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SUMMARY

Persistent neutrophil-dominated lung inflammation contributes to lung damage in cystic fibrosis
(CF). However, the mechanisms that drive persistent lung neutrophilia and tissue deterioration
in CF are not well characterized. Starting from the observation that, in patients with CF, c-c
motif chemokine receptor 2 (CCR2)* monocytes/macrophages are abundant in the lungs, we
investigate the interplay between monocytes/macrophages and neutrophils in perpetuating lung
tissue damage in CF. Here we show that CCR2* monocytes in murine CF lungs drive pathogenic
transforming growth factor g (TGF-) signaling and sustain a pro-inflammatory environment
by facilitating neutrophil recruitment. Targeting CCR2 to lower the numbers of monocytes in
CF lungs ameliorates neutrophil inflammation and pathogenic TGF- signaling and prevents
lung tissue damage. This study identifies CCR2* monocytes as a neglected contributor to the
pathogenesis of CF lung disease and as a therapeutic target for patients with CF, for whom

lung hyperinflammation and tissue damage remain an issue despite recent advances in CF

transmembrane conductance regulator (CFTR)-specific therapeutic agents.
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In brief

Lung damage starts early in life in people with cystic fibrosis (CF) and continuously progresses,
ultimately leading to respiratory failure. Oz et al. show that recruited classical monocytes are the
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key drivers of signaling pathways that drive lung damage in CF and are thus a potential therapeutic

target.
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INTRODUCTION

Lung remodeling in people with cystic fibrosis (CF) starts early in life and progresses
throughout their lifespan.l:2 It starts in the mucus-obstructed small airways, which become
fibrotic over time, and proceeds toward alveoli, further limiting gas exchange.3-® Lung
remodeling in CF is caused by hyperinflammation, triggered by mucus airway obstruction,
bacterial infections (especially Pseudomonas aeruginosa [PA]), and overwhelming and
persistent neutrophil-dominated lung inflammation.%-8 This inflammatory microenvironment
causes lung injury,® which progressively disrupts homeostatic responses and tissue repair
mechanisms, leading to irreversible lung damage and functional decline, ultimately requiring
lung transplantation.®19-12 CF transmembrane conductance regulator (CFTR) modulator
therapies'3-14 have improved the course of CF lung disease and the life expectancy of
affected individuals. Nevertheless, long-term studies of patients suggest that these therapies
are not sufficient to control lung hyperinflammation over time, which threatens maintenance
of lung tissue integrity and functionality.1516 Therefore, additional therapeutic targets are
required to decrease neutrophilic inflammation and preserve lung function in the aging CF
population.

Macrophages, key mediators of the immune response and tissue homeostasis!”-18, contribute
to CF lung hyperinflammation19-20 and impaired host response against major CF-associated
pathogens.?1-2° Increased numbers of monocytes/macrophages derived from the circulation
are observed in CF airways, whereas tissue-resident alveolar macrophages (trAMs) are
diminished.26:27 This is in line with the vast literature demonstrating that, with lung damage
or infection, classic Ly6CNCCR2* monocytes (cMons) are recruited from the circulation in
a C-C motif chemokine receptor 2 (CCR2) dependent manner in response to chemokines
such as C-C motif chemokine ligand 2 (CCL2; MCP-1) and CCL7 (MCP-3)28:29 and,

over time, replace alveolar macrophages and interstitial macrophages (IMs), defined as
monocyte-derived macrophages.

Recruitment of cMons is a physiological response to perturbation of lung tissue homeostasis.
However, uncontrolled regulation of cMon mobilization is detrimental to the host, leading

to pathogenic responses that contribute to many lung diseases.30-32 In patients with CF,

the pathogenic contribution of cMons to CF lung disease remains to be elucidated. The
available studies on the topic are limited to characterization of immune cells in the CF
airways and do not provide any insights regarding monocytes/macrophages that reside in

the lung interstitium, which very likely also contribute to disease progression.33 Monocyte
and monocyte-derived AM populations are key players in transforming growth factor g
(TGF-B)-driven tissue fibrosis.34-36 Elevated TGF- levels in the lungs of patients with CF
are an indicator of lung disease progression*37-40 and may exacerbate the disease.*1~43

In this study, we investigate the interplay between cMons and neutrophils in perpetuating
irreversible lung tissue scarring in a TGF-B-dependent manner in CF. We start from the
observation that there are high numbers of CCR2* monocytes in submucosal areas of

lung explants from patients with CF. Next we demonstrate, in a CF mouse model of
chronic inflammation, that these high numbers of CCR2* monocyte-derived cells contribute
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to disease progression by driving pathological lung neutrophilia and TGF-p-dependent
irreversible lung remodeling. We present foundational work showing that targeting the
recruitment of CCR2* monocytes can be of therapeutic value to prevent irreversible lung
damage in patients with CF.

CCR2* monocytes and monocyte-derived macrophages are abundant in CF lungs

We examined lung explants from patients with advanced CF disease who underwent lung
transplantation for the presence of CCR2* monocytes. In comparison with healthy donors,
abundant CCR2* cells were present in areas of remodeling (especially around bronchioles)
in explanted lung tissues from CF patients (Figures 1A and S1A). The majority of the
CCR2* cells also expressed the monocyte/macrophage marker CD14 in CF lungs (Figure
S1B). CCR2* cells were also found in airway mucus (Figure 1A). A previous single-cell
RNA sequencing (scRNA-seq) study from sputa of patients with CF and healthy donors
(control [CTRL]) shows that AMs are very rare in CF lungs but monocytes are abundant
(Figures 1B-1D, S1C, and S1D).26 Through analysis of these sScRNA-seq datasets, we
show that 4.3% of the monocytes from CF samples retained CCR2 expression (Figure

1E) and were scarce in healthy donors (CTRL) (Figures 1B-1E). The scRNA-seq data
confirmed that CCR2 is expressed in lung monocytes and macrophages, with few exceptions
among alveolar macrophages (AMSs), neutrophils (polymorphonuclear [PMN]), and B cells
(Figures 1B and 1D). These data suggest that CF airways are populated predominately by
macrophages of monocytic origin, which are also abundant in the submucosal area of the
lungs.

Elevated numbers of classical monocytes and monocyte-derived macrophages promote
and perpetuate neutrophilic pulmonary inflammation in CF

To identify aberrations of lung immune cell population dynamics in CF lungs in response to
chronic inflammation, we used a CF mouse model of chronic pulmonary hyperinflammation
caused by repeated exposure to PA lipololysaccharides (LPS), which recapitulates the
irreversible lung remodeling and functional decline?* observed in patients with CF. To
assess the role of recruited Ly6CNINCCR2P°S cMons and monocyte-derived macrophages,
we crossed CF knockout mice (B6.129P2-Cftr/m1Unc/A45 with CCR2 knockout mice
(CCR277)*8 (hereafter called double knockout [dKO]) and used CCRZ~ mice as additional
controls (CTRLs). We confirmed the lack of CCR2 expression in CCRZ™'~ and dKO blood
Ly6C* cMons by flow cytometry (Figure S2A).

We used a flow cytometry panel*” to identify lung immune cell populations at steady state
(T0O), after 5 weeks of chronic nebulization with PA LPS (3 times a week for 5 weeks,
chronic endpoint [T1]), and after recovery (6 weeks after the last LPS dose, recovery
endpoint [T2]) (Figures 2A and 2B; see Figures S3A-S3C for a detailed description of the
gating strategy and different composition of immune populations at TO, T1, and T2). At
baseline (T0), CF mice did not show any statistically significant difference in lung immune
cell numbers and composition compared with wild-type (WT) mice. As expected, untreated
dKO and CCRZ2~ mice had fewer cMons compared with WT and CF mice. Chronic
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exposure to LPS (T1) increased all assessed immune cell populations in WT and CF mice.
However, compared with WT mice, CF mice had significantly more cMons and immune
cells of monocytic origin, such as interstitial macrophages (IMs), monocyte-derived AMs
(moAMs), and dendritic cells (DCs), but not trAMs, Ly6C™ monocytes, or lymphocytes
(Figures 2B and S2B). Importantly, CF mice had more neutrophilic lung inflammation
compared with the WT, as we have reported previously.** We identified that, in addition

to SiglecF,*” moAMs can be clearly distinguished from trAMs by the pro-inflammatory
macrophage marker CD38 (Figures S3A and S3B).48 CD38*SiglecFim moAMSs were absent
in untreated lungs but became abundant (60.5% + 10.7% of total AMs in lung tissues) at

T1 and were not clearly distinguishable at T2 (Figure S3A). Bronchoalveolar lavage fluid
(BALF) analysis confirmed that the CD38*SiglecFdim cell population resides in the alveolar
space, excluding potential contamination from interstitial monocyte/macrophage populations
(Figure S3B).

In comparison with CF mice, dKO mice (and CCR27~ CTRLS) had decreased cMons and
monocyte-derived macrophage populations in lungs at T1, whereas trAM numbers were not
altered (Figure 2B). dKO and CCRZ™~ mice also had lower numbers of LPS-induced IMs,
indicating that IMs originate at least partially from recruited monocytes during chronic LPS
treatment.3349 Recruitment of neutrophils and T cells was not affected in CCR27~ mice
because their counts were in line with WT mice at T1. We clearly observed that CCR2
deficiency in CF mice (dKO) lowered the exuberant neutrophil and T cell numbers observed
in CF mice to levels comparable with WT mice (Figures 2B and S2B).

After six weeks of recovery from LPS exposure (T2), the number of immune cells in

WT mice decreased to baseline. The two AM populations (CD38* SiglecFdim; cp3gdim
SiglecF*) cannot be clearly distinguished at T2. However, at T2, the AM population has

a shift toward lowered SiglecF expression compared with TO AMs (Figures S3A-S3C).

In contrast to WT mice, CF mice had significantly increased numbers of lung immune
cells, including cMons, monocyte-derived cells, and neutrophils at T2 compared with TO
(Figures 2B and S2B), consistent with impaired resolution of the inflammatory response.*4
At T2, CF lungs had more T and B cells than WT lungs (Figure S2B), suggesting a
dysregulated adaptive immune response. This may be reflective of induced bronchially
associated lymphoid tissues, which is observed in patients with CF0 and recapitulated in CF
mice chronically challenged with LPS.44 Compared with CF mice, dKO mice had reduced
numbers of cMons, AMs, and neutrophils at T2. AM and neutrophil numbers in dKO mice
did not differ from WT or CCRZ™/~ CTRL groups at T2. No differences in the number of
lung lymphocytes were observed between CF and dKO mice at T2 (Figures 2B and S2B).

Complete blood count (CBC) analysis showed that CF mice, compared with WT, dKO, and
CCRZ'~ mice, have significantly more monocytes and lymphocytes in the circulation at
TO. The numbers of neutrophils were increased in CF compared with dKO mice at T1 and
with CCR2~ mice at TO. dKO mice also had increased numbers of lymphocytes compared
with CCR2~ mice at T2 (Figure S2C). Contrary to our expectation, we did not observe a
significant reduction of monocytes in CCR2~ and dKO mice by CBC analysis. However,
consistent with previous studies,>! flow cytometry analysis of blood showed a reduction of
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cMons (Ly6C*CD11b*Ly6G") in CCRZ™/~ and dKO mice compared with WT and CF mice
at all assessed time points (Figure S2D).

In summary, these data demonstrate that CCR2* monocyte recruitment and monocyte-
derived macrophages are increased in CF lungs in response to chronic LPS and that the
number of immune cells remains elevated after discontinuing LPS treatment. These data
suggest that CCR2* monocytes and monocyte-derived macrophages promote and prolong
lung neutrophilia in CF lungs in response to chronic inflammatory triggers.

Enhanced CCR2-mediated monocyte recruitment drives pathogenic tissue remodeling in

CF lungs

With the central hypothesis that increased numbers of CCR2*-derived monocytes/
macrophages contribute to pathogenic lung tissue remodeling, we investigated the histology
of WT, CF, dKO, and CCRZ~ mice to assess the degree of lung damage (Figure

S4A; STAR Methods). All genotypes experience a pattern of alveolar and interstitial
inflammation that peaks with chronic LPS treatment and wanes to varying degrees upon
recovery (Figure 3). CF mice, compared with WT mice, had distal airspace enlargement,
which developed in the absence of external inflammatory triggers at TO, as reported
previously,>2 but the difference did not reach statistical significance (Figures 3Aa-3Ad,
3Ba-3Bd, and 3C). Consistent with our previous findings,* LPS-treated CF mice suffered
from additional profound alveolar septal disruption accompanied by expanded and distorted
alveolar architecture (enlargement and destruction of the air space) compared with the WT
(Figures 3Ae-3Ah, 3Be-3Bh, and 3C). At T2, WT mice showed complete repair with
reestablishment of normal physiological lung architecture. In contrast, CF lungs showed
persistent severe lung damage with enlarged alveolar spaces and distorted alveolar structure
(Figures 3Ai-3Al, 3Bi-3Bl, and 3C). This suggests that CF lungs have an impaired
capability to repair the lungs, which is associated with a decline in lung function.** We

also observed more prominent collagen deposition (Masson’s trichrome staining) and airway
wall thickening (a-smooth muscle actin staining) in CF versus WT lungs (Figures S5 and
$6). CCR2™~ mice were protected from lung tissue damage in response to chronic LPS with
minimal disruption of alveolar integrity at T1. Lung integrity was retained after recovery
(Figures 3Ah, 3Al, 3Bh, 3BlI, 3C, S5, and S6). Lung remodeling in dKO mice was less
severe compared with CF mice at T2 and more closely resembled WT mice. At T1, the
alveolar structural damage in dKO mice compared with CF mice was also reduced but

did not reach statistical significance (Figures 3A-3C, S5, and S6). These data show that
decreasing CCR2* cMon recruitment and reestablishing balanced immune cell populations
in CF lungs can ameliorate the progression of lung remodeling driven by pro-inflammatory
triggers such as bacterial colonization in CF.

Weight loss is associated with significant mortality in patients with CF.53 This is
recapitulated in CF animal models, including the mouse.>*2> CF mice had substantial
weight loss compared with WT mice during the first week of chronic inflammation (on
average —11% in CF versus —5% in WT mice of the initial weight at T0). CCRZ"~ mice did
not lose weight and, notably, dKO mice were protected from severe weight loss (-5% from
the initial weight) (Figure 3D). After the first week of LPS challenges, all genotypes started
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gaining weight (Figure S4B), suggesting that immune tolerance toward LPS was acquired
independent of the genotype. We show that exuberant cMon recruitment contributes to
severe weight loss in CF mice in response to LPS.

CCR2-derived lung monocytes/macrophages drive pathogenic TGF-f signaling in CF lungs

Chronic LPS treatment induced TGF-p activation in lung tissue (Figure 4A). In line with
severe lung tissue remodeling, at T1, the active TGF-B levels were higher in the BALF

of CF than WT mice. At T2, total and active TGF-p levels remained elevated in CF

airways (Figure 4A). Tgfp expression was also increased in the lung lysates of CF mice
(Figure 4B) compared with WT mice. Consistent with impaired cMon recruitment, reduced
monocyte-derived macrophage populations, and lack of lung remodeling, CCRZ™~ mice had
significantly lower TGF-B levels in BALF and 7g/p expression in the lungs compared with
WT and CF mice (Figures 4A and 4B). Active TGF-B levels in BALF and 7g7B expression
in the lungs of dKO mice were similar to WT mice and significantly lower than in CF mice
at T1 and T2 (Figures 4A and 4B).

We next assessed whether increased active TGF-p levels in CF lungs correlated with altered
TGF- signaling. At baseline (TO0), no differences in TGF-B expression and signaling were
observed among experimental groups (Figure 4). At T1, the lung tissues of CF (versus

WT) mice had more phosphorylated SMAD2 (pSMAD?2), a downstream mediator of the
canonical TGF-B signaling pathway (Figure 4C), recapitulating late-stage CF lung disease.*
At T2, pPSMAD?2 levels were close to baseline, and no differences were observed between
WT, CF, and dKO mice, whereas pSMAD?2 levels were lower in CCR2™/~ lungs (Figure 4B).
Activation of non-canonical TGF- signaling via ERK1/2 was similar between WT and CF
lungs at T1 (Figure S7A). In line with our previous findings,>® we observed alteration of

the miR-199a-5p/caveolin 1 axis in CF lungs, which is associated with increased SMAD?2
signaling in idiopathic pulmonary fibrosis (Figure S7B).%6 At T1, the lung tissue of CF
(versus WT) mice had greater mRNA expression of SMAD?2 target genes such as Collagen 1
(Col1) and matrix metallopeptidase (Mmp) 9 but not MmpZ2and Serpinel (Figure 4D).
Serpinel was specifically upregulated in CF lungs at recovery (T2). High expression

of Serpinel is strongly associated with pro-fibrotic tissue remodeling®’ and, thus, may
contribute to the lack of resolution from damage in CF lungs.

Consistent with low active TGF-f levels and moderate lung remodeling, lung tissues from
dKO mice (and CCRZ™'~ CTRLs) displayed reduced TGF-B expression, activation, and
signaling (SMAD? levels) at T1 compared with CF (Figure 4C). The levels of Col1, Mmp3,
Mmp2, and Serpinel were significantly lower in dKO than in CF lungs and at levels similar
to WT lungs at T1 (Figure 4D). At T2, the lungs of dKO mice, compared with CF mice,
maintained the reduced expression of Co/I and Serpinel (Figure 4D).

To test whether the lack of CCR2 in immune cells (and not epithelial/parenchymal cells)
protects lung tissue from recruitment of monocytes and monocyte-derived macrophages
and the subsequent activated TGF-f levels in response to chronic LPS, we created WT
and CCRZI~ chimeric mice by bone marrow transplantation. Total-body-irradiated WT or
CCRZ'~ mice were transplanted with donor WT or CCRZ™~ hone marrow (BM) (WTgpm
— WT; WTgy — CCRZI=; CCRZ=gp— WT; CCRZ=gyy — CCR2Z77) (Figure S8A).
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Engraftment, which exceeded 95%, was representatively measured by flow cytometry in
blood and lung tissues of simultaneously assessed CD45.1gp — CD45.2 CTRL mice
(Figure S8B). After chronic LPS, lungs of WT mice receiving CCRZ g (CCRZ g
WT) had significantly less lung monocyte/macrophage populations (which were all of BM
origin in this model) than mice receiving WT BM (WTgpm—WT and WTgy— CCRZ)
and a trend toward reduced neutrophils (Figure S8C). The weight loss 1 week after

the start of chronic LPS challenge was comparable among BM chimera mice (Figure

S8D). CCRZ"g\—WT chimera had lower active TGF-8 levels in BALF compared with
WTgm—WT (p = 0.046) and a trend toward lower levels compared with WTgy— CCRZ ™~
(p = 0.089) and were not different from CCRZ'~gp— CCRZ™'~ mice (Figure SS8E).

These data support the contribution of CCR2* cMons and cMon-derived macrophage
populations to pathogenic TGF-B levels and SMAD2-dependent signaling in CF lungs
exposed to chronic inflammatory triggers.

cMons in CF perpetuate immune activation and neutrophil recruitment

To investigate whether lung monocyte and macrophage populations in CF lungs were also
altered in function, we sorted cMons, IMs, moAMs, and trAMs from WT and CF mice at
T1 and T2 via fluorescence-activated cell sorting (FACS) (Figure S9A) and analyzed their
gene expression profile by RNA sequencing (RNA-seq). We kept the same gating strategy
that was established at TO and T1 and sorted moAMs as a SiglecFdim cell population at

T2 (Figure S9A). Quantification of gene levels (17,025 genes) identified population marker
genes, specifically upregulated in individual monocytes and macrophage lung populations,
independent of the different genotypes and time points (Figure S10A). We confirmed the
gene expression of marker genes used to distinguish and sort the different lung monocyte/
macrophage populations (e.g., IMs had higher major histocompatibility complex [MHC]
class Il expression compared with cMons, and moAMSs had lower SiglecF expression but
higher CD38 expression compared with trAMs) (Figure S9B), confirming the robustness
of our approach. Consistent with other published data,3* cMons had the highest expression
of receptors such as Ccr2, Cd14, Csflr, and Infgrl. Compared with cMons, IMs expressed
higher levels of genes related to adhesion and cross-talk with the lung extracellular matrix
(ECM) (integrins and Mmps; e.g., Adam19, Mmp9, and Mmp13), ECM remodeling genes
(e.g., Collal, Eln, Fgfl), MHC class Il genes (e.g., H2 -AbI), and anti-inflammatory
markers (e.g., ArgZ and ChilZ). MoAMs and trAMs had similar expression profiles
compared with the other populations (Figures 5A, S9B, and S10A). However, compared
with moAMs, trAMs expressed high levels of 7gfb2and its receptor ( 7gfor2), which
promotes AM development and homeostasis,8 and genes involved in cell division regulators
(e.g., Chek2), which is consistent with their self-renewal capability (Figure S10A).5°

Multidimensional scaling (MDS) analysis visualized the similarity between each condition,
defined by cell population, genotype, and stage, based on the levels of all expressed genes
(Figure 5A). Of the four monocyte/macrophage populations, cMons and 1Ms form distinct
clusters, whereas trAMs and moAMSs have similar expression profiles. Especially at T2,
moAMs and trAMs have high similarity, in line with the more uniform AM population
observed by flow cytometry analysis at recovery (Figures S3A, S3B, and S9A). The
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expression profile of IMs and cMons changed the most from T1 to T2 (Figure 5A),
suggesting that these populations are significantly altered during recovery from chronic
LPS. In contrast, the expression profiles of moAMs and trAMs did not change as much
between stages (Figure 5A). The greatest difference between WT and CF populations

was observed in cMons at T2. This population also had the most differentially expressed
genes (DEGS) (Figure 5B; Data S1A and S1B). Of these, CF cMons (relative to the

WT) had increased expression of genes driving immune cell activation and chemotaxis
(summarized in Figure 5C; Data S1C), such as receptors involved in monocyte response

to bacterial formylated peptides (e.g., FprZand Fpr2) and production of chemokines/
cytokines that stimulate chemotaxis, proliferation, and differentiation of neutrophils (e.g.,
Cxcl1, Cxcl2, and Csf3). CF cMons also showed profound changes in genes involved in
metabolic regulation compared with WT CTRLs and increased expression of genes involved
in fatty acid oxidation and cholesterol synthesis (e.g., Hmgcsl1, Sqle, Fdftl, and Cpt2),
metabolic pathways that are altered in patients with CF.89.61 CF cMons at T2 also had
altered expression of genes involved in adhesion to the ECM (e.g., Gcaand 7pgsI), cell
division, and Wntsignaling, suggesting that cMons may have dysregulated differentiation
capabilities. In line with previous®® and current work (Figure S7), we observed that,

upon inflammatory stimulation, CF macrophages and lung tissues fail to downregulate
miR-199a-5p expression, which targets many genes with reduced expression in CF cMons,
such as Sirt182 and Whnt signaling-related genes.53 gqRT-PCR on sorted cMons at T2
validated the RNA-seq results for key genes involved in neutrophil activity (e.qg., Fpri,

Fpr2, Cxcl1, Cxcl2, and Csf3) as well as in metabolic responses (e.g., Sgle and Sirtl)
(Figure S10B). Among these, Cxcl2 was the highest mediator expressed in CF cMons,

as assessed by RNA-seq (Data S1A). We confirmed increased CXCL2 levels in BALF

of CF mice at T2 compared with WT, dKO, and CCRZ™/~ mice. Importantly, CXCL2
concentrations in BALF of dKO mice were comparable with WT and CCRZ™/~ mice (Figure
S10C). This could account for the lowered neutrophil numbers seen in dKO at T2 compared
with CF mice (Figure 2B). At T2, CF lung submucosae were abundantly populated by
CCR2*CXCL2* cells (Figure S10D), which were rarely seen in WT mice. Although all
monocyte/macrophage populations expressed TGF-f (counts per million [CPM] > 200 in all
populations), the expression levels were similar among genotypes. This suggests that greater
levels of active TGF-B in CF lungs (Figure 4A) are caused by an excessive number of
TGF-p-producing cells and/or enhanced TGF-p activation. In summary, these data show that
the expression profile of CF cMons at T2 diverges the most from WT CTRLs. cMons, even
without an active inflammatory trigger, retains a pro-inflammatory phenotype with increased
expression of genes that can propagate recruitment of neutrophils.

During recovery, pulmonary CF monocyte/macrophage populations feature a skewed pro-
inflammatory gene signature

To identify genes that are dynamically dysregulated in CF during recovery from chronic
exposure to LPS, we compared the changes in gene expression in CF macrophages from
T1to T2 to the “reference” changes in WT macrophages (STAR Methods). We thus
identified genes with an altered recovery process with respect to the WT, being upregulated
or downregulated from T1 to T2 (Figure 5D). Of the four assessed populations, the cMon
population had the most differentially regulated genes, with 424 genes having lowered
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expression and 386 genes having elevated expression compared with the WT. This was
followed by IMs (150 lower and 193 elevated expressed genes), moAMs (124 lower and 150
elevated expressed genes), and trAMs (136 lower and 122 elevated expressed genes) (Figure
5E). Gene Ontology analysis was performed to identify pathways enriched in individual

cell populations. All four CF monocyte/macrophage lung populations retained a differential
expression profile (compared with the WT) related to the response to LPS exposure. In line
with the previous analysis (Figure 5C), during recovery from inflammation, CF (versus WT)
cMons have an increased migratory signature as well as expression profile suggesting active
proliferation®4 and failure to acquire a tissue macrophage phenotype. These alterations can
account for the increase in numbers of cMons in CF lungs (Figures 2B and 5). They retained
elevated expression of chemokines (including Cxc/Z and Cxc/2) and dysregulated expression
of genes related to the TGF-B signaling pathway and ECM adhesion (Figures 5F and S11A).
BioPlanet pathway analysis (Figure S11D; Data S1D) identified differentially regulated
ECM-receptor interaction and integrin signaling pathways, which have been reported to be
altered in CF monocytes.5® Consistent with higher levels of miR-199a-5p and increased
TGF-B levels at T2 (Figure S6), CF cMons have reduced Akt and CavI expression.>5:56
CF cMons also retain high expression of Gdfi5, which has been associated with lung

tissue fibrosis®6 and tissue tolerance to infections.8” Calcium transport and lipid transport
pathways were also affected in CF cMons during recovery (Figures 5F and S11A; Data
S1E-S1F).

The differential expression profile in CF (versus WT) IMs during recovery included genes
controlling biological pathways associated with plasma membrane and cell projection
organization, suggesting that IMs may have altered plasma membrane organization and
cross-talk with the ECM and other lung cells. Genes associated with mitosis, microtubule
organization, and the cell cycle were highly altered in CF IMs (Figure 5F). Thus, IM
proliferation in CF may contribute to the greater IM numbers observed at T2 in CF lungs
(Figure 2B). CF IMs retained higher expression of IL-10 and altered expression of genes
regulating MHC class Il antigen presentation (Figures 5F, S11B, and S11D; Data S1D-S1F),
which may affect lymphocyte activation, polarization, and immunomodulatory functions in
CF lungs.%®

The differentially regulated pathways of CF (versus WT) moAMs during recovery from
chronic exposure to LPS overlapped with trAMs, except for regulation of genes involved

in wound healing, cell growth, and cellular response to interleukin-1 signaling (Figure

5F; Data S1E-S1F). Similar to cMons and IMs, and in contrast to their homeostatic anti-
inflammatory phenotype,5970 CF trAMs were pro-inflammatory, with increased expression
of genes controlling inflammatory pathways (e.g., Nucleotide-binding, oligomerization
domain (NOD) and interleukin-1 signaling, tumor necrosis factor alpha [TNF-a], and
nuclear factor xB [NF-xB) (Figures 5F, S11C, and S11D; Data S1D-S1F). The expression
of distinct type | interferon signaling genes, such as Oas2, MxZ2, and /rf1, remains elevated
in CF trAMs, which may increase susceptibility to bacterial lung infection’1:72 and airway
remodeling’2 in CF lungs. /rf1 overexpression has been associated with dysfunctional
efferocytosis and phagocytosis in AMs from a mouse model of muco-obstructive lung
disease.’”® Moreover, CF trAMs retained high expression of the interferon-inducible cytokine
Cxcl10 (1P-10), which drives activation and recruitment of monocytes, T cells, eosinophils,
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and natural killer (NK) cells. We have shown previously that CXCL10 is elevated in the
BALF of CF mice chronically exposed to LPS and remains elevated during recovery.*4
Notably, CXCL10 is a biomarker for acute pulmonary exacerbations in patients with CF.”>
CF trAMs had downregulated expression of genes for co-stimulatory molecules (Cad80and
Cab) involved in activation and proliferation of T cells and elevated expression of Cd40,
which is required for AM activation in response to interferon y (IFN,). This suggests that
CF trAMs have altered cross-talk with adaptive immune cells. We also identified a strong
signature in the enrichment of genes regulating TGF-p signaling and interaction with the
ECM (Figures 5F and S11; Data SIE-S1F). Consistent with observations in CF lung tissue
(Figure 4D), Serpinel expression was elevated from T1 to T2 in all monocyte/macrophage
populations compared with the WT (Figures 5F and S11A-S11C).

These data suggest that, after LPS withdrawal, CF lung monocytes/macrophages preserved
an immune response signature to LPS that perpetuated immune cells chemotaxis, altered
interaction with the ECM, and promoted tissue remodeling in CF lungs.

Cell-autonomous CFTR deficiency in CCR2-expressing cells drives excess accumulation
of lung monocytes/macrophages and neutrophils in response to chronic LPS

To test whether the CF lung environment or cell-autonomous CFTR dysfunction in CCR2-
expressing cells (e.g., cMons) is responsible for the enhanced recruitment of cMons during
chronic pulmonary inflammation, we generated Ccr2¢e/*Cftr™f mice to knock out Cftrin
CCR2-expressing cells’®7 and exposed these mice to 5 weeks of LPS (Figure 6A). We
used the Cftr CTRL as well as the Ccr2¢®/*Cftrfl/* line to exclude off-target effects of
Cre. A few differences (e.g., blood neutrophil numbers at TO and trAM and B cell numbers
and total TGF-B levels at T1) were observed between the two CTRL lines. Ccr2¢r¢/+Cfirfl/+
mice were used for comparison with the Ccr2¢e/*Cftr# experimental group. At baseline,
Cer2¢e*Cftrf mice had increased lung CD8 T and B lymphocyte numbers compared

with CTRL mice. In response to chronic LPS, in Ccr2e/*Cftr " mice, all myeloid cells
(except for Ly6C~ Monos) as well as CD4 T cells were increased in number compared with
Cer2¢e*Cftr1* mice, whereas CD8 T and B cells were not altered (Figure 6B). Active and
total TGF-p levels, weight loss, as well as CBCs were not affected by the conditional CFTR
deficiency in CCR2-expressing cells (Figures 6C—6E). These data indicate that the excessive
recruitment of lung monocytes/macrophages and neutrophils in response to chronic LPS is
driven by the intrinsic lack of CFTR function in CCR2* cells. However, the elevated TGF-f
activation and excessive weight loss during the first weeks of LPS exposure also required the
concomitant absence of CFTR in the lung tissue.

Pharmacological targeting of CCR2 mitigates cMon recruitment and normalizes TGF-$8
levels in CF lungs

Last, we investigated whether pharmacologically targeting CCR2 to decrease cMon
recruitment in a CF background can prevent excessive TGF- signaling and may thus

be a target to preserve lung function in patients with CF. CF mice were treated with a
small-molecule CCR2 inhibitor (RS 102895) at 10 mg/kg/day in drinking water (as in Teng
et al.”®), starting 3 days before the first LPS treatment and maintained throughout the LPS
challenge (Figure 7A). Inhibition of CCR2 in CF mice lowered the numbers of lung AMs
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(moAMs and trAMs), IMs, cMons, neutrophils, DCs, and CD4 T cells (but not Ly6C~
monocytes, CD8 T cells, or B cells) to levels comparable with WT mice after chronic LPS
administration (Figure 7B). CBCs were not altered by the CCR2 inhibitor treatment (Figure
S9A). Pharmacological inhibition of CCR2 in CF mice also lowered the concentration of
active TGF-p in BALF (Figure 7C) and expression of 7g/Bin lung tissue lysates of CF mice
(Figure 7E) to levels comparable with WT mice. Although differences in pSMAD?2 levels
between inhibitor-treated CF mice and CF CTRLs did not reach statistical significance (p

= 0.08), downstream expression of target genes (Co/ and Mmp9) was significantly lower
(Figures 7D and 7E). Unlike in dKO mice, pharmacological inhibition of CCR2 in CF

mice did not reduce weight loss severity during the first week of LPS exposure (Figure
S9B). These data indicate that pharmacological inhibition of CCR2 is sufficient to control
exuberant recruitment of cMons, neutrophils, and elevated pathological TGF-f signaling in
CF lungs.

DISCUSSION

Fibrotic scarring and emphysematous changes in the aging CF population3-> are driven

by tissue hyperinflammation, which may not be well controlled by CFTR modulator
therapies.1®16 We observed a high abundance of CCR2* cMons in parenchymal and
submucosal areas on human lungs with late-stage CF, which are detected in much lower
numbers in healthy donor lungs (Figure 1A). This neglected immune population in CF

lung disease might play a key role in the progression of lung tissue remodeling in

these patients.34-38 cMons in the CF airway submucosa may fuel pathogenic activity in

the repair processes of basal cells in response to injury,’® contributing to TGF-B-driven
basal cell hyperplasia.8% A small percentage of CCR2* monocytes are also observed

in CF sputum (Figures 1B—1D). The low number of CCR2* cells in this compartment
compared with the lung interstitium might be attributed to the fact that, when recruited

into the airways, monocytes downregulate CCR2 expression and acquire a tissue-resident
expression signature.8! Thus, the presence of CCR2* monocytes in CF secretions suggests
that the recruited monocytes fail to efficiently acquire a trAM phenotype in the CF

airway environment. Alternatively, the increased numbers may be due to arrival of actively
recruited cMons that have not yet downregulated CCR2. Consistent with this observation,
the CCR2 ligand CCL2 is increased in BALF, sputum, and blood samples of patients with
CF82:83 and in the lungs of CF mice exposed to LPS.1° Functional alterations of CCR2*
cMons might be already present in the circulation of patients with CF. £x vivo studies

of monocytes and monocyte-derived macrophages of patients with CF suggest that these
cells are hyperinflammatory, have pathological activation of the NLRP3 inflammasome,84:85
and respond to CFTR modulators.85-88 |n a previous study, we showed that priming

blood monocytes to express the anti-inflammatory/antioxidant mediator heme oxygenase-1
ameliorates pathological lung inflammation in CF.8% Additional investigations are needed to
understand the specific contribution of circulating monocytes to lung disease in patients with
CF in response to CFTR modulator or immunomodulatory therapies.

We used several mouse lines and a model of chronic lung inflammation# that recapitulates
elevated TGF-p levels and signaling and enlargement and distortion of the air sacs
observed in patients with CF>3840 tg investigate the role of CCR2* monocytes in CF
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lung remodeling. We modeled a persistent hyperinflammatory lung environment with
repeated exposure to LPS, each one inducing a lung inflammatory flare, which can be

seen like exacerbations in patients with CF. Our data demonstrate that cMons and monocyte-
derived lung macrophages contribute to excessive and prolonged recruitment of neutrophils,
pathogenic TGF-f signaling, and tissue remodeling in CF lungs. Because CF mice do not
develop CF-like airway mucus obstruction or suffer from spontaneous bacterial infections,
our data also show that chronic inflammation is sufficient to drive severe and irreversible
lung structural changes in CF. We found that blocking recruitment of cMons is systemically
beneficial in CF mice because it prevented excessive weight loss (a strong indicator of
mortality in patients with CF®3) because of LPS exposure.

RNA-seq analysis shows that CF (versus WT) lung monocytes/macrophages preserve altered
expression profiles after six weeks of recovery from chronic LPS exposure, suggesting
failure to adapt in the CF lung environment, leading to a more active immune response
signature. Because of the lengthy recovery period, this altered immune response signature
might be driven by aberrant epigenetic memory formation after chronic inflammation.%0

The most prominent differentially regulated pathways that persist in CF cMons after 6
weeks of recovery from chronic LPS were related to increased production of leukocyte
chemoattractants. Our data suggest that prolonged production of CXCL2 by CF cMons may
play a central role in driving prolonged recruitment of neutrophils in CF (Figures 5C, S10C-
S10D, and S11A). In a model of cardiac transplantation-mediated ischemia reperfusion
injury, tissue-resident CCR2* macrophages were found to be the major producers of CXCL2
and CXCLD5, which promoted extravasation of neutrophils into hearts by guiding neutrophil
adhesion and crawling on the vasculature.® Thus, CXCL2 potentially mediates upregulation
of adhesion molecules in the pulmonary vascular endothelium to drive lung neutrophilia.

Our study, using a small molecule CCR2 inhibitor, suggests that targeting recruitment of
cMons by blocking CCR?2 is sufficient to reduce pathological neutrophil inflammation and
active TGF-p levels in CF lungs (Figure 7). However, in contrast to the genetic model (dKO
mice), we did not observe reduced weight loss in response to LPS. This may be due to
short-term use of the drug (started 3 days before LPS), which may be too short to modulate
the systemic pathology in CF mice.

We establish the CCR2* cMon population as a potential therapeutic target in CF. There is

a strong clinical interest in developing selective CCR2, CCR2/CCL2, and CCR2/CCR5
antagonists to treat inflammatory diseases, atherosclerosis, tissue fibrosis, cancer, and,

more recently, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.92
Several small molecules have entered phase I/11 clinical trials (ClinicalTrials.gov:
NCT00689273, NCT02388971, NCT02996110, NCT04123379, NCT03767582, and
NCT03496662). We propose that CCR2 inhibitors combined with CFTR modulators may
ameliorate long-term lung remodeling caused by chronic inflammation. We suggest targeting
CCR2 instead of its ligand CCL2 to avoid chemokine redundancy because CCR2 is also
activated by CCL7, CCL8, and CCL13.2°

In conclusion, we have shown that a chronic lung inflammatory environment causes
a pathogenic CCR2-dependent monocytic response that drives exuberant neutrophilia,
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pathological TGF-p signaling, and non-resolving tissue remodeling in CF lungs. Impairing
recruitment of cMons to CF lungs by targeting CCR2 prevents lung tissue damage and, thus,
may be a potential therapeutic target to preserve lung function in patients with CF (Figure
S13).

Limitations of the study

Future studies should assess the safety and efficacy of CCR2 inhibitors during lung
infection. CCR2* monocytes contribute to innate host defense against many pathogens.
However, the outcomes can be positive or negative depending on infection type and bacterial
load.93-95 To the best of our knowledge, the susceptibility of CCR2~ mice to common

CF pathogens such as PA has not yet been reported and is an ongoing investigation in

our group. We anticipate that, as with drugs hampering neutrophil migration in CF,%
modulating monocyte recruitment may require fine calibration to prevent lung tissue damage
without impairing the host response against bacteria. In mouse models (i.e., dKO and CF
mice treated with a CCR2 inhibitor), we observed fewer neutrophils recruited to the lungs

in response to LPS compared with CF mice, which, however, were similar to numbers
observed in WT lungs (Figures 2 and 7). Our study identified cMons as a major dysregulated
cell population in CF lungs. However, more investigations are needed to assess how they
contribute to lung pathogenesis over time in patients with CF. This is a general limitation

in this field because submucosal immune cell populations are difficult to investigate in the
context of the human disease because available specimens from individuals with CF are
sputum/BALF samples or explanted lung tissues from late-stage CF lung disease.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Emanuela M Bruscia (emanuela.bruscia@yale.edu).

Materials availability

This study did not generate new unigue reagents.

Data and code availability

. ScRNAseq and bulk RNAseq have been deposited on GEO and are publicly
available as of the date of publication. Accession numbers are listed in the key
resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design

The objective of this study was to clarify the underlying cellular mechanisms of
inflammation-driven lung tissue remodeling in CF by analyzing mouse models. Lung
remodeling was achieved by repeated administration of LPS. Sample size was determined by
previous experience and preliminary data. The numbers of animals or samples and repeated
experiments are indicated in the figure legends. All assessed data points are shown depicted
unless indicated otherwise.

Mouse models

CFTR™~ (B6.129P2-KOCTtr™1UNC: CF)and CCR27/~ (B6.129S4-Ccr2tmilfcld: cCR27/-)
mice were purchased from the Jackson Laboratory. Drinking water for CF mice was
supplemented with Colyte (Braintree Labs), to prevent gastrointestinal obstruction at
weaning. Non-CF littermate controls were maintained on identical dietary conditions to

the CF mice to eliminate nutritional confounding. CF and CCR2~/~ mice were crossed

to generate CFTR/"CCR2~/~ double knockout mice (dKO). Ccr2°"® mice were generated
and provided by Dr. Tobias Hohl”” and were crossed with Cftr7ox10/flox10 ( Cftr /)

mice (provided by Case Western Reserve University’®) to generate CCR2-specific CFTR
knockouts (Ccr2e®* Cfir™ and heterozygous control mice (Ccr2€* Cfir*). All mouse
colonies were bred in the Yale University Animal Facility with food and water ad libitum. To
control for microbiome effects, experimental groups were co-housed. All procedures were
performed in compliance with relevant laws and institutional guidelines and were approved
by the Yale University Institutional Animal Care and Use Committee. All mice were aged 8-
12 weeks at the start of experimentation and both female and male mice were used equally
in the study.

METHOD DETAILS

ScRNAseq

Spontaneously expectorated sputum from nine patients with CF and induced sputum from
five healthy control subjects was collected and processed into a single-cell suspension as
previously described.2 Patient demographic data is available as Table S1. Single cells were
barcoded using the 10x Chromium Single Cell platform and cDNA libraries were prepared
according to the manufacturer’s protocol (Single Cell 3" Reagent Kits v3, 10x Genomics,
USA). cDNA was analyzed on an Agilent Bioanalyzer High Sensitivity DNA chip. cDNA
libraries were analyzed on a HiSeq 4000 Illumina platform aiming for 150 million reads per
library. Full de-identified sequencing data for all subjects is available in the gene expression
omnibus (GEO) under accession number GEO: GSE145360. Detailed description of data
processing and computational analyses can be found in the original manuscript.28 Cell

type annotation was adopted from the original publication.2® 15 principal components were
used to generate a revised 2-dimensional Uniform Manifold Approximation and Projection
(UMAP) for visualization (with 50 nearest neighbors).

Cell Rep. Author manuscript; available in PMC 2023 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ozetal Page 16

Chronic LPS model

The chronic LPS model was adapted from our previous work.** Briefly, mice were

exposed to PA-LPS (L9143 Millipore Sigma) 3 times a week for 5 weeks (Every Monday,
Wednesday, and Friday) using a nebulizer (Pulmo-Aide Compressor; Natallergy, Duluth,
GA). 8-12-week-old female and male mice were equally used in experiments. Mice were
nebulized with 12.5 mg of LPS in 5 mL PBS for 15 min, three times per week for

five weeks. Mice were sacrificed 24 h after the last nebulization (T1) or after 6 weeks

of recovery (T2) (Figure 1A). At each time point, Blood, BALF and lung tissues were
collected. The CCR2 inhibitor RS 102895 (Cayman chemical) was dissolved in DMSO at 25
mg/mL and added to the drinking water of animals to a final concentration of 10 mg/kg/day/
mouse (Figure 7A). Drinking behavior was monitored daily by weighing of the water bottles
and drug concentration was adjusted accordingly.

Blood, bronchoalveolar lavage fluid (BALF), and lung tissue collection

Mice were anesthetized and up to 500 pL of blood was recovered by retro-orbital puncture.
Complete blood counts (CBCs) from 50 uL of blood were assessed by Hemavet 950 (Drew
Scientific). 150 uL of blood was treated with 1 mL of RBC lysis buffer (eBioscience) for 45
min, then centrifuged at 2800RPM for 7 min, supernatants were discarded, and cells were
resuspended in 1 mL RBC lysis buffer for 15 min, centrifuged at 2800 RPM for 7 min,
supernatants were discarded and cleared cell suspension was collected in 400 uL of PBS
and subsequently stained for flow cytometry. BALF was collected using standard methods
with 2 mL BAL solution (PBS with 5mM EDTA and cOmplete Mini EDTA-free protease
inhibitor cocktail, Roche; 1 tablet per 25 mL). BALF was first passed through 100-um

cell strainer and then centrifuged at 1200 rpm for 10 min. Supernatants were collected and
stored in single-use aliquots at —80°C until analysis, while cell pellets were resuspended

in PBS, counted, and used for flow cytometry for differential cell counting. Lung tissues.
lungs were collected via a midline incision from sternum to diaphragm, and blood was
removed from the pulmonary circulation by transcardial perfusion of PBS supplemented
with heparin (1:1000). The right lobes were ligated, and the left lung lobes were inflated via
intratracheal catheter with 0.5%UltraPure Low Melting Point agarose (Invitrogen) in PBS
at constant pressure of 20 cmH0, then harvested, fixed overnight in 10% neutral buffered
formalin, and embedded in paraffin /n longitudinal orientation. The right lobes were used as
follows: superior lobes were collected in RNAlater and used for RNA; middle and postcaval
lobes were snap-frozen in liquid nitrogen and used for protein isolation; inferior lobes were
collected in PBS and used for flow cytometry. Paraffin-embedded tissues were stained with
hematoxylin-eosin for morphological analysis or used for immunohistochemistry.

FACS and flow cytometry staining

Single cell suspensions were isolated from inferior lobes (or whole lungs for sorting) using
C tubes, a lung dissociation kit (Miltenyi, CA) and a GentleMACS dissociator (Miltenyi,
CA) following manufacturer’s instructions. Homogenized lungs were passed through a
100-um cell strainer to obtain a single-cell suspension. Red blood cells were lysed using BD
Pharm Lyse (BD Biosciences, CA). Cells were counted using a hemocytometer with trypan
blue exclusion. 1 x 108 cells were used for FACS staining and up to 2 x 107 cells were
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used for sorting. Cells were stained with a fixable viability dye (Invitrogen, MA), incubated
with FcBlock (BD Biosciences, CA), and then washed and stained with freshly prepared
antibody cocktails for 30 min at 4°C following standard cell surface staining protocols.

For cell sorting, cells were washed and sorted on a FACSAria Il (BD Biosciences). For

flow cytometry, cells were washed and fixed with BD Cytofix, (BD Biosciences, CA) and
acquired on a BD LSR 11 using BD FACSDiva software. Data analyses were performed
using FlowJo software (TreeStar, Ashland, OR). The percentage of each assessed population
among singlet/live cells was multiplied by the total lung cell counts in the inferior lobes to
obtain total live cell counts.

Flow cytometry gating strategy

The gating strategy is adjusted from Misharin et al. 201347 and is shown in Figure S3:
Singlet events were gated followed by exclusion of dead cells stained with LIVE/DEAD
Fixable Aqua Dead Cell Stain Kit (ThermoFisher Scientific). Small debris were excluded
by exclusion of FSC-H SSC-H small events and from here CD45" cells were gated. As a
next step we gated alveolar macrophages (AMs) by first selecting for CD11c™ cells. From
the CD11c* fraction we distinguished dendritic cells (DCs) from AMs by CD64/CD24
expression levels with DCs being selected as CD24MI"C D64, Within the AM population,
we were able to distinguish monocyte-derived AMs (moAMs) as SiglecFintermediatecp3ghigh
from tissue-resident AMs (trAMs) as SiglecFhighcpagintermediate 5t 71 At TO and T2
moAMs are not clearly distinguishable from trAMs, although at T2 AMs skew toward
lesser SiglecF expression compared to TO. This skewing toward SiglecFdim expression was
used for sorting moAMs at T2 (as shown in Figures S9A, S3C). From the CD11c™ fraction
we gated the remaining myeloid cells by expression of CD11b. Granulocytes (gran) were
then gated from the CD11b+ cells by high expression of CD24 and low expression of
MHC-11. Granulocytes were then split into neutrophils as Ly6G*SiglecF~ and eosinophils
as Ly6G~SiglecF*. The non-granulocytic (not gran) fraction was then split into interstitial
macrophages (IMs) as the MHC-11* cells and monocytes as MHC-11~ cells. Lastly, from the
MHC-11~ fraction we gated classical monocytes (cMons) as Ly6C*CD64" cells and other,
Ly6C™ monocytes as Ly6C™ cells. Lymphocytes were stained separately and identified as
CD4" CD4 T cells, CD8* CD8 T cells and B220" B cells among singlet viable CD45* cells.

Circulating cMons were assessed as singlet viable CD45*CD11b*Ly6C*Ly6G™ cells in
blood (see Figure S2D).

Cellular markers used to identify lung monocyte/macrophage populations via flow
cytometry/FACS were validated by RNAseq from FACS-sorted population (Figure S9B).

Bone marrow transplant

We used bone marrow transplant methods as previously described.1® Briefly, WT or
CCR2~/~ mice were total-body-irradiated using a cesium irradiator (1000 rads, split in
two doses 12 h apart) and transplanted intravenously with donor WT or CCR2 BM
(WTgm—WT; WTgpm—CCR27~; CCR2/"gy—WT; CCR2/"gyCCR27") 3 h after
irradiation. Mice were administered Baytril for the first two weeks following irradiation
for infection prevention and left to recover for additional 4 weeks before starting of LPS
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administrations. Percentage of donor vs host immune cells were representatively assessed by
FACS in blood, BALF and lung tissues of CD45.1g\—CD45.2 mice.

RNA sequencing and data analysis

The RNA from FACS-sorted cMons, IMs, moAMs, and trAMs (Figure 1A) was extracted
using miRNEasy Micro kit (Qiagen, MD). The RNA integrity (RIN) and quantity was
determined on the Agilent 2100 Bioanalyzer (Agilent, CA) with Agilent RNA 6000

Pico Kit (Agilent, CA). Only samples with RIN >8.0 were used for library preparation.
Reverse transcription and cDNA preamplification were performed using the SMART-Seq
v4 Ultra Low Input RNA Kit for Sequencing (Takara Bio USA, MI), and sequencing
libraries were prepared using Nextera XT DNA Sample Preparation kit (Illumina, CA,
USA), according to manufacturers’ instructions. Libraries were pooled and sequenced on
Illumina HiSeq4000 (Illumina, CA) using paired-end sequencing for 100 cycles. After
quality control (FastQC), reads generated from each sample were aligned to the mouse
genome (GRCm38.p5) with STAR (version 2.5.3a, -quantMode GeneCounts), using the
Gencode M15 transcript annotation as transcriptome guide. Normalization with the TMM
method and identification of differentially expressed genes were performed with the edgeR
package in Bioconductor (https://bioconductor.org). Differentially expressed genes were
identified with the gImQLFTest function using a double threshold on gene expression
changes and associated statistical significance (absolute log2 fold change >0.75, p value

< 0.05). To identify, within each cellular population, genes differentially regulated in CF
between T1 and T2, the following contrast, based on 2 factors, was used: (CFy2 - WTT5)

- (CFt1 - WTq). Functional annotation and enrichment analysis were performed with the
enrichR package (https://maayanlab.cloud/Enrichr). Seqdata was generated from 2 samples
per genotype and time point. To ensure sufficient cell counts at T2, lungs from 2 WT or 2 CF
mice were pooled for one sample. Sequencing data for all samples is available in the GEO
under accession number GEO: GSE217102.

Immunohistochemistry

For human samples, paraffin slides of lung tissues from patients with late-stage CF (kindly
provided by Dr. Randell at UNC; Tissue Procurement and Cell Culture Core) and healthy
lung tissues (UNC and Yale Pathology Tissue Services) were stained with H&E, or for
CCR2 (1:50, clone 7A7, ab176390, Abcam) by Yale Pathology Tissue Services following
standard procedures. For murine samples left lobes were inflated, paraffin-embedded and
sectioned. For alveolar damage score, the H&E-stained slides were examined blinded to the
genotype and treatment. Qualitative histopathology was supplemented by a semiquantitative
scoring system (Figure S2B) that assessed the degree of alveolar architectural disruption
(Figure 2A). In addition, Masson’s trichrome staining was performed by Yale Pathology
Tissue Services. aSMA staining was performed with an overnight antibody incubation
(1:100, clonelA4, ab7817, Abcam) at 4°C. The images were taken using a Zeiss Axioskop
light microscope and imaged using a Zeiss AxioCam MrC digital camera. Semi-quantitative
scoring of alveolar architectural disruption was performed by a board-certified veterinary
pathologist masked to the genotype and treatment status (see Figure S4 for scoring system).
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Immunofluorescence

Human lung tissues were stained by the Yale Pathology Tissue Services for CCR2 (1:500,
mouse monoclonal, clone 7A7, ab176390, Abcam) and CD14 (1:500, rabbit monoclonal,
clone D7A2T, CST). Briefly, formalin-fixed, paraffin-embedded lung tissue sections were
deparaffinized with xylene, rehydrated gradually with graded alcohol solutions, and then
washed with deionized water. After antigen retrieval and blocking, sections were incubated
overnight with primary antibodies, washed, and incubated with rabbit or mouse envision
secondary antibody respectively. CD14 signal was boosted by incubation with envision
secondary antibody (Agilent/Dako K4001-8) at RT for 1h, washed, incubated with Cy5
Tyramide 1:50 (Akoya, Cat#SAT705A001 EA) for 10 min. CCR2 signal was boosted

by incubation with envision secondary antibody (Agilent/Dako K4005) for 1h, washed,
incubated with Biotin Tyramide (Akoya, Cat#NEL705A001KT) for 10 min, washed, and
incubated with Alexa 750-Streptavidin 1:100 (Thermofisher/Life Technologies S21384) for
1h. Slides were washed, incubated with DAPI 1:1000 for 5 min and mounted with Prolong
Gold. Mouse lung sections were stained for CCR2 (1:100, mouse monoclonal, clone 3G7,
Novus Biologicals) and CXCL2 (1:100, rabbit monoclonal, clone 16H3L1, Invitrogen)
following antigen retrieval and blocking (as described above). Sections were washed and
stained with a 1:500 dilution of fluorescent-labeled anti-mouse (Alexa 568) and anti-rabbit
(Alexa 647) antibodies at room temperature for 2 h. Slides were washed, incubated with
DAPI 1:100 for 5 min and mounted with Prolong Gold. Images were acquired with a Leica
Thunder Imager 3D Microscope or with Leica TCS SP5 Spectral Confocal Microscope.

Quantitative RT-PCR analysis

Up to 20 mg of lung tissues were homogenized in trizol using a tissue homogenizer. Total
RNA was isolated using miRNA Mini Kit (Qiagen), RNA concentration was measured

by Nanodrop and 1 pg or RNA was reverse-transcribed using SuperScript™ I Reverse
Transcriptase (Thermo Fisher) following the manufacturers’ instructions. Real-time PCR
analysis was performed with a Bio-Rad iCycler using TagMan technology with primers
and probes purchased from Applied Biosystems (Life Technology). For microRNA studies
miRNA primers were purchased from Qiagen and qPCR was performed using miScript
SYBR green PCR kit (Qiagen) and RNA was reverse-transcribed using the miscript 11

RT Kit (Qiagen). Relative gene expression was normalized by 18S rRNA levels and copy
number for miR199a-5p was normalized by RNUG6B. Relative expression to control samples
(WT T0) was calculated by AACt method.

Protein isolation and Western blot

Cold RIPA lysis buffer (Cell Signaling) containing 1mM phenylmethane sulfonyl fluoride
(PMSF), protease and phosphatase inhibitor cocktails (Roche Diagnostics) were added to
cells or lung tissue lysates. After 30 min of incubation in ice, the lysates were centrifuged

at 12,000g for 15 min, and the supernatants recovered. An equal amount of protein was
separated by electrophoresis on 4-15% Mini PROTEAN Gels (Bio-Rad Laboratories, CA),
transferred to nitrocellulose membrane (Bio-Rad Laboratories, CA) and incubated with
primary antibodies overnight at 4 °C. HRP conjugated to 1gG secondary Abs (1:2000; Santa
Cruz Biotechnology) and Amersham ECL Plus Western blotting system (GE Healthcare
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Bio-Sciences) were used for detection. The following primary antibodies were used: rabbit
mAB anti-SMAD?2 (1:1000, D43B4 Cell signaling) and rabbit mAB anti-pSMAD2 (1:1000,
138D4 Cell Signaling), rabbit anti-VINCULIN (1:500, #4650 Cell Signaling), rabbit anti-
ERK (p44/42 MAP Kinase, 1:1000, #4695 Cell Signaling) rabbit anti-pERK (1:1000, #4370
Cell Signaling). The chemiluminescence imaging system ChemiDoc (Biorad) and the Image
lab software (Biorad) were used for image acquisition and for signal quantification. Specific
protein band intensities were normalized to VINCULIN and the fold increase to control
samples (WT T0) was calculated.

Active and total levels of TGFp and CXCL2 in BALF supernatants were assessed by
ELISA following manufacturer’s instruction (active free form: 437707 Biolegend; total
levels: 436707 Biolegend; CXCL2: DY452-05 R&D Systems).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data presented as mean + SEM and are plotted using GraphPad Prism software. Raw
data are available in Data S2. The p values were calculated using one-way ANOVA and
Tukey'’s test for multiple comparisons or students’ T test. A p value <0.05 were considered
significant: *p < 0.05, **p < 0.01, and ***p < 0.001. Datasets used in Figures 2, 3 and 4
are from Experiments that were repeated at least three times with three or more samples per
group each. Datasets used in Figure 6 are derived from one experiment with six samples per
group, and in Figure seven from two experiments with 5 or more samples per group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Chronic neutrophilic inflammation causes lung damage in patients with cystic
fibrosis (CF)

CCR2* monocytes (cMons) accumulate in inflamed human and murine CF
lungs

cMons drive lung damage via neutrophil recruitment and TGF-f signaling in
CF

Targeting cMon recruitment by CCR2 inhibition prevents lung damage in CF
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Figure 1. CCR2" monocytes and monocyte-derived macrophages are abundant in CF lungs
(A) Representative CCR2 immunohistochemistry and H&E staining in human lung tissue

from healthy donors (non-CF, a—c) and patients with CF (CF, d—f) (n = 3). Greater
magnification of ¢ and f is shown in g and h, respectively. B, bronchiole. Magnification

for a—f, 100x; magnification for g and h, 400x. Scale bars: 500 um (a—f) and 100 um (g and
h).

(B-D) scRNA-seq data from cells isolated from induced sputum of healthy individuals
(CTRL) versus patients with CF.

Cell Rep. Author manuscript; available in PMC 2023 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ozetal.

Page 30

(B) Uniform manifold approximation and projection (UMAP) visualization of 20,095
sputum cells from nine patients with CF and five control (CTRL) subjects. Each dot
represents a single cell, and cells are labeled by (B) cell type (AM, alveolar macrophage; B,
B cell; DC, dendritic cell; Epithelia, epithelial cell; M, macrophage; Mono, monocyte; PMN,
polymorphonuclear neutrophil granulocyte; pDC, plasmacytoid DC; T/NK, T and NK cells),
(C) disease state (CTRL versus CF cells), and

(D) expression of at least one CCR2 mRNA molecule (red). Marker gene expression to
identify cell populations is shown in Figure S1C.

(E) Boxplot of the percentage of CCR2-expressing cells in the monocyte population (CTRL
versus CF).

See also Figure S1 and Table S1.
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Figure 2. Elevated numbers of cMons and monocyte-derived macrophages promote and

perpetuate neutrophilic pulmonary inflammation in CF

o

Fk %k

(A) Chronic LPS model. WT, CF, dKO, and CCRZ™/~ mice were nebulized with LPS from
PA 3 times per week over 5 weeks (15 doses total) and sacrificed 24 h after the last
nebulization (chronic endpoint [T1]) or left to recover for 6 weeks (recovery endpoint [T2]).
At each time point, BALF and lung tissue were collected for flow cytometry, histology,

RNA, and protein analysis. TO indicates untreated mice.

(B) Total cell numbers of total AMs, moAMs, trAMs, IMs, cMons, Ly6C~ Monos, and
neutrophils were quantified by flow cytometry as percentage of viable cells multiplied by the
total cell count in the inferior lung lobe. The gating strategy is described in Figure S3.
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Data are generated from three independent experiments with 2—6 mice per genotype and
time point. Each biological replicate is represented by a dot. Bars are depicted as means +
SEM, and p values were calculated using one-way ANOVA and Tukey’s test for multiple
comparisons between the genotypes for each time point separately (*p < 0.05, **p < 0.01,
***n < 0.001). See also Figures S2 and S3.
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Figure 3. Enhanced CCR2-mediated monocyte recruitment drives pathogenic tissue remodeling
in CF lungs

(A and B) Representative subgross H&E images of lung from WT, CF, dKO, and CCRZ2™/~
mice at TO, T1, and T2. Black stars indicate enlarged alveolar spaces. Scale bars: 500 um
(A) and 50 pm (B).

(C) Relative alveolar disruption score from semiquantification analysis of lung histology.
Bars are depicted as means £ SEM for 4 or more mice per genotype and time point.

(D) Relative weight loss of mice after week 1 of LPS administration. Each dot represents
one biological replicate.
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r multiple comparisons between the genotypes for each time point separately (*p < 0.05, **p
<0.01, ***p < 0.001). See also Figures S4, S5, and S6.
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Figure 4. CCR2-derived lung monocytes/macrophages drive pathogenic TGF-B signaling in CF
lungs

(A) Quantification of active (left) and total (right) TGF-p protein in BALF by ELISA.

(B and D) The mRNA expression levels of Tg7B (B) and TGF- signaling target genes
(D) in lung tissues of WT, CF, dKO, and CCRZ™/~ mice at TO, T1, and T2. The average
expression from two technical replicates was normalized to 18S and WT at TO.

(C) Densitometric analysis of Western blot for SMAD2 and pSMAD?2 from lung tissues of
WT, CF, dKO, and CCRZ™/~ mice at TO, T1, and T2. The expression was normalized to
VINCULIN and the WT at TO.

Data are generated from three independent experiments with 2—4 mice per genotype and
time point. Each biological replicate is represented by a dot. Bars are depicted as means +
SEM, and p values were calculated using one-way ANOVA and Tukey’s test for multiple
comparisons between the genotypes for each time point separately (*p < 0.05, **p < 0.01,
***n < 0.001). See also Figure S7.
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Figure 5. cMons in CF perpetuate immune activation and neutrophil recruitment

-Metabolic processes and mitochondria function 4 DpepZLym2:Mmi49

(A) MDS plot based on RNA expression profiles of cMons, IMs, moAMs, and trAMs at T1

and T2.

(B) The number of differentially expressed genes (DEGs) when comparing CF with the WT

in each cell population at T1 or T2.

(C) Pathway analysis of genes differentially expressed in CF versus WT cMons at T2. The
plot shows the number of up- or downregulated genes associated with each pathway. Two

samples per genotype and time point were used for analysis.
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(D) Schematic of the differential analysis depicted in (E).

(E) Numbers of differentially up- or downregulated genes between T1 and T2 in each
population.

(F) Gene Ontology (GO) biological process enrichment analysis of differentially regulated
genes in CF between T1 and T2 compared with the WT for each population (cMons, IMs,
moAMs, and trAMSs). Node size: odds ratio associated with enrichment; p value for Fisher’s
exact test.

Data were generated from 2 samples per genotype and time point. To ensure sufficient cell
counts at T2, lungs from 2 WT or 2 CF mice were pooled for one sample. See also Figures
S9, S10, and S11.
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Figure 6. CFTR deficiency in CCR2-expressing cells drives excessive accumulation of lung
immune cells in response to chronic LPS

(A) Schematic of the chronic LPS model and Cer2¢e/*Ctrfl/fl mice.

(B) Total cell numbers of AMs, moAMs, trAMs, IMs, cMons, Ly6C~ Monos, neutrophils,
DCs, CDA T cells, CD8 T cells, and B cells in lung tissue homogenates were quantified by
flow cytometry as percentage of viable cells multiplied by the total cell count in the inferior
lung lobe. The gating strategy is described in Figure S3.

(C) Quantification of active and total TGF- levels in BALF at T1 by ELISA.

(D) Weight loss during 5 weeks of chronic LPS (right) and after the first week of LPS (left).
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(E) CBCsat TOand T1.

Data are generated from two independent experiments with 2—3 mice per genotype and
time point. Each biological replicate is represented by a dot. Bars are depicted as means +
SEM, and p values were calculated using one-way ANOVA and Tukey’s test for multiple
comparisons between the genotypes for each time point separately (*p < 0.05, **p < 0.01,
***p < 0.001).
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Figure 7. Pharmacological targeting of CCR2 mitigates cMon recruitment and normalizes TGF-
B levels in CF lungs
(A) Chronic infection model. CF mice were treated with CCR2 inhibitor (CCR2;,;,) starting

3 days before the first nebulization and throughout the experiment.

(B) Quantification of flow cytometry analysis of lung immune cells (see Figures 1B and 1C)
of CF + CCR2j-treated mice compared with WT and CF mice at T1.

(C) Active levels of TGF-p at T1.
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(D) Densitometric analysis of western blot bands from lung tissues of WT, CF, and CF +
CCR2jn, mice at T1. The expression levels were normalized to VINCULIN and the WT at
TO.

(E) mRNA expression levels in lung tissues of WT, CF, and CF + CCR2;,, mice at T1. The
expression was normalized to 18S and the WT at TO.

Each biological replicate per genotype and experimental condition is represented by a dot.
Bars are depicted as means = SEM, and p values were calculated using one-way ANOVA
and Tukey’s test for multiple comparisons between the genotypes for each time point
separately (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S12.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti mouse CD45 BUV395 clone 30-F11 BD Cat# 565967; RRID: AB_2651134
Rat anti mouse CD38 FITC clone 90 Invitrogen Cat# 11-0381-82; RRID: AB_465024
Rat anti mouse CCR2 PE clone SA3203G11 BioLegend Cat# 150610; RRID: AB_2616982
Rat anti mouse CD11b PE-Cy7 clone M1/70 Invitrogen Cat# 25-0112-82; RRID: AB_469588
Rat anti mouse CD64 APC clone X54-5/7.1 BioLegend Cat#139306; RRID: AB_11219391

Rat anti mouse CD45 eFluor450 clone M1/69

ThermoFisher Scientific

Cat# 48-0242-82; RRID: AB_1311169

Rat anti mouse Ly6C clone AL-21 BD Cat# 563011; RRID: AB_2737949
Rat anti mouse CD11c BV711 clone HL3 BD Cat# 563048; RRID: AB_2734778
Rat anti mouse Ly6G AF700 clone 1A8 BD Cat# 551459; RRID: AB_394206
Rat anti mouse Siglec-F PerCP-Cy5.5 clone E50-2440 BD Cat# 565526; RRID: AB_2739281
Rat anti mouse I-A/I-E (MHC-I1) APC/Fire 750 clone BioLegend Cat# 107652; RRID: AB_2616729
M5/114.15.2

Rat anti mouse CD4 PerCP-Cy5.5 clone RM4-5 BD Cat# 561115; RRID: AB_393977
Rat anti mouse CD8a FITC clone 53-6.7 BioLegend Cat# 100706; RRID: AB_312745
Rat anti mouse CD45R/B220 PE-Cy7 clone RA3-6B2 BD Cat# 552772; RRID: AB_394458
mouse anti-alpha smooth muscle actin clone 1A4 Abcam Cat# ab7817; RRID: AB_2865422
rabbit mAB anti-SMAD2 clone D43B4 Cell Signaling Cat# 5339

rabbit mAB anti-phospho-SMAD?2 (Ser465/467) clone 138D4 Cell Signaling Cat# 3107

rabbit anti-VINCULIN Cell Signaling Cat# 4650

rabbit anti-p44/42 MAPK (Erk1/2) clone 137F5 Cell Signaling Cat# 4695

rabbit anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling Cat# 4370

clone D13.14.4E

rabbit mAB anti-CXCL2 clone 16H3L10 invitrogen Cat# 701126

mouse anti-CCR2 clone 3G7

Novus Biologicals

Cat# NBP2-35334

mouse anti-CCR2 clone 7A7 abcam Cat# ab176390
FcBlock BD Cat# 553141; RRID: AB_394656
goat anti-rabbit IgG-HRP Santa Cruz Cat# sc-2004

mouse anti-alpha smooth muscle Actin (aSMA) clone 1A4 Abcam Cat# ab7817

rabbit Cy5 Tyramide Akoya Cat# SAT705A001 EA
Biotin Tyramide Akoya Cat# NEL705A001KT
rabbit envision secondary antibody Agilent/Dako Cat# K4001-8

mouse envision secondary antibody Agilent/Dako Cat# K4005

Alexa 750-Streptavidin Thermofisher/Life Technologies Cat# S21384
Chemicals, peptides, and recombinant proteins

cOmplete Mini EDTA-free protease inhibitor cocktail Roche Cat# 11836170001
PBS Gibco Cat# 10010023
UltraPure Low Melting Point agarose Invitrogen Cat# 16520-050
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Lipopolysaccharides from Pseudomonas aeruginosa

Millipore Sigma

Cat# L9143

CCR2 inhibitor RS 102895

Cayman Chemical

Cat# 1173022-16-6

Cell Lysis Buffer Cell Signaling Cat# 9803
PhosSTOP Roche Cat# 4906837001
4-15% Mini PROTEAN TGX Gels Bio-Rad Cat# 4561086

ECL Plus Western blotting system

GE Healthcare

Cat# RPN2132

Superscript Il Reverse Transcriptase

ThermoFisher

Cat# 18064-022

RBC lysis buffer eBioscience Cat# 00-4300-54
Critical commercial assays

active TGF-beta ELISA kit BioLegend Cat# 437707
total TGF-beta ELISA kit BioLegend Cat# 436707

V-PLEX Proinflammatory Panel 1 (mouse)

Mesoscale Discovery

Cat# K15048G-1

V-PLEX Cytokine Panel 1 (mouse)

Mesoscale Discovery

K15245D-1

Lung dissociation kit (mouse)

Mitenyi Biotec

Cat# 130-095-927

miRNEasy Micro kit Qiagen Cat# 217084
Agilent RNAG00O Pico Kit Agilent Cat# G2938-90046
SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing Takara Bio Cat# 634890
Nextera XT DNA Sample Preparation kit Illumina Cat# FC-131-1096
miScript 11 RT kit Qiagen Cat# 218161
Mouse CXCL2/MIP-2 DuoSet ELISA R&D systems Cat# DY452-05
Deposited data

scRNAseq data Schupp et al.?8 GEO: GSE145360

Bulk RNAseq data

GEO

GEO: GSE217102

Experimental models: Organisms/strains

Cftr knockout mice B6.129P2-KOC trtm1UNC

Jackson Laboratory

Stock No. 002196

CCR2 knockout mice B6.129S4-Ccr2tm1ifcl)

Jackson Laboratory

Stock No. 004999

CcrZ’'® mice Dr. Tobias Hohl; Heung and N/A
Hohl”
cftrf1ox/fox mijce CF animal core facility at Case N/A

Western Reserve University

CD45.1 mice B6.SJL-Plorc?PepctiBoyl

Jackson Laboratory

Stock No. 002014

Software and algorithms

FACSDiva BD N/A
FlowJo BD N/A
Prism GraphPad N/A
enrichR package https://maayanlab.cloud/Enrichr N/A
edgeR package https://bioconductor.org N/A
Other

Nebulizer Pulmo-Aide Compressor

Natallergy

Cat# DRV5650D

Cell Rep. Author manuscript; available in PMC 2023 January 11.


https://maayanlab.cloud/Enrichr
https://bioconductor.org

	SUMMARY
	Graphical Abstract
	In brief
	INTRODUCTION
	RESULTS
	CCR2+ monocytes and monocyte-derived macrophages are abundant in CF lungs
	Elevated numbers of classical monocytes and monocyte-derived macrophages promote and perpetuate neutrophilic pulmonary inflammation in CF
	Enhanced CCR2-mediated monocyte recruitment drives pathogenic tissue remodeling in CF lungs
	CCR2-derived lung monocytes/macrophages drive pathogenic TGF-β signaling in CF lungs
	cMons in CF perpetuate immune activation and neutrophil recruitment
	During recovery, pulmonary CF monocyte/macrophage populations feature a skewed pro-inflammatory gene signature
	Cell-autonomous CFTR deficiency in CCR2-expressing cells drives excess accumulation of lung monocytes/macrophages and neutrophils in response to chronic LPS
	Pharmacological targeting of CCR2 mitigates cMon recruitment and normalizes TGF-β levels in CF lungs

	DISCUSSION
	Limitations of the study
	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Study design
	Mouse models

	METHOD DETAILS
	ScRNAseq
	Chronic LPS model
	Blood, bronchoalveolar lavage fluid (BALF), and lung tissue collection
	FACS and flow cytometry staining
	Flow cytometry gating strategy
	Bone marrow transplant
	RNA sequencing and data analysis
	Immunohistochemistry
	Immunofluorescence
	Quantitative RT-PCR analysis
	Protein isolation and Western blot
	ELISA

	QUANTIFICATION AND STATISTICAL ANALYSIS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table T1

