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The inflammatory microenvironment affects breast cancer progression. Proteins that
govern the inflammatory response are secreted into the extracellular space, but this
compartment still needs to be characterized in human breast tissues in vivo. Dense
breast tissue is a major risk factor for breast cancer by yet unknown mechanisms and
no non-toxic prevention for these patients exists. Here, we used the minimal invasive
technique of microdialysis for sampling of extracellular proteins in live tissues in situ in
breast cancers of women before surgery and in healthy women having dense or nondense breast tissue on mammography. Proteins were profiled using a proximity extension
assay. Out of the 32 proteins assessed, 26 exhibited similar profiles in breast cancers and
dense breast tissues; CCL-4, -7, -8, -11, -15, -16, -22, -23, and -25, CXCL-5, -8, -9,
-16 as well as sIL-6R, IL-18, vascular endothelial growth factor, TGF-α, fibroblast growth
factor 19, matrix metalloproteinase (MMP)-1, -2, -3, and urokinase-type plasminogen
activator were all increased, whereas CCL-3, CX3CL1, hepatocyte growth factor, and
MMP-9 were unaltered in the two tissues. CCL-19 and -24, CXCL-1 and -10, and IL-6
were increased in dense breast tissue only, whereas IL-18BP was increased in breast
cancer only. Our results provide novel insights in the inflammatory microenvironment in
human breast cancer in situ and define potential novel therapeutic targets. Additionally,
we show previously unrecognized similarities of the pro-inflammatory microenvironment
in dense breast tissue and breast cancer in vivo suggesting that anti-inflammatory breast
cancer prevention trials for women with dense breast tissue may be feasible.
Keywords: cytokines, mammary gland, microdialysis, chemokines, microenvironment

INTRODUCTION
Inflammation is one of the hallmarks of cancer initiation and progression (1). The importance of
inflammation in tumor growth and metastasis has been described in numerous cancer types, including breast cancer (2, 3). Inflammatory bioactive molecules such as interleukins and tumor necrosis
factor, released into the interstitial fluid can be tumor promoting by affecting angiogenesis, cancer cell
proliferation, invasiveness, and metastasis (4–6). Additionally, inflammation, which also is related to
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oxidative stress, might foster the development of incipient in situ
cancers into invasive clinically important cancers (7).
In breast cancer, some epidemiological studies support this
concept whereas others have failed to show a correlation between
regular use of non-steroidal anti-inflammatory drugs (NSAIDs)
and progression of this disease (8–12). The malignant potential
of atypical breast epithelial cells is dependent on the local microenvironment but this compartment still needs to be characterized
in human breast cancer and normal breast tissue with increased
risk of cancer.
Increased mammographic density is a major independent risk
factor for breast cancer (13). A fourfold increased risk of developing breast cancer has been shown for women with dense breast
tissue, and absolute non-dense area seems to be independently
and inversely associated with breast cancer risk (13, 14). The
biological differences between the two types of breast densities
and how it might contribute to breast cancer risk are, however,
poorly understood. Dense breast tissue contains higher amounts
of stroma, including collagen, and less fat but the proportion
of epithelial cells, which is only 1–6% of the tissue, seems to be
unrelated to breast density (13, 15–17). A few studies have shown
that dense breast tissue may be associated with increased inflammation and an altered metabolic profile (18–20).
Although mammography screening programs and improved
treatments have reduced the death rate of breast cancer, prevention strategies are still needed for this disease that affects more
than 10% of all women (21). In some countries, the anti-estrogen
tamoxifen is approved for prevention, but this therapy is associated with severe side-effects, such as thromboembolism, endometrial cancer, and low quality of life (21, 22). Thus, providing
effective and non-toxic breast cancer prevention for women at
increased risk is clearly needed. Additionally, tamoxifen treatment to women with breast cancer will only reduce the risk of
recurrence by 30–50% (23). Hence, increased knowledge of the
biology of breast cancer and dense breast tissue is key for finding
novel therapeutic targets.
The tissue microenvironment, including the interstitial fluid,
contains essential components that are important for the facilitation of cancer growth and is a key determinant for cancer progression. The interstitial fluid represents approximately one-third
of the total body fluid but to date this compartment still needs to
be characterized. The homeostasis of the microenvironment is
regulated by soluble factors in the interstitial fluid and one major
difficulty in studying this, is the collection of components from
this compartment. Therefore, we used microdialysis as an in vivo
approach for sampling of extracellular molecules from the interstitial fluid directly in live tissue in situ. Breast cancer patients
and healthy women with either dense or non-dense breast tissue
were included in the study. The two main objectives of the study
were to characterize the inflammatory microenvironment in
human breast cancers and to investigate any resemblance of the
microenvironment in dense breast tissue and breast cancer. We
show that out of the 32 assessed proteins related to inflammation,
26 exhibited similar regulation in dense breast tissue as in breast
cancer. Our results provide novel biological understanding of
human breast cancer defining several targets for further immunotherapy research and indicate that investigations of targeting
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inflammation as a prevention strategy in women with dense
breast tissue may be feasible.

MATERIALS AND METHODS
Study Populations

The study was carried out in accordance with the Declaration of
Helsinki and the Regional Ethical Review Board of Linköping,
Sweden, approved the study. All subjects gave written informed
consent. A total of 51 women were included in two different
patient cohorts. The first cohort consisted of 12 women who
had breast cancer and were investigated before surgery. Tumor
histology, size, immunohistochemistry for estrogen receptor
(ER) and progesterone receptor (PR), and HER-2 receptor, and
Nottingham histological grade according to the Elston Ellis
scoring system were determined at the Department of Pathology
and Cytology, University Hospital of Linköping, Table 1. For the
second cohort, 39 healthy postmenopausal women (55 years of
age or older) were consecutively recruited from the screening
mammography program at Linköping University Hospital as previously described (20). The regular mammograms of the women
were assessed by one experienced observer (Anna Rzepecka)
according to the Breast Imaging Reporting and Data System
(BI-RADS) density scale (24), and breast densities were categorized as either BI-RADS A (entirely fatty non-dense breasts)
or BI-RADS D (extremely dense). An MRI was performed on
these women to confirm the initial breast density assessment,
as described previously (20). None of the healthy women had
a history of previous breast cancer or benign breast disease. In
addition, none of the 51 investigated women were currently using
(or had used within the previous 3 months) hormone replacement therapy, anti-estrogen therapies, including selective ER
modulators or degraders, or regularly used of NSAIDs, including
over the counter preparations.

Microdialysis Procedure

The women with ongoing breast cancer were investigated before
surgery; one microdialysis catheter was inserted within the cancer tumor and the other microdialysis catheter was inserted into
TABLE 1 | Characteristics of patients subjected to intratumoral microdialysis.
Patient
1
2
3
4
5
6
7
8
9
10
11
12

Age

Tumor size

Grade (NHG)

ER (%)

PR (%)

70
68
52
78
62
63
45
61
48
73
57
66

22
24
25
28
21
19
40
25
30
30
27
60

2
2
3
2
2
2
3
2
2
2
1
2

>50
>50
>50
>50
>50
>50
0
>50
>50
>50
>50
>50

>50
>50
10–50
>50
>50
>50
0
>50
>50
<5
>50
>50

ER, estrogen receptor; PR, progesterone receptor; NHG, Nottingham histological
grade.
All cancers were HER-2 negative.
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CCLs in Dense Breast Tissue and Breast
Cancers

normal adjacent breast tissue. In the healthy volunteer women
investigated in normal breast tissue, the microdialysis catheter
was placed in the upper lateral quadrant of the left breast directed
toward the nipple as previously described (25–34).
Prior insertion of the microdialysis catheters, 0.5 ml lidocain
(10 mg/mL) was administrated intracutaneously. Microdialysis
catheters (71/M Dialysis AB, Stockholm, Sweden), which consists
of a tubular dialysis membrane (diameter 0.52 mm, 100,000
atomic mass cutoff) glued to the end of a double-lumen tube
(80 mm long × 0.8 mm in diameter), were inserted via a splitable introducer (M Dialysis AB), connected to a microinfusion
pump (M Dialysis AB) and perfused with NaCl 154 mmol/L and
hydroxyethyl starch 60 g/L (Voluven®, Fresenius Kabi, Uppsala,
Sweden), at a perfusion rate of 0.5 µL/min. 20 and 10 mm membranes were used in the cohort of various breast densities and
breast cancer patients, respectively. After a 60-min equilibration
period, the outgoing perfusate was stored at −80°C for subsequent analysis.

A panel of 12 CCLs was analyzed (Figure 1). Ten out of the 12
CCLs were regulated in a similar fashion in dense breast tissue
and breast cancer. In breast cancer CCL-4, -7, -8, -11, -15, -16,
-22, -23, and -25 exhibited increased levels compared with normal adjacent breast tissue, whereas no significant differences were
found of CCL-3, -19, and -24. In dense breast tissue, CCL-4, -7,
-8, -11, -15, -16, -19, -22, -23, -24, and CCL-25 were increased
compared with non-dense breast tissue. No significant differences were found in the levels of CCL-3 within the breast cancer
cohort, or the healthy women cohort. Two CCLs were differently
regulated; CCL-19 and -24 were unaltered in breast cancers but
increased in dense breast tissue.

CXCLs and CX3CL1 in Dense Breast
Tissue and Breast Cancers

As shown in Figure 2, CXCL-5, -8, -9, and -16 were increased
in breast cancer and dense breast tissue compared with the corresponding normal tissues. Interestingly, CXCL-1 and CXCL-10
were unaltered in breast cancers whereas significant increased
levels were detected in dense breast tissue. No change of CX3CL1
was found in either tissue.

Protein Quantifications

The samples were analyzed by using a multiplex proximity
extension assay (Olink Bioscience, Uppsala Sweden). In brief,
1 µL sample was incubated in the presence of proximity antibody
pairs tagged with DNA reporter molecules. Once the pair of
antibodies is bound to their corresponding antigens, the respective DNA tails form an amplicon by proximity extension, which
was quantified by high-throughput real-time PCR (BioMark™
HD System, Fluidigm Corporation). The generated fluorescent
signal directly correlates with protein abundance. The output
from the Proseek Multiplex protocol is in quantitation cycles
produced by the BioMark’s Real-Time PCR Software. To minimize variation within and between runs, the data are normalized using both an internal control (extension control) and an
interplate control, and then transformed using a pre-determined
correction factor. The pre-processed data were provided in the
arbitrary unit normalized protein expression (NPX) on a log2
scale, which were then linearized by using the formula 2NPX.
A high NPX value corresponds to a high protein concentration.
However, the value is a relative quantification meaning that no
comparison of absolute levels between different proteins can be
made.

IL-6, IL-18, and Pro-Tumorigenic Proteins
in Dense Breast Tissue and Breast
Cancers

IL-6 was unaltered in breast cancer but significantly increased in
dense breast tissue, whereas IL-6RA was increased in both tissues.
Increased levels of IL-18 were found in dense breast tissue as well
as in breast cancer, but IL-18BP was increased in breast cancer
only.
In addition to inflammatory cytokines, proteins associated
with angiogenesis and cancer progression were also analyzed. As
shown in Figure 3, vascular endothelial growth factor (VEGF),
transforming growth factor-α (TGF-α), and fibroblast growth
factor 19 (FGF-19) all demonstrated increased levels both in
dense breast tissue and in breast cancer whereas no difference
of hepatocyte growth factor (HGF) levels were found in either
tissue.

Statistical Analyses

Proteases in Dense Breast Tissue and
Breast Cancers

Statistical analyses were performed using paired Wilcoxon
matched-pairs signed rank test and unpaired Mann–Whitney U
test. A p < 0.05 was considered as statistically significant. Statistics
were performed with Prism 7.0 (GraphPad software).

Proteolysis in the tissue microenvironment may influence the
release of local inflammatory mediators in the tissue microenvironment. In Figure 4, the five proteases detected in the present
study were altered in a similar fashion in both tissues; matrix metalloproteinase (MMP)-1, 2, 3, and urokinase-type plasminogen
activator (uPA) were increased whereas MMP-9 was unaltered.

RESULTS
As shown in Table 1, 11 out of the 12 breast cancers were ER
positive. None of the cancers overexpressed HER-2. As previously
reported there were no significant differences in age, years since
menopause, BMI, or plasma estradiol levels between the healthy
women with dense vs. non-dense breast tissues (20). There were
no subsequent complications after the microdialysis investigations in either patient group.
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DISCUSSION
Here, we present novel data of the local inflammatory microenvironment in human breast cancer in vivo. Additionally, to the best
of our knowledge, this is the first report showing the similarity of
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FIGURE 1 | Continued
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FIGURE 1 | Extracellular levels of CCLs in vivo in breast cancers and healthy normal breast tissue with different densities. 51 women were investigated using
microdialysis; 12 breast cancer patients underwent microdialysis before surgery. One catheter was inserted into the breast cancer (black bars) and another into
adjacent normal breast tissue (white bars). 39 postmenopausal healthy volunteer women, attending the regular mammography-screening program and were
categorized as either having dense or non-dense breasts underwent microdialysis of their left breast. Women with dense breasts (n = 20) are depicted in red and
women categorized as non-dense (n = 19) are depicted in yellow. Data represent protein abundance in linear values (2NPX as described in the Section “Materials and
Methods”). Graphed data are presented as median with 95% CI (*P < 0.05, **P < 0.01, ***P < 0.001).

FIGURE 2 | Extracellular levels of CXCL, CX3CL1, and IL-18 in vivo in breast cancers and healthy normal breast tissue with different densities. 51 women were
investigated using microdialysis; 12 breast cancer patients underwent microdialysis before surgery. One catheter was inserted into the breast cancer (black bars)
and another into adjacent normal breast tissue (white bars). 39 postmenopausal healthy volunteer women, attending the regular mammography-screening program
and were categorized as either having dense or non-dense breasts underwent microdialysis of their left breast. Women with dense breasts (n = 20) are depicted in
red and women categorized as non-dense (n = 19) are depicted in yellow. Data represent protein abundance in linear values (2NPX as described in the Section
“Materials and Methods”). Graphed data are presented as median with 95% CI (*P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 3 | Extracellular levels of pro-tumorigenic proteins in vivo in breast cancers and healthy normal breast tissue with different densities. 51 women were
investigated using microdialysis; 12 breast cancer patients underwent microdialysis before surgery. One catheter was inserted into the breast cancer (black bars)
and another into adjacent normal breast tissue (white bars). 39 postmenopausal healthy volunteer women, attending the regular mammography-screening program
and were categorized as either having dense or non-dense breasts underwent microdialysis of their left breast. Women with dense breasts (n = 20) are depicted in
red and women categorized as non-dense (n = 19) are depicted in yellow. Data represent protein abundance in linear values (2NPX as described in the Section
“Materials and Methods”). Graphed data are presented as median with 95% CI (*P < 0.05, **P < 0.01, ***P < 0.001).

the in vivo inflammatory cytokine profile in dense breast tissue
and breast cancer. Out of 32 pro-inflammatory proteins analyzed,
26 exhibited similar profiles of the levels in dense breast tissue
vs. non-dense breast tissue, and breast cancer tissue vs. normal
adjacent breast tissue.
A major strength of our study is that we sampled the proteins
directly from tissues in patients and healthy volunteers in situ.
Frontiers in Immunology | www.frontiersin.org

Only by using a minimally invasive technique such as microdialysis, samples from healthy breast tissue in women not scheduled
for any clinically advised procedure can be obtained. In vivo
studies of the tissue microenvironment, where cell–cell interactions are communicated by soluble factors released into the
extracellular compartment, are especially important. Commonly
used laboratory techniques such as mRNA quantification and
6
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FIGURE 4 | Extracellular levels of proteases in vivo in breast cancers and healthy normal breast tissue with different densities. 51 women were investigated using
microdialysis; 12 breast cancer patients underwent microdialysis before surgery. One catheter was inserted into the breast cancer (black bars) and another into
adjacent normal breast tissue (white bars). 39 postmenopausal healthy volunteer women, attending the regular mammography-screening program and were
categorized as either having dense or non-dense breasts underwent microdialysis of their left breast. Women with dense breasts (n = 20) are depicted in red and
women categorized as non-dense (n = 19) are depicted in yellow. Data represent protein abundance in linear values (2NPX as described in the Section “Materials and
Methods”). Graphed data are presented as median with 95% CI (*P < 0.05, **P < 0.01, ***P < 0.001).

immunohistochemistry are based on whole tissue analyses and,
therefore, detect cellular events rather than soluble extracellular
molecules. Unlike ex vivo sampling of the tumor interstitial fluid,
for which surgically removed tissue is cut into pieces before incubation in a solution to retrieve the remaining proteins, microdialysis allows sampling of the extracellular molecules directly
from live tissue without any manipulation. The draw-back of such
studies is that a limited number of subjects can be included in the
time-consuming in vivo sampling with the complicated logistics.
It has previously been shown that several of the CC chemokines
play an important role for breast cancer progression and immune
cells recruited by these chemokines are implicated in enhancing
cancer growth and resistance to therapy (35–40). Interestingly,
CCL-3, which was unaltered in both breast cancer and dense
breast tissue, has been shown to be important for breast cancer
progression and metastases in experimental animal models
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(38, 40). Our human data do not support an extracellular upregulation of this chemokine in breast cancers in vivo.
Chemokines can play dual roles in tumor development. The
chemokines CXCL-9 and CXCL-10 are involved in the activation
of antitumor Th1 cells, but they also function as potent angiostatic
factors (41, 42). On the other hand, the neutrophil chemotactic
chemokines, CXCL-1 and CXCL-8, have been shown to be
pro-tumorigenic and pro-angiogenic by their ability to recruit
pro-tumorigenic neutrophils into cancer tissue (43–47). CXCL-9
was increased in both breast cancer and in dense breast tissue
suggesting that among an upregulation of pro-inflammatory
cytokines other may balance the net results of the inflammatory
response of the tissue. Surprisingly, no significant upregulation of
the extracellular CXCL-1 was detected in breast cancers whereas
dense breast tissue exhibited at least three times higher levels
than non-dense breast tissue. In several studies CXCL-8 has
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been shown to be a key player in the inflammatory/angiogenic
microenvironment including increasing invasion and chemotaxis
of breast cancer stem cells (44, 45). CXCL-8 also regulates the
release of VEGF, which is one of the most potent and specific
angiogenic factors. Several isoforms of VEGF exist but the main
bioactive forms are freely diffusible proteins in the extracellular
space and have greater angiogenic and tumorigenic properties
than the heparin-bound isoforms (48). We have previously shown
that direct measurements of soluble VEGF locally in tissues
accurately reflect the amount of bioactive protein released in situ
(30, 49, 50). As expected, and in line with previous data, increased
VEGF levels were found in both breast cancers and dense breast
tissue compared with their normal tissue counterparts.
The pleiotropic cytokine IL-6 has been implicated in several
cancer forms, including breast cancer. Circulating levels of IL-6
has been associated the progression of breast cancer and with
advanced disease (51). In our data set, no increased levels of IL-6
were detected in breast cancer, whereas in dense breast tissue the
IL-6 levels were increased. However, significantly increased levels
of extracellular sIL-6R were detected in both tissues. In a classic
signaling, IL-6 binds to the IL-6 receptor, and this complex bind
to glycoprotein 130 receptors in the cell membrane for the initiation of downstream signaling. However, a trans-signaling may
also occur when an extracellular IL-6/sIL-6R complex is formed
which then binds to membrane glycoprotein 130 and generate
a downstream signaling (52). The IL-6 membrane receptor is
expressed in hepatocytes and immune cells only, thus, the classic
signaling is limited to these cells. As the membrane glycoprotein
130 is expressed in all cells types a trans-signaling by sIL-6R may
be elicited universally and may, therefore, have a higher impact
of the immune response and thus play a major role in the IL-6
signaling.
The pro-inflammatory cytokine IL-18 has been associated
with both pro- and antitumorigenic properties (53). IL-18BP, a
natural inhibitor of IL-18, has high affinity for mature IL-18 and
blocks its interaction with the IL-18 receptor (53). Our results
revealed increased levels of both IL-18 and IL-18BP in breast
cancer whereas in dense breast tissue IL-18 alone was increased.
Whether this is an advantage or disadvantage regarding breast
cancer progression remains to be elucidated when the exact
biologic role of IL-18 in cancer development is determined.
We also measured three key pro-tumorigenic growth and
angiogenic factors associated with inflammation, TGF-α,
FGF-19, and HGF, and showed that both TGF-α and FGF-19
exhibited increased levels in both breast cancer and dense breast
tissue compared with their normal tissue counterparts. TGF-α is
a natural ligand for the EGFR, which is overexpressed in many
tumors and plays a central role in cancer development by promoting cell proliferation and angiogenesis (54). FGFs have been
demonstrated to increase cancer cell survival in experimental
murine breast cancer models (55). Our present data revealed that
the FGF-19 levels were twice as high in breast cancer and tripled
in dense breast tissue, compared with the normal tissues within
each cohort, suggesting that FGF-19 may be a clinically relevant
protein to target also in human breast tissue.
Hepatocyte growth factor has been implicated in the progression of experimental breast cancer (56). Our data did not reveal
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any differences in HGF levels. The association of HGF and breast
cancer progression has primarily been shown in triple-negative
breast cancers; our data are mainly based on ER+ breast cancer,
whether HGF is increased in ER− human breast cancer remains
to be elucidated.
Proteolysis is a regulatory pathway that influences the local
tissue inflammation by degrading and remodeling of the microenvironment, and by cleavage of precursors of cytokines and growth
factors. Additionally, several cytokines may induce cells in the
microenvironment to secrete MMPs (57, 58). Upregulation of
MMPs and paradoxically TIMPs has been correlated with tumor
aggressiveness of various cancer forms, including breast cancer
(59–64). However, the biological function of MMPS is complex
as it has been demonstrated that individual MMPs and TIMPs
may either promote or inhibit tumor progression and MMP
inhibition has also failed as antitumor therapy in clinical trials
(65–68). Here, we show that MMP-1 was increased in both breast
cancer and dense breast tissue. MMP-1 has been significantly correlated with the development of brain metastasis in breast cancer
patients and with a release of CCL-7 (69). In addition, MMP-1 has
been associated with multi-drug resistance in experimental breast
cancer (70). Its role in clinical breast cancer patients remains to be
determined but our data suggest that indeed, MMP-1 is increased
in human breast cancer. MMP-2 and MMP-3 were also increased
in both tissues whereas the levels of MMP-9 were unaltered.
Regarding MMP-9, we and others, have shown that increased
MMP-9 activity leads to tumor regression (67, 68, 71–75). The
data in the present study suggest that MMP-9 may not be a major
contributor to breast cancer progression/inhibition in human
breast tissue in vivo.
Urokinase-type plasminogen activator is a serine protease that
has been shown to be involved in multiple steps of breast cancer
progression and it has also been independently associated with
adverse outcome in breast cancer patients (76). As expected, uPA
was significantly increased in breast cancer but in addition, we
made the novel findings that uPA was also increased in dense
breast tissue.
In conclusion, our data have revealed that the microenvironment in dense breast tissue exhibits similar profiles of inflammatory proteins as breast cancer [>80% of the measured proteins
(26/32)]. Whether a tissue microenvironment exerts a pro- or
anti-inflammatory response depends on the balance between
inflammatory proteins, and our data suggest that the scale of
inflammatory biomarkers is tipped into a pro-inflammatory
microenvironment in both dense breast tissue and in breast
cancer. It may, therefore, be hypothesized that if atypical
epithelial cells arise in dense breast tissue a pro-inflammatory
extracellular microenvironment would be more permissive for
a continuous expansion of these cells into a clinically important
breast cancer. Given the toxicity of the only approved prevention
drug tamoxifen, other novel preventive approaches for breast
cancer are needed. Our study provides mechanistic support
for prevention strategies targeting inflammation in women
with dense breast tissue. Thus, studies investigating whether
the local tissue microenvironment in dense breast tissue can be
modulated with anti-inflammatory therapy are warranted. In
addition, our results provide novel biological understanding of
8
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human breast cancer defining several targets for further cancer
immunotherapy research.

drafted the manuscript. All authors read and approved the final
version of the manuscript.

ETHICS STATEMENT

ACKNOWLEDGMENTS

The study was carried out in accordance with the Declaration of
Helsinki and the Regional Ethical Review Board of Linköping,
Sweden, approved the study. All subjects gave written informed
consent.

The authors would like to thank RN Ann-Christine N. Andersson
and the staff at the Mammography Department at Linköping
University Hospital for providing excellent assistance in recruiting the female subjects.

AUTHOR CONTRIBUTIONS

FUNDING

All authors collaborated on the study conception, study design,
and data interpretation. AR assessed mammographic densities.
CD performed all microdialysis experiments. AA carried out the
sample preparation. AA and CD performed data analysis and

This work was supported by grants to CD from the Swedish
Cancer Society (2015/309), the Swedish Research Council
(2013-2457), LiU-Cancer, and ALF of Linköping University
Hospital.

REFERENCES

15. Lin SJ, Cawson J, Hill P, Haviv I, Jenkins M, Hopper JL, et al. Image-guided
sampling reveals increased stroma and lower glandular complexity in
mammographically dense breast tissue. Breast Cancer Res Treat (2011)
128(2):505–16. doi:10.1007/s10549-011-1346-0
16. Pang JM, Byrne DJ, Takano EA, Jene N, Petelin L, McKinley J, et al. Breast
tissue composition and immunophenotype and its relationship with mammographic density in women at high risk of breast cancer. PLoS One (2015)
10(6):e0128861. doi:10.1371/journal.pone.0128861
17. Hawes D, Downey S, Pearce CL, Bartow S, Wan P, Pike MC, et al. Dense breast
stromal tissue shows greatly increased concentration of breast epithelium but
no increase in its proliferative activity. Breast Cancer Res (2006) 8(2):R24.
doi:10.1186/bcr1408
18. Abrahamsson A, Rzepecka A, Dabrosin C. Increased nutrient availability in
dense breast tissue of postmenopausal women in vivo. Sci Rep (2017) 7:42733.
doi:10.1038/srep42733
19. Huo CW, Chew G, Hill P, Huang D, Ingman W, Hodson L, et al. High
mammographic density is associated with an increase in stromal collagen
and immune cells within the mammary epithelium. Breast Cancer Res (2015)
17:79. doi:10.1186/s13058-015-0592-1
20. Abrahamsson A, Rzepecka A, Romu T, Borga M, Leinhard OD,
Lundberg P, et al. Dense breast tissue in postmenopausal women is associated
with a pro-inflammatory microenvironment in vivo. Oncoimmunology (2016)
5(10):e1229723. doi:10.1080/2162402X.2016.1229723
21. Society AC. What Are the Key Statistics about Breast Cancer? (2016).
Available from: http://www.cancer.org/cancer/breastcancer/detailedguide/
breast-cancer-key-statistics
22. Lash TL, Fox MP, Westrup JL, Fink AK, Silliman RA. Adherence to tamoxifen over the five-year course. Breast Cancer Res Treat (2006) 99(2):215–20.
doi:10.1007/s10549-006-9193-0
23. Davies C, Godwin J, Gray R, Clarke M, Cutter D, Darby S, et al. Relevance of
breast cancer hormone receptors and other factors to the efficacy of adjuvant
tamoxifen: patient-level meta-analysis of randomised trials. Lancet (2011)
378(9793):771–84. doi:10.1016/S0140-6736(11)60993-8
24. Sickles E, D’Orsi C, Bassett L, et al. ACR BI-RADS® mammography. ACR
BI-RADS® Atlas, Breast Imaging Reporting and Data System. Reston, VA:
American College of Radiology (2013). Available from: https://www.acr.org/
Clinical-Resources/Reporting-and-Data-Systems/Bi-Rads/Permissions
25. Aberg UW, Saarinen N, Abrahamsson A, Nurmi T, Engblom S,
Dabrosin C. Tamoxifen and flaxseed alter angiogenesis regulators in normal
human breast tissue in vivo. PLoS One (2011) 6(9):e25720. doi:10.1371/
journal.pone.0025720
26. Bendrik C, Dabrosin C. Estradiol increases IL-8 secretion of normal human
breast tissue and breast cancer in vivo. J Immunol (2009) 182(1):371–8.
doi:10.4049/jimmunol.182.1.371
27. Dabrosin C. Increase of free insulin-like growth factor-1 in normal human
breast in vivo late in the menstrual cycle. Breast Cancer Res Treat (2003)
80(2):193–8. doi:10.1023/A:1024575103524

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
(2011) 144(5):646–74. doi:10.1016/j.cell.2011.02.013
2. Lim SY, Yuzhalin AE, Gordon-Weeks AN, Muschel RJ. Tumor-infiltrating
monocytes/macrophages promote tumor invasion and migration by upregulating S100A8 and S100A9 expression in cancer cells. Oncogene (2016)
35(44):5735–45. doi:10.1038/onc.2016.107
3. Wculek SK, Malanchi I. Neutrophils support lung colonization of metastasisinitiating breast cancer cells. Nature (2015) 528(7582):413–7. doi:10.1038/
nature16140
4. Lindahl G, Saarinen N, Abrahamsson A, Dabrosin C. Tamoxifen, flaxseed,
and the lignan enterolactone increase stroma- and cancer cell-derived IL-1Ra
and decrease tumor angiogenesis in estrogen-dependent breast cancer. Cancer
Res (2011) 71(1):51–60. doi:10.1158/0008-5472.CAN-10-2289
5. Balkwill F. Tumour necrosis factor and cancer. Nat Rev Cancer (2009) 9(5):
361–71. doi:10.1038/nrc2628
6. Yu PF, Huang Y, Han YY, Lin LY, Sun WH, Rabson AB, et al. TNFalpha-activated
mesenchymal stromal cells promote breast cancer metastasis by recruiting
CXCR2(+) neutrophils. Oncogene (2017) 36(4):482–90. doi:10.1038/onc.
2016.217
7. Qian BZ, Pollard JW. Macrophage diversity enhances tumor progression and
metastasis. Cell (2010) 141(1):39–51. doi:10.1016/j.cell.2010.03.014
8. Algra AM, Rothwell PM. Effects of regular aspirin on long-term cancer
incidence and metastasis: a systematic comparison of evidence from observational studies versus randomised trials. Lancet Oncol (2012) 13(5):518–27.
doi:10.1016/S1470-2045(12)70112-2
9. Cao Y, Nishihara R, Wu K, Wang M, Ogino S, Willett WC, et al. Populationwide impact of long-term use of aspirin and the risk for cancer. JAMA Oncol
(2016) 2(6):762–9. doi:10.1001/jamaoncol.2015.6396
10. Holmes MD, Chen WY, Li L, Hertzmark E, Spiegelman D, Hankinson SE.
Aspirin intake and survival after breast cancer. J Clin Oncol (2010) 28(9):
1467–72. doi:10.1200/JCO.2009.22.7918
11. Bradley MC, Black A, Freedman AN, Barron TI. Prediagnostic aspirin use
and mortality in women with stage I to III breast cancer: a cohort study in the
prostate, lung, colorectal, and ovarian cancer screening trial. Cancer (2016)
122(13):2067–75. doi:10.1002/cncr.30004
12. Huang XZ, Gao P, Sun JX, Song YX, Tsai CC, Liu J, et al. Aspirin and nonsteroidal anti-inflammatory drugs after but not before diagnosis are associated
with improved breast cancer survival: a meta-analysis. Cancer Causes Control
(2015) 26(4):589–600. doi:10.1007/s10552-015-0539-y
13. Boyd NF, Martin LJ, Bronskill M, Yaffe MJ, Duric N, Minkin S. Breast tissue
composition and susceptibility to breast cancer. J Natl Cancer Inst (2010)
102(16):1224–37. doi:10.1093/jnci/djq239
14. Pettersson A, Hankinson SE, Willett WC, Lagiou P, Trichopoulos D, Tamimi
RM. Nondense mammographic area and risk of breast cancer. Breast Cancer
Res (2011) 13(5):R100. doi:10.1186/bcr3041

Frontiers in Immunology | www.frontiersin.org

9

January 2018 | Volume 8 | Article 1994

Abrahamsson et al.

Inflammation in Dense Breast Tissue

28. Dabrosin C. Increased extracellular local levels of estradiol in normal breast
in vivo during the luteal phase of the menstrual cycle. J Endocrinol (2005)
187(1):103–8. doi:10.1677/joe.1.06163
29. Dabrosin C. Microdialysis – an in vivo technique for studies of growth factors
in breast cancer. Front Biosci (2005) 10:1329–35. doi:10.2741/1622
30. Dabrosin C. Positive correlation between estradiol and vascular endothelial
growth factor but not fibroblast growth factor-2 in normal human breast
tissue in vivo. Clin Cancer Res (2005) 11(22):8036–41. doi:10.1158/1078-0432.
CCR-05-0977
31. Dabrosin C. Sex steroid regulation of angiogenesis in breast tissue. Angio
genesis (2005) 8(2):127–36. doi:10.1007/s10456-005-9002-0
32. Garvin S, Dabrosin C. In vivo measurement of tumor estradiol and vascular
endothelial growth factor in breast cancer patients. BMC Cancer (2008) 8:73.
doi:10.1186/1471-2407-8-73
33. Nilsson UW, Abrahamsson A, Dabrosin C. Angiogenin regulation by estradiol
in breast tissue: tamoxifen inhibits angiogenin nuclear translocation and
antiangiogenin therapy reduces breast cancer growth in vivo. Clin Cancer Res
(2010) 16(14):3659–69. doi:10.1158/1078-0432.CCR-10-0501
34. Abrahamsson A, Dabrosin C. Tissue specific expression of extracellular
microRNA in human breast cancers and normal human breast tissue in vivo.
Oncotarget (2015) 6(26):22959–69. doi:10.18632/oncotarget.4038
35. Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, Campion LR, et al. CCL2 recruits
inflammatory monocytes to facilitate breast-tumour metastasis. Nature (2011)
475(7355):222–5. doi:10.1038/nature10138
36. Yaal-Hahoshen N, Shina S, Leider-Trejo L, Barnea I, Shabtai EL,
Azenshtein E, et al. The chemokine CCL5 as a potential prognostic factor
predicting disease progression in stage II breast cancer patients. Clin Cancer
Res (2006) 12(15):4474–80. doi:10.1158/1078-0432.CCR-06-0074
37. Svensson S, Abrahamsson A, Rodriguez GV, Olsson AK, Jensen L, Cao Y, et al.
CCL2 and CCL5 are novel therapeutic targets for estrogen-dependent breast
cancer. Clin Cancer Res (2015) 21(16):3794–805. doi:10.1158/1078-0432.
CCR-15-0204
38. Kitamura T, Qian BZ, Soong D, Cassetta L, Noy R, Sugano G, et al.
CCL2-induced chemokine cascade promotes breast cancer metastasis by
enhancing retention of metastasis-associated macrophages. J Exp Med (2015)
212(7):1043–59. doi:10.1084/jem.20141836
39. Sasaki S, Baba T, Nishimura T, Hayakawa Y, Hashimoto S, Gotoh N, et al.
Essential roles of the interaction between cancer cell-derived chemokine,
CCL4, and intra-bone CCR5-expressing fibroblasts in breast cancer bone
metastasis. Cancer Lett (2016) 378(1):23–32. doi:10.1016/j.canlet.2016.05.005
40. Farmaki E, Kaza V, Papavassiliou AG, Chatzistamou I, Kiaris H. Induction of
the MCP chemokine cluster cascade in the periphery by cancer cell-derived
Ccl3. Cancer Lett (2017) 389:49–58. doi:10.1016/j.canlet.2016.12.028
41. Thakur A, Schalk D, Sarkar SH, Al-Khadimi Z, Sarkar FH, Lum LG. A Th1
cytokine-enriched microenvironment enhances tumor killing by activated
T cells armed with bispecific antibodies and inhibits the development of
myeloid-derived suppressor cells. Cancer Immunol Immunother (2012)
61(4):497–509. doi:10.1007/s00262-011-1116-1
42. Strieter RM, Polverini PJ, Kunkel SL, Arenberg DA, Burdick MD,
Kasper J, et al. The functional role of the ELR motif in CXC chemokine-mediated
angiogenesis. J Biol Chem (1995) 270(45):27348–57. doi:10.1074/jbc.270.45.
27348
43. Wang Y, Liu J, Jiang Q, Deng J, Xu F, Chen X, et al. Human adipose-derived
mesenchymal stem cell-secreted CXCL1 and CXCL8 facilitate breast tumor
growth by promoting angiogenesis. Stem Cells (2017) 35(9):2060–70.
doi:10.1002/stem.2643
44. Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti P, et al.
Breast cancer cell lines contain functional cancer stem cells with metastatic
capacity and a distinct molecular signature. Cancer Res (2009) 69(4):1302–13.
doi:10.1158/0008-5472.CAN-08-2741
45. Singh JK, Simoes BM, Howell SJ, Farnie G, Clarke RB. Recent advances reveal
IL-8 signaling as a potential key to targeting breast cancer stem cells. Breast
Cancer Res (2013) 15(4):210. doi:10.1186/bcr3436
46. Vazquez Rodriguez G, Abrahamsson A, Jensen LD, Dabrosin C. Estradiol
promotes breast cancer cell migration via recruitment and activation of
neutrophils. Cancer Immunol Res (2017) 5(3):234–47. doi:10.1158/2326-6066.
CIR-16-0150
47. Fridlender ZG, Albelda SM. Tumor-associated neutrophils: friend or foe?
Carcinogenesis (2012) 33(5):949–55. doi:10.1093/carcin/bgs123

Frontiers in Immunology | www.frontiersin.org

48. Kazemi M, Carrer A, Moimas S, Zandona L, Bussani R, Casagranda B,
et al. VEGF121 and VEGF165 differentially promote vessel maturation and
tumor growth in mice and humans. Cancer Gene Ther (2016) 23(5):125–32.
doi:10.1038/cgt.2016.12
49. Dabrosin C. Variability of vascular endothelial growth factor in normal
human breast tissue in vivo during the menstrual cycle. J Clin Endocrinol
Metab (2003) 88(6):2695–8. doi:10.1210/jc.2002-021584
50. Garvin S, Dabrosin C. Tamoxifen inhibits secretion of vascular endothelial
growth factor in breast cancer in vivo. Cancer Res (2003) 63(24):8742–8.
51. Dethlefsen C, Hojfeldt G, Hojman P. The role of intratumoral and systemic
IL-6 in breast cancer. Breast Cancer Res Treat (2013) 138(3):657–64.
doi:10.1007/s10549-013-2488-z
52. Heo TH, Wahler J, Suh N. Potential therapeutic implications of IL-6/IL-6R/
gp130-targeting agents in breast cancer. Oncotarget (2016) 7(13):15460–73.
doi:10.18632/oncotarget.7102
53. Fabbi M, Carbotti G, Ferrini S. Context-dependent role of IL-18 in cancer
biology and counter-regulation by IL-18BP. J Leukoc Biol (2015) 97(4):665–75.
doi:10.1189/jlb.5RU0714-360RR
54. Wee P, Wang Z. Epidermal growth factor receptor cell proliferation signaling
pathways. Cancers (Basel) (2017) 9(5):E52. doi:10.3390/cancers9050052
55. Tiong KH, Tan BS, Choo HL, Chung FF, Hii LW, Tan SH, et al. Fibroblast growth
factor receptor 4 (FGFR4) and fibroblast growth factor 19 (FGF19) autocrine
enhance breast cancer cells survival. Oncotarget (2016) 7(36):57633–50.
doi:10.18632/oncotarget.9328
56. Ho-Yen CM, Jones JL, Kermorgant S. The clinical and functional significance
of c-Met in breast cancer: a review. Breast Cancer Res (2015) 17:52. doi:10.1186/
s13058-015-0547-6
57. Li A, Varney ML, Valasek J, Godfrey M, Dave BJ, Singh RK. Autocrine role of
interleukin-8 in induction of endothelial cell proliferation, survival, migration
and MMP-2 production and angiogenesis. Angiogenesis (2005) 8(1):63–71.
doi:10.1007/s10456-005-5208-4
58. Han J, Bae SY, Oh SJ, Lee J, Lee JH, Lee HC, et al. Zerumbone suppresses
IL-1beta-induced cell migration and invasion by inhibiting IL-8 and MMP-3
expression in human triple-negative breast cancer cells. Phytother Res (2014)
28(11):1654–60. doi:10.1002/ptr.5178
59. Chang C, Werb Z. The many faces of metalloproteases: cell growth, invasion, angiogenesis and metastasis. Trends Cell Biol (2001) 11(11):S37–43.
doi:10.1016/S0962-8924(01)82222-4
60. Duffy MJ, Maguire TM, Hill A, McDermott E, O’Higgins N. Metalloproteinases:
role in breast carcinogenesis, invasion and metastasis. Breast Cancer Res
(2000) 2(4):252–7. doi:10.1186/bcr65
61. Liotta LA, Stetler-Stevenson WG. Metalloproteinases and cancer invasion.
Semin Cancer Biol (1990) 1(2):99–106.
62. Stetler-Stevenson WG, Yu AE. Proteases in invasion: matrix metalloproteinases. Semin Cancer Biol (2001) 11(2):143–52. doi:10.1006/scbi.2000.0365
63. Radenkovic S, Konjevic G, Isakovic A, Stevanovic P, Gopcevic K, Jurisic V.
HER2-positive breast cancer patients: correlation between mammographic
and pathological findings. Radiat Prot Dosimetry (2014) 162(1–2):125–8.
doi:10.1093/rpd/ncu243
64. Radenkovic S, Konjevic G, Jurisic V, Karadzic K, Nikitovic M, Gopcevic K.
Values of MMP-2 and MMP-9 in tumor tissue of basal-like breast cancer
patients. Cell Biochem Biophys (2014) 68(1):143–52. doi:10.1007/s12013013-9701-x
65. Coussens LM, Fingleton B, Matrisian LM. Matrix metalloproteinase inhibitors and cancer: trials and tribulations. Science (2002) 295(5564):2387–92.
doi:10.1126/science.1067100
66. Overall CM, Kleifeld O. Tumour microenvironment – opinion: validating
matrix metalloproteinases as drug targets and anti-targets for cancer therapy.
Nat Rev Cancer (2006) 6(3):227–39. doi:10.1038/nrc1821
67. Bendrik C, Robertson J, Gauldie J, Dabrosin C. Gene transfer of matrix metalloproteinase-9 induces tumor regression of breast cancer in vivo. Cancer Res
(2008) 68(9):3405–12. doi:10.1158/0008-5472.CAN-08-0295
68. Leifler KS, Svensson S, Abrahamsson A, Bendrik C, Robertson J, Gauldie
J, et al. Inflammation induced by MMP-9 enhances tumor regression of
experimental breast cancer. J Immunol (2013) 190(8):4420–30. doi:10.4049/
jimmunol.1202610
69. Wu K, Fukuda K, Xing F, Zhang Y, Sharma S, Liu Y, et al. Roles of the cyclooxygenase 2 matrix metalloproteinase 1 pathway in brain metastasis of breast
cancer. J Biol Chem (2015) 290(15):9842–54. doi:10.1074/jbc.M114.602185

10

January 2018 | Volume 8 | Article 1994

Abrahamsson et al.

Inflammation in Dense Breast Tissue

70. Shen CJ, Kuo YL, Chen CC, Chen MJ, Cheng YM. MMP1 expression is
activated by Slug and enhances multi-drug resistance (MDR) in breast cancer.
PLoS One (2017) 12(3):e0174487. doi:10.1371/journal.pone.0174487
71. Hamano Y, Zeisberg M, Sugimoto H, Lively JC, Maeshima Y, Yang C,
et al. Physiological levels of tumstatin, a fragment of collagen IV alpha3
chain, are generated by MMP-9 proteolysis and suppress angiogenesis
via alphaV beta3 integrin. Cancer Cell (2003) 3(6):589–601. doi:10.1016/
S1535-6108(03)00133-8
72. Pozzi A, LeVine WF, Gardner HA. Low plasma levels of matrix metalloproteinase 9 permit increased tumor angiogenesis. Oncogene (2002) 21(2):
272–81. doi:10.1038/sj.onc.1205045
73. Pozzi A, Moberg PE, Miles LA, Wagner S, Soloway P, Gardner HA. Elevated
matrix metalloprotease and angiostatin levels in integrin alpha 1 knockout
mice cause reduced tumor vascularization. Proc Natl Acad Sci U S A (2000)
97(5):2202–7. doi:10.1073/pnas.040378497
74. Nilsson UW, Dabrosin C. Estradiol and tamoxifen regulate endostatin
generation via matrix metalloproteinase activity in breast cancer in vivo.
Cancer Res (2006) 66(9):4789–94. doi:10.1158/0008-5472.CAN-05-4012

Frontiers in Immunology | www.frontiersin.org

75. Nilsson UW, Garvin S, Dabrosin C. MMP-2 and MMP-9 activity is regu
lated by estradiol and tamoxifen in cultured human breast cancer cells.
Breast Cancer Res Treat (2007) 102(3):253–61. doi:10.1007/s10549-0069335-4
76. Urban P, Vuaroqueaux V, Labuhn M, Delorenzi M, Wirapati P, Wight E,
et al. Increased expression of urokinase-type plasminogen activator mRNA
determines adverse prognosis in ErbB2-positive primary breast cancer. J Clin
Oncol (2006) 24(26):4245–53. doi:10.1200/JCO.2005.05.1912
Conflict of Interest Statement: None of the authors have any financial, commercial, or other conflicts of interest to disclose.
Copyright © 2018 Abrahamsson, Rzepecka and Dabrosin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

11

January 2018 | Volume 8 | Article 1994

