnHER
(n [ 46)

NEOHER
(n [ 67)

PAMELA
(n [ 84)

Age (mean and
range), years

52 (22-86) 49 (24-75) NA 50 (26-78) 50 (22-74) 60 (35-83) 54 (34-81) 56 (30-86)

Clinical tumor
stage, n (%)

T1 132 (21.2) 16 (8.4) NA 15 (18.8) 35 (22.6) 14 (30.4) 13 (19.4) 39 (46.4)
T2-T3-T4 491 (78.8) 175 (91.6) NA 65 (81.2) 120 (77.4) 32 (69.6) 54 (80.6) 45 (53.6)

Clinical nodal
stage, n (%)

N0 231 (53.5) NA NA 52 (65.0) 56 (36.1) 27 (58.7) 42 (62.7) 54 (64.3)
N1-N2-N3 201 (46.5) NA NA 28 (35.0) 99 (63.9) 19 (41.3) 25 (37.3) 30 (35.7)

Hormone
receptor, n (%)

Negative 277 (36.3) 84 (41.0) 44 (34.6) 23 (29.1) 50 (32.3) 15 (32.6) 18 (26.9) 43 (51.2)
Positive 486 (63.7) 121 (59.0) 83 (65.4) 56 (70.9) 105 (67.7) 31 (67.4) 49 (73.1) 41 (48.8)

PAM50, n (%) Basal-like 82 (10.8) 32 (15.5) 27 (21.3) 5 (6.2) 8 (5.2) 1 (2.4) 2 (3.0) 7 (8.3)
HER2-E 316 (41.6) 46 (22.3) 28 (22.0) 46 (57.5) 80 (51.6) 26 (63.4) 33 (49.3) 57 (67.9)

Luminal A 153 (20.1) 38 (18.4) 31 (24.4) 14 (17.5) 38 (24.5) 6 (14.6) 12 (17.9) 14 (16.7)
Luminal B 131 (17.2) 45 (21.8) 25 (19.7) 10 (12.5) 26 (16.8) 8 (19.5) 12 (17.9) 5 (6.0)
Normal-like 78 (10.3) 45 (21.8) 16 (12.6) 5 (6.2) 3 (1.9) 0 (0) 8 (11.9) 1 (1.2)

Systemic
therapy, n (%)

TH 115 (15.0) 103 (50.0) 0 (0) 0 (0) 0 (0) 0 (0) 12 (17.9) 0 (0)
AC-T-DM1-P 52 (6.8) 0 (0) 52 (40.9) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

AC-TH 66 (8.6) 0 (0) 31 (24.4) 0 (0) 0 (0) 0 (0) 35 (52.2) 0 (0)
AC-THP 61 (8.0) 0 (0) 44 (34.6) 0 (0) 0 (0) 0 (0) 17 (25.4) 0 (0)
HL 84 (11.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 84 (100)
TCH 69 (9.0) 0 (0) 0 (0) 0 (0) 67 (43.2) 0 (0) 2 (3.0) 0 (0)
TCHP 89 (11.6) 0 (0) 0 (0) 0 (0) 88 (56.8) 0 (0) 1 (1.5) 0 (0)
THL 103 (13.5) 103 (50.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
THP 126 (16.5) 0 (0) 0 (0) 80 (100) 0 (0) 46 (100) 0 (0) 0 (0)

Cytotoxic therapy
and HER2
blockade, n (%)

Single CT and
trastuzumab

115 (15.0) 103 (50.0) 0 (0) 0 (0) 0 (0) 0 (0) 12 (17.9) 0 (0)

Single CT and
dual blockade

229 (29.9) 103 (50.0) 0 (0) 80 (100) 0 (0) 46 (100) 0 (0) 0 (0)

Multi-agent CT
and trastuzumab

135 (17.6) 0 (0) 31 (24.4) 0 (0) 67 (43.2) 0 (0) 37 (55.2) 0 (0)

Multi-agent CT and
dual blockade

202 (26.4) 0 (0) 96 (75.6) 0 (0) 88 (56.8) 0 (0) 18 (26.9) 0 (0)

Dual blockade alone 84 (11.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 84 (100)
HER2DX pCR
score groups,
n (%)

Low 257 (33.6) 72 (35.0) 42 (33.1) 31 (38.8) 53 (34.2) 12 (26.1) 29 (43.3) 18 (21.4)
Med 246 (32.2) 66 (32.0) 42 (33.1) 22 (27.5) 54 (34.8) 20 (43.5) 17 (25.4) 25 (29.8)
High 262 (34.2) 68 (33.0) 43 (33.9) 27 (33.8) 48 (31.0) 14 (30.4) 21 (31.3) 41 (48.8)

AC-T-DM1-P, doxorubicin, cyclophosphamide, ado-trastuzumab emtansine and pertuzumab; AC-TH, doxorubicin, cyclophosphamide, paclitaxel and trastuzumab; AC-THP, doxo-
rubicin, cyclophosphamide, paclitaxel, trastuzumab and pertuzumab; TCH, docetaxel, carboplatin and trastuzumab; TCHP, docetaxel, carboplatin, trastuzumab and pertuzumab;
TH, paclitaxel and trastuzumab; THL, paclitaxel, trastuzumab and lapatinib; THP, paclitaxel, trastuzumab and pertuzumab.

Annals of Oncology G. Villacampa et al.
effect, a patient-level analysis was carried out adjusting by
cohort. In all analyses, 57 patients who did not receive
neoadjuvant trastuzumab (i.e. the TL arm from CALGB-
40601) and 116 tumor samples from NEOHER which were
used for building the HER2DX pCR score (i.e. training
dataset)16 were excluded. Across the seven cohorts, pCR
was defined as ypT0/isN0.

The second objective was to evaluate the predictive ability
of the HER2DX pCR score to identify patients whowill achieve
pCR to dual HER2 blockade when given with chemotherapy.
The third objective was to assess the predictive capacity of
HER2DX pCR score to identify patients who benefit from
multi-agent chemotherapy in the context of taxane-based
therapy and dual HER2 blockade. Interaction tests, adjusted
by cohort, were used to evaluate the different effects of
treatment according to HER2DX pCR groups. The fourth
objective was to explore the biology of the HER2DX pCR
groups using HER2þ tumor samples from TCGA breast cancer
project.21,22 To validate the performance of the HER2DX pCR
score, the ROC-AUC, the area under the precision-recall curve
and calibration plots were calculated.23

Finally, we evaluated the ability of the HER2DX risk score
to predict survival outcome according to pCR status. Event-
free survival (EFS) and overall survival (OS) were available in
268 patients from the NEOHER and PAMELA cohorts. The
786 https://doi.org/10.1016/j.annonc.2023.05.012
KaplaneMeier method was used to estimate survival out-
comes at 6 years. Cox proportional hazards models were
used to obtain hazard ratios in (i) the overall population
after adjusting by pCR status, (ii) pCR only and (iii) non-pCR
only. The median follow-up was calculated using the reverse
KaplaneMeier method. For all statistical analyses, the sig-
nificance level was set at two-sided alpha of 0.05 and all
analyses were carried out using R statistical software
version 4.1.2.
RESULTS

Clinicopathological features

Seven hundred sixty-five patients with available pre-
treatment baseline HER2DX and clinical data were available
across seven cohorts (Supplementary Figure S2, available at
https://doi.org/10.1016/j.annonc.2023.05.012). The mean
age was 51.6 years (range 22-86 years), clinical T1 disease
represented 21.2%, clinical node-positive disease (cN1-3)
represented 46.5% and 63.7% of tumors were HR-positive
(Table 1). Patients were treated with neoadjuvant trastuzu-
mab in combination with multi-agent chemotherapy (n ¼
337), a single taxane (n ¼ 344), no chemotherapy (n ¼ 84),
pertuzumab (n ¼ 328), lapatinib (n ¼ 187) or without a
second anti-HER2 drug (n ¼ 250). The overall pCR rate was
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Figure 1. Association of HER2DX pCR score with pCR in the combined neoadjuvant cohort of 765 patients. (A) Univariable and multivariable logistic models to
predict pCR (n ¼ 765). (B) Pooled results in patients treated with chemotherapy and dual HER2 blockade (n ¼ 431), with chemotherapy and trastuzumab (n ¼ 250) or
dual HER2 blockade alone (n ¼ 84). (C) Pooled results in patients with HR-positive (n ¼ 486) or HR-negative (n ¼ 277) disease. (D) Calibration plots for the pCR
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49.9% (95% CI 46.3% to 53.5%): 40.7% (36.4%-45.3%) in pa-
tients with HR-positive disease, 66.1% (60.1%-71.6%) in pa-
tients with HR-negative disease, 46.0% (39.7%-52.4%) in
patients treated with chemotherapy and trastuzumab, 29.8%
(20.5%-40.9%) in patients treated with dual HER2 blockade in
the absence of chemotherapy and 56.1% (51.3%-60.9%) in
patients treatedwith chemotherapy and dual HER2 blockade.
Among patients with chemotherapy and dual HER2 blockade
(n ¼ 431), the pCR rate with pertuzumab or lapatinib as a
second anti-HER2 agent was 56.7% (51.1%-62.1%) and 54.4%
(44.3%-64.1%), respectively.
HER2DX pCR score versus pCR

In the combined cohort, HER2DX pCR score (as a continuous
variable from 0 to 100) was significantly associated with
pCR (OR per 10-unit increase ¼ 1.59, 95% CI 1.43-1.77, P <
0.001) after adjusting for treatment and clinicopathological
factors (Figure 1A). Similar results were obtained in the
sensitivity analysis (Supplementary Table S2, available at
https://doi.org/10.1016/j.annonc.2023.05.012). The ability
of HER2DX pCR score to predict pCR was confirmed in pa-
tients treated with dual HER2 blockade and chemotherapy
or trastuzumab and chemotherapy, and within HR-positive
and HR-negative disease (Figure 1B and C). Calibration
plots comparing predicted and observed probabilities
showed a correct calibration performance (Figure 1D). The
AUC for HER2DX pCR score was 0.75 (95% CI 0.72-0.79)
(Figure 1E, all populations), 0.78 (chemotherapy and dual
HER2 blockade), 0.70 (chemotherapy and trastuzumab),
0.75 (HR-positive) and 0.70 (HR-negative) (Supplementary
Figure S3, available at https://doi.org/10.1016/j.annonc.
2023.05.012). The area under the precision-recall curves
was 0.73 for all populations (Supplementary Figure S4,
available at https://doi.org/10.1016/j.annonc.2023.05.012).

To better stratify patients in clinical practice, the pre-
defined cut-offs were used to classify patients in HER2DX
pCR groups. The proportion of tumors in HER2DX low-,
medium- and high-pCR groups was 33.6%, 32.2% and 34.2%
in the overall population, 49.8%, 35.4% and 14.8% in the
HR-positive population and 5.1%, 26.4% and 68.6% in the
HR-negative population, respectively. The pCR rates in the
HER2DX pCR-high, pCR-medium and pCR-low groups were
74.0%, 55.3% and 20.2%, respectively (high versus low:
OR ¼ 11.25, 95% CI 7.51-17.10, P < 0.001).
HER2DX pCR score and dual HER2 blockade response

Among patients who received chemotherapy (n ¼ 681), 431
patients (63.3%) received dual HER2 blockade and 250
the corrected estimation after correction for overfitting (bootstrap validation with r
HER2DX pCR score to predict pCR in all patients (n ¼ 765).
95% CI, 95% confidence interval; AUC, area under the ROC curve; AC-T-DM1-P, doxor
doxorubicin, cyclophosphamide, paclitaxel and trastuzumab; AC-THP, doxorubicin, cyc
trastuzumab and lapatinib; HR, hormone receptor; OR, odds ratio; pCR, pathological
boplatin and trastuzumab; TCHP, docetaxel, carboplatin, trastuzumab and pertuzumab
paclitaxel, trastuzumab and pertuzumab.
aA separate multivariable model has been carried out using HER2DX pCR groups ins
HER2DX pCR score cannot be included in the same model.
Factors that reached statistical significance in the multivariable model are highlighte
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(36.7%) received trastuzumab alone. The overall pCR rate in
patients treated with and without dual HER2 blockade was
56.1% and 46.0% (i.e. delta of 10.1%, OR¼ 1.50, 95% CI 1.10-
2.06, P¼ 0.01). This difference in pCR rates is consistent with
the known effect of adding lapatinib or pertuzumab to tras-
tuzumab and chemotherapy in other randomized trials such
as NeoSphere,5 NSABP-B4124 and NeoALTTO.25

The pCR rates with and without dual HER2 blockade
differed according to HER2DX pCR score (Figure 2A). In pa-
tients with HER2DX pCR-high, -medium and -low disease, the
difference in pCR rates with dual blockade versus single anti-
HER2 were 17.6%, 5.4% and 4.6% in favor of dual HER2
blockade, respectively. A significant increase in pCR rate due
to dual HER2 blockade was found only in HER2DX pCR-high
tumors (OR ¼ 2.36, 95% CI 1.09-5.42, P ¼ 0.03) but not in
HER2DX pCR-medium or -low tumors (Figure 2B). However,
the interaction tests after adjusting by cohort type did not
reach statistical significance (HER2DX pCR-high versus others,
P ¼ 0.130; HER2DX pCR-high versus pCR-low, P ¼ 0.070).
HER2DX pCR score and multi-agent chemotherapy
response

Among the 431 patients receiving dual HER2 blockade and
chemotherapy, 229 (53.1%) received a single taxane and
202 (46.9%) received multi-agent chemotherapy. The overall
pCR rate in patients treated with dual HER2 blockade with
and without multi-agent chemotherapy was 58.4% and
54.1%, respectively (i.e. delta of 4.3%, OR ¼ 1.19, 95% CI
0.81-1.74, P ¼ 0.37). The pCR rates with and without multi-
agent chemotherapy differed according to HER2DX pCR
score. In patients with HER2DX pCR-high, -medium and -low
disease, the difference in pCR rates (with multi-agent
chemotherapy versus a single taxane) were �4.5%, 25.5%
and �3.2%, respectively. A significant increase in pCR rate
due to multi-agent chemotherapy was found only in
HER2DX pCR-medium tumors (OR ¼ 3.11, 95% CI 1.54-6.49,
P ¼ 0.002) but not in HER2DX pCR-high or -low tumors
(Figure 2C). A statistically significant interaction was
observed between HER2DX pCR-medium group and the
other groups after adjusting by cohort type (P ¼ 0.001).

Overall, the value of HER2DX pCR groups to identify pa-
tients who benefit from multi-agent chemotherapy and
dual HER2 blockade was independent of clinicopathological
characteristics (Figures 1A and 3A).
Biology associated with HER2DX pCR score

To explore the biological differences among HER2DX pCR
groups, we interrogated the HER2DX test as well as genomic
esampling of 1000 interactions). (E) Area under the ROC curve with 95% CI of

ubicin, cyclophosphamide, ado-trastuzumab emtansine and pertuzumab; AC-TH,
lophosphamide, paclitaxel, trastuzumab and pertuzumab; CT, chemotherapy; HL,
complete response; ROC, receiver operating characteristic; TCH, docetaxel, car-
; TH, paclitaxel and trastuzumab; THL, paclitaxel, trastuzumab and lapatinib; THP,

tead of HER2DX pCR score. To avoid multicollinearity, HER2DX pCR groups and

d in bold
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Figure 2. Association of HER2DX pCR groups with response to dual HER2 blockade and with response to multi-agent chemotherapy in the combined neoadjuvant
cohort. (A) Bar plots showing the pCR rates across theHER2DXpCR groups based on single versus dual HER2 blockade. (B) Forest plots evaluating the association of HER2DX
pCR groups with pCR according to dual HER2 blockade administration in cohorts that compared dual blockade versus single anti-HER2 (DAPHNe, BiOnHER and PAMELA
cohorts were not included). (C) Bar plots showing the pCR rates across the HER2DX pCR groups based on single taxane versus multi-agent chemotherapy in the cohort of
367 patients treated with dual HER2 blockade.
a indicates statistical significant difference.
95% CI, 95% confidence interval; CT, chemotherapy; OR, odds ratio; pCR, pathological complete response.
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Figure 3. Association of HER2DX pCR groups with clinicalepathological variables and with genomic and proteomic data from The Cancer Genome Atlas (TCGA)
breast cancer project. (A) HER2DX pCR groups ranking and association with clinicalepathological variables, type of treatment and therapy response in the combined
cohort (n ¼ 765). Each column represents the information for a patient. (B) HER2DX pCR score was evaluated in 161 HER2þ tumor samples from TCGA breast cancer
dataset using the cbioportal21 data portal. Tumor samples were rank ordered based on their HER2DX pCR score [from low (left) to high (right)]. Below the tumor
samples with HER2DX pCR score data, DNA somatic mutation status in TP53 and PIK3CA, gene expression patterns of 1283 genes and the expression of HER2 and ER
proteins (from reverse-phase protein array data) are shown. The heatmap reveals the expression patterns of the top 1283 genes whose expression was found
differentially expressed across the HER2DX pCR groups (false discovery rate <1%).
ER, estrogen receptor; IGG, immunoglobulin G signature; IHC, immunohistochemistry; N, clinical nodal stage; pCR, pathological complete response; T, clinical tumor stage.
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and proteomic data from 161 HER2þ tumors of the TCGA
breast cancer dataset21,22 (Figure 3B). At the DNA level,
TP53 somatic mutations were found in 56.0%, 38.0% and
9.3% of HER2DX pCR-high, -medium and -low tumors,
respectively (P < 0.001). No statistically significant differ-
ences across the HER2DX pCR groups were observed
regarding PIK3CA mutations. At the RNA level, 3033 of 12
369 (24.5%) genes were found differentially expressed
across the HER2DX pCR groups (false discovery rate <1%).
The significant genes generally tracked the four biological
processes identified by the HER2DX assay (i.e. luminal dif-
ferentiation, proliferation, HER2 amplicon and immune). As
expected, HER2DX pCR-high tumors showed the highest
expression of the HER2 amplicon-related genes, immune
genes and proliferation-related genes, and the lowest
expression of luminal genes. Finally, we evaluated the
protein expression of HER2 and estrogen receptor by
reverse-phase protein arrays across the HER2DX pCR
groups. Concordant with the gene expression results,
790 https://doi.org/10.1016/j.annonc.2023.05.012
HER2DX pCR-high tumors showed the highest and lowest
expression of HER2 and ER, respectively (Figure 3B).
HER2DX risk score beyond pCR status

To evaluate the ability of HER2DX risk score to identify
patients with lower risk of recurrence irrespective of pCR
status, survival outcomes were evaluated in 268 patients
treated with (neo)adjuvant trastuzumab-based therapy with
long-term follow-up (NEOHER and PAMELA cohorts, median
follow-up of 6.2 years). In this cohort, pCR status showed a
tendency for association with better EFS (hazard ratio ¼
0.43, 95% CI 0.18-1.02, P ¼ 0.06) (Figure 4A). The hazard
ratio estimate of 0.43 in our study is consistent with pre-
vious studies.9,10 Of note, only 14 (9.3%) patients with re-
sidual disease at surgery received adjuvant T-DM1.

To evaluate the clinical utility of the HER2DX risk score,
the predefined risk cut-off was used to classify patients in
HER2DX low-risk versus high-risk. Among patients who
Volume 34 - Issue 9 - 2023
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Figure 4. EFS by pCR status and HER2DX risk group in the NEOHER and PAMELA combined cohorts (n [ 268). (A) EFS in the overall population by pCR status (n ¼
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achieved a pCR (n ¼ 118), the 6-year EFS for patients with
HER2DX low- and high-risk disease was 98.1% and 89.4%,
respectively (Figure 4C). Among patients who did not ach-
ieve a pCR (n ¼ 150), EFS outcomes were also better for
HER2DX low-risk patients compared to HER2DX high-risk
patients (EFS at 6 years of 93.5% versus 78.8%)
(Figure 4D). In the multivariable analysis, the HER2DX risk
group was statistically associated with EFS (low versus high
risk, hazard ratio ¼ 0.19, 95% CI 0.07-0.49, P < 0.001) and
OS (low versus high risk, hazard ratio ¼ 0.13, 95% CI 0.03-
0.56, P ¼ 0.006) after adjusting by pCR (Supplementary
Table S3; Supplementary Figure S5, available at https://
doi.org/10.1016/j.annonc.2023.05.012).

DISCUSSION

We present the largest study to date of the HER2DX as a
predictor of pCR following neoadjuvant trastuzumab-based
chemotherapy. Specifically, we confirm that the HER2DX
pCR score is significantly associated with pCR independent
Volume 34 - Issue 9 - 2023
of the type of chemotherapy and anti-HER2 therapy, and HR
status. Importantly, we confirm that pCR rates of 80%-90%
can be achieved in patients with HER2DX pCR-high disease
following a single taxane and dual HER2 blockade. In addi-
tion, multi-agent chemotherapy does not seem to increase
the pCR rate in HER2DX pCR-low or -high tumors but in-
creases in pCR-medium tumors.

The underlying biological explanation of our observations
is that HER2DX pCR-high tumors are the most HER2
addicted, the most proliferative, the most immune infil-
trated and the ones with the lowest expression of luminal
features. These biological features have been previously
linked to response to HER2-directed therapy and chemo-
therapy sensitivity, even within HER2þ/HR-positive dis-
ease.26-29 On the other extreme, the pCR rates in HER2DX
pCR-low disease are �30%, whether dual HER2 blockade
and/or multi-agent chemotherapy are administered. The
underlying biological explanation is that this group of tu-
mors is the least HER2 addicted, the least proliferative and
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the least immune infiltrated, while it has the highest
expression of luminal features.16 These biological features
are linked to resistance to anti-HER2 therapy and chemo-
therapy but linked to sensitivity to endocrine therapy.26-29

Finally, the HER2DX pCR-medium group has an intermedi-
ate biological state, and multi-agent chemotherapy is
particularly active in this group of tumors and increases the
pCR rate over a single taxane. Of note, each HER2DX pCR
group represents approximately one-third of patients with
early-stage HER2þ breast cancer.

Upfront identification of patients with early-stage HER2þ
breast cancer who benefit the most from neoadjuvant dual
HER2 blockade is needed. Despite the Food and Drug
Administration and European Medicines Agency approval of
(neo)adjuvant pertuzumab in clinically high-risk HER2þ
breast cancer, the absolute increase in pCR rates in unse-
lected patients with stage II-III disease is �20%.5 Similar
results are observed in randomized trials with chemo-
therapy and trastuzumab, with or without lapatinib.3,24,25 In
addition, the absolute increase in invasive disease-free
survival when 1 year of adjuvant pertuzumab or lapatinib
is added to trastuzumab-based chemotherapy is small,6,8,30

except for pertuzumab in node-positive disease in the
APHINITY trial (delta of 4.9% at 8 years).6,30 Moreover, no
OS benefit has been observed in any subgroup in
APHINITY.30

In the context of early-stage HER2þ breast cancer, an
important clinical consideration is determining which pa-
tients may be eligible for neoadjuvant therapy and can
safely transition from multi-agent chemotherapy to single-
agent taxane-based therapy. Neoadjuvant THP is currently
not recommended by clinical guidelines, and two ongoing
phase II clinical trials are evaluating this approach. The
CompassHER2-pCR study (NCT04266249) led by ECOG-
ACRIN will treat 2156 patients with stage II-III HER2þ
breast cancer (both HR-positive and HR-negative) with 3
months of a single taxane with trastuzumab and pertuzu-
mab. If pCR is achieved, patients do not receive additional
chemotherapy and continue with HP to complete 1 year.
The Decrescendo trial (NCT04675827) led by BIG will treat
1065 patients with stage II-III HER2þ/HR-negative breast
cancer with 3 months of a single taxane, trastuzumab and
pertuzumab. If a pCR is achieved, patients will not receive
additional chemotherapy and will continue with HP to
complete 1 year. The primary endpoint of both trials is 3-
year recurrence-free survival in patients who achieve a
pCR. In this context, HER2DX pCR score would allow an
upfront identification of patients most likely to benefit from
this treatment approach (i.e. those with HER2DX pCR-high
disease), and could help avoid the need for treatment
escalation post-operatively by identifying those patients
that may need no more than just a single taxane in the
preoperative setting.

The de-escalation of systemic therapy may require addi-
tional prognostic information beyond pCR status. Our study
revealed that the HER2DX risk score provides independent
prognostic information that goes beyond pCR status.
Consequently, HER2DX risk score may assist in identifying
792 https://doi.org/10.1016/j.annonc.2023.05.012
patients with low-risk disease, irrespective of their pCR
status or whether they receive adjuvant T-DM1 therapy.
These findings are consistent with a recent combined
patient-level analysis of five neoadjuvant trials,31 which
found that baseline tumor size and nodal status were
associated with survival outcomes in patients with a pCR
across subtypes, including HER2þ breast cancer. Addition-
ally, the current results are consistent with previous findings
from the CALGB-40601 phase III trial, in which the HER2DX
risk score was assessed in silico using genomic signatures
only, without considering tumor size or nodal status. In that
study, the HER2DX risk score was significantly associated
with EFS and OS, independent of pCR status.16

Regarding de-escalation of trastuzumab, several non-
inferiority randomized studies with over 10 000 pa-
tients32-36 have shown a small absolute reduction in risk of
recurrence and a small absolute increase in risk of cardiac
toxicity with 12months of therapy compared with shorter
durations (e.g. 6 months). Although decreasing the duration
of adjuvant trastuzumab has not been endorsed by clinical
guidelines, HER2DX could help identify patients with very
low risk of recurrence and low probability of pCR, who
would be ideal candidates for a shorter duration of anti-
HER2 therapy. In METABRIC16 and SCAN-B37 datasets,
HER2DX risk score has shown prognostic value beyond the
use of trastuzumab. Thus, further studies could also deter-
mine the value of HER2DX to identify patients who might be
cured with locoregional therapy without the need for any
systemic therapy, including trastuzumab.

Our study has several limitations. Firstly, the retrospec-
tive nature of this study. Secondly, the lack of a study which
randomized patients to a single taxane versus multi-agent
chemotherapy. Thirdly, the lack of long-term survival
outcome for most of the cohorts. Finally, the fact that
HER2DX was evaluated in silico in the ISPY-2 and CALGB-
40601 cohorts.

To conclude, HER2DX test results are associated with the
likelihood of pCR following neoadjuvant trastuzumab-based
chemotherapy and might help identify patients with stage
II-III disease who are candidates for neoadjuvant HP in
combination with a single taxane over multi-agent chemo-
therapy. Independent external validation of HER2DX in
CompassHER2-pCR trial is planned.
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