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Abstract

Recent advances in the study of the tumor microenvironment have revealed significant interaction

between tumor cells and their surrounding stroma in model systems. We have previously shown that
two distinct stromal signatures derived from a macrophage (CSF1) response and a fibroblastic (DTF-
like) response are present in subsets of invasive breast cancers and show a correlation with clinical
outcome [1-3]. In the present study we explore whether these signatures also exist in the stroma of
ductal carcinoma in situ (DCIS). We studied the signatures by both gene expression profile analysis
of a publically available data set of DCIS and by immunohistochemistry (IHC) on a tissue microarray
of DCIS and invasive breast cancer cases. Both the gene expression and immunohistochemical data
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show that the macrophage response and fibroblast expression signatures are present in the stroma of
subsets of DCIS cases. The incidence of the stromal signatures in DCIS is similar to the incidence
in invasive breast cancer that we have previously reported. We also find that the macrophage response
signature is associated with higher grade DCIS and cases which are ER and PR negative, whereas
the fibroblast signature was not associated with any clinicopathologic features in DCIS. A
comparison of 115 matched cases of DCIS and invasive breast cancer found a correlation between
the type of stromal response in DCIS and invasive ductal carcinoma (IDC) within the same patient
for both the macrophage response and the fibroblast stromal signatures (P = 0.03 and 0.08,
respectively). This study is a first characterization of these signatures in DCIS. These signatures have
significant clinicopathologic associations and tend to be conserved as the tumor progresses from
DCIS to invasive breast cancer.
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Introduction

Breast cancer remains a leading cause of death amongst women worldwide. There has been a
dramatic rise in the incidence of ductal carcinoma in situ (DCIS) in the US which is at least
partially due to the use of screening mammography [4]. Currently, therapy for DCIS involves
surgical resection with or without radiation and sometimes adjuvant hormone therapy [5-7].
Although Page et al. [8] have shown that overall there is a ninefold increased likelihood for
women with DCIS to develop invasive breast carcinoma, there are few biomarkers to predict
behavior in individual patients with DCIS [9,10].

The connective tissue surrounding breast carcinoma cells (tumor microenvironment, TME) is
a poorly characterized structure that consists of a wide variety of cell types (endothelial cells,
inflammatory cells, fibroblasts, etc.) many of which are not well understood. Studies have
shown that the TME is more than merely a scaffold on which the malignant cells rest but in
fact plays an important interactive role with growth enhancing properties for the tumor [11-
14]. One emerging area in TME research suggests that invasive cancer cells actively recruit
stromal cells and interact with them to create a TME that promotes tumor growth and possibly
metastasis. Less well studied is the impact of the surrounding stroma on pre-invasive (in situ)
breast cancer. There have been a number of studies performed in animal model systems that
demonstrate that stroma can induce pre-invasive cancer [15]. However, only a few papers have
examined the expression patterns of genes within the stroma of DCIS [16-18].

In prior work, we have defined three stromal gene expression profiles in invasive breast cancer
[1-3]. While most studies have treated the TME as a uniform entity, we have been able to
distinguish different types of TME that occur in different cancers. One stromal gene expression
profile is consistent with a fibroblast (DTF-like) response pattern and is composed of genes
expressed during scar formation (e.g., type | and Il collagen) and pro-fibrotic signaling proteins
such as TGFB. Another represents a macrophage response to colony stimulating factor (CSF1).
Analysis of these stromal signatures on large invasive breast cancer gene expression profiling
datasets demonstrated that the signatures are present in distinct groups of invasive breast
cancer, and the signatures are correlated with clinicopathologic features, such as survival and
hormonal status. To date, we have focused on studying these stromal signatures in invasive
breast carcinoma. Here we characterize both the fibroblast and macrophage response stromal
reaction patterns in DCIS and show that these signatures also exist in non-invasive breast
cancer.
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Materials and methods

Gene expression data analysis

For an analysis of the stromal gene expression signatures in DCIS, we used a publicly available
data set that includes 40 cases of DCIS [19]. The data was downloaded and imported into Excel.
Stromal signatures were derived from our previous studies on invasive breast cancer [1,2]. For
the fibroblast (DTF) signature a list of 66 genes was used while the macrophage (CSF1)
response signature contained 112 genes; these were mapped to the downloaded dataset.
Expression values for genes were standardized by subtracting the mean expression level for
this gene across all samples from each gene expression value. Unsupervised hierarchical
clustering was done in each data set with the Cluster 3.0 software using the uncentered Pearson
correlation as the distance metric and average linkage clustering. The resulting heat map and
dendrogram were visualized on Java TreeView.

Evaluation of the fibroblast and macrophage response stromal signatures in breast cancer
tumor microenvironment

To determine the patterns of macrophage (CSF1) and fibroblast (DTF) core protein expression
in the breast cancer TME, we performed immunohistochemistry on two breast cancer TMAS
(TA239 and TA241) containing samples from a total of 285 cases of DCIS and 115 cases of
invasive ductal cancer obtained from Stanford University Medical Center from 2001 to 2007.

The primary antibodies used were FCGR3A (CD16, AbD Serotec, MCA1816, 1:40 dilution),
CTSL1 (AbD Serotec, MCA2374, 1:25 dilution), FCGR2A (CD32; Ab-cam, AB45143, 1:200
dilution), CD163 (Novocastra, NCL-CD163, 1:200 dilution), SPARC (Zymed, 1:1000
dilution), CDH11 (Invitogen, Cat# 32-1700, 1:10 dilution), SDC1 (CD138, Serotec, cat#
MCAG681H, 1:400 dilution), and MMP11 (Calbiochem, Cat# IM86, 1:200 dilution). CD163
and CD138 were detected with the VVentana Benchmark autostainer while the remaining stains
were manually applied and were visualized using mouse and rabbit versions of the EnVision
+ system (DAKO) using diam-inobenzidine. The immunohistochemical studies were
interpreted by histopathologic evaluation by M.S., L.E., and R.W.

Cores were considered strongly positive if >30% of the stromal compartment stained positive
and weakly positive if 5-30% of the stromal compartment was positive, and negative if <5%
of the stromal compartment was positive. Scores were summed for both the fibroblast and
macrophage response signatures and a case was deemed positive for the signature if two of
three or three of four replicate cores were at least weakly positive.

Analysis of clinicopathologic variables
Fisher’s exact test was used to compute P values for association testing.

Results

The activated fibroblast and macrophage signatures are present in a subset of DCIS cases
both by gene expression profiling and immunohistochemistry

In previous studies we defined core gene signatures for fibroblast (DTF-like) and macrophage
(CSF1 response) stromal signature patterns in invasive breast cancer [1,2]. The signatures are
defined by expression levels for 2 distinct sets of genes, consisting of 66 genes for the fibroblast
signature and 112 genes for the macrophage response. Each of the signatures was consistently
found to be coordinately expressed by distinct subsets of invasive breast cancers in 5 publically
available breast cancer datasets. We now examine a publically available published gene
expression profiling dataset of 40 cases of DCIS [19] for the presence of these stromal
signatures. From our original core gene signatures, 53 out of 66 genes were present and well
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measured in the DCIS dataset for the fibroblast signature while 100 out of 112 genes from the
macrophage signature were well measured. Hierarchical clustering of the tumors based on the
macrophage and fibroblast cores genes (Fig. 1a, ¢) show that there is a subset of tumors which
express the fibroblast signature (16 of 40, 40%) and a subset which express the macrophage
signature (17 of 40, 42.5%). The analysis on this relatively small dataset demonstrates that
both stromal signatures previously identified in a subset of invasive breast carcinoma are
likewise present in a subset of DCIS cases.

In order to confirm and expand on the results generated by analysis of the gene microarray
dataset, we used immunohistochemistry on a DCIS tissue microarray to examine a large series
of cases (Fig. 1b, d). We used a panel of four antibodies to represent each gene signature (8
antibodies total). Both sets of antibodies were obtained from the core gene lists with a
preference for genes that were very highly and differentially expressed in DTF (fibroblast
signature) or CSF1 (macrophage signature) with well-characterized antibodies. The biomarker
panel for the macrophage response was previously defined and assessed on an invasive breast
cancer array [1]. Each panel of antibodies was assessed for staining in the stromal
compartments and scored as outlined in the “Materials and methods” section; a case was
deemed positive for the signature if two of three or three of four replicate cores were at least
weakly positive. 30% of all DCIS cases (55/236) were positive for the fibroblast signature and
19% (39/247) of cases were positive for the macrophage signature. This is similar to the fraction
of positive cases seen in invasive breast cancer [1, 2] in which 25-35% were positive for the
fibroblast signature and 17-25% were positive for the macrophage response signature. The
protein expression pattern within the stroma varied between antibodies. Some genes (Cadherin
11, SPARC, CD163, and FCGF2B) were expressed diffusely within the stroma but were largely
expressed in spindled stromal cells (Cadherin 11 and SPARC) or leukocytes (CD163 and
FCGF2B). Other genes (SDC1, MMP11, CD16, and CTSL1) had restricted expression within
specific cells withinthe TME. SDC1 and MMP11 were confined to a subset of spindled stromal
cells while CD16 and CTSL1 were expressed in a subset of leukocytes. This is illustrated in
Fig. 2a, which shows an example of a case which was diffusely positive for both fibroblast and
macrophage response markers. The cell to cell variability of protein expression within the
stromal compartment is illustrated by this case.

Correlation of stromal signatures with clinicopathologic features of DCIS

The fibroblast and macrophage response stromal signatures were correlated with the
clinicopathologic features of grade and hormonal status, for the cases represented in the TMA.
Histologic evaluation of all DCIS cases for tumor grade was conducted by two breast
pathologists (KJ and RW) and tumors were placed into two categories: low/intermediate grade
and high grade (Table 1). Cases that expressed the macrophage signature were associated with
high grade DCIS in 24/39 (62%) of the cases while only 53/205 (26%) cases without
macrophage response signature were high grade (P = 0.0001; Table 1). Additionally all DCIS
cases were stained for ER, PR, and HER2 and evaluated based on ASCO scoring criteria (Table
2). Expression of the macrophage response signature in DCIS was significantly associated with
PR negativity (25/39 (64%) of macrophage signature positive DCIS cases were PR negative
compared with only 82/197 (42%) of macrophage signature negative DCIS cases; P = 0.01,
Table 2). There was a tendency for macrophage response signature positive DCIS to be ER
negative, but this did not reach statistical significance (P = 0.15, Table 2). These results are
similar to our previous studies where we found that the macrophage response signature is
associated with higher grade and negative hormone receptor status in invasive breast cancer.
In contrast to the findings for the DTF stroma in invasive breast cancer, we were unable to
identify a significant association of the fibroblast signature with grade or hormonal receptor
status in DCIS.
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Stromal signatures in DCIS are conserved in progression from DCIS to IDC

We considered that there might be an association between the stromal signatures and the
progression to invasive breast cancer. To address this issue a TMA was created with 148 cases
of DCIS without IDC present at the time of resection and 115 cases of DCIS with IDC present
in the resection specimen at the time of resection. Cases of DCIS with and without IDC were
analyzed for fibroblast and macrophage response signature positivity. We find that there was
no significant association of either the fibroblast or macrophage signature in DCIS with the
presence of IDC at time of resection.

The 115 IDC cases associated with DCIS were also scored for the two stromal signatures using
the four fibroblast and four macrophage response markers (Fig. 2a). A schematic representation
of how the matched DCIS and IDC cases either remained positive, gained positivity, lost
positivity or stayed negative for the fibroblast and macrophage response signatures is shown
in Fig. 2b and c. We found that as compared with fibroblast signature negative DCIS, DCIS
with fibroblast signature positivity were more likely to be associated with a matched IDC case
with fibroblast signature positivity (53% of cases with fibroblast signature positive DCIS
showed fibroblast signature positivity in matched IBC, while only 25% of cases with fibroblast
signature negative DCIS showed fibroblast signature positivity in matched IDC; P = 0.03).
Likewise, as seen in Fig. 2c, there is a similar trend in the preservation of macrophage response
from DCIS cases to invasive cancer (33% of cases with macrophage response positive DCIS
showed the macrophage response signature in matched IDC, while only 15% of macrophage
response signature negative DCIS showed the macrophage response signature in matched IDC;
P =0.09).

Table 3 shows the correlation of the four subgroups of matched case relationships (cases which
remained positive from DCIS to IDC, gained positivity, lost positivity, and remained negative)
with clinicopathologic variables. Cases of IDC that were macrophage response negative in

both DCIS and IDC tended to be ER positive (47/69; 68%) compared with cases that expressed
macrophage response in DCIS and/or IDC (12/28; 42%) (p = 0.04). No significant associations
were found between fibroblast signature expression changes and clinicopathological features.

Discussion

Invasive breast cancer is often associated with a stromal response that includes proliferating
stromal cells and new matrix deposition. At least two, not necessarily mutually exclusive, views
exist. On the one hand, researchers have proposed that the stromal reaction to tumor could be
due to tumor cells invade through the tissue and thus induce a “wound response” [20,21]. In
this view the stroma reacts to the presence of the tumor by expressing a defined set of genes
associated with healing. On the other hand, researchers have found evidence that the stroma
can play a more active role in the induction or promotion of oncogenesis [14,22-25]. For
example, tumor cells can actively recruit stromal cells (inflammatory cells, vascular cells, and
fibroblasts) into the tumor and this recruitment is essential for tumor growth. In vitro and in
vivo studies have also shown that stromal angiogenesis and aberrant apoptotic signals in
myoepithelial cells and stromal cells can actually precede invasion, further evidence supporting
a more causative role of the stromal compartment in breast cancer [26,27].

An even more pronounced role of stroma in tumor progression was suggested by Olumi et al.
[14], who showed that fibroblasts associated with carcinomas stimulate tumor progression of
initiated non-tumorigenic epithelial cells both in an in vivo tissue recombination system and
in an in vitro co-culture system. Others have found that primary, phenotypically normal
fibroblasts associated with a human epithelial malignancy can stimulate progression of a non-
tumorigenic epithelial cell into a neoplastic one [15]. These studies reveal acomplex interaction
with cross-talk between tumor and stromal cells that plays an important role in promoting the
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oncogenic process [11]. Many studies approach the stromal response as a relatively uniform
entity with little variation between different patients’ tumors. In previous studies, we have
characterized two different stromal signatures in invasive breast cancer that are present at
different levels in different patients [1-3]. The signatures represent a fibroblast and
macrophage derived response, and they are obtained through measurements of several dozen
genes by gene expression profiling. Expression of these genes was found to be largely restricted
to stromal cells as demonstrated by immunohistochemistry and in situ hybridization. The
presence of these stromal signatures varies between invasive breast cancers in a way that
correlates with clinicopathologic features of the tumor that include hormone status, tumor
grade, and clinical outcome. In addition, in prior studies [1-3], we found that prognostic
performance of the fibroblast stromal signature was independent in multivariate analysis for
clinical risk factors including tumor size and lymph node status.

In the current study, we evaluated whether these stromal signatures are expressed at variable
levels in pre-invasive ductal breast cancer, DCIS. Our hypothesis was that the study of stromal
signatures in DCIS could shed light on the two competing views of tumor—stromal interaction
as outlined above. If the stroma is responding to the invasive nature of the tumor as a “wound
response” we might expect that the stromal signatures we have observed in invasive breast
cancer would not be present in DCIS, which has yet to develop an invasive phenotype.
However, if the stroma plays an important role in inducing and promoting oncogenesis then
we might expect to see the same stromal signatures in DCIS as we do in invasive breast cancer.

Our results demonstrate that distinct subsets of DCIS have the fibroblast and macrophage
response signatures that can also be found in invasive breast cancer. We have shown this with
two different methodologies: by analysis of a published gene expression profiling dataset,
which provides measurements of all the gene transcripts in the stromal signatures, and by
immunohistochemistry, which looks at a limited number of protein products from the genes
but allows for localization within specific compartments of the TME. The incidences of DCIS
cases positive for both the stromal signatures, 30% for the fibroblast signature and 19% for the
macrophage response signature, are similar to the incidences in invasive breast cancer that we
have previously reported: 25-35% for the fibroblast signature [2] and 17-25% for the
macrophage response signature [1]. Importantly, we find that both signatures are more likely
than not to be conserved during progression from DCIS to IDC.

The macrophage response signature in DCIS is associated with higher grade tumors and cases
that lack ER and PR expression. This is consistent with our study on the macrophage response
in invasive breast cancer which found that the stromal macrophage response signature
correlated with higher tumor grade, decreased expression of ER, decreased expression of PR,
and increased p53 mutations [1]. It is possible that this stromal signature may be associated
with the inherent biology of a specific subset of ER and PR negative breast cancers and could
be related to the basal-like phenotype. Some studies have suggested that a small subset of breast
cancers with an intense inflammatory response (e.g., medullary carcinoma) are also associated
with the basal-like breast cancer signature [28,29]. A recent study from the Pollard group
suggests that CSF1 responsive macrophages are important in breast cancer metastasis [30].
This study focused on the effects of macrophages in the metastatic TME. Our study suggests
that for a subset of breast cancers, the recruitment of this type of macrophage begins at a much
earlier stage in breast cancer progression.

The biologic and clinicopathologic aspects of the fibroblast associated stromal signature are
less clear. While the stromal signature involves scar and wound fibroblastic responses, it is
unknown whether this provides a benefit to the tumor or represents a host response that
interferes with tumor growth. Likewise, while we have termed this stromal response the
“fibroblast signature” because it some of the genes are expressed in fibroblastic cells and the
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initial gene studies were derived from desmoid-type fibromatosis (a soft tissue tumor with
fibroblastic origins), it is unclear what cell initiates this response pattern. In separate studies
on invasive cancer, we have found that there is some association between histologic appearance
of desmoplasia and the DTF fibroblast signature. Likewise there is a correlation between the
presence of inflammatory cells and the CSF1 macrophage response signature in breast cancer.
However, this neither of the signatures is tightly correlated with histology and there are cases
with desmoplasia and/or inflammation that are not positive for either of the stromal signatures
and vice versa.

This study is one of the first to attempts to classify DCIS based on the expression of groups of
functionally related genes involved in stromal response. Others have previously examined the
vascularity in smaller sets of DCIS [16-18]. These studies have looked at markers for vessels
and a number of genes that are likely involved in angiogenesis. These studies found that
increases in vascularity occurred in DCIS and preceded invasion. But the low number of cases
studies (18 DCIS) precluded the determination of discrete groups of DCIS based on these
markers.

While we cannot determine from these studies whether either stromal signature is due to a
stimulus in the neoplastic cells or originates in the host stroma, it is clear that both the fibroblast
and macrophage stromal signatures are present in pre-invasive breast cancer. Itis even possible
that these signatures may first emerge at a stage of breast cancer development that precedes
DCIS. As others have suggested before, the stromal response might prove to be helpful in
clinical practice as it may lead to a better prognostication of tumors or may even provide
additional targets for therapy [11].

Ultimately these findings will improve the chance of identifying tumors that will respond to a
specific stroma-targeted therapy that might be developed in the TME field. The majority of
cancer research has focused on the neoplastic cells and as a result, the vast majority of therapies
available to oncologists are therapeutic agents that act on these cancer cells. Cancers, however,
often develop resistance to these therapies, in large part due to their inherent genomic instability
[31]. An alternative, emerging avenue of therapy focuses on targeting various
microenvironmental processes [11,32] Since stromal cells within the tumor are thought to be
“normal” and less genetically labile than the neoplastic cells, development of acquired
resistance to therapy is thought to be less likely. As such, the tumor stroma may be an excellent
target for directed therapy. Our findings suggest that stroma targeted therapies could also treat
pre-invasive disease.
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Fig. 1.

a Unsupervised hierarchical clustering of gene expression microarray data with fibroblast
response core stromal genes in a DCIS data set. Cases are arranged along the X-axis and genes
are arranged along the Y-axis. Within the heat map, red represents high levels of mMRNA
expression, black represents median expression, and green represents low expression. b
Coordinate expression of fibroblast response as measured by immunohistochemistry.
Unsupervised hierarchical clustering of 272 breast carcinomas based on TMA staining for four
fibroblast (CDH11, POSTN, MMP11, and SDC1) proteins by immunohistochemistry. The
breast cancer cases are arranged along the Y-axis, and fibroblast markers are arranged along
the X-axis. Within the heat map, red represents high expression, green represents low
expression, and white represents missing data. ¢ Unsupervised hierarchical clustering of
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microarray data for macrophage response core stromal genes in a DCIS data set. d Coordinate
expression of macrophage response proteins in breast cancer. Unsupervised hierarchical
clustering of 272 breast carcinomas based on TMA staining for four macrophage response
markers (CD163, FCGR3a, FCGR2a, and CTSL1) by immunohistochemistry
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Fig. 2.

a Immunohistochemistry of four fibroblast response markers (SPARC, MMP11, CDH11,
SDC1) and four macrophage response markers (FCGR3A, CTSL1, FCGR2B, CD163)
showing an example of a single case of diffuse positivity for all four macrophage and four
fibroblast stromal response markers in a patient who had both DCIS and invasive ductal
carcinoma (IDC). b, ¢ Pie chart representation of stability of stromal signhatures from DCIS to
IDC. b Fibroblast signature in DCIS (large pie) with positive (red, 14%) and negative (blue,
86%) cases progressing to IDC (smaller pies). ¢ Macrophage response signature in DCIS
(large pie) with positive (lavender, 17%) and negative (purple, 83%) cases progressing to IDC
(smaller pies). For both the fibroblast and macrophage signature, there is an association of
stromal signature expression in DCIS with the stromal signature expression in IDC (P = 0.03
for fibroblast signature; P = 0.09 for macrophage signature)
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Correlation of stromal signatures with DCIS grade

Negative  Positive

P value

Fibroblast response signature

DCIS grade

Low/Int 125 (70%) 34 (62%)
High 54 (30%) 21 (38%)
Macrophage response signature
DCIS grade

Low/Int 152 (74%) 15 (38%)
High 53 (26%) 24 (62%)

0.0001
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