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 Macrophages are important innate immune defense system cells in the fight against bacterial and

. fungal pathogenic infections. They exhibit significant plasticity, particularly with their ability to undergo

. functional differentiation. Additionally, HIF1a is critically involved in the functional differentiation

. of macrophages during inflammation. However, the role of macrophage HIF1c in protecting against

. different pathogenic infections remains unclear. In this study, we investigated and compared the roles

. of HIF1c in different macrophage functional effects of bacterial and fungal infections in vitro and in
vivo. We found that bacterial and fungal infections produced similar effects on macrophage functional
differentiation. HIF1a deficiency inhibited pro-inflammatory macrophage functional activities when
cells were stimulated with LPS or curdlan in vitro or when mice were infected with L. monocytogenes
or C. albicans in vivo, thus decreasing pro-inflammatory TNFo and IL-6 secretion associated with

. pathogenic microorganism survival. Alteration of glycolytic pathway activation was required for

. the functional differentiation of pro-inflammatory macrophages in protecting against bacterial and

. fungalinfections. Thus, the HIF1la-dependent glycolytic pathway is essential for pro-inflammatory

. macrophage functional differentiation in protecting against bacterial and fungal infections.

Macrophages are the important innate immune defense system cell against bacteria, viruses and fungal pathogen
infections, and they exhibit significant plasticity, particularly with their ability to undergo functional differenti-
ation between functional phenotypes, depending on microenvironments'~*. Macrophages activated by Toll-like
. receptor (TLR) ligands, such as LPS or/and IFN~, are called pro-inflammatory macrophages (classically acti-
: vated macrophages) and produce a large amount of pro-inflammatory cytokines, including TNFq, and increased
amounts of nitric oxide (NO) through the enhanced expression of inducible NO synthase (iNOS) and are critical
in eradicating pathogenic microorganisms®~®. In contrast, macrophages activated with IL-4 or IL-13, are called
anti-inflammatory macrophages (alternatively activated macrophages) and are characterized by the production of
alarge amount of anti-inflammatory cytokines, including IL-10, and a high expression of arginase 1 (Argl), chiti-
nase 3-like 3 protein (Ym1) and are particularly important in protecting against parasitic infections®!2. Although
. the differentiation of macrophages is widely studied*!"'>!4, the macrophage functional activation effects and
. mechanisms of different kinds of pathogenic microorganisms (especially fungal infections) remain unclear.
: Hypoxia inducible factor 1 (HIF1) is a heterodimeric transcription complex consisting of two subunits,
. HIFla and HIF18'>'¢. HIF1a is the oxygen-regulated subunit, which rapidly accumulates in cells exposed to
: hypoxia and has been shown to be a critical transcriptional factor in controlling innate immune function®.
Hypoxia is a physiological environment created by the host innate immune system in its defense against patho-
. gens'®. Our previous work showed that pro-inflammatory cytokines or pathogenic microorganisms can induce
. Myc-dependent and HIF1a-dependent transcriptional programs that regulate the robust bioenergetic support
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required for an inflammatory response while inhibiting Myc-dependent proliferation'®. However, the significance
of HIF1a-glycolytic pathway signals in protecting against different kinds of pathogenic microorganism infections
remains unclear.

In this study, we investigated and compared the different macrophage functional effects of bacterial and fun-
gal infections in vitro and in vivo. We found that bacterial and fungal infections exhibited similar effects on
macrophage phenotypic differentiation. HIF1a deficiency inhibits pro-inflammatory macrophage functional
differentiation in cells stimulated with LPS or curdlan®**! (a homopolymer of D-glucose and the major cellular
component of fungal extracts of C. albicans) in vitro or in mice infected with Listeria monocytogenes (L. monocy-
togenes) or C. albicans in vivo by decreasing pro-inflammatory TNFa and IL-6 secretions associated with path-
ogenic microorganism survival. Alteration of glycolytic pathway activation was required for the differentiation
of pro-inflammatory macrophages needed in protecting against bacterial and fungal infections, which should
contribute to our understanding of targeted therapy in protecting against different pathogenic microorganism
infections in clinical settings.

Materials and Methods

Mice. All animal experiments were performed in accordance with protocols approved by the Animal Ethics
Committee of Fudan University (Shanghai, China) or (CLS-EAW-2017-003) Beijing Normal University (Beijing,
China). Hiflaf*¥1°x and Lyz-Cre mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
C57BL/6 mice were obtained from the Fudan University Experimental Animal Center (Shanghai, China) or the
Weitonglihua Experimental Animal Limited Company (Beijing, China). All mice had been backcrossed to the age
of 6-12 weeks. WT control mice were of the same genetic background and, where relevant, included Cre* mice
to account for the effects of Cre (no adverse effects due to Cre expression itself were observed in vitro or in vivo).

Bacterial and fungal infection. For bacterial infections, mice were injected intravenously with 1 x 10°
CFU of L. monocytogenes. At 48 h, mice were killed for analysis, as described previously*. Infected liver or spleen
samples were fixed in 4% paraformaldehyde, embedded in paraffin and stained with H&E. Spleens were teased
with a 32 G needle using RPMI 1640 containing 5% FBS in a petri dish and digested in RPMI 1640 containing
collagenase D (400 U/ml; Roche) in a shaking water bath at 37 °C for 35 min. Subsequently, 0.5ml of 0.1 M EDTA
was added, and samples were incubated on ice for 5min and then transferred to a 50 ml tube by filtering through
a 70 um cell strainer. After a centrifugation step, the supernatant was removed and splenic cells were stained
with fluorescent antibodies and macrophages (CD11b", F4/80*, TCR~, CD19~, NK1.17, Ly6G~, and 7-AAD")
were sorted on a FACSAria I (Becton Dickinson). Peritoneal cells were harvested from mouse peritoneal cavi-
ties by lavage and the peritoneal exudate macrophages (PEMs; 7AAD~, CD11b", and F4/80") were sorted on a
MoFlo XDP (Beckman Coulter). The mouse macrophages were stimulated with LPS (100 ng/mL) for 6 h for sub-
sequent intracellular staining, ELISA, or RNA isolation. For fungal infections, mice were injected intravenously
with 2 x 10° of live C. albicans yeast in vivo. After 9 days, mice were killed for analysis. Infected kidney samples
were fixed in 4% paraformaldehyde, embedded in paraffin, and stained with H&E. Infected kidney and/or liver
samples were collected and CFU counts were determined. Splenocytes were harvested and stimulated with 10°
of heat-killed C. albicans per ml of cells for 48 h in vitro for subsequent intracellular staining, ELISA, or RNA
isolation. Under some conditions, macrophages are isolated from the indicated mice and after an infection in
vitro with L. monocytogenes and C. albicans yeast for 10-12h, we performed intracellular staining, ELISA, RNA
isolation, or functional analyses. For drug treatments, cells were incubated either with vehicle, CoCl, (200 uM;
Calbiochem), 2-ME (2 uM; Calbiochem), or 2-DG (1 mmol/L; Sigma) for 0.5-1h before stimulation.

Measurement of bacterial and fungal burdens. On the indicated days after challenge infections,
infected livers and kidneys were harvested and homogenized in PBS. For bacterial infections, serial dilutions of
homogenates were plated on LB agar plates and incubated at 37 °C for 24 h. For fungal infections, serial dilutions
of homogenates were plated on Sabouraud dextrose agar (SDA) plates and incubated at 37 °C for 48 h. Bacterial
and fungal colony forming units (CFU) were subsequently counted.

Monoclonal antibody (mAb) and flow cytometry assays. For FCM analysis of cell surface markers,
cells were stained with antibodies in PBS containing 0.1% (wt/vol) BSA and 0.1% NaN;, as described previously?.
Anti-CD11b (M1/70), anti-F4/80 (BM8), anti-CD14 (61D3), and anti-CD68 (FA11) were obtained from eBiosci-
ence. Anti-CD45 (TU116) was obtained from BD Biosciences. Anti-CD3 (145-2C11) and anti-CD19 (6D5) were
obtained from Miltenyi Biotec. For intracellular staining, TNFa expression (MP6-XT22; Biolegend) was analyzed
by flow cytometry according to the manufacturer’s instructions. For TNFa expression analysis, cells isolated
from the indicated organs were restimulated with LPS (L2630; Sigma-Aldrich, St. Louis, MO, USA) for 5h for
the CD11b* F4/80" macrophage analysis, while GolgiStop (554724; BD Biosciences) was added for the last 2h of
incubation. After surface staining and washing, the cells were fixed immediately with Cytofix/Cytoperm solution
(554714; BD Biosciences) and were stained with anti-TNF-o antibody (MP6-XT22) purchased from eBioscience.
Flow cytometry data were acquired on a FACSCalibur instrument (Becton Dickinson, CA, USA), and data were
analyzed with FlowJo (Tree Star, San Carlos, CA, USA).

Glycolysis flux assay. Glycolysis in macrophages was determined by measuring the detritiation of
[3-*H]-glucose as described previously?. In brief, the assay was initiated by adding 1 pCi of [3-*H]-glucose
(Perkin Elmer), and 2 h later, medium was transferred to microcentrifuge tubes containing 50l 5N HCL. The
microcentrifuge tubes were then placed in 20 ml scintillation vials containing 0.5 ml water, and the vials were
capped and sealed. *H,0O was separated from un-metabolized [3-*H]-glucose by evaporation diffusion for 24h
at room temperature. Cell-free samples containing 1 uCi of *H-glucose were included as a background control.
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NO production. For NO production, culture supernatant was incubated with the Griess reagent (G4410;
Sigma-Aldrich), as described previously*.

Quantitative RT-PCR and Immunoblot. RNA was extracted with an RNeasy kit (Qiagen, Dusseldorf,
Germany), and cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA,
USA). An ABI 7900 Real-time PCR system was used for quantitative PCR, with primer and probe sets obtained
from Applied Biosystems. The results were analyzed using SDS 2.1 software (Applied Biosystems). The cycling
threshold value of the endogenous control gene (Hprtl, encoding hypoxanthine guanine phosphoribosyl trans-
ferase) was subtracted from the cycling threshold. The expression of each target gene is presented as the ‘fold
change’ relative to that of control samples, as described previously®. Immunolbot was performed with the follow-
ing antibodies: HIF1a (R&D system) and 3-actin (Sigma), as described previously'.

Human macrophage functions. For assays of human macrophage functional activities, CD14* monocytes
from healthy human donors (2W-400C; Lonza) were cultured, and monocytes-derived macrophages were dif-
ferentiated with rHu M-CSF (25 ng/mL; R&D system) for 7 days. Subsequently, live macrophages (7-AAD™~ and
CD11b") were sorted with a MoFlo XDP (Beckman Coulter) and then stimulated with LPS for mRNA analysis
or ELISAs.

Statistical analyses. All data are presented as the means =+ SD. The non-parametric U test was applied for
the comparison of means and was used to compare differences between groups. Comparison of the survival
curves was performed using the Log-Rank (Mantel-Cox) test. A P value (alpha-value) of less than 0.05 was con-
sidered to be statistically significant.

Results

HIF1a-dependent glycolysis is associated with pro-inflammatory macrophage differentia-
tion. The glycolytic activities of macrophages were first investigated using different macrophage polarization
conditions. TLR ligands are classically considered to induce pro-inflammatory macrophage differentiation, and
IL-4 cytokines are considered to induce anti-inflammatory macrophage differentiation, whereas dectin-1, a
c-type lectin specific for 3-glucans, induces fungal infection responses**~25. Therefore, we compared the in vitro
adjuvant activity on macrophages of lipopolysaccharides (LPS), a widely used ligand for TLR4, IL-4, and cur-
dlan, a prototypic agonist for dectin-1, and evaluated the macrophages’ glycolytic pathway activity alterations.
The glycolytic pathway activity of differentiated macrophages was measured by the generation of *H-H,O from
[3-*H]-glucose. Sorted PEMs were stimulated and the glycolytic pathway activity was determined. As reported
previously?-*!, pro-inflammatory macrophage-inducing factor LPS or LPS + IFN~ significantly increased mac-
rophage glycolytic pathway activity, while anti-inflammatory macrophage-inducing factor IL-4 did not signif-
icantly alter their glycolytic pathway activity. However, curdlan significantly increased the glycolytic pathway
activity of macrophages, but its effect was weaker than that of LPS or LPS + IFN~ treatment groups (Figs 1A
and S1). These data showed that fungal infection likely induces weaker glycolytic pathway activity than that of
pro-inflammatory macrophage differentiation. As previously reported®»*, HIF1« is critically involved in the
modulation of glycolytic pathway activity. We then determined the expression of HIF1a in cells. Consistently,
HIF1o expression was higher during pro-inflammatory macrophage inducing conditions and with curdlan stim-
ulation, but not during anti-inflammatory macrophage inducing conditions (Figs 1B and S2). These data showed
that HIF1a-dependent glycolytic modulation is probably involved in the polarization of macrophages during
different kinds of pathogen infections. We next determined whether HIF1a contributes to the alteration of gly-
colytic pathway activity in differentiated macrophages during different pathogen infections. We used mice with
conditional HIF1« deletions. HIF1 o/ mice were crossed with LysM-Cre*/* mice, and as a result, HIF1a is
specifically deleted in macrophages (called HIF1ov™/~ hereafter, Fig. S3). As expected, HIF1a deficiency signifi-
cantly decreased glycolytic pathway activity of differentiated macrophages stimulated with either LPS or curdlan,
and this was also observed in cells challenged in vitro with L. monocytogenes or C. albicans (Fig. 1C,D). Taken
together, these data suggested that HIF1a-dependent glycolytic pathway activity is associated with macrophage
polarization induced by different kinds of pathogenic microorganism infections.

HIF1lais critical for pro-inflammatory macrophage differentiation in vitro. To directly investigate
how HIF1« affects macrophage polarization differentiation during different pathogen infections, we observed
macrophage functional alterations in vitro. In LPS-stimulated cells, HIF1 deficiency significantly inhibited the
mRNA expression, secretion and production of the pro-inflammatory cytokine TNFq, IL-6 production, and the
production of the anti-inflammatory cytokine IL-10. Since LPS is a classic inducing factor for bacterial infec-
tion (Fig. 2A-C), this indicates that HIF1a is required for the differentiation of pro-inflammatory macrophages
during bacterial infection. Curdlan, a specific ligand for Dectin-1, which has been shown to consistently induce
fungal infection responses, caused similar and weaker pro-inflammatory macrophage differentiation (Figs 2A-C
and S$4). Glutl and SLC2A1 have been used as markers of glycolytic pathway activity in macrophages', and
HIF1a deficiency significantly blocked these glycolytic molecules” expression in macrophages (Fig. 2D). This sug-
gested that glycolytic pathway activity is associated with HIF1a-dependent differentiation of pro-inflammatory
macrophages.

HIF1a is required for the differentiation of pro-inflammatory macrophages during bacterial
infection. To investigate the significance of HIF1a-dependent differentiation of pro-inflammatory mac-
rophages during different pathogenic microorganism infections, we challenged WT and HIF1o~/~ mice with L.
monocytogenes in vivo at 48 h*%°. As shown in the figures, HIF1a™'~ mice displayed an earlier onset and a mark-
edly more severe course of infection. The number of L. monocytogenes organisms after the challenge showed that
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Figure 1. HIFla-dependent glycolysis is associated with pro-inflammatory macrophage differentiation during
inflammation. Sorted peritoneal exudate macrophages (PEMs) from C57BL/6 mice were stimulated with IL-4
(1000 U), LPS (100 ng/mL), LPS+IFN~ (100 ng/mL) or curdlan (100 ng/mL) for 10-12h, and the glycolytic
pathway activity was determined by the generation of *H-labeled H,O from [3-*H]-glucose (A). HIF1« protein
expression was determined using immunoblot (B). Sorted PEMs from wild-type (WT) C57BL/6 mice or
Hifla°¥'1% [yz-Cre (HIF1a~/~) mice were stimulated with the indicated stimuli for 10-12h, and the glycolytic
pathway activity was determined (C,D). Data is presented as the means == SD (n=4). One representative
experiment of three to four independent experiments is shown. *P < 0.05 and ***P < 0.001, compared with the
indicated groups.

the liver had higher bacterial CFU in HIF1w ™/~ than in the WT controls (Fig. 3A). Microscopic and histological
observations revealed a more severe pathological inflammation in the liver and spleen of HIF1av™/~ mice (Fig. 3B).
Consistently, HIF1a deficiency significantly decreased the level of TNFa in the serum and in peritoneal exu-
dates after L. monocytogenes challenge (Fig. 3C and E). Additionally, splenic and peritoneal macrophages showed
decreased TNFa secretion and production in HIF1a«™/~ mice compared with WT control groups (Figs S5A,B and
3D,F and G). NO production, a marker of pro-inflammatory macrophages, is also lower in HIF1a-deficient peri-
toneal macrophages (Fig. S6). Furthermore, the glycolytic pathway activity of splenic and peritoneal macrophages
was significantly decreased in HIF1a~/~ genotypes (Figs S5C,D, S7 and 3H,I). Together, these data showed that
HIFla is required for pro-inflammatory macrophage differentiation during bacterial infection.

HIF1a is required for the differentiation of pro-inflammatory macrophages during fungal infec-
tion. We challenged WT and HIF1a™/~ mice with C. albicans in vivo and compared their effects with those of
L. monocytogenes infection. HIF1 o deficiency significantly increased the survival of the fungus (Fig. 4A,B) and
revealed a more severe alteration in histopathological inflammation (Fig. 4C). After C. albicans challenge and test-
ing in the serum of mice and the supernatant of cultures from peritoneal macrophages, we consistently observed
that HIF1a deficiency significantly decreased the levels and expression of the pro-inflammatory cytokine TNFa
and increased the level and expression of the anti-inflammatory cytokine IL-10 (Figs 4D,E and S8A,B). The
HIF1a ™'~ peritoneal macrophages showed significantly decreased glycolytic pathway activity (Figs 4F,G and
S8C). Additionally, NO production and iNOS expression, both markers of pro-inflammatory macrophages, were
also expressed at lower levels in HIF1« deficient macrophages (Fig. S9). Together, these data showed that HIF1a
is required for macrophage differentiation during fungal infection.

Glycolytic activity is involved in the HIF1a-directed macrophage differentiation.  To investi-
gate whether glycolytic activity is involved in the HIF1a-directed macrophage differentiation during different
pathogenic microorganism infections, we cultured and stimulated peritoneal macrophages from HIFla /-, WT,
or 2-DG pretreated WT (WT; 2-DG) mice with either LPS or curdlan. LPS and curdlan significantly increased
the mRNA expression of HIF1a, while blocking glycolytic pathway activity with 2-DG, a prototypical inhibi-
tor of the glycolytic pathway, by blocking hexokinase, the first rate-limiting enzyme of glycolysis, did not alter
the expression of HIF1a (Fig. 5A). However, blocking glycolytic pathway activity with 2-DG treatment signif-
icantly inhibited the differentiation of pro-inflammatory macrophages after stimulation with LPS or curdlan
in WT macrophages or with different pathogenic microorganism infections. This is consistent with HIF1 o
deficiency-induced macrophage phenotypic changes (Fig. 5B-D). Furthermore, blocking glycolytic pathway
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Figure 2. HIFlais critical for pro-inflammatory macrophage differentiation in vitro. Sorted PEMs from

WT and HIF1oa ™/~ mice were stimulated with LPS (100 ng/mL) or curdlan (100 ng/mL) for 10-12h, and the
indicated mRNA expression was determined with qPCR (A). Supernatant was collected and the concentration
of the indicated cytokines was determined with an ELISA (B). (C) Peritoneal exudate cells from WT and
HIF1a~/~ mice were activated with the indicated stimuli, and the intracellular expression of TNFa in F4/80*
macrophages was determined with flow cytometry; a representative image is shown in the left figure, and data
are summarized in the right figure. (D) Sorted PEMs were stimulated with LPS or curdlan for 10-12h, and the
mRNA expression of glycolytic pathway associated molecules was determined with qPCR. Data are presented
as the means & SD (n = 3-5). One representative experiment of three independent experiments is shown.

*P <0.05; **P < 0.01 and ***P < 0.001, compared with the indicated groups; n.s. = not significant.

activity with 2-DG treatment in vivo significantly decreased the secretion and expression of the pro-inflammatory
cytokine TNFq, and increased the fungus’ survival (Fig. 5SE-H). These data suggested that glycolytic pathway
activity is involved in the HIF1a-directed macrophage differentiation during different pathogenic microorganism
infections.

Pharmacological targeting of HIF1la-dependent glycolytic pathway activity in mouse and
human macrophage differentiation. Next, we applied a pharmacological approach to target the
HIF1a-glycolytic pathway in both mouse and human macrophages to determine whether we can recapitulate
our findings from the infectious inflammation model. Treatment with CoCl,, an activator of HIF1a, upregulated
HIF1a expression, TNFa secretion, and fungal death. Treatment with 2-ME, an inhibitor of HIF1a, significantly
downregulated HIF1 expression, TNFa secretion, and increased fungal survival in mouse pro-inflammatory
macrophages (Fig. 6A-C). Blocking glycolytic pathway activity significantly inhibited the secretion of TNFa
caused by HIF1« upregulation (Fig. 6B and D). We extended our experiments to the differentiation of human
pro-inflammatory macrophages, and largely recapitulated what we observed in genetic and pharmacological tar-
geting of the differentiation of mouse pro-inflammatory macrophages in terms of the alteration in fungal survival,
the secretion of the pro-inflammatory cytokine TNFa, and glycolytic pathway activity (Fig. 6E-H). Thus, our
data indicated that HIF1a-dependent glycolytic pathway activity mediated an evolutionarily conserved signaling
pathway in both mouse and human macrophages during infectious inflammation.

Discussion

Host defenses against infection rely on innate immune cells that sense microbe-derived products through pat-
tern recognition receptors, such as toll-like receptors (TLRs) and c-type lectins, NOD-like receptors, RIG-I-like
receptors and cytosolic DNA sensors®**. Macrophages are important first-line innate immune defense cells that
upon encountering microbial ligands from bacterial or fungal microorganisms could differentiate into differ-
ently polarized cells and cause a series of innate immune defense responses®®. Previously, our study'® showed
that HIF1« is critical for the differentiation of pro-inflammatory macrophages; however, its significance remains
unclear during pathogenic infections, especially since different pathogenic microorganisms cause different

SCIENTIFICREPORTS | (2018) 8:3603 | DOI:10.1038/s41598-018-22039-9 5



www.nature.com/scientificreports/

A aoWT B ’WT H|F1GJ'
10 - mHIF1a-/-
. e Liver
9 8 . —— P
o
B o
o) 4
L i Spleen |
(&)
2 . -
0 4
Cc awT D oWT E awT F owT
mHIFa /- ,  WHIF1a- mHIF1a-- 1 JMHE10-
E T KEK o [ = 08 4
=3 . — = g 7
2 _ =15 3 3 - 5
2E 21 5 SBE £ 06 1
=2 £ L2 2 o
[ = 5 Z 6 £ L 04 -
S 1 o 3= £
P Z 05 g 11 02
0 A 0 0 0 A
awT
G HIF 1o mHF1a/- H awt I ':X:{L .
, ndl P o 35 WHFlel o 61 el
9 50 E 3] T = 54
o 40 =925 | S 44
2 s 25 z
8 301 G 21 2 34
5 = 15 Q
L 20 - % 5] £ 24
i = 10 T 1
Z T :-]:: 05 4 @
L LT R ey e 0
F4/80 > 0 1 0 -

Figure 3. HIFla is required for pro-inflammatory macrophage differentiation following Listeria bacterial
infection. C57BL/6 WT or HIF1aw™/~ mice were i.v. injected with 1 x 10° CFU of L. monocytogenes bacteria. 48 h
after infection, mouse livers were collected, and the CFU were determined (A). Infected mice developed severe
infection and inflammatory cell infiltration, as shown by the histological staining of H&E (B). At the same time
point after infection, serum or peritoneal exudate TNFa levels were determined using an ELISA (C and E);

the sorted splenic macrophages or PEMs were stimulated with LPS for 12 h, the supernatant was collected, and
TNFa levels were determined using an ELISA (D and F); the glycolytic pathway activity of macrophages was
also determined (H and I). TNFa expression in F4/80" macrophages from peritoneal exudates was analyzed
with FCM. A representative figure is shown in the left image, and the data are summarized in the right image
(G). Data are presented as the means &= SD (n=3-5). One representative experiment of three independent
experiments is shown. *#*P < 0.001, compared with the indicated groups.

macrophage polarization through specific signaling mechanisms. To systemically clarify the effects of HIF1a
in the polarization of pro-inflammatory macrophages during different pathogenic microorganism infections,
we selected two kinds of pathogens, L. monocytogenes, a classical gram-positive bacterium, and C. albicans,
a classical fungal organism, and observed the alteration of macrophage polarization following in vitro and in
vivo challenge. Additionally, we examined the role of HIF1a-dependent glycolytic pathway activity on cellular
polarization. The results showed that bacterial and fungal infections exhibited similar effects on macrophage
phenotypic differentiation. HIF1« deficiency inhibits pro-inflammatory macrophage functional differentiation
when cells are stimulated with LPS or curdlan in vitro or when mice are infected with L. monocytogenes or C.
albicans in vivo, leading to a decreased secretion of the pro-inflammatory cytokines TNFa and IL-6, secretions
associated with pathogenic microorganism survival. Increased survival of pathogenic microorganisms caused
a much more severe infectious inflammation. Alteration of glycolytic pathway activation was required for the
differentiation of pro-inflammatory macrophages in protecting against bacterial and fungal infections. However,
which specific macrophage cell subtype is mainly affected by HIF1 still needs to be investigated. HIF1o defi-
ciency significantly increases the production of IL-10 protein by macrophages following infection but not IL-10
mRNA expression, indicating that IL-10 secretion is regulated by HIF1a through post-transcriptional regulatory
mechanisms. Additionally, in the present study, LysM-Cre was used to delete the HIF1a in myeloid cells, at least
including macrophages and neutrophils. Therefore, the effect of infection in mice does not fully represent the
effect of macrophage in vitro. It has been confirmed that HIF1a is critical in regulating neutrophil survival and
recruitment in inflammation®**. So, the effect of neutrophil and other myeloid cell elimination should also be
taken into account in the mouse disease model. Thus, combined with the experimental results in vivo and in vitro,
the HIF1a-dependent glycolytic pathway is essential for the macrophage functional differentiation in protecting
against bacterial and fungal infections (Fig. S10).
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Figure 4. HIFla is required for pro-inflammatory macrophage differentiation following C. albicans fungal
infection. C57BL/6 WT or HIF1a™/~ mice were i.v. injected with 2 x 10° of live C. albicans yeast. After 9 days,
mice were killed for analysis. Infected kidneys were collected and the fungal burden in the kidneys is shown
(A), expressed as CFU per g (B), and an image of the H&E staining of pathological kidney injuries is shown (C);
serum was collected, and the indicated cytokine was determined using an ELISA (D). At the same time point
during infection, the PEMs were collected, and the indicated cytokine expression was analyzed with FCM; a
representative figure is shown in the left image, and data are summarized in the right image (E). The glycolytic
pathway activity of PEMs was also determined (F,G). Data are presented as the means 4+ SD (n=3-5). One
representative experiment of three independent experiments is shown. *P < 0.05 and ***P < 0.001, compared
with the indicated groups.

Macrophages, in protecting against pathogenic organism infections, have a unique plasticity that allows
them to differentiate into differently polarized phenotypes depending on the cytokine microenvironment*"4,
Pro-inflammatory macrophages are differentiated by type I pro-inflammatory cytokines and microbial prod-
ucts, such as LPS, and express most TLRs, opsonin receptors, inducible NO synthase (iNOS), and secrete the
cytokines TNFa and IL-6, among others. In contrast, anti-inflammatory macrophages are differentiated by type
IT anti-inflammatory cytokines (IL-4 and/or IL-13) and ameliorate type I inflammation®’. Fungal pathogens, such
as C. neoformans, H. capsulatum, P. brasiliensis, Coccidioides immitis, and C. albicans are sensitive to the anti-
microbial effects of macrophages. However, many fungi use various mechanisms to interact with macrophages
and cause different macrophage inflammatory responses*. In the case of H. capsulatum, macrophages can
efficiently phagocytize the fungus but are unable to kill it until activated by cytokines produced by effector T
cells?. C. albicans and C. neoformans are also thought to mediate NO suppression through the downregulation
of macrophage iNOS RNA and usually inhibit pro-inflammatory macrophage phenotypes**. Thus, macrophage
polarization effects need to be explored for their role in protecting different pathogenic microorganisms during
infection. Here, we showed that C. albicans can cause significant pro-inflammatory macrophage polarization and
that HIF1a-glycolytic pathway mechanisms are required for the mediation of pro-inflammatory macrophage
polarization in protecting against C. albicans fungal infection in vivo and in vitro.

Macrophage biology in humans is less understood compared to that in animal model organisms because
of the technical and ethical challenges in obtaining fresh material from human subjects. While several proto-
cols that could differentiate blood monocytes into macrophages (monocyte-derived macrophages) by applying
GM-CSF or M-CSF have been available since the 1990s**%, the difficulties of accessing human peripheral tissue
leukocytes, including resident macrophages, remains a technical barrier for studying human macrophage biology.
To date, most studies have relied on the use of human monocyte-derived macrophages. These in vitro models
have allowed us to gain enormous insights into the functions of these cells, but the physiological relevance of
some key aspects is still unclear®->2. Recent comparative biology studies have revealed that certain human and
mouse macrophage subsets share some functional and phenotypical characterizations and therefore may repre-
sent homologous subsets®~>*. For instance, human CD14" classical monocytes are considered as a homologous
subset to murine Ly6C" monocytes, since M-CSF stimulated human monocyte-derived macrophages displayed
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Figure 5. Glycolytic pathway activity was required for pro-inflammatory macrophage differentiation. PEMs
with indicated treatments for 10-12h (2-DG, 1 mmol/L; LPS, 100 ng/mL; curdlan, 100 ng/mL; A-D). A.
HIF1o mRNA expression of PEMs was determined with gPCR (Value of control groups was set to 1). (B and
C) Supernatants were collected, and the indicated cytokine concentration was determined using an ELISA. (D)
The glycolytic pathway activity was summarized. Mice were i.p. injected with 1 x 10° of C. albicans yeast and
also injected intraperitoneally with 2-DG (2 g/kg body weight) or solvent alone (PBS; Ctrl) for 9 days. 2-DG

or PBS were given daily up until the day before the mice were euthanized (E-H). (E) Mouse liver and kidneys
were collected, and the CFU was evaluated. (F) Serum TNFa concentration (F). (G) TNFa expression of PEMs
with FCM. A representative image is shown in the left figure and data are summarized in the right figure. (H)
The glycolytic pathway activity of PEMs. Data are presented as the means + SD (n = 3-4). One representative
experiment of three independent experiments is shown. P < 0.001, compared with the indicated groups.

characteristics of alternatively activated macrophage (termed M2-like) phenotypes®>>-*’. In recent years, this has
replaced the simplistic view of myeloid precursors giving rise to blood monocytes that, in turn, originate tissue
macrophages®®*. Similar to human peritoneal macrophages, mouse peritoneal macrophages (F4/80", CD11b",
and MHCII®) are believed to derive from an embryonic precursor®-®2 In the current studies, we have shown
that fungal infection drives up glycolysis and promotes pro-inflammatory cytokine production in both human
monocyte-derived macrophages and mouse peritoneal macrophages. Importantly, these effects are mediated
through the transcription factor HIF1o. Furthermore, our findings showed that pharmacologically targeting
HIFla could direct mouse and human macrophage differentiation in a similar manner. Our studies implicate
metabolic programs as promising therapeutic targets for macrophage-driven human diseases.

Although it is known that glycolysis is associated with innate immune cell-mediated inflammation, as well
as playing a role in immune-associated diseases, the mechanisms regulating increased glycolysis following pat-
tern recognition receptor (PRR) stimulation particularly in macrophage polarization are unclear, especially in
in vivo disease models. HIF1a plays a crucial role in the regulating myeloid cell function in hypoxia and in
inflammation more broadly. Conditional knockout mice lacking HIF1c in neutrophils, macrophages and den-
dritic cells were demonstrated to have profoundly impacted immune functions. Using myeloid-targeted HIF1 o
knockout mice, Cramer et al. have confirmed a critical role for HIF1a in regulating neutrophil and mononu-
clear cell phagocytosis®. In HIF1a-deficient myeloid cells, this resulted in a reduction of ATP pools, accompa-
nied by profound impairment of bacterial killing. In vivo this correlated with the ablation of ablation of sodium
dodecyl sulphate-induced cutaneous inflammation and a reduction in synovial infiltration in an immune
complex-mediated inflammatory arthritis model. There are follow up studies that demonstrated that HIF1a pro-
motes myeloid cells (macrophages and/or neutrophils) pro-inflammatory activation and antimicrobial defense
in a streptococcal infection model®. It showed that HIF 1« deficient in myeloid cells decreased the bactericidal
activity and exaggerated systemic spread of infection. In the present study, we showed that L. monocytogenes,
a classical gram-positive bacterium infection directed a pro-inflammatory macrophage differentiation in vitro
and in vivo. Moreover, it has been demonstrated that HIF1a in myeloid cells plays a role in trained immunity
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Figure 6. Pharmacologically targeting HIF1o and glycolytic pathway activity in mouse and human cells. Mouse
PEMs (A-E) or human macrophages (F-J) pulsed with C. albicans yeast (1 x 10°) for 3 days in the absence or
presence of CoCl, (200 uM), 2-ME (2 uM), or 2-DG (1 mmol/L). (A and E) The HIF1o. mRNA expression of
macrophages was determined with qPCR. (B and F) The TNF« concentration of supernatants was determined.
(C and G) The CFU was evaluated. (D and H) The Glutl mRNA expression was determined with qPCR. Data
are presented as the means + SD (n=3-4). One representative experiment of three independent experiments is
shown. *¥P < 0.05 and ***P < 0.001, compared with the indicated groups.

and defense against C. albicans fungal infection®?. Trained monocytes display high glucose consumption, lactate
production, and NAD"/NADH ratio, reflecting a shift in the metabolism of trained monocytes with an increase
in glycolysis dependent on the activation of mTOR through HIF1« pathway. Inhibition of mTOR, or HIF1a
blocked monocyte induction of trained immunity. Mice with a myeloid cell-specific defect in HIF1o were unable
to mount trained immunity against bacterial sepsis. Otherwise, there are data that demonstrated that HIF1c
plays an important role in antifungal responses®>®. Our previous study'® showed that pro-inflammatory stimu-
lation suppresses Myc-dependent cell proliferation while engaging a HIF1 a-dependent transcriptional program
to maintain heightened glycolysis in pro-inflammatory macrophage functional differentiation. However, whether
HIF1o-dependent glycolysis is critical for macrophage polarization during in vivo infection with different path-
ogenic microorganisms remains uninvestigated. In the present study, we further showed that HIF1a-dependent
glycolytic pathway is essential for the macrophage functional differentiation in protecting against bacterial and
fungal infections in vitro and in vivo.

References
1. Murray, P.]. et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity 41, 14-20 (2014).
2. Murray, P. J. Macrophage Polarization. Annual review of physiology (2016).
3. Izquierdo, E. et al. Reshaping of Human Macrophage Polarization through Modulation of Glucose Catabolic Pathways. J Immunol
195, 2442-2451 (2015).
4. Liu, G. & Yang, H. Modulation of macrophage activation and programming in immunity. Journal of cellular physiology 228, 502-512
(2013).
5. Jha, A. K. et al. Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate
macrophage polarization. Immunity 42, 419-430 (2015).
6. Martinez, E O., Helming, L. & Gordon, S. Alternative activation of macrophages: an immunologic functional perspective. Annual
review of immunology 27, 451-483 (2009).
7. Liu, G. et al. An instructive role of donor macrophages in mixed chimeras in the induction of recipient CD4(+)Foxp3(+) Treg cells.
Immunology and cell biology 89, 827-835 (2011).

8. Liu, G. et al. Phenotypic and functional switch of macrophages induced by regulatory CD4 4 CD25+ T cells in mice. Imnmunology
and cell biology 89, 130-142 (2011).

SCIENTIFICREPORTS | (2018) 8:3603 | DOI:10.1038/s41598-018-22039-9 9



www.nature.com/scientificreports/

11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

. Ji, J. et al. Microbial metabolite butyrate facilitates M2 macrophage polarization and function. Scientific reports 6, 24838 (2016).
. Van Dyken, S. J. & Locksley, R. M. Interleukin-4- and interleukin-13-mediated alternatively activated macrophages: roles in

homeostasis and disease. Annual review of immunology 31, 317-343 (2013).

. Davies, L. C,, Jenkins, S. J., Allen, J. E. & Taylor, P. R. Tissue-resident macrophages. Nature immunology 14, 986-995 (2013).
12.

Hu, X. et al. Induction of M2-like macrophages in recipient NOD-scid mice by allogeneic donor CD4(+)CD25(+) regulatory T
cells. Cellular & molecular immunology 9, 464-472 (2012).

Lacey, D. C. et al. Defining GM-CSF- and macrophage-CSF-dependent macrophage responses by in vitro models. J Immunol 188,
5752-5765 (2012).

Nau, G. J. et al. Human macrophage activation programs induced by bacterial pathogens. Proceedings of the National Academy of
Sciences of the United States of America 99, 1503-1508 (2002).

Scholz, C. C. & Taylor, C. T. Targeting the HIF pathway in inflammation and immunity. Current opinion in pharmacology 13,
646-653 (2013).

Liu, G. et al. Dendritic cell SIRT1-HIFlalpha axis programs the differentiation of CD4+ T cells through IL-12 and TGF-betal.
Proceedings of the National Academy of Sciences of the United States of America 112, E957-965 (2015).

Carroll, V. A. & Ashcroft, M. Role of hypoxia-inducible factor (HIF)-1alpha versus HIF-2alpha in the regulation of HIF target genes
in response to hypoxia, insulin-like growth factor-I, or loss of von Hippel-Lindau function: implications for targeting the HIF
pathway. Cancer research 66, 6264-6270 (2006).

Wang, H. et al. Bufalin suppresses hepatocellular carcinoma invasion and metastasis by targeting HIF-1alpha via the PI3K/AKT/
mTOR pathway. Oncotarget 7, 20193-20208 (2016).

Liu, L. et al. Proinflammatory signal suppresses proliferation and shifts macrophage metabolism from Myc-dependent to
HIFlalpha-dependent. Proceedings of the National Academy of Sciences of the United States of America 113, 1564-1569 (2016).
LeibundGut-Landmann, S. et al. Syk- and CARD9-dependent coupling of innate immunity to the induction of T helper cells that
produce interleukin 17. Nature immunology 8, 630-638 (2007).

Daley, D. et al. Dectin 1 activation on macrophages by galectin 9 promotes pancreatic carcinoma and peritumoral immune tolerance.
Nature medicine 23, 556-567 (2017).

Wang, Y. et al. Histone Deacetylase SIRT1 Negatively Regulates the Differentiation of Interleukin-9-Producing CD4(+) T Cells.
Immunity 44, 1337-1349 (2016).

Wang, R. et al. The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity 35,
871-882 (2011).

Liu, G., Ma, H,, Jiang, L., Peng, J. & Zhao, Y. The immunity of splenic and peritoneal F4/80(+) resident macrophages in mouse
mixed allogeneic chimeras. ] Mol Med (Berl) 85, 1125-1135 (2007).

Liu, G. et al. The receptor S1P1 overrides regulatory T cell-mediated immune suppression through Akt-mTOR. Nature immunology
10, 769-777 (2009).

Zhu, C. C. et al. Dectin-1 agonist curdlan modulates innate immunity to Aspergillus fumigatus in human corneal epithelial cells.
International journal of ophthalmology 8, 690-696 (2015).

Nerren, J. R. & Kogut, M. H. The selective Dectin-1 agonist, curdlan, induces an oxidative burst response in chicken heterophils and
peripheral blood mononuclear cells. Veterinary immunology and immunopathology 127, 162-166 (2009).

Gatti, G., Rivero, V., Motrich, R. D. & Maccioni, M. Prostate epithelial cells can act as early sensors of infection by up-regulating
TLR4 expression and proinflammatory mediators upon LPS stimulation. Journal of leukocyte biology 79, 989-998 (2006).

Lu, G. et al. Myeloid cell-derived inducible nitric oxide synthase suppresses M1 macrophage polarization. Nature communications 6,
6676 (2015).

Jiang, H. et al. PFKFB3-Driven Macrophage Glycolytic Metabolism Is a Crucial Component of Innate Antiviral Defense. J Immunol
197, 2880-2890 (2016).

Ruiz-Garcia, A. et al. Cooperation of adenosine with macrophage Toll-4 receptor agonists leads to increased glycolytic flux through
the enhanced expression of PFKFB3 gene. The Journal of biological chemistry 286, 19247-19258 (2011).

Cheng, S. C. et al. mTOR- and HIF-1lalpha-mediated aerobic glycolysis as metabolic basis for trained immunity. Science 345,
1250684 (2014).

. Kelly, C., Smallbone, K. & Brady, M. Tumour glycolysis: the many faces of HIE. Journal of theoretical biology 254, 508-513 (2008).
. Shinomiya, N. ef al. Inmune protective mechanisms during pregnancy. L. Cell-mediated immunity against Listeria monocytogenes

in pregnant mice. Immunology 59, 373-378 (1986).

. Conlan, J. W. Early host-pathogen interactions in the liver and spleen during systemic murine listeriosis: an overview.

Immunobiology 201, 178-187 (1999).

. Barton, G. M. & Medzhitov, R. Toll-like receptor signaling pathways. Science 300, 15241525 (2003).
. Krishnaswamy, J. K., Chu, T. & Eisenbarth, S. C. Beyond pattern recognition: NOD-like receptors in dendritic cells. Trends in

immunology 34, 224-233 (2013).

Martinez, F. O. & Gordon, S. The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000prime reports 6, 13
(2014).

Walmsley, S. R. et al. Hypoxia-induced neutrophil survival is mediated by HIF-1alpha-dependent NF-kappaB activity. The Journal
of experimental medicine 201, 105-115 (2005).

Walmsley, S. R., Chilvers, E. R. & Whyte, M. K. Hypoxia. Hypoxia, hypoxia inducible factor and myeloid cell function. Arthritis
research & therapy 11, 219 (2009).

Satoh, T. et al. The Jmjd3-Irf4 axis regulates M2 macrophage polarization and host responses against helminth infection. Nature
immunology 11, 936-944 (2010).

Arora, S. et al. Effect of cytokine interplay on macrophage polarization during chronic pulmonary infection with Cryptococcus
neoformans. Infection and immunity 79, 1915-1926 (2011).

Gordon, S. & Martinez, F. O. Alternative activation of macrophages: mechanism and functions. Immunity 32, 593-604 (2010).
Jimenez-Lopez, C. & Lorenz, M. C. Fungal immune evasion in a model host-pathogen interaction: Candida albicans versus
macrophages. PLoS pathogens 9, €1003741 (2013).

Johnston, S. A. & May, R. C. The human fungal pathogen Cryptococcus neoformans escapes macrophages by a phagosome emptying
mechanism that is inhibited by Arp2/3 complex-mediated actin polymerisation. PLoS pathogens 6, e1001041 (2010).

Johnston, S. A. & May, R. C. Cryptococcus interactions with macrophages: evasion and manipulation of the phagosome by a fungal
pathogen. Cellular microbiology 15, 403-411 (2013).

Bidula, S., Sexton, D. W. & Schelenz, S. Serum opsonin ficolin-A enhances host-fungal interactions and modulates cytokine
expression from human monocyte-derived macrophages and neutrophils following Aspergillus fumigatus challenge. Medical
microbiology and immunology 205, 133-142 (2016).

Becker, S., Warren, M. K. & Haskill, S. Colony-stimulating factor-induced monocyte survival and differentiation into macrophages
in serum-free cultures. ] Immunol 139, 3703-3709 (1987).

Sallusto, F. & Lanzavecchia, A. Efficient presentation of soluble antigen by cultured human dendritic cells is maintained by
granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. The
Journal of experimental medicine 179, 1109-1118 (1994).

SCIENTIFICREPORTS | (2018) 8:3603 | DOI:10.1038/s41598-018-22039-9 10



www.nature.com/scientificreports/

50. Xue, J. et al. Transcriptome-based network analysis reveals a spectrum model of human macrophage activation. Immunity 40,
274-288 (2014).

51. Haniffa, M., Bigley, V. & Collin, M. Human mononuclear phagocyte system reunited. Seminars in cell & developmental biology 41,
59-69 (2015).

52. Wynn, T. A,, Chawla, A. & Pollard, ]. W. Macrophage biology in development, homeostasis and disease. Nature 496, 445-455 (2013).

53. Ingersoll, M. A. et al. Comparison of gene expression profiles between human and mouse monocyte subsets. Blood 115, e10-19
(2010).

54. Wong, K. L. et al. Gene expression profiling reveals the defining features of the classical, intermediate, and nonclassical human
monocyte subsets. Blood 118, e16-31 (2011).

55. Ziegler-Heitbrock, L. et al. Nomenclature of monocytes and dendritic cells in blood. Blood 116, €74-80 (2010).

56. Hume, D. A. The mononuclear phagocyte system. Current opinion in immunology 18, 49-53 (2006).

57. Jenkins, S. J. & Hume, D. A. Homeostasis in the mononuclear phagocyte system. Trends in immunology 35, 358-367 (2014).

58. Auffray, C., Sieweke, M. H. & Geissmann, F. Blood monocytes: development, heterogeneity, and relationship with dendritic cells.
Annual review of immunology 27, 669-692 (2009).

59. Geissmann, F. et al. Development of monocytes, macrophages, and dendritic cells. Science 327, 656-661 (2010).

60. Hashimoto, D. et al. Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from
circulating monocytes. Immunity 38, 792-804 (2013).

61. Yona, S. et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity 38,
79-91 (2013).

62. Cassado Ados, A., D’Imperio Lima, M. R. & Bortoluci, K. R. Revisiting mouse peritoneal macrophages: heterogeneity, development,
and function. Frontiers in immunology 6, 225 (2015).

63. Cramer, T. et al. HIF-1alpha is essential for myeloid cell-mediated inflammation. Cell 112, 645-657 (2003).

64. Peyssonnaux, C. et al. HIF-1alpha expression regulates the bactericidal capacity of phagocytes. The Journal of clinical investigation
115, 1806-1815 (2005).

65. Shepardson, K. M. et al. Myeloid derived hypoxia inducible factor 1-alpha is required for protection against pulmonary Aspergillus
fumigatus infection. PLoS pathogens 10, 1004378 (2014).

66. Fecher, R. A., Horwath, M. C,, Friedrich, D., Rupp, J. & Deepe, G. S. Jr. Inverse Correlation between IL-10 and HIF-1alpha in
Macrophages Infected with Histoplasma capsulatum. J Immunol 197, 565-579 (2016).

Acknowledgements

The authors’ research is supported by grants from the National Natural Science Foundation for Key Program of
China (31730024, G.L.) and General Programs of China (31671524 and 81273201, G.L.) and Open Fund of Key
Laboratory of Cell Proliferation and Regulation Biology, Ministry of Education of China (2016, H.Y.).

Author Contributions

G.L. developed the concept, designed and conducted the experiments with cells and mice, analyzed data, wrote
the manuscript and provided overall direction; C.L. and Y.W. designed and conducted the experiments with cells
and mice and analyzed data; Y.L., Q.Y. and Y.B. performed the experiments with mice and analyzed data; Q.Y. and
Y.B. revised the manuscript; X.J., X.W.,, A.J., H.Y,, LH., ] W,, H.Y. and D.Y. participated in discussions.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22039-9.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:3603 | DOI:10.1038/s41598-018-22039-9 11


http://dx.doi.org/10.1038/s41598-018-22039-9
http://creativecommons.org/licenses/by/4.0/

	HIF1α-dependent glycolysis promotes macrophage functional activities in protecting against bacterial and fungal infection

	Materials and Methods

	Mice. 
	Bacterial and fungal infection. 
	Measurement of bacterial and fungal burdens. 
	Monoclonal antibody (mAb) and flow cytometry assays. 
	Glycolysis flux assay. 
	NO production. 
	Quantitative RT-PCR and Immunoblot. 
	Human macrophage functions. 
	Statistical analyses. 

	Results

	HIF1α-dependent glycolysis is associated with pro-inflammatory macrophage differentiation. 
	HIF1α is critical for pro-inflammatory macrophage differentiation in vitro. 
	HIF1α is required for the differentiation of pro-inflammatory macrophages during bacterial infection. 
	HIF1α is required for the differentiation of pro-inflammatory macrophages during fungal infection. 
	Glycolytic activity is involved in the HIF1α-directed macrophage differentiation. 
	Pharmacological targeting of HIF1α-dependent glycolytic pathway activity in mouse and human macrophage differentiation. 

	Discussion

	Acknowledgements

	Figure 1 HIF1α-dependent glycolysis is associated with pro-inflammatory macrophage differentiation during inflammation.
	Figure 2 HIF1α is critical for pro-inflammatory macrophage differentiation in vitro.
	Figure 3 HIF1α is required for pro-inflammatory macrophage differentiation following Listeria bacterial infection.
	Figure 4 HIF1α is required for pro-inflammatory macrophage differentiation following C.
	Figure 5 Glycolytic pathway activity was required for pro-inflammatory macrophage differentiation.
	Figure 6 Pharmacologically targeting HIF1α and glycolytic pathway activity in mouse and human cells.




