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Abstract

A hallmark of ductal carcinoma in situ (DCIS) progression is a loss of the surrounding
ductal myoepithelium. However, whether compromise in myoepithelial differentia-
tion, rather than overt cellular loss, can be used to predict the risk of DCIS pro-
gression is unknown. Here we address this question utilizing pure and mixed DCIS
cases (N =30) as surrogates for DCIS at low and high risk for progression, respec-
tively. We used multiplex immunohistochemical staining to evaluate the relationship
between myoepithelial cell differentiation and lymphoid immune cell types asso-
ciated with poor prognostic DCIS. Our results show that myoepithelial calponin-1
discriminates between pure and mixed DCIS lesions better than histological subtype,
presence of necrosis, or nuclear grade. Additionally, focal loss of myoepithelial cells
associated with increased PD-1+CD8+ T cells, which suggests a link between the
myoepithelium and immune surveillance. To identify associations between
calponin-1 expression and immune response, we performed unsupervised hier-
archical clustering of myoepithelial and immune cell biomarkers on 219 DCIS lesions
from 30 cases. Notably, the majority of pure (low-risk) DCIS lesions clustered in a
high calponin-1, T cell low group, whereas the majority of mixed (high-risk) DCIS
lesions clustered in a low calponin-1, T cell high group, specifically with CD8+ and
PD-1+CD8+ T cells. However, a subset of pure DCIS lesions had a similar calponin-1
and immune signature as the majority of mixed DCIS lesions, which have low
calponin-1 and T cell enrichment—raising the possibility that these pure DCIS lesions

might be at a high risk for progression.
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1 | INTRODUCTION

Ductal carcinoma in situ (DCIS) of the breast, defined by tumor cell
proliferation confined to the mammary ducts, makes up approxi-
mately 20% of all breast cancers in the US.>? Current standard of
care dictates that DCIS be treated the same as early-stage invasive
breast cancer (IBC), even though long-term studies show that as few
as approximately 30% of untreated DCIS cases progress to IBC.>*
Given toxicities and co-morbidities of current treatments, which in-
clude surgery, radiotherapy, and/or endocrine therapy, there is a
clinical need for biomarkers that delineate between patients at high
and low risk of disease progression. Such biomarkers might reduce
overtreatment in women at low risk, and identify women at high risk
that are most likely to benefit from prevention strategies.” *°

To date, DCIS biomarker discovery has focused predominantly
on tumor intrinsic attributes, with one study of 1492 DCIS cases
identifying lesions positive for p16, COX2, and ERBB2, and negative
for estrogen receptor (ER) at high risk for progression.'* However,
the proportion of cases with this set of characteristics was only 3%.
Other studies found that somatic mutations and changes in gene
expression occurred early, at the transition from normal to DCIS, and
did not delineate between low- and high-risk lesions.’>** Con-
versely, the tumor microenvironment of DCIS and overt IBC have
significant differences in global gene expression. Consequently, re-
search efforts to understand DCIS progression have pivoted toward
the tumor microenvironment. In this paper, we investigate the pos-
sibility that the myoepithelium plays a role in the progression of DCIS
by regulating the local immune response to DCIS tumor cells.

In support of a critical role for the myoepithelium in the transi-
tion of DCIS to IBC, research in murine models reveals that the
myoepithelium acts as a “gatekeeper,” inhibiting tumor cell escape.
12.20-24 Additionally, myoepithelial cells show significant gene ex-
pression changes between DCIS and IBC, including the expression of
immune-modulating chemokines.???°"2” Further evidence for a
myoepithelial cell role in DCIS progression is the observation that
myoepithelial cells show a progressive decline in differentiation
markers, including p63, calponin, and a-smooth muscle actin (SMA),
before actual loss of the myoepithelium.?® Further, the myoepithelial
protein calponin-1, a smooth muscle-associated protein, correlates
with DCIS progression in murine models.?® Calponin-1 is known to
bind and stabilize the actin cytoskeleton in smooth muscle cells,
where it contributes to force production.?”*° In one study, loss of
expression of calponin-1 corresponded with an approximately 130-
fold increased probability of adjacent tumor cells expressing a poor
prognostic basal tumor cell marker.?® Further, calponin-1 is included
in a set of 17 genes that predicts increased risk of metastasis in
breast cancer patients.>>** While it is currently unknown what fac-
tors control the loss of myoepithelial cell differentiation in DCIS
progression, observations showing lymphocyte infiltration con-
current with focally compromised myoepithelial cells have implicated
the immune system as a possible factor.®? %%

While numerous studies have investigated the prognostic value

of immune infiltrates in IBC, how immune cells cooperate to suppress

or promote DCIS progression is an emerging field. Past studies found
that specific immune cell populations associated with high-risk pa-
thological features, such as DCIS grade, histologic subtype, and DCIS
recurrence.>’ ** However, immune markers predictive of DCIS pro-
gression and loss of myoepithelial cell integrity have not been re-
ported. Here we investigated whether myoepithelial cell
differentiation state, as defined by expression of SMA and calponin-1,
associated with distinct immune milieus in DCIS. Further, we in-
vestigated whether combining biomarker data from both myoe-
pithelial and immune cells improved the ability to delineate between
DCIS populations defined as low or high risk for progression. Un-
derstanding how myoepithelial cells associate with an immune re-
sponse to DCIS may help guide the application of future therapeutics
for the prevention of DCIS progression, including novel approaches
for immune modulation.

For the purposes of this study, we investigated microenvironmental
biomarkers in cases of pure DCIS and DCIS in the background of IBC
(mixed DCIS), as surrogates for low- and high-risk DCIS cohorts, re-
spectively. The rationale for this strategy has been described by others
and is based on two premises.*>~*’ The first premise is that pure DCIS
cases are more likely to be enriched for attributes of a low-risk tumor
microenvironment. The second is that DCIS cases in the background of
invasive disease (mixed DCIS), but physically distant from invasive tu-
mors, represent DCIS lesions that are more likely to progress and
therefore more likely to reside in a high-risk microenvironment. To
assess the myoepithelial and immune component of these respective
DCIS cohorts and to determine if their tumor microenvironments are
distinct, we used multiplex immunohistochemistry (mIHC). mIHC allows
us to assess multiple myoepithelial differentiation markers and lym-
phoid immune cell populations on the same tissue section, permitting
high resolution images of cell phenotype and relative spatial proximity
within the context of intact tissue.

Our results suggest myoepithelial calponin-1 is a tumor-
suppressive biomarker that has the ability to discriminate between
low- and high-risk DCIS lesions better than histological subtype,
presence of necrosis, or nuclear grade. Further, we find an associa-
tion between the loss of calponin-1 expression and immune cell in-
filtrates consistent with an intact myoepithelium acting as a T cell
barrier. Notably, the majority of pure (low-risk) DCIS lesions had high
calponin-1 and an immune composition low in T cells, whereas the
majority of mixed (high-risk) DCIS lesions had low calponin-1 and an
enrichment for T cells, specifically CD8+ and PD-1+CD8+ T cells.
However, a subset of pure DCIS lesions had a similar calponin-1 and
immune signature as the majority of mixed DCIS lesions, with low
calponin-1 and T cell enrichment—raising the possibility that these
pure DCIS lesions might be at a high risk for progression. Cumula-
tively, these data show that loss of myoepithelial calponin-1 associ-
ates with an activated CD8+ T cell response and raises the possibility
that myoepithelial cells mediate an immune response to DCIS. These
observations support further investigation into the role of calponin-1
as a tumor-suppressive protein and mediator of the immune re-
sponse, which may contribute to the development of future therapies

in the prevention of DCIS progression.
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2 | METHODS
2.1 | Human tissue acquisition

Formalin-fixed, paraffin-embedded (FFPE) breast tissue sections
from female patients diagnosed with pure DCIS or microinvasive
DCIS were obtained from the Oregon Health & Science University
(OHSU) biorepository under OHSU Institutional Review Board ap-
proval. FFPE breast tissue sections from patients diagnosed with
DCIS with a concurrent diagnosis of IBC (mixed DCIS) were obtained
from Kaiser Permanente Northwest under a joint OHSU-Kaiser In-
stitutional Review Board protocol. All cases were de-identified to the
research team at all points.

2.2 | Multiplex immunohistochemistry

FFPE tissue sections were used for mIHC staining of a lymphoid
panel, which included antibodies for both myoepithelial and lymphoid
markers (Table S1). The immunohistochemistry protocol described in
Tsujikawa et al was used with minor modification.’® Before staining,
antigen retrieval in Target Retrieval Solution (Dako) was performed
in a pressure cooker (Pascal) at 125°C for 5 minutes. Next, slides
were treated with 3% H,O, in methanol for 10 minutes at room
temperature to block endogenous peroxidases. For each mIHC cycle,
a primary antibody was incubated at the concentration and duration
shown in Table S1. Then, slides were washed in 1X Tris-buffered
saline with Tween-20 buffer and incubated with pre-diluted horse-
radish peroxidase (HRP)-conjugated secondary antibody (Histofine)
according to manufacturer specifications. Slides were then incubated
with AEC peroxidase (HRP) chromogen substrate (Vector Labora-
tories) per manufacturer instructions. Post-staining, slides were
scanned using the Aperio Scanscope (AT2). AEC chromogen was
removed with 100% ethanol. Antibody stripping was performed to
remove primary-secondary antibody complexes. Antibody stripping
was achieved by immersing slides in pH 6.0 citrate buffer (Biogenex)
before the following microwave treatment: 90 seconds at full power
to reach 100°C, then 3 minutes at 10% power, followed by 12 min-
utes at 20% power. A single mIHC cycle consisted of primary and
secondary antibody incubation, AEC chromogen reaction, slide
scanning, AEC chromogen removal, and antibody stripping. This cycle
was repeated for each primary-secondary antibody combination
shown in Table S1.

2.3 | Multiplex immunohistochemical image
processing for pure and mixed DCIS cases

After staining, images from each cycle were analyzed using a mod-
ified image processing pipeline previously described by Tsujikawa
et al.”® Image alignment and extraction was performed using the
SURF algorithm in the Computer Vision Toolbox of Matlab version
R2018b (The MathWorks, Inc, Natick, MA). Single-cell segmentation
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and color deconvolution was performed in F1J1,%7

and mean intensity
quantification was performed in Cell Profiler version 3.5.1.°°°* FCS
Express 6 Image Cytometry RUO (De Novo Software, Glendale, CA)
was used to perform image cytometry and calculate immune cells as

a percentage of total nuclei and as a percentage of CD45+ cells.

2.4 | Myoepithelial border expression

Myoepithelial expression of SMA and calponin-1 surrounding DCIS
lesions were measured visually for each DCIS lesion as previously
described.”® Two independent researchers assessed calponin-1 ex-
pression, with a third independent assessment performed when
greater than 20% discrepancy was found between researchers.

2.5 | Lesion masks and myoepithelial calponin-1 gap
identification

The location of gaps in myoepithelial calponin-1 expression was vi-
sualized using previously described methods with adaptions.”? Two
image masks were made, a myoepithelial mask using the calponin-1
mIHC image and a mask of the DCIS lesions using a combination of
CK18, calponin-1, and SMA. The calponin-1 gaps were identified by
creating a third mask defined as the DCIS lesion mask minus the

calponin-1 mask.

2.6 | CDS8 to DCIS near neighbor visualization

The grayscale mIHC images from myoepithelial and lymphoid mIHC
staining of calponin, CD8, and SMA were nonlinear contrast-
enhanced using the OpenCV function “cv2.morphologyEx” (https://
docs.opencv.org/). The CellProfiler cell center coordinates from the
mIHC analysis pipeline were used to draw a line from each CD8+ cell

to the nearest pixel on the DCIS lesion mask.

2.7 | Histopathological evaluation

Individual DCIS-affected ducts were evaluated by pathologist S.J. for
grade, necrosis, and DCIS histological and biological subtypes.

2.8 | Statistics

Statistics were performed in GraphPad Prism V8. The Mann-Whitney
U test was used to compare calponin-1 and SMA DCIS border ex-
pression. Mixed-effects analysis with multiple comparisons was used
to assess immune cell type differences between microinvasive and
noninvasive stromal areas, between pure and mixed DCIS, and be-
tween DCIS lesions with low and high calponin-1 expression.

;{2 analysis was used to analyze clinical characteristics between pure
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and mixed DCIS groups. The Mann-Whitney U test was used to
analyze age differences between pure and mixed DCIS groups.
R-studio was used to perform K-means clustering analysis of
calponin-1 expression. The heatmap3 package was used in R-Studio

to perform unsupervised hierarchical clustering.

3 | RESULTS

3.1 | Calponin-1 expression differentiates pure and
mixed DCIS cases

Assessment of the clinical and pathological attributes of the pure and
mixed DCIS cases analyzed in this study (Table 1) revealed no statistically
significant differences between groups for patient age, grade, or histo-
logical subtype. We next determined if myoepithelial cell compromise, as
defined by loss of the differentiation markers SMA or calponin-1, could
distinguish between pure and mixed DCIS lesions. We analyzed 219 total
lesions (~8 lesions per case) and found the myoepithelium consistently
stained positive for SMA (Figure 1A, left column), as expected for a DCIS
diagnosis. In contrast, myoepithelial calponin-1 expression was hetero-

geneous, and staining ranged from nearly complete boarder coverage

TABLE 1 DCIS clinical characteristics

Group
Pure DCIS Mixed DCIS/IBC

# Of cases 19 11 P value
Average age 57.2 474 .1053
Age range (max/min) (83/31) (68/33)
Biological subtype 1768

Luminal A 12 (63.1%) 6 (54.5%)

Luminal B 6 (31.6%) 2 (18.2%)

Her2+ 1 (5.3%) 0

TNBC 0 1(9.1%)

Missing 0 2 (18.2%)
Presence of necrosis 11 (57.8%) 5 (45.5%) 5104
Nuclear grade 8615

Grade 1 6 (31.5%) 3 (27.2%)

Grade 2 6 (31.5%) 5 (45.5%)

Grade 3 7 (36.8%) 3 (27.2%)
Histological type 9212

Papillary 2 (10.5%) 0

Micropapillary 3 (15.8%) 2 (18.2%)

Apocrine 1 (5.3%) 1 (9.1%)

Comedo 5 (26.3%) 3 (27.3%

Solid 5 (26.3%) 4 (36.3%)

Cribiform 3 (15.8%) 1 (9.1%)

Note: y 2 analysis was used for biological subtype, necrosis, grade, and
architectural type. The Mann-Whitney U test used for age range analysis.
Abbreviations: DCIS, ductal carcinoma in situ; Her2, human epidermal
growth factor receptor 2; IBC, invasive breast cancer; TNBC, triple-
negative breast cancer.

(Figure 1A, top row, right panel) to near absence (Figure 1A, bottom row,
right panel). Quantitation of SMA staining confirmed expression was
uniformly high, with greater than 70% positive myoepithelial border
staining in all but three cases (Figure 1B). Conversely, calponin-1 ex-
pression was heterogeneous and differed between pure and mixed DCIS.
Myoepithelial border calponin-1 expression was reduced in mixed DCIS
cases compared with pure DCIS (Figure 1B). Loss of calponin-1 expres-
sion in the DCIS myoepithelium is a previously unreported feature of
mixed DCIS and is consistent with the premise that mixed DCIS lesions
reside in a higher risk tumor microenvironment.

To group DCIS lesions by calponin-1 expression, we performed a
k-means cluster analysis of myoepithelial calponin-1 expression for
all lesions. K-means clustering defined three levels of calponin-1
expression: low (<25%), medium (>25 and <65%), and high (>65%)
(Figure 1C). The low calponin-1 group was composed predominantly
of mixed DCIS cases, while the high calponin-1 group was composed
predominantly of pure DCIS cases (Figure 1C). We next assesssed for
intracase heterogeneity of calponin-1 expression. Forty percent
(12/30) of all cases showed little intracase variation, with all lesions
fitting predominantly within a k-means cluster (Figure 1D). Con-
versely, 60% (18/30) of cases showed high intracase variation, with
calponin-1 expression ranging from 20% to 100%, depending on the
lesion (Figure 1D). Altogether, these data show that while calponin-1
expression differs between pure and mixed DCIS cases, calponin-1
loss is common, suggesting that calponin-1 expression is not suffi-

cient to delineate between lesions at low and high risk of progression.

3.2 | PD-1 activated CD8+ T cells associate with
microinvasive DCIS foci

We next assessed for an association between myoepithelial cell dif-
ferentiation state and the local immune composition, which might
implicate a functional link between these distinct compartments of
the microenvironment. We first investigated this relationship in DCIS
cases with focal loss of the myoepithelium and microinvasion, as
these cases have a twofold increased risk of progression to IBC
compared to DCIS without microinvasion.”® Further, immune cell
infiltrates have been described with microinvasion, suggesting im-
mune cells could be biomarkers of DCIS progression.>> > We fo-
cused our analysis on the lymphoid immune populations, as past
studies have associated increased numbers of T and B cells with high-
grade DCIS lesions and recurrence.*>*>°¢ We employed mIHC to
analyze 10 lymphoid cell markers, two myoepithelial cell markers
(SMA and calponin), and one tumor cell marker (CK18) within the
same tissue section. A representative single IHC image for each
biomarker is shown in Figure S1. We compared regions of focal mi-
croinvasion (Figure 2A, blue-outlined area) to noninvasive stromal
border regions within the same DCIS lesion (Figure 2A, pink-outlined
area minus blue-outlined area) and used image cytometry to capture
the immune cell populations (Figure 2B). Figure 2C shows a re-
presentative pseudocolored mIHC image of a DCIS lesion with a

microinvasive foci, as evidenced by a loss of the myoepithelial cell
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FIGURE 1 Mixed DCIS lesions show loss of myoepithelial calponin-1 expression compared with pure DCIS. Thirty DCIS cases were stained
using multiplex IHC for myoepithelial markers calponin-1 and SMA. A, Representative single-channel IHC images of DCIS lesions show high
SMA DCIS myoepithelial border expression in most lesions; calponin-1 expression (right panel) was heterogeneous with high (top) medium
(middle) and low (bottom) expression shown. Arrows point to gaps in calponin-1 staining. B, The percentage of DCIS myoepithelial border
expression was determined for each DCIS lesion (~8 lesions/case, n =219 lesions total) for both SMA and calponin-1. Mixed DCIS had
significantly reduced calponin-1 expression compared with pure DCIS, while SMA expression was similar in both (the Mann-Whitney U test,
P <.05). C, K-means clustering was used to group calponin-1 expression into three clusters (high, medium, and low). Pure DCIS cases were found
predominantly in the high calponin-1 group while mixed DCIS cases were found mostly in the calponin-1 low group (K-means clustering in
R-studio. The Mann-Whitney U test, P <.05). D, DCIS lesions within each case displayed heterogeneous calponin-1 expression with 60% (18/30)
of cases showing high intracase variation. Dotted lines show k-means cutoff values for calponin-1 expression. Scale bars are 100 um. DCIS,
ductal carcinoma in situ; IHC, immunohistochemistry; SMA, a-smooth muscle actin
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FIGURE 2 Microinvasive DCIS foci show increased immune infiltrates with enrichment for T cells and an increased frequency of PD-
1+CD8+ T cells. The immune composition was assessed in DCIS areas with microinvasion compared with noninvasive areas of the same lesion
(n =10 cases of DCIS, n = 32 microinvasive areas). A, ROl selected for both the microinvasive area (blue outline) and the noninvasive area of the
same lesion (pink outline) shown against CK18 stain. B, FCS Image Cytometry gating scheme. CD45+ immune cells were captured within the
DCIS stromal border region. The CD45+CD3- gate was used to capture all non-T cells, which were characterized for the B cell markers CD20
and CD79%a. A CD45+CD3+ gate was used to capture T cells; we next assessed for CD8 positivity and then characterized this population for
expression of the activation markers granzyme B and PD-1. CD4+ T cells were defined by the CD45+CD3+CD8- gate, which were further
characterized for FOXP3 positivity to identify CD4+ T regulatory cells and for PD-1 positivity to assess activation state. C, Multiplex IHC
images of a microinvasive area stained for myoepithelial and lymphoid markers. Top image shows hematoxylin (blue), calponin-1 (red), and
CK18 (teal). The bottom image shows an enlarged area of the white boxed region with hematoxylin (blue), calponin-1 (red), SMA (orange), CK18
(teal), CD8 (pink), and PD-1 (yellow). D, Microinvasive regions showed an increased number of CD45+ cells, T cells, CD8+ T cells, CD4+ T cells,
PD-1+CD8+ T cells, and an increased number of CD20+CD79+ B cells. E, PD-1+CD8+ T cells were significantly increased as a percentage of
total immune infiltrate. GraphPad Prism 8 was used to calculate mixed-effects analysis with multiple comparisons. *P < .05, **P < .01, ***P < .001,
and ****P < .0001. Scale bars are 100 um. DCIS, ductal carcinoma in situ; FCS, flow cytometry standard; IHC, immunohistochemistry; ROI, region

of interest; SMA, a-smooth muscle actin
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layer and invasion of CK18+ tumor cells (albeit with reduced staining
compared with the noninvasive tumor cells) into the adjacent stroma
(Figure 2C, top panel). An enlarged image of the microinvasive area
stained for CD45+ immune cells and PD-1+CD8+ T cells is shown
(Figure 2C, bottom panel). Quantitative analysis of 10 microinvasive
cases revealed increased CD45+ immune infiltration, as well as an in-
crease in CD3+ T cells, specifically CD8+ T cells and PD-1+CD8+ T cells,
compared with noninvasive regions of the same lesion (Figure 2D). An
influx of CD20+CD79a+ B cells is also observed. To determine whether
immune cell phenotypes differ between microinvasive and noninvasive
regions, we next assessed immune cell populations as a percentage of
CD45+ cells. We find that CD8+ and PD-1+CD8+ T cells are sig-
nificantly increased in microinvasive regions compared with noninvasive
regions (Figure 2E). Altogether, these results show that focal loss of the
myoepithelial cell layer is associated with a lymphoid signature that is
indicative of both inflammation (increased CD45+ cells as a percent of
total nuclei) and enrichment for PD-1 activated CD8+ T cells (as a
percent of CD45+ cells).

3.3 | Mixed DCIS have reduced immune cell
numbers compared with pure DCIS

Having found an influx of immune cells in areas of focal loss of the
myoepithelium, we next determined if the immune milieu of the
stromal microenvironment differed between mixed and pure DCIS
lesions. We focused our analysis on lymphoid cell populations within
DCIS lesions and in the nearby stromal border (~50-80um); our
image cytometry approach for this analysis is shown in Figure S2. We
found that mixed and pure DCIS were differentiated by the total
number of CD45+ immune cells, but contrary to our initial ex-
pectations, mixed DCIS lesions had significantly fewer immune cells
compared with pure DCIS lesions (Figure 3A). Overall, mixed DCIS
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lesions had reduced CD45+CD3+ T cells and FOXP3+CD8- T reg-
ulatory T cells (Figure 3A).

3.4 | Majority of CD8+ T cells in mixed DCIS have
PD-1 activation

We next assessed for specific immune populations based on the
percentage of CD45+ cells rather than total nuclei. We found an
enrichment of CD3+ T cells, CD4+ T cells, and CD8+ T cells in mixed
DCIS lesions compared with pure DCIS lesions (Figure 3B). Further
mixed DCIS lesions had increases in PD-1+CD8+ T cells as a per-
centage of CD45+ immune cells. Further, regulatory T cells were low
in mixed DCIS lesions compared with pure, both as a percent of total
nuclei and as a percent of CD45+ immune cells. Together these data
suggest that the abundance of immune cells in mixed DCIS is reduced
compared with pure DCIS lesions; however, the composition of the
lymphoid immune milieu in mixed DCIS lesions is similar to micro-
invasive DCIS, with enrichment for activated PD-1+CD8+ T cells.

3.5 | DCIS lesions with low calponin-1 have an
immune composition enriched for PD-1+CD8+ T cells

To assess if the loss of myoepithelial calponin-1 expression associates
with a specific immune profile, we grouped pure and mixed DCIS lesions
together and compared DCIS lesions in the K-means high calponin-1
group (>65% calponin-1 expression) to those in the K-means low
calponin-1 group (<25% calponin-1 expression) (Figure 1C). We focused
on the low and high calponin-1 groups as a proof-of-principal study, as
we predict near-complete loss of calponin-1 in the myoepithelium to
associate with an immune response distinct from that observed in DCIS

lesions with full calponin-1 expression. As a percent of total nuclei, there
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FIGURE 3 Mixed DCIS has a reduced lymphoid infiltrate with an immune composition enriched for PD-1+CD8+ T cells compared with pure
DCIS. A, Lymphoid immune cell populations within DCIS lesions from both mixed and pure DCIS were quantified using image cytometry. CD45,
CD3, CD8, and CD4 populations were measured as a percentage of total nuclei. B, Immune composition is shown as a percentage of CD45+
cells. Leukocyte infiltration in mixed DCIS was significantly less than pure DCIS, with a lower number of T cells and CD8+ T cells but with fewer
FOXP3+ cells. Immune composition of mixed DCIS was enriched for T cells and CD8+ T cells, PD-1+CD8+ T cells yet a decreased composition of
FOXP3+ cells. GraphPad Prism 8 was used to calculate mixed-effects analysis with multiple comparisons. DCIS, ductal carcinoma in situ.

*P<.05, **P<.01, **P<.001, and ****P <.0001
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was no significant difference in CD45+ immune cells or in CD45+CD3+ showed that CD8+ T cells were adjacent to calponin-1 positive myoe-
T cells between the high and low calponin-1 groups (Figure 4A). How- pithelium, but absent within the tumor mass (Figure 4C, top right and
ever, when we assessed the immune cell populations as a percentage of 4D). In contrast, lesions with low calponin-1 showed increased CD8+ T
total CD45+ cells, we found significant enrichment of CD3+ T cells, cell infiltration into the DCIS tumor mass (Figure 4C, bottom right).

CD8+ T cells, and activated PD-1+CD8+ T cells in the calponin-1 low
group compared with the calponin-1 high group (Figure 4B). Together,
these data indicate that low calponin-1 is associated with an enrichment 3.6 | Hierarchical clustering identifies four DCIS

for activated PD-1+CD8+ T cells, which are associated with an active clusters
immune response. Further evidence that calponin-1 expressing myoe-

pithelial cells may serve as a barrier between DCIS tumor cells and We next assessed the impact of combining the myoepithelial and
cytotoxic T cells is suggested by nearest neighbor visualization, which lymphoid immune biomarker data on DCIS sub-grouping. We
A B
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FIGURE 4 PD-1+CD8+ T cells associated with loss of myoepithelial calponin-1 expression in DCIS. DCIS lesions with the highest calponin-1
expression by k-means (>65%) were compared with lesions in the lowest k-means cluster of calponin-1 expression (<25%). A, DCIS lesions that
have low myoepithelial calponin-1 are not significantly different from those with high calponin-1 in terms of total immune or T cell infiltrate as a
percent of total nuclei. B, DCIS lesions that have low myoepithelial calponin-1 expression show an immune composition enriched for T cells,
CD8+ T cells, and PD-1+CD8+ T cells. C, Left column shows representative DCIS lesions from calponin-1 high group (top panel) and calponin-1
low group (bottom panel) with hematoxylin (blue), calponin-1 (red), CK18 (teal), CD45 (white), and CD3 (yellow). The right column shows the
same lesion as left column. Images show myoepithelial differentiation markers calponin-1 (red) and SMA (blue), CD8+ cells (green), and CD8+
nearest neighbor visualization, shown with green lines drawn from CD8+ cells to the nearest myoepithelial neighbor and yellow lines indicating
DCIS myoepithelium with gaps in calponin-1 expression. Top and bottom rows show the same tissue section. Insets show enlarged areas of

white boxed regions. D, Additional DCIS lesion with calponin-1 (red), SMA (blue), CD8 (green), and CD8+ cell nearest neighbor analysis with
green lines drawn to nearest myoepithelial border pixel neighbor. CD8+ T cells are found almost exclusively outside this DCIS lesion with high
calponin-1 expression. Insets show enlarged areas of white boxed regions. GraphPad Prism 8 was used to perform mixed-effects analysis with
multiple comparisons. *P < .05, **P < .01, ***P <.001, and ****P <.0001. Scale bars are 100 um. DCIS, ductal carcinoma in situ; SMA, a-smooth

muscle actin
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performed an unsupervised hierarchical clustering analysis of pure
and mixed DCIS lesions using SMA, calponin-1, and lymphoid immune
cell populations as a percentage of CD45+ immune cells (Figure 5).
This analysis sub-grouped DCIS lesions into four major clusters, with
myoepithelial calponin-1 and SMA expression as primary dis-
criminators and immune cell populations as secondary discriminators.
Cluster 1 is characterized by low calponin-1 and SMA expression and
enrichment for CD3+, CD8+, and PD-1+CD8+ T cells, consistent with
a myoepithelial immune barrier function. Notably, cluster 1 pre-
dominantly contained mixed DCIS lesions. In cluster 2, we found
DCIS lesions with low calponin-1 expression and concurrent enrich-
ment in CD4+ T cells and PD-1+CD4+ T cells, suggestive of activated
T helper cells.”” Cluster 3 had low calponin-1 expression with en-
richment for non-T cells (CD45+CD3- cells). Notably, this
CD45+CD3- rich cluster is also not enriched for B cell markers
(CD20 or CD79), suggesting a myeloid population. Thus, distinct
immune milieus with infiltrates enriched for either CD8+, CD4+, or a
CD3- immune cells were found in the three clusters with compro-
mised myoepithelium, as defined by low calponin-1 expression.
Cluster 4 was largely defined by high calponin-1 expression and
comprised mostly pure DCIS lesions. Further, these lesions were not
strongly enriched for CD3+ T cells, B cells, or putative myeloid
(CD45+CD3-) cells. However, the CD3+ T cells that were present
consisted mostly of CD4+ T cells and FOXP3+CD4+ regulatory
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FIGURE 5 Hierarchical clustering reveals unique myoepithelial
profiles in pure and mixed DCIS lesions which further correlate with
distinct lymphoid populations. DCIS lesion immune cell data were
input into R for hierarchical clustering as a percent of CD45. The
unsupervised hierarchical analysis shows SMA and calponin-1 were
the strongest discriminators between pure and mixed DCIS lesions
(black box). Further, pure DCIS lesions grouped with mixed DCIS
lesions (yellow and blue clusters on left) have reduced calponin-1 and
SMA and higher levels of CD3+, CD8+, and PD-1+CD8+ T cells (blue
box) compared with other clusters. These lesions also had higher
CD4+ and PD-1+CD4+ T cells (green box). Two-hundred and
nineteen lesions were analyzed from 30 DCIS cases (~8 lesions/case).
DCIS, ductal carcinoma in situ; SMA, a-smooth muscle actin
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T cells. These immune profiles are consistent with a noninflammatory
state. In sum, this analysis showed that mixed DCIS lesions asso-
ciated with a unique signature of low myoepithelial calponin-1 ex-
pression, inflammation, and immune activation while pure DCIS
lesions associated with high myoepithelial calponin-1 expression, low

immune cell infiltrates, and the presence of regulatory CD4+ T cells.

4 | DISCUSSION/CONCLUSION

Here we asked whether compromise in the myoepithelial cell layer,
combined with specific lymphoid populations, could delineate the risk
of progression in DCIS lesions. For this study, we utilized pure and
mixed DCIS as surrogates for DCIS lesions at low and high risk for
progression, respectively.”>~*” This approach is common given the
lack of large retrospective or prospective DCIS studies with long-
term follow-up. Our work identifies that the myoepithelial protein
calponin-1 can discriminate between pure and mixed DCIS with
significantly greater resolution than tumor grade, necrosis, or histo-
logical subtype (Table 1; Figure 1). Additionally, we find that
calponin-1 loss associates with an immune composition enriched for
PD-1+CD8+ T cells, which suggests immune cell activation and
possible exhaustion. Further, we found this association regularly in
the high-risk microenvironment of mixed DCIS and within a subset of
pure DCIS. These data suggest the possibility that the combination of
loss of myoepithelial calponin-1 and enrichment for PD-1+CD8+ T
cells may identify pure DCIS at high risk for progression. In sum,
these studies support a new barrier function for the myoepithelium,
with calponin-1 potentially acting as a mediator of immune
infiltration.

This study combines two previously isolated microenvironmental
factors in DCIS progression: myoepithelial differentiation and im-
mune cell infiltration. Our finding that mixed DCIS has significantly
reduced myoepithelial calponin-1 compared with pure DCIS agrees
with the literature describing the loss of other myoepithelial differ-
entiation markers, such as CD10, P-cadherin, and SMA, as a feature
of high-risk DCIS.”®°? However, how calponin-1 is regulated in the
mammary gland remains an open question. More is known about
calponin-1's function in smooth muscle cells, where it plays a role in
the stabilization of the actin cytoskeleton and the regulation of
smooth muscle contractility. In smooth muscle cells, calponin-1 ex-
pression is regulated by changes in extracellular matrix tension
through the transforming growth factor g (TGF-f) signaling path-
way.%? In DCIS lesions, tumor cells may exert increased force on
myoepithelial cells, increasing extracellular matrix tension and trig-
gering changes in calponin-1 expression through TGF-f signaling.
Over time, this may result in reduced stability of the actin cytoske-
leton of the myoepithelum, which could negatively impact myoe-
pithelial barrier function and increase myoepithelial cell layer
permeability. These changes in calponin-1 expression may impact
immune surveillance of the DCIS tumor cells, either through immune
cells permeating the myoepithelial layer or increased cross-talk

across the myoepithelial layer. Consistent with potential cross-talk,
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myoepithelial cells associated with DCIS are known to express
immune-regulating chemokines and proinflammatory factors and are
enriched for immune-related signaling pathways.?¢1:2

In support of a potential role for the myoepithelium in regulating
the immune response to DCIS lesions, we found that low calponin-1
expression was associated with a similar immune composition in pure
DCIS, mixed DCIS, and microinvasive foci. Specifically, we found that
microinvasive regions with focal loss of the myoepithelial layer had an
increase in total immune infiltration with a lymphoid signature similar
to mixed DCIS, including enrichment for CD8+ T cells and PD-1+CD8+
T cells (Figures 2 and 3). These observations are consistent with
previous reports of microinvasive areas showing an influx of immune
cells at sites of focal invasion.>*> °”°® Further, one study demonstrated
that microinvasive DCIS had increased infiltration of CD8+ T cells and
a concomitant increase in PD-L1 expression and PD-1+CD8+ T cells
compared with DCIS without microinvasion, which is consistent with
our findings.*® They concluded that during invasive progression, cy-
totoxic T cells interact with the tumor tissue, which may result in
upregulation of immunosuppressive checkpoint proteins.**

Supporting that CD8+ T cell infiltrate is a marker of a high-risk
microenvironment in DCIS lesions, high numbers of CD8+ T cells
have been reported in Her2+ and triple-negative breast DCIS, two
poor prognostic subtypes.® Interestingly, this study also associated
high numbers of immune infiltrates and CD8+ T cells with sponta-
neous but incomplete tumor regression, supportive of an immune
response that has become exhausted.*® Of potential relevance, oth-
ers have reported a low number of CD8+HLADR+ cells associated
with a high risk of ipsilateral recurrence, suggesting that T cell acti-
vation is protective.”® Cumulatively, these and other studies highlight
the potential heterogeneity of the immune response to DCIS le-
sions.***%%* Of note, how the immune response to DCIS is regulated
remains under investigation, and these studies have not included an
assessment of the myoepithelium in modulating this biology.

Our hierarchical clustering analysis identified a cluster of pure
and mixed DCIS lesions characterized by shared immune and
myoepithelial signatures. Specifically, this cluster of lesions ex-
pressed low calponin-1 and was enriched for PD-1+CD8+ T cells.
Even though a PD-1+CD8+ T cell population usually indicates clonal
expansion and activation, the presence of this population in DCIS
with low calponin-1 is consistent with studies that show a dysfunc-
tional CD8+ T cell response caused by the persistence of tumor
antigens.®® Further T cell phenotyping would be necessary to confirm
exhaustion.

In support of immune cell exhaustion in high-risk DCIS lesions, a
recent model of immune avoidance in DCIS progression proposes
that few tumor cells interact with immune cells due to physical se-
paration by the myoepithelial layer and basement membrane.®” One
prediction based on this model is that increased immune cell in-
filtrate would be observed in IBC compared with DCIS. However,
compared with IBC, DCIS cases have increased CD8+ T cells, in-
creased TIGIT-expressing CD8+ T cells, and a high diversity of TCR
clonotypes, hallmarks of immune activation.®” One possibility is that

initial tumor cell breach of the myoepithelial layer triggers an

immune response that becomes exhausted by the IBC stage. Our
data showing increased PD-1+CD8+ T cell activation in low
calponin-1 DCIS lesions expand this model by suggesting that re-
duced myoepithelial barrier function, rather than a physical breach,
may be sufficient to expose tumor cells to immune surveillance and
lead to eventual immune cell exhaustion.

Although our cohort was selected to help us distinguish between
low- and high-risk DCIS lesions, our pure DCIS cases lack long-term
outcomes and our mixed DCIS cases are in the background of IBC,
which may impact results. Additionally, the majority of our DCIS cases
are ER+, which limits our ability to predict if this unique association
between the myoepithelium and immune cells is applicable to ER- or
Her2+ subtypes. Further, our data indicate a relationship between
myoepithelial calponin-1 and immune cell activation, but the direction-
ality of this relationship remains an open question. We hypothesize that
DCIS tumor cells may exert increased force on the myoepithelial cell
layer, impacting calponin-1 expression. However, it is also possible
that immune cell response to the tumor may compromise myoepithelial
cell calponin-1 expression. In support of immune cell signaling affecting
myoepithelial differentiation, studies show that T and B cells can secrete
interferon-y, a cytokine that has been shown to repress calponin-1
expression in vascular smooth muscle cells.®*®” Animal models of
mammary myoepithelial cell calponin-1 knock out and assessment of PD
-1+CD8+ T cells and myoepithelial calponin-1 expression in a large
cohort of retrospective DCIS tissue with outcomes data would shed
light on the role of myoepithelial calponin-1 in DCIS progression and
immune response. Additionally, unlike previous studies evaluating im-
mune cell populations in DCIS, we did not find any correlation between
immune populations and DCIS subtype or grade. However, this analysis
was limited by our sample size.

In this study, we find that calponin-1 expression alone is a better
discriminator of pure and mixed DCIS than tumor biologic subtype or
grade, supporting the perspective that calponin-1 may be a bio-
marker of DCIS progression. Further, we find a link between myoe-
pithelial cell differentiation and immune activation state, which raises
the formal possibility that modulation of myoepithelial calponin-1
expression leads to changes in immune activation. This concept that
myoepithelial cells may regulate the immune milieu in the mammary
gland, while novel, would be consistent with the role of immune
modulation by other mammary cell types including normal fibro-
blasts.°® Further research into myoepithelial barrier function and its
relationship with the immune response to DCIS is warranted. Un-
derstanding the biology behind myoepithelial cell differentiation may
help guide the application of future therapeutics, including novel
approaches to immune modulation for the prevention of DCIS
progression.
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