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Abstract

In breast adipose tissue, macrophages that encircle damaged adipocytes form “crown-like
structures of breast” (CLS-B). Although CLS-B have been associated with breast cancer, their role
in benign breast disease (BBD) and early carcinogenesis is not understood. We evaluated breast
biopsies from three age-matched groups (7= 86 each, mean age 55 years), including normal tissue
donors of the Susan G. Komen for the Cure Tissue Bank (KTB), and subjects in the Mayo Clinic
Benign Breast Disease Cohort who developed cancer (BBD cases) or did not develop cancer (BBD
controls, median follow-up 14 years). Biopsies were classified into histologic categories, and
CD68-immunostained tissue sections were evaluated for the frequency and density of CLS-B. Our
data demonstrate that CLS-B are associated with BBD: CLS-B—positive samples were
significantly less frequent among KTB biopsies (3/86, 3.5%) than BBD controls (16/86 = 18.6%,
P=0.01) and BBD cases (21/86 = 24%, P=0.002). CLS-B were strongly associated with body
mass index (BMI); BMI < 25: 7% CLS-B positive, BMI 25-29: 13%, and BMI = 30: 29% (P=
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0.0005). Among BBD biopsies, a high CLS-B count [>5 CLS-B/sample: 10.5% (BBD cases) vs
4.7% (BBD controls), A= 0.007] conferred a breast cancer OR of 6.8 (95% ClI, 1.4-32.4), P=
0.02, after adjusting for adipose tissue area (cm?2), histologic impression, and BMI. As high CLS-B
densities are independently associated with an increased breast cancer risk, they may be a
promising histologic marker of breast cancer risk in BBD.

Introduction

Chronic low-grade inflammation is an established risk factor for many cancers, including
breast cancer (1). In adipocyte-rich tissues, a distinctive type of chronic inflammation occurs
when damaged or necrotic adipocytes are encircled by macrophages, forming a syncytial
arrangement designated a “crown-like” structure (CLS) (2). Originally described in visceral
and subcutaneous adipose tissues, CLSs are associated with obesity, fatty liver disease, and
insulin resistance (3-5). However, CLSs are also found in breast tissues of patients with
breast cancer (CLS-B), are enriched in overweight and obese patients, and appear to
adversely impact disease recurrence rates and survival (6-9). CLS-B are associated with
elevations in growth-promoting inflammatory mediators, including TNFa and prostaglandin
E2 among others, as well as aromatase, which catalyzes the rate-limiting step in the
biosynthesis of estrogen (10-14). As such, CLS-B may be involved in direct stimulation of
tumor growth and local production of estrogen. To date, macrophagic CLS-B have not been
evaluated in precarcinogenic breast tissues or benign breast disease (BBD), and their role as
a histologic marker of breast cancer risk has not been explored.

In this study, we characterized and quantitated the stromal CLS-B microenvironment in
normal donor and BBD tissues to evaluate (i) the association with clinical parameters
including BMI and age as well as (ii) the association with established pathologic risk factors
of breast cancer, including histologic categories of BBD and lobular involution. We designed
an age-matched case—control study composed of subjects from the well-characterized Mayo
Benign Breast Disease cohort with long-term follow-up for breast cancer events and donor
breast tissues from women with no clinical breast disease from the Komen Tissue Bank
(KTB). Ultimately, our goal was to assess the utility of CLS-B as an independent
inflammatory histologic marker of breast cancer risk.

Materials and Methods

Patient sample

Study approval was granted by the Mayo Clinic Institutional Review Board. Study
participants were derived from three age-matched groups: 86 normal breast tissue donors
from the Susan G. Komen for the Cure Tissue Bank at Indiana University Simon Cancer
Centre (KTB; Indianapolis, IN); 86 subjects in the Mayo Clinic Benign Breast Disease
Cohort with an initial benign biopsy who subsequently developed cancer (BBD cases); and
86 Mayo BBD subjects with benign biopsies who did not develop breast cancer (BBD
controls) with follow-up time (at minimum) equivalent to that of their matched BBD cases.
Follow-up time was calculated from the date of the index benign biopsy until the diagnosis
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of breast cancer or until one of the following events: prophylactic mastectomy, last clinical
follow-up, or death.

KTB samples were obtained from donor women with no clinical breast abnormalities. We
have previously reviewed a large sample of these tissues to confirm that the majority have no
histologic abnormalities (15). The Mayo BBD Cohort is a large, well-characterized cohort of
approximately 13,500 women with biopsy-proven BBD, diagnosed between 1967 and 2001
(16, 17). Details of the Mayo BBD cohort design with methodology for collection of follow-
up data, including breast cancer events, have been described previously (16). Among the
BBD cases in this study sample, the median interval from biopsy to development of breast
cancer was 7 years (range, 0.7-14 years). Among BBD controls, the median duration of
breast cancer-free follow-up was 14 years (range, 2-19 years).

For all three groups, the original H&E-stained tissue sections were reviewed by a pathologist
with expertise in breast pathology (D.W. Visscher), blinded to participant characteristics and
outcomes. Using the criteria of Dupont and Page, the breast epithelium was classified into
one of the following categories: no histologic abnormality, nonproliferative disease,
proliferative disease without atypia, or with atypical hyperplasia (18). In addition, lobular
involution was assessed and graded as none, partial, or complete using a previously
published scoring system (19).

IHC and digital image analysis

IHC was performed on deparaffinized, rehydrated sections obtained from representative
formalin-fixed, paraffin-embedded tissue blocks (one block/sample), using antibody-specific
epitope retrieval techniques with the Dako Envision (Dako) automated system for detection
of CD68 (DAKO, M0876 at 1:100; ref. 20). The unstained tissue sections were sequentially
cut from the corresponding tissue blocks and were within an estimated 100 to 200 um of the
original H&E-stained section. Whole slide digital images of anti-CD68-immunostained
slides were captured with the Aperio Scanscope XT slide scanner (Aperio). The digital
images were analyzed using Aperio ImageScope software primarily to measure the tissue
area per slide. In addition, the percentage of adipose tissue on the slide was visually
estimated to the nearest decile. For ease of quantitation, the number of CLS-B, defined as
individual adipocytes circumferentially surrounded by CD68-expressing macrophages, were
manually counted and annotated on the digital image (2). CLS-B were identified as scattered
single adipocytes encircled by macrophages, lacked other inflammatory cells and were not
associated with any evidence of mechanical tissue damage. As such, they are histologically
distinct from injury-associated adipose tissue necrosis. Using the estimated adipose tissue
area, CLS-B density (# of CLS-B/cm? adipose tissue) was calculated. Stromal CD68*
macrophages were also manually scored in a semiquantitative fashion generating a
macrophage stromal score (MSS), using a numeric scoring system (1-3) corresponding to
low, moderate, and high stromal CD68" macrophagic infiltration.
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Statistical analysis

Results

Descriptive statistics were reported with frequency and percentage for categorical variables
and median (range) for continuous variables. Conditional logistic regression was used to
examine associations with BBD case versus control status by univariate and multivariate
analysis with the matched set as a stratification variable. Models assessing the presence of
any CLS-B, >5 CLS-B, or CLS-B count were adjusted for adipose tissue area (cm?2) to
account for different tissue sizes. Because of a large number of samples with a zero count for
CLS-B in the KTB group, comparisons with that group were performed using negative
binomial regression on CLS-B count with log(adipose area (cm?2)) as an offset variable.
Correlations were calculated using the Spearman rank method. P values <0.05 were
considered statistically significant. Analysis was performed using SAS (Version 9.3, SAS
Institute Inc.).

Clinical characteristics

In the final age-matched study set of 86 triplet samples, the mean participant age was 54.7
years. Using age as an approximation of menopausal status, a minority (18.6%) were
premenopausal (age < 45), 37.2% were perimenopausal (age 45-55), and 44.2% were
postmenopausal (age > 55; Table 1). The mean body mass index (BMI; at the time of
biopsy) was significantly higher for KTB subjects (mean 29.1, = 0.02 and 2= 0.04
compared with BBD controls and cases, respectively), but similar for BBD cases and
controls (BBD controls: 26.6; and BBD cases: 27.5, £=0.67).

Histologic findings

The histologic findings of KTB biopsies were similar to our previous observations of donor
biopsies (Table 1; ref. 15). Comparing BBD cases and controls, BBD cases predictably had a
higher proportion of women with proliferative disease (49% vs. 44%) and atypical
hyperplasia (24% vs. 16%), and a smaller proportion with nonproliferative disease (27% vs.
40%). Lobular involution scores also showed the expected distribution across the three
groups: complete involution (a feature of lower risk; ref. 21) was observed in 53% of KTB
samples, 42% of BBD controls, and 21% of BBD cases (Table 1). The clinicopathologic
features of the carcinomas that subsequently developed in the BBD cases are listed in Table
2.

CLS-B and stromal macrophage scores

Overall, CD68-positive CLS-B were identified in 40 of 258 (15.5%) of all samples. CLS-B
formed scattered individual lesions or small clusters within the interlobular stromal adipose
tissue rather than being juxtaposed to epithelial elements (Fig. 1A and B). There was no
histologic or IHC evidence of conventional adipose tissue necrosis. The numeric MSS
correlated with the presence of CLS-B, as the frequency of CLS-B—positive samples was
2%, 17%, and 47% for samples with MSS of 1, 2, and 3, respectively (< 0.0001).
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BBD cases versus BBD controls

Among BBD samples, cases were more likely to have CLS-B compared with BBD controls
(24.4% versus 18.6% with any CLS-B, = 0.07 adjusted for adipose area, Table 3).
Although overall, the median CLS-B densities were low, 2.7/cm? adipose tissue (BBD
controls) and 3.3/cm? adipose tissue (BBD cases), a subset of BBD samples (particularly
BBD cases) had large numbers of CLS-B (ranging up to 55 CLS-B/sample; Table 3). The
number of BBD cases with >5 CLS-B/sample was double that of BBD controls (10.5% vs
4.7%, respectively, P=0.007). Furthermore, among BBD samples, the presence of >5 CLS-
B per sample conferred a breast cancer OR of 7.6 [95% confidence interval (Cl), 1.7-33.7;
F0.007] after adjusting for adipose area, and 7.3 (95% ClI, = 1.6-33.8; £=0.01) after
additionally adjusting for histologic impression and 6.8 (95% Cl, 1.4-32.4; P=0.02), after
additionally adjusting for BMI (Table 3).

Among BBD cases, breast cancers that developed during follow-up among subjects with
CLS-B >5 were ipsilateral to the index biopsy in 8/9 (89%) compared with 41/77 (53%) in
subjects with fewer or no CLS-B, £=0.03. A similar trend was observed for the presence of
any CLS-B, although this comparison did not reach statistical significance, with 15/21
(71%) of subjects with any CLS-B developing ipsilateral breast cancer versus 34/65 (52%)
ipsilateral in subjects with no CLS-B (P = 0.12). Presence of any CLS-B or >5 CLS-B was
not significantly associated with estrogen receptor status of the carcinoma (P=0.64 and P=
0.40) or invasive versus /n situ disease (P=0.38 and £=0.20), and presence of >5 CLS-B
did not significantly impact the time interval to diagnosis of breast cancer (mean interval 7.1
years vs. 7.6 years for cases without and with >5 CLS-B, respectively, £=0.58).

CLS-B and MSS in KTB samples

KTB tissue samples had a median adipose area of 0.24 cm2. CLS-B were observed in only 3
of 86 KTB samples (3.5%), each with only one CLS-B. Given the predominance of zero
CLS-B counts, negative binomial regression models adjusted for adipose tissue area were
used and demonstrated that KTB samples had significantly fewer CLS-B—positive samples
as compared with BBD controls (P=0.01) and BBD cases (P = 0.002). With regard to MSS,
81% of KTB samples had a score of 1, 16% had a score of 2, and 2% had a score of 3. MSS
in KTB samples were significantly lower than those of BBD controls (£ <0.0001) and BBD
cases (P<0.0001; Table 3).

Correlation of CLS-B with BMI, age, epithelial proliferation, and involution

CLS-B were strongly associated with BMI overall: CLS-B—positive biopsies occurred in 7%
of patients with BMI <25, 13% of patients with BMI 25-29, and 29% of patients with BMI
> 30, £=0.0005 (Table 4). This association appeared to be driven largely by the BBD
samples, as CLS-B were rare in KTB samples regardless of BMI. Among BBD samples,
CLS-B—positive biopsies had similar frequency in obese women (46% in controls and 45%
in cases), but at BMI <30, CLS-B—positive samples were more frequent in cases versus
controls (19% vs 7%, P=0.048).

CLS-B were also associated with increasing degrees of epithelial proliferation (Table 5).
This effect was driven mainly by BBD cases, as the frequency of CLS-B was similar across
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histologic categories for the other two groups, whereas in BBD cases, CLS-B were more
frequent with proliferative disease (+ atypia). Presence of CLS-B was not associated with
age (P=0.98), with similar proportions of CLS-B—positive samples (15%, 16%, and 16%,
respectively) for age groups <45, 45-55, and >55 years, or involution status (6% of samples
with no involution, 19% with partial involution, and 15% with complete involution, P=
0.48).

Discussion

Macrophagic CLSs are a hallmark of chronic inflammation within adipose tissue (2, 4) and
are frequently present in breast adipose tissue from women with breast cancer and in breast
tissues of obese women (22). However, prior to our study, CLS-B have not been evaluated in
BBD (11, 23). Using a well-characterized BBD cohort and normal tissue donors, we
assessed the frequency and quantity of CLS-B in stromal breast tissues from women with
long-term follow-up for breast cancer events to evaluate whether CLS-B are a biomarker of
early carcinogenesis and breast cancer risk.

Our data demonstrate that BBD stromal tissues are far more frequently inflamed than donor
breast tissues: the number of CLS-B—positive KTB samples was much lower (3/86, 3.5%)
than that of BBD controls (16/86 = 18.6%, £=0.01) and BBD cases (21/86 = 24%, P=
0.002). Although the frequency of CLS-B—positive BBD biopsies was lower than the
reported rate of approximately 40% to 50% in breast tissues from patients with breast
cancer, risk-reducing mastectomies or in reduction mammoplasties, we evaluated only a
single slide in this study compared with multiple slides in previous studies, and the likely
decrease in evaluated adipose tissue area may contribute to the differences in CLS-B
incidence across these studies (11, 22, 23). Nevertheless, despite the differences in incidence
of CLS-B—positive samples, the density of CLS-B inflammation observed in the subsets of
CLS-B—positive BBD samples [median 2.7/cm? adipose tissue (BBD controls) and 3.3/cm?
adipose tissue (BBD cases)] corresponds to a severe CLS-B index inflammation score as
described by lyengar and colleagues (6). These data suggest that CLS-B—associated adipose
tissue inflammation occurs in a significant subset of individuals with BBD. We have
previously reported that lobules of BBD tissues have a significantly higher density of CD68-
positive macrophages, among other immune cell types, compared with that of lobules in
KTB donor breast tissues (24). Together, these findings support the hypothesis that BBD is
associated with an epithelial and stromal chronic inflammatory environment.

Although neither the frequency of CLS-B—positive samples or the median CLS-B density
differed significantly between BBD controls and cases, a subset of cases had markedly
elevated numbers of CLS-B (ranging up to 55 per sample). In this subset, high numbers of
CLS-B (defined as >5 per sample) were an independent risk factor for breast cancer after
adjusting for adipose area, histologic impression, and BMI with OR 6.8, £=0.02. These
findings suggest that it is the extent or quantity of CLS-B inflammation in BBD tissues,
rather than its presence or absence, that may predict breast cancer risk.

In addition, the functional state of stromal macrophages and macrophagic CLS-B may
define their roles in carcinogenesis. Macrophages are adaptive and differentiate into
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microenvironment-driven functional roles, generally referred to as M1- and M2-polarized
states, with proinflammatory and anti-inflammatory roles, respectively (25). Chronic
inflammatory mediators, such as TNFa and prostaglandin E2, upregulate CYP19A1
expression in stromal preadipocytic fibroblasts (26-28). Evaluation of the functional status
of stromal macrophages and local production of inflammatory mediators in BBD tissues
may shed light onto the role of macrophages in early carcinogenesis. Finally, adipokines,
such as leptin and adiponectin, have well-established roles in breast cancer development and
progression (29-31). Within the context of BBD, the impact of macrophages on the “cross-
talk” between stromal adipocytes, fibroblasts, and benign or atypical epithelial lesions
remains largely unexplored.

CLS-B, age, and BMI

Prior studies have reported that CLS-B are associated with the postmenopausal state (23). In
our study, participants were stratified by age into groups approximating pre-, peri-, and
postmenopausal states (Table 1). In unadjusted analysis, age was not associated with
presence of CLS-B or with high CLS-B counts (>5 CLS-B/sample). By multivariate
analysis, adjusting for histologic impression, BMI, and (estimated) adipose tissue area, age
was not significantly associated with presence of CLS-B in the BBD samples. However, as
age is a surrogate of menopausal status, we cannot definitively conclude whether our data
can be extrapolated to menopausal status. Furthermore, as we evaluated CLS-B in BBD and
lyengar and colleagues evaluated CLS-B in breast tissues from women with breast cancer or
undergoing prophylactic mastectomy for risk reduction, we cannot determine whether these
factors may be contributing to the differences in age association with CLS-B.

Several reports have established the association of CLS with obesity (6, 7, 11). Although we
observed that CLS-B correlated with BMI, the relationship does not appear to be entirely
straightforward. Among BBD controls and cases, obese patients (BMI = 30) had the highest
numbers of CLS-B—positive samples, with no significant difference between the two groups
(46% and 45%, respectively). In contrast, although KTB donors had a higher mean BMI
than women in either BBD group, CLS-B—positive samples were very rare in KTB samples
across all BMI, with only 6% in BMI> 30 compared with 45% in the BBD samples, and no
KTB samples had high CLS-B densities. These data suggest that BMI is not the sole
determinant of macrophagic breast adipose tissue inflammation. Moreover, among BBD
samples, in women with BMI <30, CLS-B—positive samples were significantly more
frequent in BBD cases versus controls. Recently, lyengar and collagues reported that
increased CLS-B densities and aromatase in breast tissues from women with normal BMI
correlated with higher circulating levels of insulin and inflammatory mediators (32),
consistent with the phenomenon of metabolic obesity in normal weight individuals (33). We
suspect that the increased frequency of CLS-B—positive samples among individuals with
BMI <30 in the BBD case group may reflect a similar phenomenon.

Strengths of our study include the use of normal donor breast tissues as well as a large, well-
characterized BBD cohort with long-term clinical follow-up, to evaluate the relationship of
CLS-B with risk of breast cancer in the context of established clinical and histologic risk
factors. Limitations of the study include the relatively small tissue area of biopsy specimens
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and relative rarity of CLS-B, raising a reasonable concern over sampling limitations in
biopsy material. However, we addressed this limitation by adjusting for the percentage of
adipose tissue within samples.

In conclusion, this study demonstrates that CLS-B are associated with BBD, and although
uncommon, high CLS-B counts are independently associated with subsequent breast cancer
risk, after adjusting for histologic impression, adipose tissue area, and BMI. These data
suggest that CLS-B may be a promising histologic marker of breast cancer risk. Additional
study in a larger cohort with longitudinal and more extensive tissue sampling should clarify
the role of macrophages and macrophagic CLS-B in risk prediction and their contribution to
early breast carcinogenesis.
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Figure 1.
CD68-immunostained breast biopsy from a CLS-B—positive BBD case sample showing

interlobular stromal distribution of macrophagic CLS-B at low (A) and intermediate (B)
magnification.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2020 September 02.



Page 12

Carter et al.

(%t've) T2 (%€97) ¥T (wzT) T  (%T¥T) 9 eldfy
(%8'8v) ¢v (%z'vv) 8¢ (%€8) L (%0ve) L8 erdAye Inoym asessip aA1eI9)1|0id
(%2'92) €2 (%s6e) ve  (We92) ez (%6'0€) 62 aseasip anfjelajijoiduoN
0 0 (@er Vs  (%T'T2) ¥ Aurewsouge d16ojoisty ON
0 0 4 4 3|qe|ieAe 10N
uoissaidwi 9160]01SIH
(%S°02) 91 (wrey) 9 (%0€S) v (%0°6€) 96 ajp|dwod
(%8°€9) ¢ (wsev) L& (wezr) s€  (%e9v) vIT [enJed
(%9'62) 02 (%TvT) 2T (w8r) v (%9vT) 9 BUON
8 T € a1 a|qe|tene 10N
uonnjoAul JejngoT
(%T1'v2) 02 (%962) vz  (WeLe)ze  (%v0g) 9L 0€=
(%8'6¢) €€ (w608) Gz (weve)oe  (%2'GE) 88 62-G¢
(%T1°9¢) 0¢ (ws6e)ce  (w6L2)ve  (%vvE) 98 Ge>
€ g 0 8 a|qejene 10N
INg
(%e'sv) 68 (wsov)ov  (Lov) S€  (%2vh) ¥IT G5<
(%0°9¢) 1€ (we've) 0 (wL0ov) GE  (%C'LE) 96 GGG
(%9'87) 91 (%987) 9T (%9'8T) 9T  (%9'8T) 8 s>
aby
98=u 98=u 9g=u 85z=N
seseo ggd  S[041u00 gag I IleBAQ
sansLioeeyd 2160joyredodiuld
‘T 9lqeL
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Cancer Prev Res (Phila). Author manuscript; available in PMC 2020 September 02.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Carter et al.

Table 2.

Pathologic features of carcinomas in BBD cases

BBD cases
(n=86)
Cancer laterality relative to index BBD biopsy
Contralateral 37 (43.0%)
Ipsilateral 49 (57.0%)
Estrogen receptor status of carcinoma
Negative 20 (23.8%)
Positive 64 (76.2%)
Missing 2
Invasive carcinoma (vs. /n Sitt)
No 22 (25.9%)
Yes 63 (74.1%)
Missing 1
Nodal status
Negative 66 (77.6%)
Positive 19 (22.4%)
Missing 1
TNM stage
0 22 (25.9%)
1 37 (43.5%)
2 18 (21.2%)
3 8 (9.4%)
Missing 1
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