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Abstract The aim of this study was to analyze the cor-
relation between the pathologic complete response (pCR)
rate after neoadjuvant chemotherapy and long-term out-
come (distant metastases-free survival [DMFS]) in patients
with early-stage breast cancer using BluePrint and Mam-
maPrint molecular subtyping versus clinical subtyping
using immunohistochemistry/fluorescence in situ hybrid-
ization (IHC/FISH) for the determination of estrogen
receptor, progesterone receptor, and human epidermal
growth factor receptor-2 (HER?2). Data were analyzed from
437 patients in four neoadjuvant chemotherapy trials.
BluePrint and MammaPrint outcomes were determined
from 44K Agilent arrays, the I-SPY 1 data portal, or Af-
fymetrix U133A arrays. The pCR rate differed substan-
tially among BluePrint molecular subgroups: 6 % in
Luminal A-type, 10 % in Luminal B-type, 47 % in HER2-
type, and 37 % in Basal-type patients. In the Luminal
A-type group (n = 90; including seven HER2-positive
patients and eight triple-negative patients by IHC/FISH),
the 5-year DMFS rate was 93 %. The pCR rate provided no
prognostic information, suggesting these patients may not
benefit from chemotherapy. Forty-three of 107 (40 %)
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HER2-positive patients were classified as Luminal-type by
BluePrint and may have lower response rates to targeted
therapy. Molecular subtyping identified 90 of 435 (21 %)
patients as Luminal A-type (BluePrint Luminal-type/
MammaPrint Low Risk) with excellent survival. The pCR
rate provided no prognostic information. Molecular sub-
typing can improve the stratification of patients in the
neoadjuvant setting: Luminal A-type (MammaPrint Low
Risk) patients have a good prognosis with excellent sur-
vival and do not seem to benefit from chemotherapy. We
observed marked benefit in response and DMFS to neo-
adjuvant treatment in patients subtyped as HER2-type and
Basal-type. BluePrint with MammaPrint molecular sub-
typing helps to improve prognostic estimation and the
choice of therapy versus IHC/FISH.
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Abbreviations

ACAC Doxorubicin, cyclophosphamide,
and nab-paclitaxel

DMFS Distant metastases-free survival

ER Estrogen receptor

carboplatin,

ESBC  Early-stage breast cancer

FDA Food and drug administration

FISH  Fluorescence in situ hybridization

HER2  Human epidermal growth factor receptor-2
HR Hormone receptor

IHC Immunohistochemistry

LABC Locally advanced breast cancer

pCR Pathologic complete response

PR Progesterone receptor
TAC Docetaxel, doxorubicin, and cyclophosphamide

@ Springer



760

Breast Cancer Res Treat (2013) 139:759-767

Introduction

Neoadjuvant chemotherapy is increasingly being used for
the treatment of early-stage breast cancer (ESBC) and
particularly locally advanced (LABC) to enable breast
preservation and improve surgical outcomes [1-4] com-
pared to postoperative chemotherapy, with equivalent
recurrence rates, survival, and locoregional control [3]. The
classification of breast cancers into molecular subtypes is
important for the appropriate selection of neoadjuvant
therapy in patients with ESBC [5]. Previous studies have
shown that patients with different breast cancer subtypes
have distinct clinical outcomes [6-9].

The pathologic complete response (pCR) rate has been
used as a primary endpoint in numerous neoadjuvant
clinical trials [10, 11] and a number of large randomized
trials have shown that the pCR rate can serve as a surrogate
predictor for long-term outcome [12—14]. This observation
is consistent across trials, even when patient populations
and the definition of the pCR differ. The US Food and Drug
Administration (FDA) recently issued draft guidance for
industry on the use of the pCR as a clinical-trial endpoint
for accelerated drug approval for neoadjuvant treatment of
high-risk ESBC [10, 15]. In addition, breast cancer patient
advocates have recognized the importance of a pCR in
guiding treatment decisions in neoadjuvant clinical trials
[16]. The beneficial effects of neoadjuvant chemotherapy
are greatest in patients with human epidermal growth factor
receptor-2 (HER2)-positive and triple-negative tumors [11,
17, 18]. Subtyping may become even more important in
HER2+ cancers with the availability of novel dual-tar-
geting strategies [19-21].

The classification of breast cancers into molecular sub-
types was originally developed using gene-expression array
analysis [5, 22], e.g., BluePrint [23] and PAMS0 [24, 25].
Initially, simple methods for the subclassification of breast
cancer evolved using immunohistochemistry (IHC) and
fluorescence in situ hybridization (FISH) [26, 27]. While a
variety of gene-expression profiling methods have been
pursued, currently there is no agreement on which molec-
ular profile is best for discriminating between breast cancer
subtypes to show differences in clinical outcomes,
including time-dependent endpoints. BluePrint was devel-
oped to provide an additional method for the molecular
subclassification of breast cancer. The profile was devel-
oped using a rational-based method to insure a robust and
reproducible profile with concordant IHC/FISH-assessed
samples for the estrogen receptor (ER), progesterone
receptor (PR), and HER2. BluePrint determines the mRNA
levels of 80 genes that best discriminate between Luminal-
type, HER2-type, and Basal-type tumors and was validated
using four independent validation cohorts consisting of 784
patients [24]. The Luminal subtype can be further divided
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into type A (low risk) and type B (high risk) [28] using a
validated profile, e.g., the 21-gene recurrence score On-
cotypeDX [29] or the 70-gene profile MammaPrint [30].

Both OncotypeDX and MammaPrint have been studied
in the neoadjuvant setting [29, 30]. OncotypeDX was
positively associated with the likelihood of a pCR
(P = 0.005) in a study of 89 patients with LABC [29]. In a
study of 167 patients with LABC, no Low-Risk Mamma-
Print patients achieved a pCR (0 of 23), whereas 29 of 144
(20 %) High-Risk patients did (P = 0.015) [30]. Thus, a
PCR is unlikely to be achieved in patients with tumors that
have a Low-Risk MammaPrint, whereas patients with
High-Risk tumors are sensitive to chemotherapy [30]. By
combining BluePrint and MammaPrint, Luminal-type
cancers can be further stratified into A-type (BluePrint
Luminal-type and MammaPrint Low Risk) and B-type
(BluePrint Luminal-type and MammaPrint High Risk).
This distinction is important for determining prognosis and
can guide the decision whether or not to use chemotherapy
as neoadjuvant or adjuvant treatment.

In this study, the molecular stratification of patients with
BluePrint and MammaPrint was used to correlate the
response to neoadjuvant chemotherapy and long-term
outcomes in patients with ESBC or LABC and the results
compared with those obtained by classification using IHC/
FISH for ER, PR, and HER2.

Patients and methods
Neoadjuvant studies

This retrospective analysis was performed on samples from
437 patients enrolled in four independent neoadjuvant
chemotherapy clinical trials: 144 patients from the I-SPY 1
trial [31]; 131 patients [32] and 99 patients [33] from two
biomarker discovery trials at the University of Texas M.D.
Anderson Cancer Center; and 63 patients from the City of
Hope National Medical Center [34]. In two trials, a pCR
was defined as no invasive or noninvasive residual disease
in the breast or axillary lymph nodes [31, 34]; in the other
trials, the definition included noninvasive breast residual
disease [32, 33]. A recent review showed that residual
noninvasive cancer does not contribute negatively to
recurrences or long-term outcomes [21].

In the I-SPY 1 trial, all patients received doxorubicin
plus cyclophosphamide as initial chemotherapy and all
except four subsequently received a taxane [31]. Of the 45
patients with HER2-positive tumors, 14 patients received
neoadjuvant and 23 patients received adjuvant trastuzumab
(the other patients were enrolled before trastuzumab
approval and therefore did not receive concurrent neoad-
juvant trastuzumab) [31]. In the M.D. Anderson Cancer
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Table 1 Clinical characteristics Molecular subtyping: BluePrint and MammaPrint
Characteristic Luminal A Luminal B HER2 Basal Total
(n =90) (n = 154) (n ="170) (n=123) (N =437
Median age, years (range) 52 (26-75) 51 (30-79) 51 (32-73) 49 (29-72)
Tumor grade (n)
1 12 6 3 1 22
2 61 77 20 32 190
3 17 71 47 90 225
ER status® (n)
ER-positive 78 145 22 11 256
ER-negative 12 9 48 111 180
Unknown 0 0 0 1 1
PR status® (n)
PR-positive 66 99 13 18 196
PR-negative 24 52 57 104 237
Unknown 0 3 0 1 4
HER?2 status® (n)
HER2-positive 7 36 47 17 107
HER2-negative 83 118 21 104 326
ER estrogen receptor, PR Unknown 0 0 2 4
progesterone receptor, HER2 Triple-negativeb (n) 8 4 84 104
?:C?;;:I;idermal growth factor  NfamaPrint Low Risk () 90 0 0 98
a . MammaPrint High Risk (n) 0 154 62 123 339
* Determined by
immunohistochemistry Treatment ()
b Determined by Anthracycline/non-taxane 1 0 1 2 4
immunohistochemistry/ Taxane 89 154 69 121 433
fluorescence in situ Trastuzumab 5 7 21 4 36

hybridization

Center studies, patients received preoperative chemother-
apy with sequential paclitaxel (80 mg/m* weekly for
12 cycles) and 5-fluorouracil, doxorubicin, and cyclo-
phosphamide (500, 50, and 500 mg/m?, respectively, every
21 days for four cycles) [32, 33]. In the City of Hope
randomized phase II study, patients received six cycles of
docetaxel 75 mg/m?, doxorubicin 50 mg/m?, and cyclo-
phosphamide 500 mg/m? every 21 days (TAC) versus
doxorubicin 60 mg/m?* and cyclophosphamide 600 mg/m>
every 2 weeks for four cycles, followed by carboplatin at
an AUC of 2 and nab-paclitaxel 100 mg/m? weekly for
3 weeks every 28 days (ACAC). A separate stratum of
HER2-positive patients received ACAC and trastuzumab
as a 4 mg/kg loading dose then 2 mg/kg weekly for
12 weeks as neoadjuvant therapy [34]. Of the patients with
sufficient quality and quantity of RNA included in this
analysis, 17 patients received TAC, 23 patients received
ACAC, and 23 patients received ACAC with the addition
of trastuzumab to carboplatin and nab-paclitaxel as a 4 mg/kg
loading dose followed by trastuzumab 2 mg/kg weekly for
12 weeks. Of the 23 patients who received ACAC, 22
patients were classified as HER2-positive by IHC/FISH
and one patient was initially diagnosed as HER2-positive;

however, re-assessment of the initial biopsy revealed
HER2-negative disease.

Molecular subtyping

BluePrint and MammaPrint outcomes were derived from
either 44K Agilent arrays analyzed at Agendia according to
the manufacturer’s protocols [34], were available through
the I-SPY 1 data portal [35], or were determined from
Affymetrix UI133A arrays [32, 33]. Expression data were
quantified using Feature Extraction software. Four distinct
molecular subgroups—Luminal A-type, Luminal B-type,
Basal-type, and HER2-type—were identified and used for
further analysis. In this study, we defined Luminal A-type
tumors as Luminal type by BluePrint with a Low-Risk
score by MammaPrint and Luminal B-type tumors as
BluePrint Luminal type with a MammaPrint High-Risk
score.

Stratification using IHC/FISH for ER, PR, and HER2

In order to compare molecular subtyping with currently
used diagnostic classification, outcomes were analyzed
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Table 2 Comparison of stratification based on IHC/FISH of ER, PR, HER2, and BluePrint molecular subtyping

Stratification Chemosensitivity Prognosis Benefit from chemotherapy
pCR/total, n/N (%) 5-year DMFS 5-year DMFS pCR (responsive)
5-year DMFS RD (non-responsive)
IHC/FISH stratification
HR-positive (ER-positive and/or PR-positive; 15/204 (7) 81 % pCR 87 % (Fig. 2a)
HER?2-negative) (Fig. 1a) RD 80 % (P = 0.271)
HER2-positive 47/107 (44) 75 % pCR 88 % (Fig. 2b)
(Fig. 1a) RD 65 % (P = 0.022)
Triple-negative 35/104 (34) 69 % pCR 88 % (Fig. 2¢)
(Fig. 1a) RD 59 % (P = 0.003)
BluePrint molecular subtyping
Luminal A-type (MammaPrint Low Risk) 5/90 (6) 93 % pCR 75 % (Fig. 2d)
(Fig. 1b) RD 94 % (P = 0.108)
Luminal B-type (MammaPrint High Risk) 16/154 (10) 74 % PCR 85 % (Fig. 2e)
(Fig. 1b) RD 72 % (P = 0.216)
HER2-type 33/70 (47) 77 % pCR 91 % (Fig. 2f)
(Fig. 1b) RD 64 % (P = 0.019)
Basal-type 45/123 (37) 68 % pCR 91 % (Fig. 2g)
(Fig. 1b) RD 54 % (P < 0.000)

pCR pathologic complete response, DMFS distant metastases-free survival, RD residual disease, /HC immunohistochemistry, FISH fluorescence
in situ hybridization, HR hormone receptor, ER estrogen receptor, PR progesterone receptor, HER2 human epidermal growth factor receptor 2

using ITHC/FISH for ER, PR, and HER2 in the following
three groups: triple-negative (ER-negative, PR-negative,
HER2-negative), hormone receptor (HR)-positive (ER-
positive and/or PR-positive, HER2-negative), and HER2-
positive. HR and HER2 status were determined by IHC/
FISH in the diagnostic core needle biopsy specimens
before chemotherapy. In seven patients, the ER, PR, or
HER2 data were unavailable. In the I-SPY 1 trial, HR
status was determined by IHC and considered positive if
the Allred score was >3; HER2 status was determined by
IHC and/or FISH assays locally and centrally at the Uni-
versity of North Carolina. HER2 status was regarded as
positive if there was 34 staining and/or FISH-positive
(defined as a HER2:CEP17 ratio > 2.2) locally or cen-
trally. In the M.D. Anderson Cancer Center studies, cancers
with >10 % positive nuclear staining for ER or PR with
IHC were considered as HR-positive. Specimens that
showed either 3+ IHC staining for HER2 or had a HER2
gene copy number >2.0 by FISH were considered HER2-
positive. In the City of Hope study, patients with HR-
positive disease had positive expression of HRs
(IHC > 1 %) and were not overexpressing HER2 by ITHC
(0-1) or, in the case of an IHC of 2, were negative by FISH
or by alternative gene testing. Patients with HER2 3+
staining by IHC or gene amplification (FISH or alternative
gene testing) were considered HER2-positive.
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Outcomes

The response to neoadjuvant chemotherapy was defined by
the pCR according to the definitions used in the clinical
trials [31-34]. Long-term outcome was defined as the
5-year distant metastases-free survival (DMFS) rate. The
response to neoadjuvant chemotherapy and long-term
outcomes were also analyzed for patients treated with and
without trastuzumab HER2-targeted therapy. The response
to treatment was analyzed for patients classified as HER2-
type by BluePrint, for HER2-positive IHC/FISH patients
classified as Luminal-type, and for all HER2-positive IHC/
FISH-positive patients.

Results

The clinical characteristics of the 437 patients (age range
26-79 years) are shown in Table 1. Molecular subtyping
classified 90 (21 %) patients as Luminal A-type, 154
(35 %) patients as Luminal B-type, 70 (16 %) patients as
HER2-type, and 123 (28 %) patients as Basal-type.
Stratification using IHC/FISH for ER, PR, and HER2
identified 219 (53 %) patients as HR-positive, 107 (26 %)
patients as HER2-positive, and 104 (25 %) patients as
triple-negative.
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Fig. 1 Survival rates according to stratification based on a IHC/FISH
for ER, PR, and HER2 and b molecular subtyping using BluePrint and
MammaPrint. /JHC immunohistochemistry, FISH fluorescence in situ
hybridization, ER estrogen receptor, PR progesterone receptor HER2
human epidermal growth factor receptor-2

Overall, the pCR rate was 23 % (99 of 437 patients) but
differed substantially in the different molecular subgroups:
Luminal A-type, 6 %; Luminal B-type, 10 %; HER2-type,
47 %; and Basal-type, 37 %. Table 2 shows the data for
the pCR versus residual disease, prognosis (5-year DMFS
rate), and benefit from chemotherapy (5-year DMFS rate in
patients with and without a pCR) in the different patient
subgroups classified by molecular subtyping compared
with IHC/FISH for ER, PR, and HER2. The 5-year DMFS
rate was 69 % in the triple-negative group and 81 % in the
HR-positive group (Fig. 1a; Table 2). In patients classified
by molecular subtyping, the 5-year DMFS was 68 % in the
Basal-type subgroup and 93 % in the Luminal A-type
subgroup (Fig. 1b; Table 2). More patients were classified
as Basal-type (n = 123) versus IHC/FISH determination of

triple-negative (n = 104) but the pCR rate was similar
(Basal-type 37 %, triple-negative 34 %) (Table 2).

Patients with Luminal A-type cancers had a good
prognosis, with excellent survival despite a very low pCR
rate (6 %) and no apparent benefit from chemotherapy.
Fig. 2 shows the prognosis for patients with and without a
pCR in different subgroups classified according IHC/FISH
for ER, PR, HER2 (Fig. 2a—c, respectively), and molecular
subtyping (Fig. 2d—-g, respectively). In patients with triple-
negative breast cancer, the pCR was indicative of a good
long-term outcome with a 5-year DMFS rate 88 versus
59 % in patients with residual disease. In patients classified
by molecular subtyping, the pCR versus residual disease
resulted in a similar prognosis for good long-term outcome
in the Basal-type group (91 versus 54 %). Patients classi-
fied with HER2-type breast cancer and a pCR had a 5-year
DMES rate of 91 versus 88 % for patients classified as
HER2-positive by IHC/FISH with a pCR (Fig. 2b, f;
Table 2).

Of the 107 HER2-positive patients, 36 were treated with
trastuzumab (mostly in the City of Hope series); the
majority did not receive trastuzumab because they were
diagnosed before 2006. Table 3 shows the response to
treatment for patients classified as HER2-type, for HER2-
positive patients classified as Luminal-type, and for all
HER2-positive patients. The pCR rate for HER2-positive
breast cancer was 42 % for patients who did not receive
trastuzumab, which is very similar to the pCR rate in
patients treated with trastuzumab (47 %). However, the
difference in the pCR rate for patients with HER2-type
disease as identified by molecular subtyping was sub-
stantial, although not significantly different, with a pCR
rate of 41 % in patients treated without trastuzumab versus
62 % in those treated with trastuzumab.

Discussion

The results of this analysis of patients from four indepen-
dent neoadjuvant trials show that Luminal A-type (Blue-
Print Luminal-type/MammaPrint Low Risk) patients had
low pCR rates but a good prognosis, with excellent DMFS
at 5 years and little or no benefit from chemotherapy.
MammaPrint enables subdivision of the Luminal group
into two types, Luminal A and B, which cannot be
achieved with standard pathology. The Basal-type sub-
group with residual disease had the worst prognosis and the
lowest 5-year DMFS rate (54 % for Basal-type breast
cancer patients with residual disease). Patients with a pCR
and HER2-type disease had a similar 5-year DMFS rate to
those classified as HER2-positive by IHC/FISH (91 and
88 %, respectively). Remarkably, 43 % of HER2-positive
patients were classified as Luminal-type by molecular
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Fig. 2 Prognosis after pCR by IHC/FISH assessment and BluePrint/
MammaPrint molecular subtyping a HR-positive, b HER2-positive,
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chemistry, FISH fluorescence in situ hybridization, HR hormone
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Fig. 2 continued

subtyping; these Luminal-type/HER2-positive THC/FISH
patients had a dominant Luminal pathway despite being
classified as HER2-positive by IHC/FISH assessment.

Not all IHC/FISH HER2-positive patients received neo-
adjuvant trastuzumab. A subgroup analysis of the trast-
uzumab-treated patients provides an indication that
molecular subtyping is potentially a more accurate method to
predict the response to trastuzumab than the classical IHC/
FISH determination: 62 % of BluePrint HER2-type patients
had a pCR compared with only 47 % of IHC/FISH HER2-
positive patients. The data generated with molecular profil-
ing are therefore more precise in predicting a pCR. This is in
line with the results of a recent pooled analysis of a large
cohort of patients using traditional IHC/FISH testing, which
showed that the pCR rate is low in HER2-positive/HR-
positive patients and not a suitable surrogate endpoint for
prognosis in these patients [11]. In contrast, in Luminal
B/HER2-negative, HER2-positive (non-Luminal), or basal
(triple-negative) patients, pCR is a reliable surrogate end-
point and a good measure for chemosensitivity [11].

Our most important finding is the identification of the
Luminal A-type subgroup (BluePrint Luminal-type/Mam-
maPrint Low Risk): 90 of 437 (21 %) patients were clas-
sified as Luminal A-type. Luminal A-type patients, who are
not identified by assessment using I[HC/FISH for ER, PR,
HER2, had a DMFS rate of 93 % at 5 years and showed
little if any benefit from chemotherapy (the pCR rate was
only 6 % in this group). The identification of this group
could lead to improved treatment, with patients being able
to avoid chemotherapy and to receive preoperative and
adjuvant endocrine therapy alone. This analysis shows that
molecular subtyping using BluePrint and MammaPrint has
treatment implications for a substantial proportion of
patients who are currently selected for neoadjuvant che-
motherapy treatment based on IHC/FISH assessment.
Patients in the Luminal B-type group had outcomes that
were in line with those of patients assessed as HR-positive
by THC, i.e., a limited proportion of patients with a com-
plete response to chemotherapy, as was also seen in other
neoadjuvant studies, and pCR being a reliable measure of
chemosensitivity.

As in previous studies [9, 31], our results demonstrate
that patients with different breast cancer subtypes have
different clinical outcomes with neoadjuvant chemotherapy
(including trastuzumab in 34 % of IHC/FISH HER2-posi-
tive patients). Our results also confirm the importance of
classifying breast cancer into molecular subtypes to select
the appropriate patients who will benefit from neoadjuvant
chemotherapy. However, we should point out that our
analysis was not prospective and was performed on data
from trials involving different institutions, chemotherapy
regimens, and definitions of pCR. A recent meta-analysis
from the German Breast Group also showed different
clinical outcomes with neoadjuvant chemotherapy
according to the breast cancer subtype classified by IHC/
FISH [11].

In summary, compared with IHC/FISH, molecular sub-
typing (e.g., using BluePrint and MammaPrint) leads to a
more precise classification of patients with ESBC and a
better correlation with long-term clinical treatment

Table 3 Comparison of outcomes in patients with HER2-positive disease classified by IHC/FISH and BluePrint according to treatment with

versus without trastuzumab

Treatment

Chemosensitivity pCR/total (n/N) (%) and 5-year DMFS

HER2-positive (IHC/FISH)

BluePrint HER2-type

HER2-positive/BluePrint Luminal-type

With trastuzumab 17/36 (47) pCR 94 % 13/21 (62) pCR 100 % 2/11 (18) pCR NA
RD 25 % RD 31 % RD NA

Without trastuzumab 30/71 (42) pCR 80 % 20/49 (41) pCR 85 % 10/32 (31) pCR 90 %
RD 72 % RD 70 % RD 76 %

PpCR pathologic complete response, DMFS distant metastases-free survival, HER2 human epidermal growth factor receptor 2, /[HC, immuno-
histochemistry, FISH fluorescence in situ hybridization, NA not applicable due to low patient numbers, RD residual disease
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outcomes. Molecular subtyping leads to the identification of
a substantial group of patients with Luminal A-type disease
for whom the pCR provides little prognostic information,
who have excellent survival irrespective of chemotherapy,
and may therefore not need chemotherapy treatment.
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