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Hypoxia-inducible factors individually facilitate
inflammatory myeloid metabolism and inefficient

cardiac repair

Matthew DeBerge?@®, Connor Lantz?@®, Shirley Dehn*?@®, David P. Sullivan'@®, Anja M. van der Laan*®, Hans W.M. Niessen*®,
Margaret E. Flanagan>@®, Daniel ). Brat'®, Matthew J. Feinstein®®, Sunjay Kaushal’®, Lisa D. Wilsbacher>*®, and Edward B. Thorp*>&°®

Hypoxia-inducible factors (HIFs) are activated in parenchymal cells in response to low oxygen and as such have been proposed
as therapeutic targets during hypoxic insult, including myocardial infarction (MI). HIFs are also activated within macrophages,
which orchestrate the tissue repair response. Although isoform-specific therapeutics are in development for cardiac ischemic
injury, surprisingly, the unique role of myeloid HIFs, and particularly HIF-2a, is unknown. Using a murine model of myocardial
infarction and mice with conditional genetic loss and gain of function, we uncovered unique proinflammatory roles for myeloid
cell expression of HIF-1a and HIF-2a during MI. We found that HIF-2a suppressed anti-inflammatory macrophage
mitochondrial metabolism, while HIF-1a promoted cleavage of cardioprotective MerTK through glycolytic reprogramming of
macrophages. Unexpectedly, combinatorial loss of both myeloid HIF-1a and HIF-2a was catastrophic and led to macrophage
necroptosis, impaired fibrogenesis, and cardiac rupture. These findings support a strategy for selective inhibition of
macrophage HIF isoforms and promotion of anti-inflammatory mitochondrial metabolism during ischemic tissue repair.

Introduction

During myocardial infarction (MI), reduced tissue perfusion and
depleted metabolite availability lead to severe tissue ischemia.
Cellular responses to low oxygen tension and nutrient depri-
vation lead to the stabilization of hypoxia-inducible factors
(HIFs), a family of transcription factors that includes the two
main isoforms, HIF-1a and HIF-2a (Ivan et al., 2001; Maxwell
et al., 1999; Palazon et al., 2014; Semenza, 2012; Walmsley et al.,
2011). HIF activation in cardiac parenchymal cells is thought to
activate prosurvival pathways, with previous studies describing
cardioprotective roles for HIF-1a (Kido et al., 2005) and HIF-
20 (Koeppen et al., 2018) in cardiomyocytes after MI. In addi-
tion, hypoxic pathway targeting has improved tissue salvage in
clinical trials of select MI patients (Bgtker et al., 2010); however,
current strategies have failed to improve clinical outcomes (Eitel
et al., 2015). The latter is consistent with the premise that HIF
isoforms enact nonoverlapping functions, including in disparate
cell types. Thus, a deeper understanding of the cell- and isoform-

specific functions of critically important HIFs holds the potential
to improve therapeutic strategies in MI and other scenarios of
hypoxic injury.

Relative to most studies of parenchymal HIFs in ischemic
injury, the functional significance of HIF isoforms in immune
populations responsible for cardiac tissue repair is less under-
stood. Ischemic cardiac injury mobilizes macrophages, both
tissue resident (Dick et al., 2019) and recruited monocyte de-
rived (Hilgendorf et al., 2014), which are central protagonists of
tissue repair in hypoxic tissue. In both inflammation and lim-
iting oxygen tensions, HIF-la promotes a switch to glycolytic
metabolism to fuel inflammatory cytokine production by mac-
rophages (Cramer et al., 2003). While elegant initial studies
found that knockdown of HIF-la in hematopoietic stem cells
improved post-MI cardiac function in association with reduced
infiltration of myeloid cells (Dong et al., 2010), this approach
also affected HIF-la expression in nonmyeloid hematopoietic
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lineages, including lymphocytes, which positively (Rieckmann
et al., 2019) or negatively (Santos-Zas et al., 2021) regulate car-
diac repair after MI. HIF-2a has also been implicated in mac-
rophage production of proinflammatory cytokines, but this is
independent of changes in glycolytic metabolism, as HIF-2a is
dispensable for ATP synthesis during hypoxia (Imtiyaz et al.,
2010). In contrast to HIF-1a, the role of macrophage HIF-2a dur-
ing cardiac ischemia is largely unknown, despite its potential
clinical significance.

To ascertain the roles of myeloid HIF-1a and HIF-2a during
ischemic tissue injury, we examined cardiac repair under ex-
perimental conditions of myeloid cell-specific HIF isoform loss
and gain of function. Our findings reveal that although myeloid
HIF isoforms act together to afford critical cardioprotection,
HIF-1a and HIF-2a function uniquely and independently an-
tagonize optimal cardiac repair by impeding anti-inflammatory
macrophage metabolic reprogramming and promoting cleavage
of cardioprotective MerTK (myeloid-epithelial-reproductive recep-
tor tyrosine kinase), respectively.

Results

To discover the unknown role of HIF-2a in myeloid cells after
MI, we first assessed myeloid cell expression of HIFs in cardiac
autopsies of patients who died within 5-14 d after MI or patients
with non-MI-related deaths. We found that both HIF-la and
HIF-2a levels were significantly increased in CD68* macro-
phages after acute MI in humans compared with non-MI con-
trols (Fig. 1, A and B). To determine the kinetics of macrophage
hypoxia and HIF isoform protein expression after MI, we next
subjected mice to an experimental model of MI by coronary
artery ligation. Injection of the hypoxia tracer pimonidazole
revealed progressive accumulation of hypoxic macrophages in
the infarcted myocardium during the acute phase after MI
(Fig. 1, C and D). Consistent with exposure to tissue hypoxia,
induction of both HIF-1a and HIF-2a protein in infarct-associated
macrophages was evident by flow cytometry after MI (Fig. 1, E
and F). Interestingly, increases in HIF-2a were more acutely
responsive to ischemic insult, which preceded subsequent es-
calations of HIF-la. Furthermore, both pimonidazole staining and
protein expression of HIF-1a and HIF-20 was sustained in infarct-
associated macrophages and remained significantly increased
30 d after MI, indicating that hypoxic macrophages persist in
ischemic myocardium through the progression to heart failure.
To this latter point, flow cytometry (Fig. S1, A and B) and single-
cell RNA sequencing (Fig. S1, D-G; and Table S1) of infarct/
scar-associated macrophages from human patients with ische-
mic cardiomyopathy revealed HIF activation and signaling as
measured by increases in HIF-1a and HIF-2a protein relative to
remote tissue (Fig. S1 C), up-regulation of pathways involved in
the response to hypoxia (Fig. S1 H), and enrichment of HIFs and
HIF-dependent genes (Fig. S11).

We next sought to determine the functional significance of
HIF-2a expression in cardiac myeloid cells in the acute phase
after MI. We selectively deleted HIF-2a in myeloid cells
(mHIF2-/-) by crossing transgenic mice with a floxed Hif2
(Epasl) gene with mice expressing Cre recombinase under the
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control of the lysozyme M (Lyz2) promotor (Fig. S2 A). We
compared left ventricle (LV) remodeling and contractile func-
tion after MI between mHIF2*/* and mHIF2~/~ mice. Despite
comparable levels of ischemic injury (area at risk [AAR]), path-
ological measurement of infarct size at 7 d after MI revealed
smaller sized infarcts in mHIF2~/~ mice compared with controls
(Figs. 2 A and S2 B). Smaller infarcts were also observed earlier at
3 d after MI in mHIF2~/~ mice compared with controls, which was
consistent with the early activation of HIF-2a that we observed
in infarct-associated macrophages. Echocardiography performed
28 d after MI revealed improved LV systolic function, reduced LV
dilatation, and increased LV wall thickness in mHIF2~/~ mice
compared with controls (Fig. 2 C). Importantly, loss of HIF-2a
did not affect the levels of HIF-1a in cardiac macrophages (Fig.
S2, C and D), suggesting that the effects of myeloid cell Hif2
deletion on cardiac remodeling and function were not due to
compensatory effects of HIF-la. To further explore the role of
myeloid cell expression of HIF-2a in LV remodeling, we crossed
mice that specifically express a Cre-dependent, prolyl hydroxylation-
resistant HIF-2a (Kim et al., 2006b), with LysM-Cre mice to
generate mice that express constitutively increased levels of
HIF-2a in myeloid cells (mHIF2SE). Relative to controls, infarct
sizes in mHIF2"SE mice were increased 7 d after MI (Fig. 2 B),
supporting a pathological role for HIF-2a activation in myeloid
cells after MI.

We next used flow cytometry to investigate whether myeloid
cell Hif2 deficiency impacted the extent and quality of immune
cell infiltrate in the heart after MI. Although no differences were
observed in the total number of macrophages in the infarcted
myocardium, there was an increase in macrophage polarization
toward a reparative phenotype in mHIF2~/~ mice compared with
mHIF2*/* mice, as measured by an increase in the total number
of MHCII"® macrophages 3 d after MI (Fig. 2 D). MHCII'® cardiac
macrophages secrete higher levels of IL-10 compared with MHCITH!
cardiac macrophages (Chakarov et al., 2019; DeBerge et al., 2017),
and this was evident as increased I110 levels in cardiac extracts
from mHIF2~/~ mice compared with mHIF2*/* mice despite similar
baseline levels (Fig. 2 E). HIF-2a has been shown to be dispensable
for in vitro MHCII™! macrophage polarization following LPS and
IFN-y treatment. However, HIF-2a directly regulates macrophage
expression of proinflammatory genes, including 116 (Imtiyaz
etal., 2010), and we found decreased levels of the proinflammatory
genes Il1b, 116, and Tnf in cardiac extracts from mHIF2~/~ mice
compared with mHIF2*/* mice (Fig. 2 E). These data support a
proinflammatory role for HIF-2a in infarct-associated mac-
rophages, yet, it is important to note that LysM-Cre is also
active in neutrophils, Ly6CPM monocytes, and some dendritic
cell subsets. While myeloid cell Hif2 deficiency did not affect
initial neutrophil or Ly6CM monocyte recruitment to the in-
farcted myocardium, the total number of neutrophils was
reduced 3 d after MI in mHIF2~/~ mice compared with mHIF2+/*
mice (Fig. 2 D). Hif2-deficient neutrophils exhibit increased apo-
ptosis during inflammation (Thompson et al., 2014), so we next
measured neutrophil apoptosis after MI. Annexin staining of
infarct-associated neutrophils 1 d after MI revealed increased
neutrophil apoptosis in mHIF2~/~ mice compared with mHIF2*/*
mice (Fig. S3 A), which may have contributed to the enhanced
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Figure 1. Sequential stabilization of HIF-20. followed by HIF-1c. in cardiac macrophages after MI. (A and B) Histological analyses of HIF-1a (A) or HIF-2a (B)
in CD68* macrophages (arrows) in cardiac autopsy samples collected 5-14 d after MI with quantification of HIF mean fluorescence intensity in CD68* mac-
rophages. Patients with non-MI deaths were used as controls. Scale bar, 50 pm. n = 3 patients/group. *, P < 0.05; **, P < 0.01 by two-tailed, unpaired t test.
(C) Gating strategy of cardiac macrophages after MI. Cells were first gated on live, single cells, and macrophages were identified as CD11b*Ly6G~F4/80*CD64*
cells. (D) Accumulation of infarct-associated cardiac macrophages within hypoxic myocardium using the hypoxia tracer pimonidazole after permanent occlusion
Ml in mice. n = 6-9 mice/group pooled from more than three independent experiments. ***, P < 0.001 by one-way ANOVA followed by Tukey’s test. (E and
F) Expression of HIF-2a. (E) or HIF-1a (F) in infarct-associated cardiac macrophages after Ml in mice. For E and F, n = 3-7 mice/group pooled from three in-
dependent experiments. *, P < 0.05; ***, P < 0.001 by one-way ANOVA followed by Tukey’s test. All data presented as mean + SEM. Gray histograms represent
FMO staining controls. Ab, antibody; BZ, border zone; INF, infarct.

DeBerge et al. Journal of Experimental Medicine
Macrophage HIFs in myocardial infarction https://doi.org/10.1084/jem.20200667

3 0f 22


https://doi.org/10.1084/jem.20200667

MI: D3 D7 80 100 D7 MI 80 100 100 ok
+ > o + > s x Ad
Y 260 g 80 3 T s 3 80 B i 80
N ' % = N = = .
[y 2. g 60 [y §4o vv @60 3 60
E il - g 40 E S - 2w £ 40
. 220 = 2 ) =20 EP < 20
B ™~ Z: = =
N
L@ - L@ rraliigr
E £ g 3\: = ,Lx\ by ,Lx\ ,Lx\ rfa
S Days post-Ml Days post-MI Days post-MI £ x\\(( ‘<\\(< \)\\Q ?\({L x\\(( Y\\Q
& &
C 0
. 5 S 200 E 2.0 oy g 1.0 -
S S > ® [ c 0.8
+ 150 £ 15 A 2 A
N 2 2 . S ©
L\L Ko [e] 6 A A ‘= 0.6
I % ‘® 100 ads 1.0 = ak
[ (Z- g g - = 0.4
.
N3 3 3 50 8 0.5 E 0.2
N 0 < 00 2 0.0
I o XN XY &
" @ \ ¢ X ¢ v
- 6X\\ Q \ ((\‘?\ N 6‘\)\ X7
D mHIF2-/- E
U)s- ns ns *%k ns % 50+ *
2 £ 4 " g 404
&5 c Kk *
] SO 3 . 3 O 30 —
5 X, Yl S 204
o1 3 ° s s
© Z 3 11 109 "
> o S
0- = 0-
o 1 3 7 DO D3 MI
(o)} 31 ns ns ns ns (] 300+ ™
o ’g\ - - - - = *kk ***
] E & 2 e & 200-
E < 2 (&)
T O x A et
& | @G|  gu 3 1001
Q | ] [
i o L .
0_
o 1 3 7 DO D3 MI
54 © 757 ns
8 g’ ns ns ns ns CCD
D=4 T T, T S 60-
T i £ o8 S 451
X e 5/2- % 30
= ﬁ% L . L i
= @ 1 « 15
(] = O o A <
= 0- ~ oA
o 1 3 7 D3 MI
44 [
()] ns ns * ns
e g ok L » bl g) sFekok
= 29 . S 6
T 1 82 : o
— 5,2' o 4
= 1 (&) [%] Ke)
[@] I =1 . -
Tod s 8 i 24
= 0- >
§ 8 o 1 3 7 Ll
D3 MI
F Days post-MI
€ 250 Foce T 250 o mHIF2+/+ g 607 L
£ 200 £ 20 A mHIF2-/- § a5 0%
] ]
g 150 Oligo AARo g 150 L_c) 304
100 1 =
Y | | g 10 L 151
¢ 50 X 50 e
(&) O = 0
O OI T T T 1 o 0
0 20 40 60 80 Basal Maximum Reserve D3 M

Time (minutes)

Figure 2. Myeloid HIF-20 promotes inflammation and worsens cardiac repair after M. (A) Percent infarct/LV, percent AAR/LV, and percent infarct/AAR
measured 3 or 7 d after Ml in mice with myeloid-specific deletion of Hif2 (mHIF2~/~) or controls. n = 5-9 mice/group pooled from more than three independent
experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-way ANOVA followed by Tukey’s test. (B) Infarct measurement 7 d after Ml in mice with
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overexpression of HIF-20, (mHIF2"L) or controls. n = 7 mice/group pooled from two independent experiments. ***, P < 0.001 by two-tailed, unpaired t test.
(€) M-mode echocardiography measurements 28 d after MI with quantification of percent ejection fraction (EF), percent fractional shortening (FS), LV systolic
and diastolic volume (microliter), LV mass, internal diameter (millimeters), and LV wall thickness (millimeters). n = 9-10 mice/group pooled from two in-
dependent experiments. **, P < 0.01, ***, P < 0.001 by two-tailed, unpaired t test. (D) Infarct-associated cellular responses in mHIF2~/~ mice or controls after
MI. n = 3-10 mice/group pooled from more than three independent experiments. *, P < 0.05; **, P < 0.01 by two-way ANOVA followed by Tukey’s test.
(E) Gene expression of inflammatory mediators in whole cardiac extracts. n = 3-5 mice/group pooled from two independent experiments. *, P < 0.05; **, P <
0.01; ***, P < 0.001 by two-way ANOVA followed by Tukey’s test. (F) OCR of infarct-associated cardiac macrophages 3 d after M. n = 3-5 mice/group pooled
from two independent experiments. *, P < 0.05 by two-tailed, unpaired t test. All data presented as mean + SEM. D, day.

resolution of neutrophilic inflammation in mHIF2~/~ mice on
day 3 after MI. Taken together, these data show that myeloid
cell HIF-2a promotes inflammatory responses after MI to
worsen cardiac repair.

Phagocytosis of apoptotic neutrophils (efferocytosis) by
macrophages imprints anti-inflammatory cellular reprogram-
ming through mitochondrial respiration (A-Gonzalez et al., 2017;
Zhang et al., 2019) and is necessary for inflammation resolution
and cardiac repair after MI (Wan et al., 2013). Since myeloid cell
Hif2 deficiency was associated with increased reparative mac-
rophages and improved inflammation resolution, we asked
whether HIF-2a suppressed phagocytosis-associated metabo-
lism in macrophages to impair inflammation resolution after
MI. To measure cellular metabolism in cardiac macrophages, we
isolated infarct-associated macrophages 3 d after MI and mea-
sured oxygen consumption rate (OCR) using a Seahorse Analyzer.
Interestingly, HIF-2a suppressed mitochondrial respiration as
basal respiration and maximum respiratory capacity were sig-
nificantly increased in infarct-associated cardiac macrophages
from mHIF2~/~ mice compared with mHIF2*/* mice after MI
(Fig. 2 F). To determine how HIF-28 suppressed mitochondrial
respiration, we modeled efferocytosis in vitro by coculturing bone
marrow-derived macrophages (BMDMs) with apoptotic Jurkat
T cells. Apoptotic cells (ACs) reproducibly induced BMDMs to
produce the canonical anti-inflammatory cytokine IL-10 (Fadok
et al., 1998), and this response was also validated with elicited
primary peritoneal macrophages (Fig. 3 A). Loss of Hif2 enhanced
AC-induced macrophage production of IL-10, which was spe-
cific to HIF-2a, as macrophages deficient in both Hif2 and Hifl,
but not Hifl alone, also exhibited increased IL-10 production
(Fig. 3 A). In contrast, overexpression of HIF-2a suppressed
AC-induced IL-10 production by BMDMs (Fig. 3 B). Consistent
with our in vivo data, loss or gain of HIF-2a was associated
with increased or decreased mitochondrial respiration by ef-
ferocytic BMDMs, respectively (Fig. 3 D). Importantly, loss or
gain of HIF-2a did not affect the levels of HIF-la in BMDMs
(Fig. S2, E and F) and did not affect BMDM uptake of ACs
(Fig. 3 C), thereby implicating a HIF-2a-specific postengulfment
signaling pathway.

We have previously shown that efferocytic IL-10 production
is dependent on mitochondrial B-oxidation of AC-derived fatty
acids to fuel mitochondrial metabolism (Zhang et al., 2019).
Separately, HIF-2a has been linked to suppression of fatty acid
B-oxidation and increased lipid storage in hepatocytes (Rankin
etal., 2009). Since HIF-2a is stably expressed by BMDMs during
normoxia (Fig. S2 F; Imtiyaz et al., 2010; Dehn et al., 2016), we
sought to determine whether HIF-2a suppressed postengulfment
B-oxidation of AC-derived fatty acids by first assessing expression
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of genes involved in fatty acid synthesis, storage, and oxidation in
untreated mHIF2*/* and mHIF2~/~ BMDMs. We found that loss of
HIF-20 was associated with decreases in genes involved in fatty
acid synthesis and storage with a concomitant increase in fatty
acid oxidation (FAO) genes, including Cptla (Fig. 3 E), which
encodes carnitine palmitoyltransferase 1 (CPT1), a rate-limiting
enzyme of FAO. To determine whether the increase in Cptla
with Hif2-deficiency was linked to the increased IL-10 production
by efferocytic mHIF2-/~ BMDMs, we specifically targeted Cptla
gene expression with siRNAs. Targeted knockdown of Cptla in
mHIF2~/~ BMDM:s significantly reduced efferocytosis-induced
IL-10 production (Fig. 3 G), linking increased FAO with loss of
HIF-20. As a complementary approach, we used a small-molecule
inhibitor to block acetyl-coenzyme A carboxylase (ACC), which is
encoded by the gene Acaca and produces malonyl-coenzyme A, an
endogenous inhibitor of CPT1. Loss of HIF-2a was associated with
decreased Acaca expression (Fig. 3 E), and treatment of wild-type
efferocytic BMDMs with the ACC-specific inhibitor 5-tetradecy-
loxy-2-furoic acid (TOFA) enhanced mitochondrial respiration
(Fig. 3 H) and IL-10 production (Fig. 3 I), recapitulating the effects
of Hif2 deficiency. Taken together, these data support a role for
HIF-2a in suppression of anti-inflammatory mitochondrial me-
tabolism in efferocytic macrophages.

While HIFs have been shown to directly repress gene tran-
scription (Cavadas et al., 2016), including Cptla within tumor
cells (Du et al., 2017), they are widely believed to function as
transcriptional activators. This led us to hypothesize that HIF-2a
may activate genes involved in directing AC-derived fatty acids
away from the mitochondria instead of directly repressing
fatty acid B-oxidation. To track AC-derived fatty acids during
efferocytosis, we loaded ACs with a boron-dipyrromethene
(BODIPY)-labeled, long-chain fatty acid and examined uptake
and localization of BODIPY in BMDMs after efferocytosis.
Consistent with our earlier observation that HIF-2a was dis-
pensable for macrophage uptake of ACs (Fig. 3 C), we observed
similar total levels of BODIPY-labeled fatty acids in mHIF2*/*
and mHIF2-/- BMDMs (Fig. 3 J). Despite similar levels, when we
examined distribution of AC-derived fatty acids, we found in-
creased localization of BODIPY-labeled fatty acids within lipid
droplets of mHIF2*/* BMDMs compared with mHIF2-/~ BMIDMs
(Fig. 3 K). Since lipid droplets were reduced, but not completely
eliminated, in efferocytic mHIF2~/~ BMDMs, we wondered
whether HIF-2a promoted lipid droplet stability. Recent studies
of macrophages have identified a role for the hypoxia-inducible
lipid droplet-associated protein (HILPDA) in promoting re-
tention of lipids within lipid droplets (Maier et al, 2017; van
Dierendonck et al., 2020). We found that loss or gain of HIF-2a in
BMDMs was associated with decreased and increased expression
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Figure 3. HIF-20 suppresses anti-inflammatory macrophage mitochondrial metabolism. (A) IL-10 production by BMDMs or peritoneal elicited mac-
rophages (PMac) from mice with myeloid-specific deletion of Hifl (mHIF1~/=), Hif2 (mHIF2-/~), both Hifl and Hif2 (mHIF1/27/-), or controls after efferocytosis of
ACs. Nonengulfed cells were removed from adherent phagocytes. n = 3 sets of cells/group. Data are representative of more than three independent ex-
periments. *, P < 0.05; ***, P < 0.001 by one-way ANOVA followed by Tukey’s test. (B) IL-10 production by BMDMs from mice with myeloid-specific
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overexpression of HIF-2a (mHIF2'Y) or controls after efferocytosis of ACs. n = 5 sets of cells/group. Data are representative of two independent experiments.
*, P < 0.05 by two-tailed, unpaired t test. (C) Efferocytosis of calcein-labeled ACs (green) by MitoTracker-labeled BMDMs (red). Scale bar, 10 um. n = 3 sets of
cells/group. Data are representative of three independent experiments. ns, two-tailed, unpaired t test. (D) OCR with quantification of mitochondrial respiration
by untreated () or efferocytic (AC) BMDMs. n = 6-8 sets of cells/group. Data are representative of three independent experiments. ***, P < 0.001 by two-way
ANOVA followed by Tukey’s test. AA/Ro, antimycin A/rotenone. (E) Expression of genes involved in fatty acid storage, synthesis, and oxidation in untreated
mHIF2~/~ BMDMs or controls. n = 3 sets of cells/group. Data are representative of three independent experiments. *, P < 0.05; **, P < 0.01 by two-tailed,
unpaired t test. (F) Expression of Hilpda in untreated BMDMs. n = 5 sets of cells/group. Data represent three independent experiments. *, P < 0.05; ***, P <
0.001 by one-way ANOVA followed by Tukey’s test. (G) IL-10 levels in cell culture medium after cocultivation of ACs and mHIF2~/~ BMDMs treated with control
or Cptla siRNA. n = 3 sets of cells/group. Data are representative of two independent experiments. **, P < 0.01 by two-tailed, unpaired t test. (H) OCR with
quantification of mitochondrial respiration by vehicle or TOFA-treated efferocytic BMDMs. n = 8 sets of cells/group. Data are representative of three inde-
pendent experiments. *, P < 0.05 by two-tailed, unpaired t test. (I) IL-10 production by vehicle (Veh) or TOFA-treated efferocytic BMDMs. n = 5 sets of cells/
group. Data are representative of three independent experiments. ***, P < 0.001 by two-tailed, unpaired t test. (J) BODIPY levels in BMDMs after cocultivation
of BMDMs with BODIPY FL Cys-labeled ACs. n = 3 sets of cells/group. Data are representative of two independent experiments. ***, P < 0.001 by two-way
ANOVA followed by Tukey’s test. (K) BODIPY staining in BMDMs after cocultivation of BMDMs with BODIPY FL Cye-labeled ACs with quantification of lipid
droplets (LD) per cell. Arrows indicate lipid droplets in BMDM. Scale bar, 10 pm. n = 4 sets of cells/group. Data are representative of three independent
experiments. *, P < 0.05 by two-tailed, unpaired t test. (L) OCR with quantification of mitochondrial respiration by control or Hilpda siRNA-treated efferocytic
BMDMs. n = 7-11 sets of cells/group. Data are representative of two independent experiments. **, P < 0.03; ***, P < 0.001 by two-tailed, unpaired t test.
(M) IL-10 production by control or Hilpda siRNA-treated efferocytic BMDMs. n = 6 sets of cells/group. Data are representative of two independent experiments.

***, P < 0.001 by two-tailed, unpaired t test.

of Hilpda, respectively (Fig. 3 F), suggesting that HIF-2a regu-
lated Hilpda expression in macrophages. To determine whether
HILPDA antagonized anti-inflammatory mitochondrial metab-
olism in efferocytic macrophages, we specifically targeted Hilpda
gene expression with siRNAs. Targeted knockdown of Hilpda in
wild-type BMDMs enhanced mitochondrial respiration (Fig. 3 L)
and IL-10 production (Fig. 3 M), linking HIF-2a to storage of AC-
derived fatty acids through HILPDA. Thus, HIF-2a activation
leads to sequestration of AC-derived fatty acids in lipid droplets to
deprive the macrophage of the fuel needed for anti-inflammatory
mitochondrial metabolism.

To determine whether our findings were unique to HIF-2a,
we next compared cardiac remodeling and function after MI
between controls and mice with myeloid-specific loss (mHIF1~/~)
or gain (mHIFI*S!) of HIF-1a. Similarly to mHIF2~/~ mice, yet
in contrast to previously published data (Dong et al., 2010),
mHIFI~/~ mice presented with smaller sized infarcts compared
with controls 7 d after MI (Fig. 4 A). Alternatively, constitutive
activation of HIF-la in myeloid cells of mHIFI*SL mice led to
increased infarct sizes compared with controls 7 d after MI
(Fig. 4 B). Echocardiography performed 28 d after MI revealed
improved LV systolic function, reduced LV dilatation and in-
creased LV wall thickness in mHIFI~/~ mice compared with
controls (Fig. 4 C), linking HIF-1a activation in myeloid cells to
adverse remodeling after MI. In contrast to mHIF2~/~ mice,
earlier infarct measurements at 3 d after MI revealed no dif-
ferences in infarct sizes between mHIFI~/~ mice and controls
(Fig. 4 A), consistent with later activation of HIF-la that we
observed in infarct-associated macrophages (Fig. 1 D). Im-
portantly, loss of HIF-la did not affect the levels of HIF-2a in
cardiac macrophages (Fig. S2, C and D), indicating that the effects
of myeloid cell Hifl deletion on cardiac remodeling and function
were not due to compensatory effects of HIF-2a. Taken together,
these data suggest that HIF-1a functioned independent of HIF-2a in
myeloid cells to promote infarct expansion after MI.

We next used flow cytometry to investigate whether changes
in the extent and quality of cardiac immune cell infiltrate con-
tributed to HIF-la-dependent infarct expansion. In contrast to
prior reports (Dong et al., 2010), Hifl deficiency did not reduce

DeBerge et al.
Macrophage HIFs in myocardial infarction

myeloid cell infiltration into the heart, as we observed similar
total numbers of Ly6C™ monocytes and neutrophils in mHIFI-/~
mice compared with controls after MI (Fig. 4 D). However, there
was a significant increase in MerTK* macrophages in mHIFI~/~
mice compared with controls after MI (Fig. 4 D). This was specific
to HIF-1a, as numbers of MerTK* macrophages in mHIF2-/~mice
were similar to controls (Fig. 2 D). Differences in proliferation
could not explain the increased macrophages in mHIFI-/~ mice, as
in vivo administration of BrdU labeled similar percentages of
macrophages in mHIFI*/* and mHIFI~/~ mice after MI (Fig. S3 B).
We address the effect of Hifl-deficiency on macrophage apoptosis
in a section below. MerTK mediates the clearance of apoptotic
cardiomyocytes to prevent infarct expansion (Howangyin et al.,
2016; Wan et al., 2013) and promotes proreparative MHCIILC
macrophage polarization (DeBerge et al., 2017). Accordingly, we
observed increased macrophage efferocytosis of apoptotic car-
diomyocytes (Fig. 4 E) and increased total number of MHCII'®
macrophages (Fig. 4 D) in mHIFI~/~ mice compared with controls
after MI. During inflammation, MerTK levels are naturally re-
duced by its proteolytic cleavage (Cai et al., 2016; DeBerge et al.,
2017), so we next examined MerTK levels on macrophages before
and after MI to determine whether HIF-la activation com-
promised inflammation resolution through MerTK cleavage.
Despite similar levels of MerTK on cardiac macrophages at
steady state, cell surface MerTK expression was significantly
reduced in controls and mHIF2~/~ mice after MI, but this effect
was largely absent in mHIFI~/~ mice (Fig. 4 F). This was as-
sociated with a reduction in serum levels of the cleavage
product, soluble MerTK (solMER) in mHIFI~/~ mice compared
with controls after MI (Fig. 4 G). Together, these data show that
myeloid cell HIF-1a promotes MerTK cleavage after MI to worsen
cardiac repair.

To dig deeper into the cell-intrinsic relationship between
HIF-1a and MerTK, we examined cell surface MerTK and solMER
levels of BMDMs from mice with loss or gain of HIF-la after
stimulation of TLR4, which recognizes damage-associated molec-
ular patterns released by dying cardiomyocytes (Rohde et al.,
2014) and triggers MerTK cleavage (Thorp et al., 2011). TLR4
stimulation decreased cell surface MerTK and increased solMER in
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Figure 4. Myeloid HIF-1c antagonizes cardiac repair through MerTK cleavage after MI. (A) Percent infarct/LV, percent AAR/LV, and percent infarct/AAR
measured 3 or 7 d after Ml in mice with myeloid-specific deletion of Hifl (mHIF1~/~) or controls. n = 5-9 mice/group pooled from more than three independent
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experiments. **, P < 0.01, ***, P < 0.001 by two-way ANOVA followed by Tukey’s test. (B) Infarct measurement 7 d after Ml in mice with overexpression of HIF-1o,
(mHIF1tt) or controls. n = 6-7 mice/group pooled from two independent experiments. ***, P < 0.001 by two-tailed, unpaired t test. (C) M-mode echo-
cardiography measurements 28 d after MI with quantification of percent ejection fraction (EF), percent fractional shortening (FS), LV systolic and diastolic
volume (microliters), LV mass, internal diameter (millimeters), and LV wall thickness (millimeters). n = 5-8 mice/group pooled from two independent
experiments. **, P < 0.01 by two-tailed, unpaired t test. (D) Infarct-associated cellular responses in mHIF1~/~ mice or controls after M. n = 4-10 mice/group
pooled from more than three independent experiments. **, P < 0.01 by two-way ANOVA followed by Tukey’s test. (E) Phagocytosis of apoptotic mCherry-
expressing cardiomyocytes by cardiac macrophages 5 d after MI. n = 4 mice/group pooled from two independent experiments. *, P < 0.05 by two-tailed,
unpaired t test. (F) MerTK expression on cardiac macrophages after MI. Unfilled histograms represent FMO staining controls. n = 3-5 mice/group pooled
from two independent experiments. *, P < 0.05 by two-way ANOVA followed by Tukey’s test. (G) Serum levels of solMER 3 d after MI. n = 3 mice/group from

three independent experiments. **, P < 0.01 by two-tailed, unpaired t test. All data are presented as mean + SEM.

controls and mHIF2~/~- BMDMs (Fig. 5, A and B). However, these
effects were largely absent with mHIFI-/~ BMDMs (Fig. 5, D and E),
and led to preservation of efferocytosis of apoptotic Jurkat T cells
after TLR4 stimulation compared with controls (Fig. 5 C). Con-
stitutive HIF-1a activation in mHIFILSE BMDMs led to even greater
reductions or elevations of cell surface MerTK and solMER, re-
spectively, both at steady state and after TLR4 stimulation (Fig. 5,
D and E), implicating HIF-lo. in MerTK cleavage on macrophages.
A disintegrin and metalloproteinase 17 (ADAM17) mediates the
proteolytic cleavage of MerTK to block efferocytosis (Thorp et al.,
2011), so we next assessed ADAMI7 levels. Loss (mHIFI™/~) or gain
(mHIFI-SL) of HIF-1a was associated with decreased and increased
expression of Adaml?7, respectively (Fig. 5, F and G). HIF-la in-
creases Adaml7 expression under conditions of high glucose (Li
et al., 2015) and is required for the TLR4-stimulated switch to
glycolysis (Cramer et al., 2003), so we next determined the re-
quirement for glycolytic metabolism in MerTK cleavage. Despite
similar basal levels of glycolytic metabolism, TLR4 stimulation
increased glycolysis and glycolytic capacity in mHIFl+/+ BMDMs
but this effect was attenuated in mHIFI-/~ BMDMs (Fig. 5 H).
Constitutive HIF-1a activation in mHIFI-SL BMDMs increased both
basal and TLR4-stimulated glycolysis (Fig. 5 H), linking HIF-1a to
macrophage glycolytic metabolism. To block the HIF-la-mediated
increase in glycolysis, we stimulated TLR4 on BMDMs cultured in
glucose-free media or in the presence of 2-deoxy-D-glucose (2-
DG), an inhibitory glucose analogue. Both glucose-free media and
2-DG abrogated TLR4-stimulated MerTK cleavage (Fig. 5, I and J),
thereby implicating HIF-la-mediated glycolytic reprogramming
of macrophages in MerTK cleavage.

Given that HIF-2a and HIF-1a both antagonized cardiac re-
pair, we hypothesized that loss of both isoforms in myeloid cells
would maximize cardiac repair. In contrast to our expectations,
loss of both HIF-2a and HIF-la in myeloid cells (mHIF1/2~/)
increased death due to cardiac rupture in mHIFI/27/~ mice
compared with controls after MI (Fig. 6, A and B). To determine
the cause of increased ventricular wall rupture, we examined the
extent and quality of cells involved in stable scar formation and
tissue remodeling, including myofibroblasts and myeloid cells.
While myofibroblast accumulation was reduced in mHIF1/2/~
mice compared with controls after MI, this was not specific to
combined Hifl and Hif2deficiency as myofibroblasts were also
reduced in mHIFI~/~ and mHIF2~/~ mice (Fig. 6 C). Since we
observed increased cardiac macrophages in mHIFI~/~ mice
without changes in proliferation (Fig. 4 D, Fig. S3 B), we next
assessed whether HIFs affected macrophage survival using
Annexin staining after MI. While Hif2 deficiency did not affect
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macrophage apoptosis after MI, loss of HIF-1a decreased mac-
rophage apoptosis compared with controls (Fig. 6 D), which
may have contributed to the increase in cardiac macrophages
that we observed in mHIF1~/~ mice. In contrast, combined Hifl
and Hif2 deficiency significantly increased macrophage apop-
tosis compared with controls (Fig. 6 D). Despite the increase in
macrophage apoptosis, mHIF1/2~/~ mice had increased total
number of macrophages compared with controls 5 d after MI
(Fig. 6 E). However, we also observed hyperinflammatory re-
sponses in mHIF1/2~/~ mice, measured as increased neutrophils
and Ly6CM monocytes on days after MI when these responses
were declining in controls (Fig. 6 E). These results demonstrate
that clearance of apoptotic macrophages, inflammation reso-
lution, and myofibroblast activation after MI were impaired by
combined Hifl and Hif2 deficiency in myeloid cells.

To investigate the requirement for HIF-la and HIF-2a in
macrophage survival following ischemic injury, we measured
survival of BMDMs from mHIF1/2~/~ mice or controls following
exposure to hypoxia (1% O,). Despite similar levels of cell death
during normoxia, hypoxia exposure increased cell death in
BMDM:s from mHIFI/2~/~ mice compared with controls (Fig. 7 A).
However, this effect was not observed with BMDMs deficient in
either Hifl or Hif2 alone (Fig. 7 A), so we performed additional
experiments to determine how loss of both HIFs increased hy-
poxic BMDM cell death. Hypoxia increases production of mito-
chondrial reactive oxygen species (mROS; Chandel et al., 1998),
which can trigger necrotic cell death in the ischemic myocar-
dium (Luedde et al, 2014). Following hypoxia exposure, in-
creased mROS levels were observed in BMDMs from mHIF1/2-/~
mice, but not controls, and elimination of mROS using a su-
peroxide scavenger attenuated hypoxic cell death in BMDMs
(Fig. 7, B and C), linking increased mROS to hypoxic cell death
in mHIF1/2~/- BMDMs. mROS promote necroptotic signaling
leading to necroptosis (Schenk and Fulda, 2015), and this was
evident as increased gene expression of necroptosis effectors,
such as receptor-interacting protein kinase 1 (Ripkl), in hypoxic
mHIF1/2~/- BMDMs compared with controls (Fig. 7 D). To de-
termine whether hypoxia-induced necroptosis was responsible
for BMDM cell death, we blocked necroptosis using necrostatin-1,
a specific inhibitor of RIPKI. Inhibition of necroptosis abrogated
hypoxic cell death in mHIF1/2~/- BMDMs compared with controls
(Fig. 7 E). To test whether hypoxia-induced necroptosis of mac-
rophages contributed to cardiac rupture in mHIFI/2-/~ mice, we
administered necrostatin-1 or vehicle and measured survival and
LV remodeling after MI between mHIF1/2*/* and mHIF1/2~/~ mice.
Compared with vehicle-treated mHIF1/2~/~ mice, administration of
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Figure 5. HIF-1a promotes MerTK cleavage through glycolytic reprogramming of macrophages. (A and B) Cell surface expression of MerTK (A) or
solMER (B) in culture media of untreated (&) or LPS-treated BMDMs from controls or mice with myeloid-specific deletion of Hif2 (mHIF2-/-). (C) Efferocytosis of
calcein-labeled apoptotic Jurkat cells (green) by BMDMs from mice with myeloid-specific deletion of Hifl (mHIF1-/~) or controls treated with LPS. Scale bar,
10 um. n = 3 sets of cells/group. Data are representative of two independent experiments. *, P < 0.05 by two-way ANOVA followed by Tukey’s test. (D and
E) Cell surface expression of MerTK (D) or solMER (E) in culture media of untreated (x) or LPS-treated BMDMs from controls, mHIF1~/~ mice, or mice with
overexpression of HIF-1o, (mHIFI-L). For B-E, n = 3-4 sets of cells/group, and data are representative of three independent experiments. *, P < 0.05; **, P < 0.01;
**% P < 0.001 by two-way ANOVA followed by Tukey’s test. (F) Expression of Adam17 in untreated (&) or LPS-treated mHIF1~/~ BMDMs or controls. n = 3 sets
of cells/group and data are representative of three independent experiments. *, P < 0.05 by two-way ANOVA followed by Tukey’s test. (G) Expression of
Adam17 in untreated mHIF1:t BMDMs or controls. n = 3 sets of cells/group, and data are representative of two independent experiments. *, P < 0.05 by two-
tailed, unpaired t test. (H) ECAR with quantification of glycolytic function in untreated (&) or LPS-treated BMDMs. n = 5-7 sets of cells/group. Data are
representative of more than three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-way ANOVA followed by Tukey’s test. (1 and J) Cell
surface expression of MerTK (1) or solMER (J) in culture media of untreated or LPS-treated BMDMs cultured in 0 mM glucose (Glu), 5 mM glucose, or 5 mM
glucose with 25 mM 2-DG. n = 4 sets of cells/group. Data are representative of two independent experiments. **, P < 0.01; ***, P < 0.001 by two-way ANOVA
followed by Tukey’s test. Unfilled histograms represent FMO staining controls. All data presented as mean + SEM.

necrostatin-1 to mHIF1/2~/~ mice significantly improved survival cell-derived HIF isoforms, which was necessary to prevent cardiac
(Fig. 7 F) and reduced infarcts sizes to levels comparable with rupture.

mHIF1/2*/* mice (Fig. 7 G). Thus, in contrast to their isoform-

specific roles, HIF-la and HIF-2a work together to suppress Discussion

mROS and inhibit macrophage necroptosis. This may have con- Taken together, our data reveal a new role for HIF-2a in car-
tributed to the cardioprotective response mediated by myeloid diac repair. This occurs through anti-inflammatory metabolic
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Figure 6. Myeloid HIFs prevent cardiac rupture after MI. (A) Survival of mice with myeloid-specific deletion of both Hifl and Hif2 (mHIF1/2-/~) or controls after
MI. n = 6-7 mice/group pooled from two independent experiments. **, P < 0.01 by log-rank (Mantel-Cox) test. (B) Evidence of cardiac rupture in mHIF1/27/~
mice compared with controls after MI. Scale bars represent 100 um (left panel) and 50 um (right panel). n = 6-7 mice/group pooled from two independent
experiments. ***, P < 0.001 by two-tailed, unpaired t test. (C) Absolute number of infarct-associated aSMA* myofibroblasts 3 d after Ml in mice with myeloid-
specific deletion of Hifl (mHIF1~/-), Hif2 (mHIF2-/-), both Hifl and Hif2 (mHIF1/2-/-), or controls. n = 4-5 mice/group pooled from two independent experiments.
*, P < 0.05 by one-way ANOVA followed by Tukey’s test. (D) Cardiac macrophage apoptosis as measured by Annexin staining after MI. Black contour plots
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represent FMO staining controls. n = 8 mice/group pooled from three independent experiments. ***, P < 0.001 by one-way ANOVA followed by Tukey’s test.
(E) Infarct-associated cellular responses in mHIF1/2-/~ mice or controls after MI. n = 4-9 mice/group pooled from more than three independent experiments. *,
P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA followed by Tukey’s test. All data are presented as mean + SEM.

reprogramming and through a mechanism that is distinct from
HIF-1a. HIF-2a activated genes involved in fatty acid synthesis
and storage, including Hilpda, to antagonize CPT1-dependent
FAO of AC-derived fatty acids and impair anti-inflammatory
production of IL-10 by efferocytic macrophages. In contrast to
HIF-2a, HIF-1a mediated glycolytic reprogramming in macro-
phages to promote proteolytic cleavage of phagocytic receptor
MerTK and impair clearance of dying cells and the initiation of
inflammation resolution. Despite their distinct proinflammatory
roles, these HIFs together were required for cardiac macrophage
survival after MI, as loss of both HIF-la and HIF-2a increased
macrophage cell death, leading to cardiac rupture and impaired
survival. These isoform-independent roles counteracted a com-
binatorial HIF-1a and HIF-2a cardioprotective response, as de-
picted in our working model (Fig. S4).

HIF expression was first detectable in cardiac macrophages
within days after the induction of ischemic injury in both hu-
mans and mice. HIF-2a levels increased before HIF-1a in cardiac
macrophages, which may be of significance to early interven-
tional strategies. This was somewhat surprising given an ex-
pectation that HIF-la would be stabilized first as macrophage
metabolism shifted to ischemia-associated glycolysis (Kim et al.,
2006a). However, prolyl hydroxylation of HIF-2a is less efficient
than HIF-1a, which may lead to its earlier stabilization and ac-
tivation (Koivunen et al., 2004). Interestingly, expression of
both HIF-1a and HIF-2a was still detectable in infarct-associated
macrophages 30 d after MI, a time point that is considered
equivalent to human heart failure. Similarly, HIF expression and
signaling was detectable in cardiac macrophages from the ex-
planted hearts in patients with end-stage heart failure, raising
the possibility that macrophage expression of HIFs may drive
the progression to heart failure. Pathway analyses of human
cardiac macrophages revealed up-regulation of lipid storage and
cellular responses to ROS, consistent with our findings that
HIF-2a mediates retention of AC-derived fatty acids in lipid
droplets and that both HIFs confer protection from the cytotoxic
effects of hypoxic mROS, respectively. While our findings reveal
how myeloid HIFs regulate the initial inflammatory and repar-
ative macrophage responses after the acute ischemic injury, this
only sets the trajectory for disease progression (Dick and Epelman,
2016), and the role for myeloid HIFs after chronic ischemic
cardiomyopathy is established, which represents the majority of
patients, will be an important area of future investigation.

Metabolic reprogramming is linked to macrophage polari-
zation and is instrumental to their function during homeostasis,
tissue injury, and host defense (Thorp, 2021). Similar to previous
observations during infection (Tannahill et al., 2013), we found
that TLR4 signaling activated a HIF-la-dependent switch to
glycolytic metabolism to facilitate the increased energetic de-
mands of macrophage inflammatory activation. In contrast, we
previously demonstrated that tissue reparative macrophages
require mitochondrial metabolism for anti-inflammatory IL-10
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production after MI (Zhang et al., 2019), Here, we found that
HIF-2a suppressed this efferocytosis-induced FAO and mito-
chondrial metabolism to block the anti-inflammatory potential
of macrophages after MI. By suppressing mitochondrial me-
tabolism, HIF-2a indirectly cooperated with HIF-1a to promote a
switch to glycolytic metabolism to fuel a proinflammatory,
maladaptive response within the infarcted heart. Mechanisti-
cally, HIF-2a positively regulated macrophage expression of
Hilpda, which promoted retention of AC-derived fatty acids
within lipid droplets and prevented CPT1-dependent mito-
chondrial B-oxidation. Deficiency of Hilpda alone does not alter
inflammatory gene expression in macrophages (van Dierendonck
etal., 2020), suggesting that additional signals are required for
anti-inflammatory IL-10 production by efferocytic macro-
phages. We found that HIF-2a was also associated with de-
creased expression of genes involved in FA synthesis and
storage and inhibition of ACC, which catalyzes the first com-
mitted step of FA synthesis, enhanced IL-10 production by ef-
ferocytic macrophages. This necessitates future studies using
targeted lipidomics to track the fate of AC-derived FAs within
the efferocyte. Separately, HIF-2a suppresses FAO and mito-
chondrial metabolism in hepatocytes (Rankin et al., 2009) and
intestinal HIF-2a contributes to systemic lipid synthesis and
storage (Xie et al., 2017), suggesting that HIF-2% regulation of
metabolic programming is a conserved mechanism that will be
translatable to other inflammatory conditions as well.

HIF-1a has been implicated in macrophage host defense
against pathogens (Cheng et al., 2014), which may explain the
myeloid isoform-specific maladaptive roles we observed for
HIFs in sterile ischemic injury following MI. Recognition of
pathogen-associated molecular patterns, including LPS, by
germline-encoded pattern recognition receptors, triggers HIF-1a and
HIF-2a signaling to initiate proinflammatory macrophage re-
sponses (Tannahill et al., 2013). Similar to pathogen-associated
molecular patterns, damage-associated molecular patterns re-
leased by necrotic cardiomyocytes are sensed by pattern recog-
nition receptors, leading to macrophage inflammatory responses
after MI. While both sterile ischemic injury and infection trigger
inflammation, the physiological purpose of the coordinated re-
sponse by HIF-1a and HIF-2a to suppress pre- and postengulfment
efferocytic signaling, respectively, and prevent inflammation
resolution may have evolved to ensure pathogen clearance be-
fore the onset of tissue reparative processes. This could be ex-
plained by the cost of collateral tissue damage being outweighed
by pathogen persistence and, ultimately, host death. During
infection, impaired clearance of dying cells leads to secondary
necrosis, which may limit pathogen replication in infected cells
(Nailwal and Chan, 2019). In contrast, impaired clearance of
dying cardiomyocytes following HIF-la activation in myeloid
cells contributed to infarct expansion after MI. HIF-1a was found
to positively regulate Adami7 expression in macrophages, which
supports recent observations of Adami7 as a direct transcriptional
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Figure 7. HIFs temper hypoxic production of mROS to inhibit macrophage necroptosis. (A) Cell death as measured by Zombie Aqua positivity of BMDMs
from mice with myeloid-specific deletion of Hifl (mHIF1~/-), Hif2 (mHIF2~/-), both Hifl and Hif2 (mHIF1/2/~), or controls cultured under normoxia (21% O,) or
hypoxia (1% O,). n = 3 sets of cells/group. Data are representative of three independent experiments. *, P < 0.05 by one-way ANOVA followed by Tukey's test.
(B) Levels of mROS as measured by MitoSOX in BMDMs cultured under normoxia, hypoxia, or hypoxia with MitoTEMPO (MT). (C) Cell death of MitoTEMPO-
treated BMDMs cultured under hypoxia. For B and C, n = 3 sets of cells/group and are representative of two independent experiments. *, P < 0.05; **, P < 0.01
by one-way ANOVA followed by Tukey’s test. (D) Necroptosis gene expression in BMDMs cultured under normoxia or hypoxia. n = 3 sets of cells/group. Data
represent two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA followed by Tukey’s test. (E) Cell death of vehicle (Veh)-
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one-way ANOVA followed by Tukey’s test. (F) Survival of mice treated with vehicle or necrostatin-1after MI. n = 3-8 mice/group pooled from two independent
experiments. ¥, P < 0.05 by log-rank (Mantel-Cox) test. (G) Percent infarct/LV, percent AAR/LV, percent infarct/AAR measured 7 d after Ml in mice treated with
vehicle or necrostatin-1. n = 3-5 mice/group pooled from two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA followed

by Tukey’s test. All data are presented as mean + SEM.
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target gene of HIF-la (Lian et al., 2019). This was associated
with HIF-la-dependent glycolytic reprogramming in macro-
phages leading to MerTK cleavage and impaired efferocytosis.
Impaired clearance of dying cells has also been linked to au-
toimmune disease (Rothlin and Lemke, 2010), revealing a po-
tential link between macrophage HIF-la activation and
autoimmunity. For example, hyperglycemia in type 1 diabetes
patients is associated with an inflammatory state and in-
creased cardiac autoimmunity (Sousa et al., 2020), which is
initiated in part through myeloid cell function (DeBerge et al.,
2020). Additional studies are needed to determine whether poor
glycemic control favors HIF-la-dependent inflammatory acti-
vation in cardiac macrophages, impairing clearance of apoptotic
cardiomyocytes and leading to processing and presentation
of cardiac self-antigens for the initiation of postinfarction
autoimmunity.

Despite their distinct proinflammatory roles, HIF-1o and HIF-2a
together were required to inhibit necroptotic cell death of
macrophages during hypoxic stress, which may have contrib-
uted to the increase in infarct size, ventricular wall rupture,
and premature death after MI in mice with combined loss of
HIF-1a and HIF-2a in myeloid cells. Combined loss of HIF-1a and
HIF-2a in macrophages was associated with elevated mROS
during hypoxic stress, which impaired macrophage survival.
Isoform-specific HIF regulation of antioxidant genes, such as py-
ruvate dehydrogenase kinase by HIF-lo (Kim et al.,, 2006a) and
superoxide dismutase 2 by HIF-2a (Lian et al., 2019), likely explain
the absence of increased macrophage death with loss of either HIF-
la or HIF-2a alone. Interestingly, Hifl deficiency was associated
with increased cardiac macrophage survival after MI, consistent
with the proapoptotic role observed for HIF-la activation in
macrophages during atherosclerosis (Aarup et al., 2016). Preser-
vation of cell surface MerTK may have contributed to enhanced
survival of Hifl-deficient macrophages, as MerTK activates a
protective response to oxidative stress in efferocytic macro-
phages (Lantz et al., 2020). In macrophages with combined loss
of HIF-la and HIF-2a, the increase in mROS during hypoxic
stress led to increased necroptotic cell death, which was abro-
gated using necrostatin-1, a RIPKl-specific inhibitor of nec-
roptosis. Systemic administration of necrostatin-1 to mice with
combined loss of HIF-la and HIF-2a in myeloid cells rescued
the survival deficit after MI. Treatment of mice with necrostatin-
1 also reduced infarct sizes, which was expected as necrostatin-
1 inhibits both macrophage and nonmacrophage cell death,
including cultured cardiomyocytes (Smith et al., 2007), leading
to reduced infarct sizes after MI (Koudstaal et al., 2015). Im-
portantly, necrostatin-1 blocked the increase in infarct sizes
observed in mice with combined loss of HIF-1a and HIF-2a in
myeloid cells and reduced infarcts to levels indistinguishable
from controls, consistent with the premise that myeloid cell
death was a significant contributor to infarct size and survival
after MI. Necroptosis proteins, including RIP1K and activated
MLKL, are increased in the hearts of patients with ischemic
cardiomyopathy compared with controls (Szobi et al., 2017),
suggesting that targeted inhibition of necroptosis during heart
failure may improve outcomes in part through preserving car-
diac macrophage survival.
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In a therapeutic context, our findings suggest that strategies
that nonspecifically increase HIF activation in the ischemic
heart may fail to achieve full efficacy. Isoform-specific HIF an-
tagonists are in clinical development for the treatment of cancer
and have demonstrated favorable safety profiles and activity in
patients (Courtney et al., 2018), supporting the therapeutic potential
of inhibiting HIFs after MI. Targeted delivery of therapeutic cargo to
cardiac macrophages would circumvent the differential role of HIFs
in different myocardial cell populations. Selective targeting of either
HIF-la or HIF-2a would block isoform-specific proinflammatory
activation of macrophages while also preserving isoform-specific
antioxidant pathways that are necessary to prevent accumulation
of hypoxic mROS and macrophage necroptotic death. This could
reduce inflammation and adverse ventricular remodeling after MI
to limit the progression to heart failure.

A limitation of our findings in the heart is that LysM-Cre is
expressed in other myeloid cells, including neutrophils and
Ly6CM monocytes. Similar to macrophages, some subsets of
neutrophils also constitutively express HIF-2a (Thompson et al.,
2014). LysM-Cre deletion of Hifl or Hif2 in myeloid cells did not
affect initial cardiac Ly6C™ monocyte or neutrophil accumula-
tion, consistent with a recent report that HIFs are dispensable
for myeloid cell migration during sterile inflammation (Gardner
et al., 2017). However, we found that neutrophil abundance was
significantly reduced by 3 d after MI with Hif2 deficiency, and
this was associated with an increase in neutrophil apoptosis.
Neutrophil levels of HIF-2a have been shown to be unaffected by
hypoxia or inflammatory stimuli, and loss of HIF-2a does not
affect neutrophil function or expression of apoptosis regulators
(Thompson et al., 2014), suggesting that the changes we
observed in neutrophil survival may be secondary to the cell-
intrinsic effects of HIF-2a that we found in efferocytic macro-
phages. Efferocytosis of apoptotic neutrophils by macrophages
and resolution of neutrophilic inflammation limit the extent of
tissue injury, so these findings are in line with a pathological
role for myeloid cell HIF-2a in cardiac repair after MI. Addi-
tional studies using Cre driver mice that specifically target Hif2
expression in either neutrophils or macrophages are needed to
dissect their precise roles in inflammation resolution after MI.
HIFs also regulate glycolysis in neutrophils (Sadiku et al., 2017),
while mitochondrial metabolism has been implicated in neu-
trophil differentiation (Riffelmacher et al., 2017), warranting
future studies of HIFs in neutrophil metabolism.

In conclusion, our findings newly inform that myeloid HIF-
20 aggravates cardiac repair by suppressing anti-inflammatory
metabolic reprogramming and that the mechanism is distinct
from HIF-1o; the latter suppresses apoptotic cell receptors that
are necessary for dead cell clearance during tissue injury. Al-
though deficiency of either macrophage HIF-la or HIF-2a in
isolation improves cardiac repair, blockade of both isoforms in
combination contributes to the opposite and catastrophic result
of cardiac rupture. This is because both isoforms are required
together in order to protect from hypoxia-induced necroptosis.
These findings support the contention that while macrophage
HIF activation is critical to tissue repair, optimal therapeutic
leveraging of HIFs requires strategies that employ isoform-
specific targeting.
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Materials and methods
Human ischemic cardiomyopathy specimens

This study was approved by the institutional review board at
Northwestern University (#STU00012288) and performed in ac-
cordance with the Helsinki Doctrine on Human Experimentation.
Written consent was obtained from all study participation. Cardiac
tissue specimens were obtained from the explanted hearts of
adult patients with ischemic cardiomyopathy undergoing cardiac
transplantation at Northwestern Memorial Hospital. For single-cell
RNA-sequencing analyses, the patient was a 57-yr-old male with
no LV assist device and heart failure duration of 8.75 yr. For flow
cytometry analyses, the patient was a 69-yr-old male with an LV
assist device and heart failure duration of 1.5 yr. Explanted hearts
were immediately immersed and rinsed with cold cardioplegia
solution. Tissue specimens from infarct scar or viable remote
(absence of fibrosis) myocardium were obtained from the lateral
wall of the LV. Specimens were maintained in cold cardioplegia
solution to preserve tissue integrity. Within 1 h of procurement,
specimens were digested with collagenase type II (600 U/ml;
Worthington) and DNase I (0.1 mg/ml; Sigma-Aldrich) in HBSS at
37°C for 30 min with agitation. Specimens were subsequently
triturated through a 40-pm cell strainer to prepare a single-cell
suspension for downstream analyses by single-cell RNA se-
quencing or flow cytometry.

Single-cell RNA-sequencing analysis

Single-cell suspensions were processed using the 10x Genomics
Chromium System. To determine the quality and quantity of the
single-cell 5’ gene expression library, the Illumina library was run
on the Agilent Bioanalyzer High Sensitivity Chip and Kapa DNA
Quantification kit. In collaboration with the Northwestern Uni-
versity Sequencing Core, the library was sequenced on the Illumina
HiSeq 4000 with the following parameters: read 1, 26 cycles; index
1, 8 cycles; read 2, 98 cycles. The sequenced data were processed
into expression matrices via the 10x Genomics Cell Ranger Single
Cell software suite v2.2. The raw base call files were demultiplexed
into FASTQ files and then aligned to the human transcriptome
(GRCh38-3.0.0). Further filtering of cell barcodes and unique mo-
lecular identifiers was performed to build a transcript count table.

Filtering and normalization

Downstream analyses were performed in R using the packages
Seurat (v4.0.0; Butler et al, 2018) and sctransform (v0.3.2;
Hafemeister and Satija, 2019). To filter out cells with low-quality
data and probable doublets, cells that expressed <400 features per
1,000 unique molecular identifiers and with >5,000 features were
removed, respectively. Furthermore, features that were not de-
tected in at least three single cells were filtered. To remove probable
ACs, cells with greater than 40% mitochondrial gene content were
also excluded. With these criteria in place, our dataset consisted of
1,150 single cells with 15,716 features. To reduce the effect of tech-
nical variation on confounding biological heterogeneity, normali-
zation was performed using a modeling framework in sctransform.

Dimensionality reduction and clustering
The expression matrix underwent dimensionality reduction
using principal-component analysis, which was performed on
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features selected from the FindVariableFeatures function. Using
dimensional heatmaps, a jackstraw plot, and an elbow plot, the
number of significant principal components was determined for
downstream clustering and analyses. Clusters were determined
by the FindCluster function in Seurat, which applies a graph-
based clustering approach. This approach embeds cells into a
K-nearest neighbor graph based on the Euclidean distance with
edges drawn between cells with similar feature expression.
Then, to cluster the cells, the Louvain algorithm (Blondel et al.,
2008) was applied to iteratively group the cells together based
on optimizing the modularity function. Finally, Uniform Mani-
fold Approximation and Projection for Dimension Reduction
was used to reduce the dimensionality of the dataset and for
visualization of the data.

Cluster identification and pathway enrichment analysis
Differentially expressed features were determined using the
FindAllMarkers function in Seurat. A comparison of these fea-
tures with known markers for fibroblasts, vascular smooth
muscle cells, neurons, myocytes, endothelial cells, pericytes, and
lymphocytes determined the identification of each cluster.
Consequently, further downstream analysis was completed with
merged clusters to compare the myeloid cluster. To determine
differentially expressed features in the myeloid cluster, the
FindMarkers function was used. Features that had an adjusted
P value less than 0.05 and had at least a twofold change were
determined to be differentially expressed. gProfiler (Reimand
et al.,, 2016) was employed to determine enriched pathways
based on differentially expressed genes between myeloid cells
and nonmyeloid cells. Gene sets from the gene ontology mo-
lecular function and gene ontology biological process were used.
Processed single-cell RNA-sequencing data have been uploaded
to the Gene Expression Omnibus (accession no. GSE180678).

Immunofluorescence of human acute Ml

Formalin-fixed and paraffin-embedded sections were prepared
from LV myocardial tissue specimens obtained from patients
who died 5-14 d after acute MI or patients with non-MI-related
deaths as previously described (van der Laan et al., 2014). Sec-
tions were deparaffinized and rehydrated and then incubated in
methanol with 0.3% H,0, for 10 min to block endogenous per-
oxidases. Antigen retrieval was performed by heating sections
for 20 min at 125°C and 22 psi in citrate buffer, pH 6.0 (for HIF-
la), or Tris-EDTA buffer, pH 9.0 (for HIF-2a), using a Decloaking
Chamber (Biocare Medical). Aldehyde reduction was then per-
formed by washing sections in deionized water with 1% NaBH,.
Sections were blocked for 1 h at room temperature in TBS with
5% normal goat serum and 0.3% Triton X-100. Primary anti-
bodies for CD68 (1:100; Agilent), HIF-1a (1:100; Novus), and HIF-
2a (1:100; Novus) were diluted in blocking buffer and incubated
overnight at 4°C in a humidified stain tray (IHC World). Sections
were washed extensively in TBS-Tween and incubated with
Alexa Fluor 488 goat anti-rabbit (1:100) and Alexa Fluor 647 goat
anti-mouse (1:100) secondary antibodies diluted in TBS with 1%
BSA and 0.3% Triton X-100 for 1 h at room temperature in a
dark, humidified stain tray. Sections were washed extensively in
TBS-Tween and autofluorescence was quenched by incubating
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the sections with 1X TrueBlack in 70% ethanol for 1 min. Sections
were rinsed with TBS, and sections were mounted with a coverslip
using VECTASHIELD antifade mounting medium with DAPL
Sections were imaged at 20x magnification using a SLIDEVIEW
VS200 (Olympus). Brightness and contrast were equally adjusted
on all representative images using QuPath. Quantification of HIF-
la or HIF-20 mean fluorescence intensity of CD68* macrophages
was performed using Image] (National Institutes of Health). The
fluorescence signal in the CD68 (red) channel was subjected to a
threshold to remove background fluorescent and segment indi-
vidual particles. Only signal within the CD68* macrophage cell
body was scored. Data represent the analysis of at least three fields
per patient sample (more than 100 cells per patient sample).

Mice

LysM-Cre (B6.129P2-Lyz2tml(crellfo/) stock no. 004781), HIFIflox/flox
(B6.129-Hifla™R%/], stock no. 007561), HIF2flox/flox (EpgsiimiMes/],
stock no. 008407), and aMHC-mCherry (Tg(Myh6*-mCherry)
2Mik, stock no. 021577) mice were purchased from The Jackson
Laboratory and backcrossed to wild-type C57BL/6] mice for 6-12
generations. To generate mice with myeloid lineage-specific
knockout of HIF-lo (mHIFI~/~) or HIF-2a (mHIF2/~), LysM-Cre
mice were bred with HIFIflox/flox o HIF2flox/flox mice, respectively.
mHIFI~/~ and mHIF2~/~ mice were crossed to generate mice with
combined loss of HIF-1a. and HIF-2a in myeloid cells (mHIF1/2-/-).
C57BL/6] mice were bred in our animal facility before use. A priori
experiments revealed no difference in infarct sizes among LysM-
Cre, HIF1flox/flox, HIF2flex/flox. and C57BL/6] mice (Fig. S2 B), so C57BL/
6] mice were used as wild-type controls. Mice with myeloid-specific
overexpression of HIF-lo (mHIFIY) or HIF-20 (mHIF2Y) were
generously provided by Yatrik Shah (University of Michigan, Ann
Arbor, MI; Xie et al., 2014). Mice were housed in temperature- and
humidity-controlled, pathogen-free environments and kept on a
14:10-h day/night cycle with access to standard mouse chow and
water ad libitum. 2-4-mo-old female mice were used for experi-
ments. Animal studies were conducted in accordance with guide-
lines using a protocol approved by the Institutional Animal Care and
Use Committee at Northwestern University.

MI surgery

Permanent occlusion MI surgeries were performed on female
mice aged 2-4 mo as previously described (Wan et al., 2013).
In brief, mice were anesthetized with avertin (2,2,2-tri-
bromoethanol, 99%, 0.1 mg/kg i.p.; Alfa Aesar) and received
sustained-release buprenorphine (0.1 mg/kg s.c; ZooPharm)
before the first incision. Puralube Vet Ointment (Dechra) was
applied to the eyes, and mice were secured in a supine position,
endotracheal intubated, and ventilated with an Inspira Ad-
vanced Safety Single Animal Pressure/Volume Controlled Ven-
tilator (Harvard Apparatus). Animals were maintained at 37°C
using a far-infrared warming pad (Kent Scientific). The chest
wall was shaved, depilated with Nair, and sterilized with povi-
done iodide and alcohol prep pads. Using a Leica S4E dissecting
microscope and ACE Light Source (Schott), a left thoracotomy
was performed with the aid of a Geiger Thermal Cautery Unit
(Delasco) to maintain normal hemostasis. The LV was visualized
and the proximal left anterior descending coronary artery was
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temporarily ligated with Surgipro II 7-0 monofilament poly-
propylene sutures (Covidien) ~2 mm distal to the site of its
emergence from under the left atrium. Blanching/pale discol-
oration and hypokinesis of the anterior wall verified ligation.
Using Surgipro II 6-0 monofilament polypropylene sutures
(Covidien), the surgical site was closed in layers starting with
the chest wall followed by the pectoral muscle and finally skin
and subcutaneous tissue. Animals were allowed to recover on a
heating pad (Sunbeam) before being returned to cages. For
necroptosis inhibition, mice received necrostatin-1 (5 mg/kg
s.c.) or vehicle control daily beginning 24 h after MI. Mice dying
within 48 h of MI surgery were treated as technical errors and
excluded from analyses.

LV infarct and AAR measurements

Mice were anesthetized with avertin (0.1 mg/kg i.p.), secured in
a supine position, endotracheal intubated, and ventilated with
an Inspira Advanced Safety Single Animal Pressure/Volume
Controlled Ventilator (Harvard Apparatus). With the aid of a
dissecting microscope, the thoracic cavity was carefully opened
to maintain normal hemostasis and expose the heart. Using an
insulin syringe with 30-G needle, 100 pl FluoSpheres Polysty-
rene Microspheres (10 pm, red fluorescent 580/605) was in-
jected into the LV. Hearts were excised 1 min later and sectioned
into 1-mm coronal slices using a Mouse Heart Slicer Matrix
(zivic Instruments). Infarct and viable myocardium were visu-
alized by staining the slices in 1.5-ml microfuge tubes with 1%
2,3,5-triphenyltetrazolium chloride in saline for 5 min at 37°C
and then fixing in 10% buffered formalin phosphate for 1 h at
4°C. Slices were placed directly on an Epson Perfection V600
Photo scanner and scanned to generate digital infarct images.
Brightness and contrast were equally adjusted on all images
using Adobe Photoshop CC 2018 to aid infarct visualization. AAR
was visualized by placing the slices under an Olympus IX51
fluorescent scope and imaging the slices with Olympus cellSens
Imaging Software. Both infarct and AAR were measured as a
percentage of the LV using Image]. Infarct size, expressed as a
percentage of AAR, was calculated by dividing the sum of infarct
areas from all sections by the sum of AAR from all sections and
multiplying by 100.

Echocardiography

Cardiac function was assessed by transthoracic echocardiogra-
phy on mice anesthetized with isoflurane before and 3-4 wk
after MI using a Vevo 770 equipped with a 25-MHz probe
(VisualSonics). Heart rate was maintained above 400 beats/min
to ensure physiologically relevant measurements in all anes-
thetized animals. Parasternal short-axis images were acquired
using M-mode 1 mm before, at, and after the papillary muscles.
Image analysis was performed using Vevo LAB software (Visu-
alSonics). Measurements of LV internal dimension at both end
systole and end diastole were made in three consecutive cardiac
cycles and averaged for analysis.

Hypoxyprobe and HIF staining
To detect hypoxia and HIF expression in mouse cardiac mac-
rophages, mice were injected with pimonidazole (60 mg/kg i.v.;
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Hypoxyprobe) in PBS. Pimonidazole forms stable protein ad-
ducts under hypoxic conditions that are readily detectable using
a fluorescently conjugated antibody. Mice were euthanized by
CO, asphyxiation 90 min later, and hearts were flushed with
20 ml ice-cold PBS. Cells were processed into single-cell sus-
pensions and stained with surface antibodies as described below
in tissue isolation and flow cytometry sections, respectively. For
intracellular staining, cells were fixed and permeabilized using
the BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD
Biosciences). After fixation/permeabilization, cells were first
incubated with rabbit anti-mouse HIF-la or HIF-2a antibodies
(1:100) in BD Perm/Wash buffer for 30 min on ice. Cells were
washed twice with BD Perm/Wash buffer and then incubated
with Alexa Fluor 647 donkey anti-rabbit IgG (1:200) and FITC
anti-pimonidazole IgGl (1:100; Hypoxyprobe) antibodies in BD
Perm/Wash buffer for 30 min on ice. Cells were washed twice in
FACS buffer and stored in the dark at 4°C until flow cytometric
analyses. Fluorescence minus one (FMO) was used as a negative
staining control.

Tissue isolation

Mice were euthanized by CO, asphyxiation, and hearts were
extensively flushed through the LV with a volume of 20 ml ice-
cold PBS to remove peripheral cells. Infarcted myocardium distal
to the ligature was then excised, weighed, and transferred to a
1.5-ml microfuge tube. Heart tissue was then minced in 1 ml
DMEM with 600 U/ml collagenase type 2, 60 U/ml hyaluroni-
dase, and 60 U/ml DNase I and rotated on a LabQuake rotisserie
shaker (ThermoFisher) at 37°C for 30 min. After digestion, the
sample was carefully pipetted five times with a P1000 pipette to
disrupt any remaining tissue and transferred through a 40-um
cell strainer to prepare a single-cell suspension. Cardiac cells
were collected by centrifuging at 2,000 rpm for 5 min at 4°C,
followed by red blood cell lysis and resuspension in ice-cold
FACS buffer (1x PBS supplemented with 2% FBS and 2 mM
EDTA). Viable cells were counted on a hemocytometer with
trypan blue exclusion to determine the total number of viable
cells for heart (cells/mg of tissue).

Flow cytometry

Single cells were resuspended in a volume of 200 ul FACS buffer
and transferred to either 1.5-ml microfuge tubes or 96-well
plates. Dead cells were labeled by incubating samples with
Zombie Aqua Fixable Dye (1:1,000; BioLegend) in PBS for 15 min
at room temperature in the dark. Cells were washed in FACS
buffer, and then Fc receptors were blocked using TruStain FcX
antibody (1:100) in FACS buffer for 15 min on ice. Cells were
incubated with primary antibodies (1:200 dilution for mouse or
the manufacturer’s recommended volume for human) in 100 pl
FACS buffer for 20 min on ice in the dark. For secondary anti-
body staining of MerTK, cells were first labeled with a biotin-
conjugated primary antibody (1:200), washed twice in FACS
buffer, and then incubated with Alexa Fluor 647-streptavidin (1:
200) in FACS buffer for 20 min on ice in the dark. For mouse
myofibroblast staining, cells were surface stained with PerCP/
Cy5.5-CD45 and APC-PDGFRa antibody, fixed and permeabilized
using BD’s Cytofix/Cytoperm kit, and then incubated with Alexa
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Fluor 488-a-smooth muscle actin (aSMA) antibody in BD Perm/
Wash buffer for 30 min on ice. After staining, cells were washed
twice in FACS buffer, fixed with 1% paraformaldehyde in FACS
buffer for 1 h, washed twice in FACS buffer, and stored in the
dark at 4°C before analyses. All flow cytometric analyses were
performed on either a FACS Canto II or LSRFortessa X-20 Cell
Analyzer (BD Biosciences). BD Compbeads (BD Biosciences)
were used to optimize fluorescence compensation settings to
enable multicolor flow cytometric analyses. FMO and gene-
deleted mice or cells were used as staining controls. All cells
were pregated on live (live-dead exclusion), single cells (forward
scatter area versus forward scatter height and side scatter area
versus side scatter width). For human, cardiac macrophages and
peripheral blood monocytes were identified as CD14*CD64* cells.
For mouse, neutrophils were identified as CD11b*Ly6G*, Ly6C™;
monocytes were identified as CD11b*Ly6G-F4/80"°Ly6CM; macro-
phages were identified as CD11b*Ly6G-F4/80MLy6Cl°CD64*MerTK*
and distinguished by MHCII expression; and myofibroblasts were
identified as CD45-aSMA*PDGFRa* cells. Data were analyzed on
Flow]Jo software (Tree Star), and full gating strategies are depicted
in figures.

In vivo efferocytosis assay

4-6-week-old aMHC-mCherry recipient mice, which specifi-
cally express mCherry protein in cardiomyocytes, were lethally
irradiated with 1,000 rads from a cesium source before trans-
plantation. Bone marrow was harvested from the tibia of
mHIFI*/* or mHIFI~/~ mice by cutting both ends at the metaph-
ysis and flushing the bone with a volume of 5 ml ice-cold PBS.
Bone marrow cells were centrifuged at 1,500 rpm for 5 min at
4°C, and red blood cells were lysed using RBC lysis buffer (Bi-
oLegend). A total of 5 x 106 bone marrow cells from mHIFI*/* or
mHIFI~/~ mice were injected into irradiated recipients by tail
vein injection. After transplantation, mice were maintained on
acidified drinking water containing neomycin. 6 wk after
transplantation, mice were subjected to MI surgery. Heart tissue
and cells were processed 5 d after injury as described above, and
flow cytometric analyses were performed to identify CD64*
macrophages that were also positive for cardiomyocyte-derived
mCherry protein.

Ex vivo respiratory analyses

To measure OCR in cardiac macrophages after MI, CD11b* cells
were magnetically selected from single-cell suspensions of en-
zymatically digested infarct/border zone tissue 3 d after MI
using an EasySep Mouse CDI1lb positive selection kit II and
EasyEights EasySep magnet (STEMCELL Technologies). Macro-
phages were subsequently enriched by removing nonadherent
cells with sequential washes after 1 h of adherence to a Petri
dish. Macrophages (5 x 10° cells/well) were seeded to a Cell-
Tak-coated, XFe96 cell culture microplate. Experiments were
conducted in prewarmed DMEM medium without phenol
red, glucose, and sodium pyruvate and containing 2 mM
L-glutamine, pH 7.4, using a Seahorse XFe96 analyzer (Agilent).
After baseline measurements in triplicate, the following chem-
icals (all from Sigma-Aldrich) were injected in this order: (1)
glucose (25 mM), (2) ATP-synthesis inhibitor oligomycin (1.5
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mM), (3) sodium pyruvate (1 mM) and carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (1.5 mM) to uncouple ATP
synthesis, and (4) rotenone (100 nM) to block complex I and
antimycin A (1 mM) to block complex III. Measurements were
taken in triplicate after the addition of each chemical. OCR
analyses were generated by Wave Desktop software (Agilent).

Apoptosis detection

Cardiac single-cell suspensions were stained with Zombie Aqua
Fixable Viability Dye (BioLegend) and surface antibodies as de-
scribed above. Cells were washed with FACS buffer, re-
suspended in Annexin V binding buffer (BioLegend), and 10°
cells in a volume of 100 pl were transferred to a 5-ml round-
bottom polystyrene tube (Falcon). Cells were stained with 5 pl
FITC-Annexin V for 15 min in the dark at room temperature.
After staining, an additional 400 pl Annexin V binding buffer
was added to the tube and cells were analyzed by flow cytom-
etry. FMO (no FITC-Annexin V) controls are depicted as black
contour plots and were used to set the Annexin V-positive gate.

BrdU proliferation

For macrophage proliferation after MI, mice were injected with
200 pl BrdU solution (2 mg/mouse, i.p.; BD Biosciences). Mice
were euthanized 2 h later, and hearts were processed into
single-cell suspensions. Cells were stained with surface anti-
bodies and then fixed and permeabilized using buffers from the
BD Pharmigen BrdU flow kit. Permeabilized cells were treated
with DNase (300 pg/ml) in DPBS for 1 h at 37°C. Cells were
washed and stained with APC-conjugated anti-BrdU antibody in
BD Perm/Wash for 30 min at room temperature. Cells were
washed and resuspended in FACS buffer for flow cytometric
analyses. FMO (no APC-BrdU) were used to set the BrdU-positive
gate.

BMDM culture

Bone marrow cells were harvested from tibia and femurs of mice
by cutting the bone at both ends of the metaphysis and flushing
cells from the bone with a volume of 5 ml ice-cold PBS. Red blood
cells were removed by lysis and cells were filtered through a
40 pm cell strainer. Bone marrow cells were cultured in non-
tissue culture Petri dishes (Fisherbrand) for 7 d with DMEM
containing 20% L929-cell conditioned media, 10% fetal bovine
serum, 1% penicillin-streptomycin, 1% sodium pyruvate, and 1%
L-glutamine. A complete media change was performed on day 3
or 4 of culture. On day 7 of culture, media was removed, BMDMs
were washed with PBS, and 1 ml of cold Cellstripper was added
to the dish. After 5 min of incubation at room temperature,
BMDMs were removed by gentle pipetting, washed with DMEM
medium with 10% FBS, 1% penicillin/streptomycin, counted, and
seeded to tissue culture-treated plates for experiments.

Peritoneal macrophage culture

To elicit peritoneal macrophages, mice received 1 ml sterile 3%
Brewer’s thioglycolate medium by peritoneal injection. On day 3
after injection, mice were euthanized by CO, asphyxiation, and
macrophages were recovered from the peritoneal cavity by la-
vage with 5 ml ice-cold PBS. Peritoneal macrophages were
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subsequently enriched by removing nonadherent cells with se-
quential washes after 1 h of adherence to a Petri dish. Peritoneal
macrophages were removed using Cellstripper, washed, and seeded
to tissue culture-treated plates for experiments.

Hypoxia/ischemia treatment

BMDMs were seeded in a 24-well plate (Falcon) at a density of
5 x 10° cells/well in 500 ul DMEM containing 10% FBS and 1%
penicillin-streptomycin and allowed to adhere overnight. Prior
to hypoxia treatment, culture media was equilibrated to hypoxic
conditions (1% O,, 94% N,, and 5% CO,) for 90 min in a tem-
perature- and humidity-controlled Coy O, Control In Vitro Glove
Box (Coy Laboratory Products). BMDMs were then transferred
into the hypoxic chamber and hypoxic culture media was added
to the cells. BMDMs were exposed to hypoxia for 3 to 24 h. All
assays on hypoxic BMDMs were performed within the hypoxic
Coy O, Control In Vitro Glove Box or immediately upon removal
to minimize reoxygenation effects. To measure HIF activation,
BMDMs were fixed and permeabilized using the BD Cytofix/
Cytoperm Fixation/Permeabilization Kit (BD Biosciences) and
stained with antibodies for HIF-la and HIF-2a as described
above. To measure cell death, BMDMs were labeled with Zombie
Aqua Fixable Viability Dye in the hypoxic chamber, fixed, and
analyzed by flow cytometry. To detect mROS, BMDMs were
loaded with 2.5 pM MitoSOX reagent (Invitrogen) in HBSS
during the last 10 min of hypoxia exposure. BMDMs were then
washed three times with HBSS and analyzed by flow cytometry.
For reactive oxygen species scavenging, BMDMs were treated
with 1 pM MitoTEMPO (Sigma-Aldrich) for the duration of
hypoxia exposure. For necroptosis inhibition, BMDMs were
treated with necrostatin-1 (50 uM) or vehicle for the duration of
hypoxia exposure. BMDMs cultured in a temperature- and
humidity-controlled tissue culture incubator supplied with
room air (21% O,) and 5% CO, were used as normoxic controls.

In vitro efferocytosis assay

To measure BMDM efferocytosis of apoptotic Jurkat T cells,
BMDMs were labeled with MitoTracker Red (100 nM) in serum-
free DMEM for 5 min and Jurkat T cells were labeled with Cal-
cein AM (5 nM) in PBS for 15 min. For induction of apoptosis,
Jurkat T cells were UV-treated (254 nM) with an EL Series Ul-
traviolet Hand Lamp (UVP) for 7 min and then incubated for 2 h.
Adherent BMDMs were overlaid with ACs at a ratio of 5 ACs:
1 BMDM. Nonengulfed ACs were removed from adherent
phagocytes 3 h after cocultivation by sequential washes. En-
gulfment was confirmed by microscopic analysis and the percent
efferocytosis was calculated as the number of Calcein AM posi-
tive macrophages divided by the total number macrophages.
Levels of IL-10 in cell culture supernatant was determined by
ELISA (BD Biosciences) 3-12 h after efferocytosis. In some ex-
periments, 20 uM TOFA or vehicle was added to BMDM:s after
washing off nonengulfed ACs to block postengulfment ACC
function.

Gene knockdown
One day before transfection, BMDM:s (2.5 x 10° cells/well) were
seeded in a 24-well tissue culture plate and allowed to adhere
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overnight. Using HiPerFect transfection reagent (Qiagen) in
Opti-MEM serum-free medium, BMDMs were treated with
scrambled control or 10 nM of four preselected siRNAs (Qiagen)
specific for Cptla or Hilpda for 24-48 h.

BODIPY-fatty acid trafficking

BMDMs (106 cells/dish) were seeded to 35-mm glass-bottom
dishes (Cellvis) and allowed to adhere overnight. The next day,
Jurkat T cells were labeled with 5 uM BODIPY FL Cl16 (4,4-di-
fluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic
acid) in PBS for 30 min at 37°C in a tissue culture incubator. Cells
were centrifuged and washed three times with serum containing
RPMI media to remove unbound BODIPY, counted, and irradi-
ated to induce apoptosis. BODIPY-labeled, apoptotic Jurkat T cells
were added to BMDMs at a ratio of five ACs to one BMDM. After
3 h of co-culture, nonengulfed ACs were removed by sequential
washes and BMDM:s were cultured for an additional 1 h. BMDMs
were fixed and mounted with VECTASHIELD antifade mounting
media with DAPI. Images were collected using a Plan Fluor 40x
Oil objective (NA 1.3) on a Nikon Ti2 inverted Widefield fluo-
rescence microscope. Each sample was imaged at least four
times at randomly selected focal points. A four-step (5 micron
per step) Z-series was acquired using identical settings for all
samples to preserve relative differences. Image processing
was performed using FIJI (ImageJ). A Z-projection for each
series was generated using the default Image] Max Intensity
function. Brightness and contrast were equally adjusted for
each image and each channel. The number of fluorescent AC
particles in each cell were quantified using the maximum in-
tensity projections for image. The fluorescence signal in the
BODIPY (green) channel was subjected to a threshold to remove
background fluorescent and segment individual particles. Only
signal within the BMDM cell body (identified using background
auto fluorescence of the cell) was scored. Total cell number for
each analyzed field was determined using the DAPI-stained
nuclei. Data represent the analysis of at least four fields per
sample (more than 100 cells per sample per experiment).

In vitro respiratory analyses

To measure OCR of efferocytic macrophages, 106 BMDMs were
seeded to a tissue culture-treated 6-well plate (Falcon) and al-
lowed to adhere overnight. The next day, apoptotic Jurkat T cells
were added to BMDMs at a ratio of five ACs to one BMDM. Cells
were co-cultured for 3 h, and nonengulfed ACs were removed
by sequential washes with PBS. BMDMs were removed using
Cellstripper, and viable cells were enumerated by counting cells
on a Luna II automated cell counter (Logos Biosystems) with
trypan blue exclusion. BMDMs (10° cells/well) were seeded to a
Cell-Tak-coated, XFe96 cell culture microplate, centrifuged at
200 xg for 1 min, and allowed to adhere in a 37°C, non-CO, in-
cubator for an additional 1 h. Experiments were conducted in
prewarmed DMEM without phenol red, glucose, and sodium
pyruvate and containing 2 mM L-glutamine, pH 7.4, using a
Seahorse XFe96 analyzer (Agilent). After baseline measure-
ments in triplicate, the following chemicals (all from Sigma-
Aldrich) were injected in this order: (1) glucose (25 mM), (2)
oligomycin (1.5 mM), (3) sodium pyruvate (1 mM) and carbonyl
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cyanide 4-(trifluoromethoxy) phenylhydrazone (1.5 mM), and
(4) rotenone (100 nM) and antimycin A (1 mM). To measure
extracellular acidification rate (ECAR), BMDMs (10° cells/well)
were seeded to a tissue culture-treated XFe96 cell culture mi-
croplate and allowed to adhere overnight. The next day, BMDMs
were treated with LPS (10 ng/ml) for 3 h. Experiments were
conducted in prewarmed DMEM medium without phenol red,
glucose, and sodium pyruvate and containing 2 mM L-glutamine,
pH 7.4, using a Seahorse XFe96 analyzer (Agilent). After baseline
measurements in triplicate, the following chemicals (all from
Sigma-Aldrich) were injected in this order: (1) glucose (25 mM),
(2) oligomycin (1.5 mM), and (3) 2-DG (50 mM) to inhibit gly-
colysis. Measurements were taken in triplicate after the addition
of each chemical. OCR and ECAR analyses were generated by
Wave Desktop software (Agilent).

MerTK cleavage assay

For serum levels of solMER (Becker et al., 2021), mice were
anesthetized with avertin (0.1 mg/kg i.p.), and whole blood was
collected into 1.5-ml microfuge tubes by retroorbital bleeding
with a heparinized capillary tube (Fisherbrand). Blood was al-
lowed to clot at room temperature for 15 min, and the clot was
removed by centrifuging at 5,000 rpm for 15 min at 4°C. Serum
was stored at -80°C until analyses. For levels of so]MER from
BMDM cultures, BMDMs were plated at a density of 5 x 10° cells/
well in a 24-well plate in 500 pl DMEM with 10% FBS and 1%
penicillin/streptomycin. To induce MerTK cleavage, BMDMs
were treated with LPS (100 ng/ml) for 1 h. Culture media was
collected to assay for solMER by ELISA, and cells were harvested
for MerTK cell surface expression analysis by flow cytometry.
To block glycolysis, 2-DG (25 mM) was added or culture media
was changed to DMEM without glucose 30 min before addition
of LPS. Levels of solMER were analyzed in diluted serum (1:100)
or undiluted culture supernatant using the Mouse Mer DuoSet
ELISA (R&D Systems) according to the manufacturer’s in-
structions. Absorbances were read at 450 nm on an iMark Mi-
croplate Reader (Bio-Rad).

Quantitative real-time PCR

RNA was extracted from cardiac extracts or primary macro-
phages using Trizol (Invitrogen) according to the manufacturer’s
instructions. In brief, 1 ml Trizol (Invitrogen) was added to LV
myocardium, and tissue was homogenized on ice using a Tissue-
Tearor homogenizer (Biospec) set at 35,000 rpm for 15 s. For
BMDMs, 500 pl Trizol was added to 5 x 106 cells/well in a 24-well
plate and gently pipetted to lyse the cells. RNA was measured
using a NanoDrop spectrophotometer (ThermoFisher), and 1 pg
of RNA was transcribed to cDNA using the iScript cDNA Syn-
thesis Kit (Bio-Rad). Quantitative PCR was performed using SYBR
Green Master Mix (Bio-Rad) on a QuantStudio 3 Real-Time PCR
System (Applied Biosystems). Results are expressed as AACt
values normalized to f2m. Primers used for semiquantitative/
real-time PCR were supplied by Integrated DNA Technologies and
are as previously described (Xie et al., 2017, Lian et al., 2019, Teitz
etal., 2013, van Dierendonck et al., 2020, Honarpisheh et al., 2016,
Rankin et al., 2009, Thomas et al., 2016, Stanfield et al., 2021) and
listed in Table S2.
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Statistics

Statistical analyses were performed with GraphPad Prism 9
software (GraphPad Software). Comparisons between two groups
were performed using a two-tailed, unpaired t test with a 95%
confidence interval. For comparisons of more than two varia-
bles, a one-way or two-way ANOVA was used with a 95%
confidence interval; when necessary, a Tukey test was used to
correct for multiple comparisons. The statistical difference
in animal survival after MI was determined by a log-rank
(Mantel-Cox) test. For in vivo experiments, experimental sam-
ple size is indicated in figure and figure legends and represent
pooled data from two or more independent experiments. For
in vitro experiments, experimental sample size is indicated in
figure and figure legends and are representative data from two
or more independent experiments. All data are presented as
mean + SEM. Criteria for significant differences (*, P < 0.05; **,
P < 0.01; **, P < 0.001) are located in the figure legends. Analyses
labeled “ns” are not statistically significant.

Online supplemental material

Fig. S1 shows flow cytometry of HIF-1a and HIF-2a expression in
cardiac macrophages and single-cell RNA sequencing of infarct
scar-associated cells during human ischemic cardiomyopathy.
Fig. S2 shows LysM-Cre activity in cardiac cell populations, in-
farct sizes in control animals, and HIF-1a and HIF-2a expression
in cardiac macrophages and BMDMs exposed to normoxia or
hypoxia. Fig. S3 shows neutrophil apoptosis and macrophage
proliferation after MI. Fig. S4 shows the working model of the
role of HIF-la and HIF-2a in macrophages after MI. Table S1
shows the top 20 differentially expressed genes in each cluster
from the single-cell RNA sequencing of human ischemic cardio-
myopathy. Table S2 shows the resources and reagents used in
this study.
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Figure S1. HIF expression and signaling in human cardiac macrophages during ischemic cardiomyopathy. (A) Gross appearance of remote (RT) and peri-
infarct (INF) regions sampled for flow cytometry. (B) Gating strategy for cardiac macrophages and peripheral blood mononuclear cells (PBMCs). Cardiac
macrophages and PBMCs were first gated on live, single cells and identified as CD14*CD64* cells. (C) Expression of HIF-1a and HIF-2a. in cardiac macrophages
and PBMCs. FMO was used as a negative staining control. (D) Gross appearance of INF region sampled for single-cell RNA-sequencing analyses. Transcriptomic
analysis was performed on 1,149 cells using the 10x Genomics platform. (E) Identification of eight unique clusters by t-distributed stochastic neighbor em-
bedding dimensionality reduction analysis. EC, endothelial cell; SMC, smooth muscle cell. (F) Heatmap of the 20 most differentially expressed genes within
each cluster. (G) Feature plots representing single-cell gene expression of canonical macrophage markers (Cd68, Clqa, Lyvel, Mertk, and Csfrl) identified cluster
3 as a macrophage cluster. (H) Pathway enrichment of differentially expressed genes in the macrophage cluster (cluster 3) was determined using gProfiler.
Enrichment is expressed as the ~log[P] and is adjusted for multiple comparisons. (1) Violin plots of Hifl and Epas1 (Hif2) expression and inflammatory cytokine
and chemokine gene expression shown to be HIF dependent in primary human macrophages during hypoxia treatment. RT, remote tissue; FSC-A, forward
scatter area; FSC-W, forward scatter width; SSC-A, side scatter area; SSC-W, side scatter width; EC, endothelial cell; NK, natural killer; UMAP, Uniform
Manifold Approximation and Projection for Dimension Reduction.
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Figure S2. Loss of either HIF-1a or HIF-20 does not result in a compensatory increase in the other isoform in macrophages. (A) Flow cytometric
analysis of lysozyme M expression in heart (cardiomyocytes [CM], fibroblasts, and macrophages) and peripheral blood (neutrophils, Ly6C" monocytes) using
LysM-eGFP mice, which express EGFP under the control of the LysM promoter region. C57BL/6) mice served as a negative staining control. n = 1/group from a
single experiment. (B) Percent infarct/LV, percent AAR/LV, and percent infarct/AAR measured 7 d after Ml in C57BL/6J, LysM-Cre*, Hifif'f, or Hif2/f mice. n =
5-11 mice/group pooled from more than three independent experiments. ns, one-way ANOVA followed by Tukey’s test. (C and D) Expression of HIF-1a (C) or
HIF-2a (D) in cardiac macrophages from mice with myeloid-specific deletion of Hifl (mHIF1~/~) or Hif2 (mHIF2~/~) compared with controls 5 d after M. n = 5
mice/group pooled from two independent experiments. ***, P < 0.001 by one-way ANOVA followed by Tukey’s test. (E and F) Expression of HIF-1a. (E) or HIF-2a.
(F) in BMDMs from mice with myeloid-specific deletion (mHIF1~/~, mHIF2~/=, and mHIF1/2/~) or overexpression (mHIF1"t and mHIF2t) of HIFs cultured under
normoxia (21% O,) or hypoxia (1% O,) for 3 h. n = 4 sets of cells/group. Data are representative of two independent experiments. ***, P < 0.001 by one-way
ANOVA followed by Tukey’s test. All data presented as mean + SEM.
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Figure S3. Effects of HIF deficiency on neutrophil apoptosis and macrophage proliferation. (A) Neutrophil apoptosis as measured by Annexin staining 1d
after Ml in mice with myeloid-specific deletion of Hif2 (mHIF2~/~) or controls. Black contours represent FMO stained controls. n = 5 mice/group pooled from two
independent experiments. *, P < 0.05 by two-tailed, unpaired t test. (B) Macrophage proliferation as determined by BrdU incorporation at day 3 after Ml in mice
with myeloid-specific deletion of Hifl (mHIF1~/~) or controls. n = 4 mice/group pooled from two independent experiments. ns, two-tailed, unpaired t test. All
data are presented as mean + SEM.

DeBerge et al. Journal of Experimental Medicine  S4
Macrophage HIFs in myocardial infarction https://doi.org/10.1084/jem.20200667


https://doi.org/10.1084/jem.20200667

ACUTE MI (,0,)
DY %) (

IMPAIRED EFFEROCYTOSIS
SECONDARY NECROSIS

solMer %f 4 Necrotic CM .
MerTKk ——————» \\\% ——» IMPAIRED REPAIR

ADAM17

A
@ ©@AC-derived FA
Q
% H|LPDA‘ CPT1
g IL-10
S
X % NON-RESOLVING
) Q INFLAMMATION
roo Y
9.6
MACROPHAGE
> NECROPTOSIS

CARDIAC
MACROPHAGE

Figure S4. Working model. MI causes ischemia and release of danger signals from dying cells, leading to sequential activation of HIF-2a and then HIF-1a in
cardiac macrophages. HIF-2a activates genes involved in fatty acid (FA) synthesis and storage, including HILPDA protein, to antagonize mitochondrial oxidation
of FA derived from ACs and anti-inflammatory production of IL-10 by macrophages. HIF-2a also activates inflammatory genes, including Il6, to worsen cardiac
repair. In contrast, HIF-1a functions independent of HIF-2a to promote ADAM17-mediated cleavage of MerTK. This results in impaired efferocytosis of ap-
optotic cardiomyocytes (CM), leading to secondary necrosis and infarct expansion. The cumulative effect is adverse ventricular remodeling and progression to
heart failure. Despite their distinct proinflammatory roles, HIFs are also required for cardiac macrophage survival after MI. Loss of both HIF-1a and HIF-2a in-
creases mROS, likely due to reduced expression of antioxidant genes (Pdk1 and Sod2), leading to macrophage necroptosis, impaired scar formation, cardiac rupture,
and ultimately, death.

Tables S1 and S2 are provided online as separate Word files. Table S1 shows differential gene expression used to identify unique cell
clusters during human ischemic cardiomyopathy. Table S2 lists the reagents and resources used in this study.

DeBerge et al. Journal of Experimental Medicine S5
Macrophage HIFs in myocardial infarction https://doi.org/10.1084/jem.20200667


https://doi.org/10.1084/jem.20200667

	Hypoxia
	Introduction
	Results
	Discussion
	Materials and methods
	Human ischemic cardiomyopathy specimens
	Single
	Filtering and normalization
	Dimensionality reduction and clustering
	Cluster identification and pathway enrichment analysis
	Immunofluorescence of human acute MI
	Mice
	MI surgery
	LV infarct and AAR measurements
	Echocardiography
	Hypoxyprobe and HIF staining
	Tissue isolation
	Flow cytometry
	In vivo efferocytosis assay
	Ex vivo respiratory analyses
	Apoptosis detection
	BrdU proliferation
	BMDM culture
	Peritoneal macrophage culture
	Hypoxia/ischemia treatment
	In vitro efferocytosis assay
	Gene knockdown
	BODIPY–fatty acid trafficking
	In vitro respiratory analyses
	MerTK cleavage assay
	Quantitative real
	Statistics
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material
	Outline placeholder
	Tables S1 and S2 are provided online as separate Word files. Table S1 shows differential gene expression used to identify u ...




