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Abstract

Studies in various animal models suggest an important role for pulmonary macrophages in the
pathogenesis of pulmonary hypertension (PH). Yet, the molecular mechanisms characterizing the
functional macrophage phenotype relative to time and pulmonary localization/
compartmentalization remain largely unknown. Here, we utilized a hypoxic murine model of PH
in combination with flow cytometry assisted cell sorting (FACS) to quantify and isolate lung
macrophages from two compartments over time and characterized their programing via RNA
sequencing (RNAseq) approaches. In response to hypoxia, we found an early increase in
macrophage number that was restricted to the interstitial/perivascular compartment, without
recruitment of macrophages to the alveolar compartment or changes in the number of resident
alveolar macrophages. Principle component analysis demonstrated significant differences in
overall gene expression between alveolar (AMs) and interstitial macrophages (IMs) at baseline and
after 4 and 14 days hypoxic exposure. AM’s at both day 4 and 14 and IM’s at day 4 shared a
conserved “hypoxia program” characterized by mitochondrial dysfunction, pro-inflammatory gene
activation and mTORC1 signaling, while IM’s at day 14 demonstrated a unique anti-
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inflammatory/ pro-reparative programming state. We conclude that the pathogenesis of vascular
remodeling in hypoxic PH involves an early compartment independent activation of lung
macrophages towards a conserved hypoxia program, with the development of compartment
specific programs later on in the course of disease. Thus, harnessing time and compartment
specific differences in lung macrophage polarization needs to be considered in the therapeutic
targeting of macrophages in hypoxic PH and potentially other inflammatory lung diseases. (word
count 243)
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Introduction

Monocyte/macrophage accumulation within the perivascular/adventitial space is a consistent
feature of pulmonary vascular remodeling associated with pulmonary hypertension (PH),
both in humans and in all animal models(1). In patients with pulmonary arterial
hypertension (PAH), adventitial macrophages remain the most prominent inflammatory cell
type within the vessel wall even in those with end stage disease undergoing lung
transplantation (2). Studies in various animal models have demonstrated a critical role for
perivascular macrophages in the vascular remodeling process associated with PH (3-5).
While less known about the role of the alveolar macrophage (AM) in hypoxic PH, they are
able to directly affect cells/tissues outside of the alveolar space and in their absence, hypoxic
PH is attenuated (6-8). Yet, the stimuli that promote macrophage recruitment and activation
remain ill defined. We have recently reported in humans and animal models of PH that
adventitial fibroblasts are able to recruit, retain, and activate macrophages, at least in part
through paracrine 1L6, resulting in activation of STAT3 and HIF1 signaling and prominent
expression of pro-remodeling genes, including Arginase 1 (Arg 1) (9). Similarly, Vergadi et
al demonstrated in a hypoxic mouse model of PH that alveolar macrophages are polarized
towards a slightly different phenotype, also characterized by increased expression of Arg1
(10). Overexpression of heme-oxygenase 1 reduced expression of these genes in alveolar
macrophages and attenuated hypoxic PH (10). Together these data are in support of the
hypothesis that macrophages with a pro-remodeling phenotype play a critical role in
vascular remodeling associated with PH. However, the functional macrophage phenotype in
terms of cellular pathways suited to promote the initiation and perpetuation of vascular
remodeling and how these pathways differ relative to onset of hypoxia exposure and lung
compartment (alveolar versus interstitial/perivascular) have not been determined.

Increased knowledge regarding compartment and time specific pulmonary macrophage
activation phenotypes could aid in the design of therapeutics to attenuate pulmonary vascular
remodeling. A major barrier to better define macrophage phenotypes within the lung has
been difficulty in isolating macrophages from interstitial and perivascular lung
compartments. As a consequence, recent studies have solely focused on characterizing
alveolar macrophages or have relied on using in vitro approaches which fall short of
adequately recapitulating the in vivo microenvironment. Here we utilized flow cytometric
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approaches in combination with RNA sequencing (RNAseq) in a hypoxic mouse model of
PH to isolate macrophages from the alveolar and interstitial/perivascular compartments at
different time points to interrogate macrophage polarization relative to time and
compartment. A time course experiment demonstrated that macrophage recruitment
occurred early (day 4 hypoxic exposure) and was restricted to the interstitial/perivascular
compartment, without recruitment of macrophages to the alveolar compartment or changes
in the number of resident alveolar macrophages. Our RNAseq data suggest that the
pathogenesis of vascular remodeling in hypoxic PH involves an early compartment
independent activation of lung macrophages towards a conserved hypoxia program, while
later on in the course of disease macrophages diverge to reveal unique compartment specific
programs. The implication of this finding is that the development of therapeutic targets for
PH needs to consider this temporo-spatial aspect of macrophage activation.

Eight week old C57B6 male mice born at Jackson Labs (Jackson Laboratories, Maine, USA)
were kept at simulated sea level altitude for one week after arrival with controlled
temperature (22—-24 °C) under a 12-hour-light- dark cycle. Food and water were accessible
ad libitum. After 1 week at sea level, mice were placed in hypobaric hypoxic chambers for a
time course of simulated hypoxia at 18,000 feet as previously described (11). Control mice
(normoxia) were kept at sea level altitude under the same light—dark cycle. Standard
veterinary care was according to institutional guidelines in compliance with Institutional
Animal Care and Use Committee—approved protocols.

Immunostaining

Frozen O.C.T.-embedded 5um cryosections from control mice (h = 5) and mice exposed to
hypoxia for 4- and 14 days (n=5/group) were processed for indirect immunofluorescent
analysis as previously described(11). Briefly, sections were fixed in cold Acetone:Methanol
(1:1); incubated with primary rat monoclonal antibody against macrophage marker CD68
(1:300 dilution, AbD Serotec (Raleigh, NC)), and detection was performed via a Biotin-
Streptavidin system using Alexa-594 fluorochrome according to manufacturer’s manual
(Molecular Probes/Invitrogen, Frederick, MD). Stained sections were mounted with
VectaShield embedding medium with DAPI (Mector Labs, Burlingame, CA), and examined
under a Zeiss fluorescent microscope. Images were acquired using AxioVision digital
imaging system.

Tissue preparation and flow cytometry

Bronchoalveolar fluid was obtained after 4 serial lavages with 1ml PBS with 2mm EDTA.
Cells were washed, pelleted and resuspended in staining buffer, PBS with 1% Hyclone FBS
(GE healthcare life sciences). An aliquot was removed, stained with trypan blue, and
counted via hemocytometer. For lung tissue, mice were anesthetized with inhaled isoflurane
and injected retroorbitally with 4ul of CD 45 antibody (clone 30-F11, BD biosciences).
After 5 minutes, mice were sacrificed and lung tissues perfused with PBS and minced.
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Lungs were digested with collagenase A (40units/ml) (Roche) and DNase | (10,000
units/ml) (Thermoscientific) for 30 min at 37C, pelleted at 350 x g, lysed with RBC lysis
buffer (Ebiosciences) for 5 min at RT, washed and filtered through a 70uM nylon mesh filter,
and resuspended in PBS with staining buffer. Prior to staining, FcyR was blocked with anti-
CD16/CD32 Ab (BD Biosciences) for 10 min. Cells were stained for 30-45 min at 4°C with
a combination of the following antibodies: CD45-APC-Cy7 (clone 30-F11, BD biosciences),
CD64-AF647 (clone X54-5/7.1, BD Biosciences), CD11b-BV510 (clone M1/70, BD
Biosciences), CD11c-FITC (clone HL3, BD Biosciences) Ly6G-EF450 (clone 1A8, BD
Biosciences), CD3-V450 (clonel7A2, BD Biosciences), CD45R-V450 (clone RA3-6B2, BD
Biosciences). Prior to flow cytometry, cells were filtered through a 40um filter, washed,
pelleted and resuspended in staining buffer or sorting buffer ( PBS, ImM EDTA, 25mM
HEPES pH 7.0, 1% FBS). Flow cytometry analysis and cell sorting were conducted at the
University of Colorado Cancer Center Flow Cytometry Core Facility using a Gallios 561
flow cytometer (Beckman Coulter) for analysis and XDP-100 (Beckman Coulter) cell
sorters for sorting. FACS counting beads (BD biosciences) were used to calculated absolute
cell numbers during analysis. The sorting strategy involved exclusion of debris and cell
doublets by light scatter and dead cells by DAPI (1 mg/ml). Cells were sorted into 1mL
Hanks Balanced Salt Solution (Thermofisher) with 1% Hyclone FBS. Purity checks were
performed on all samples. Data were analyzed using Kaluza software (Beckman Coulter)
and FloJo software (FlowJo).

RNA extraction, qPCR and RNA-seq

For RNA isolation and subsequent RNA-seq, cells were pooled from 3 mouse lungs and
performed in biologic triplicate. Total RNA was isolated from flow cytometry cells using a
hybrid of Trizol (Ambion) extraction and Qiagen RNeasy MinElute clean up kit (Qiagen).
Cells were lysed in Trizol, Chloroform was added in a 1:5 ratio, pelleted at 12,000xg for 15
minutes, aqueous layer removed and combined 1:1 with 100% ethanol, and placed into
Qiagen MinElute column. RNA was further cleaned up per RNeasy MinElute protocol
(Qiagen). RNA quality and quantity were analyzed using a NanoDrop and Bioanalyzer.
First-strand cDNA synthesis was performed using an iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA). Quantitative RT-PCR was performed using TagMan probes and reagents
(Applied Biosystems, Grand Island, NY), according to the manufacturer’s instructions. Gene
expression was calculated after normalization to Hprt1 using the D/D Ct method. RNA-seq
library preparation and sequencing were conducted at the Genomics and Microarray Core at
the University of Colorado Denver—Anschutz Medical Campus. Libraries were constructed
using a NuGen Ovation human FFPE RNA-seq multiplex system kit customized with mouse
specific oligonucleotides for rRNA removal. Directional mMRNA-seq was conducted using
the Illumina HiSeq 2000 system, using the single-read 100 cycles option.

Bioinformatics

Derived sequences were analyzed by applying a custom computational pipeline consisting of
the open-source gSNAP, Cufflinks, and R for sequence alignment and ascertainment of
differential gene expression (CITES) (11, 12). In short, reads generated were mapped to the
mouse genome (mm210) by gSNAP, expression (FPKM) derived by Cufflinks, and
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differential expression analyzed with ANOVA in R. Data were analyzed through the use of
QIAGEN’s “ Ingenuity Pathway Analysis “ (IPA) (QIAGEN Redwood City,
www.giagen.com/ingenuity). By using RNA pooled from 3 mice and performing
experiments in biologic triplicate (except AM sea level performed in biologic replicate) we
had a power of 99% for sample size and a p value of <0.05 in all macrophage populations.
IPA analysis was performed on a filtered dataset for each of the macrophage sets with the
cutoff values of: q <0.05, absolute 2 fold change from baseline, FKPM >5 in any one
comparison. The corresponding sea level macrophage was used as a baseline for
comparison, ie sea level alveolar macrophage compared to hypoxic day 4 alveolar
macrophage.

During hypoxia exposure lung macrophage recruitment is restricted to the perivascular

space

We first wanted to determine if macrophage numbers in the alveolar and interstitial
compartments change over time in response to hypoxia. Using a qualitative histologic
approach, we confirmed that in response to hypoxia exposure, CD68 macrophages
accumulate early (day 4) in the perivascular space with a waning in perivascular
macrophages by day 14 (Fig 1). We did not observe increased staining for CD68 in the
alveolar compartment in hypoxic mice relative to normoxic mice (Fig 1). To more
definitively quantify resident and recruited macrophages within the alveolar and interstitial
compartments over time, we next utilized a flow cytometry approach. C57B6J mice were
exposed to 4, 7, 14, or 28 days of hypobaric hypoxia (18,000ft) or sea level (SL) and at day
of sacrifice, lung tissue was enzymatically digested and macrophages were analyzed using
flow cytometry. To isolate distinct macrophage populations, we utilized a flow cytometry
technique in which lung macrophages and monocytes are separated into 3 compartments: the
alveolar compartment by identifying CD64+, CD11ci, CD11b'°, intravenous (1V)-CD45-
cells, the interstitial compartment by identifying CD64+, CD11c!°, CD11bhi I\V-CD45-, and
the intravascular or marginated compartment by identifying CD64dim, CD11bM, [\V-CD45+
cells (Suppl Fig 1) (13). By injecting mice with intravenous CD45 antibody (Ab) 5 minutes
before euthanasia, marginated leukocytes (IV CD45 Ab* cells) that are unable to be flushed
from the vasculature can be excluded(13). The remaining IV Ab CD45™ lung parenchymal
cells, after exclusion of dead cells, T and B lymphocytes, and neutrophils, were defined as
macrophages by CD64 expression and then further separated into alveolar and non-alveolar
macrophages based on expression of CD11c and CD11b: alveolar CD11c " CD11b'® and
non-alveolar CD11c '0, CD11bM. While these cells are leukocytes and therefore express
CD45, they do not stain for IV injected CD45 antibody (13). Because of the difficulty in
resolving the interstitial space from the perivascular or peribronchoalveolar spaces by
microscopy due to the often overlapping spatial arrangement, along with the inability to
differentiate macrophages based on cell surface markers in these sometimes separate
compartments we collectively refer to macrophages in these spaces as interstitial
macrophages (IM’s) and will refer to them as CD11b" macrophages. Conversely, we will
refer to the AM’s as CD11ch macrophages. Using the above mentioned FACS strategy, we
observed that during the analyzed time course there was an accumulation of CD11b" IM’s
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which was maximal after 4 days of hypoxia and decreased thereafter to baseline levels by
day 14, further supporting our histologic analysis in figure 1 (Fig 2a, Suppl Fig 1b). A
semiquantitative approach demonstrated that the percentage of IM’s was increased at day 4
and returned to near baseline around day 14 (Suppl Fig 1b). This finding further was
confirmed using a quantitative FACS counting bead approach (Fig 2a). While there was a
reciprocal decrease in AM’s after 4 days of hypoxia using a semiquantiative approach
(Suppl Fig 1c), there were no changes in AM number when quantified using highly accurate
FACS counting beads (Fig 2b, Suppl Fig 1d). Furthermore, there were no differences in
AM’s in bronchoalveolar lavage (BAL) fluid quantified by counting beads or
hemocytometer (Fig 2c). Importantly, we did not detect CD11bM positive cells in the
alveolar space at any time point which further confirms the absence of macrophage
recruitment to the alveolar space (Fig 2d) and explains why the number of alveolar
macrophages did not change. Therefore, CD11c positive macrophages were restricted to
the alveolar space and CD11b" positive macrophages appeared to be recruited to and remain
within the interstitial space.

Alveolar and interstitial macrophage programming is unique at baseline and in response
to hypoxia exposure

We next employed RNAseq analysis to obtain an unbiased and comprehensive display of
gene expression profiles and signaling pathways in alveolar and interstitial macrophage
subsets at baseline and in response to hypoxia. Based on the results obtained in the time
course analysis depicted above (Fig 2), we chose to perform RNAseq on day 0 (i.e. mice that
remained at sea level), and on day 4 and 14 of hypoxic exposure. We utilized the FACS
sorting strategy described in Figure S1a because it most clearly defines macrophages in the
alveolar and interstitial compartment and carefully excludes any cells in the intravascular
compartment (Suppl Fig 1a). Principle component analysis (PCA) validated previous
observations that naive CD11c" AM’s and CD11b" IM’s are very different at baseline (14)
(Fig 3a). In response to hypoxia, IM’s and AM’s significantly alter their gene expression,
and continue to remain significantly different from one another through 14 days hypoxia.
(Fig 3a). Interestingly, the PC1, which separates the IM’s from the AM’s was determined to
be 20%, while the PC2, which separates sea level from hypoxia exposure, was determined to
be 17%, suggesting that the differences that separate sea level from hypoxic macrophages
are nearly as great as those that separate AM’s from IM’s (Fig 3a).

Lung macrophages demonstrate both unique and shared programs in response to hypoxia

While the overall gene expression of these macrophage subsets are significantly different at
baseline and in response to hypoxia, we wanted to determine if there are any shared
“hypoxic programs” in the two macrophage populations over time. We hypothesized that
due to compartment specific differences in the microenvironment, AM’s and IM’s would
demonstrate unique programming changes in response to hypoxia over time. For
identification of differentially expressed genes in the RNAseq data between the cell
populations (IM & AM) and between different time points (sea level, 4 & 14 days hypoxia)
we used the following cutoff criteria: fragments per kilobase of exon per million fragments
mapped (FKPM) =5 in at least one condition and have = 2 fold change in any comparison
with a false discovery rate- adjusted p value, g<0.05. In all pairwise comparisons we
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identified 2,672 statistically significant differentially expressed genes based on above criteria
and we used these set of genes for pathway analysis and functional annotations study. We
generated a global heatmap displaying all 2,672 differentially expressed genes between the
various macrophage subsets (Fig 3b). The heatmap demonstrates several important findings:
1. Hypoxia significantly altered gene expression in both IM’s and AM’s. 2. Both shared and
unique gene expression profiles in IM’s and AM’s in response to hypoxia were observed. 3.
Gene expression profiles in AM’s at day 4 and 14 are virtually indistinguishable, while there
was significant heterogeneity between IM’s at day 4 and 14. AM’s shared about 2/3 of
differentially expressed genes between day 4 and 14, while less than half of those were
shared in IM’s between day 4 and 14, further suggesting that AM’s have a more conserved
gene expression response to hypoxia relative to IM’s (Fig 4). The VENN diagrams also
highlight that in AM’s there is an increasing number of up regulated genes through day 14,
while IM’s exhibit maximal up regulation of genes at day 4, which decline by day 14 (Fig
4). Combined with data shown in the heatmap, this suggests that IM’s undergo a polarization
shift with an attenuation in overall gene expression between day 4 and 14.

Hypoxia leads to early compartment independent activation of lung macrophages towards
a conserved hypoxia program and later to compartment specific programs

Ingenuity pathway analysis (IPA) was used to interrogate the major pathways and
specifically compare the programming changes within the two macrophage subsets (IM’s
and AM’s) over time. IPA was performed utilizing the 2,762 differentially expressed genes
from the heatmap (fig 3b) (g value <0.05, fold change = 2 fold). This software is able to
organize genes into known pathways with p value as a reflection of the percentage of genes
in the database that are in the pathway, and z score which predicts whether the pathway is
activated or inhibited. We used the highly significant cutoffs of: p value <0.05 and absolute
Z score = 2. In AM’s, the top canonical pathways and upstream regulators were largely the
same at day 4 and 14 with a trend toward increasing polarization at day 14, as reflected by
increasing Z scores in nearly all pathways (increasingly more negative or more positive)
between days 4 and 14 (Fig 5a,b). Conversely, in IM’s, nearly all of the top canonical
pathways and upstream regulators observed to be increased at day 4 were decreased by day
14 (Fig 5a,b). This is reflected by an absolute reduction in Z score (less negative or positive)
in those pathways at day 14 (Fig 5a,b). Additionally, we found that the most differentially
expressed pathways and upstream regulators were largely the same in AM’s throughout the
hypoxic time course and in IM’s at day 4, but not in day 14 IM’s (Fig 5a,b). These findings
are also evident when AM’s from both time points are directly compared to day 4 IM’s
(Suppl Fig 2a) and to day 14 IM’s (Suppl Fig 2b). Taken together these pathway analyses
suggest that, early on, lung macrophages in both compartments are polarized towards a
common hypoxic response program. Later in the course of hypoxic exposure, AMs continue
to maintain this activation state while IMs become generally less inflammatory and in fact
express anti-inflammatory genes (see below). Importantly, many canonical pathways and
upstream regulators in day 14 IM’s are inhibited relative to baseline macrophages.
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In response to hypoxia, alveolar macrophages and early interstitial macrophages are
characterized by increased mTORCL1 signaling and changes in metabolism

Because the gene expression changes in AM’s at days 4 and 14 are very similar to those
seen in IM’s at day 4, we grouped these three subsets together in an effort to determine the
major pathways that define the postulated “hypoxia program”. To do this we created data
tables with all the major canonical pathways (Fig 5a) and upstream regulators with an
absolute Z score cutoff of 2 and a p value <0.05 (suppl table 1). Additionally, we created a
canonical pathways table using a p value cutoff of < 0.05 in case there were highly
significant pathways in which a Z score could not be calculated (Fig 5¢). The top general
canonical pathways shared between the 3 subsets included increased EIF2, Rho A, and actin
cytoskeleton signaling as well as changes in cell metabolism including oxidative
phosphorylation, mitochondrial dysfunction, and glycolysis (Fig 5a,b,c). Additionally,
cholesterol biosynthesis was highly significant as well, but this appeared to be unique to
alveolar macrophages (Fig 5c¢). Further inspection of the common canonical pathways and
upstream regulators revealed a much more specific “hypoxia program” that is defined by
activation of innate immune pathways that converge on increased mTORC1 signaling (suppl
table I, Fig 5a, Fig 6). Specific upstream regulators included inhibition of RICTOR/
mMTORC2 and MAP4K4 and activation of EIF2-AK2, ERK, EIF4, mTORC1, MYC, FOXO1
and ERK all consistent with mTORC1 activation, and inhibition of mMTORC?2 (suppl table I).
The major innate immune upstream regulators included activation of HIF1, IFNG, IL1B,
NFKB, STAT3, MYD88, TNF, and TLR (suppl table I). Figure 6 summarizes the
intersection between mTORC1, metabolism and innate immunity. To further elucidate the
individual genes that characterize this cohort of macrophages, we created a table of all the
differentially expressed genes (q value <0.05, fold change = 2 fold) that are shared within
the cohort of AM’s at days 4 and 14 and IM’s day 4, but not differentially expressed in IM’s
at D14 (suppl table I1). AM’s at days 4 and 14 along with IM’s at day 4 share upregulation
of a host of specific genes implicated in the pathway analysis above: pro-inflammatory/
remodeling genes: Mif, S100a4, Thbs1, I11b, Ccl4. Metabolism: Pkm, Pgkl, Ldha. MTOR
signaling: Lamtorl, 5, Eif4e. FKPM values between samples were remarkably consistent
between the biologic samples and further validate this data (Suppl Fig 2c).

After 14 days of hypoxia, interstitial macrophages re-program to anti-inflammatory and

pro-reparative/pro-remodeling signaling
As demonstrated in Figures 5a,b, there was a considerable similarity between major
canonical pathways and upstream regulators in IM’s at days 4 and 14 when compared to sea
level controls. However, we wanted to determine which programming changes were unique
to day 14 IM’s. As shown in figure 7a, the only major canonical pathway with an absolute Z
score = 2 (p< 0.05) that was different in IM’s at day 14 was “Role of pattern recognition
receptors in bacteria and viruses” which was down-regulated in IM day 14 (Z= -2.24) and
unchanged in IM’s at day 4. Similarly, we identified the top upstream regulators with an
absolute Z score = 2 that were different from IM’s at day 4 (Fig 7b). As indicated in figure
7b, most of the up-regulated pathways are anti-inflammatory, while down-regulated
pathways are pro-inflammatory. Consistent with these findings, when we analyzed the
specific genes that are uniquely differentially expressed in IM day 14 compared to the cohort
of AM’s at days 4 and 14 and IM’s at day 4, we found downregulation of a host of pro-
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inflammatory genes including 116, Mapkapk?2, Ccl2, Irf7, Fgfrl and Thbsl (Supp table I1).
FKPM values were similar among biologic replicate samples further validating this data
(Suppl Fig 2c). To further validate these findings, we performed gPCR using a few genes
from the RNAseq dataset that have been implicated in hypoxic pulmonary hypertension. We
show that the gPCR data (normalized to HPRT and Day 4 hypoxia) is largely in line with the
RNAseq data for the corresponding genes (Suppl Fig 2d). The error bars are large and do not
meet statistical significance due to fairly significant changes in HPRT in response to hypoxia
and inter-sample variability (mean of 3 samples). In our experience, there is no ideal
housekeeping gene for hypoxia exposure and RNAseq data is much less variable and does
not rely on normalization to housekeeping genes.

Next, to more specifically address the programming changes that occur only between 4 and
14 days hypoxia, we used day 4 IM’s as a baseline and compared that to day 14 IM’s (All
prior comparisons used sea level macrophages as baseline). Because the differences were
subtle, we used a cuff-off criteria of q value of <0.2 and fold change of 21.5 to maximize the
number of pathways (Suppl table ). Again, we found changes in programming that
predicted activation of anti-inflammatory and pro-remodeling/reparative pathways and
inhibition of those that are pro-inflammatory (Fig 8). Therefore, between 4 and 14 days of
hypoxia, there exists a programming shift in interstitial macrophages to a phenotype that
expresses anti-inflammatory and pro-reparative genes and pathways. Interestingly, this
programming change occurs concomitantly with a marked reduction in the number of
perivascular macrophages and not only represents an attenuated phenotype from IM’s at day
4, but a completely unique phenotype as compared to a naive resident IM

Discussion

The specific effects of hypoxia on cells which reside within the lungs and its subsequent role
in the development of pulmonary vascular remodeling and pulmonary hypertension is well
described (15). Additionally numerous groups have demonstrated the importance of
monocytes and macrophages in the development of hypoxic pulmonary hypertension (3-5,
10). Due to the inherent difficulties in identifying and isolating lung macrophages in vivo, no
one has attempted to carefully phenotype the programs which characterize macrophages in
humans or any animal model of pulmonary hypertension. Using the hypoxic mouse model of
pulmonary hypertension and a combination of flow cytometry and RNA sequencing
approaches, we present for the first time a detailed characterization of gene expression
profiles and signaling pathways in alveolar and interstitial/perivascular macrophages over
the time course of hypoxic exposure. We found that initially in response to hypoxia, lung
macrophages in both alveolar and interstitial compartments display a conserved “hypoxia
program” characterized by mitochondrial dysfunction, pro-inflammatory gene activation and
mTORC1 signaling, while later in the course of hypoxia interstitial macrophages re-program
to a unique anti-inflammatory/pro-reparative state. While others have compared
programming of naive AM’s and IM’s under resting conditions, ours is one of the first
reports to directly compare the two in a disease state (14, 16). To maximize the validity of
our bioinformatics data, RNAseq was performed on samples in biologic triplicate with 3
pooled mice per sample utilizing stringent cutoff criteria for our bioinformatics. While we
relied on IPA pathway analysis for much of the data analysis, we went a step further to
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confirm the major differentially expressed genes among the various macrophage cohorts
agreed with the bioinformatics approach and further demonstrate the consistency of FKPM
values among multiple genes within the biologic samples.

Consistent with our previous observation in hypoxic rats, we found that hypoxia leads to the
early accumulation of macrophages to the interstitial/perivascular space (3). While, our flow
cytometry techniques cannot distinguish whether the increase in CD11bM interstitial
macrophages comprises interstitial, perivascular, or peri-bronchoalveolar macrophages, our
complimentary histological findings argue in favor of these macrophages being mostly
perivascular. Our findings are in line with and further extend previous observations by
Amsellem et al who also reported no change in total lung macrophages but increased F4/80+
perivascular macrophages after 18 days of hypoxia in mice (4). Although we did not perform
lineage tracing experiments, the increased numbers of perivascular macrophages are likely
due to the recruitment of circulating cells and not local proliferation (3, 17). An unexpected
and important finding of our study was that we did not observe accumulation of recruited
CD11b" macrophages in the alveolar space nor did we find increases in the numbers of
resident CD11c alveolar macrophages throughout the time course of hypoxia. Thus our
study challenges a current hypothesis that the increased numbers of alveolar macrophages
are due to recruitment of circulating cells (10, 18). This hypothesis was mainly based upon
the finding that the monocyte recruitment chemokine MCP-1 was reported to be increased in
whole lung tissue and secreted by alveolar macrophages into the alveolar space and systemic
circulation in response to hypoxia, although the latter may not be true in mice (8, 19, 20).
Increased numbers of BAL macrophages reported by others and observed within hours of
hypoxia exposure in rats likely represents increased inflammation-induced lavagability, as
the time point chosen in these studies is too early to explain recruitment of macrophages to
the alveolar space or cell division to occur (21, 22). Other groups demonstrating increased
numbers of alveolar macrophages in response to hypoxia quantified alveolar macrophages
only in BAL fluid at slightly different time points, but not whole lung (4, 10). Because only
a small percentage of alveolar macrophages are lavagable (fig 2b, c), we quantified AM’s in
whole lung tissue and BAL using FACS counting beads which provide the most accurate
methodology available (23, 24). Therefore, our data support that alveolar macrophages
consist of a single population of resident cells which remain quantitatively steady throughout
the time course of hypoxia. Conversely, the interstitial macrophages consist of a single
population of resident cells at baseline, a mixed population of resident and recruited cells
after 4 days of hypoxia, and a more homogenous population of re-programmed macrophages
with some recruited cells after 14 days of hypoxia.

We made the somewhat expected observation that alveolar and interstitial macrophages
demonstrate significantly different gene expression profiles at baseline and after hypoxia
exposure, likely due to differences in microenvironments and ontogeny (25). Intriguingly,
despite the large overall differences in gene expression between IM’s and AM’s, we found
that after 4 days hypoxia exposure, there were a large number of shared gene expression
profiles between the two, suggesting an early common response pattern to hypoxia. This
finding is surprising given that the microenvironments of the alveolar and interstitial spaces
during hypoxia exposure demonstrate important differences with regard to oxygen tension,
changes in shear stress/blood flow and cell-cell interactions, such that one would expect
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compartment specific responses. Moreover, IM’s are a mixed population of resident and
recruited cells at this time point. This gene expression program was characterized by
activation of genes involved in mTORC1 signaling, metabolism and innate immunity. We
propose that if it were technically feasible to sort resident from recruited IM’s at day 4,
further gene expression differences between the two would be discernable (17). As the
hypoxic time course progresses, the AM’s continue to exhibit a polarized phenotype similar
to that observed at day 4, while the IM’s undergo a programming shift. As the number of
IM’s is reduced between day 4 and 14, we found an expected down-regulation of the
inflammatory pathways that were increased at day 4. Intriguingly, this IM population at day
14 displayed a transcriptional profile characterized by activation of anti-inflammatory and
pro-reparative pathways and inactivation of those that are pro-inflammatory. More
importantly, this polarization state of the hypoxic IM’s at day 14 was different from that
observed in sea level resident macrophages and was characterized by expression of various
anti-inflammatory genes, indicating a distinct anti-inflammatory phenotype. When
compared to a naive resident IM at sea level, this distinct macrophage shows inhibition of a
host of pro-inflammatory pathways including toll-like receptor (TLR), extracellular signal-
regulated kinase (ERK), interferon signaling with activation of the anti-inflammatory
pathway including dual specificity phosphatase-1 (DUSP1), heme oxygenase 1 (HMOX-1),
Serine/threonine kinase 11 (STK11), and liver x receptors (LXR). MAP kinase
phosphatase-1 (MPK-1), also known as DUSP1, appears to be important in limiting the
inflammatory response and arginase expression in hypoxic PH, as its deletion leads to
exaggerated PH and arginase 1/11 expression in whole mouse lung (26). Consistent with this,
arginase 1 is 108 fold increased in IM’s at day 4 compared to sea level, while only 22 fold
increased by day 14 (data not shown). Additionally, DUSP1 has been shown to be crucial to
limiting LPS induced inflammatory responses in macrophages (27). Hmox1 overexpression
attenuates hypoxic PH and appears to mediate the protective effects of rapamycin, the
MTOR inhibitor, on hypoxic PH (10, 20, 28). STK11 phosphorylates and activates 5’
adenosine monophosphate-activated protein kinase (AMPK) leading to a host of anti-
inflammatory effects including down-regulation of MTORC1 and HIF1a (29). While little is
known regarding LXR’s in PH, macrophage specific LXR signaling is important in
inhibiting macrophage activation and is anti-fibrotic via inhibition of macrophage
recruitment and macrophage-induced IL6 release (30-33). While hypoxic mice demonstrate
only mild pulmonary vascular remodeling, we found that connective tissue grown factor
(CTGF), a well-established mediator of pulmonary vascular remodeling in PH, was activated
in day 14 IM’s relative to day 4 IM’s (34, 35). We hypothesize that the coordinated “anti-
inflammatory” and “pro-reparative” programming state in IM’s in hypoxic mice limits
progressive perivascular remodeling seen in other animal models of PH.

The hypoxic mouse model of PH is characterized by early mild inflammation and
pulmonary vascular remodeling with a marked reduction in whole lung inflammation by day
14 onwards and complete resolution of remodeling upon return to normoxia (20, 36).
Considering this, we speculate that the day 14 IM polarization state might play an important
role in regulating lung inflammation in response to hypoxia and even act to suppress chronic
non-resolving inflammation and vascular remodeling. Future studies will have to be
designed to examine this hypothesis perhaps by selectively depleting IMs at different time

J Immunol. Author manuscript; available in PMC 2018 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugliese et al.

Page 12

points during hypoxic exposure. Intriguingly, a similar anti-inflammatory and pro-resolving
macrophage phenotype has been found in other fibrosis models, where deletion of
macrophages during the fibrotic phase attenuated fibrosis, while deletion of macrophages
during the later reparative phase promoted fibrosis (37). Nearly identical findings were
reported in a bleomycin lung fibrosis mouse model as well (38). Furthermore, in humans
with diabetic foot ulcers, isolation of pro-inflammatory macrophages predicted non-healing
ulcers while wounds containing anti-inflammatory macrophages were more likely to
undergo wound healing (39). Therefore, we hypothesize that in severe forms of hypoxic PH
characterized by persistent pulmonary vascular remodeling, including monocrotaline rats,
neonatal calves and some humans, the polarization of the perivascular macrophage fails to
shift towards an anti-inflammatory phenotype akin to the one described here (3, 15, 40, 41).

The hypoxic program that characterized alveolar macrophages and early (day 4) interstitial
macrophages included changes in mTORC1 signaling, metabolism and activation of innate
immune pathways, all well described with regard to hypoxia and pulmonary hypertension
(42-45). While the role of innate immune pathways including NFKB, IL1B, IL6, toll like
receptor signaling, interferon gamma, HIF-1, and STAT3 signaling are well described with
regard to their roles in pulmonary hypertension, very little is known within the context of
macrophages in PH (9, 46-54). We previously demonstrated that ex-vivo fibroblasts isolated
from neonatal calves and humans with PH polarize macrophages via paracrine 1L-6 to a
phenotype characterized by increased expression of STAT3, HIF1, and Arginase 1(9).
mTORC1 signaling is increased in the lungs and specifically in pulmonary artery smooth
muscle cells from animal models and humans with PH and its inhibition attenuates
experimental PH (42, 43, 55, 56). mTOR signaling appears to be crucial for macrophage
polarization with LPS activated macrophages (M1) displaying an mTORC1/glycolytic
phenotype while IL4 activated macrophages (M2) demonstrate increased mTORC2
expression and fatty acid oxidation(57). In dendritic cells, this TLR induced glycolytic shift
was found to be HIF1a dependent and induced by nitric oxide and type 1 interferon
production (44). Additionally mTORC1 activation in macrophages has been closely linked
with IL1B and NLRP3 inflammasome activation in response to LPS (58). While an M1/M2
paradigm is to simplistic to describe in vivo macrophage programming, our data support the
idea that hypoxic AM’s and early IM’s appear to be skewed towards an M1-like program
with an integrated network of signaling consistent with that described in the context of
hypoxia and pulmonary hypertension (59).

The implication of our finding is that the development of therapeutic targets for PH needs to
consider a temporo-spatial aspect of macrophage activation as there appears to be potentially
opposing roles of macrophages in the development of hypoxic PH. A better understanding of
this may facilitate attempts to harness reparative macrophage functions or re-program
inflammatory macrophages in the lung to attenuate vascular remodeling. This work
represents only a scratching of the surface at understanding the precise role of macrophages
in hypoxic PH as important basic questions remain to be answered. For instance, the
recruitment of circulating monocytes to the perivascular space appears to be necessary for
the development of hypoxic PH, however the relative contributions from interstitial and
alveolar macrophages in both the initiation and maintenance of pulmonary vascular
remodeling remain unknown (3). To sort out the relative contribution of AM’s and IM’s in
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hypoxic PH, we would have to employ transgenic mice in which macrophages can be
cleanly and efficiently deleted only in the alveolar or interstitial compartments, however,
these mice currently do not exist (60). Despite this, recent evidence suggests we may be able
to distinguish resident from recruited arterial macrophages based on cell surface
markers(17). Combining very efficient macrophage deletion systems, ie hCD68-rtTA-
tetDTA (diptheria toxin mediated CD68 macrophage deletion) with the various known cell
surface markers that distinguish macrophage subsets should allow for the creation of
transgenic mice that can answer these questions and many more in any mouse lung injury
model(61, 62).
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CD68 / Elastin / DAPI

4d-Hx 14d-Hx

Figure 1.
Accumulation of CD68-positive perivascular macrophages (red) is observed at 4 days and 14

days hypoxic (simulated 18,000 feet) exposure in WT mice, compared to sea-level controls.
Thin arrows label perivascular macrophages while thick arrows label alveolar macrophages.
Cell nuclei are labeled with DAPI (blue), elastic lamellae (green) are visualized via
autofluorescence. Scale bar 100 um. SL, sea level; 4d-Hx, 4 days hypoxia; 14d-Hx, 14 days
hypoxia. Representative of 5 mice per group.
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Figure2.
FACS quantification of lung macrophages. a,o WT mice were exposed to hypoxia for 4, 14

days or remained at sea level. IM’s and AM’s were quantified using whole lung via flow
cytometry. IM’s and AM’s expressed as total number per lung determined by FACS/
counting bead method. N=5 mice per group. Error bars show SEM. * p<0.05. c: Cells were
lavaged from sea level mice or after 4 days of hypoxia exposure. Macrophages were
quantified using counting beads and FACS or by hemocytometer. N=4-6 mice per group.
There were no significant differences between groups. d. Time course of CD64+, CD11bM
or CD64+, CD11chi cells represented as percentage of macrophages in BAL fluid. No
significant differences between groups. N=4-5 mice per group. Quant, quantification; BAL,
bronchoalveolar lavage; SL, sea level; D, day; WT, wild type; IM, interstitial macrophage;
AM, alveolar macrophage.
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Figure 3.
a. Principle component analysis (PCA) of AM’s and IM’s at baseline and after 4 and 14

days hypoxia exposure. Each dot represents RNAseq data from 3 pooled mice performed in
biologic triplicate except for sea level AM’s which were done in biologic replicate. Power
analysis demonstrated 99% power for sample size with a p value<0.05. The red line
separates sea level samples from hypoxic samples. b. Global analysis of differentially
expressed genes between AM and IM populations. Identification of differentially expressed
genes was performed in all pairwise comparisons between the cell population (AMs & IMs)
and between different time points (0, 4 & 14 day hypoxia) from the RNA-seq analysis
(2,672 genes). Hierarchical clustering and heatmap were generated on the set of 2,672 genes
and highly expressed genes in specific populations were clustered. Cluster of RNA-seq data
segregated in two clusters (sea level and hypoxia) and further segregated in AMs and IMs.
SL, sea level; IM, interstitial macrophage; AM, alveolar macrophage; D, day.
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Figure 4.
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VENN diagrams showing up and down regulated genes in alveolar macrophages (AM) and

interstitial macrophages (IM) after 4 days (D4) or 14 days (D14) hypoxia as compared to
baseline sea level macrophages. Listed are total numbers of differentially regulated genes in

baseline, g<0.05.
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c.
Canonical pathways (P value

“Cutoff: p<0.05 i

ERK/MAPK Signaling
Remodeling of Epithelial Adherens Juncti,

ynapt tatic
Epithelial Adherens Junction Signaling

IPA analysis of top canonical pathways and upstream regulators in alveolar and interstitial
macrophages. a. List of all canonical pathways and b. upstream regulators (abbreviated list)
with a p<0.05, absolute Z = 2 in AM’s and IM’s after 4 or 14 days hypoxia as compared to
baseline sea level macrophages. Colors indicate higher or lower Z scores. c. List of top
canonical pathways (abbreviated list) in IM’s and AM’s after 4 or 14 days hypoxia with a
p<0.05 sorted by increasing p values (dark purple color). IM, interstitial macrophage; AM,

alveolar macrophage; D, day.
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Figure6.

Schematic of the major pathways/upstream regulators and their interaction as identified by
IPA analysis in AM’s at days 4 and 14 and IM’s at day 4. Red boxes indicate predicted
activation, while blue boxes predicted inhibition with an absolute Z score cutoff of 2 and a
p<0.05. Red arrows indicate activation of downstream pathway, while blue lines indicate
inhibition of downstream pathway. * ERK was not significant in AM’s at days 4 or 14, while

MAP4K4, PPRG, SREBF1/2 were not significant in IM’s at day 4.
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a. Canonical pathways in IM’s after 4 and 14 days hypoxic exposure as compared to
baseline sea level macrophages. “Role of pattern recognition receptors in bacteria and

Page 24

viruses” was the only pathway with an absolute Z score>2, p<0.05 that was unique in IM’s
at day 14 as compared to IM’s at day 4. The individual genes in this pathways are listed with
the down arrow indicating decreased transcription as compared to baseline sea level
macrophages. b. Selected unique upstream regulators in IM’s after 14 days hypoxia with an
absolute Z score>2, p<0.05. Table denotes Z score of corresponding regulator in IM’s after 4
days hypoxia. IM, interstitial macrophage; AM, alveolar macrophage; D, day; NS, non-

significant.
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compared to IM’s after 4 days hypoxia with an absolute Z score> 2, p<0.05. Adjusted p
value (q value) is listed in the table for canonical pathways. The filtered data set used for
IPA used the cutoff of g <0.2 and an absolute fold change of =1.5.
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