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Abstract

Background: Macrophage plasticity allows cells to adopt different phenotypes, a property with
important implications in disorders such as cystic fibrosis (CF) and asthma.

Objective: To examine the transcriptional and functional significance of macrophage
repolarization from an “M1” towards an “M2” phenotype, and assess the role of a common human
genetic disorder (CF) and a prototypical allergic disease (asthma) in this transformation.

Methods: Monocyte-derived macrophages were collected from healthy and CF subjects and
polarized to an M2 state using IL-4, IL-10, glucocorticoids, apoptotic PMNSs, or azithromycin. We
performed transcriptional profiling and pathway analysis for each stimulus. We assessed the ability
of M2-repolarized macrophages to respond to LPS re-challenge and clear apoptotic neutrophils,
and used murine models to determine conserved functional responses to IL-4 and 1L-10. We
investigated whether M2 signatures were associated with alveolar macrophage phenotypes in
asthma.

Results: We found that macrophages exhibit highly diverse responses to distinct M2-polarizing
stimuli. Specifically, IL-10 activated pro-inflammatory pathways and abrogated LPS-tolerance
allowing for rapid restoration of LPS responsiveness. In contrast, IL-4 enhanced LPS-tolerance,
dampening pro-inflammatory responses after repeat LPS challenge. A common theme observed
across all M2 stimuli was suppression of interferon-associated pathways. We found that CF
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macrophages had intact reparative and transcriptional responses, suggesting that macrophage
contributions to CF lung disease are primarily shaped by their environment. Finally, we leveraged
in vitro-derived signatures to show that allergen provocation induces distinct M2-state
transcriptional patterns in alveolar macrophages.

Conclusion: Our findings highlight the diversity of macrophage polarization, attribute functional
consequences to different “M2” stimuli, and provide a framework to phenotype macrophages in
disease states.
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CAPSULE SUMMARY

Macrophage polarization may influence the pathogenesis of many human diseases. In this study,
we surveyed the effect of multiple polarizing stimuli on human macrophages in the context of
cystic fibrosis and asthma.
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INTRODUCTION

Macrophages are key effector cells of the immune system and in the lung contribute to both
acute injury and its resolution via their functional heterogeneity and plasticity?: 2.
Macrophages have been broadly classified into classically activated (M1) and alternatively
activated (M2) states. The M1 phenotype is induced by pro-inflammatory T helper 1 (Ty1)
cytokines and factors, such as IFNvy or LPS. These cells release pro-inflammatory cytokines
and are effective at killing bacteria® 4. The M2 phenotype can be induced by T2 cytokines,
IL-4 and IL-13, as well as other factors, including apoptotic neutrophils, IL-10, and
glucocorticoids® 6. More recent evidence indicates that some drugs, such as azithromycin,
can induce an M2 phenotype both /n vitro and in cystic fibrosis (CF) patients’: 8. M2
macrophages dampen inflammatory gene expression, release anti-inflammatory factors, and
promote wound repairl. The M1/M2 classification is based on /n vitro studies and while it
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provides a framework to describe extremes of polarization, it does not recapitulate the
complex spectrum and overlap of macrophage phenotypes in immuno-inflammatory
disorders. We therefore sought to initially derive transcriptional signatures of macrophage
polarization using /n vitro exposures and then to assess the role of a common human genetic
disorder (CF) in this transformation, and determine whether these signatures can be
leveraged to understand the functional state macrophages in asthma.

Cystic fibrosis (CF), the most common fatal genetic disorder in Caucasians, is characterized
by chronic inflammation in the lungs, suggesting an important role for macrophage
phenotypes in disease progression. However, the contribution of the most common mutation
in CF (F508del within the cystic fibrosis transmembrane conductance regulator [CFTR]
gene) to macrophage repolarization is unknown. Human monocytes, alveolar macrophages,
and monocyte-derived macrophages (MDMs) express CFTR protein®11, and loss of
functional CFTR in myeloid cells is associated with increased inflammatory responses?2,
Understanding whether CFTR alters other macrophage activation states may have important
consequences both in CF lung disease and development of therapeutic approaches.

Macrophages have been implicated in the immuno-pathogenesis of asthmal3 14, and there is
increasing evidence that disease severity is associated with abundance of M2-polarized
cells!®. Although environmental allergen exposure is the most common cause of asthma,
large-scale phenotyping of alveolar macrophages following acute allergen exposure in
asthmatics has not been previously explored.

To investigate these fundamental questions, we initially surveyed the stimulus-specific
transcriptional and functional reprogramming of human MDMs during M1 to M2 transition
with validation of specific IL-4 and IL-10 dependent pathways using murine derived bone
marrow-derived macrophages. To assess the contribution of CFTR to macrophage
repolarization, we studied the biological responses and gene expression profiles of
macrophages from CF donors homozygous for F508del8. To examine the utility of these in
vitro-derived polarization signatures in an /n vivo setting, we investigated whether allergen-
exposed alveolar macrophages in asthma were characterized by distinct M2 transcriptional
patterns.

METHODS (please see supplementary Methods for details)

Human subjects, monocyte isolation and macrophage polarization

Human subjects provided informed written consent for blood donation at the University of
Washington Medical Center as approved by the Institutional Review Boards of the
University of Washington and Seattle Children’s Research Institute. Blood from 6 CF
patients (4 males, 2 females) ages 27-32 (28.50+1.97 years) and from 6 healthy volunteers
(4 males, 2 females) ages 25-31 (26.33+3.32 years) was drawn and peripheral blood
mononuclear cells (PBMCs) were isolated, enriched, and differentiated for 7 days to
generate MO MDMs. M1 polarization was achieved by treating MO MDMs with culture
media containing £. Co/i 0111:B4 LPS for 24 h. M1 MDMs were then cultured in MDM
media alone (control) or supplemented with IL-4 (10 ng/ml), IL-10 (50 ng/ml),
methylprednisolone (100 nM), azithromycin (30um), or apoptotic PMNs (5:1) for 24 h to
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repolarize towards an M2 state. The M2 stimuli were selected for their ability to promote an
anti-inflammatory or M2 phenotype.>: 6817

Microarray experiments

Total RNA from macrophages was isolated, labeled, and hybridized to Illumina
HumanHT-12 v4 BeadChips (Illumina, Inc., San Diego, CA). All 72 experiments (6
conditions for 6 CF and 6 non-CF subjects) were normalized using /umA8. Detailed
microarray information and raw data have been deposited at Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo, GSE100521). For each M2 stimulus, differential gene
expression between M1 (baseline) vs. M2 polarized cells of a subject was determined using
a Bayesian paired ttest and a false discovery rate (FDR) threshold < 0.011°, Hierarchical
clustering was performed on all differentially expressed genes that reached statistical
significance (FDR < 0.01) in at least one experimental condition. Gene expression values
were normalized across conditions using z-score: (Xj — Xm)/s, where X; refers to the
expression value of gene x in condition i, Xy, is the mean expression value of gene x across
all samples, and sindicates the standard deviation. Principal Component Analysis (PCA)
was performed on these differentially expressed genes based on the covariance matrix.

Pathway analysis

gPCR

To identify MDM transcriptional programs activated in response to M2-promoting stimuli,
we applied Gene Set Enrichment Analysis (GSEA) using well-curated gene sets comprised
of canonical pathways (Hallmark, KEGG, Reactome, Biocarta, etc.) and Gene Ontology
(GO) annotations2°. We used 31,401 unique transcripts for GSEA and applied an FDR <
0.05 for statistical significance of pathway enrichment. Network visualization of GSEA
results was performed using Enrichment Map?! in Cytoscape??.

gPCR was performed as described?? for //6, Tnf. 1112b, Cxcl1, Cxcl2, Cxcl8, I11b, and
Hprt. The data were expressed as relative quantification (RQ) or fold change, which was
calculated as 2 AACt

Neutrophil isolation, induction of apoptosis and efferocytosis assay

Neutrophils (PMNSs) were isolated from whole blood, labeled using the CellTrace CFSE Cell
Proliferation Kit (Life Technologies), and underwent sterile, age-induced apoptosis. After 24
h treatment with M2 stimuli or media, culture media was replaced with fresh MDM media
containing CFSE-labeled apoptotic neutrophils for 2 h incubation. The proportion of MDMs
that ingested or bound at least one PMN (CD14*CFSE™*) was determined by analysis on a
BD FACSCanto RUO flow cytometer (BD Biosciences, San Jose, CA) using Flowjo
software (Tree Star Inc., Ashland, OR). MFI represented the mean fluorescent intensity of
the CFSE signal within the CD14*CFSE™ population.

Murine bone marrow-derived macrophages (BMDM)

Animal procedures were approved by the Institutional Animal Care and Use Committees at
University of Washington. Stat6”~ mice on a BALB/c background, BALB/c mice, //10r”~
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mice on a C57BI/6 background and C57BI/6 mice were obtained from Jackson Laboratory
(Bar Harbor, ME). Bone marrow was collected from femurs and tibias of mice as
described?4. On day 7, cells received stimulation with £. co/i LPS (10 ng/ml for 24 h) or
control media. After 24 h, cells were washed and recombinant murine 1L-4, IL-10, (10
ng/ml; Life Technologies) or control media was added to cultures for 24 h. At this time, cells
were washed and received re-challenge with LPS or control media. At 4-6 h, cells were
collected and processed for mRNA.

Statistical analysis

Statistical significance was determined using Student’s t-test (two-sided) after passing
normality assumption (Shapiro-Wilk normality test), or Mann Whitney test for non-normally
distributed data (GraphPad Software, La Jolla, CA).

Transcriptional analysis of macrophage polarization in allergen-induced asthma

RESULTS

We obtained publicly available RNA-sequencing data (http://www.nchi.nIm.nih.gov/geo,
GSE65039) on alveolar macrophages isolated from bronchoalveolar lavages performed at
baseline and 48 hours following bronchial provocation with allergen from a subject with
mild asthma who was on no asthma-controlling medications. This carefully designed
allergen exposure protocol has been previously published2>. Alveolar macrophages were
purified by using Percall gradient method and adhesion purification. Total RNA was
harvested using PureLink RNA micro Scale kit (Life Technologies), libraries were
constructed using PrepX RNA-seq library kit (Wafergen, Fremont, CA), and sequencing was
performed with lllumina HiSeq 2000 sequencing system. We performed differential gene
expression analysis using DESeq226 statistical method. We next created 10 gene sets
corresponding to differentially up- and down- regulated genes (FDR < 0.01 and absolute
fold-change > 1.5) from the five M2-polarizing stimuli based on our microarray experiments
on non-CF subjects. We combined these “M2” gene sets with canonical pathways and
performed GSEA on statistically rank-ordered gene list from pre vs. post allergen-exposed
alveolar macrophages. An FDR < 0.05 was used to determine statistical significance.

Different M2 stimuli elicit highly distinct transcriptional profiles in human macrophages
independent of CF status

Blood monocytes were isolated from 6 healthy and 6 CF donors and differentiated to MDMs
in culture. To reprogram these cells into an M1 phenotype and erase any bias based on prior
in vivo activation states or as a result of /n vitro differentiation, they were exposed to £. coli
LPS for 24 h and repolarized using 5 different M2 stimuli (IL-4, 1L-10, methylprednisolone,
azithromycin, apoptotic neutrophils) for an additional 24 h (Figure 1A). Initially, we
compared the differential transcriptional responses of MDMs to each of the five M2-
polarizing stimuli relative to baseline (i.e., no treatment) in non-CF and CF subjects. Our
experimental design allowed implementation of paired analysis for each subject (i.e., pre vs.
post exposure) in each condition, thereby reducing inter-individual variability and enhancing
the transcriptional signal. We identified a total of 4,882 transcripts that were significantly
altered in the non-CF subjects in response to at least one of the five exposure conditions
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(stimulus-specific gene lists in Supplemental Table E1). In the CF patients, a total of 3,537
transcripts were differentially expressed in at least one of the five M2-polarizing stimuli
(stimulus-specific gene lists in Supplemental Table E2). Cumulatively, 5,317 transcripts
were differentially expressed across all subjects and conditions. Hierarchical clustering of
these transcripts demonstrated highly distinct and stimulus-specific expression patterns
(Figure 1B). A majority (~88%) of the differentially regulated genes were common to both
genotypes implying similar responses to M2 stimuli in CF and non-CF MDMs. To further
explore this observation, Principal Component Analysis (PCA), a statistical method for
reducing complex high dimensional data, was applied to these differentially expressed
genes, revealing that the primary driver of gene expression variability was the response to
the M2 stimuli and not genotype status (Figure 1C).

A spectrum of common and divergent transcriptional programs characterize macrophage

polarization

To further investigate the diverse transcriptional response of MDMs to different M2-
promoting conditions, we applied gene set enrichment analysis (GSEA) to systematically
identify up and down-regulated pathways under each polarizing state. A visual summary of
our results is depicted in Figure 2A (see also Supplemental Table E3). We found that
suppression of interferon signaling in MDMs was the most prominent signal shared by all
M2-polarizing stimuli across subjects, with IL-10 down-regulating IFIT3 and STAT1; and
apoptotic PMNs down-regulating IFIT1-3, and IRF7. However, we observed substantial
variability in the gene members of enriched interferon-associated pathways depending on
the M2 stimulus (see Supplemental Table E4 and Supplemental Figure E3). Interestingly, the
suppression of interferon-stimulated genes and pathways was recently reported in human
asthma.2” These findings are consistent with the widely accepted paradigm that M2
macrophage phenotypes are associated with a dampened immune state. Methylprednisolone
is a well-established anti-inflammatory, and our findings also highlight strong up-regulation
of the decoy receptor, ILLR2. Nevertheless, the overall pathway profile of MDMs during M2
polarization was quite heterogeneous and stimulus-dependent, with many processes
displaying diametrical enrichment patterns.

One striking example of the transcriptional heterogeneity observed in MDM’s response to
M2 stimuli was the unexpected up-regulation of multiple pro-inflammatory gene sets after
exposure to IL-10 (Figure 2B), including “Toll-like receptor signaling”, “Macrophage
activation”, “TNF signaling via NF-kB”, “Inflammatory response”, and “Cytokine/
chemokine signaling” pathways. These processes were enriched in both CF and non-CF
MDMs stimulated with 1L-10, but not under any other M2-polarizing condition. In fact, the
other M2 stimuli were associated with down-regulation of inflammatory pathways; for

example, IL-4 treatment resulted in suppression of “Toll-like receptor signaling”.

Since TLR signaling plays a critical role in LPS tolerance and our results revealed an
opposite enrichment profile for this pathway in response to 1L-10 versus IL-4, we assessed
how its constituents were altered during M2 polarization. We found that the expression of
CD14, the key co-receptor for LPS binding to TLR4, was significantly reduced by IL-4 but
increased by IL-10 (Fig 3A). Furthermore, these distinct gene expression patterns were
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corroborated at the protein level by FACS measurement of CD14 protein expression on the
surface of macrophages (Figure 3B, 3C).

IL-10 and IL-4 have opposing effects on LPS tolerance

The distinctive transcriptional signature produced by IL-10 suggested that despite its M2-
polarizing attribution, this stimulus may also “prime” MDMs towards a pro-inflammatory
phenotype. Since macrophages develop a period of unresponsiveness following exposure to
LPS, we hypothesized that MDMs treated with IL-10 would exhibit diminished LPS
tolerance. We therefore assessed the functional consequences of various M2 stimuli on
repeated LPS challenge by initially exposing non-polarized MDMs to LPS (inducing an M1
state) followed by M2-specific polarization, and then a re-challenge with LPS. Gene
expression for multiple immuno-inflammatory genes (//6, 118, 111b, Tnfa, Cxcl1, CxclZ2) was
determined using gPCR.

We found that IL-4 treatment decreased expression of pro-inflammatory cytokines (//16, 118,
Cxcl1 and Cxcl2) with the second LPS challenge, implying prolongation of LPS tolerance.
In contrast, IL-10 exposure had the opposite effect by promoting a robust cytokine response
to repeat LPS challenge and thereby reducing LPS tolerance of MDMs (Figure 4A-G).
Methylprednisolone suppressed //6 expression but not the other inflammatory genes, and
azithromycin and apoptotic PMNs did not alter LPS responsiveness of the macrophage.
Together, these findings highlight the diverse functional ramifications of specific M2 stimuli
and demonstrate the opposing effects of IL-4 and IL-10 on macrophage immune tolerance.

To further corroborate the 1L-4 and IL-10 findings above, we performed similar
repolarization experiments using murine bone marrow derived macrophages (BMDMs) with
impaired IL-4 (Stat6—/-) or IL-10 (1/10r-/-) pathways. Consistent with our observations in
human macrophages, IL-4 impaired pro-inflammatory gene expression to the second LPS
challenge, and this effect was abrogated in Stat6—/- cells (Figure 5A). Conversely, IL-10
increased pro-inflammatory gene expression to the second LPS challenge, an effect that was
abolished in //10r-/- cells (Figure 5B). These experiments confirmed the dependency of
LPS tolerance to critical signaling components of distinct M2 stimuli.

IL-10-repolarized macrophages have the greatest ability to clear apoptotic neutrophils

We next asked whether different M2-polarizing stimuli alter MDM’s ability to clear
apoptotic cells. Purified apoptotic neutrophils were collected from non-CF donors, labeled
with CFSE and allowed to undergo age-induced apoptosis for 48h prior to co-incubation
with M1 cells or M1 cells treated with M2 stimuli. Efferocytosis was measured using flow
cytometry for percentages of CD14+ macrophages with CFSE staining as well as mean
fluorescence intensity (MFI) for CFSE (Figure 6A).

We found that all M2 stimuli significantly enhanced macrophage efferocytosis as measured
by percentage of macrophages staining for intracellular PMNs (Figure 6B), but IL-10
treatment had the greatest effect. IL-10 and methylprednisolone also increased the number
of PMNs ingested by macrophages (Figure 6C). Interestingly, our pathway analysis

identified several phagocytosis-associated processes (“phagocytosis”, “phagocytic cup”,
“FCyR-mediated phagocytosis™) as being highly enriched in MDMs stimulated with IL-10,
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whose up-regulated member genes included well-known drivers of macrophage
phagocytosis such as FCyRs, MARCO (macrophage receptor with collagenous structure),
and CD3628: 29,

Apoptotic PMNs and azithromycin modulate the macrophage transcriptome by altering
processes involved in lipid metabolism and transport

Whereas macrophage responses to well-characterized M2 stimuli such as IL-4 and IL-10
have been studied, there are no published reports on transcriptional programs induced by
exposure of human MDM s to apoptotic PMNSs or azithromycin. Our gene set analysis of
MDMs stimulated by apoptotic neutrophils revealed widespread suppression of lipid and
cholesterol biosynthesis pathways, with highly significant down-regulation of essential
genes including HMGCR (HMG-CoA reductase), LDLR (low density lipoprotein receptor),
and FDFTI1 (farnesyl-diphosphate farnesyltransferase 1). Concomitantly, processes involved
in lipid transport, cholesterol efflux, as well as fat storage and catabolism were activated
(Supplemental Figure E4). Taken together, these results indicate that exposure and
subsequent phagocytosis of apoptotic PMNs by macrophages initiates distinct lipid-
processing pathways aimed at reducing the burden associated with accumulation of cellular
debris and fat contents. We also found alterations in lipid-related transcriptional programs
after stimulation of MDMs with azithromycin, however in contrast to apoptotic PMNs, we
observed an opposite enrichment pattern whereby lipid biosynthetic processes were
activated with up-regulation of several of the same key genes (e.g., LDLR, FDFTI) that
were suppressed in response to apoptotic neutrophils (Figure 2A).

Functional changes to M2 stimuli are CFTR-independent

Given the potential role of CFTR in macrophage activation, we also examined the ability of
M2 repolarized macrophages from CF donors to respond to LPS re-challenge and clear
apoptotic PMNs, two critical macrophage functions that may modulate the inflammatory
response in CF lung disease. As suggested by a similar transcriptional response between
non-CF and CF macrophages (Figure 1B, C), we also observed a similar functional response
to LPS rechallenge (Supplemental Figure ELA-D) and efferocytosis (Supplemental Figure
E2A, B) across all M2 stimuli. These findings suggest that these LPS and M2 response
patterns are broadly CFTR-independent.

Fingerprinting Macrophage Polarization States in Acute Allergic Asthma

Since the environmental milieu is a critical factor in macrophage polarization, we explored
the utility of using our M2 transcriptional signatures to describe dynamic states of alveolar
macrophages during acute allergen-induced asthma. We defined 10 new gene sets based on
differentially up- and down-regulated genes in response to the five M2 stimuli
(Supplemental Table E5) and included them with available canonical pathways. We
performed GSEA to identify enriched gene sets associated with the transcriptional response
of alveolar macrophages 48 hours after allergen exposure (Table 1). We found that “Induced
in response to 1L-4”, “Induced in response to IL-10", “Suppressed in response to AZM” and
“Suppressed in response to MP” gene sets were enriched among alveolar macrophage genes
up-regulated post allergen exposure. This observation indicates that polarized alveolar
macrophages in asthma share concordant transcriptional signatures with MDMs stimulated
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with IL-4 and I1L-10, while having discordant expression signals compared to MDMs treated
with azithromycin and methylprednisolone. In contrast, down-regulated alveolar
macrophage genes following allergen challenge were enriched in “Suppressed in response to
IL-4”, “Suppressed in response to IL-10", “Induced in response to AZM” and “Induced in
response to MP” gene sets. Collectively, these findings imply that acutely polarized alveolar
macrophages in asthma are characterized by a complex phenotype that overlaps with 1L-4
and IL-10 transcriptional signatures while displaying an expression pattern that is opposite
of AZM and methylprednisolone-induced responses.

DISCUSSION

Although macrophages exist in various polarized states, the concept of macrophage
plasticity has important clinical implications in chronic inflammatory conditions such as
cystic fibrosis lung disease and asthma. In our studies, we examined the functional
significance of macrophage repolarization from an “M1” (LPS-stimulated) toward an “M2”
phenotype with stimuli based on their known immune-dampening properties. Although the
M1 and M2 nomenclature is a gross oversimplification of a dynamic process that may be
better described as a “color wheel” of activation states39, we use the terms M1 and M2 to
highlight a transition from a state that is pro-inflammatory to one that is anti-inflammatory.
While the recommended terminology for reporting macrophages activation states by stimuli
is useful for defining /n vitro conditions3!, markers for these stimuli are also necessary to
help determine macrophage phenotypes /in vivo. Hence, defining surrogate signatures based
on a simplified /n vitro protocol can provide an informative tool to discern the environmental
factors driving /n vivo activation states. Our study advances this concept by highlighting the
diversity of individual M2 stimuli on macrophage programming at both the transcriptional
level and macrophage effector function. It provides new insights into how these events may
contribute to resolution of injury via down-regulation of inflammatory cytokines and
clearance of apoptotic debris as well as restoration of macrophage responses to LPS, a key
factor influencing susceptibility to recurrent infection.

By applying gene set enrichment analysis (GSEA) to systematically identify up and down-
regulated pathways under each polarizing state, we found that the overall pathway profile of
MDMs during M2 polarization was quite heterogeneous and stimulus-dependent.
Suppression multiple interferon-associated pathways was one of the most prominent signals
shared by all M2-polarizing stimuli across subjects, although even here, substantial
variability among individual genes members was observed. These findings are consistent
with the widely accepted paradigm that M2 macrophage phenotypes are associated with a
dampened immune state and suggest a shared feature involving interferon pathways.

We previously demonstrated that alveolar macrophage repolarization from “M1” to “M2”
occurs /n vivo during the resolution of lung injury in a 2 aeruginosa pneumonia murine
model32, however the drivers of these changes in human pulmonary disorders remain
uncertain. IL-4 is released during tissue injury by both innate and adaptive immune
responses33: 34, Other important drivers of macrophage repolarization include clearance of
apoptotic PMNs, IL-10, and immune-modulating drugs, including azithromycin and
methylprednisolone among other factors3°. Our study systematically identified distinct
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markers and pathways activated by each of these stimuli, thereby highlighting the
transcriptional and functional diversity of macrophage polarization. For example, the most
activated pathways induced by apoptotic PMNs were processes required for handling the
lipid load that occurs with ingestion of cells. Genes regulating cholesterol efflux were
upregulated, including ABCG1 and ABCA1, whereas genes controlling cholesterol
synthesis were suppressed. The selective shift between the activation/suppression state of
these processes is likely critical to macrophage survival, as reports have shown that ABCG1-
null and ABCAI-null macrophages have increased susceptibility for programmed cell death
following efferocytosis36: 37,

We also investigated the consequence of M2 repolarization in terms of restoring LPS
responsiveness and clearing apoptotic cells. Although all M2 stimuli were associated with
down-regulation of pro-inflammatory interferon-associated genes, IL-10 repolarization had
the greatest effect on promoting efferocytosis and, unexpectedly, also activated pathways
involved in restoring LPS responsiveness. Consistent with these observations, I1L-10-
repolarized cells responded more robustly to LPS rechallenge, whereas IL-4-stimulated
macrophages displayed an immune-suppressive phenotype. These findings were conserved
across species since murine macrophages showed the same distinctive LPS response patterns
when repolarized by IL-4 versus IL-10. Hence, we demonstrated that the type of stimulus
can dramatically alter key immune functions in polarizing macrophages and may contribute
to non-resolving inflammation or susceptibility to new infection.

Translating our findings to understand the temporal dynamics of macrophage phenotypes /n
vivo will be necessary to determine how genetic and environmental stimuli contribute to
acute and chronic inflammatory disorders in humans. As a proof of concept, we leveraged
our MDM polarization signatures to perform exploratory pathway analysis on an established
human model of allergen-induced asthma2®. We found that the transcriptional response of
alveolar macrophages 48 hours after allergen provocation was concordant with IL-4 and
IL-10 induced programs in MDMs and discordant with azithromycin and
methylprednisolone stimulated expression profiles. This observation highlights the
heterogeneous activation state of airway macrophages in asthma that is, in part, likely due to
the presence of different subpopulations3® but also reflective of the complexity of T2
immune responses in human disease. Indeed, up-regulated gene sets in allergen-activated
alveolar macrophages included several pro-inflammatory pathways enriched in response to
IL-10 stimulation of MDM s such as, “TNF signaling via NF-kB”, “Inflammatory response”,
and “Cytokine/chemokine signaling” (Table 1). Intriguingly, the discordant signal between
allergen-challenged alveolar macrophage programs and methylprednisolone and
azithromycin-induced signatures implies that these two stimuli counteract the pathogenic
response in asthma. Since the treatment of asthma with glucocorticoids is well established
and recent evidence supports a role for azithromycin3?, our analytical Since the functional
state of macrophages is influenced by both genetic macrophage polarization.

Since the functional state of macrophages is influenced by both genetic and environmental
factors, we asked whether the most common mutation in cystic fibrosis (F508del) alters
macrophage repolarization. There are conflicting data on the inflammatory responsiveness
of peripheral monocytes from CF donors, with one small study demonstrating increased LPS
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responsiveness#?, and another study demonstrating impaired LPS responsiveness®!. The
direct contribution of CFTR on monocyte function in these studies is uncertain, as the
inflammatory milieu from which these cells are isolated is likely contributory.

Although our microarray experiments were not designed to examine LPS responses between
CF vs. non-CF macrophages, we did examine individual gene expression changes pre- and
post-LPS using gPCR. Using a set of inflammatory markers, we did not observe increased
LPS responsiveness in CF macrophages. However, our sample size was small, and CFTR-
dependent responses may not overcome that of other genetic modifiers of LPS-
responsiveness. Alternatively, the primary driver of macrophage polarization may be the
inflammatory milieu in CF, and this effect was likely abrogated by our ex vivo culture model
where blood monocytes were differentiated to macrophages over 7 days. Importantly, in our
study, CF and non-CF macrophages responded similarly to all M2 stimuli at the gene
expression, pathway enrichment, and functional levels. Hence, our data suggest that in CF
lung disease, environmental factors are likely to be the key determinants of macrophage
biology and polarization in a CFTR-independent manner.

Our study has several limitations. The sample sizes were small and substantial inter-
individual variability exists in macrophage polarization responses. We attempted to address
this issue by designing our experiments such that for each stimulus, paired analysis (i.e.,
comparing pre vs. post exposure) could be performed in the same individual. A shortcoming
of pathway-based approaches such as GSEA is their reliance on predefined gene sets, which
may not accurately capture the complexity of human disease state and are prone to biases in
selection of gene members. A distinctive feature of our study is its utilization of human
MDMs shared across multiple donors, including those with cystic fibrosis. A limitation of
this approach is that MDM s are different from tissue macrophages, and extension of our
findings to resident macrophages will need to be confirmed within the appropriate organ.
However, our exploratory analysis integrating /n vivo MDM signatures with alveolar
macrophage responses in asthma demonstrates the feasibility and promise of this approach.
Nevertheless, defining the role of macrophage polarization in complex human disorders such
as CF and asthma need to be confirmed by larger studies.

In conclusion, our findings highlight the transcriptional diversity of macrophage polarization
across various “M2” stimuli, attribute functional consequences to these activation states, and
provide a resource and methodology to leverage this information to phenotype macrophage
subtypes in human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGES
. Macrophage polarization from a classical (M1) to an alternative (M2)
activation state is characterized by highly distinct functional and
transcriptional responses based on the types of T2 stimuli.
. The most common mutation in the cystic fibrosis transmembrane conductance

regulator does not significantly alter the effector function or gene expression
of monocyte-derived macrophages to various M2-polarizing factors.

. Stimulus-specific transcriptional signatures of monocyte-derived
macrophages may be leveraged for molecular phenotyping of alveolar
macrophages in asthma.
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Figure 1. Overview of experimental design.
(A) Blood monocytes from 6 non-CF and 6 CF donors were cultured with M-CSF over 7

days to produce MDMs. Cells were stimulated with £. coli LPS for 24h and then repolarized
with 1L-10, IL-4, azithromycin, methylprednisolone, apoptotic PMNs, or control media for
24 h. Cells were then processed for gene expression and functional assays. (B) Hierarchical
cluster analysis of a total of 5,317 differentially expressed genes in non-CF and CF subjects
across the five M2 stimuli. Note the distinct transcriptional pattern associated with each
exposure, and the overall similar expression profile between non-CF and CF subjects. An
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FDR < 0.01 cutoff was used to designate significant differential expression in each M2
exposure relative to baseline (no treatment). (C) Principal Component Analysis. To simplify
visualization of the 72 experiments, differentially expressed transcriptional profiles were
averaged in CF (n = 6) and non-CF (n = 6) subjects for each M2 stimulus. Each orthogonal
axis captures a percentage of the total gene expression variability, with ~80% of the variance
captured by the three axes. Note that the non-CF and CF samples segregate based on M2
stimuli, implying that the primary determinant of separation between groups is exposure, not
genotype
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A. Stimulus-specific enrichment patterns during M2 polarization
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B. Pathway enrichment map of macrophages in response to IL-10
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Figure 2. Visual summary of pathway analysis.
(A) GSEA of the transcriptional response to M2-polarizing stimuli identified many

differentially up and down-regulated pathways. Network analysis was used to group these
pathways into seven larger aggregates known as modules. Note the divergent enrichment
pattern across conditions, although common themes such as suppression of interferon-
associated pathways are also revealed from this analysis. Complete list of enriched gene sets
is provided in Supplemental Table E3. (B) Network-based visualization of the GSEA of
MDM response to I1L-10 treatment illustrates the emergence of modules comprised of
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interconnected pathways (shown as spheres). Unlike other M2 stimuli, exposure to 1L-10
activated multiple immune-related programs, several of which are listed.
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Figure 3. CD14 is differentially regulated by IL-4 and IL-10.
Expression of the LPS-binding protein and TLR4 co-receptor, CD14 was significantly

suppressed by all M2-stimuli with the exception of IL-10, which significantly increased its
expression as shown by (A) mRNA from gene expression arrays, and (B) protein as
measured by flow cytometry. (C) CD14 staining (yellow) on the cell membrane of non-CF
MDMs as imaged using Image Stream. MFI=median fluorescent intensity. BF= bright field.
(Mean = SEM; n=6/group).
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Figure 4. Consequences of M2 repolarization on LPS rechallenge.
Monocyte-derived macrophages from 6 healthy donors were stimulated with LPS (+)

followed by M2 stimuli or control medium and then rechallenged with LPS. Additional
control samples did not receive the first LPS challenge (-/Medium/+). Each donor’s samples
were normalized to HPRT and expressed as fold change over their respective non-LPS

treated samples. (A-F) For /116, 116, 118, Cxcl1, Cxcl2but not Tnfa, 1L-4 exposure
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118

Tnfa

Il +/PVNs/+

decreased the ability of the macrophage to produce pro-inflammatory cytokines, and IL-10
reversed LPS tolerance. (Mean £ SEM; n=6/group). *P-value <0.05.
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Stat6™~, 1110r7~, and WT bone marrow-derived macrophages were stimulated with LPS
followed by IL-4, IL-10, or control media and then rechallenged with LPS. Samples were
normalized to HPRT and expressed as fold change over their respective control media-
treated samples. (A) Experiments performed in BALB-C wildtype (WT) and Stat6~/~
BMDM demonstrating a Stat6-dependent suppression of LPS-rechallenge by IL-4. (1)
Experiments performed in C57BL/6 WT and //20r”~ BMDM demonstrating an IL-10r-

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gharib et al.

Page 23

dependent augmentation of LPS-rechallenge by 1L-10. Each condition was performed in
triplicate and 2 experiment replicates performed. *P-value < 0.05.
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Figure 6. M2 stimuli have varying ability to promote macrophage efferocytosis and are
independent of functional CFTR.

(A) Representative gating strategy to quantify efferocytosis of CD14+ macrophages using
CFSE* PMNs. The CFSE* gate was drawn using control macrophages incubated with
unlabeled PMNSs. The percentage of CD14* macrophages positive for ingested apoptotic
PMNs (% CFSE™) and quantity of ingested apoptotic PMNs (CFSE MFI) was determined
across stimuli. (B) Fold change in percentage of macrophages positive for ingested apoptotic
PMNs (PMN) relative to their respective media-only controls. (C) Fold change in CFSE MFI
in macrophages relative to their respective media-only controls. *P-value < 0.05 M2 stimuli
vs. media control. AZM=azithromycin, MP=methylprednisolone, PMN=apoptotic PMNs,
MFI=Mean fluorescence intensity. (Mean + SEM; n=6/group).
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Table 1.

Top 60 most enriched gene sets in alveolar macrophages after allergen provocation.

Pathways Up-regulated in Alveolar Macrophages Post Challenge (n = 30)

‘I'I
o
Py

Class al rhodopsin like receptors

G-protein coupled receptor (GPCR) ligand binding
Cytokine cytokine receptor interaction

Allograft rejection

Inflammatory response

Hematopoietic cell lineage

Suppressed in response to AZM

Induced in response to I1L-4

Signaling by GPCR

Neuroactive ligand receptor interaction

GPCR downstream signaling

Suppressed in response to MP

IL-2 Stat5 signaling

Chemokine receptors bind chemokines

TNFa signaling via NF-kB

Immunoregulatory interactions between a lymphoid and a non lymphoid cell
Peptide ligand binding receptors

Gastrin creb signaling pathway via PKC and MAPK
Induced in response to IL-10

G alpha (q) signaling events

CDB T-cell receptor pathway

Srp-dependent cotranslational protein targeting to membrane
Core matrisome

G2M checkpoint

CDB T-cell receptor downstream pathway

T-cell receptor signaling pathway

IL-12 pathway

T cytotoxic pathway

T-cell signal transduction

IL-17 pathway

o O O O O O O O O O O o o o o o o o o o

3.68x107
3.51x107°
1.01x107
1.28x107
2.18x107
2.71x1074
5.54x1074
1.06x1073
1.12x1073
1.73x1073

Pathways Down-regulated in Alveolar Macrophages Post Challenge (n = 30)

FDR

Generic transcription pathway
Interferon alpha response

Oxidative phosphorylation
Metabolism of lipids and lipoproteins
Suppressed in response to 1L-4
Fatty acid metabolism

Adipogenesis
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Peroxisome

Induced in response to MP
Interferon gamma response
Cholesterol homeostasis
Cholesterol biosynthesis
Induced in response to AZM
Pyruvate metabolism
Transcription

Aminoacyl tRNA biosynthesis
Phospholimetabolism

DNA repair

p53 pathway

Coagulation

Spliceosome

Valine leucine and isoleucine degradation

Recruitment of mitotic centrosome proteins and complexes

Interferon alpha beta signaling
Platelet sensitization by LDL

mRNA processing

Antigen processing ubiquitination proteasome degradation

Interferon gamma signaling

Suppressed in response to I1L-10

Glycan degradation
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5.07x107
4.88x1074
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6.79x1074
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