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Abstract

Background The introduction of pertuzumab has greatly improved pathological complete response (pCR) rates in
HER2-positive breast cancer, yet effects on long-term survival have been limited and it is uncertain which patients
derive most benefit. In this study, we determine the prognostic value of BluePrint subtyping in HER2-positive breast
cancer. Additionally, we evaluate its use as a biomarker for predicting response to trastuzumab-containing neoadju-
vant chemotherapy with or without pertuzumab.

Methods From a cohort of patients with stage II-llIl HER2-positive breast cancer who were treated with neoadjuvant
chemotherapy and trastuzumab with or without pertuzumab, 836 patients were selected for microarray gene expres-
sion analysis, followed by readout of BluePrint standard (HER2, Basal and Luminal) and dual subtypes (HER2-single,
Basal-single, Luminal-single, HER2-Basal, Luminal-HER2, Luminal-HER2-Basal). The associations between subtypes and
pathological complete response (pCR), overall survival (OS) and breast cancer-specific survival (BCSS) were assessed,
and pertuzumab benefit was evaluated within the BluePrint subgroups.

Results BluePrint results were available for 719 patients. In patients with HER2-type tumors, the pCR rate was
71.9% in patients who received pertuzumab versus 43.5% in patients who did not (adjusted Odds Ratio 3.43,95% Cl
2.36-4.96). Additionally, a significantly decreased hazard was observed for both OS (adjusted hazard ratio [aHR] 0.45,
95% C10.25-0.80) and BCSS (aHR 0.46, 95% Cl 0.24-0.86) with pertuzumab treatment. Findings were similar in the
HER2-single subgroup. No significant benefit of pertuzumab was seen in other subtypes.

Conclusions In patients with HER2-type or HER2-single-type tumors, pertuzumab significantly improved the pCR
rate and decreased the risk of breast cancer mortality, which was not observed in other subtypes. BluePrint subtyping
may be valuable in future studies to identify patients that are likely to be highly sensitive to HER2-targeting agents.
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Background

The addition of pertuzumab, a monoclonal antibody
that inhibits HER2-HER3 dimerization and activates
antibody-dependent cellular cytotoxicity (ADCC), to
neoadjuvant treatment with chemotherapy and trastu-
zumab has significantly improved pathological complete
response (pCR) rates in patients with HER2-positive
breast cancer [1-3]. However, effects on long-term sur-
vival outcomes have been modest, and pertuzumab
treatment is associated with increased toxicity and
costs [4—8]. Results of previous studies indicate that a
subset of patients is highly responsive to neoadjuvant
treatment consisting of dual HER2-blockade with tras-
tuzumab and pertuzumab without chemotherapy [1,
9-11]. In contrast, another subset of patients seems to
be non-responsive despite dual HER2-blockade. Bio-
markers that differentiate patients with high likelihood
of response and excellent prognosis from those with
poor outcomes may assist in selecting some patients for
chemotherapy-free regimens and others for intensified
or novel regimens. Although hormone receptor (HR) sta-
tus has been established as a predictor of pCR in patients
with HER2-positive breast cancer who are treated with
neoadjuvant HER2-blockade, it does not accurately dif-
ferentiate between non-responders and responders, as
both patients with HR-negative disease and patients with
HR-positive disease benefit from pertuzumab [1-3, 5].
While several other potential biomarkers for predict-
ing response to HER2-blocking agents have been inves-
tigated, a reliable marker has not been established [12].
Thus, additional prognostic and predictive biomarkers
are required to improve treatment decision making.

It is plausible that tumors which rely heavily on the
HER2-pathway for their survival and proliferation, so-
called HER2-driven or HER2-addicted tumors, are highly
sensitive to HER2-blockade. This hypothesis has been
supported by studies that show a strong association
between the HER2-enriched intrinsic subtype and pCR
in patients receiving neoadjuvant dual HER2-blockade
[13]. However, an interaction with pertuzumab treatment
has not been investigated, and associations with long-
term outcomes have not been described.

Intrinsic tumor subtypes can be determined using
BluePrint, an 80-gene molecular subtyping test that
classifies breast tumors as Basal-, Luminal- or HER2-
type based on gene expression analysis [14]. Recent
data shows that, although the majority of tumors
exhibit a high signature score for one single subtype, in
some tumors equally high gene expression scores are
observed for more than one subtype, which indicates
that multiple pathways are activated [15]. Analysis of
tumors that were assigned a ‘dual subtype’ has shown
that their biology differs from tumors with a single
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dominant subtype, which may have implications for
treatment response and prognosis [15]. Indeed, second-
ary analyses from the APHINITY trial (NCT01358877)
suggest that pertuzumab benefit is largely restricted
to patients with single-activated HER2-type tumors
and less pronounced in patients with other single- or
dual-activated subtypes [16]. In this study, we evaluated
BluePrint standard and dual subtypes as a biomarker
for predicting response to trastuzumab-containing
neoadjuvant chemotherapy with or without pertu-
zumab in a large cohort of patients with HER2-positive
breast cancer.

Methods

Patient data and materials

Data of all patients with stage II or III HER2-positive
breast cancer who were treated in the Netherlands with
neoadjuvant chemotherapy plus trastuzumab between
January 2013 and January 2016 were obtained from
the Netherlands Cancer Registry (NCR). This cohort
included 438 patients who participated in the TRAIN-2
trial (NCT01996267, registration date November
27, 2013). At the time, pertuzumab was not routinely
available to patients treated outside of the trial, result-
ing in two cohorts of patients that were treated with
either single or dual HER2-blockade. Study design,
in- and exclusion criteria and results of the TRAIN-2
trial have been previously published [3, 17, 18]. Data on
clinical characteristics and pCR were provided by the
NCR. Data on date and cause of death were acquired
through linkage with Statistics Netherlands (CBS). Pre-
treatment formalin-fixed paraffin-embedded (FFPE)
biopsy tissues were collected through the nationwide
network and registry of histo- and cytopathology in the
Netherlands (PALGA) [19]. Tumor grade was scored
by a pathologist (J.S.) on hematoxylin—eosin (HE) tis-
sue slides for patients who had missing data using an
online platform [20]. Additionally, tumor cell percent-
age (TCP) was scored on HE slides for all patients by a
pathologist (J.S.). Tumors were considered HR positive
in case of estrogen receptor (ER) and/or progesterone
receptor (PR) positivity, which was defined as>10%
positive nuclear staining, following the Dutch guide-
line for diagnosis and treatment of breast cancer [21].
Consistent with the 2014 ASCO/CAP guideline, HER2
positivity was defined as overexpression and/or ampli-
fication of HER2 in an invasive component of the core
biopsy, as>10% of invasive tumor cells showing strong
complete circumferential membrane staining on immu-
nohistochemistry (score 3+), and/or HER2 gene ampli-
fication defined as > 6 HER2 gene copies per nucleus by
in situ hybridization [22].



Liefaard et al. Breast Cancer Research (2023) 25:71

Gene expression analysis

The study was designed to perform gene expression
analysis on biopsies of 836 patients, based on the expec-
tation that sufficient material would be obtained for 418
patients who were treated with dual HER2-blockade,
who would be matched to 418 patients that received sin-
gle HER2-blockade. Tumor blocks with a TCP of 30% or
higher and sufficient tumor material available were con-
sidered suitable for gene expression analysis. Since the
quantity and quality of biopsy material was insufficient
in several patients, the number of 418 patients was not
reached. Therefore, all 404 patients who received per-
tuzumab and met the eligibility criteria for tumor tis-
sue were matched using variable ratio matching to 432
control patients who did not receive pertuzumab to
reach the pre-specified total of 836 patients, using the
Matchlt package version 4.1.0 in R [23]. Matching factors
included anthracycline treatment (yes vs. no), age and
HR status. For those patients, 10 x5 um slides were cut
and sent to Agendia for RNA isolation and gene expres-
sion profiling through microarray according to previously
published methods [14, 24]. Technicians at Agendia were
blinded for tumor characteristics, treatment arm and
outcome. Based on gene expression results, BluePrint
standard (HER2-type, Basal-type and Luminal-type)
and dual subtypes (HER2-single-type, Basal-single-type,
Luminal-single-type, Luminal-HER2-type, HER2-Basal-
type, Luminal-Basal-type, Luminal-HER2-Basal-type)
were determined according to previously published algo-
rithms [14, 15, 24, 25].

Endpoints

The primary endpoint was pCR, defined as absence of all
invasive tumor cells in the breast and axilla after neoad-
juvant treatment (ypT0/isNO). Secondary endpoints were
overall survival (OS) and breast cancer-specific survival
(BCSS), which were defined as the time between the date
of diagnosis of primary breast cancer and the date of
death from any cause or the date of last follow-up, and
the time between the date of diagnosis of primary breast
cancer until the date of death from breast cancer or last
follow-up date, respectively.

Statistical analyses

Missing data were imputed in the entire dataset for
50 times using the mice package version 3.13.0 in
R [26]. Clinical T-stage (cT), clinical N-stage (cN),
tumor grade and HER2 immunohistochemistry (IHC)
scores were imputed using ordered logistic regression,
and estrogen receptor status and progesterone recep-
tor status were imputed using logistic regression. For
patients with unknown nodal stage after treatment, a
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pCR was assumed if they had node-negative disease at
diagnosis and a pCR in the breast was observed after
neoadjuvant treatment. Associations between clinical
variables and pCR were assessed by univariable logistic
regression. The association between BluePrint stand-
ard and dual subtypes and pCR was assessed through
multivariable logistic regression, adjusted for vari-
ables that were statistically significant in the univari-
able analyses, variables that were significantly different
between the treatment groups, and variables that were
known from the literature to potentially be associ-
ated with pCR. Standard and dual-type BluePrint sub-
types were analyzed as categorical variables, as well
as binary variables where all other subtypes besides
HER2 were grouped together (non-HER2-type or non-
HER2-single-type). Kaplan—Meier curves were con-
structed, and log-rank tests were performed. Survival
analyses were performed with Cox proportional haz-
ard regression, adjusted for the same set of variables as
in the analyses with pCR as outcome. BCSS was evalu-
ated using cause-specific hazard models and subdistri-
bution hazard models. To assess potential interactions
between molecular subtype and clinical or treatment
variables in relation to outcome, additional multivari-
able logistic and Cox regression analyses were per-
formed in which an interaction term was included. In
addition, subgroup analyses were performed. All tests
were two-sided, and p-values of <0.05 were considered
statistically significant. Statistical analyses were per-
formed with R version 4.0.5 [27].

Results

Clinical characteristics and genomic results

In total, 836 patients were selected for gene expression
analysis, of whom 404 were treated with pertuzumab
and 432 were not. Microarray was performed success-
fully for 719 patients. Tumor grade, node-positive disease
and anthracycline treatment were significantly differ-
ent between the two treatment groups (Table 1). Due to
missing information on nodal disease at surgery, pCR
was missing in 9 patients that received pertuzumab and
11 patients that did not. For 1 patient in the pertuzumab
group and 3 patients in the non-pertuzumab group who
presented with node-negative disease at baseline and had
a pCR in the breast, a pCR was assumed.

The most prevalent subtype in the total group accord-
ing to the BluePrint standard readout was HER2-type,
followed by Luminal-type and Basal-type (Fig. 1la).
Prevalence of BluePrint subtypes differed based on hor-
mone receptor status, clinical N-stage and HER2 IHC
score (Fig. 1b-g). In the hormone receptor-positive,
node-negative, node-positive and IHC 3+ subgroups,
the most common subtype was HER2-type, followed by
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Table 1 Study population characteristics
No pertuzumab Pertuzumab Overall p-value
n=362 n=357 n=719
Age (years)
Mean (sd) 51.0(124) 493 (9.83) 50.1(11.2) 0.09
Median (IQR) 49.0 (43.0-61.0) 49.0 (43.0-56.0) 49.0 (43.0-58.0)
HR status
Negative 128 (35.4%) 137 (38.6%) 265 (37.0%) 039
Positive 234 (64.6%) 218 (61.4%) 452 (63.0%)
Missing N/A 2 2(0.3%)
Grade
1-2 131 (36.6%) 175 (49.0%) 306 (42.8%) <0.001
3 227 (63.4%) 182 (51.0%) 409 (57.2%)
Missing 4 4
d) 0.75
0-2 250 (69.4%) 252 (70.6%) 502 (70.0%)
3-4 110 (30.6%) 105 (29.4%) 215 (30.0%)
Missing 2 0 2
cN 0.007
Negative 106 (29.4%) 138 (40.0%) 244 (34.2%)
Positive 254 (70.6%) 216 (60.0%) 470 (65.8%)
Missing 2 3 5
HER2 IHC 0.23
1+ 1(0.3%) 1(0.3%) 2(0.3%)
2+ 28 (9.2%) 19 (6.3%) 47 (7.7%)
3+ 276 (90.5%) 282 (93.4%) 558 (91.9%)
Missing 57 55 112
Anthracyclines 0.001
No 134 (37.0%) 175 (49.0%) 309 (43%)
Yes 228 (63.0%) 182 (51.0%) 410 (57.0%)
BluePrint Standard Subtype 0.58
HER2-type 308 (85.1%) 313 (87.7%) 621 (86.4%)
Basal-type 6 (1.7%) 4(1.1%) 10 (1.4%)
Luminal-type 48 (13.3%) 40 (11.2%) 88 (12.2%)
BluePrint Dual Subtype 0.54
HER2-single-type 279 (77.1%) 278 (77.9%) 557 (77.5%)
Basal-single-type 4(1.1%) 2 (0.6%) 6 (0.8%)
Luminal-single-type 31 (8.6%) 29 (8.1%) 60 (8.3%)
Luminal-HER2-type 40 (11.0%) 41 (11.5%) 81 (11.3%)
HER2-Basal-type 7 (1.9%) 4(1.1%) 11 (1.5%)
Luminal-Basal-type 1 (0.3%) 0 (0%) 1(0.1%)
Luminal-HER2-Basal-type 0 (0%) 3(0.8%) 3(0.4%)
pCR <0.001
No 205 (59.2%) 113 (33.8%) 318 (46.8%)
Yes 132 (38.2%) 212 (63.5%) 344 (50.6%)
Missing 9 (2.6%) 9 (2.7%) 18 (2.6%)

HR status hormone receptor status, cT clinical T-stage, cN clinical N-stage, HER2 IHC HER2 immunohistochemistry score

Luminal-type. In hormone receptor-negative disease, the ~ Luminal-type, followed by HER2-type. Of the 49 ITHC
HER2-type was most prevalent, followed by Basal-type.  1-2+tumors, 47 (96%) was HR positive, whereas 337
In IHC 1-2+tumors, the most common subtype was  (60.4%) of the IHC 3 + tumors was HR positive.
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Overall
BluePrint subtype
Basal-type 1.4%
Luminal-type 12.2%
HER2-type 86.4%
n=719
b. HR negative
BluePrint subtype
Luminal-type 1.1%
Basal-type 3%
HER2-type 95.8%
n =265
d. cNO
BluePrint subtype
Basal-type 2.5%
Luminal-type 16.4%
HER2-type 81.1%
n =244
f. HER2 IHC 1-2+

BluePrint subtype
Basal-type 12.2%
HER2-type 28.6%
Luminal-type 59.2%

n=49
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HR positive

BluePrint subtype

Basal-type 0.4%
Luminal-type 18.8%
HER2-type 80.8%

n =452

BluePrint subtype

Basal-type 0.9%
Luminal-type 10%
HER2-type 89.1%

n =470

HER2 IHC 3+

BluePrint subtype

Basal-type 0.7%
Luminal-type 7.7%

HER2-type 91.6%

n =558

Fig. 1 BluePrint standard subtypes and clinical variables a Total group, b Hormone receptor-negative disease, ¢ Hormone receptor-positive disease,
d Node-negative disease, e Node-positive disease, f HER2 immunohistochemistry 1-2 +tumors, g HER2 immunohistochemistry 3 +tumors. HR
hormone receptor, cNO clinically node-negative, cN + clinically node-positive, HER2 IHC HER2 immunohistochemistry score
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Upon further classification with the dual-subtype read-
out, 8.9% (n=>55) of HER2-type and 29.5% (n=26) of
Luminal-type tumors were further classified as Luminal-
HER2-type (Fig. 2). The most common subtypes besides
HER2-single-type were Basal-single-type and HER2-
Basal-type in hormone receptor-negative tumors and
Luminal-HER2-type and Luminal-single-type in hor-
mone receptor-positive tumors (Additional file 1: Figure
Sla-g).

Association of BluePrint standard readout and treatment
with pCR

In patients with HER2-type tumors that received pertu-
zumab, the pCR rate was 71.9% versus 43.5% in patients
that did not receive pertuzumab (Fig. 3a). A significant
association was seen between BluePrint standard sub-
type and pCR in a both a univariable as well as a multi-
variable logistic regression analysis adjusted for age, HR
status, tumor grade, HER2 IHC score, clinical T-stage
(cT), clinical N-stage (cN), anthracycline treatment and
pertuzumab treatment (Additional file 2: Table S1 and
S2). When patients with Basal-type tumors and Luminal-
type tumors were combined in a non-HER2 subgroup,
they had 83% lower odds of reaching pCR compared to
patients with HER2-type tumors (Table 2; Additional
file 2:Table S2). No significant interaction between Blue-
Print subtype and either anthracycline or pertuzumab
treatment was observed. However, BluePrint stand-
ard subtype and HER2 IHC score did show a significant
interaction (p=0.014). In the overall study population,

60
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50

40

30

Number of patients

20

10

HER2-type

Basal-type
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patients with HER2 IHC 3+ tumors, the non-HER2-
type was associated with much lower odds of reaching
pCR compared to HER2-type tumors (adjusted odds
ratio [aOR] 0.09, 95% CI 0.04-0.21, p<0.001, median
n of pooled model=633). In the group of HER2 IHC
1-2+tumors, no such association was observed, but the
sample size was too small for meaningful results (median
n of pooled model=63). Subgroup analyses based on
hormone receptor status showed that the non-HER2
subtype was associated with significantly lower odds of
reaching pCR in the HR positive (aOR 0.16, 95% CI 0.08—
0.34, p<0.001, median n of pooled model =439), but not
the HR-negative subgroup (aOR 0.23, 95% CI 0.04—1.34,
p=0.10, median n of pooled model =256).

In a subgroup analysis of patients with HER2-type
tumors, the odds of reaching pCR were significantly
increased when treated with pertuzumab (aOR 3.43, 95%
CI 2.36-4.96, p<0.001, n=601; Fig. 4a). No significant
beneficial effect of pertuzumab was seen in the patients
with a non-HER2-type tumor overall (aOR 1.84, 95% CI
0.51-6.62, p=0.35, n=95; Fig. 4a) or within the Luminal-
type subgroup (aOR 1.72, 95% CI 0.44-6.73, n=285). The
Basal-type subgroup was deemed too small for subgroup
analysis (n=10).

Association of BluePrint dual-subtype readout

and treatment with pCR

Following dual-subtype classification, a pCR rate of
77.2% was observed in the HER2-single-type tumors
that were treated with pertuzumab versus 46.5% in the

BluePrint dual subtype

Luminal-HER2
I HER2-Basal
Luminal-HER2-Basal
D Luminal-Basal

Luminal-type

BluePrint standard subtype
Fig. 2 Subtype reclassifications from BluePrint standard subtype to BluePrint dual-subtype readouts
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Fig. 3 Pathological complete response rates according to molecular subtype. a Pathological complete response rates according to pertuzumab
treatment for the BluePrint standard subtypes. Patients with Basal- and Luminal-type tumors are grouped together for the non-HER2-type category.
b Pathological complete response rates according to pertuzumab treatment for the BluePrint dual subtypes. Only subtypes with n> 10 are shown.
*** Fisher exact test p-value <0.001. NS not significant
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Table 2 BluePrint standard and dual subtypes in relation to pathological complete response and survival

Pathological complete response Overall survival Breast cancer-specific

survival
aOR (95% Cl) P aHR (95% ClI) p aHR (95% ClI) p
Standard subtype HER2-type Ref Ref Ref
Other 0.17 (0.09-0.32) <0.001 1.33(0.58-3.03) 0.50 1.35(0.54-3.39) 052
Dual subtype HER2-single-type Ref Ref Ref
Other 0.15(0.09-0.24) <0.001 2.04 (1.08-3.84) 0.028 2.38(1.20-4.70) 0.014
aOR adjusted Odds Ratio, aHR adjusted Hazard Ratio, 95% CI 95% Confidence Interval, p p-value; Ref reference
Number of events aOR (95% Cl) _No Pertuzumab benefit Pertuzumab benefit R
Standard readout HER2-type 347/592 3.43 (2.36 - 4.96) : ——i
Other 15/95 1.84 (0.51-6.62) : °
Dual type readout HER2-single 332/538 3.98 (2.64 - 5.98) ——i
Other 30/158 2.26 (0.91-5.58) e
0,1 1 10
Adjusted Odds Ratio (log scale)
Number of events aHR (95% ClI) Pertuzumab benefit No Pertuzumab benefit
Standard readout HER2-type 68/621 0.45 (0.25 - 0:80) ————
Other 8/98 N/A 3
Dual type readout HER2-single 59/557 0.40 (0.21-9.75) — e ‘
Other 19/162 0.85 (0.28 - 2.60) 3
0,1 1 10
Adjusted Hazard Ratio (log scale)
Number of events aHR (95% Cl) Pertuzumab benefit No Pertuzumab benefit
Standard readout HER2-type 55/619 0.46 (0.24 - 0.86) ————— |
Other 8/97 N/A :
Dual type readout HER2-single 46/555 0.39 (0.19-0:81) i
Other 17/161 0.61(0.17 - 2=19) ® :
0,1 1 10

Cause-specific adjusted Hazard Ratio (log scale)

Fig. 4 Forest effect of pertuzumab on pathological complete response, overall survival and breast cancer-specific survival per BluePrint standard
and dual subtype. a Forest plot for pathological complete response. b Forest plot for overall survival. The non-HER2 subgroup (‘other”) is not plotted
due to the low number of events and wide confidence interval. c. Forest plot for breast cancer-specific survival. The non-HER2 subgroup (‘other”) is
not plotted due to the low number of events and wide confidence interval. Error bars represent 95% confidence intervals. aOR adjusted Odds Ratio,
aHR adjusted Hazard Ratio, 95% Cl 95% Confidence Interval, N/A not applicable
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non-pertuzumab group (Fig. 3b). A significant asso-
ciation of BluePrint dual subtype with pCR was seen in
univariable logistic regression analysis (Additional file 2:
Table S1). Multivariable regression analysis of Blue-
Print dual subtype as a binary variable (HER2-single-
type versus all other subtypes grouped together, also
referred to as non-HER2-single-type) showed a 85%
lower odds of reaching pCR for patients with tumors of
other subtypes versus the HER2-single-type (Table 2;
Additional file 2:Table S2). In addition, analysis of Blue-
Print dual subtype as a categorical variable showed that
presence of the Basal-single-, Luminal-single-, Lumi-
nal-HER2- and HER2-Basal-type was negatively associ-
ated with pCR (Additional file 2: Tables S1 and S2). No
significant interaction between BluePrint dual subtype
and HER2 ITHC score was seen (p=0.085). In the IHC
3+ subgroup, a strong negative association was seen for
the non-HER2-single-type and pCR (aOR 0.11, 95% CI
0.06-0.20, p<0.001, median n of pooled model=633),
whereas no such association was seen in patients with
IHC 1-2+ tumors (aOR 1.10, 95% CI 0.11-9.03, p=0.99,
median n of pooled model=63). Additionally, the non-
HER2-single subtype was associated with significantly
lower odds of reaching pCR in both patients with HR
positive (aOR 0.16, 95% CI 0.09-0.27, p<0.001, median
n of pooled model =439) and patients with HR-negative
disease (aOR 0.13, 95% CI 0.03-0.49, p=0.003, median n
of pooled model =256).

Subgroup analyses showed a significant benefit of per-
tuzumab in the HER2-single-type subgroup (aOR 3.98,
95% CI 2.64—5.98, p<0.001, n=538; Fig. 4a). In the non-
HER2-single-type subgroup, the estimated pertuzumab
benefit was smaller and not statistically significant,
although the group size may limit interpretation (aOR
2.26,95% CI 0.91-5.58, p=0.08, n=158; Fig. 4a).

Association of BluePrint standard readout and treatment
with OS

Median follow-up was 6.9 years, during which 78 patients
had died. Kaplan—Meier analysis did not show significant
differences in OS for the standard BluePrint subtypes
(Fig. 5a; Additional file 2: Table S3). BluePrint standard
subtypes were not significantly associated with OS in
univariable and multivariable analyses (Additional file 2:
Table S1; Table 2). No significant interactions between
BluePrint subtype and treatment or clinical variables
were observed with regard to OS.

In patients with HER2-type tumors who received per-
tuzumab, 5-year overall survival was 95.2%, compared to
88.3% for patients with HER2-type tumors that did not
receive pertuzumab (Fig. 5b; Additional file 2: Table S4).
For patients with tumors of other, non-HER2 subtypes,
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5-year OS was 93.1% with and 90.7% without pertu-
zumab (Fig. 5¢; Additional file 2: Table S4).

In the HER2-type subgroup, a significant benefit of per-
tuzumab was seen (adjusted hazard ratio [aHR] 0.45, 95%
CI 0.25-0.80, p=0.007, n=621; Fig. 4b). The amount of
events in the non-HER2-type subgroup was too limited
for subgroup analysis (n of events=8).

Association of BluePrint dual-subtype readout

and treatment with OS

For the different BluePrint dual subtypes a significant dif-
ference in OS was observed (only subtypes with n>10
analyzed; Fig. 5d; Additional file 2: Table S3) in Kaplan—
Meier analysis, where patients with a single-Luminal-
type tumor had the best 5-year OS (96.7%, 95% CI
92.2-100; Additional file 2: Table S3) and patients with
HER2-Basal subtypes had the worst outcome (5-year OS
63.7%, 95% CI 40.7-99.5; Additional file 2: Table S3). Uni-
variable Cox regression analysis of BluePrint dual sub-
types demonstrated that Luminal-HER2 and HER2-basal
subtypes were significantly associated with worse overall
survival compared to the HER2-single-type (Additional
file 2: Table S1). When non-HER2-single subtypes were
grouped together, a significantly higher risk of an event
was observed compared to patients with the HER2-sin-
gle subtype in multivariable Cox regression (aHR 2.04,
95% CI 1.08-3.84, p=0.03, n=719; Table 2; Additional
file 2: Table S2). No significant interactions were found
between BluePrint dual subtype and treatment or other
clinical variables.

Five-year overall survival was 95.7% in patients with
HER2-single-type tumors who were treated with per-
tuzumab versus 88.5% for those who were not (Fig. 5e;
Additional file 2: Table S4). In patients with tumors of
other subtypes, 5-year OS was 92.4% with pertuzumab
and 89.2% without (Fig. 5f; Additional file 2: Table S4).
Multivariable Cox regression showed a significant ben-
eficial effect of pertuzumab on OS in HER2-single-type
tumors (aHR 0.40, 95% CI0.210-0.753, p=0.005, n=>557;
Fig. 4b). No such effect was seen in the non-HER2-sin-
gle-type subgroup (aHR 0.85, 95% CI 0.28-2.60, p=0.74,
n=162; Fig. 4b).

Association of BluePrint standard readout and treatment
with BCSS

Of the 78 patients who died, 63 died of breast cancer, 12
of other causes, and 3 patients died of unknown cause.
Kaplan—Meier analysis did not show a significant differ-
ence in BCSS for the different BluePrint standard sub-
types (Additional file 1: Figure S2a; Additional file 2:
Table S3). No significant association between BluePrint
standard subtype and BCSS was seen in both a cause-
specific hazard function and a subdistribution hazard
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Fig. 5 Kaplan-Meier curves of overall survival according to subtype and treatment. a Overall survival for the three subtypes according to the
BluePrint standard readout, b Overall survival according to pertuzumab treatment in the HER2-type determined by BluePrint standard readout,

c Overall survival according to pertuzumab treatment in other subtypes determined by BluePrint standard readout, d Overall survival for the
subtypes according to the BluePrint dual-subtype readout. Subtypes with n < 10 are omitted, e Overall survival according to pertuzumab treatment
in the HER2-single-type determined by BluePrint dual-subtype readout, f Overall survival according to pertuzumab treatment in the other subtypes
determined by BluePrint dual-subtype readout. Shaded areas represent 95% confidence intervals. All p-values are from log-rank tests

model, adjusted for covariables (aHR 1.35, 95% CI 0.54—
3.39, p=0.52, n=716; Table 2).

In patients with HER2-type tumors who were treated
with pertuzumab, BCSS was significantly better than
for patients who were not treated with pertuzumab,

whereas no such difference was observed in other sub-
types (Additional file 1: Figure S2b-c). Subgroup analy-
ses showed a significantly decreased hazard for breast
cancer death for patients treated with pertuzumab in
the HER2-type subgroup (aHR 0.46, 95% CI 0.4-0.86,
p=0.016, n=619; Fig. 4c). In the non-HER2 subgroup,
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the number of patients and events was too low for
meaningful analysis (n of events =8).

Association of BluePrint dual-subtype readout

and treatment with BCSS

A significant difference in BCSS was observed between
the BluePrint dual subtypes. Patients with single-Lumi-
nal-type tumors showed the best 5-year BCSS (96.7%,
95% CI 92.1-100; Additional file 1: Figure S2d; Additional
file 2: Table S3), and patients with HER2-Basal the low-
est (63.6, 95% CI 40.7-99.5; Additional file 2: Table S3).
In patients with HER2-single-type tumors, BCSS was
significantly better for patients treated with pertuzumab
(Additional file 1: Figure S2e). No difference in BCSS
according to pertuzumab treatment was observed for
patients with other tumor subtypes (Additional file 1:
Figure S2f). A significant increase was observed in the
cause-specific hazard for breast cancer death for patients
with a non-HER2-single subtype tumor (aHR 2.38, 95%
CI 1.20-4.70, p=0.014, n="716; Table 2), which was con-
firmed in a subdistribution hazard model (p=0.03).

In a subgroup analysis of the HER2-single-type tumors,
pertuzumab treatment was associated with lower hazard
of breast cancer death in the presence of competing risks
(aHR 0.392, 95% CI 0.19-0.81, p=0.012, n=>555; Fig. 4c).
In the non-HER2-single-type subgroup, no significant
benefit of pertuzumab was seen (aHR 0.61, 95% CI 0.17-
2.19, p=0.39, n=161; Fig. 4c).

Discussion
The results of our study show that molecular subtypes as
determined by BluePrint are associated with response to
neoadjuvant pertuzumab in stage II and III HER2-posi-
tive breast cancer, independent of other clinical variables
such as hormone receptor status and HER2 immunohis-
tochemistry score. Patients with tumors that are classi-
fied as HER2-type according to the standard BluePrint
or further classified as HER2-single-type according to
the dual-subtype readout have a high chance of reaching
pathological complete response after neoadjuvant treat-
ment with chemotherapy, trastuzumab and pertuzumab.
In addition, a clear benefit of pertuzumab for overall sur-
vival and breast cancer-specific survival was seen in the
patients with HER2-type or HER2-single-type tumors,
which was not seen for patients with other subtypes.
While molecular subtypes have been previously evalu-
ated in HER2-positive breast cancer, we are the first
to compare the effects of neoadjuvant chemotherapy
combined with trastuzumab and pertuzumab versus
trastuzumab only within different molecular subtypes,
in relation to both pCR as well as survival outcomes,
in such a large sample size. Previously, it was shown in
the NBRST study that patients with HER2-type breast
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tumors had the highest pCR rates, in particular when
treated with dual HER2-blockade. However, the study
was underpowered for evaluation of long-term survival
and treatment interactions were not reported. The study
also did not include subgroup analyses and evaluation of
the dual subtypes [28]. Recently, results of the APHIN-
ITY trial suggested that patients with HER2-single-type
tumors might have a greater benefit of adjuvant pertu-
zumab than patients with other subtypes [16]. Of note,
due to the differences in inclusion criteria the population
of the APHINITY trial may have a different prognosis
than our population. In addition, subtype evaluation in
the APHINITY study was performed in a nested case—
control set, resulting in a much higher proportion of
Luminal- and Basal-type tumors compared to our study.
Therefore, associations were analyzed by inverse prob-
ability weight corrected Cox regression, which showed a
trend toward greater pertuzumab benefit in the patients
with HER2-type tumors, similar to our findings. Addi-
tionally, a systematic review analyzing 16 studies in early-
stage HER2-positive disease for which PAMS50 subtyping
was performed, found that the HER2-enriched subtype
was significantly associated with pathological complete
response independent of hormone receptor status [13].
The effect of dual HER2-blockade versus single HER2-
blockade within different subtypes was not evaluated, and
long-term outcomes were not assessed. The design and
sample size of our study allowed us to not only evaluate
molecular subtypes in relation to both overall as well as
breast cancers specific subtypes, but also study the effect
of dual versus single HER2-blockade in relation to molec-
ular subtypes through interaction tests and subgroup
analyses. However, given that the majority of HER2-pos-
itive tumors in our study population exhibits a HER2-
activated subtype, other subtypes were grouped together
in most analyses. The absence of a significant interaction
in our study may indicate that molecular subtype is not
specific to pertuzumab benefit. Indeed, molecular sub-
type seems predictive of response to HER2-targeting
therapy in general, since the patients who received sin-
gle HER2-blockade treatment with trastuzumab only and
have a HER2-type tumor also have better pCR rates than
patients with other tumor subtypes. However, since we
did observe a clear benefit of additional treatment with
pertuzumab in HER2-type tumors and not in non-HER2-
type tumors based on subgroup analyses, the lack of
interaction may also be due to the smaller sample size of
the non-HER2-type group. Further studies are warranted
to validate our findings and confirm the lack of pertu-
zumab benefit in patients with clinically HER2-positive
but genomically non-HER2-type tumors. Given that dual
HER2-blockade is currently standard of care for patients
with stage II-III HER2-positive breast cancer, this could
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be analyzed by extending the current analyses to include
patients treated after 2016.

HER2-targeting agents are known to exert their effect
by both blocking the HER2-pathway and through activa-
tion of natural killer cell-mediated antibody-dependent
cellular cytotoxicity (ADCC) [29, 30]. Results of sev-
eral clinical trials indicate that a subgroup of patients
responds well to treatment with only dual HER2-block-
ade, without chemotherapy [4, 9-11]. It is hypothesized
that these patients’ tumors rely heavily on the HER2-
pathway for survival and thus might be particularly sensi-
tive to the combination of HER2-pathway blockade and
ADCC. Finding biomarkers that identify this group of
patients with ‘HER2-driven’ tumors is highly relevant for
future studies evaluating de-escalation of chemotherapy.
Given that BluePrint was developed through supervised
analysis based on ER, PR and HER2 status (IHC and
mRNA expression), it might be able to capture subtype-
specific pathways better than previously used meth-
ods, such as PAM50 subtyping [14, 31]. In addition, the
recently developed BluePrint dual-subtype readout has
shown that some tumors display multiple activated path-
ways and appear to be biologically different from the true
single-subtype tumors, which may be valuable for further
distinction of truly HER2-driven tumors and relevant for
the probability of response to HER2-targeted treatment
[16, 24, 25]. Our results show that the BluePrint HER2-
single-subtype indeed seems to be a stronger prognos-
tic factor than the standard readout HER2-type. Many
patients that were initially classified as HER2-type by the
standard readout are classified as Luminal-HER2-type
upon dual readout, which is associated with lower odds
of pCR and worse prognosis in both univariable and mul-
tivariable analyses. Interestingly, we found that among
patients with a high HER2 immunohistochemistry score
presence of a subtype other than HER2 or HER2-single is
associated with a severely diminished chance of reaching
pathological complete response. This suggests that HER2
IHC scoring may not fully account for tumor heteroge-
neity and that molecular subtyping may have additional
value to HER2 IHC scoring for prediction of pCR after
neoadjuvant treatment with chemotherapy and HER2-
blockade. Thus, BluePrint molecular subtypes may be
valuable in conjunction to other biomarkers to identify
HER2-driven tumors. Since HER2 IHC scoring was not
performed centrally and that detailed information on
HER2 evaluation was not available for further analysis, it
cannot be ruled out some tumors may have been falsely
classified as HER2 positive. In addition, we found the
non-HER2-single subtype to be associated with a lower
chance of pCR in both hormone receptor-negative and
hormone receptor-positive diseases. However, the het-
erogeneity of molecular subtypes is substantially smaller
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among patients with hormone receptor-negative breast
cancer, and further research is needed to investigate clin-
ical utility of subtyping in this group of patients.

Given that HER2-type and HER2-single-type tumors
had excellent prognosis after treatment with trastuzumab
and pertuzumab, molecular subtyping may be informa-
tive for the selection of patients who could be potential
candidates for treatment de-escalation. The TRAIN-3
study is a de-escalation trial in which patients with stage
II-III HER2-positive disease are referred to surgery once
they reach pCR during neoadjuvant treatment with
chemotherapy and dual HER2-blockade; our data may be
validated by retrospective analysis of molecular subtype
in these patients. In addition, our results could be con-
firmed further in future trials by randomizing patients
with genomically HER2-type tumors between stand-
ard treatment with dual neoadjuvant chemotherapy and
dual HER2-blockade, versus treatment with dual HER2-
blockade only. Besides its potential use in de-escalation,
molecular subtyping may identify patients with low
chances of response or poor prognosis, who could benefit
of treatment strategies other than HER2-blockade. Cur-
rent adjuvant treatment decisions are based on presence
of pCR following neoadjuvant treatment, where patients
with no pCR are treated with trastuzumab-emtansine
(T-DM1) [32, 33]. Results of recent studies indicate that
trastuzumab-deruxtecan (T-DXd) may benefit both
patients with low HER2-expression and HER2-positive
metastatic patients who acquired resistance to T-DM1
[34, 35]. Given that T-DXd is thought to have a more
potent bystander killing effect than T-DM1 by pen-
etrating cells adjacent to HER2-positive cells, it may be
a highly interesting treatment option in the early-stage
setting for patients with tumors that are HER2 positive
based on immunohistochemistry (score of 3+), but of
a non-HER2 subtype as determined by gene expression
analysis.

Our study has a few limitations. Despite taking meas-
ures to ensure adequate matching, cases and controls
differed with respect to chemotherapy regimens, tumor
grade and nodal stage. Given that anthracycline-based
treatment was preferred as a chemotherapy regimen in
the Netherlands during the study period, the majority
of control patients had received anthracyclines, which
made perfect matching impossible, and also affected the
matching of the other clinical variables [36]. In addition,
tumor grade was only available after case—control selec-
tion and thus not accounted for during matching. Tumor
stage (II vs. III) was included as a matching factor but
could not prevent an imbalance in nodal stage. Given that
several studies have shown that anthracycline-containing
and anthracycline-free chemotherapy regimens lead to
comparable outcomes in HER2-positive breast cancer, we
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consider it unlikely that this has substantially affected our
results [6, 8, 17, 37]. In addition, since the imbalances are
not severe and all analyses have been corrected for these
variables, we are confident that they have not impacted
our results significantly, although residual confound-
ing cannot be fully excluded. The majority of patients
that received pertuzumab underwent their treatment as
part of the TRAIN-2 clinical trial, whereas patients that
did not receive pertuzumab were not trial participants.
Given that our study is based on data from the Nether-
lands Cancer Registry, which does not provide detailed
information on comorbidity, we cannot fully exclude
the possibility that the non-pertuzumab cohort is over-
all less healthy than the pertuzumab cohort. However,
since some hospitals did and some did not participate in
the TRAIN-2 trial, and inclusion rates were high among
participating hospitals, study participation was largely
based on in which hospital the diagnosis was made and
thus mostly arbitrary. In addition, since all of the patients
in our study cohort were fit for chemotherapy and were
of a similar age, we have no reason to assume substan-
tial health differences between the pertuzumab and the
non-pertuzumab groups. Due to the imbalances in the
matched groups and the potential selection bias, fur-
ther validation of our results in independent datasets is
warranted.

In conclusion, our results indicate that in patients with
stage II-III HER2-positive breast tumors that are classi-
fied as HER2-type or HER2-single-type upon molecular
characterization, the addition of pertuzumab to neoadju-
vant chemotherapy and trastuzumab may improve path-
ological complete response and may decrease the risk of
death due to breast cancer. Given the excellent long-term
outcomes after treatment with dual HER2-blockade in
patients with HER2-type or HER2-single-type tumors,
molecular subtyping might be a valuable biomarker for
candidate selection in future trials investigating either de-
escalation of neoadjuvant chemotherapy, or alternative or
intensified treatment strategies. Prospective validation of
our findings is needed to confirm the role of BluePrint in
patient selection for dual HER2-blockade.
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