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Abstract

Idiopathic pulmonary fibrosis (IPF) is a deadly disease characterized by excessive extracellular
matrix deposition in the lungs resulting in decreased pulmonary function. Although epithelial cells
and fibroblasts have long been the focus of IPF research, the role of various subpopulations of
macrophages in promoting a fibrotic response is an emerging target. Healthy lungs are composed
of two macrophages populations, tissue-resident alveolar macrophages (TR-AMSs) and interstitial
macrophages, which help to maintain homeostasis. After injury, TR-AMs are depleted and
monocytes from the bone marrow (BM) traffic to the lungs along a CCL2/CCR2 axis and
differentiate into monocyte-derived AMs (Mo-AMs), which is a cell population implicated in
murine models of pulmonary fibrosis. In this study, we sought to determine how IRAK-M, a
negative regulator of Toll-like receptor signaling, modulates monocyte trafficking into the lungs in
response to bleomycin. Our data indicate that after bleomycin challenge, mice lacking
Interleukin-1 receptor-associated kinase (IRAK)-M have decreased monocyte trafficking and
reduced Mo-AMs in their lungs. Although IRAK-M expression did not regulate differences in
chemokines, cytokines, or adhesion molecules associated with monocyte recruitment, IRAK-M
was necessary for CCR2 upregulation following bleomycin challenge. This finding prompted us to
develop a competitive BM chimera model, which demonstrated that expression of BM-derived
IRAK-M was necessary for monocyte trafficking into the lung and for subsequent enhanced
collagen deposition. These data indicate that IRAK-M regulates monocyte trafficking by
increasing the expression of CCR2 resulting in enhanced monocyte translocation into the lung,
Mo-AM differentiation, and potentiation of the development of pulmonary fibrosis.

Keywords
monocyte/macrophage; IRAK-M; lung; fibrosis

Corresponding Author: Megan N. Ballinger PhD, Pulmonary, Critical Care and Sleep Medicine, The Ohio State University Wexner
Medical Center, Davis Heart and Lung Research Institute, Columbus, Ohio 43210, Phone: 614-292-6578 Fax: 614-293-4799,
Megan.Ballinger@osumc.edu.

COlI statement: The authors have declared that no conflict of interest exists.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reader et al. Page 2

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung disorder characterized by
injury, fibroblast hyperplasia, and deposition of extracellular matrix that results in reduced
lung elasticity, impaired gas exchange, and decreased pulmonary function. Early IPF is
difficult to recognize, and, by the time of diagnosis, well-established IPF portends a poor
prognosis (1). Although structural cells in the lungs, like epithelial cells and fibroblasts, are
important in the progression of the disease, more recently, it has become apparent that other
cell types like macrophages are involved (2). Our work and that of others have focused on
the role of macrophages in regulating and possibly propagating the fibrotic response. In
healthy lungs, there are two types of resident macrophages: an embryonic yolk sac-derived,
self-renewing population present in the alveoli and airways that are referred to as tissue
resident alveolar macrophages (TR-AMs) and a population found in the lung interstitium
that are referred to as interstitial macrophages (IMs). When mice are challenged with
bleomycin, TR-AMs are depleted and peripheral blood monocytes are recruited into the
lungs where they differentiate into monocyte-derived alveolar macrophages (Mo-AMs).
These recruited, recently differentiated monocytes in the airways previously have been
referred to by many different names including: exudate macrophages (3, 4), CD11bM
recruited macrophages (5), and monocyte-derived alveolar macrophages (6). In this study,
we will call these cells monocyte-derived alveolar macrophage (Mo-AMs) and have
identified them with the following flow cytometry gating scheme: CD45*Ly6g
~CD64*SiglecF-MHCINCD11bN (7).

An emerging concept is that differentiated Mo-AMs have a distinct functional phenotype
and receptor profile expression compared to TR-AMs. This idea aligns well with previous
data that have demonstrated reduced collagen deposition in murine models of pulmonary
fibrosis when Ly6CM monocyte recruitment is inhibited (8). Furthermore, in these animal
models, depletion of Mo-AMs within an injured lung lessens the severity of fibrosis (6, 9).
Additionally, in the setting of murine models of lung injury and inflammation, these two
macrophage subpopulations have been shown to have different immunometabolic programs
and to perform specialized functions (5, 10). Recent studies, using single-cell RNA-Seq,
have demonstrated that several macrophage subpopulations exist in the lungs and
differentially localize to areas of dense collagen fibers such as those found in fibrotic foci
(10, 11). Together, these data suggest that macrophage ontogeny may influence the ability of
the cell to respond to the environmental milieu and external stimuli, thus emphasizing the
notion that macrophage activation is not a terminal state of differentiation or maturation
(12).

Monocytes that have differentiated into macrophages are important in processes like wound
healing and repair; however, the stimuli and signal transduction pathways that regulate
monocyte trafficking during pulmonary fibrosis have yet to be fully elucidated. It is known
that monocytes traffic to the lungs along a positive gradient of CCL2 via the CCR2/CCL2
axis (13). Ly6CM monocytes express increased levels of CCR2, a chemokine receptor that
binds to CCL2 and CCL7 and whose expression is restricted to only a few cell populations
such as monocytes, fibrocytes, T cells, and a subset of NK cells (13). In response to
monocyte chemoattractant signals, Ly6C" monocytes egress from the bone marrow (BM)
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into circulation and traffic toward injured or inflamed tissues (14). Additionally, a variety of
different transcription factors and signaling pathways have been linked to CCR2
upregulation including: MyD88-dependent TLR signaling (15), FOXM1 (16), NFAT (17),
IFNy/STAT1 signaling (18), and PPARYy (19). In addition to mediating monocyte
chemoattractant signaling, regulation of these factors and pathways mediates macrophage
activation profiles. Work in the field of tissue injury has demonstrated that CCR2~~ mice
have fewer Ly6C" monocytes at the wound site and slower wound healing times (20).
During bleomycin-induced pulmonary fibrosis, mice deficient in CCR2 (CCR27/") are
protected from developing excessive collagen deposition (21). Furthermore, previous studies
in patients diagnosed with IPF showed that increased circulating CD14MNCD16NCCR2*
monocytes correlated with worsened disease progression (22). Remarkably, a recent paper
has suggested that increased monocyte count in the peripheral blood at the time of diagnosis
of IPF was associated with poorer outcomes (23).

In our laboratory using a murine model, we have previously demonstrated that mice
deficient in the negative TLR regulator, Interleukin-1 receptor-associated kinase-M (IRAK-
M), were protected from excessive collagen deposition following bleomycin challenge (24).
Using a BM transplantation model (BMT), we determined that IRAK-M expression in BM-
derived cells, rather than structural cells, led to the development of bleomycin-induced
pulmonary fibrosis (24). Furthermore, we showed a significant increase in collagen
expression during an in vitro co-culture of unchallenged wild-type (WT) fibroblasts with
macrophages isolated from WT, but not IRAK-M~~, bleomycin-challenged mice (24).
Further characterization of the lung macrophages that were isolated from WT bleomycin-
challenged mice identified a profibrotic macrophage phenotype as defined by elevated
expression of alternative activation markers (YM1, FIZZ1, and arginase), enhanced STAT6
activation, and increased IL-13 production (24). Here, we tested the hypothesis that IRAK-
M expression in BM cells increases expression CCR2 chemokine receptor and modulates the
trafficking of immune cells to the lung, thus worsening the pathophysiology of bleomycin-
induced pulmonary fibrosis.

Material and methods

Animals

A colony of IRAK-M~ (deficient) mice backcrossed onto a C57BL/6 background for more
than ten generations was established at The Ohio State University (Columbus, OH).
CCR27/~ [stock number: 004999], CD45.1 mice [stock number 002014], and C57BL/6J WT
[stock number: 000664] were obtained from Jackson Laboratories. For all experiments, mice
aged between 6-12 weeks were used and were age- and sex-matched among groups. The
animals were housed in specific pathogen-free conditions within The Ohio State University.
All animal experiments were performed in compliance with the U.S. Department of Health
and Human Services Guide for the Care and Use of Laboratory Animals and were reviewed
and approved by the Institutional Animal Care and Use Committee (IACUC) at The Ohio
State University.
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Bleomycin-induced pulmonary fibrosis

WT and IRAK-M~~ mice were intratracheally (i.t.) administered bleomycin (0.025 U;
Sigma). In all figures, day 0 designates unchallenged mice and these mice were compared to
mice harvested on days 3, 7, 10, or 14 post-challenge with bleomycin. In a subset of
experiments, fibrosis was confirmed by measuring collagen deposition in the lungs by
hydroxyproline assay. The hydroxyproline assay was performed using a previous published
assay with slight modification (21). Briefly, snap frozen lung tissue is homogenized in PBS
with a protease inhibitor (Roche) and incubated with 12N HCI overnight in a 120°C oven.
The next day, 5 pl of sample or standard (cis-4-hydroxyl-1 proline, Sigma) was incubated
with citrate acetate buffer and chloramine T solution at room temperature for 20 min and
then incubated with Ehrlich’s solution at 65°C for 20 min. Absorbance was detected on a
plate reader at 550 nm, and a standard curve was used to determine the amount of
hydroxyproline in the sample.

Flow cytometry

Cells were isolated by collagenase digestion of murine lungs as previously described (25) or
from whole blood collected by heparinized needles and lysed in ACK buffer (Biolegend)
according to manufacturer’s protocols. Cells were incubated with FcR blocking anti-mouse
CD16/32 antibody (BD Biosciences; 2.4G2) followed by specific antibody panels listed in
Table 1. Lung cells were then fixed in 2% paraformaldehyde and analyzed on a BD LSR Il
or LSRFortessa flow cytometer (BD Biosciences) within 2 days and blood cells were not
fixed and run immediately after staining. Gating was based on respective unstained cell
samples, and data were analyzed with FlowJo software (TreeStar). Specific flow cytometric
gating schemes for whole lung digest are presented in Supplemental Figure 1 and for blood
samples in Supplemental Figure 4.

Bronchoalveolar lavage fluid (BALF)

BALF was collected as previously described (26, 27). Briefly, airways were lavaged with
PBS and 0.6mM EDTA and total cell counts were analyzed using a Countess Automated
Cell Counter (Life Technologies) with Trypan blue exclusion.

Isolation of macrophages and culture conditions

Macrophages were isolated from the whole lungs of mice by collagenase digestion as
previously described (25). Cells were then adherence purified for 1 h in serum-free media at
37°C. Non-adherent cells (such as lymphocytes) were washed away, and adherent cells were
incubated overnight at 37°C in complete media (RPMI, 10% FBS, 50 1U/mL penicillin, and
50 pg/mL streptomycin). For BM-derived macrophages (BMDMs), BM cells were isolated
from the femurs and tibia of WT or IRAK-M~~ mice and differentiated using DMEM
supplemented with 10% FBS, 50 IU/mL penicillin, and 50 pug/mL streptomycin. On days 1,
3, and 5, recombinant mouse M-CSF (20 ng/mL) was added, and cells were allowed to
differentiate up to 6 days in total.
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Alveolar epithelial cell (AEC) isolated and culture conditions

Murine type Il AECs were isolated using the method developed by Corti et al. (28) and
previously described by others (29).

Measurement of cytokines

CCL2 and GM-CSF were quantitated in BALF, serum and in culture supernatants using
ELISAs (R&D Systems) and by following manufacturer’s protocols.

Quantitative real-time PCR (gPCR)

RNA was extracted from cells or flash frozen lung tissue homogenates by using a Direct-zol
RNA miniPrep Plus Kit (Zymo Research) according to the manufacture’s instruction. RNA
was quantified using a NanoDrop 1000 Spectrophotometer (ThermoFisher). cDNA synthesis
was performed using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher), and
gene expression was measured by gPCR using a QuantStudio 3 Real-Time PCR System
using PowerUP SYBR Green Master Mix (Applied Biosystems). A list of forward and
reverse primers used for qPCR are provided in Table 2. Data were analyzed by the 2 AACt
method with GAPDH expression as the endogenous control.

Monocyte and neutrophil mobilization assay

WT and IRAK-M~~ mice were intraperitoneally (i.p.) administered 3 pg of CCL3L1 (R&D
Systems) or vehicle as previously described (30). Blood was collected 1 h after treatment
using heparinized needles, and specific leukocyte populations were analyzed by flow
cytometry as described above. A representative flow dot blot is included in Supplemental
Figure 4.

Generation of competitive bone marrow (BM) chimeras

Competitive BM transplantation (BMT) measures the reconstitution of hematopoiesis in
lethally-irradiated recipient mice and was used to test the presence and function of
hematopoietic stem and progenitor cell populations in the bleomycin-challenged lung.
Briefly, recipient CCR2~/~ mice received 13 Gray of total body irradiation (X-ray source)
delivered in two fractions separated by 3 h. BM was harvested from the femurs and tibia of
donor WT (CD45.1) and/or IRAK-M™~ (CD45.2) mice, and donor cells were transplanted
into the lethally-irradiated recipients via tail vein infusion. All experiments that involved
mice who underwent BMT were performed 5 weeks post-BMT as previously described (31).
Mice were then challenged with bleomycin, and, 10 days after transplantation, flow
cytometry was used to distinguish donor from recipient cells. The cells from IRAK-M™/~
and CCR2~/~ mice were identified by the presence of CD42.2 allelic variation while cells
from WT mice were identified by the presence of the CD42.1 allelic variation. The relative
reconstitution of cells in the lung and spleen is shown in Supplemental Figure 6.

Statistical analysis

All data are expressed as mean + SD and were analyzed using GraphPad Prism 5.0.
Comparisons between two experimental groups to determine significance were performed
with Student’s #test. Comparisons among three or more experimental groups to determine
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significance were performed with one-way ANOVA followed by Bonferroni correction to
control for multiple comparisons. A value of p < 0.05 was considered significant.

Expression of IRAK-M alters macrophage subsets in the lung following bleomycin

challenge

In order to assess the role of IRAK-M in the initial acute inflammatory response observed in
the bleomycin model, the number of macrophage, monocytes, and neutrophils in the lungs
of WT and IRAK-M~~ mice were assessed by flow cytometry prior to and at day 3, 7, and
14 days after bleomycin challenge (Figure 1). To measure the specific myeloid-derived cell
subpopulations that appear early during the immunological response, various cell
populations were distinguished using previously published gating schemes (6) that is
illustrated using an untreated WT mouse sample in Supplemental Figure 1A-

Two macrophages populations are present in the lung during homeostasis: alveolar
macrophages (AMSs) that are cells present in the airspace and interstitial macrophages (IMs)
that are present in the tissue. AMs are a heterogeneous cell population that can be further
separated into a subpopulation composed of embryonic yolk sac-derived tissue resident AMs
(TR-AMs) and a subpopulation derived from circulating monocytes that traffic into the lung
(Mo-AMs) after injury or inflammation. A representative figure of the TR-AM and Mo-AM
subpopulations in a WT mouse lung after bleomycin challenge is shown in Supplemental
Figure 1B. Early after bleomycin challenge, we measured a significant decrease in the total
number of TR-AMs and IMs in WT and IRAK-M~™~ mouse lungs (Figure 1A and 1E). By
day 7, the total number of TR-AMs returned to baseline, but there were significantly more
IMs present in WT lungs compared to IRAK-M™~ lungs. At day 14, the IMs have returned
to baseline numbers in both the WT and IRAK-M~~ mice. At baseline, relatively few Mo-
AMs were present in the WT lungs, but we did observe a significant increase in the number
of Mo-AMs in WT, but not IRAK-M™~, lungs at 7 days after bleomycin. However, these
numbers returned to baseline by day 14 post-bleomycin challenge (Figure 1B). It is well
accepted that monocytes are only present in the bloodstream, and when they enter the tissue,
they differentiate into monocyte-derived macrophages (32). In our experiments, the
vasculature of the lungs was generously perfused with PBS prior to tissue digestion, yet a
large number of monocytes were still present as determined by flow cytometry. The total
number of peripheral blood monocytes that remained in the bleomycin-challenged lung after
perfusion did not differ between WT and IRAK-M~'~ mice (Figure 1E); however,
significantly higher Ly6c* inflammatory monocytes were present in WT mouse lungs at day
3 and continued to day 7 post-bleomycin challenge (Figure 1D). Interestingly, the number of
Ly6c* inflammatory monocytes was back to baseline by day 14 in both the WT and IRAK-
M~/~ mice (Figure 1C). In all, these data indicate that, in response to bleomycin challenge,
IRAK-M modulates monocyte-derived macrophage recruitment to the lung in WT mice. Our
data show no difference in the total number of neutrophils in the lungs of WT and IRAK-M
/= mice following bleomycin challenge, thus (Figure 1F) indicating that IRAK-M does not
impact neutrophil trafficking in the bleomycin model.
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IRAK-M expression did not regulate differences in expression of monocyte recruiting
chemokines and cytokines or in the expression of adhesion molecules

Previous work has also demonstrated that monocytes are recruited to the lungs in response to
several different secreted cellular mediators (13). In our study, we measured the expression
of monocyte recruitment chemokines CCL2 and GM-CSF. Although significant increases in
the expression of CCL2 (Figure 2A) and GM-CSF (Supplemental Figure 2A) from the
alveolar epithelial cells (AECs) were evident at day 3 post-bleomycin challenge, the
expression of either chemokine did not differ between WT and IRAK-M™~ mice.
Furthermore, no significant difference was observed in the amount of GM-CSF in the BAL
fluid (BALF) of bleomycin-challenged WT and IRAK-M™~ mice (Supplemental Figure
2B). However, by day 7 post-bleomycin challenge, CCL2 was elevated in the BALF of WT,
but not IRAK-M~~, mice (Figure 2B). Additionally, no difference in serum levels of CCL2
was observed between the bleomycin-challenged WT and IRAK-M~'~ mice (Figure 2C).
Along with the cell characterization studies shown above, these data indicate that although
IRAK-M modestly regulates expression of CCL2, this relationship is not associated with an
increase in monocyte-derived lung macrophages in IRAK-M~~ mice subjected to the
bleomycin challenge.

The translocation of monocytes from circulation into the lung tissue requires the cell to bind
to adhesion molecules on the surface of pulmonary microvascular endothelial cells (33). In
order to determine whether IRAK-M expression regulates expression of adhesion molecules,
ICAM-1, ICAM-2 (LFA-1), and VCAM-1 expression was measured in whole lung tissue
following bleomycin challenge. We observed no difference in ICAM-1 expression, a
significant decrease in ICAM-2 expression, and a trend towards elevated VCAM-1
expression in both WT and IRAK-M~'~ mouse lungs after bleomycin challenge
(Supplemental Figure 3A-C). Since no differences in adhesion molecule expression were
detected between the lungs of WT and IRAK-M~~ mice, our data suggest that IRAK-M
does not regulate adhesion molecule expression in the lung and that changes in monocyte
adhesion to the pulmonary microvascular endothelial cells do not explain differences in the
monocyte-derived macrophage population that we observed.

Elevated CCR2 expression in WT, but not IRAK-M™~, cells following bleomycin challenge
which can cause alterations in macrophage activation markers

Monocytes are attracted to the lung along a CCL2/CCR2 axis (34). Therefore, we measured
the expression of CCR2 in lung cells collected after bleomycin challenge. Beginning at day
3 post-challenge, a significant increase in the mRNA expression of CCR2 in WT, but not
IRAK-M~" lung cells was observed (Figure 3A). This increase in CCR2 mRNA expression
was associated with an increase in CCR2 expression on lung monocytes as measured by
flow cytometry (Figure 3B). In order to verify the role of IRAK-M in regulating monocytes
following bleomycin challenge, monocytes were isolated from the blood of WT and IRAK-
M=~ mice after bleomycin challenge and the total number of monocytes positive for CCR2
as well as the intensity of the CCR2 expression was measured. These data demonstrate that
WT, but not IRAK-M™~, mice have elevated monocytes in the blood at day 7 post-
bleomycin challenge (Figure 3C), and that these monocyte express higher levels of CCR2
(Figure 3D).
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In order to validate the role of CCR2 in regulating monocyte recruitment to the lung in
response to injury, WT, IRAK-M~~ and CCR2~/~ mice were challenged with bleomycin and
the relative neutrophil, macrophage and monocyte populations present in the lung (Figure
4A) and blood (Figure 4B) were assessed by flow cytometry at day 7. There were
significantly lower levels of Mo-AMs in both the IRAK-M~™~ and CCR2~~ mice when
compared to WT mice at day 7 post-bleomycin challenge. To order to determine the effect of
CCR2 expression in regulating Mo-AMs into the lungs after injury, we measured the relative
amounts of neutrophils and monocytes in the blood using the gating scheme shown in
Supplemental Figure 4A. Interesting, there were actually increased Ly6c!® monocytes in the
blood of CCR27/~, demonstrating that the defect of these mice was not in the release of
monocytes from the BM, but rather in the trafficking of these cells into the lungs after
bleomycin challenge (Figure 4B).

To further investigate interactions between IRAK-K and CCR2 in regulating macrophage
function, we isolated BM-derived macrophages (BMDMs) from WT, CCR27/~ and IRAK-M
~/~ mice. To assess the role of CCR?2 in regulating macrophage activation, BMDMs from
WT and CCR27~ mice were stimulated with LPS and IFN+y or IL-4 and IL-13 and
expression of macrophage activation markers and IRAK-M were measured by qPCR. /n
vitro stimulation with LPS and IFN+y resulted in a significant increase in IRAK-M
expression in WT, but not CCR2~~, BMDM s (Figure 4C). This is in contrast to other
makers of macrophage activation in which IL-4 and IL-13 stimulation resulted in a
significant increase in YM1 expression (Figure 4D) and LPS and IFN+y stimulation resulted
in a significant increase in iINOS expression (Figure 4E). Interestingly, in both cases,
expression of macrophage activation markers were significantly reduced in CCR27/~
macrophages compared to WT cells. We also measured CCR2 expression on BMDMs from
WT and IRAK-M~"~ mice. These cells were stimulated with LPS overnight and CCR2
expression was measured by flow cytometry. Our data show that there was a significant
increase, or shift in the mean fluorescence intensity (MFI), of WT, but not IRAK-M™=, cells
after LPS stimulation (Supplemental Figure 5). Together, these data demonstrate that the
presence of IRAK-M regulates expression of the monocyte chemokine receptor CCR2
following bleomycin challenge and that this CCR2 expression is associated with the
observed differences in the monocyte-derived macrophage populations as well as the altered
macrophage activation phenotype observed between bleomycin challenged WT and IRAK-
M=~ mice.

Expression of IRAK-M regulates monocyte mobilization following stimulation

In order to determine if IRAK-M regulation of monocyte trafficking was specific to
bleomycin challenge, we utilized a previously published model of monocyte and neutrophil
mobilization (30). WT and IRAK-M~~ mice were treated with a CCL3L1 peptide, a ligand
known to induce mobilization of monocytes and neutrophils, and, 1 h later, the relative
percentages of neutrophils, Ly6ci inflammatory monocytes, and Ly6c!© classical monocytes
were assessed in the blood. A representative flow cytometry blot demonstrating the gating
strategy to identify the different cellular populations can be found in Supplemental Figure 4.
Similar to the findings in our bleomycin model, we demonstrated no difference in the total
number of neutrophils in blood of WT and IRAK-M~~ mice when challenged with CCL3L1
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or vehicle control (Figure 5A). Interestingly, at 1 h post-CCL3L1 treatment, a significant
increase in the relative percentages of Ly6ch and Ly6c!® monocytes was observed in WT,
but not IRAK-M~~, blood (Figure 5B and 5C). Interestingly, the relative percentage of
Ly6c'® monocytes in the blood of IRAK-M~~ mice significantly decreased following
CCL3L1 treatment compared to vehicle alone (Figure 5C). These data suggest that
regulation of monocyte mobilization and trafficking by IRAK-M is not specific to the
bleomycin model and may represent a generalizable impact of IRAK-M.

Expression of IRAK-M promotes monocyte trafficking to the lung following bleomycin

challenge

In order to verify that expression of IRAK-M regulates recruitment of monocytes into the
lungs following bleomycin challenge, we established a competitive bone marrow transplant
(BMT) model. BM was collected from WT mice (allelic variant identified by CD45.1) and
IRAK-M~" mice (allelic variant identified by CD45.2) and transferred either alone or in a
competitive combination into lethally-irradiated CCR2~/~ recipient mice. The recipient mice
recovered for 5 weeks before being challenged with bleomycin. At 10 days post-injury, the
relative reconstitution rates of the WT or IRAK-M~ cells in the spleen or lung of the
recipient CCR2~/~ mice were measured by flow cytometry using antibodies against CD45.1
or CD45.2. In the mice that received BM from only one donor (either WT or IRAK-M~7),
95% of WT (CD45.1) cells or 98% IRAK-M™~ (CD45.2) cells were found in the spleens of
CCR27/~ recipient mice (Supplemental Figure 6A). As an additional control, we also
measured the reconstitution of CCR27/~ (CD45.2) into CCR2™/~ (CD45.2). In the
competitive BMT group, which received BM cells from both WT (CD45.1) and IRAK-M~/~
(CD45.2) mice, approximately 30% WT (CD45.1) cells and 70% IRAK-M~~ (CD45.2)
cells were found in the spleens of recipient CCR2~/~ mice (Supplemental Figure 6A). To
validate the reconstitution data in the spleen, we also measured relative population in the
lung, and found there to be a similar distribution of CD45.1 and CD45.2 cells in the different
groups (Supplemental Figure 6B). These data demonstrate the reconstitution of a chimeric
BM that comprise cells that are both CD45.1 WT and CD45.2 IRAK-M~~ cells.

After bleomycin challenge, lung cells were collected via collagenase digestion of whole lung
and monocyte, macrophage and neutrophil populations were assessed by flow cytometry
gating as shown in Supplemental Figure 1A. In the competitive BMT group, the ratio of
CD45.1 WT and CD45.2 IRAK-M~~ neutrophils and TR-AMs were the same as observed
in the BMT mice after bleomycin (Figure 6A), which correlates with the reconstitution rate
observed in the spleen. Despite the presence of elevated IRAK-M™~ CD45.2* donor cells
overall in the competitive BMT mouse lung, we found that there were significantly more
WT CD45.1 IMs, Mo-AMs, classical monocytes, and inflammatory monocytes in the lungs
of the competitive chimeric BMT mice after bleomycin challenge (Figure 6A). Together
these data indicate that expression of IRAK-M in the BM regulates cellular trafficking in
response to bleomycin challenge.

To assess whether IRAK-M expression regulates collagen deposition in the lung following
bleomycin challenge, we performed a hydroxyproline assay on the lung tissue of isolated
from bleomycin-challenged chimera BMT mice compared to untreated CCR2~/~ mice. As
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previously demonstrated, CCR2~/~ reconstituted with bone morrow from CCR2~/~ were
protected from bleomycin-induced pulmonary fibrosis and were not statistically different
from CCR27/~ mice that were untreated. CCR2~/~ recipient mice reconstituted with WT
(CD45.1) BM had a marked increase in the collagen deposition in lungs after bleomycin
challenge (Figure 6B). Deletion of IRAK-M expression in the BM compartment alone was
sufficient to reduce the collagen deposition in the lung after bleomycin challenge as there
was no statistical difference between the mice who had a IRAK-M™~ BMT mice and
unchallenged CCR27/~ control mice (Figure 6B). Furthermore, mice that were reconstituted
with both WT and IRAK-M~~ cells had an intermediate phenotype with significantly higher
collagen present in their lungs after bleomycin challenge compared to untreated controls, but
no difference was observed when compared to lungs from IRAK-M~~ BMT mice. All
together, these data suggest that IRAK-M modulates extracellular matrix deposition in
bleomycin-challenged mice.

Discussion

Previous work has demonstrated that macrophages derived from recruited monocytes
promote pulmonary fibrosis (6, 8, 9); however, the mechanism by which these cells traffic to
the lungs following bleomycin challenge had not been defined. In this study, we sought to
determine the mechanism by which the presence or absence of IRAK-M enhances monocyte
recruitment to the lung. We hypothesized that IRAK-M expression in BM-derived cells
increases CCR2 expression and results in increased monocyte trafficking to the lung via the
CCL2/CCR2 axis, which promotes bleomycin-induced pulmonary fibrosis.

The main function of the lungs is to facilitate gas exchange and respiration, and, in order to
accomplish these lifesaving functions, the lungs have an elegant system of cells that provide
structural framework as well as protection against injury and infection. Macrophages are
important regulators of lung homeostasis due to their ability to respond to the extracellular
milieu by secretion of cytokines and chemokines and phagocytosing of dead cells and
cellular debris. Exciting work performed in murine models has utilized both genetic and
myeloid cell ablative therapies to interrogate the role of tissue resident and monocyte-
derived AMs in the mediating lung injury and repair (6, 8, 9). Although macrophage
activation is not a terminal state of differentiation or maturation, these studies have
suggested that these newly differentiated macrophages actively participate in lung repair and
remodeling. This idea has been further strengthened by recently published work that used
single-cell RNA-Seq to examine differences between cells from IPF patients and cells from
normal, donor controls (10, 11). These data demonstrated transcriptionally distinct
populations of macrophages between diseased and normal tissue. In addition, the studies
revealed distinct localization of these newly differentially macrophages to the fibrotic
regions of the tissue, which emphasized their ability to exert a profibrotic effect (10). Further
understanding of the function of these distinct cellular populations and the mechanism by
which these cells are maintained, regulated, and replaced is critical to understanding the
pathophysiology of pulmonary fibrosis.

Our lab has demonstrated that IRAK-M~~ mice are protected from developing bleomycin-
induced pulmonary fibrosis (24). Expression of IRAK-M in BM-derived cells resulted in
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increased injury and elevated extracellular matrix deposition in the lungs. Macrophages
isolated from WT bleomycin-challenged mice had a profibrotic macrophage phenotype as
defined by elevated expression of alternative activation markers (YM1, FIZZ1, and
arginase), enhanced STATG6 activation, and increased IL-13 production (24). Previous data
from other laboratories also indicate that MyD88-dependent signaling pathways regulate
CCR2 expression, the chemokine receptor involved in monocyte recruitment (15, 35).

Our current work extends these previous studies and demonstrates a role of IRAK-M
expression in regulating monocyte recruitment and macrophage differentiation in the setting
of a murine model of bleomycin-induced pulmonary fibrosis. We demonstrated, in response
to bleomycin, a significant decrease in the TR-AMs and an increase in CCL2 in the lung by
day 7 post-bleomycin challenge, which was independent of IRAK-M expression. Using a
previously published flow cytometry gating scheme, we distinguished Mo-AMs from other
myeloid cells in the lungs and showed a significant increase in these cells in WT, but not
IRAK-M~"~, mouse lungs after bleomycin challenge (Figure 1B). In addition, the presence
of IRAK-M resulted in upregulated CCR2 expression in the lung and on blood monocytes
after bleomycin challenge (Figure 3). Stimulation of CCR2~/~ BMDM s with LPS and IFNvy
did not increase expression of IRAK-M in vitro (Figure 4C). Interestingly, treatment of mice
with CCL3L1 resulted in elevated number of monocytes in the blood of WT mice when
compared to IRAK-M™~ mice suggesting the role IRAK-M played in regulating monocyte
release from the BM was not dependent on bleomycin challenge (Figure 5). Finally, we
established a competitive BMT model by reconstituting CCR2~~ mice with a combination
of BM from both WT and IRAK-M~~ mice. We demonstrated that the presence of IRAK-M
resulted in increased numbers of Mo-AMs and increased bleomycin-induced pulmonary
fibrosis (Figure 6). Together, our data show that expression of IRAK-M promotes expression
of CCR2 resulting in enhanced monocyte release from the BM and trafficking to the lung
after injury with bleomycin.

Monocyte-derived macrophages are known to persist in the lung for a long time (6) and are
localized to fibrotic regions (10). Previous work in murine models of pulmonary fibrosis
have also demonstrated that disruption of the CCR2 signaling pathways protected against the
development of pulmonary fibrosis as evidenced by reduced extracellular deposition and
diminished collagen expression (21). Monocytes are recruited to areas of injury and
inflammation via chemoattractant signals like CCL2, and elevated expression of CCL2 has
been found in BALF in both experimental murine models of pulmonary fibrosis and in IPF
patients (36). However, a phase 2 clinical trial treating IPF patients with Carlumab, a human
monoclonal inhibitory antibody against CCL2, showed no evidence of a treatment benefit
compared to those who received placebo (37). It was hypothesized that this inhibitor
unexpectedly resulted in a compensatory upregulation of CCL2 and promoted recruitment of
CCR2* cells to the lung, thus increasing the potential for propagation of the fibrotic
response. This possible paradigm holds true for our model as well. Despite the fact that, in
our study, Mo-AMs and inflammatory monocytes were elevated in the lungs of WT
compared to IRAK-M~~ mice (Figure 1 and 4), no difference in expression of CCL2 or
GM-CSF were detected between these two groups (Figure 2 and Supplemental Figure 2).
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Although CCR2 is thought to be expressed predominately on monocytes, CCR2 can be
found on a variety of other circulating cells such as fibrocytes and T cells as well as
structural cells such as endothelial cells, fibroblasts, and alveolar epithelial cells (AECs)
(13). In one study, expression of CCR2 on AECs suppressed fibroblast proliferation, a
hallmark of pulmonary fibrosis (38). However, it is also possible that the CCL2/CCR2
signaling pathway provides a feedback loop by which macrophages transduce AEC
dysfunction (39).

The role of CCR2 in pulmonary fibrosis has been studied using several different murine
models of injury and repair. Previous work has demonstrated that CCR2~/~ mice were
protected from bleomycin-induced pulmonary fibrosis (40). Additionally, previous data
showed that the increase in circulating CD14MCD16MNCCR2* monocytes in IPF patients
correlated with worsened disease progression (22). In a recent study of the blood of IPF
patients, higher numbers of CD14™ monocyte were correlated with shorter transplant-free
survival times and higher mortality, while increased blood T and B cells in were not
correlated with poorer outcomes (23). In addition, it has been shown that removal of CCR2*
cells can protect mice from radiation-induced lung injury (41) and silica-induced fibrosis
(42). Furthermore, in a model of familiar interstitial lung disease called Hermansky-Pudlak
syndrome, blocking monocyte recruitment into the lungs reduced lung fibrosis (39). On the
contrary, in a model of viral infection following BMT, loss of CCR2* cells exacerbated the
fibrotic response, thus demonstrating that these cells can perform a suppressive role (43).
Together, these data suggest that monocyte recruitment, specifically via the CCL2/CCR2
axis, correlated with fibrotic lung disease progression.

Interestingly, a recent article has demonstrated that CCR2 expression is not required for
Ly6chi monocyte egress from the BM, but is necessary for inflammatory monocyte
recruitment into the brain during viral infections (44). Therefore, understanding the
mechanism by which CCR2* cells respond to an injury and their role once they traffic to the
lung are important for the development of novel therapeutics to inhibit and possibly reverse
fibrosis. For example, the use of cenicriviroc (CVC), an oral dual chemokine receptor
CCR2/CCR5 antagonist, reduced accumulation of Ly6c* monocyte-derived macrophages in
an experimental model of liver fibrosis (45). Overall, in regards to treatment of IPF,
therapeutic approaches to target CCR2-mediated cellular recruitment into the lungs could
allow for disruption of cellular interactions and inhibition of signaling pathways that
perpetuate the fibrotic signal.

One issue previously raised was that monocytes exist in the bloodstream, but once they
translocate into an organ, they differentiate into macrophages. Therefore, in order to
eliminate possible blood monocyte contamination of the lung, several groups have proposed
to use an injection of CD45-labeled antibody intravenously immediately before euthanasia
to be able to distinguish monocytes in the blood compared to those present in the tissue.
Initial studies using this protocol did not yield any difference in the number of monocytes
calculated in our models after bleomycin challenge (data not shown). One possible
explanation was that our previous publication demonstrated that bleomycin challenge results
increased alveolar permeability as measured by the elevated albumin in the BALF (24). One
limitation to our current study is that previous work has also demonstrated that CCL2
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stimulates the surface expression of CX3CR1, which is another chemokine expressed on
monocytes (46). CX3CR1 may also play a role in trafficking cells to the site of injury during
pulmonary fibrosis, but was not examined in these studies. Additional ongoing work in our
lab will investigate the expression of this chemokine receptor in our model.

In summary, our data demonstrate that genetic ablation of IRAK-M in BM-derived cells
results in decreased monocyte trafficking to the lung and attenuates the accumulation of
collagen deposition during bleomycin-induced pulmonary fibrosis. Additionally, our data
suggest that the significant decrease in the expression of CCR2 in IRAK-M™~ mice may
have contributed to the protection from developing bleomycin-induced pulmonary fibrosis.
We interpret these data to indicate a pathological role for IRAK-M in regulating monocyte
trafficking by upregulating the expression of CCR2 on peripheral blood monocytes, thus
promoting monocyte-derived macrophage recruitment and the development of pulmonary
fibrosis. Overall, these data suggest that CCR2 may be a viable point of therapeutic
intervention for diseases like IPF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AEC alveolar epithelial cells

AMs alveolar macrophages

BM bone marrow

BMT bone marrow transplantation

BMDMs bone marrow-derived macrophages

IMs interstitial macrophages

IPF idiopathic pulmonary fibrosis

IRAK-M interleukin-1 receptor-associated kinase-M
Mo-AMs monocyte-derived alveolar macrophages
TR-AMs tissue resident alveolar macrophages
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Key points
TLR signaling pathway regulates expression of monocyte chemoattractant, CCR2.

IRAK-M is important regulator of monocyte trafficking to the lung in fibrosis.
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Figure 1: Expression of IRAK-M alters monocyte trafficking and macrophage subpopulations in
the lung following bleomycin challenge.
WT and IRAK-M~"~ mice were challenged with bleomycin (i.t.) and whole lung tissue was

digested as described in the Material and Methods section. Expression of various myeloid
cell populations were determine by flow cytometry (gating scheme shown in Supplemental
Figure 1A). Expression of (A) tissue-resident alveolar macrophages (TR-AMs) as measured
by CD45*Ly6g"CD11c*CD64*SigFM, (B) monocyte-derived alveolar macrophages (Mo-
AMs) as measured by CD45*Ly6g"CD11c*CD64*SigF!°, (C) interstitial macrophages
(IMs) as measured by CD45*Ly6g~CD64*SigF"MHCII*CD11b*, (D) inflammatory
monocytes as measured by CD45*Ly6g"MHCII"CD64*CD11b*CD11c"Ly6c™, (E) classical
monocytes as measured by CD45*Ly6g"MHCII"CD64*CD11b*CD11c"Ly6c™, and (F)
neutrophils as measured by CD45*Ly6g* cells were determined at day 0, 3, 7, and 14
following bleomycin challenge. Data represent the analysis of n=8 mice/group. Statistical
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significance was determined by one-way ANOVA with Bonferroni correction. The asterisks
(*) represent statistical differences *p<0.05, **p< 0.01, ***p<0.001 compared to WT
controls or as indicated with significance lines between groups.
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Figure 2: No differences in CCL2 production between WT and IRAK-M™" mice after bleomycin
challenge
WT and IRAK-M~"~ mice were challenged with bleomycin (i.t.). Production of MCP-1/

CCL2 was assessed by specific ELISA in (A) isolated alveolar epithelial cells (AEC) and
(n=5 samples/group), (B) BALF (n=4 samples/group), and (C) serum (n=3 samples/group)
at the time points indicated. Data are representative of the analysis of the ELISA assay
which was repeated 2 times. Statistical significance was determined by one-way ANOVA
with Bonferroni correction. The asterisks (*) represent statistical differences ***p<0.001.
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Figure 3: Increased expression of CCR2 in IRAK-M™~ mice compared to WT controls following
bleomycin challenge.

WT and IRAK-M~~ mice were challenged with bleomycin (i.t). (A) Expression of CCR2
was by gPCR measured on adherence purified lung macrophages from WT and IRAK-M~/~
mice following bleomycin challenge at the indicated timepoints. Data are representative of
the analysis of n=5 samples/group that was repeated two times. (B) Expression of CCR2 was
measured on monocytes isolated from the lungs of WT and IRAK-M~'~ mice following
bleomycin challenge via flow cytometry. Data are representative of the analysis of n=4
samples/group that was repeated three times. Blood was collected from WT and IRAK-M~/~
mice and (C) the percentage of monocytes was measured in the blood and (D) the relative
CCR2 expression on blood monocytes was determined by flow cytometry. Data are
representative of the analysis of n=4 samples/group that was repeated two times. Statistical
significance was determined by one-way ANOVA with Bonferroni correction. The asterisks
(*) represent statistical differences *p<0.05,**p<0.01, ***p<0.001.

J Immunol. Author manuscript; available in PMC 2020 November 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reader et al.

A

Percent of CD45+ cells

Page 23

W

(@

Relative expression

100+
40+
=20l ; YI:LK M- = WT
*p<0.05 " " ol O IRAK-M™
— O CCR2 = 80 -
[0] O CCR2
301 Px
b
< 604
o
20- o
= S
40+ E
t *p<0.05
% *k, <0 01
10- g —
!E E o 201
-ED B i
0 L S p— 0 B e pilln =
TR-AMs Mo-AMs IMs Classical Inflamm PMNs i o
monos  monos PMNs Lyéc Lyéc
iNOS
IRAK-M D YM1 E -
101 854 *r5<0.001 _ 10000 ',jg,
£ *r0<0 01 —— eE o S5 sooo{ M WT
o 81 = ccr2™ 24 ] » % = ccr2’
3 83 83 sy ”
4 = [*]
_.3 6 gg w0 gé 4000
N4 o & g% 20004
© s w© © 15+
£ S £ 201 3 E
I 3] €8 5
No trmt TPS +IFNy IL-4+1L13 . No trmt LPS +IFNy IL-4+1L13 & No trmt LPS +IFNy IL-4+IL13

Figure 4: CCR2 deficiency results in reduced monocyte recruitment to the lungs following
bleomycin challenged in vivo and decreased IRAK-M expression and macrophage skewing
responses in vitro.

WT, IRAK-M~~ and CCR2~/~ mice were challenged with bleomycin (i.t.) and whole tissue
(A) and blood (B) was collected after 7 days, and the relative percent of CD45+ cells was
measured in each of these samples using the gating schemes previously outlined in
Supplemental Figure 1 and 2. Data are representative of the analysis of n=4 samples/group.
(C) BMDM s were grown from WT or CCR2~/~ mice as described in the material and
methods section and gene expression was measured via gPCR in unstimulated, classically
activated (100 ng/ml of LPS and 20 ng/ml IFN-y), or alternatively activated (20 ng/ml of
IL-4 and IL-13) conditions. Data represent the analysis of n =4 samples/group. Statistical
significance was determined by one-way ANOVA with Bonferroni correction. The asterisks
(*) and pound sign (#) represent statistical differences: ***p<0.001 when compared to WT
untreated and #p<0.05 and ###p<0.001 when compared to IRAK-M~ untreated.
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Figure 5: Expression of IRAK-M alters monocytes mobilization from the bone marrow
WT and IRAK-M~"~ mice were treated with CCL3L1 or vehicle control (i.p.) and blood was

collected 1 h later. The relative number of (A) neutrophils (CD45*Ly6g*), (B) classical
monocytes (CD45*Ly6g~CD11b*Ly6c!?), and (C) inflammatory monocytes (CD45*Ly6g
~CD11b*Ly6c) were determined by flow cytometry based on the gating strategy shown in
Supplemental Figure 2A. Data represent the analysis of n =7/group. Statistical significance
was determined by one-way ANOVA with Bonferroni correction. The asterisks (*) represent
statistical differences *p<0.05, **p< 0.01, ***p<0.001.
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Figure 6: IRAK-M expressing cells are recruited to the lung following bleomycin challenge in a
competitive bone marrow transplant (BMT) model.

Bone marrow (BM) chimeras were created by transplanting isolated BM from WT (CD45.1)
mice and IRAK-M™~ (CD45.2) donor mice alone or in combination into lethally-irradiated
CCR27~ recipient mice. (A) The relative percentage of various monocyte, macrophage, and
neutrophil populations in the lungs of the CD45.1/CD45.2 BM chimera mouse was
measured using the gating scheme presented in Supplemental Figure 1. The dotted line
represents the relative reconstitution rates of WT CD45.1 (light gray) compared to IRAK-M
I~ CD45.2 (white) cells, as described in Supplemental Figure 6. (B) The amount of
hydroxyproline was determined in the lung tissue of BM chimera mice compared to
CCR2™/~ mice who received no BMT. Data represent the analysis of n=4 samples/group.
Statistical significance was determined by one-way ANOVA with Bonferroni correction. The
asterisks (*) represent statistical differences *p<0.05, ***p<0.001.
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Table 1:

List of antibodies used for flow cytometry experiments

Marker | Clone Company
CD45 30-F11 Biolegend
CD64 X54-5/7.1 Biolegend
CD11b M1/70 Biolegend
MHC Il | M5/114.14.2 | Biolegend
Ly6c HK1.4 Biolegend
CCR2 475301 R&D Systems
CD11c N418 Biolegend
Ly6g 1A8 Biolegend
Siglec F | E50-2240 BD Biosciences
CD45.1 | A20 Biolegend
CD45.2 | 104 Biolegend
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List of primers used for gPCR

Table 2:

Gene Name | Forward Primer Reverse Primer

CCR2 ACACCCTGTTTCGCTGTAGG GATTCCTGGAAGGTGGTCAA
ICAM1 TTCACACTGAATGCCAGCTC GTCTGCTGAGACCCCTCTTG
ICAM2 ATCAACTGCAGCACCAACTG ATCAACTGCAGCACCAACTG
VCAM1 CCCAGGTGGAGGTCTACTCA CAGGATTTTGGGAGCTGGTA
IRAK-M CTGGCTGGATGTTCGTCATATT GGAGAACCTCTAAAAGGTCGC
YM1 CAGGTCTGGCAATTCTTCTGAA GTCTTGCTCATGTGTGTAAGTGA
iNOS GTTCTCAGCCCAACAATACAAGA | GTGGACGGGTCGATGTCAC
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