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Abstract

There are data to suggest that some ductal carcinoma in situ (DCIS) may evolve through an evolutionary bottleneck, where minor
clones susceptible to the imposed selective pressure drive disease progression. Here, we tested the hypothesis that an impact of the
inflammatory environment on DCIS evolution is HER2-dependent, conferring proliferative dominance of HER2-negative cells. In
tissue samples, density of tumour-infiltrating immune cells (TIICs) was associated only with high tumour nuclear grade, but in 9%
of predominantly HER2-negative cases, the presence of tumoral foci (`hot-spots') of basal-like cells with HIF1-a activity adjacent to
the areas of dense stromal infiltration was noted. Results of in vitro analyses further demonstrated that IL-1b and TNF-a as well as
macrophage-conditioned medium triggered phosphorylation of NF-jB and subsequent upregulation of COX2 and HIF1-a, exclu-
sively in HER2-negative cells. Treatment with both IL-1b and TNF-a resulted in growth stimulation and inhibition of HER2-
negative and HER2-positive cells, respectively. Moreover, ectopic overexpression of HIF1-a rescued HER2-positive cells from
the negative effect of IL-1b and TNF-a on cell growth. Our data provide novel insight into the molecular basis of HER2-
dependent proliferation of DCIS cells and indicate the NF-jB/COX2? HIF1-a signalling axis as a dominant mechanism of DCIS
evolution induced by inflammatory microenvironment. Presented findings also highlight the clinical significance of heterogeneity of
DCIS tumours and suggest that HIF1-a might be considered as a predictive marker of disease progression.
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Introduction

Ductal carcinoma in situ (DCIS), termed the non-obligate precursor of
invasive ductal breast carcinoma (IDC), is characterised by proliferation of
neoplastic cells within the duct lumen. Molecular mechanisms governing
DCIS evolution are still poorly understood and no useful prognostic
biomarkers have been identified.
Increasing evidence supports the role of epithelial-stromal interactions
in tumour progression [1]. DCIS is no exception. As molecular profiles of
synchronous DCIS and IDC are remarkably similar [2], DCIS? IDC
development is thought to be dependent not solely on specific genomic
alterations in preinvasive cells. Stimuli derived from tumour microenvi-
ronment (TME) and, in particular, stromal tumour-infiltrating immune
cells (TIICs), i.e. tumour-infiltrating lymphocytes (TILs) and tumour-
associated macrophages (TAMs), may be critically involved in the process
[3–8]. Moreover, recent studies suggest that an impact of immune TME
modulation on tumour biology and disease outcome is particularly
strongly pronounced at the early stages of BC development [8–10] and
is dependent on BC cell phenotype [8,11–14].

Similar to its invasive counterpart, DCIS is not one entity but repre-
sents a heterogeneous group of pre-invasive breast lesions with different
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phenotypes as well as variable proliferative and invasive potentials [15].
HER2 (ErbB2) oncogene, the dominant driver of BC pathophysiology,
is found to be overexpressed at high frequency in DCIS. Counterintu-
itively, DCIS? IDC evolution is associated with loss of HER2 expression
(approximately 50% of DCIS HER2(+) vs 20% of IDC HER2(+)) [16–
18]. Available data on HER2 importance in DCIS are scarce and contra-
dicting [19–22], but it has been suggested that the status of HER2 might
affect the type of disease recurrence. While HER2(+) DCIS tumours are
more likely to relapse as new in situ lesions, HER2-negative DCIS is asso-
ciated with a higher risk of recurrent invasive BC. In addition, HER2 pos-
itivity was found more often in patients with pure DCIS compared to
those with microinvasive DCIS and DCIS with IDC [23,24].

Taken together, the HER2 status might be critical for cell responsive-
ness to inflammatory stimuli. Proliferative dominance of the HER2-
negative subclones would comply with the evolutionary bottleneck model
of DCIS progression [25], as well as point to a hitherto unknown aspect of
HER2 role in BC biology. To verify this hypothesis the study combined
clinical and mechanistic analyses. Evaluation of the extent and type of
inflammatory infiltration in specimens from DCIS patients was carried
out using a panel of specific markers selected on the basis of available clin-
ical follow-up database [7,12,14]. A functional role of HER2 in the pro-
liferative response of mammary epithelial cells to inflammatory stimuli was
explored in a culture system representative of human DCIS [16,26,27].
Materials and methods

Patient selection and samples

Specimens of treatment-naÝve, pure DCIS (without invasive compo-
nent) diagnosed according to the WHO 2012 Classification of Breast
Tumours [28] were obtained from patients treated at the Copernicus
Memorial Hospital in Lodz and the Holycross Cancer Center in Kielce,
Poland, between 2004 and 2018 (Table S1). To exclude an impact of
genomic alterations on HER2 function, specimens with no HER2 ampli-
fication (n = 75) were selected (confirmed by FISH). The study was
approved by the Local Research Ethics Committee (No. RNN/284/13/
KE).

Histopathological procedures

Serial 5-lm sections of formalin-fixed paraffin-embedded (FFPE)
blocks were processed for haematoxylin/eosin staining (H&E) and
immunohistochemistry (IHC) for a panel of markers enabling quantitative
and qualitative analysis of subclasses of (i) TILs: CD4, CD8 and FOXP3
(helper, cytotoxic and regulatory T cells) and (ii) TAMs: CD68 and
CD163 (M1 and M2 macrophages). DCIS tumours were phenotyped
by IHC for: (i) oestrogen/progesterone receptors (ER/PR) and HER2,
(ii) cytokeratin 5/6 and (iii) carbonic anhydrase IX (CAIX), as an indicator
of HIF-1a activity, using the protocols according to the manufacturers'
recommendations. ER/PR status was determined using Allred scoring sys-
tem [29] and HER2, using both IHC (Herceptest™) and FISH [30,31].
All antibodies are described in Table S2.

Evaluation of tumour-infiltrating lymphocytes and tumour-associated
macrophages

Morphological and semi-quantitative analysis of stromal TIICs was car-
ried out on H&E and IHC preparations using an UltraFast Scanner (Phi-
lips) with DigiPath™ software (Xerox), following the International
Guidelines on TIL Assessment in Breast Cancer [32–36]. Infiltration
was defined as the percentage of the tumour stroma area that is occupied
by TIICs. In addition, the `hot-spots' defined as areas rich in TIICs adja-
cent to tumour cells displaying high-grade characteristics, were selected for
further phenotypical analysis, i.e. display of basal features (IHC for
CK5/6) and activity of HIF1-a (IHC for CAIX). Cells positive for
CD4, CD8, CD68, CD163, FOXP3 were counted for each tumour in
four representative areas of 0.25 mm2 under magnification of 200�. Addi-
tionally, CD4/CD8 and CD68/CD163 ratios were calculated. Counting
was conducted independently by two researchers (DP and LK) and super-
vised by the pathologist (MB). In case of significant disparities between the
scores (20 or 5 cells/mm2 for TILs or TAMs, respectively, or difference
>20% of the mean value), the case was additionally reassessed by another
pathologist (HMR or RK).
Cell lines and reagents

HB2 cells were purchased from ECACC, MCF10A and THP-1 cell
lines were from ATCC. Cells were passaged maximum for 3–4 months
post-resuscitation and routinely tested for mycoplasma contamination.
Cells were grown: (i) HB2 in DMEM supplemented with 10% FBS,
5 lg/ml insulin, 5 lg/ml hydrocortisone and penicillin/streptomycin solu-
tion (Pen-Strep); (ii) MCF10A in DMEM F12 supplemented with 5%
horse serum, 20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cho-
lera toxin, 10 lg/ml insulin and Pen-Strep; and (iii) THP-1 in RPMI-
1640 with 10% FBS. Cell culture media and supplements were from
Sigma-Aldrich, all growth factors and cytokines from PeproTech, cele-
coxib, magnolol and lapatinib from Selleckchem.
Treatment with cytokines

For analysis of the cytokine-induced activation of NF-jB/
COX2? HIF1-a, cells were starved overnight in serum-free media fol-
lowed by stimulation with IL-1b (10 ng/ml) or TNF-a (10 ng/ml) for
indicated times. Celecoxib (25 mM) and magnolol (10 mM) were applied
for COX2 and NF-jB inhibition, respectively. For analysis of NF-jB/
COX2? HIF1-a involvement in 3D growth, cells were cultured in
matrigel in the presence of IL-1b (10 ng/ml) or TNF-a (10 ng/ml)
with/without celecoxib (10 mM) or magnolol (10 mM).
HER2 and HIF1-a overexpression

HB2(HER2+) and MCF10A(HER2+) cell lines were established with
retroviral vector pBABEpuro-ERBB2 (Addgene #40978) [37]. HB2
(HER2+/HIF1-a+) and MCF10A(HER2+/HIF1-a+) cells were generated
with retroviral vector HA-HIF1a-wt-pBabe-puro (Addgene #19365) [38].
In all experiments involving the above cell variants, parental cells (wild
type HB2 or MCF10A) were transfected with pBABEpuro vector and
used as a control.
Analysis of cell growth in three-dimensional culture

Cells were cultured in 3D matrigel as previously described [39]. Briefly,
1.5 � 103 cells were resuspended in 40 ll of growth factor-reduced matri-
gel (mixed 1:1 with medium) and cultured for 8 (HB2) or 10 days
(MCF10A). To evaluate cell growth, at least 50 colonies were measured
for each condition using ImageJ software. For HER2-positive/HER2-
negative co-cultures, GFP-expressing HB2(HER2+) or MCF10A(HER2
+) cells were mixed with their wild-type counterparts in a ratio of 1:1
and incubated for 30–60 min on a slowly rocking platform to induce cell
aggregation [40,41]. Aggregates were gently suspended in matrigel and
cultured for 7–10 days. For all 3D culture experiments, representative
images were taken using ZEISS PrimoVert microscope.
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THP-1 differentiation into M1- and M2-like macrophages

THP-1 cells were differentiated according to the published protocol
[42,43]. Briefly, cells were treated with 150 nM PMA (Sigma-Aldrich)
for 24 hours, next day the medium was replaced and supplemented with
INFc (10 ng/ml) and LPS (20 ng/ml), for M1 or IL-13 (10 ng/ml) and
IL-4 (10 ng/ml), for M2-differentiation. M1- and M2-like phenotypes
were verified by immunostaining for CD68, iNOS and CD163, respec-
tively. The concentration of IL-1b and TNF-a in macrophage-derived
conditioned medium was evaluated using ELISA kit (R&D Systems).
Western blotting

Cells grown to 80–90% confluence were scraped in ice-cold PBS and
lysed in the presence of Laemmli buffer (2� concentrated) supplemented
with 2 mM PMSF, 10 lg/ml aprotinin, 10 lg/ml leupeptin, 5 mM
EGTA, 1 mM EDTA, 2 mM Na4P2O7, 5 mM NaF and 5 mM Na3VO4.
An equal amount of protein (�20 lg) per lane was loaded, resolved in
SDS-PAGE and transferred onto a nitrocellulose membrane. The mem-
branes were blocked in 5% skimmed milk and probed overnight with pri-
mary antibodies (described in Table S2) at 4 �C. Secondary antibodies
conjugated with IRDye 680RD or IRDye 800CW (from Jackson Immu-
noResearch) and Odyssey Clx system or secondary antibodies conjugated
with horseradish peroxidase (Sigma-Aldrich) and Western Lightning Plus-
ECL (PerkinElmer) were used for visualisation.
Immunofluorescence

Cells were seeded onto 8-well chamber slide at 3 � 104 cells per well.
For analysis of NF-jB localization, cells were serum-starved overnight and
then stimulated with IL-1b (10 ng/ml) or TNF-a (10 ng/ml) for 30 min.
In all immunostainings specimens were fixed with 4% paraformaldehyde
in PBS for 10 min, permeabilized with 0.1% Triton X-100 in PBS for
1 min, blocked in 5% serum and 3% BSA in PBS and incubated for
1 h with primary antibodies. After washing and subsequent 1-h incubation
with AffiniPure DyLight 549 and AffiniPure DyLight 488 secondary anti-
bodies (Jackson ImmunoResearch) individual proteins/markers were visu-
alised using the fluorescent microscope Olympus IX83.
Statistical analysis

Continuous data were presented as medians with interquartile ranges
(IQR), while nominal data as numbers with percentages. The Shapiro–
Wilk test was used to assess the normality of distribution. For comparisons
of continuous variables, following tests were used: Mann Whitney U-test;
Student's t-test; one-way or two-way block ANOVA (with post hoc
Tukey's multiple comparisons test); or Kruskal–Wallis test (with post
hoc all-pairwise comparisons Conover–Inman test). Categorical variables
were compared using the chi2 or two-tailed Fisher's exact tests. For corre-
lations, Spearman's rank correlations were calculated. The analysis was
conducted in Statistica 12.5 PL package (Statsoft, Tulsa, OK, USA). P val-
ues �0.05 were considered statistically significant.
Results

Clinical and pathological characteristics of the group

All 75 patients were diagnosed with pure DCIS (detailed characteristics
in Table S1). HER2 expression (score by Herceptest™) ranged from
HER2/0 (24% of cases), through HER2/1+ (15% of cases), HER2/2+
(52% of cases), to HER2/3+ (9% of cases).
TIICs infiltration, as assessed on H&E and IHC preparations, was: (i)
dense (�30%, Fig. 1A) in 8 (11%) cases, and (ii) weak to moderate (me-
dian of 1% (IQR: 1–5%), Fig. 1B) in the majority of cases (89%)
(Table 1). TIICs infiltration (%) correlated positively only with numbers
of both CD4- and CD8-positive TILs (R = 0.85, p < 0.0001 and R = 0.69,
p < 0.0001, respectively). Poor differentiation of the lesions (high nuclear
grade) was associated with higher percentages of TIICs and higher num-
bers of CD4-positive TILs (G3 vs G1: 5.0% (IQR: 5.0–10.0%) vs
1.0% (IQR: 1.0–1.0%), p < 0.001 with post-hoc p = 0.002; and 64/
mm2 (IQR: 36–171) vs 30/mm2 (IQR: 11–46), p = 0.010 with post-
hoc p = 0.012) (Table 1). Higher percentages of TIICs were detected in
HER2/1+ patients compared to HER2/2+ patients (p = 0.004, post-hoc
p = 0.026), lower numbers of CD68-positive TAMs in HER2/0 patients
compared to HER2/2+ patients (p = 0.007, post-hoc p = 0.028) and
higher numbers of FOXP3-positive TILs in HER2/1+ and HER2/2+
patients compared to HER2/3+ patients (p = 0.003 with post-hoc
p = 0.009 and post-hoc p = 0.005, respectively) (Table 2). No significant
associations were found between TIICs counts and morphological sub-
type, necrosis, ER/PR status, age, Van Nuys index or tumour size (data
not shown). Small numbers of survival events precluded an assessment
of the prognostic value of TIICs infiltration. The subgroup analyses of
patients with: (i) no TIICs (<5%) and (ii) TIICs (�5%), divided accord-
ing to the HER2 status (HER2/0 and HER2/1+/2+/3+), gave similar
results as described above.
High-grade HER2-negative `hot-spots' adjoin CD4+/CD68+-rich
inflammatory foci

Most of the tumours, especially those with a prominent TIICs infiltra-
tion displayed a noticeable morphological heterogeneity regarding both
tumour cells and numbers/type of infiltrates. Interestingly, in 7 (9%) cases
we found tumoral foci of more aggressive morphological and immunophe-
notypic features, i.e. high nuclear grade, bland demarcation and pheno-
typic basal-like characteristics (Fig. 2). The epithelial cells of these `hot-
spots', found almost exclusively in HER2-negative DCIS lesions, dis-
played focal immunoreactivity for CK5/6 along with positivity for CAIX.
These foci were tightly adjacent to dense TIICs infiltration dominated by
CD4-positive TILs and CD68-positive TAMs (Fig. 2). A possible impact
of HER2 on response of DCIS cells to the inflammatory TME was further
evaluated using an in vitro model.
IL-1b and TNF-a promote proliferative dominance of HER2-negative
mammary epithelial cells

The experimental design was based on previous reports demonstrating
that DCIS features could be recapitulated by overexpression of HER2 in
HB2 and MCF10A mammary epithelial cells grown in three-dimensional
(3D) cultures [16,27]. Moreover, HB2 cells have also been shown to form
DCIS-like lesion when xenotransplanted into nude mice [26]. As
increased proliferation is the principal functional characteristic of DCIS
cells, HB2 and MCF10A cells and their stable HER2-overexpressing vari-
ants (Fig. 3A and Fig. S1A) were used to assess HER2-dependent prolif-
erative response to inflammatory stimuli. To relate in vitro model to
histological findings (foci of tumoral cells positive for CAIX), IL-1b and
TNF-a, two inflammatory cytokines known to activate HIF1-a under
hypoxic and normoxic conditions [44], were used in our further analyses.
As expected, overexpression of HER2 resulted in growth stimulation of
HB2 and MCF10A cells (2.32- and 2.7-fold, respectively; in relation to
the `wild-type' control) in 3D matrigel (Fig. 3A and Fig. S1A). IL-1b
or TNF-a treatment had a strong negative effect on proliferation (reflected
by colony size) of HB2(HER2+) and MCF10A(HER2+) cells, which was
opposite to the effect exerted on their HER2-negative counterparts. These



Fig. 1. Density and type of inflammatory infiltration vary between DCIS lesions. Immunohistochemical presentation of (A) dense and (B) sparse
infiltration by TILs (positive for CD4 and CD8) and TAMs (positive for CD163 and CD68).
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Table 2. Characteristics of tumour-infiltrating immune cells (TIICs) in the study group divided by HER2 expression. Data presented as medians and interquartile ranges in brackets. Units
for each variable are included in square brackets. Groups were compared using Kruskal–Wallis test. Bold values denote statistical significance.

Feature Whole group (n = 75) HER2-0
(n = 18)

HER2-1
(n = 11)

HER2-2
(n = 39)

HER2-3
(n = 7)

p-Value

TIICs infiltration quantified in H&E [%] 1.0
(1.0–5.0)

5.0
(1.0–10.0)

5.0
(5.0–30.0)

1.0
(1.0–5.0)

5.0
(1.0–10.0)

0.004

CD4 [number/mm2] 43.0
(21.0–106.0)

38.8
(17.5–105.5)

53.5
(27.0–594.0)

34.3
(20.0–74.0)

107.0
(45.5–171.0)

0.161

CD8 [number/mm2] 49.0
(28.0–91.0)

55.3
(28.0–104.0)

47.0
(30.0–400.5)

41.0
(26.0–66.0)

94.5
(25.5–144.0)

0.277

CD4/CD8 ratio 0.9
(0.6–1.5)

0.8
(0.4–1.2)

1.0
(0.7–1.8)

1.0
(0.6–1.4)

0.9
(0.7–1.7)

0.525

CD68 [number/mm2] 20.0
(9.0–34.0)

12.5
(5.0–20.0)

20.5
(9.5–38.5)

29.5
(12.0–42.0)

8.8
(6.0–16.0)

0.007

CD163 [number/mm2] 9.0
(3.0–16.0)

5.3
(1.5–10.5)

7.5
(2.0–16.5)

11.8
(4.5–17.5)

6.5
(1.0–8.5)

0.107

CD68/CD163 ratio 2.3
(1.2–5.2)

2.5
(1.1–5.7)

2.3
(1.6–6.0)

2.4
(1.2–4.3)

2.4
(1.5–6.0)

0.924

FOXP3 [number/mm2] 4.0
(1.0–15.0)

2.0
(0.0–11.0)

4.5
(1.5–44.5)

8.3
(1.0–17.0)

0.0
(0.0–1.0)

0.003

Table 1. Characteristics of tumour-infiltrating immune cells (TIICs) in the study group regarding nuclear grade of DCIS. Data presented as medians, interquartile ranges in brackets. Units
for each variable are included in square brackets. Groups were compared using Kruskal–Wallis test. Bold values denote statistical significance.

Feature Whole group (n = 75) Nuclear Grade 1 (n = 24) Nuclear Grade 2 (n = 34) Nuclear Grade 3 (n = 17) p-Value

TIICs infiltration quantified in H&E [%] 1.0
(1.0–5.0)

1.0
(1.0–1.0)

5.0
(1.0–5.0)

5.0
(5.0–10.0)

<0.001

CD4 [number/mm2] 43.0
(21.0–106.0)

30.0
(11.0–46.5)

50.0
(26.0–120.0)

63.5
(36.0–171.0)

0.010

CD8 [number/mm2] 49.0
(28.0–91.0)

34.0
(21.0–65.0)

54.0
(31.0–102.0)

89.5
(25.5–144.0)

0.062

CD4/CD8 ratio 0.9
(0.6–1.5)

0.8
(0.3–1.2)

1.0
(0.7–1.6)

1.0
(0.7–1.7)

0.157

CD68 [number/mm2] 20.0
(9.0–34.0)

18.0
(6.5–36.0)

25.5
(11.0–38.0)

15.0
(8.0–20.5)

0.397

CD163 [number/mm2] 9.0
(3.0–16.0)

5.0
(1.0–13.0)

11.0
(3.5–22.0)

7.5
(2.5–14.0)

0.123

CD68/CD163 ratio 2.3
(1.2–5.2)

3.2
(1.9–6.3)

2.3
(1.1–4.3)

1.7
(1.1–7.0)

0.225

FOXP3 [number/mm2] 4.0
(1.0–15.0)

4.0
(1.0–11.0)

8.0
(1.0–22.5)

1.0
(0.0–10.0)

0.089
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findings were verified in classical 2D proliferation assays (Fig. S1B–C). To
confirm that the influence of cytokines on cell growth was HER2-
dependent, cells were cultured in the presence of lapatinib (HER2 and
EGFR inhibitor [45]). We found that lapatinib strongly attenuated
HER2-induced growth (Fig. 3B) and counteracted the negative impact
of both cytokines on proliferation of HER2-overexpressing cells. These
results suggest that inflammatory stimuli affect cell proliferation in a
HER2-dependent manner. To further confirm these findings, 3D co-
cultures of HB2 or MCF10A cells and their HER2-overexpressing variants
expressing GFP, embedded in matrigel, as either pre-formed aggregates
(Fig. 3C and Fig. S2) or single cells (1:1 ratio, Fig. S3A–B), were set-
up. Similar to monocultures, stimulation with IL-1b and TNF-a led to
a significant decrease and increase of size of HER2-positive and HER2-
negative colonies, respectively, but this differential, HER2-dependent
effect was aggravated (Fig. S3A–B vs Fig. 3A and Fig. S1A). These data
further indicate that inflammatory milieu may induce proliferative domi-
nance of HER2-negative clones.

IL-1b and TNF-a activate the NF-jB/COX2? HIF1-a axis in
HER2-negative mammary epithelial cells

There is ample evidence to suggest that, in various biological set-ups,
cytokines make use of the hypoxia signalling system under normoxia.
Upregulation of HIF1-a through classical inflammatory signalling involv-
ing NF-jB and COX2 has been identified as a link between inflammatory
and oncogenic pathways [46,47]. To examine whether HIF1-a con-
tributes to development of proliferative dominance of HER2-negative
clones, HB2 and MCF10A cells and their HER2-overexpressing counter-
parts were stimulated with IL-1b and TNF-a and subjected for analyses of
activation of the NF-jB/COX2? HIF1-a axis. Using Western blotting
analysis, we demonstrated that in both cell lines, treatment with IL-1b
or TNF-a of HER2-negative cells resulted in strong phosphorylation of
NF-jB p65-Ser536 as well as upregulation of COX2 (maximum after
24 h) and HIF1-a (maximum after 48–72 h) (Fig. 4A-B and Fig. S4A-
B). In HER2-positive cells, phosphorylation of NF-jB was weaker and
delayed, and no or only modest increase of COX2 and HIF1-a expression
could be detected (Fig. 4A-B and Fig. S4A-B). Importantly, overexpres-
sion of HER2 did not affect the level of either NF-jB, COX2 or
HIF1-a. Stimulation with cytokines of HER2-overexpressing HB2 cells,
pre-treated with lapatinib, resulted in phosphorylation of NF-jB p65-
Ser536 as well as an increase of COX2 and HIF1-a to the levels observed
in HER2-negative cells (Fig. S5), confirming that the above effects were
HER2-dependent. IL-1b and TNF-a treatment led also to upregulation
of expression of carbonic anhydrase IX (CAIX), a HIF1-a-dependent
gene, indicating HIF1-a activation [48]. This was seen only in HER2-
negative cells (Fig. 4C). Pre-treatment of HB2 and MCF10A cells with
magnolol, PDTC (NF-jB inhibitors [49,50]) or celecoxib (COX2 inhibi-
tor [51]) abolished IL-1b- and TNF-a-induced upregulation of COX2



Fig. 2. `Hot-spots' of basal-like cells with HIF1-a activity are adjacent to the areas of dense stromal pro-tumorigenic infiltration. Tumour cells displaying
focal immunoreactivity for CAIX (histochemical marker of activated HIF1-a) and CK 5/6 border with CD4-positive TILs and CD68-positive TAMs.
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Fig. 3. IL-1b and TNF-a promote proliferative dominance of mammary epithelial cells in a HER2-dependent manner. (A) HER2-overexpression in
HB2 cells was evaluated by Western blotting. HB2 and HB2(HER2+) cells were cultured in 3D matrigel for 8 days with IL-1b (10 ng/ml), TNF-a
(10 ng/ml) and/or (B) lapatinib (1 mM). Representative images were taken and colony size was analysed using ImageJ software. Data are expressed as
means þ SD (n = 3), **p < 0.005, ***p < 0.001. (C) HB2 and GFP-expressing HB2(HER2+) cells were mixed in a 1:1 ratio. Preformed cell aggregates
were carefully embedded in matrigel and grown with IL-1b (10 ng/ml) or TNF-a (10 ng/ml). Representative images were taken after 8 days.
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Fig. 4. IL-1b and TNF-a activate NF-jB/COX2? HIF1-a axis in HER2-negative mammary epithelial cells. (A) HB2 cells as well as their HER2-
overexpressing variants were serum-starved and treated with IL-1b (10 ng/ml) or TNF-a (10 ng/ml) for 15, 30, 60 and 120 minutes, or (B) 24, 48 and
72 h. NF-jB activation, COX2 and HIF1-a expression were analysed by Western blotting. Densitometry was done with ImageJ software. (C) HB2 and
HB2(HER2+) cells were serum-starved and treated with IL-1b (10 ng/ml) or TNF-a (10 ng/ml) for 24, 48, 72 and 96 h. CAIX (downstream target of
HIF1-a activity) expression was evaluated via Western blotting. (D) HB2 cells were grown with magnolol (10 mM, NF-jB inhibitor) or celecoxib
(25 mM, COX2 inhibitor), þ IL-1b (10 ng/ml), þ TNF-a (10 ng/ml) and analysed for COX2 and HIF1-a expression.
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and HIF1-a, respectively (Fig. 4D, Fig. S4C and Fig. S6), thus confirming
the role of both NF-jB and COX2 in mediation of the process. HER2-
dependenent specificity of NF-jB activation was additionally confirmed
in experiment in which NF-jB p65 translocation to the nucleus upon
IL-1b or TNF-a treatment was observed mostly in HER2-negative DCIS
cells (Fig. 5A-B and Fig. S7A-B).
IL-1b- and TNF-a-promoted growth of HER2-negative mammary
epithelial cells is mediated by NF-jB/COX2? HIF1-a pathway

We next sought to verify the contribution of NF-jB/COX2? HIF1-
a pathway to the cytokine-induced promotion of cell growth. In both
analysed HER2-negative cell lines, magnolol or celecoxib almost com-



Fig. 5. IL-1b and TNF-a promote NF-jB p65 translocation to the nucleus of HER2-negative DCIS cells. HB2 and HB2(HER2+) cells were serum
starved overnight and treated with (A) IL-1b (10 ng/ml) or (B) TNF-a (10 ng/ml) for 30 min. NF-jB p65 translocation to the nucleus was assessed with
fluorescent microscopy, scale bar is indicative of 20 mm.
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pletely abrogated stimulation of growth triggered by IL-1b or TNF-a
(Fig. 6A, Fig. S8A), confirming involvement of both NF-jB and
COX2. As the growth advantage conferred by cytokines was found to
be associated with HIF1-a upregulation only in HER2-negative cells
(Fig. 4B and Fig. S4B), we further assessed whether ectopic overexpression
of HIF1-a might reverse cytokines-induced growth inhibition of HER2-
positive counterparts. We found that, while HIF1-a overexpression did
not affect the level of HER2 (Fig. S9), it enhanced growth of HB2
(HER2+) cells and attenuated the negative effect of IL-1b and TNF-a
on growth of both HB2(HER2+) and MCF10A(HER2+) cells (Fig. 6B
and Fig. S8B). Taken together, these results suggest that NF-jB/
COX2? HIF1-a axis mediates HER2-dependent response of mammary
epithelial cells to cytokine stimulation.
Macrophages enhance growth of HER2-negative mammary epithelial
cells

The in vivo relevance of cytokine-induced activation of NF-jB/
COX2? HIF1-a was assessed in experiments, where synthetic cytokines



Fig. 6. Proliferation of mammary epithelial cells in response to IL-1b and TNF-a is mediated by the NFjB/COX2 axis and relies on upregulation HIF1-
a. (A) HB2 cells were cultured in 3D matrigel with IL-1b (10 ng/ml), TNF-a (10 ng/ml) and/or magnolol (10 mM) or celecoxib (10 mM). B) HB2 cells,
their HER2- and HER2/HIF1-a-overexpressing variants were grown with IL-1b (10 ng/ml) or TNF-a (10 ng/ml) in 3D matrigel. Representative images
were taken after 8 days. Colony size was analysed using ImageJ software. Data are expressed as means þ SD (n = 3), **p < 0.005, ***p < 0.001.
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were replaced by macrophages-conditioned medium. The THP-1 cell line,
widely exploited as a model of differentiation into macrophages, was used
[42,43]. Differentiation of THP-1 cells was verified by analyses of
expression of specific markers i.e. iNOS and CD68 for M1- and
CD163 for M2-like macrophages (Fig. 7A). Secretion of IL-1b and
TNF-a by M1-like macrophages was found to be �6- and �13-fold
higher, respectively, than that by M2-like cells (Fig. S10A), verifying pre-
dominance of the foreseen phenotypes in THP-1-derived subsets. We
found that M1-like macrophages-conditioned medium (hereafter called
M1-CM), similarly to the synthetic IL-1b and TNF-a (Fig. 3), promoted
and inhibited growth of HER2-negative and HER2-overexpressing HB2
and MCF10A cells, respectively (Fig. 7B and Fig. S10B). Moreover,
M1-CM induced stronger phosphorylation of NF-jB p65-Ser536 and
upregulation of both COX2 and HIF1-a in HER2-negative than in
HER2-positive HB2 cells (Fig. 7C). An involvement of NF-jB and
COX2 activity in M1-CM-induced HER2-dependent growth of HB2
and MCF10A cells was verified with magnolol and celecoxib, which
reversed the impact of M1-CM on cells growth (Fig. 7D and
Fig. S10C). These results indicate that stromal inflammatory microenvi-
ronment may favour growth of HER2-negative clones via activation of
the NF-jB/COX2? HIF1-a pathway.
Discussion

Evidence begins to accumulate that an impact of immune microenvi-
ronment on progression of BC is both cell type-specific [8,12–14] and
most prominent at the earliest stages of disease development [8,9]. Given
the importance of HER2 in BC biology, decreasing frequency of its
expression as the disease evolves [16–18], here, we combined evaluation
of clinical value of TIICs infiltration in DCIS with a mechanistic analysis
of a role of HER2 in a proliferative cell response to inflammatory stimuli.
Having focused on the effect of inflammation on HER2-related develop-
ment of incipient BC, the analysed cohort was limited to patients with
`pure' DCIS with no HER2 amplification.

There were multiple attempts to assess the clinical value of the charac-
teristics of the immune microenvironment in various types and at different
stages of BC development. Most of these studies demonstrate an associa-
tion between TIICs infiltration with poor disease outcome [8,52,53]. In
DCIS, several reports support TILs infiltration as a poor prognostic factor
for tumour progression and recurrence [54–56]. Our result linking TIICs
with tumour grade is in line with these findings. The clinical value of den-
sity, types and ratios of TIICs vary between the studies [32,54,55], which
may be due not only to the variability of sample sizes, inclusion criteria,



Fig. 7. Macrophages-conditioned medium (M1-CM) promotes proliferation of HER2-negative mammary epithelial cells via activation of the NF-jB/
COX2? HIF1-a axis. (A) THP-1 cells were differentiated intoM1- andM2-likemacrophages as described inmaterial andmethods. Verification of THP-1
differentiation, i.e., expression of specific markers CD68 and iNOS for M1-like macrophages, CD163 for M2-like macrophages, was done by fluorescent
microscopy. (B) HB2 and their HER2-overexpressing counterparts were cultured in 3Dmatrigel for 8 days in the presence ofM1-like-conditioned medium
(CM-M1). (C) HB2 cells were serum-starved and treated with CM-M1. NF-jB activation, COX2 and HIF1-a expression were analysed by Western
blotting. (D) HB2 cells were grown in 3D matrigel for 8 days and treated with M1-like-conditioned medium þ magnolol (10 mM) or celecoxib (10 mM).
Representative images were taken, an average colony size was determined with ImageJ software. Data are expressed as means þ SD (n = 3), ***p < 0.001.
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methodologies and a lack of consistency in data interpretation but also
may reflect the complexity of the immune system. Its interaction with
the tumour is highly dynamic and, in reality, executed by distinct arms
of its adaptive and innate components. It is also influenced by a variety
of host factors, which can, at least partially, explain the reported differ-
ences between the clinical studies. What is consistently demonstrated,
though, is an association between the density of immune infiltrates and
the HER2-enriched and TNBC molecular subtypes, in both DCIS and
IDC [8,55,57,58]. The explanation for such a link is still unavailable.
In our study, the size of the cohort precluded such an analysis, and we
were not able to show an association between TIICs and the HER2 status.
However, in 9% cases, histological examination revealed tumoral foci
(`hot-spots') of basal-like cells with HIF1-a activity adjacent to the areas
of dense stromal infiltration, which were almost exclusively present in
HER2-negative DCIS lesions. Given the prevalence of HER2-negative
IDCs, detection of even a small subset of potentially aggressive cells could
have important biological implications. These findings also highlight the
clinical significance of heterogeneity of DCIS tumours and value of iden-
tification of biological traits that could be used as predictors of progression.

A potential molecular mechanism governing the behaviour of such a
subset was evaluated in further analyses using an in vitro DCIS model.
Here, we show for the first time that the proliferative response of mam-
mary epithelial cells to the inflammatory stimuli was HER2-dependent.
Moreover, IL-1b and TNF-a promoted and inhibited growth of HER2-
negative and HER2-positive clones, respectively. Our observation is in line
with a recently reported association between IL-6 family of cytokines and
decreased survival of patients with HER2-negative, but not HER2-
positive, invasive breast carcinoma [59], however the molecular mecha-
nism of this differential HER2-dependent cell response awaits to be
revealed. Proliferative dominance of HER2-negative cells was demon-
strated in two 3D experimental setups, i.e. mono- and co-cultures of
HER2-positive and HER2-negative cells. In both, IL-1b and TNF-a
exerted a similar effect but, surprisingly, in co-cultures the difference in
response between HER2-negative and HER2-positive cells was exagger-
ated. This might be due to the addictive effects of synthetic cytokines
and paracrine activity of HER2-overexpressing cells, known to be able
to trigger a pro-inflammatory circuit in BC [60].

As demonstrated in many cancers, including IDC, a link between
inflammatory and oncogenic pathways involves activation of the NF-jB/
COX2? HIF1-a axis [46,47]. Our results support this observation and
demonstrate that both IL-1b and TNF-a led to phosphorylation of NF-
jB and subsequent upregulation of COX2 and HIF1-a, but the effect
was highly dependent on the HER2 status. Moreover, while promoting
proliferation of HER2-negative cells, inflammatory stimuli caused severe
growth inhibition of their HER2-positive counterparts. Increasing evi-
dence indicates that, although HIF1-a stabilisation primarily occurs in
response to hypoxia, stimulation with cytokines, growth factors as well as
oncogenic activation, involving PI3K, MAPK and/or NF-jB signalling,
can lead to synthesis of HIF1-a under normoxic conditions [44]. A func-
tional cross-talk between HIF1-a and HER2 has been demonstrated by
several studies. HER2-overexpressing BC cells have been shown to stabilise
HIF1-a under normoxia and require HIF1-a for HER2-mediated 3D
in vitro growth [61]. HIF1-a has been identified as an upstream regulator
of MAPK activity through direct and indirect regulation of dual-specificity
phosphatases (DUSP) transcription. Expression of a stable form of HIF1-a
in HER2-expressing BC cells was sufficient to induce lapatinib resistance
via activation of the ERK pathway [62]. Thus, it is conceivable, that in
the inflammatory microenvironment, activation of the HIF1-a-mediated
pathway becomes the main driver of cell growth and allows the cells to over-
come addiction to HER2. Induced in HER2-negative cells, it promotes
proliferation, while an inability of HER2-positive cells to maintain expres-
sion and activation of HIF1-a results in suppression of 3D growth.
Conclusion

Our study showed for the first time that the proliferative response of
mammary epithelial cells to inflammatory stimuli, mediated by the NF-
jB/COX2? HIF1-a axis, is HER2-dependent. As our in vitro experi-
ments were carried out under normoxic conditions, the data also indicate
that activation of HIF1-a, a protein commonly perceived to be a classical
oxygen sensor, may be induced by several alternative means, including
inflammatory cytokines. In tissue `inflammatory foci', upregulation of
HIF1-a may play a dominant role, conferring growth advantage to
HER2-negative cells. In the context of DCIS heterogeneity and predom-
inance of HER2-negative IDCs, this mechanism might significantly con-
tribute to the evolution of the disease.
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