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Women diagnosed with breast cancer within 5 years of childbirth have poorer prognosis than
nulliparous or pregnant women. Weaning-induced breast involution is implicated, as the
collagen-rich, immunosuppressive microenvironment of the involuting mammary gland is

tumor promotional in mice. To investigate the role of mammary fibroblasts, isolated mammary
PDGFRa cells from nulliparous and postweaning mice were assessed for activation phenotype

and protumorigenic function. Fibroblast activation during involution was evident by increased
expression of fibrillar collagens, lysyl oxidase, Tgfb1, and Cxcl12 genes. The ability of mammary
tumors to grow in an isogenic, orthotopic transplant model was increased when tumor cells were
coinjected with involution-derived compared with nulliparous-derived mammary fibroblasts.
Mammary tumors in the involution-fibroblast group had increased Ly6C* monocytes at the tumor
border, and decreased CD8* T cell infiltration and tumor cell death. Ibuprofen treatment suppressed
involution-fibroblast activation and tumor promotional capacity, concurrent with decreases in
tumor Ly6C* monocytes, and increases in intratumoral CD8* T cell infiltration, granzyme levels,

and tumor cell death. In total, our data identify a COX/prostaglandin E2 (PGE2)-dependent
activated mammary fibroblast within the involuting mammary gland that displays protumorigenic,
immunosuppressive activity, identifying fibroblasts as potential targets for the prevention and
treatment of postpartum breast cancer.

Introduction
A diagnosis of breast cancer within 5 to 10 years of childbirth is an independent predictor of poor prog-
nosis owing to increased risk of metastasis (1-4). Further, an estimated 40% to 50% of all young women’s
breast cancers are associated with a recent pregnancy, identifying postpartum breast cancer as a significant
unmet clinical need (3). Unexpectedly, the poor outcomes of postpartum breast cancer do not appear to be
due to pregnancy per say, as the prognosis of breast cancers diagnosed during pregnancy is not significantly
worse than breast cancers diagnosed in nulliparous women (1, 2). Rather, data implicate a unique biol-
ogy of the postpartum breast in the promotion of postpartum breast cancer. Specifically, weaning-induced
mammary gland involution is implicated because, in rodents, the tissue microenvironment of the involut-
ing mammary gland enhances tumor growth, local tumor cell dissemination, and distant metastasis (5-7).
Weaning-induced mammary gland involution is a biologically normal process, whereby milk stasis
induces gland regression to a nonlactational state. Mammary gland involution is well characterized in
rodents (8-12) and recently described in women (12, 13). Involution can be separated broadly into an ini-
tial phase of secretory epithelial cell death followed by a stromal remodeling phase that reestablishes the
adipocytes and connective tissue as dominant constituents of the nonlactating gland (8, 14). The stromal
remodeling phase of involution shares numerous attributes with wound healing (15-17), including lym-
phangiogenesis (6), orchestrated immune cell infiltration, immune suppression (7, 12), and deposition of a
fibrotic-like extracellular matrix (ECM), mainly the fibrillar collagens (9, 12). The mechanistic links between
wound healing and cancer (18, 19) and the known role of fibroblasts in these processes (20-23) identify the
mammary fibroblast as a potential mediator of postpartum breast cancer progression.
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Fibrillar collagen deposition, which is increased during mammary gland involution, is one mechanism
by which mammary fibroblasts might promote breast cancer in the postpartum window (12). Fibrillar col-
lagens are the most abundant ECM proteins in the breast and contribute to breast density, a dominant risk
factor for breast cancer in women (24, 25). Fibrillar collagens are also implicated in human breast cancer
progression, as the presence of straight collagen fibers arranged perpendicular to the tumor border, an ori-
entation referred to as radial alignment, is an independent predictor of breast cancer metastasis (26). Fur-
ther, in preclinical models of breast cancer, collagen density and tension regulate progression of preexisting
tumor cells (27-29). Intravital imaging studies provide additional support for collagen mediating tumor cell
dissemination, as tumor cells migrate on mammary collagen fibers to gain access to vasculature (30, 31).
We have reported that targeting the window of postpartum involution with nonsteroidal antiinflamma-
tory agents (NSAIDs) reduces the levels of the COX2 enzymatic product PGE2 during mammary gland
involution (32) and is sufficient to reduce mammary tumor growth and metastasis to levels observed in
nulliparous mice (5, 6). The tested NSAIDs in those studies include COX2-nonspecific inhibitors ibuprofen
and aspirin and the COX2-specific inhibitor celecoxib. Surprisingly, NSAID-induced tumor protection was
accompanied by decreases in mammary fibrillar collagen accumulation during involution (5), implicating
collagen as a potential driver of postpartum breast cancers. Cumulatively, these studies raise the possibility
that fibroblasts mediate the collagen-rich, protumorigenic microenvironment of the involuting mammary
gland through a COX2/PGE2-dependent mechanism.

Immune suppression, which also is increased during normal weaning-induced mammary gland invo-
lution (7), is another mechanism by which mammary fibroblasts may contribute to breast cancer progres-
sion in the postpartum window. Immune suppression is implicated in breast cancer progression overall
(33-35), and analyses of breast cancer patient cohorts show that low CD8" T cell tumor infiltration, the
dominant antitumor cytotoxic T cell (36, 37), is associated with decreased patient survival rate (37-39).
In addition to direct suppression by tumor cells, CD8" T cells can be inhibited by other immune cells
within the tumor microenvironment, including immunosuppressive monocytes, tumor-associated mac-
rophages (TAMs), and dendritic cells (40—42), resulting in tumor cell escape from immune surveillance.
Of potential relevance, cancer-associated fibroblasts (CAFs) have been reported to regulate immune cell
infiltration and immune suppression via secretion of IL-6, TGF-B, and CXCL12 (23, 43, 44). These
CAF studies raise the provocative question of whether fibroblasts under physiologic conditions, such
as weaning-induced mammary gland involution, contribute to breast cancer by regulating immune cell
recruitment and/or immune cell suppression.

In this report, we provide evidence that normal PDGFRa" cells isolated from involuting mammary
glands, referred to as involution-fibroblasts, have a unique activation state, including increased fibrillar col-
lagen, matrix remodeling, and immunomodulatory gene expression patterns. Further, we demonstrate that
in comparison with mammary PDGFRa* cells isolated from nulliparous mice (nulliparous-fibroblasts),
involution-fibroblasts promote tumor growth, produce CXCL12, induce monocyte recruitment, and asso-
ciate with blockade of CD8* T cell tumor infiltration, identifying a role for fibroblasts in inhibiting intra-
tumoral CD8* T cell infiltration and tumor cell death. Importantly, we find that the NSAID ibuprofen
suppresses these tumor promotional fibroblast attributes. In summary, our studies identify the involution-
fibroblast as a unique mediator of murine mammary cancer progression in the postpartum setting, as well
as a direct therapeutic target of NSAIDs. These data suggest that further investigation into fibroblast-based
strategies for the prevention and treatment of postpartum breast cancer is warranted.

Results

Mammary involution-fibroblasts are uniquely activated. In rodents, mammary stromal remodeling is most active
between 4 and 8 days after weaning (8, 12) and previous studies have shown fibrillar collagen protein abun-
dance increases during this window of involution (5, 12). However, the cell type responsible for mammary
collagen production has not been definitively described. To this end, we utilized a transgenic, collagen lal
reporter mouse in which GFP is driven by the Col/lal promoter (45). Using dual immunofluorescence, we
found GFP-producing cells colocalized with cells expressing the established fibroblast marker PDGFRa
(Figure 1A, arrows) (46). These dual-positive cells were found in high abundance surrounding the mam-
mary ducts, but did not colocalize with calponin-positive myoepithelial cells (Figure 1A) (47), ruling out
the myoepithelial cell as a dominant cellular source of mammary collagen. IHC analysis demonstrated that
~85% of PDGFRa* cells were located around the mammary ductal and alveolar structures, with ~15% of
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staining around the less prevalent blood vessels (Supplemental Figure 1, A-C; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.8§9206DS1). We next isolated PDGFRa*
cells by positive selection using FACS (Figure 1B). Isolated PDGFRa* cells were found to express the
fibrillar collagen genes Collal, Col3al, and Col5al, which are the most abundant fibrillar collagens in the
rodent mammary gland (48, 49), with low level or no expression of markers for leukocytes (Cd45), macro-
phages (F4/80), endothelial cells (Cd31), epithelial cells (Ecad), or adipocytes (Adipoq) (Figure 1C). These
PDGFRa* cells were also PDGFRB* (Supplemental Figure 1D). Further, the PDGFRa- cell population
expressed low levels of fibrillar collagen and lysyl oxidase (Lox) genes compared with the PDGFRa* cells
(Supplemental Figure 1E). Together, these data suggest that PDGFRa* selection results in a highly enriched
mammary fibroblast population.

To determine if mammary fibroblasts from nulliparous mice differed phenotypically from those isolat-
ed from actively involuting mammary glands, we performed global gene expression analyses by RNA-Seq
on FACS-isolated PDGFRa* fibroblasts from nulliparous and involution day 6 (InvD6-fibroblasts) mam-
mary glands. We selected InvD6-fibroblasts because the ECM remodeling phase of involution, a putative
fibroblast function, peaks at InvD6 (8). Moreover, InvD6 is the peak of immune cell infiltration, and we
anticipated that interactions between immune cells and fibroblasts may contribute to fibroblast activation.
Over 850 differentially regulated genes were detected between nulliparous- and InvD6-fibroblasts (Figure
1D). Pathway analysis confirmed that ECM protein—associated pathways, especially fibrillar collagen pro-
duction and ECM remodeling, were upregulated in PDGFRa" fibroblasts isolated from InvD6 mammary
glands compared with mammary fibroblasts isolated from nulliparous hosts (Figure 1E).

To investigate the time course of fibroblast activation during weaning-induced mammary gland
involution, we FACS isolated PDGFRa* mammary fibroblasts from nulliparous and 4-, 6-, and 8-day
postweaning (InvD4, InvD6, and InvD8) mice and assessed for fibroblast density and activation mark-
ers. The number of PDGFRa" cells per gram of mammary gland tissue, as determined by FACS analy-
sis, was low in nulliparous mice and at InvD4, but doubled at InvD6 and InvD8 (Figure 1F). Further,
on a per-cell basis, Collal and Col3al expression levels measured by reverse transcription quantitative
PCR (RT-qPCR) were increased across all 3 involution time points compared with nulliparous-fibro-
blasts, and Col5al was increased at InvD4 (Figure 1G). Gene expression for the collagen cross-linking
enzyme Lox was highly increased in fibroblasts at InvD4 and InvD6 (Figure 1G), data consistent with
elevated fibrillar collagen production. Further, Mmp2, Mmp3, and Tgfbl expression levels were increased
at InvD6 (Figure 1H). These gene expression patterns are consistent with classical fibroblast activation,
so we costained mammary tissue for PDGFRa and a-smooth muscle actin (aSMA), a fibroblast activa-
tion marker under pathologic conditions (50). aSMA was undetectable in mammary fibroblasts at all
reproductive stages (Figure 11 and data not shown).

Another protumorigenic hallmark of mammary gland involution is macrophage and monocyte infil-
tration, with the peak influx occurring during mid (InvD4 and -6) to late (InvD8 and -10) involution
(12, 48). We assessed for immunoregulatory pathways in involution-fibroblasts, and in comparison with
nulliparous-fibroblasts, InvD6-fibroblasts had increased gene expression of several immune pathways
including rheumatoid arthritis and cytokine-receptor interaction (Figure 1J). A subset analysis of che-
mokine RNA expression profiles revealed Cxc/12 as the most highly expressed chemokine in these mam-
mary fibroblasts (Figure 1K). CXCL12 is a lymphocyte chemoattractant and immunosuppressive che-
mokine that induces macrophage M2 polarization and IL-10 production (51-53). Further, CAF-secreted
CXCL12 stimulates cancer cell proliferation via paracrine signaling (54). By RT-qPCR, we confirmed
that Cxcl12 gene expression was increased in InvD6- compared with nulliparous-fibroblasts (Figure 1L).
In summary, the lack of aSMA concurrent with high expression of fibrillar collagens, Lox, Tgfbl, Mmps,
and Cxcl12 indicates that involution-fibroblasts are not classically activated, as occurs during wound heal-
ing, but rather are alternatively activated through a developmentally regulated process. Further, phe-
notypic characterization of involution-fibroblasts suggests these cells are capable of modulating 2 key
aspects of the tumor microenvironment, fibrillar collagen deposition and the immune milieu.

Ibuprofen inhibits involution-fibroblast activation in vivo. In rodent models, systemic NSAID treatment after
weaning inhibits fibrillar collagen accumulation in the involuting mammary gland through an unknown
mechanism (5, 55). To determine if systemic NSAID treatment inhibits collagen gene expression in mam-
mary fibroblasts, we treated mice with control diet or ibuprofen at 2 different doses (equivalent to 117 mg
and 234 mg per day for humans) (56), starting at weaning through InvD6 (Figure 2A). Based on histologic
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Figure 1. Mammary fibroblasts are activated during weaning-induced gland involution. (A) Mammary gland thin sections from the Col1a1-GFP report-
er mouse immunofluorescence stained for GFP* collagen 1-expressing cells (red), fibroblast PDGFRa (green), and myoepithelial cell calponin (purple),
show colocalization of GFP and PDGFRa (yellow), but not calponin. Nuclei stained with DAPI (blue). White scale bar: 50 um. Yellow scale bar: 10 pm.
Arrows show PDGFRa*GFP*calponin- cells. (B) Flow gate for isolating murine mammary PDGFRo* cells. (€) RT-gPCR on FACS-isolated PDGFRo* cells for
fibroblast markers (Col7a1, Col3al, Col5al, and PDGFRa) and markers of potential contaminating cell populations: Cd45 (lymphocyte common antigen),
F4/80 (mature macrophage), Cd37 (endothelial cell), Adipog (adipocyte), and Ecad (epithelial cell). Sorted PDGFRa-negative cells were used as positive
controls for Cd45, F4/80, Cd31, Adipog, and mammary epithelial EpH4 cells were used as the Ecad-positive control. n = 3-4 per group. (D) RNA-Seq
heatmap illustrates 870 significantly differentially expressed genes (>1.3-fold changes) between fibroblasts isolated from nulliparous and involution
day 6 (InvD6) mammary glands. Red: relative high expression. Blue: relative low expression. (E) Pathway analysis of RNA-Seq data set showing extra-
cellular matrix (ECM) regulation-related pathways that are upregulated in InvD6-fibroblasts. (F) PDGFRa* fibroblasts reported as number per gram of
mammary tissue observed in nulliparous and 4-, 6-, and 8-day postweaning mice; n = 3-10 per group. (G) Fibrillar collagens and Lox gene expression
analysis by RT-gPCR in sorted PDGFRa* mammary fibroblasts from nulliparous and 4-, 6-, and 8-day postweaning mice; n = 3-10 per group. (H) Mmp2,
Mmp3, and Tgfb1 gene expression analysis by RT-gPCR in nulliparous and InvD6 fibroblasts, n = 6-9 per group. (I) Immunofluorescence staining shows
non-colocalization of a-smooth muscle actin (red) and PDGFRo. (green) in mammary glands of nulliparous and InvD6 mice. Boxes show images at high
magnification. Arrow: PDGFRa* cells. Arrowhead: aSMA* cells. White scale bar: 50 um. Yellow scale bar: 10 um. (J) Pathway analysis of RNA-Seq data
described in D showing immune regulation-related pathways that are upregulated in InvD6 fibroblasts. (K) RNA-Seq data show chemokine expression
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pattern of fibroblasts isolated from nulliparous mammary glands. (L) RT-gPCR gene expression for Cxc/12 in sorted PDGFRa* fibroblasts from nullipa-
rous and InvDé mammary glands, n = 3-5 per group. Gene expression data are normalized to Actb and are from 2 to 6 independent studies. RNA-Seq
data are archived at the NCBI Gene Expression Omnibus (GEO GSE94761). *P < 0.5, **P < 0.01, ***P < 0.001, *P < 0.0001 by unpaired 2-tailed t test.

Data represent mean + SEM,

examination, we found that ibuprofen treatment did not delay normal, postweaning lobule regression (Fig-
ure 2B), data consistent with previous studies (5, 6, 32). Ibuprofen treatment also did not influence the
number of fibroblasts per gram tissue in the involuting mammary gland (Supplemental Figure 2A). How-
ever, assessing FACS-isolated fibroblasts revealed that both doses of ibuprofen decreased fibroblast expres-
sion of Collal (Figure 2C), but not Col3al, Col5al, or Lox (Supplemental Figure 2B). To determine if this
decrease in type I collagen gene expression correlated with decreased protein levels within the mammary
gland, type I collagen protein levels were quantified by IHC. This analysis demonstrated decreased type 1
collagen protein levels after ibuprofen treatment (Figure 2C). Ibuprofen treatment also reduced fibroblast
Mmp3 gene expression (Figure 2D), but not Mmp2 expression (Supplemental Figure 2B). Additionally,
Tgfbl and Cxcl12 expression was decreased by ibuprofen treatment (Figure 2D). Cumulatively, these data
demonstrate that ibuprofen treatment suppresses key aspects of fibroblast activation including type I col-
lagen production and Mmp2, Tgfbl, and Cxcl12 gene expression.

Tbuprofen inhibits fibroblast activation in vitro. While the above studies demonstrate that systemic ibu-
profen treatment reduces mammary fibroblast activation in vivo, these studies do not address whether
ibuprofen directly suppresses fibroblast collagen production. To address this question, we isolated mam-
mary fibroblasts from nulliparous mice (57), expanded them in culture, and evaluated their function
in an adapted fibroblast contraction model whereby fibroblasts are cultured within a floating collagen
pad (58). In comparison with mammary fibroblasts cultured on tissue culture plastic, fibroblasts in the
floating collagen pads had a compacted phenotype (Figure 3A) and expressed a low level of aSMA,
similar to the level observed in freshly FACS-isolated mammary fibroblasts (Figure 3B). We next mod-
eled the involution microenvironment by treating the fibroblast-impregnated floating collagen pads with
TGF-B1, a key mediator of mammary gland involution (59, 60) with established roles in fibroblast acti-
vation (61-63). TGF-B1-treated fibroblasts had an elongated phenotype (Figure 3C), increased Collal
and COX2 gene expression (Figure 3D), and contracted the collagen pads in a TGF-B1 dose-dependent
manner (Figure 3E). Importantly, under these culture conditions, TGF-B1 treatment did not increase
fibroblast aSMA expression (Supplemental Figure 3), modeling numerous aspects of the activated fibro-
blast phenotype observed in the involuting gland. Ibuprofen, added to the cultures at levels detected in
the plasma of humans with regular ibuprofen intake (64), inhibited the ability of fibroblasts to contract
the collagen pad (Figure 3E and quantification in Figure 3F), elongate (Figure 3G), or induce Collal
and COX2 expression (Figure 3H). The ability of NSAIDs to inhibit these fibroblast activation pheno-
types suggests that activation is partially dependent on COX2 pathway metabolites. Thus, we treated
fibroblasts with the COX2 enzymatic product prostaglandin E2 (PGE2), which is abundant in the invo-
luting mammary gland (32), and found that PGE2 induced fibroblast Collal, MMP3, and Cxcl12 expres-
sion, but not cellular elongation or pad contraction (Figure 4, A and B).

Fibroblasts recruit monocytes in a COX/PGE2—dependent manner in vitro. The induction of Cxc/12 in
PGE2-treated fibroblasts (Figure 4A) supports the hypothesis that PGE2-activated fibroblasts may medi-
ate chemotaxis of monocyte-derived cells, an immune cell abundantly present in the involuting mammary
gland (7). To begin to test this hypothesis, we utilized a modified cell migration assay, in which collagen
pads containing fibroblasts were separated from fluorescently labeled bone marrow—derived monocytes by
a membrane with 5-um pores. Fibroblasts were then treated with vehicle (control), PGE2, or PGE2 with
CXCL12-neutralizing antibody, and the impact on monocyte-derived cell recruitment into the collagen
pad was quantified (Figure 4C). We found that PGE2 treatment of fibroblasts induced monocyte-derived
cell migration, and further, found that the addition of CXCL12-neutralizing antibody completely reversed
this phenotype (Figure 4, D and E). In the absence of fibroblasts, monocyte-derived cells failed to migrate
in response to PGE2, demonstrating the requirement of fibroblasts for monocyte-derived cell migration in
this assay (Figure 4, D and E). Collectively, our cell culture studies demonstrate a role for PGE2 in fibro-
blast activation and subsequent monocyte-derived cell recruitment via CXCL12.

Ibuprofen inhibits tumor promotional capacity of involution-fibroblasts. To determine the functional significance
of mammary fibroblast activation state on mammary cancer promotion, we orthotopically injected BALB/c
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Figure 2. Systemic in vivo ibuprofen treatment
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D2A1 mammary tumor cells coinjected with InvD6-fibroblasts formed larger tumors (Figure 5B). Tumors that
developed from coinjection with IBU-InvD6-fibroblasts were smaller, similar in size to the nulliparous-fibroblast
group tumors (Figure 5B). At study end we found no significant difference in intratumoral collagen deposition
between nulliparous- and InvDé-fibroblast group tumors (Figure 5, C and E). However, we did find evidence
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supportive of involution-fibroblasts mediating a protumorigenic, immunosuppressive milieu, as tumors in the
InvDé-fibroblast group had increased Ly6C*Ly6G- monocyte density at the tumor border (Figure 5, D and
E, and Supplemental Figure 5A), and decreased intratumoral CD8* T cell and granzyme A* and granzyme
B* cell infiltrates (Figure 5, D and E, and Supplemental Figure 5, D and E). In contrast, tumors in the IBU-
InvD6-fibroblast group had decreased Ly6C* monocytes at the tumor border, increased intratumoral CD8*
T cells, and increased granzyme A* and granzyme B* cell infiltrates (Figure 5, D and E, and Supplemental
Figure 5, D and E). Costaining of CD8 and granzyme B demonstrated a subset of granzyme B* CD8* T cells,
consistent with the presence of activated, intratumoral CD8" T cells in the IBU-InvD6-fibroblast group tumors
(Supplemental Figure 5, B and C). However, the identity of the immune cells producing granzyme A remains
unknown. By IHC we found these granzyme A™ cells to be CD45*CD3-CD8 CD4 NCR1-, suggesting they are
not T cells, NKT cells, or NK cells (Supplemental Figure 5F). No differences in Foxp3* T regulatory cells were
observed between groups (Supplemental Figure 6, A and B). Further, in spite of significant tumor size variation
between groups, we did not observe differences in tumor cell proliferation (Supplemental Figure 6C). However,
we did observe differences in tumor cell death, with InvD6-fibroblasts associated with decreased death and
IBU-InvDé-fibroblasts with increased death (Figure 5, C and D). Cumulatively, our combined studies suggest
fibroblast activation during mammary gland involution that is mediated through a COX-dependent mecha-
nism. These activated fibroblasts recruit Ly6C* monocytes via CXCL12 secretion, which in the presence of
tumor, inhibit CD8" T cell tumor infiltration and tumor cell death, resulting in enhanced tumor size (Figure 6).
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Figure 3. In vitro mammary fibroblast activation by TGF-p1 is directly inhibited by ibuprofen. Treatment conditions are: 0.5 TGF-f1= 0.5 ng/ml TGF-f1,
5 TGF-B1=5ng/ml TGF-B1, Low IBU =10 pg/ml ibuprofen, High IBU = 30 pg/ml ibuprofen (HIBU). (A) Mammary fibroblast morphology when cultured

on plastic (left panel) or within floating collagen pads (right panel). Dashed lines show the outline of the cells. (B) a-Smooth muscle actin (¢SMA) gene
expression in primary mammary fibroblasts cultured on plastic, within floating collagen pads, or from freshly sorted mammary PDGFRa fibroblasts, n

= 6-10 per condition. (C) Morphologic evidence of TGF-B1-induced fibroblast activation in the floating collagen pad culture model. (B) Increased Col1al
and Cox2 gene expression in fibroblasts treated with TGF-B1, n = 4-7 per condition. (E) The ability of TGF-B1-treated fibroblasts to contract collagen pads
(top) is suppressed by ibuprofen (bottom) and (F) data quantification, n = 5 per condition. (G) Fibroblast morphology with TGF-B1 treatment in the pres-
ence or absence of ibuprofen. (H) ColTaT and Cox2 gene expression in fibroblasts with TGF-B1 treatment in the presence or absence of ibuprofen, n =5 per
condition. Scale bars: 100 um (A, C, and G) and 1cm (E). All gene expression data are normalized to Actb and then normalized to the control groups in
each experiment. TGF-B1and ibuprofen combination treatment studies were repeated 5 times. *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.0001 by 1-way
ANOVA with Tukey correction. For data normalized to control, statistics were performed using matched 1-way ANOVA with Tukey correction on the raw
data that are not normalized to control. Data represent mean + SEM. NS, not significant.

Discussion
‘We identify, potentially for the first time, a developmentally activated PDGFRa* fibroblast population in

the postweaning rodent mammary gland that shares numerous attributes with myofibroblasts activated
under wound healing and cancer pathologies. These PDGFRa" fibroblasts are characterized by increased
gene expression for the fibrillar collagens Collal, Col3al, and Col5al, and the stromal remodeling factors
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Figure 4. Prostaglandin E2 (PGE2) directly stimulates fibroblast collagen and cytokine expression but not cell elongation. (A) ColTal, Mmp3, and Cxcl12
gene expression induced by 1 ng/ml PGE2 (1 PGE2) or 5 ng/ml PGE2 (5 PGE2) treatment, n = 4-8 per group. All gene expression data are normalized to
Actb and then normalized to the control groups in each experiment. Gene expression data obtained from 4 to 8 independent experiments. (B) Mammary
fibroblast morphology when cultured within floating collagen pads in the absence (right) and presence of 5 ng/ml PGE2. Scale bar: 100 um. (C) Model of
fibroblast-induced monocyte-derived cell migration assay setup. (D) Quantification of the number of monocyte-derived cells that migrated into collagen
pads in Control (1 ug/ml mouse IgG1 isotype control), 1 PGE2 (1 ng/ml PGE2 with 1 pg/ml mouse 1gG1isotype control), and +anti-CXCL12 (1 ng/ml PGE2 with
1 ug/ml CXCL12-neutralizing antibody) conditions, with data normalized to control, n = 5/condition. Monocyte-derived cell migration assay was repeated
S times. (E) Representative images of migrated monocyte-derived cells labeled with CFSE (green) fluorescent dye in Control, 1 PGE2, and 1 PGE2+anti-
CXCL12 conditions as described in D. Scale bar: 200 um. *P < 0.5, **P < 0.01 by matched 1-way ANOVA with Tukey correction on the raw data that are not
normalized to control. Data represent mean + SEM. NS, not significant.

Tgfbl, Lox, Mmp2, Mmp3, and Cxcl12. Unlike fibroblasts activated under pathological conditions, mamma-
ry involution-fibroblasts have low aSMA expression, suggesting a previously unrecognized activation state.
Further, we find involution-fibroblasts to be tumor promotional, as they increase mammary tumor growth
in an immunocompetent, orthotopic tumor transplant model. These rodent studies are consistent with the
concept that breast cancers can misappropriate normal developmentally regulated programs to their advan-
tage, such as physiologic fibroblast activation during mammary gland involution. Young women’s breast
cancer may be especially responsive to such developmentally regulated programs owing to the remarkable,
physiologic breast remodeling that accompanies gland regression in the postpartum setting (12, 13).

The links between NSAIDs, COX2, mammary gland collagen density, and breast cancer progression
were first reported in a model of postpartum breast cancer (5). More recently in the Co/lal"** mouse model
of high breast density, where a mutation in the collagen I collagenase cleavage site leads to increased col-
lagen accumulation and subsequent mammary tumor promotion, celecoxib was found to suppress both phe-
notypes (55). Here, possibly for the first time, we identify a potential mechanism by which NSAIDs inhibit
collagen deposition by demonstrating that the COX2 metabolite PGE2 induces, and ibuprofen suppresses,
Collal, Mmp3, and Cxcl12 production in normal mammary fibroblasts. Given the paucity of data pertaining
to physiologic collagen regulation in the breast, we propose that weaning-induced mammary gland involu-
tion may be a useful model to study the role of fibroblast activation and collagen production under normal
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Figure 5. Mammary involution-fibroblasts are tumor promotional via a COX2-dependent mechanism that suggests immune modulation. (A)
Schematic design for mammary fibroblast treatment, isolation, and use in an orthotopic mammary tumor model. FACS-isolated mammary fibro-
blasts (20,000 cells) from nulliparous, involution day 6 (InvD6), or InvD6 hosts treated during involution with 300 mg/kg ibuprofen in chow (IBU
InvD6 F), were mixed with D2A1 tumor cells at a 1:1 ratio, injected into mammary fat pads of nulliparous BALB/c mice, and tumor tissue collected

3.5 weeks after tumor cell injection. (B) Tumor growth curve of D2A1 cells coinjected with sorted fibroblasts from nulliparous (D2A1+Nullip F), InvD6
(D2A1+InvD6 F) and InvD6 with ibuprofen treatment (D2A1+IBU InvD6 F) mice, n = 7-10 tumors per group. (C) IHC quantification of intratumoral type
| collagen, n = 5-8 tumors per group. (D) IHC quantification of tumor border Ly6C, intratumoral CD8, granzyme B (Gzmb), and TUNEL; n = 5-10 tumors
per group. (E) Representative IHC images of markers quantified in D. From left to right: intratumoral collagen |, tumor border Ly6C (dashed lines show
tumor border), intratumoral CD8, granzyme B, and TUNEL. Black scale bars: 100 um. Red scale bars: 50 um. Green scale bar: 10 um. Counterstaining
(blue) is not shown in granzyme B- and TUNEL-stained images to enhance visualization of the positive cells. All tumor data were obtained from 2
independent breeding studies. *P < 0.05, **P < 0.01, ***P < 0.001, *P < 0.0001 by 1-way ANOVA with Tukey correction. Data represent mean + SEM.
NS, not significant.
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Weaning-Induced mammary gland involution Figure 6. Schematic overview of the potential tumor promotional con-
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regulation of breast density, a dominant risk factor for breast cancer
(65), as well as breast cancer progression (27).

One unanswered question pertains to the source of COX2 metabo-
lites in the involuting mammary gland. Surprisingly, mammary epithe-
lial cells (MECs) express high levels of COX2 during weaning-induced

4 / — 1 \m‘__{\ involution and MECs may be the dominant source of PGE2 in the
__L mammary gland (66). Supportive roles for MECs in fibroblast activa-
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collagen \’ ’ ple, overexpression of p190B RhoGAP (GTPase activating protein) in
f O + MECs has been shown to increase TGF-f secretion and subsequent
\ Ly6C*Ly6G" cell fibroblast activation (67). Additionally, MEC-derived pappalysin-1,
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_L mammary fibroblasts (68, 69). It remains to be determined whether

CD8*GZMB* T cell the COX2/PGE2 pathway we describe here for mammary fibroblast

" activation integrates with either the p190B RhoGAP or pappalysin-1
O pathways during weaning-induced involution.

Having demonstrated that involution-fibroblasts upregulate fibril-
lar collagen expression, it was surprising that there were no observ-
able increases in collagen abundance in mammary tumors that

developed after coinjection with InvD6-fibroblasts. One limitation of our tumor study is that we did not
determine the fate of the injected primary fibroblasts over time, which are nontransformed and likely did
not survive to study end. Early loss of fibroblasts in our transplant model may explain the unchanged col-
lagen levels across groups. However, tumor sizes did differ between fibroblast groups, raising the question
of whether early collagen exposure contributes to differences in tumor size across groups. One possible
explanation, consistent with an early role for collagen in tumor expansion, is that transient exposure to
fibroblast collagen durably influences tumor cell behavior. In support of this possibility, in an orthotropic
model, compared with ECM isolated from nulliparous mammary glands, collagen-rich ECM isolated
from involuting mammary glands promoted mammary tumor development for several weeks, even at
ECM volumes that limited direct tumor cell-ECM interactions to only a few days after tumor cell injec-
tion (32, 70). In further support of a durable protumor effect resulting from transient exposure to the
involuting microenvironment, mammary tumor cells that evolved for 2 weeks within the involuting gland
retained elevated expression of COX2 and prometastatic attributes ex vivo (6). Of potential relevance,
durable, protumorigenic effects have been reported after transient activation of the Src oncoprotein in
immortalized breast MCF10A cells (71). In this report, stable cellular transformation was maintained in
the absence of the initiating oncogenic signal due to establishment of a positive feedback loop involving
NF-«B, IL-6, and STAT3 (71). Such feed-forward loops may explain, in part, how fibroblast collagen gene
expression at the time of tumor cell injection might impact tumor size, even in the absence of differences
in tumor collagen abundance at study end. However, additional studies are required to test this hypothesis.

We also found that mammary fibroblasts isolated from involuting mammary glands had immuno-
modulatory function consistent with immune suppression. Immunomodulatory activity of CAFs has
been previously reported (21, 23), and shown to be mediated in part by cytokine and chemokine secretion.
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Additional indirect evidence for immunoregulatory functions of CAFs is suggested by the positive cor-
relations between the high ECM deposition by CAFs, tumor immune cell infiltration, and breast cancer
progression in women (72, 73). Here, we show for possibly the first time that physiologically activated
fibroblasts, weaning-induced involution-fibroblasts, characterized by high ECM production and chemo-
kine secretion, also have immunomodulatory functions. Previous studies of the involuting mammary
microenvironment have identified increased M2-polarized macrophages (arginase 1 positive), immature
monocytes that suppress T cell CD25, CD69, and IFN-y production, and increased levels of immuno-
suppressive cytokines, including IL-4, IL-13, and IL-10 (7, 11, 12, 74). Here, we extend these studies to
show that the chemokine CXCL12, a powerful monocyte lineage chemoattractant (51), is produced by
fibroblasts during mammary involution, potentially in response to increased PGE2 signaling, as in vitro,
PGE?2 treatment induced fibroblast Cxc/12 expression and monocyte-derived cell recruitment. Further, we
show that fibroblast Cxc/12 expression levels correlate with the presence of tumor-associated monocytes
at the tumor border, and inversely with tumor-infiltrating CD8* T cells, 2 critical immune cell populations
controlling tumor cell death (75). How fibroblasts influence CD8" T cell infiltration and tumor cell death
in this transplant model of postpartum breast cancer remains to be determined.

One limitation of our study is that by using PDGFRa positively selected mammary fibroblasts, we
may be evaluating a subset of mammary fibroblasts, as other PDGFRa~ fibroblasts have been reported,
such as in bone marrow (76). Further, while we confirmed these PDGFRa* cells to be largely devoid
of epithelial, immune, and endothelial cell type markers, this population likely includes pericytes and
perivascular fibroblasts (77, 78). Another limitation is that we restricted our functional analyses to nul-
liparous and InvD6 mammary fibroblasts, which does not fully capture the dynamic nature of fibroblasts
in the involution window, nor the duration of fibroblast activation. Further, we have not evaluated the
phenotype of mammary fibroblasts during pregnancy, another dynamic tissue remodeling window, due
to our focus on postpartum breast cancer (1,2).

With respect to postpartum breast cancer in women, an unanswered question is how the transient
event of weaning-induced involution contributes to the poor prognosis of breast cancers diagnosed a full
5-10 years after childbirth. As discussed above, one possible mechanism is the establishment of positive
feed-forward loops that persist in the primary tumor microenvironment after completion of postpartum
breast involution. An additional unexplored mechanism is that the involution microenvironment stimu-
lates existing indolent tumor cells to disseminate at early stages. The indolent primary tumor and the
disseminated tumor cells might then require additional years of evolution to become clinically detectable.
Postpartum models that encompass clinically relevant early stage breast disease are required to address
these important questions.

Our data suggest the fibroblast as a potential therapeutic target for postpartum breast cancer patients.
However, the balance of fibroblast function needs to be carefully considered as it is becoming increasingly
clear that fibroblasts exhibit a range of activities from tumor promotional to tumor suppressive, similar to
that observed for immune cells (79). On one side of this functional spectrum, numerous robust studies report
the ability of pathologically activated fibroblasts to support cancer progression (80-82). Further, our obser-
vation that normal mammary fibroblasts can be tumor promotional, combined with published data showing
that senescent fibroblasts associated with natural aging promote breast cancer (83), demonstrate how physi-
ologic states might contribute to protumorigenic fibroblasts. In sum, these protumorigenic fibroblast stud-
ies suggest that fibroblast ablation in the tumor microenvironment might have therapeutic merit. However,
a recent, paradigm-shifting study showed that depletion of murine pancreatic cancer fibroblasts increased
tumor metastasis and decreased survival (84). Thus, therapies directed at fibroblasts need to be focused on
modulating the balance towards tumor-suppressive activity rather than ablation, as recently proposed (21).

In summary, we describe a physiologically activated fibroblast with tumor promotional attributes that is
present within the involuting mammary gland following weaning. Systemic treatment with ibuprofen after
weaning reverts this activated and tumor promotional phenotype to baseline, nulliparous levels, identify-
ing fibroblast activation as a target of NSAIDs, possibly for the first time. Further, our finding of fibroblast
NSAID responsivity raises the interesting hypothesis that the ability of NSAIDs to inhibit breast cancer
(85, 86) may comprise targeting the mammary stroma, including fibroblast-mediated collagen deposition
and immune suppression. Finally, postpartum breast cancer may be uniquely driven by a collagen-rich and
immune-suppressed microenvironment (5, 7, 12), and thus particularly responsive to NSAID intervention;
identifying NSAIDs as a treatment strategy warrants further investigation.
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Methods

Mouse breeding, reproductive staging, and histology. Eight-week-old female BALB/c mice (Jackson Labora-
tory) were housed, bred, and pup number normalized as described (12), with age-matched littermate nul-
liparous mice for controls. To initiate involution, pups were weaned between 9 and 13 days of age. Mice
were euthanized on designated day of involution and left and right inguinal mammary glands harvested.
For histologically based assays, the region of the gland with associated lymph nodes was dissected, fixed
in 10% neutral buffered formalin (Anatech Ltd.) for 48 hours and then processed, paraffin embedded, and
sectioned at 4 um. The confirmation of normal histology was performed by H&E staining. The lymph
node—free mammary tissue was either stored in cold Hank’s Balanced Salt Solution for flow analysis or
snap-frozen in liquid nitrogen and stored at —80°C for RNA and protein analyses. For mice receiving
ibuprofen, treatment was initiated at the day of weaning and continued for 6 days of treatment, at which
time tissues were harvested. Ibuprofen (Sigma-Aldrich, 17905) was delivered at 150 mg/kg or 300 mg/kg
of chow with mice fed ad libitum.

Tissue processing, FACS, and tumor model. Mammary glands from BALB/c mice were harvested and
processed as previously described (46). PDGFRo antibody (BioLegend, 135910) was used at 1:25 to
stain fibroblasts for FACS. The purity of isolated fibroblasts was greater than 90% as evaluated by flow
cytometry using PDGFRa. Sorted fibroblasts were either frozen at —80°C for gene expression analysis
or mixed with 20,000 D2A1 cells at a 1:1 ratio in 10 ul PBS and injected into the left and right fourth
mammary glands of BALB/c nulliparous mice (12 weeks old), under isoflurane (Terrell) anesthesia.
Tumor length (L) and width (W) were measured twice per week using an electronic caliper. Tumor size
was calculated as (L x W?)/2. Mice were sacrificed at 3.5 weeks after injection for tissue collection with
tumors fixed in 10% neutral buffered formalin for 48 hours and then processed, paraffin embedded, and
sectioned at 4 pm for staining.

RNA isolation and RT-gPCR analysis. RNA was isolated from sorted fibroblasts (Macherey-Nagel,
740955), or floating collagen pads (Invitrogen, 10296-028; QIAshredder, 79656; Invitrogen, 12183-016).
To ensure adequate RNA yield, more than 0.1 million FACS-isolated PDGFRa* cells were used for RNA
isolation and hence mammary glands were pooled from 5 or 6 nulliparous mice and 2 or 3 involution mice
(InvD4, -6, and -8). RNA concentration and purity were determined by absorbance at 260 nm, 230 nm,
and 280 nm. RNA quality was determined by an Agilent 2100 Bioanalyzer. cDNA was synthesized using a
Bio-Rad ¢cDNA synthesis kit and gPCR was performed using Bio-Rad SYBR Green supermix with MyiQ
Single Color Real-Time PCR Detection System. Mouse primer sequences were: reference gene B-actin
(Actb), forward GCAACGAGCGGTTCCG and reverse CCCAAGAAGGAAGGCTGGA,; Collal, for-
ward TTCTCCTGGCAAAGACGGACT and reverse AGGAAGCTGAAGTCATAACCG; Col3al, for-
ward AGCTTTGTGCAAAGTGGAACC and reverse CAAGGTGGCTGCATCCCAATT; Colsal, for-
ward TCTCTGTGTGTGTGCCAAGAT and reverse AGCCAGAGTCCATCCCACATT,; lysyl oxidase,
forward CAAGGGACATCGGACTTCTTAC and reverse TGGCATCAAGCAGGTCATAG; aSMA
(Actal), forward CCATCATGCGTCTGGACTT and reverse GGCAGTAGTCACGAAGGAATAG; Tgfv1,
forward TACGTCAGACATTCGGGAAGCAGT and reverse AAAGACAGCCACTCAGGCG-
TATCA; Mmp2, forward AGTGGTCCGCGTAAAGTATGGGAA and reverse ATTGCCACCCATG-
GTAAACAAGGC; Mmp3, forward TGGAACAGTCTTGGCTCATGCCTA and reverse TGGGTA-
CATCAGAGCTTCAGCCTT; C0X2, forward GCATTCTTTGCCCAGCACTTCACT and reverse
TTTAAGTCCACTCCATGGCCCAGT. All primers were purchased from Integrated DNA Technologies.
RT-qPCR conditions were as follows (except for COX2): 95°C for 3 minutes, then 40 cycles of 95°C for 15
seconds, 60°C for 30 seconds, and 72°C for 30 seconds. For COX2 qPCR, QuantiTect SYBR Green (Qia-
gen, 204243) was used. The conditions for COX2 qPCR were 95°C for 15 minutes, then 40 cycles of 94°C
for 15 seconds, 55°C for 30 seconds, and 72°C for 30 seconds.

RNA-Seq analysis. Total RNA was purified as described above. mRNA isolation and library prepara-
tion were performed by the Massively Parallel Sequencing Shared Resource at Oregon Health & Science
University, using a TruSeq RNA Sample Preparation V2 kit. Four samples were pooled per lane and
sequenced on an Illumina HiSeq 2500 with 100-bp single-ended reads. The resulting data were convert-
ed to FASTQ format using Bcl2Fastq software (Illumina). Reads were aligned to the mouse reference
genome, build GRCm38, using STAR 2.4.2a. STAR performed counting of reads per gene as defined
in Ensembl build 81 (GENCODE version m6). Read counts were adjusted to a common non-zero mini-
mum via addition of uniform minor background counts. Read count distributions were normalized across
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samples using cyclic Loess normalization by R software. Normalized read counts were log2-transformed
for further analysis. Differential expression was determined by fitting linear regression models for each
log2-normalized gene expression level with InvD6 as the independent variable. A Wald test was performed
to test the null hypothesis of no association of involution with expression for each gene. Multiple hypothe-
sis testing was accounted for by controlling the false discovery rate (FDR) at 5% with the g-value approach
(87). The final set of significant genes was further filtered to include only genes with absolute value of
log2-fold change greater than 0.4 (1.3-fold). Power analyses were performed via simulations based on the
variability of expression and magnitude of fold changes observed in the current data. The analysis meth-
ods were assumed to be identical to the methods above. Power analyses were performed under the alterna-
tive hypothesis of 500 truly differentially expressed genes with absolute value log2-fold changes greater
than 0.7. Unsupervised clustering was performed on the set of differentially expressed genes to generate a
heatmap of normalized expression values, centered and scaled within each gene. Pathway analyses were
also performed, and the hypergeometric test was performed with Holm adjustment for multiple testing
to control the family-wise error rate within an annotation source. This commonly used competitive test
examines the odds of finding at least the observed number of significant genes in the pathway while the
remainders not in the pathway are greater than expected by chance. The upper tail of the hypergeometric
test was used to determine whether the number of selected genes also present in a pathway-based gene
set is greater than expected by chance. The sets of pathway annotation sources queried were KEGG, The
Broad Institute’s Molecular Signatures Database v5, Gene Ontology Biological Process, Gene Ontology
Molecular Function, Gene Ontology Cellular Component, Pathway Commons, BioCarta, and Reactome.
Analyses and annotations were performed using custom R scripts and Bioconductorthe R packages “data.
table”, “AnnotationDbi”, “XML”, and “GOdb”.

Immunofluorescence. Formalin-fixed tissue was paraffin embedded (FFPE) and sectioned at 4 pm. Slides
were pretreated in Target Retrieval Solution, pH 9 (Dako, S2367) at 125°C under pressure for 5 minutes.
Tissues were blocked with 0.6% H,O, (diluted in PBS) for 10 minutes, and then treated with protein block
(Dako, X0909) for 10 minutes. The staining was performed using Opal 3-Plex kit (PerkinElmer). Primary
antibodies used were: anti-PDGFRa (R&D Systems, AF1062) diluted 1:50 for 2 hours at room tempera-
ture; anti-GFP (Vector, BA0702) diluted 1:1,000 for 1 hour at room temperature; anti-calponin (Abcam,
ab46794) diluted 1:600 for 16 hours at 4°C; and anti-aSMA (Dako, M0851) diluted 1:400 for 30 minutes at
room temperature. Secondary antibodies used were: anti-goat (Santa Cruz Biotechnology, SC-2922) dilut-
ed 1:100; streptavidin-HRP (DAKO, P0397); anti-rabbit (Thermo Fisher Scientific, 31461) diluted 1:500;
and anti-mouse (Dako, K4001). All secondary antibody incubations were for 1 hour at room temperature.

Immunohistochemistry. Sections (4 pum) of FFPE mouse mammary glands were used for IHC. Pretreat-
ment: For collagen I, slides were pretreated with Citra buffer (BioGenex, HK086) in a microwave at 1,100
W for 2 minutes. For Ly6C, CD8, and granzyme B, slides were pretreated with Target Retrieval Solution
(Dako, S$1699) at 125°C under pressure for 5 minutes. Pretreated slides were then treated with 0.6% H,O,
in methanol (for CD8) or 3% H,O, in methanol (for all other targets) for 10 minutes and then blocked
with protein block (Dako, X0909) for 1 hour. Primary and secondary antibodies used were: anti—collagen
I (Abcam, ab34710, 1:100), followed by DAKO EnVision+ Peroxidase Rabbit (DAKO, K4003); anti-Ly6C
(Abcam, ab15627, 1:1,500), followed by Rat-on-Mouse HRP-Polymer (Biocare, RT517); anti-CD8 (eBio-
science, 14-0808-82, 1:50), followed by Histofine Simple Stain anti-Rat; and anti-granzyme B (Abcam,
ab4059, 1:300) followed by Histofine Simple Stain anti-Rabbit. All primary antibodies were incubated for 1
hour and secondary antibodies were incubated for 30 minutes, followed by incubation with the chromogen
3,3'-diaminobenzidine (Dako, K346811) for 10 minutes and counterstained in hematoxylin for 6 minutes.
For TUNEL staining, the TACS 2 TdT-DAB In Situ Apoptosis Detection Kit (from Trevigen) was used
with Mn?* cation at a final concentration of 1x as per the manufacturer’s instructions. Protocol and anti-
body information for data in supplemental figures are in the supplemental methods section. After staining,
slides were scanned with an Aperio ScanScope AT, and IHC signal quantification performed by Aperio
ImageScope v12.1.0.5029 as described previously (5). The tumor border was defined as 100 pm from the
tumor edge for the Ly6C quantification study.

Cell culture. The mouse tumor cell line D2A1, a gift from Ann Chambers (London Regional Cancer
Program, London Health Sciences Centre, London, UK), was obtained from Jeffrey E. Green (Labora-
tory of Cell Biology and Genetics, National Cancer Institute, Bethesda, Maryland, USA). D2A1 cells
were cultured on tissue culture plastic in DMEM medium (HyClone, SH30022.01) supplemented with

insight.jci.org  https://doi.org/10.1172/jci.insight.89206 13



. RESEARCH ARTICLE

10% FBS (HyClone, SH30071.03) and 1x penicillin-streptomycin solution (Corning, 30-002-CI). D2A1
cells were cultured for 48 hours before mammary fat pad injection. Primary mouse mammary fibroblasts
were acquired by first plating nulliparous mouse mammary gland digest (2.5 mg/ml collagenase II and
IV Worthington, 37°C for 30 minutes) on tissue culture plastic or on polydimethylsiloxane-coated (SYL-
GARD, 184 Silicone Elastomer Kit) plastic, and supplied with DMEF-12 medium (HyClone, SH30023.01)
and 10% FBS (57). Under long-term culture, after 9 days, fibroblasts were highly enriched. These fibroblasts
were passaged 3 times to expand the population before freezing in liquid nitrogen. For culturing fibroblasts
in floating collagen pads, frozen fibroblasts were thawed and plated on polydimethylsiloxane-coated plates
supplied with DMEF-12 medium and 10% FBS for 48 hours, and then changed to DMEF-12 medium with
1% FBS and 200 uM ascorbic acid (Sigma-Aldrich, A0278) and 1x penicillin-streptomycin (fibroblast base
medium) for 4 to 6 days until cells reached 80% confluence. Fibroblasts were then mixed with 2 mg/ml col-
lagen I (Corning, 354249) and plated in a 96-well plate at a concentration of 20,000 cells per 50 pl collagen
pad. Collagen pads were supplied with fibroblast base medium with the following additives: 0.5 ng/ml or 5
ng/ml TGF-f1 (eBioscience, 14-8342-62), 10 pug/ml or 30 ng/ml ibuprofen (Sigma-Aldrich, 17905), 1 ng/
ml or 5 ng/ml PGE2 (Sigma-Aldrich, P6532). After 18 hours in culture, collagen pads were dissociated
from the 96-well plate and put in a 12-well plate. After another 30 hours, pictures were taken and the pad
diameter measured using an Aperio ImageScope and then 3 to 5 pads of the same condition were pooled
for RNA isolation.

Monocyte-derived cells. Monocyte-derived cells were generated according to previous publications (88, 89).
Briefly, bone marrow cells were isolated from femurs and tibias of 10-week-old female BALB/c mice, plated
in 6-cm Petri dishes at 10 million cells/plate, and cultured in RPMI medium (HyClone, SH30096.01) supplied
with 5% FBS, 1x penicillin/streptomycin, and 30% conditioned medium from the supernatants of M-CSF-
secreting 1.929 fibroblasts (90), a gift from Peter Henson (National Jewish Health). After 48 hours, the plates
were washed gently twice with PBS to eliminate dead cells, and then fresh medium with 10 ng/ml mouse
recombinant IL-4 (PeproTech, 214-14) was added. After 24 hours, monocyte-derived cells were harvested by
gently pipetting to collect only the loosely adhered cells, as previously described (88). Using this protocol and
as determined by flow analysis (Supplemental Figure 7) we obtained a mixture of Ly6C* monocytes (30%),
macrophages (25%), and immature precursors (45%) (91). We refer to this cell population as monocyte-derived
cells. Detailed methods are provided in the supplemental methods section.

Monocyte-derived cell migration assay. Fibroblast collagen pad culture was described above. Fibroblasts
(1.6 x 10*) were mixed in 40 pl of 2 mg/ml collagen and plated on a transwell insert with a pore size of
5 pm (Millipore, MCMP24H48), and then placed inverted in a 12-well plate and allowed to solidify for 1
hour in a 37°C incubator. The inserts were placed in 24-well plates right-side up, supplied with fibroblast
base medium with the addition of 1 ng/ml PGE2, 1 ug/ml CXCL12-neutralizing antibody (R&D Sys-
tems, MAB310), and/or 1 pg/ml mouse IgG1 isotype control (R&D Systems, MAB002) and cultured for
24 hours prior to the addition of monocyte-derived cells. The monocyte-derived cells were generated as
described above and labeled with CellTrace CFSE (Invitrogen, C34554) at a concentration of 1.25 uM in
PBS for 20 minutes at room temperature, and then 7.5 x 10* cells were plated on top of each insert. The
medium was changed immediately after plating monocyte-derived cells, using the same medium described
above for fibroblasts but with the addition of 1% L929-conditioned medium in all conditions. After 15
hours, the cultures were fixed in Cytofix fixation buffer (BD, 554655) for 20 minutes. The number of fluo-
rescently labeled monocytes that migrated to the bottom of the filter was detected using a Nikon Eclipse
TE200 fluorescence microscope. Monocyte-derived cells were first visualized to assure monocyte plating
at the same confluence across conditions. After removal of cells on the top of the insert by cotton swab, 4
or 5 pictures at x4 magnification were taken for each insert to detect migrated cells. Images were processed
using ImageJ software (NIH). Briefly, fluorescence intensity was measured by ImageJ and the fluorescence
threshold was adjusted by the mean intensity + 2-fold standard deviations. For images with high back-
ground, fluorescence threshold was adjusted by mean intensity + 3-fold standard deviations. Cell number
was counted by ImageJ “Analyze particles” function. For images with severe background, cell numbers
were counted by hand, with data independently verified under conditions where the reader was blinded to
study design. The same cell counting methods were used across groups in each experiment.

Statistics. Unpaired 2-tailed ¢ test and 1-way ANOVA with Tukey correction were performed in GraphPad
Prism, assuming independent samples and normal distributions. Only P values less than 0.05 were considered
significant. Statistical analysis for the RNA-Seq data set is described above.

insight.jci.org  https://doi.org/10.1172/jci.insight.89206 14



. RESEARCH ARTICLE

Study approval. Animal procedures were approved with ethical consideration by the University of Colo-
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Care and Use Committees.
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