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ABSTRACT
◥

Purpose: In KATHERINE, adjuvant T-DM1 reduced risk
of disease recurrence or death by 50% compared with trastuzu-
mab in patients with residual invasive breast cancer after neoad-
juvant therapy (NAT) comprised of HER2-targeted therapy and
chemotherapy. This analysis aimed to identify biomarkers of
response and differences in biomarker expression before and
after NAT.

Experimental Design: Exploratory analyses investigated the
relationship between invasive disease-free survival (IDFS) and
HER2 protein expression/gene amplification, PIK3CA hotspot
mutations, and gene expression of HER2, PD-L1, CD8, predefined
immune signatures, and Prediction Analysis of Microarray 50
intrinsicmolecular subtypes, classified byAbsolute IntrinsicMolec-
ular Subtyping. HER2 expression on paired pre- and post-NAT
samples was examined.

Results: T-DM1 appeared to improve IDFS versus trastuzumab
across most biomarker subgroups, except theHER2 focal expression
subgroup. High versus lowHER2 gene expression in residual disease
was associated with worse outcomes with trastuzumab [HR, 2.02;
95% confidence interval (CI), 1.32–3.11], but IDFS with T-DM1was
independent ofHER2 expression level (HR, 1.01; 95%CI, 0.56–1.83).
Low PD-L1 gene expression in residual disease was associated with
worse outcomeswith trastuzumab (HR, 0.66; 95%CI, 0.44–1.00), but
not T-DM1 (HR, 1.05; 95% CI, 0.59–1.87). PIK3CAmutations were
not prognostic. Increased variability in HER2 expression was
observed in post-NAT versus paired pre-NAT samples.

Conclusions: T-DM1 appears to overcome HER2 resistance.
T-DM1 benefit does not appear dependent on immune activation,
but these results do not rule out an influence of the tumor immune
microenvironment on the degree of response.

Introduction
Patients with HER2-positive early breast cancer (EBC) and

residual invasive disease after neoadjuvant therapy (NAT) incor-
porating chemotherapy and HER2-targeted therapy have poor
outcomes—including reduced disease-free survival—compared
with patients attaining a pathologic complete response (pCR;
refs. 1–4). In the phase III KATHERINE study, adjuvant trastuzu-
mab emtansine (T-DM1) reduced the risk of invasive disease
recurrence or death by 50% compared with trastuzumab in patients
with residual invasive disease after neoadjuvant HER2-targeted
therapy and chemotherapy followed by surgery (5). T-DM1 is now
the standard-of-care in these patients.

In EBC, limited data exist on the relationship between tumor
biomarkers and outcomes with T-DM1, and on associations between
tumor biomarkers in residual disease after NAT and response to
adjuvant therapy. The KRISTINE trial investigated neoadjuvant
T-DM1/pertuzumab versus trastuzumab/pertuzumab/docetaxel/car-
boplatin. It found that higher baseline pre-NAT HER2 mRNA and
protein expression were associated with increased, albeit numerically,
efficacy in both treatments (6). Additionally, studies of HER2-targeted
therapies in EBC showed that higher pre-NAT HER2 mRNA and/or
protein expression was associated with higher pCR rates in the
neoadjuvant setting (7–10) and lower risk of an invasive disease-
free survival (IDFS) event in the adjuvant setting (11). Tumor bio-
marker expression—including HER2—may change as a result of
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NAT (12, 13). Further data are needed on the relationship between
HER2 expression after NAT and response to adjuvant treatment.

Tumor-intrinsic molecular subtypes are categories of breast cancer
defined by gene expression, including standard markers such as
hormone receptors and HER2. Prediction Analysis of Microarray
50 (PAM50) classifies tumors as basal-like, HER2-enriched, luminal
A, luminal B, and normal-like intrinsic subtypes using a 50-gene set
analysis (14). The HER2-enriched PAM50 intrinsic subtype includes a
high proportion of HER2-positive tumors but some are not classified
as such based on the totality of gene expression (14). Patients with the
HER2-enriched subtype have higher pCR rates in response to neoad-
juvant chemotherapy plus HER2-targeted therapy than patients with
other intrinsic subtypes (6, 15). However, in the adjuvant setting,
patients with luminal intrinsic subtypes generally have similar or better
outcomes than those with HER2-enriched tumors (11, 16). In the
CALGB40601 study, the HER2-enriched subtype was associated
with higher pCR rates, but was a negative predictor of relapse-free
survival for patients with residual disease after HER2-targeted NAT
who were treated with trastuzumab plus chemotherapy in the
adjuvant setting (17). A shift from HER2-enriched subtypes in
pre-NAT samples to luminal A subtypes in residual disease after
HER2-targeted NAT has been observed (18–20). However, only a
limited number of paired samples was available (18–20), the subset
of paired samples did not always reflect the overall cohort (18), and
the duration of HER2-targeted NAT was sometimes limited (20).
Thus, the prognostic or predictive significance of PAM50 intrinsic
subtypes and changes in those subtypes in residual disease after
HER2-targeted NAT are unclear.

PIK3CA mutations have been implicated in resistance to HER2-
targeted therapies (21, 22), with studies finding an association
between PIK3CA mutations and poorer response to HER2-targeted
therapy (6, 8, 9, 11, 23–26). However, some studies have not
demonstrated this association (16, 27–30). The prognostic or
predictive value of PIK3CA mutations in residual disease after NAT
is unknown.

Immune cells in the tumor microenvironment may be prognostic
and may predict treatment response, especially given the key role of
antibody-dependent cell-mediated cytotoxicity in the activity of ther-
apeutic antibodies (31). Immune-system activation, indicated by
number of tumor-infiltrating lymphocytes, PD-L1 expression, and/or

expression of immune-related genes, has been associated with higher
pCR rates and longer disease-free survival in HER2-positive breast
cancer (11, 17, 32–35), although not all data are consistent (36, 37).

Here, we present exploratory analyses of biomarker data from
KATHERINE, which evaluated the relationship between efficacy and
HER2 expression levels, tumor-intrinsic subtypes, immune gene
expression, and PIK3CA mutation status assessed at eligibility or
surgery. We also report on differences in biomarker expression in
pre-NAT tumors and residual disease after HER2-targeted NAT.

Materials and Methods
Study design and patients

The KATHERINE study (NCT01772472) evaluated adjuvant
T-DM1 versus trastuzumab in patients with histologically confirmed,
centrally confirmed, HER2-positive, nonmetastatic, invasive primary
breast cancer [T1–4, N0–3, M0 (excluding T1aN0 and T1bN0)] at
presentation, and residual invasive disease detected pathologically in
the surgical specimen of the breast or axillary lymph nodes after
≥9 weeks of taxane/trastuzumab-based NAT. The study design was
published previously (5).

Patients were randomized 1:1 to trastuzumab 6mg/kg intravenous-
ly every 3 weeks for 14 cycles (with 8-mg/kg loading dose if >6 weeks
since last dose of trastuzumab) or T-DM1 3.6 mg/kg intravenously
every 3weeks for 14 cycles. The primary endpoint was IDFS, defined as
time from randomization until one of the following: recurrence of
ipsilateral invasive breast tumor, recurrence of ipsilateral locoregional
invasive breast cancer, contralateral invasive breast cancer, distant
disease recurrence, or death from any cause. Exploratory objectives
included the evaluation of biomarker expression and its relationship
with efficacy.

The study protocol conformed to Good Clinical Practice guidelines,
the Declaration of Helsinki, and applicable local laws and was
approved by the institutional review board/ethics committee at each
center, and in accordance with assurances approved by the U.S.
Department of Health and Human Services, where appropriate.
Patients provided written informed consent, including for biomarker
analyses on their tumor tissue samples. HER2 protein, gene amplifi-
cation and gene expression, PIK3CA mutation status, and expression
of the PD-L1 gene, CD8 gene, and immune gene signatures, including
three-gene (PD-L1/IFNg/CXCL9), five-gene (PD-L1/granzymeB/
CD8/IFNg/CXCL9), T-effector (CD8/granzymeA/granzymeB/per-
forin/IFNg), Th1 cytokine (CXCL9/CXCL10/CXCL11), and check-
point inhibitor (PD-L1/PD-L2/IDO) signatures, were prespecified as
biomarkers for exploratory analysis. The effect of treatment and
biomarkers on IDFS was assessed.

Tumor samples in the form of a formalin-fixed paraffin-embedded
tumor block or partial block obtained from the pretreatment primary
tumor biopsymaterial (or residual tumor tissue fromdefinitive surgery
post-NAT) were required for enrollment and submitted for central
pathology laboratory assessment of HER2 status by immunohis-
tochemistry (IHC; PATHWAY anti–HER-2/neu 4B5 assay, Ventana
Medical Systems, Inc.) and in situ hybridization (ISH; INFORMHER2
Dual ISH assay, VentanaMedical Systems, Inc.). HER2-positive status
was defined by an IHC3þ score and/or gene amplification by ISH (ratio
of ≥2.0 for number of HER2 gene copies to number of chromosome 17
copies). HER2 staining percentage was used for analysis (not pre-
specified); HER2 staining was categorized as focal (<30%), heteroge-
neous (30–79%), or homogeneous (≥80%) on the total percentage of
cells stained with 2þ and 3þ intensity. Two samples were retested
using IQFISHDako PharmDx (Agilent) after initial invalid results; the

Translational Relevance

These exploratory analyses provide the first comprehensive
data on the relationship between invasive disease-free survival
(IDFS) and biomarkers in patients with residual invasive breast
cancer after neoadjuvant therapy (NAT) comprised of chemo-
therapy plus HER2-targeted therapy for early breast cancer.
T-DM1 treatment resulted in a consistent IDFS benefit com-
pared with trastuzumab in all major biomarker subgroups
defined by HER2 signaling and tumor immune microenviron-
ment activation. High versus low HER2 gene expression assessed
in residual disease after NAT (i.e., in post-NAT tumors) was
associated with increased risk of recurrence or death in the
trastuzumab, but not in the T-DM1, treatment arm, consistent
with T-DM1 overcoming HER2 resistance. Benefit with T-DM1
did not appear to be dependent on immune gene expression.
These data further support the use of T-DM1 for the treatment
of residual invasive breast cancer after NAT.
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patients were enrolled based on the retesting. Two patients in the
trastuzumab arm were enrolled with unknown central HER2 status:
one was incorrectly randomized twice, withmissingHER2 status at the
time of the first randomization and positive HER2 status during
rerandomization; the other was randomized based on a local
HER2-positive result, but HER2-positive status could not be centrally
confirmed, constituting a protocol violation.

Mandatory tumor tissue samples (pre-NAT and post-NAT surgi-
cal) underwent additional biomarker analysis. When HER2-positive
status used for eligibility was based on pre-NAT samples and a post-
NAT surgical sample was available, HER2 status was also performed
on the surgical sample for exploratory analyses of changes in HER2
expression after NAT. Surgical specimens were used for PIK3CA
mutation analysis and for gene expression analyses derived from RNA
sequencing, if available. Otherwise, pre-NAT samples were used.

DNAwas derived to identify PIK3CA hotspot mutations in exons 1,
4, 7, 9, and 20 using the cobas� PIK3CA Mutation Test (Roche
Molecular Diagnostics) and cobas� z 480 analyzer (Roche Molecular
Systems, Inc.). Whole-transcriptome RNA expression was measured
using RNA sequencing (TruSeq RNA Access; Illumina, Inc.) at
Expression Analysis on macrodissected tumor samples. The percent-
age of the tumor area in the macrodissected specimen was captured.
Differential gene expression analysis between surgical and pre-NAT
samples was performed using limma and voom (38, 39) and was
adjusted for tumor content. Gene signatures representing multiple
biological pathways and cell types, including the hallmark gene sets,
were evaluated using gene set enrichment analysis (40). P values were
corrected for multiple comparisons (Benjamini and Hochberg meth-
odology), yielding adjusted values. The cutoff of 0.05 was used to
identify significantly enriched pathways. PAM50 tumor intrinsic
molecular subtypes were determined using Absolute Intrinsic Molec-
ular Subtyping (AIMS; ref. 41).

Statistical analyses
mRNA expression levels were dichotomized at the median into low

(≤) and high (>) groups at each sampling time-point (i.e., pre-NAT or
post-NAT surgery). Additional validation analyses were performed
using mRNA expression stratified into quartiles. We evaluated the
potential predictive value ofHER2 IHC staining intensity (0/1þ vs. 2þ
vs. 3þ), HER2 gene copy numbers (<4 vs. 4 to ≤6 vs. >6), and ratios (2
to <4 vs. ≥4), PIK3CA status (mutated vs. nonmutated) and mRNA
expression of HER2, PD-L1, CD8A, T-effector signature, two other
signatures relating to T-cell activity (three-gene, five-gene), Th1
cytokine signature, checkpoint inhibitor signature, and PAM50 intrin-
sic molecular subtypes for IDFS. The predictive value of each bio-
markerwas assessed by comparing IDFS outcomeswithT-DM1versus
trastuzumab within biomarker subgroups. Post-hoc analyses were
performed to assess the interaction between treatment effect and
biomarker subgroups, when suggested by the data, with the limitation
that the study was not powered to detect interactions among sub-
groups. Prognostic value was assessed by comparing IDFS outcomes
between biomarker subgroups in pooled-treatment arms (i.e., PI3KCA
mutation analysis) and within each treatment arm. Composite values
of gene signatures were defined as themean of z-scores from individual
genes. Survival curves were estimated with the Kaplan–Meier method.
HRs and 95% confidence intervals (CI) were estimated using Cox
proportional hazards regressionmodels. Analyses of biomarkers based
onmRNA expression were adjusted for tumor content and adjusted in
multivariate analyses for clinical stage at presentation, hormone
receptor status, preoperative HER2-directed therapy, and pathologic
nodal status.

Data availability
For up-to-date details on Roche’s Global Policy on the Sharing of

Clinical Information and how to request access to related clinical study
documents, see https://www.roche.com/innovation/process/clinical-
trials/data-sharing/. Individual patient-level biomarker data are avail-
able to qualified researchers at The European Genome-Phenome
Archive (https://ega-archive.org/access/data-access) under accession
number EGAS00001006229. Anonymized records for individual
patients across more than one data source external to Roche cannot,
and should not, be linked due to a potential increase in risk of patient
reidentification.

Results
KATHERINE enrolled 1,486 patients. Demographic characteristics

were balanced between the two treatment arms (5). At screening, 1,484
patients had centrally confirmed HER2-positive tumors. HER2 status
was assessed on pre-NAT samples in 1,195 (80.4%) patients and on
surgical post-NAT samples in the remaining 289 (as pre-NAT samples
were not available; Fig. 1). HER2 expression for eligibility by IHC was
available for 1,483 (99.8%) patients. HER2 amplification by ISH was
available for 1,440 (96.9%) patients. For patients enrolled based on pre-
NAT samples, HER2 status was also assessed whenever possible on
surgical samples for exploratory analyses, yielding 1,002 paired sam-
ples. Whole-transcriptome RNA-sequencing data were available for
1,059 (74.1%) of 1,429 patients with tissue available for mRNA
extraction. Most data [77.0% (815/1,059 patients)] were derived from
samples collected at surgery, to better understand the biology of the
tumor post-NAT before randomization. Because samples were miss-
ing at the post-NAT time-point or inadequate resection material was
available for some patients, pre-NAT samples were also analyzed in
another 244 (23.0%) patients. PIK3CA mutation status data were
available for 1,363 (91.7%) patients. Most [75.3% (1,027/1,363
patients)] were derived from post-NAT surgical samples; the remain-
der came from pre-NAT samples.

HER2 expression levels and hormone receptor status were bal-
anced between treatment arms (Table 1). Tumors were character-
ized as HER2-positive using ISH (positive rate 96.2%) and/or IHC
(76.2% IHC3þ). The majority had HER2 gene ratio ≥4 (66.1%),
HER2 gene copy number ≥6 (81.5%), and homogeneous HER2
expression (66.8%).

HER2 expression and amplification: study eligibility data
Consistent IDFS benefit with T-DM1 versus trastuzumab was

observed across most subgroups, defined by HER2 status assessed for
eligibility by IHC and/or ISH,with a less pronounced treatment benefit
in IHC2þ versus IHC3þ tumors (Fig. 2). In the T-DM1 arm, the 3-year
IDFS rate was 89% in the IHC3þ subgroup and 85% in the IHC2þ

subgroup; while in the trastuzumab arm, the 3-year IDFS rate was 76%
in the IHC3þ subgroup and 81% in the IHC2þ subgroup. Consistent
IDFS benefit with T-DM1 was also observed across tumors with
homogeneous (≥80%) or heterogeneous (30%–79%) HER2 protein
expression. Treatment benefit with T-DM1 was not observed in
patients whose tumors had focal (<30%) HER2 expression (HR,
1.21; 95% CI, 0.58–2.51; Fig. 2). The interaction test was significant
between the HER2 expression pattern of focal versus nonfocal and the
treatment effect (Pint < 0.05). Of 166 samples with focal HER2
expression, most (81.9%) were IHC2þ and derived from pre-NAT
samples (75.3%). The corresponding pre-NAT HER2 gene expression
levels were lower in focal versus heterogeneous and homogeneous
samples (median of 8.88 vs. 10.27 vs. 12.82, respectively), suggesting
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that focal expression reflects lower HER2 expression and biological
heterogeneity pre-NAT and is not a response to NAT. T-DM1 benefit
versus trastuzumab did not appear to be affected byHER2 gene ratio or
copy number.

HER2 expression by IHC: paired pre- and post-NAT samples
Changes in HER2 expression by IHC were analyzed on paired

samples from patients with pre-NAT tumor samples used to assess
eligibility and with available post-NAT surgical samples (n ¼
1,002; Fig. 1). Comparison of pre- and post-NAT samples showed
increased variability in HER2 expression after NAT, as reflected by the
increased prevalence of tumors with IHC2þ and IHC0/1þ scores
(Supplementary Fig. S1) and higher incidence of focal expression
(Supplementary Fig. S2). Decreases in HER2 staining intensity post-
NAT were similar between treatments (IHC3þ to IHC2þ, 15.6% for
trastuzumab and 14.8% for T-DM1; IHC3þ to IHC0/1þ, 5.4% for
trastuzumab and 3.1% for T-DM1), as were increases in focal expres-
sion (homogeneous/heterogeneous to focal: 15.9% for trastuzumab;
11.9% for T-DM1).

The relationship between IDFS and HER2 IHC score assessed in
post-NAT residual disease at surgery (n ¼ 1,174; Supplementary
Fig. S3) was similar to that with the HER2 eligibility data (mostly

frompre-NAT samples), showing a smaller treatment effect in patients
with IHC2þ scores (Fig. 2). In the T-DM1 arm, 3-year IDFS rate was
similar for patients with an IHC3þ score in residual disease (90%) and
those with an IHC2þ score (88%). In the trastuzumab arm, 3-year
IDFS was 72% among patients with an IHC3þ score in residual disease
and 81% among thosewith an IHC2þ score, suggesting that the smaller
treatment effect in IHC2þ tumors is driven by a differential response in
the trastuzumab arm and that T-DM1 is similarly effective in tumors
with IHC2þ and IHC3þ.

PIK3CA mutation analysis
PIK3CAmutations were identified in 350 (25.7%) of 1,363 patients

with available data and were balanced between treatment arms.
T-DM1 conferred an IDFS benefit compared with trastuzumab in
patients with PIK3CA-mutated tumors (HR, 0.54; 95% CI, 0.32–0.90)
and nonmutated tumors (HR, 0.48; 95% CI, 0.35–0.65; Fig. 3A).
PIK3CA mutation status was not prognostic overall (HR, 1.04; 95%
CI, 0.78–1.38; Fig. 3B).

RNA sequencing analysis
RNA sequencing data were derived using pre- and post-NAT tumor

samples from 1,059 patients. Clinical and baseline biomarker

N = 1,486
patients

Whole transcriptome RNA gene
expression analysis

n = 1,059 (74.1%)
Passed quality control checks

based on library size and mapping
quality (i.e., RNA-evaluable)

n = 1,429 (96.2%)
Macrodissection + RNA extraction

PIK3CA mutation analysisHER2 by IHC/ISH
Eligibility testing n = 1,484 (99.9%)a

Pre-NAT
(n = 1,195)

n = 1,363 (91.7%)
PIK3CA hotspot mutations

(cobas® PIK3CA mutation test)

Post-NAT surgical
(n = 1,174)

Univariate analysis Univariate analysis n = 815 (77.0%)
Post-NAT surgical RNA-

evaluable samples
Representative of ITT

n = 244 (23.0%)
Pre-NAT RNA-

evaluable samples
Not representative of ITT

Univariate analysis

Eligibility testing n = 1,195
Paired sample analysis
n = 1,002

n = 336 pre-NAT
n = 1,027 post-NAT surgical

Eligibility testing n = 289
Paired sample analysis
n = 1,002

Statistical analysis:
• HER2, PD-L1, CD8, predefined immune
 signatures, PAM50
• Expression levels were dichotomized by
 median into low (≤median) and high
 (>median). For validation, expression
 levels were stratified by quartiles
• Expression levels were divided by
 quartiles at sample time points
• Analysis adjusted for tumor content
• Multivariate analysis adjusted for tumor
 content and clinical stage, HR status,
 prior HER2-directed therapy, and
 pathologic nodal status

Figure 1.

Study populations for biomarker analyses. aTwo patients (both in the trastuzumab arm) are not included: one had HER2-positive status that was determined locally
but that was not centrally confirmed; the other was randomized twice in error, with a missing HER2 status at the time of the first randomization and a positive HER2
status during rerandomization. HR, hormone receptor.
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characteristics were evaluated in the pre- and post-NAT RNA-
evaluable populations and compared with the intent-to-treat (ITT)
population. Clinical characteristics were similarly distributed in the
pre- and post-NAT RNA-evaluable population and were comparable
with the ITT population. In the post-NAT RNA-evaluable population
(n ¼ 815), HER2 expression/amplification assessed at eligibility by
IHC and/or ISH in both treatment arms was similar to the ITT
population (Supplementary Table S1). However, HER2 IHC and ISH
levels in the pre-NAT RNA-evaluable population (n ¼ 244) in the
trastuzumab arm were higher than in the ITT population. In addition,
although IDFS outcomes in the RNA-evaluable population including
both pre- and post-NAT samples and in the post-NATRNA-evaluable
population alone closely reflected those of the ITT population, IDFS
outcomes in the pre-NAT RNA-evaluable population were less con-
sistent with the ITT population (Supplementary Fig. S4A and S4B).
These data suggested that the pre-NAT RNA-evaluable population
may not be reflective of the ITT population. Further, multidimensional
scaling analysis and differential gene-expression analysis showed
potentially different gene expression in pre- and post-NAT samples
suggesting different biology triggered by the NAT (Supplementary
Fig. S5A–S5G). Therefore, in-depth analyses of biomarker gene
expression and IDFS outcomes were conducted exclusively on the
post-NAT RNA-evaluable population (Fig. 1).

IDFS benefit with T-DM1 compared with trastuzumab was
observed irrespective of mRNA expression levels [i.e., high (>median)

and low (≤median)] of the biomarkers, including HER2, PD-L1, and
CD8, and immune gene signatures assessed post-NAT (Fig. 4). Fur-
ther evaluation using quartile analysis of HER2 gene expression
showed treatment benefit of T-DM1 versus trastuzumab in all quar-
tiles, with the lowest HER2 quartile showing a similar HR as the
highest, and the second quartile showing the least benefit (Supple-
mentary Fig. S6A–S6D). Although sample size and number of events
are small in these subgroups, limiting interpretation, overall benefit of
T-DM1 seems independent of HER2 gene expression. Analysis of the
effect of biomarker gene expression levels within treatment arms
revealed that high versus low HER2 gene expression was associated
with worse outcome in the trastuzumab arm (HR, 2.02; 95% CI, 1.32–
3.11), but not the T-DM1 arm (HR, 1.01; 95% CI, 0.56–1.83; Fig. 5A;
Supplementary Table S2). The effect was sustained for trastuzumab
(HR, 1.67; 95% CI; 1.06–2.62) after adjusting for tumor content,
clinical stage, hormone receptor status, prior HER2-directed therapy,
and pathologic nodal status in a multivariate analysis. Similarly, as
discussed above, lower 3-year IDFS rates were observed in the tras-
tuzumab arm in patients with IHC3þ versus IHC2þmeasured in post-
NAT residual tumors (n ¼ 1,174; Supplementary Fig. S3). Addition-
ally, within the trastuzumab arm, worse outcomes were observed in
patients with the AIMS-HER2–enriched subtype versus other AIMS
subtypes (except the AIMS-basal-like subtype; Fig. 5B). This was not
evident with T-DM1 (Fig. 5C). However, themajority of samples were
theAIMS-HER2–enriched subtype, with the prevalence of otherAIMS
subtypes too low for robust analysis. Low PD-L1 gene expression was
associated with worse outcomes in the trastuzumab, but not the
T-DM1, arm [high vs. low PD-L1 expression: HR, 0.66; 95% CI,
0.44–1.00 (trastuzumab); HR, 1.05; 95% CI, 0.59–1.87 (T-DM1);
Fig. 5D; Supplementary Table S2]. The effect was sustained with
trastuzumab (HR, 0.62; 95% CI, 0.41–0.94) after adjusting for tumor
content, clinical stage, hormone receptor status, prior HER2-directed
therapy, and pathologic nodal status in a multivariate analysis. A
similar trend was observed with trastuzumab when quartile analysis
compared the lowest to the higher quartiles, but the 95% CI crossed 1
for all quartiles (Supplementary Fig. S6H; see Supplementary Fig. S6E–
S6H for analysis of IDFS by PD-L1 gene-expression quartile). The
checkpoint inhibitor signature expression data were similar to the
PD-L1 expression data [HR, 0.69; 95% CI, 0.46–1.04 (trastuzumab);
HR, 1.31; 95% CI, 0.74–2.34 (T-DM1); Supplementary Table S2]; this
was sustained in themultivariate analysis [HR, 0.63; 95%CI, 0.42–0.95
(trastuzumab); HR, 1.30; 95%CI, 0.72–2.34 (T-DM1)]. Above-median
expression of the five-gene immune signature was associated with
worse outcomes in the T-DM1 arm (HR, 1.89; 95% CI, 1.04–3.42) but
not in the trastuzumab arm (HR, 1.01; 95% CI, 0.68–1.50; Supple-
mentary Table S2). The effect was sustained in the T-DM1 arm (HR,
2.12; 95% CI, 1.14–3.91) after adjusting for tumor content, clinical
stage, hormone receptor status, prior HER2-directed therapy, and
pathologic nodal status in a multivariate analysis. However, further
analysis by quartiles for the five-gene immune signature did not
confirm this finding (Supplementary Fig. S6I–S6L).

Although mRNA data from pre-NAT samples were not used for
outcome analyses, they were used to compare gene-expression levels
between pre-NAT and post-NAT surgical samples regardless of
treatment arm. Profiles at these time points differed. Residual tumors
following HER2-targeted NAT appeared to have lower HER2 gene
expression (Supplementary Fig. S5A) than pre-NAT samples, consis-
tent with the paired pre- and post-NAT sample analysis by IHC.
However, pretreatment mRNA data were available for fewer patients
and, unlike HER2 IHC results, data were not produced on paired
samples. In addition, based on mRNA levels, there was a greater

Table 1. Tumor HER2 expression/amplification and hormone
receptor expression assessed at eligibility.

n (%)
Trastuzumab
(n ¼ 743)

T-DM1
(n ¼ 743)

Total
(N ¼ 1,486)

Sample used for study eligibilitya

Preneoadjuvant therapy 603 (81.2) 592 (79.7) 1,195 (80.4)
Surgical 138 (18.6) 151 (20.3) 289 (19.4)

HER2 status by ISH
Negative 4 (0.5) 7 (0.9) 11 (0.7)
Positive 722 (97.2) 707 (95.2) 1,429 (96.2)

HER2 status by IHC
IHC0/1þ 13 (1.7) 12 (1.6) 25 (1.7)
IHC2þ 168 (22.6) 158 (21.3) 326 (21.9)
IHC3þ 559 (75.2) 573 (77.1) 1,132 (76.2)

HER2 gene ratio
<2 4 (0.5) 7 (0.9) 11 (0.7)
2 to <4 212 (28.5) 210 (28.3) 422 (28.4)
≥4 497 (66.9) 485 (65.3) 982 (66.1)

HER2 gene copy number
<4 13 (1.7) 8 (1.1) 21 (1.4)
4 to <6 92 (12.4) 91 (12.2) 183 (12.3)
≥6 608 (81.8) 603 (81.2) 1,211 (81.5)

HER2 heterogeneity
Focal (<30%) 81 (10.9) 85 (11.4) 166 (11.2)
Heterogeneous (30%–
79%)

170 (22.9) 155 (20.9) 325 (21.9)

Homogeneous (≥80%) 489 (65.8) 503 (67.7) 992 (66.8)
Hormone receptor status

ER-negative and PgR-
negative/unknown

203 (27.3) 209 (28.1) 412 (27.7)

ER- and/or PgR-positive 540 (72.7) 534 (71.9) 1,074 (72.3)

Note: For all parameters, except hormone receptor expression, there were
missing data (not shown).
Abbreviations: ER, estrogen receptor; PgR, progesterone receptor.
aTwo patients were enrolled erroneously without centrally confirmed HER2
status. HER2-positive status was later confirmed for one of these patients.
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proportion of AIMS-HER2–enriched intrinsic subtype tumors in the
pre-NAT (72.8%) versus post-NAT (65.2%) samples (Supplementary
Fig. S5B). The same was observed in hormone receptor–negative
(88.6% AIMS-HER2–enriched in pre-NAT; 65.2% AIMS-HER2–
enriched in post-NAT) and hormone receptor–positive (74.9%
AIMS-HER2–enriched in pre-NAT; 61.7% AIMS-HER2–enriched in
post-NAT) tumors. Irrespective of pre-NAT or post-NAT status,
AIMS-luminal subtypes were more common among hormone recep-
tor–positive than hormone receptor–negative tumors. AIMS-basal
subtypes predominated in hormone receptor–negative tumors. More
AIMS-HER2–enriched tumors were present in those with HER2 IHC
3þ and those with HER2 gene expression above median (Supplemen-
tary Fig. S5C and S5D). There was a lower proportion of tumors of
AIMS-luminal B subtype in post-NAT versus pre-NAT samples.
Furthermore, HER2 protein and gene expression levels were higher
in the AIMS-HER2–enriched PAM50 subtypes compared with the
other subgroups irrespective of whether they were collected pre- or
post-NAT (Supplementary Fig. S5C and S5D). No consistent differ-
ences were observed in gene expression of PD-L1 and other immune
markers (Supplementary Fig. S5A). Differences between post-NAT
surgical and pre-NAT samples were noted in gene set enrichment
analysis of the hallmark gene sets (Supplementary Fig. S5E and S5F).
Some pathways (e.g., epithelial–mesenchymal transition, inflamma-
tory response, hypoxia, coagulation, apoptosis, oxidative phosphory-

lation, fatty acid metabolism, angiogenesis) were upregulated in post-
NAT versus pre-NAT samples, whereas genes related to the cell cycle
and interferon-a response were downregulated in post-NAT versus
pre-NAT samples.

Discussion
Exploratory biomarker analyses of KATHERINE data were under-

taken to identify biomarkers beyond clinical parameters typically used
to define patients at higher risk of breast cancer recurrence and to
determine if specific subgroups have a differential response to T-DM1.
We evaluated the relationship between efficacy and expression of key
biomarkers assessed in pre-NAT and post-NAT samples of residual
disease at surgery. IDFS benefit with T-DM1 versus trastuzumab was
observed in all major subgroups, regardless of whether the analysis was
primarily on pre-NAT (e.g., IHC and ISH analysis) or post-NAT
surgical (e.g., PIK3CA, mRNA gene expression analysis) samples.
Notably, there were more tumors with HER2 IHC2þ score (22%),
HER2 gene ratio≥2 to<4 (28%), andhormone receptor–positive status
(72%) than in other studies of HER2-positive EBC (6, 11). This may be
due to selection of patients without a pCR following NAT for this trial,
which likely resulted in an enrichment of characteristics associated
with a lower likelihood of achieving a pCR (e.g., lower HER2 expres-
sion, estrogen receptor–positive status). We did not observe a higher
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Forest plot of IDFSbyHER2expression subgroups assessed at eligibility. Results for HER2 expression by IHCand ISH are frompre-NATbiopsies in 80.4% (1,195/1,486)
of patients and from surgical tissue in the remaining 19.4% (289/1,486) of patients. Data for groups with fewer than 15 patients are not shown. Two patients did not
have confirmed HER2-positive disease. NE, not estimable.
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PIK3CA mutation rate versus other EBC trials (6, 9, 11), even though
PIK3CA mutations have been previously associated with lower pCR
rates (9, 25). However, PIK3CA mutation was assessed in post-NAT
surgical samples for most patients, whereas previous studies used pre-
NAT samples.

HER2-targeted therapies in the metastatic setting have shownmore
benefit fromT-DM1/trastuzumab/pertuzumab in patients with higher
HER2 expression (HER2 gene copy number, HER2mRNA, andHER2
protein; refs. 24, 26, 28, 29). In adjuvant/neoadjuvant trials combining
trastuzumab with chemotherapy, higher HER2 expression was asso-
ciated with higher pCR rates and better outcomes (16, 42–44). Con-
sistent with this, the IDFS benefit with T-DM1 was more pronounced
in patients with HER2 IHC3þ versus IHC2þ scores assessed at
eligibility (mostly from pre-NAT samples). It was therefore surprising
to see the opposite association in KATHERINE for trastuzumab-
treated patients, where those with lowerHER2 expression (e.g., IHC2þ

or focal HER2 expression) had greater IDFS benefit. The smaller IDFS
benefit with T-DM1 and better benefit with trastuzumab in the IHC2þ

versus IHC3þ subgroups resulted in a smaller difference in treatment
benefit between the two arms in that patient subgroup. However, the
higher prevalence of luminal biology in lower HER2-expressing
tumors may have influenced IDFS, and potentially influenced the
relatively small IHC2þ subgroups differently in each arm. Consistent
IDFS benefit with T-DM1 was observed in tumors with different
HER2 gene ratios or copy numbers, or with heterogeneous/homoge-
neousHER2 expression. In contrast with themajority of the biomarker
subgroups, lack of T-DM1 benefit over trastuzumab was observed in
tumors with focal (<30%) HER2 expression—most (80%) of which
were pretreatment samples—showing a similar trend as the IHC2þ

subgroup. However, it should be noted that the number of patients
with focal expression (n ¼ 166) is comparably small with few IDFS
events (n¼ 29) leading to a wide 95% CI (0.58–2.51) in this subgroup.
Therefore, the results of the interaction test between focal status and
the treatment effect should be interpreted with caution. Still, these
results are interesting from a translational point of view, raising the
hypothesis that with a therapeutic approach that targets an antigen

Trastuzumab
better

1,486

350
1,013

Total
n

743

176
510

Patients
per group

91

23
61

Events

88.3

89.0
88.3

3-year
IDFS

165

39
114

T-DM1
(n = 743)

Trastuzumab
(n = 743)

743

174
503

Patients
per group Events

77.0

77.9
76.9

3-year
IDFS

0.50

0.54
0.48

Hazard
ratio 95% CI

(0.39–0.64)

(0.32–0.90)
(0.35–0.65)

All

PIK3CA mutation status
  Mutated
  Nonmutated

Baseline
risk factors

T-DM1
better

0.20 0.50 1 2 5

0 6 605448423630

Time (months)

241812

1,013PIK3CA: Nonmutated

No. at risk
956 753183340542749837881925

350PIK3CA: Mutated 328 02569120185260286298313

1.0

0.8

0.6

0.4

0.2

0.0

Pr
op

or
tio

n 
ID

FS
-e

ve
nt

 fr
ee

PIK3CA: Nonmutated (n = 1,013)
PIK3CA: Mutated (n = 350)

Treatment arms pooled:
Unstratified HR, 1.04 (95% CI, 0.78–1.38)

B

A

Figure 3.

T-DM1 improved IDFS regardless of PIK3CAmutation status, and PIK3CAmutations were not prognostic overall. Of the 1,363 samples available, 1,027 (75.3%) were
post-NAT surgical samples and 336 (24.7%)were pre-NAT samples.A,PIK3CAmutation analysis by treatment arm.B,PIK3CAmutation analysis in pooled-treatment
arms.

Phase III KATHERINE Study of Adjuvant T-DM1: Biomarker Data

AACRJournals.org Clin Cancer Res; 29(8) April 15, 2023 1575



with an antibody–drug conjugate (ADC), the additional benefit from
the chemotherapy component of the ADC might be decreased if the
target antigen is expressed only focally, particularly with ADCs
thought to have minimal bystander effects. However, it should be
noted that this was not observed in the trastuzumab arm in our
study where the 3-year IDFS rate was higher in the focal versus
nonfocal subgroups. Previous data have shown reduced benefit for
T-DM1 in patients with focal/heterogeneous expression versus
nonfocal expression in the (neo-)adjuvant setting (6, 30), but lower
pCR rates for focal/heterogeneous HER2 expression have also been
observed for trastuzumab/pertuzumab/chemotherapy (6). Although
the proportion of patients with lower HER2 levels (IHC0–2þ) and

focal expression increased in surgical compared with pre-NAT
samples, this increase was seen in both the trastuzumab and T-DM1
arms; therefore, it does not explain the reduced/lack of response to
T-DM1 in these subgroups.

Analyses of the effect of HER2 gene expression levels also showed
that high expression was associated with worse outcomes in the
trastuzumab but not the T-DM1 arm; this contrasts with studies
showing better outcomes with trastuzumab in tumors with higher
HER2 expression (16, 42–44). KATHERINE data are derived from
patients with residual disease after HER2-targeted therapy. However,
our data are consistent with CALGB40601, which evaluated lapatinib/
trastuzumab in the neoadjuvant setting followed by adjuvant
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Figure 4.

Predictive value of mRNA expression levels on IDFS. Forest plot of treatment effect on IDFS by mRNA expression level subgroups (>median vs. ≤median) in
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trastuzumab plus chemotherapy (17). In CALGB40601, in pre-NAT
tissue, the HER2-enriched subtype was associated with higher pCR
rates than other subtypes, but in residual disease the HER2-enriched
subtypewas associatedwithworse relapse-free survival. These, and our
findings, suggest the presence of resistance mechanisms to trastuzu-
mab in the adjuvant setting in those with high HER2 gene and protein
expression, and residual disease after neoadjuvant trastuzumab expo-
sure. T-DM1 may overcome these resistance mechanisms, potentially
by targeted delivery of DM1 to HER2-positive cells. It should be noted
that different PAM50 classifiers exist and that the prevalence of the
PAM50 subtypes may differ among classifiers, due to the training of
these classifiers using different methodologies and data sets (45).
However, efficacy results using the gold standard (14) were consistent
with our data showing an increased benefit of T-DM1 over trastuzu-
mab, and worse outcomes for the AIMS-HER2–enriched subtype in
the trastuzumab arm but not in the T-DM1 arm.

Resistance to HER2-targeted therapies can be mediated by dysre-
gulation of the PI3K/AKT pathway downstream from HER2
(21, 22, 46). Data on the effect of PIK3CA mutations on response to
HER2-targeted therapy in the adjuvant setting have been inconsistent.
PIK3CA mutations were associated with unfavorable prognosis in a
pooled-treatment arm, case-controlled analysis of APHINITY (11).
However, in post hoc analyses of the NSABP B-31 trial, PIK3CA
mutation did not affect benefit of trastuzumab (16). Analysis of
combined treatment arms in the KAITLIN study showed no effect
of PIK3CA mutations on outcomes in the adjuvant setting (30). In a
large, exploratory, pooled analysis, although PIK3CA mutations were
associated with a lower pCR rate in response to systemic therapy
containingHER2-targeted agents in the neoadjuvant setting, there was
no statistically significant difference in disease-free survival or overall
survival (25). However, limited events were available for this long-term
outcome analysis. In the current study, PIK3CA mutation status
did not influence outcomes with trastuzumab or T-DM1, and IDFS
benefit was observed with T-DM1 versus trastuzumab, irrespective of
mutation status.

Although the data on the effect of PIK3CA mutation on IDFS are
inconsistent, to our knowledge, this is the first analysis primarily on
tissue from post-NAT residual disease. These post-NAT samples
may be enriched for acquired (e.g., driven by NAT) or de novo
alterations/resistance mechanisms, and PIK3CA mutations may no
longer be a prominent driver of tumorigenesis. In the MARIANNE
MBC study, which showed an association between PIK3CA muta-
tions and poor outcome, most patients (60%–70%) had no prior
exposure to HER2-targeted therapy (47). PIK3CA mutation status
in micrometastases (e.g., by postsurgery ctDNA) may more accu-
rately reflect the molecular profile of remaining tumor cells if assays
with high sensitivity can be applied. Despite promising preclinical
results, the relevance of PIK3CA mutation in the adjuvant setting
for HER2-positive breast cancer remains poorly understood, with
variable results in clinical studies.

The immune system is an important component of the tumor
microenvironment. Markers of immune activation, such as a higher
number of tumor-infiltrating lymphocytes (32, 33, 35) and greater
expression of genes indicative of an activated immune microenviron-
ment (11, 17, 33, 36, 48), have generally been associated with better
outcomes in HER2-positive EBC. The prognostic value of PD-L1
expression in HER2-positive breast cancer and higher PD-L1 gene
expression has been associated with improved survival in multivariate
analysis (49). Further, RNA expression of immunosuppressive check-
pointmolecules, such as PD-L1, strongly correlateswith other immune
markers with proimmune activity (33) and an immune signature of

genes associated with strong cytotoxic activity (50). In KATHERINE,
T-DM1 benefit was consistent across immune function gene expres-
sion groups (Supplementary Table S2). High versus low PD-L1
expression was associated with improved outcomes with trastuzumab,
but not T-DM1. A similar trend was observed in the checkpoint
inhibitor signature subgroup. This suggests that, in contrast to tras-
tuzumab, T-DM1 may be less dependent on immune activation.
Notably, patients with low immune activation in their tumor micro-
environment, who generally do worse (as observed in the trastuzumab
arm), benefit from T-DM1 treatment. No robust associations between
the remaining immune signatures and IDFS were observed in either
arm. It would be interesting to assess additional immune infiltration
signatures and genes. It should be noted that the current analyses are
based on bulk RNA sequencing, providing information on gene
expression of the entire sample, not by individual cell type. The
contributions of tumor, stromal, and immune cells cannot therefore
be distinguished.

In this study, post-NAT surgical samples had lower HER2 mRNA
expression and proportionally fewer AIMS-HER2–enriched or AIMS-
luminal B subtypes than pre-NAT samples, reflecting the increased
presence of AIMS-luminal A and AIMS-normal-like subtypes in the
post-NAT samples. Gene expression was adjusted for tumor content
using exact tumor percentage as a covariate in the regression model;
thus, these changes in expressionwere not simply due to smaller tumor
samples. Although gene expression analysis was not paired, the data
are consistent with studies of pre- and posttreatment paired samples
frompatients with residual disease afterHER2-targetedNAT, showing
downregulation of the HER2-enriched and luminal B signatures after
NAT (19, 20), and froma subgroup of paired samples inKATHERINE,
showing a change from HER2-positive status pre-NAT to HER2-
negative or unknown status post-NAT in 8% of patients (51). We also
identified other genes that were differentially expressed between pre-
NAT and post-NAT samples, suggesting that they differ biologically.

There was greater expression of genes related to epithelial–
mesenchymal transition, inflammatory response, hypoxia, coagula-
tion, apoptosis, oxidative phosphorylation, fatty acid metabolism, and
angiogenesis in the post-NAT surgical versus pre-NAT samples.
This suggests mechanisms of invasiveness and metabolic pathways
potentially transmitted via the administration of neoadjuvant treat-
ment including HER2-targeted therapy. Lower expression of cell
cycle–related genes and interferon-a response was observed in the
post-NAT surgical compared with the pre-NAT samples, potentially
due to NAT.

That our gene-expression analysis was performed primarily on
post-NAT surgical samples is a study strength, as these samples reflect
tumor status closer to the time of treatment administration in the
adjuvant setting, possibly providing the most accurate data on the
relationship between treatment, IDFS, and tumor biomarker expres-
sion in these patients. These data also increase our understanding of
tumor biology following HER2-targeted NAT. A limitation is that the
number of tumor cells in residual disease is generally lower than that in
pre-NAT samples, which could present technical issues in biomarker
analysis, resulting in potentially skewed results even though the
analyses were adjusted for tumor content.

In summary, this exploratory biomarker analysis of the KATHER-
INE trial demonstrates that T-DM1 confers clinical benefit in a wide
range of subgroups defined by HER2 signaling and immune biomar-
kers. High HER2 gene expression was associated with increased risk of
recurrence or death in the trastuzumab, but not T-DM1, treatment
arm, consistent with T-DM1 overcoming HER2 resistance. Benefit
with T-DM1 does not appear dependent on immune activation, but
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these results do not rule out that the tumor immune microenviron-
ment may influence the degree of response. To our knowledge, this
analysis of post-NAT samples provides the first comprehensive data
on the relationship between biomarker expression and IDFS in
residual disease after HER2-targeted therapy. The poor prognostic
impact of PIK3CA mutations, as seen in metastatic and neoadjuvant
settings, was not observed.
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