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Abstract

Hypoxia inducible factor (HIF)-1α is a transcription factor that regulates metabolic and immune 

response genes in the setting of low oxygen tension and inflammation. We investigated the 

function of HIF-1α in the host response to Histoplasma capsulatum since granulomas induced by 

this pathogenic fungus develop hypoxic microenvironments during the early adaptive immune 

response. Here we demonstrated that myeloid HIF-1α-deficient mice exhibited elevated fungal 

burden during the innate immune response (prior to seven days post-infection) as well as 

decreased survival in response to a sublethal inoculum of H. capsulatum. The absence of myeloid 

HIF-1α did not alter immune cell recruitment to the lungs of infected animals but was associated 

with an elevation of the anti-inflammatory cytokine IL-10. Treatment with mAb to IL-10 restored 

protective immunity to the mutant mice. Macrophages (Mϕ) constituted the majority of IL-10 

producing cells. Deletion of HIF-1α in neutrophils or DCs did not alter fungal burden thus 

implicating Mϕs as the pivotal cell in host resistance. HIF-1α was stabilized in Mϕ following 

infection. Increased activity of the transcription factor CREB in HIF-1α-deficient Mϕs drove 

IL-10 production in response to H. capsulatum. IL-10 inhibited Mϕ control of fungal growth in 

response to the activating cytokine IFN-γ. Thus, we identified a critical function for Mϕ HIF-1α in 

tempering IL-10 production following infection. We established that transcriptional regulation of 

IL-10 by HIF-1α and CREB is critical for activation of Mϕ by IFN-γ and effective handling of H. 
capsulatum.

 Introduction

H. capsulatum is the most common endemic pulmonary mycosis in the United States (1). 

While immunocompetent hosts typically resolve infection with minimal symptoms, severe 
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infections can develop in immunocompromised individuals. Coordinated activity of the 

innate and adaptive immune systems is required for fungal growth restriction. Early innate 

recognition is required for phagocytosis, cytokine production, and recruitment of additional 

innate cells and adaptive cells. This accumulation and signaling drive development of 

granulomas. During the initiation of adaptive immunity, granulomas become hypoxic; one of 

the central transcription factors in the response to hypoxia is HIF-1α (2).

HIF-1 is a multi-subunit transcription factor composed of a constitutively expressed β 

subunit, HIF-1β/ARNT, and an oxygen labile α subunit, HIF-1α (3). The oxygen-dependent 

degradation of HIF-1α is controlled via hydroxylation of the oxygen-dependent degradation 

(ODD) domain (3). Oxygen-dependent prolyl hydroxylase domain-containing (PHD) 

enzymes are responsible for hydroxylation of the ODD in the setting of low oxygen (4). 

Subsequent polyubiquitination leads to recognition by the 26S proteasome and degradation 

(5, 6). The requirement for O2 as an essential co-factor drives decreased activity in the 

setting of hypoxia, which is responsible for elevated HIF-1α protein.

Infection with a variety of pathogens has been associated with increased HIF-1α protein 

and/or expression of downstream targets. LPS can induce HIF-1α expression through 

increased transcription rather than protein stabilization in the setting of normoxia (7–10). 

While the mechanism of HIF-1α protein stabilization and/or transcriptional induction is 

unknown, it accumulates in the setting of infection with Chlamydia pneumoniae, Vesicular 

Stomatitis virus, Hepatitis B and C, Human Papilloma Virus, Toxoplasma gondii, 
Leishmania amazonensis, and the fungal pathogens Aspergillus fumigatus and Candida 
albicans (11–19). These studies suggest that, while HIF-1α plays an undeniable role in the 

cellular response to hypoxia, it may have been co-opted as a transcription factor in the 

response to pathogens as well.

HIF-1α regulates numerous genes involved in both innate and adaptive immune responses. 

This transcription factor has been implicated as a key element in phagocyte and T cell 

function in response to a wide variety of pathogens (20). In infectious diseases, HIF-1α 

targets within phagocytes include microbicidal genes as well as soluble mediators that 

recruit and activate immune cells (21). HIF-1α evokes direct killing of many pathogenic 

microbes by primary mediators such as reactive oxygen species, nitric oxide (NO), and 

antimicrobial peptides (22–25). Direct targets of HIF-1α in myeloid cells include the pro-

inflammatory molecules TNF-α, IL-12, and CCL2 as well as the anti-inflammatory IL-10 

(26–29).

IL-10 inhibits antimicrobial activity of Mϕ by limiting production of inflammatory 

cytokines, chemokines, and reactive oxygen and nitrogen intermediates (30–32). In the 

innate response to H. capsulatum, IL-10 dampens immunity by limiting IFN-γ production; 

IL-10−/− mice exhibit elevated IFN-γ in association with accelerated H. capsulatum 
clearance (33). Modulation of IFN-γ by IL-10 attenuates the activation of Mϕ, which need 

IFN-γ to kill H. capsulatum (34). Although IL-10 is produced by multiple cell populations, 

myeloid cells are the predominant producer during H. capsulatum infection (35).
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The presence of hypoxia and the prominence of HIF-1α in dictating antimicrobial activity, 

metabolism, and cytokine generation led us to consider the contribution of this transcription 

factor in the myeloid response to H. capsulatum infection. To this end, we infected myeloid 

specific HIF-1α knockout mice (Lyz2cre Hif1αfl/fl) via the pulmonary route with H. 
capsulatum. The absence of myeloid HIF-1α decreased survival and increased fungal burden 

as early as day 3 post-infection. The collapse of immunity was not associated with a 

reduction in lung pro-inflammatory protective cytokines, but rather with an elevation in 

IL-10. Mϕ, the principal source of this cytokine, were the dominant myeloid cell population 

required for the phenotype of the mutant mice. Mϕ production of IL-10 was tempered by 

HIF-1α and depended on enhanced CREB-binding protein (CBP)-driven transcriptional 

induction. Elevated IL-10 from Lyz2cre Hif1αfl/fl Mϕ prevented IFN-γ driven activation and, 

thus, enhanced fungal burden relative to control Mϕ. These results demonstrate that HIF-1α 

is critical for controlling the progression of infection with the fungal pathogen H. 
capsulatum by limiting IL-10.

 Materials and Methods

 Mice

Male C57BL/6 and breeding pairs of Itgax-cre (C57BL/6 background) mice were purchased 

from The Jackson Laboratory (Bar Harbor, ME). We thank Dr. Timothy Eubank, Ohio State 

University, for the Hif1αfl/fl, Lyz2cre, and Lyz2cre Hif1αfl/fl mice. Itgaxcre and Hif1αfl/fl 

mice were crossed to generate Itgaxcre Hif1αfl/fl mice. We thank Gang Huang, Cincinnati 

Children’s Hospital Medical Center, for Lyz2cre Hif1αfl/fl Hif2αfl/fl. Animals were housed 

in isolator cages and maintained by the Department of Laboratory Animal Medicine, 

University of Cincinnati, accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care. All animal experiments were performed in accordance with the 

Animal Welfare Act guidelines of the National Institutes of Health, and all protocols were 

approved by the Institutional Animal Care and Use Committee of the University of 

Cincinnati.

 Preparation of H. capsulatum and infection of mice

H. capsulatum strain G217B and yeast cells of the same strain that express GFP were grown 

for 72 h at 37 °C as described (36, 37). To infect mice, 6–8 week-old animals were 

inoculated intranasally with 2×106 yeasts or 2×107 yeasts (indicated as high dose) in ~30 l 

of Hank’s Balanced Salt Solution (HyClone, Logan, UT). For in vitro infection, cells were 

allowed to adhere to plates for 3 h. Cells were infected with 1–5 yeast per Mϕ for the 

indicated times.

 Generation of bone marrow-derived Mϕs (BMDMϕs) and in vitro inhibition

Bone marrow was isolated from tibiae and femurs of 6–10-week-old mice by flushing with 

HBSS. Cells were dispensed into tissue culture flasks at a density of 1×106 cells/ml of 

RPMI-1640 supplemented with 10% fetal bovine serum, 0.1% gentamicin sulfate, 5 µM 2-

mercaptoethanol, and 10 ng/ml of mouse GM-CSF (Peprotech, Rocky Hill, NJ). Flasks were 

incubated at 37 °C in 5% CO2. Mϕs were harvested at day 7. Non-adherent cells were 

removed, ice-cold PBS was added, and cells were scraped from the flask. Cells were 
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collected, washed with PBS, and dispensed into culture dishes. For inhibition studies, 

piceatannol (Tocris, Bristol, UK) was added to Mϕs 90 minutes before infection. For CBP 

interaction inhibition studies, chetomin (Santa Cruz, Dallas, TX) was added to Mϕs 30 

minutes prior to infection and KG501 (Calbiochem, San Diego, CA) was added 90 minutes 

before infection.

 RNA Isolation, cDNA synthesis, and quantitative real-time reverse transcription PCR

Total RNA from whole lungs of mice was isolated using TRIzol (Invitrogen, Carlsbad, CA) 

and from in vitro M cultures using the RNeasy Kit (Qiagen, Chatsworth, CA). Oligo(dT)-

primed cDNA was prepared by using the reverse transcriptase system (Promega, Madison, 

WI). Quantitative real-time reverse transcription PCR analysis was performed using TaqMan 

master mixture and primers (Applied Biosystems, Foster City, CA). Samples were analyzed 

with ABI Prism 7500. The hypoxanthine phosphoribosyl transferase housekeeping gene was 

used as an internal control. The conditions for amplification were 50 °C for 2 min and 95 °C 

for 10 min, followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min.

 Isolation of lung leukocytes

Lungs were homogenized with the gentleMACS dissociator (Miltenyi Biotec, Auburn, CA) 

in 5ml of HBSS with 2 mg/ml of collagenase D (Roche, Mannheim, Germany) and 40U of 

DNase I (Roche) for 30 min at 37°C. The homogenate was percolated through a 40 mm 

nylon mesh (Spectrum Laboratories, Rancho Dominguez, CA) and washed three times with 

HBSS. Leukocytes were isolated by separation on Lympholyte M (Cedarlane, Burlington, 

ON).

 Western blot

Following 24 h of infection, non-adherent cells were washed off with ice cold PBS. Cells 

were scraped off in ice cold PBS and spun down. Cells were lysed in RIPA buffer. Proteins 

were separated by electrophoresis in SDS/PAGE and transferred to PVDF membranes. The 

membranes were used for immunodetection of HIF-1α (Novus Biologicals, Littleton, CO) 

and β actin (Santa Cruz).

 Confocal microscopy

Following 24 h of infection, BMDMϕs were stained with HIF-1α antibody and DAPI 

nuclear stain for 30 min. Images were acquired on a Zeiss LSM710 confocal and analyzed 

with ZEN 2011 software.

 Organ culture for H. capsulatum

Organs were homogenized in sterile HBSS, serially diluted, and plated onto mycosel-agar 

plates containing 5% sheep blood and 5% glucose. Plates were incubated at 30 °C for 7 

days. The limit of detection was 102 CFU.

 Flow cytometry, cell sorting, and gating strategy

Cells from mouse lungs were incubated with CD16/32 to limit nonspecific binding. 

Leukocytes were then stained with the indicated antibodies at 4°C for 15–30 min in 
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phosphate-buffered saline containing 1% bovine serum albumin and 0.01% sodium azide. 

Cells were stained with combinations of the following antibodies: FITC-conjugated Ly6G; 

FITC-conjugated Ly6C; FITC-conjugated CD11c; PerCP-conjugated CD11b; APC-

conjugated CD3; PE-conjugated CD4; FITC-conjugated CD8; and APC-conjugated F4/80 

(BD Biosciences, San Jose, CA). For intracellular IL-10 staining, cells were incubated with 

Cytofix/ Cytoperm (BD Biosciences), washed in Permeabilization Buffer (BD Biosciences), 

and stained for 45 min with PE-conjugated IL-10 (R&D systems, Minneapolis, MN). Cells 

were washed and resuspended in 1% paraformaldehyde. Isotype controls were used. Data 

were acquired using BD Accuri C6 cytometer and analyzed using the FCS Express 4.0 

Software (DeNovo Software, Los Angeles, CA). For cell sorting experiments, leukocytes 

from the lungs of Lyz2cre and Lyz2cre Hif1αfl/fl mice were isolated at day 3 or day 7 post-

infection using 5 laser FACS Aria II (BD Biosciences) following cell surface staining. Cells 

were identified using side (SSC-A) and forward scatter (FSC-A), followed by doublet 

exclusion using forward scatter height (FSC-H) against FSC-A. Cells were subsequently 

phenotypically characterized by the following surface markers: neutrophils (PMNs) were 

Ly-6Ghi, CD11b+, F4/80−; dendritic cells (DCs) were F4/80−, CD11b−/+, CD11c+; Mϕ were 

F4/80+, CD11c−, CD11b+; CD4 T cells were CD3+, CD4+, CD8−; CD8 T cells were CD3+, 

CD4−, CD8+. As gated here, the Mϕ population does not include interstitial Mϕ or alveolar 

Mϕ. Gating strategy depicted in Supplemental Fig. 1.

 PMN depletion and IL-4 and IL-10 neutralization

PMNs were depleted by i.p. injection of anti-Ly6G mAb (1A8), containing 0.1 mg protein, 

24 h prior to infection, and at days 1, 3, and 5 post-infection. PMN depletion was confirmed 

by flow cytometry staining for Ly6G/C (Nimp14), CD11b, and CD11c in experimental 

animals. IL-4 was neutralized by i.p. injections of anti-IL-4 (11B11), containing 1 mg 

protein, at the time of infection and at day 3 post-infection. IL-10 was neutralized by i.p. 

injections of anti-IL-10 (JES5-2A5), containing 0.25 mg protein, at the time of infection, 

and at days 3, 5, and 7 post-infection.

 Histology

Lungs were inflated, excised, fixed in 10% formalin, and embedded in paraffin blocks. 

Sections (5 m) were stained with H&E. Serial pictures were obtained on an Olympus BX51 

microscope and Olympus DP71 camera. Lung sections were reconstructed using Photoshop 

Photomerge CS5 (Adobe Systems, San Jose, CA). Area of inflammation was measured 

using the measure function in ImageJ (National Institutes of Health, Bethesda, MD) in a 

blinded fashion.

 Measurement of cytokines

Cytokines were quantified in lung homogenates and cell-free Mϕ culture supernatants using 

a Milliplex MAP immunoassay (Millipore, Billerica, MA) following an overnight incubation 

with the assay beads according to the manufacturer protocol. A minimum of 100 beads were 

counted for each analyte per well. The beads were analyzed on a Luminex Magpix 

instrument (Luminex Corporation, Austin, TX) using Luminex xPONENT software. 

Additional analysis was performed utilizing the Milliplex Analyst (Millipore) software.
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 Griess assay

The quantity of NO in the supernatant of cultured bone marrow derived macrophages was 

measured using the Griess Reagent System. Briefly, sample aliquots were mixed with an 

equal volume of Griess reagent (l% sulfanilamide/0.1% naphthylethylene diamine 

dihydrochloride/2 % H3PO4). A microplate reader was used to measure the absorbance at 

540 nm (BioTek Instruments, Inc., Burlington, VT). NO2
− was determined using NaNO2 as 

a standard. Media background was determined and subtracted from the experimental values. 

Nitrate was converted into nitrite prior to the reaction with Griess reagent, since nitrite is 

rapidly oxidized to nitrate.

 Statistics

Statistics p values were calculated with one-way ANOVA for multiple comparisons and 

adjusted with Bonferroni’s or Holm Sidak correction and nonpaired Student’s t test where 

two groups were compared; *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant

 Results

 Myeloid HIF-1α is required for fungal clearance and survival following infection with H. 
capsulatum

Since HIF-1α regulates production of inflammatory cytokines and chemokines known to be 

essential in response to H. capsulatum, we sought to determine the necessity of this 

transcription factor within the myeloid cell compartment (38, 39). Lyz2cre Hif1αfl/fl mice 

exhibit HIF-1α deletion within alveolar Mϕs, inflammatory monocytes, monocyte-derived 

DCs, and PMNs (38). We infected control and Lyz2cre Hif1αfl/fl mice with a sublethal 

number of H. capsulatum yeast cells. As early as 10 days post-infection, Lyz2cre Hif1αfl/fl 

mice began to succumb to infection; by 30 days, over 90% of them died while all control 

Lyz2cre mice and Hif1αfl/fl mice survived (Fig. 1A). To assess if the decreased survival in 

Lyz2cre Hif1αfl/fl mice was associated with an enhanced fungal burden, we measured the 

number of organisms in lungs at 1, 3, and 7 days post-infection. Lyz2cre Hif1αfl/fl mice 

exhibited a striking increase in fungal burden relative to controls as early as 3 days and 

through 7 days post-infection (Fig. 1B).

 Cell recruitment and expansion are unaltered in HIF-1α knockout mice

To elucidate any alterations in the organization of the inflammatory response, we evaluated 

the amount of inflammation in histopathology sections of lung tissue from infected control 

and Lyz2cre Hif1αfl/fl mice at 3 and 7 days post-infection (Fig. 1C). At day 3, both control 

and Lyz2cre Hif1αfl/fl mice exhibited acute peribronchiolar inflammation; the area of 

involvement in Lyz2cre Hif1αfl/fl mice was increased relative to control mice (Fig. 1D). By 

7 days the inflammation had coalesced into consolidation in both groups; there was no 

difference in the area between control and Lyz2cre Hif1αfl/fl mice.

While we saw no change in the inflamed area at day 7, we speculated that the lack of 

HIF-1α might alter specific leukocyte populations since it is required for optimal immune 

cell recruitment (38, 40, 18). To examine the composition of inflammatory cell populations, 

we stained lungs at days 3 and 7 post-infection for Mϕs, PMNs, DCs, and CD4+ and CD8+ 
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T cells. Absolute cell numbers in each of these populations were unaltered relative to control 

at 3 days post-infection (Fig. 1E). PMNs were elevated at day 7 post-infection, but the 

numbers of other populations were similar between the two groups of mice (Fig. 1F). These 

results suggested that cell recruitment and expansion following infection do not explain the 

elevated fungal burden and decreased survival of Lyz2cre Hif1αfl/fl mice.

 Lack of HIF-1α in myeloid cells enhances production of IL-10

Since inflammatory cell recruitment was not deficient in Lyz2cre Hif1αfl/fl mice, we 

surveyed cytokines that are known to be important in the murine response to H. capsulatum 
in lung homogenates at 3 and 7 days post-infection. Relative to controls, Lyz2cre Hif1αfl/fl 

murine lungs exhibited an elevation in the anti-inflammatory cytokine IL-10 as well as 

prototypically protective cytokines IFN-γ and IL-1β as early as day 3 post-infection (Fig. 

2A) (36, 41, 42). No change in TNF-α or GM-CSF between the two groups was observed on 

day 3 post-infection or in any cytokines prior to infection (Fig. 2A, data not shown). At 7 

days of infection, the lungs of Lyz2cre Hif1αfl/fl mice manifested elevated production of 

IL-10, IFN-γ, IL-1β, GM-CSF and IL-4 (Fig. 2B). The IL-10 concentration at day 7 post-

infection in lungs of the Itgaxcre mice (202 ± 13 pg/mL, n=4) did not differ (p>0.05) from 

that of infected controls (197 ± 6 pg/mL, n=8).

While IL-4 is known to inhibit the immune response to H. capsulatum, elevation of this 

cytokine subsequent to the rise in fungal burden suggested that it was a consequence rather 

than a driver of the altered immune response in Lyz2cre Hif1αfl/fl mice (43, 44). To 

determine the contribution of IL-4 to the phenotype of Lyz2cre Hif1αfl/fl mice we 

administered mAb to this cytokine both prior to and during the course of infection. Since 

murine survival was unaltered in these mice, we concluded that IL-4 elevation was not 

responsible for the phenotype of Lyz2cre Hif1αfl/fl mice (Supplemental Fig. 2A).

One concern in interpreting the elevation in cytokines in Lyz2cre Hif1αfl/fl mice is that the 

higher fungal burden may have enhanced production. To test this assertion, we infected 

control animals with a one log higher inoculum of H. capsulatum; this number of yeasts 

replicated the fungal burden in Lyz2cre Hif1αfl/fl mice (Fig. 2C). We measured cytokines in 

lung homogenates following instillation of the lower and higher number of yeast cells at 7 

days post-infection. The exaggerated fungal burden in control mice increased IFN-γ and 

IL-1β cytokine production comparable to the amount in Lyz2cre Hif1αfl/fl mice while TNF-

α was unaltered (Fig. 2D). However, the quantity of IL-10 in the heavily infected controls 

did not differ from that of mice that received the lower inoculum (Fig. 2D). Thus, the high 

fungal burden was not the driving force in amplified IL-10 in Lyz2cre Hif1αfl/fl mice. This 

finding demonstrates that the enhanced IL-10 production in Lyz2cre Hif1αfl/fl mice is a 

consequence of HIF-1α deficiency while the heightened pathogen burden in these mice 

caused the increase in proinflammatory cytokines.

Since IL-10 was augmented early during infection, we examined its influence on the fungal 

burden and survival of Lyz2cre Hif1αfl/fl mice. Anti-IL-10 mAb given to Lyz2cre Hif1αfl/fl 

and control mice reduced fungal burden compared to IgG control in Lyz2cre Hif1αfl/fl mice 

and enhanced survival (Fig. 2E and 2F).
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 Mϕs are the primary IL-10 producing cells from Lyz2cre Hif1αfl/fl mice following infection 
with H. capsulatum

We sought to determine the primary IL-10 producing cell populations within the lungs of 

infected mice. We innoculated control and Lyz2cre Hif1αfl/fl mice with H. capsulatum and 

performed intracellular IL-10 staining within several immune cell populations including 

Mϕs at days 3 and 7. Representative flow cytometry plots demonstrate IL-10 staining in 

myeloid cells at day 7 post-infection (Fig. 3A). Prior to infection, intracellular IL-10 is not 

detectable in control or Lyz2cre Hif1αfl/fl mice (data not shown). At day 3, multiple myeloid 

populations produced IL-10, but Mϕs constituted the majority of IL-10+ cells in both control 

and Lyz2cre Hif1αfl/fl mice (Fig. 3B). Likewise, at day 7, Mϕs still constituted the most 

numerous IL-10 producers in both groups (Fig. 3D). Relative to controls, the number of 

IL-10+ PMNs, DCs, and Mϕs isolated from Lyz2cre Hif1αfl/fl mice at day 3 were increased, 

whereas at day 7 post-infection more IL-10+ lung Mϕs and T cells were present in the 

mutant mice (Fig. 3B and 3D). There was no change between the two groups in the IL-10 

MFI in any of the cell populations at either day 3 or day 7 post-infection (Fig. 3C and 3E). 

Thus, Mϕ are the most numerous IL-10 producing cell population in response to H. 
capsulatum. The increase in IL-10 found in the lungs was most likely a consequence of more 

cells rather than inflated production at the single cell level since MFIs did not vary between 

identical cell populations from the two groups of mice.

 Loss of Mϕ HIF-1α is responsible for the survival defect in Lyz2cre Hif1αfl/fl mice

Lyz2cre Hif1αfl/fl mice exhibit HIF-1α deletion in all myeloid cells. In order to hone in on 

the cell population(s) responsible for the survival defect within mutant mice, we generated 

Itgaxcre Hif1αfl/fl mice. In these mice HIF-1α is eliminated in alveolar Mϕs and tissue 

resident and monocyte-derived DCs (45). We infected control, Lyz2cre Hif1αfl/fl, and 

Itgaxcre Hif1αfl/fl mice with a sublethal number of H. capsulatum yeast cells. As observed 

previously the vast majority of Lyz2cre Hif1αfl/fl mice succumbed to infection while all 

control and Itgaxcre Hif1αfl/fl mice survived (Fig. 4A). These results suggested that HIF-1α 

in alveolar Mϕs and DCs was dispensable for survival following H. capsulatum infection. 

Thus, we can infer that the presence of this transcription factor in PMNs or Mϕs was 

required to confer protective immunity.

We sought to directly address the impact of PMN HIF-1α. Studies that examine the 

necessity of PMNs in H. capsulatum by depleting them suggest that they are essential for 

protective immunity (46, 47). However, these reports utilize an antibody (clone RB6) that 

recognizes both Ly6G and Ly6C. Since the latter is expressed on PMNs and inflammatory 

monocytes, it is difficult to discriminate which of these populations is responsible for the 

aggressive infection in mice. We therefore sought to clarify the contribution of PMNs by 

depleting these cells in both wild type and Lyz2cre Hif1αfl/fl mice with a Ly6G specific 

antibody. Following administration of 1A8 mAb or isotype control mAb, Lyz2cre Hif1αfl/fl 

and wild type mice were infected for 7 days. The loss of PMNs was confirmed by 

differential lung leukocyte count (Fig. 4B). The lack of PMNs did not elevate the fungal 

burden in either control mice or Lyz2cre Hif1αfl/fl mice (Fig. 4C). Since PMNs were 

dispensable for fungal clearance, we concluded that these cells did not contribute to the 

phenotype observed in Lyz2cre Hif1αfl/fl mice via either HIF-1α-dependent or independent 
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mechanisms. These results demonstrate that Mϕ HIF-1α was required for murine survival. 

The importance of this population is consistent with our prior data that IL-10 contributes to 

the phenotype of Lyz2cre Hif1αfl/fl mice and that Mϕ are the primary producer of IL-10 in 

these mice.

 Infection with H. capsulatum drives HIF-1α transcription and protein nuclear localization 
within Mϕs

The accumulated data strongly implicated HIF-1α deficiency within Mϕs as the critical node 

for the elevated fungal burden and decreased survival in Lyz2cre Hif1αfl/fl mice. To assess 

transcriptional induction of HIF-1α as well as several downstream targets including vascular 

endothelial growth factor (Vegf-a) and phosphoglycerate kinase 1 (Pgk-1) in vivo, we 

infected animals with H. capsulatum expressing GFP and sorted infected pulmonary Mϕs 

(F4/80+ CD11b+ CD11c− GFP+ or GFP−) at 1, 3, and 7 days post-infection. Infected cells 

exhibited transcriptional upregulation of Hif-1α, Vegf-a, and Pgk-1 (Fig. 5A).

Evidence of other microbes driving HIF-1α led us to inquire whether H. capsulatum 
infection induces HIF-1α in the absence of hypoxia (8, 48–50). Accordingly, we infected 

control and Lyz2cre Hif1αfl/fl BMDMϕs for 24 h and assessed the transcription of Hif-1α 

and its downstream targets; Hif-1α and Pgk-1 were induced over 5 fold while Vegf-a was 

induced over 10 fold in a HIF-1α dependent manner (Fig. 5B). We assessed expression of 

CD11b on Mϕ because it is the principal phagocytic receptor and it is regulated by HIF-1α: 

this integrin was not altered in Lyz2cre Hif1αfl/fl cells in vitro or in vivo (51, 52) 

(Supplemental Fig. 3A and 3B).

To directly assess HIF-1α protein stabilization and cellular localization, we utilized 

uninfected cells or cells infected for 24 h from both control and HIF-1α-deficient BMDMϕs 

and analyzed protein expression and localization via western blot and confocal microscopy, 

respectively. Western blot analysis demonstrated HIF-1α protein in infected Lyz2cre cells, 

but no HIF-1α was detected in infected cells from Lyz2cre Hif1αfl/fl mice (Fig. 5C). 

Confocal microscopic analysis demonstrated that HIF-1α was located within the nucleus 

following infection of wild type but not Lyz2cre Hif1αfl/fl BMDMϕs with H. capsulatum 
(Fig. 5D). We concluded that H. capsulatum infection causes HIF-1α upregulation and 

translocation to the nucleus where it can modulate downstream targets.

 The transcription factor CREB, in the absence of HIF-1α, drives elevated IL-10 
production in response to H. capsulatum infection

Since HIF-1α has been shown to positively regulate IL-10 production, the increase in this 

cytokine found in the lungs of Lyz2cre Hif1αfl/fl mice was unexpected (53). To investigate 

the mechanism of IL-10 production, we infected control and Lyz2cre Hif1αfl/fl BMDMϕs 

for 24 and 48 h. Fungal burdens at 48 h were not different between control and Lyz2cre 
Hif1αfl/fl BMDMϕs (Fig. 6A). We quantified IL-10 in the cell culture supernatants; Lyz2cre 
Hif1αfl/fl derived Mϕs secreted nearly twice as much IL-10 only at 48 h (Fig. 6B). This 

elevation was associated with a concomitant enhancement in IL-10 transcription in Lyz2cre 
Hif1αfl/fl BMDMϕs compared to control (Fig. 6C).
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Competition between transcription factors for a limiting supply of CBP has been shown to 

regulate IL-10 production (54). Therefore we hypothesized that the absence of HIF-1α 

resulted in increased HIF-2α binding to CBP and subsequent elevation in IL-10 protein (55, 

56). To test this postulate we infected BMDMϕs from controls, Lyz2cre Hif1αfl/fl mice, and 

Lyz2cre Hif1αfl/fl Hif1αfl/fl double knockout mice for 24 h and examined IL-10 protein in 

supernatants. The quantity of IL-10 in the absence of both HIF-1α and HIF-2α exceeded 

that of cells from control and Lyz2cre Hif1αfl/fl mice (Fig. 6D).

We then examined the function of CREB, another transcription factor known to bind CBP 

and drive IL-10 transcription (57). To test the contribution of CREB and HIF-1α on IL-10 

production, we treated wild type BMDMϕs with small molecule inhibitors that prevent 

CREB (KG-501) or HIF-1α (chetomin) association with CBP. KG-501, but not chetomin, 

inhibited IL-10 transcription in response to H. capsulatum infection (Fig. 6E). KG-501 also 

decreased IL-10 protein during infection with H. capsulatum (Fig. 6F).

To address the concern of off-target effects of the inhibitor, we utilized siRNA to reduce 

CREB in both control and Lyz2cre Hif1αfl/fl BMDMϕs. CREB knockdown reduced 

transcription of IL-10 in both control and Lyz2cre Hif1αfl/fl BMDMϕs (Fig. 6G). These 

results demonstrate that CREB is important for IL-10 production in both control and 

Lyz2cre Hif1αfl/fl BMDMϕs, but the presence of HIF-1α tempers IL-10 levels.

 Elevated IL-10 production by Lyz2cre Hif1αfl/fl BMDMϕs inhibits IFN-γ induced fungal 
control

Since Mϕs are the primary IL-10 producing cell and one of the primary sites of 

phagocytosis, we queried the number of these cells infected following administration of 

GFP+ H. capsulatum. There was an increase in infected cells from Lyz2cre Hif1αfl/fl mice 

relative to controls with no alteration in GFP MFI within the infected cells (Figure 7A and 

7B; data not shown). This finding implied that Mϕ from Lyz2cre Hif1αfl/fl mice were more 

permissive for intracellular invasion that was not a consequence of altered expression of 

CD11b. Hence we asked if the Mϕ from the mutant mice were less responsive to an 

exogenous activating signal such as IFN-γ. IL-10 is known to inhibit the capacity of Mϕs to 

respond to IFN-γ (58). To address responsiveness of Mϕs to activating cytokine we infected 

wild type and Lyz2cre Hif1αfl/fl BMDMϕs with GFP+ H. capsulatum for up to 72 h with or 

without the addition of IFN-γ. While cytokine activation decreased the percentage of 

infected control BMDMϕs, this signal did not alter the infection of Lyz2cre Hif1αfl/fl 

BMDMϕs (Fig. 7C). Administration of anti-IL-10 at the time of infection enabled IFN-γ 

mediated activation of Lyz2cre Hif1αfl/fl BMDMϕs (Fig. 7D). Taken together our results 

suggest that elevated IL-10 from HIF-1α deficient-Mϕs inhibits IFN-γ responsiveness that is 

required for effective fungal clearance.

 Profiles of inducible nitric oxide synthase (iNOS) and NO in Lyz2cre Hif1αfl/fl mice

HIF-1α evokes direct killing of many pathogenic microbes by primary mediators such as 

nitric oxide (22, 24). Decreased iNOS transcription and subsequently low nitric oxide levels 

have been implicated in diminished clearance of group A Streptococcus and Mycobacterium 
marinum in the setting of HIF-1α deficiency (22). Inhibition of iNOS in both of these 
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models was able to elevate pathogen burden. To determine if NO was critically altered in 

HIF-1α deficiency, we first assessed the ability of H. capsulatum to evoke iNOS in bone 

marrow derived macrophages. Although infection led to iNOS induction in both control and 

Lyz2cre Hif1αfl/fl cells, it was significantly reduced in the absence of HIF-1α (Fig. 8A). 

However, NO production was not altered in the absence of HIF-1α (Fig. 8B).

Since IFN-γ activates murine macrophages to inhibit H. capsulatum growth through 

stimulation of nitric oxide generation, we activated and infected bone marrow derived 

macrophages (59, 60). Lyz2cre Hif1αfl/fl and control cells secreted similar quantities of 

nitrite (Fig. 8C).

Finally we examined iNOS induction in vivo. During early infection, iNOS was not 

detectable in whole lung homogenates (Fig. 8D). iNOS is elevated at day 3 post-infection in 

both Lyz2cre Hif1αfl/fl and control mice (Fig. 8D). By day 7 post-infection, Lyz2cre 
Hif1αfl/fl mice express more iNOS than controls (Fig. 8D). These results suggest that 

diminished NO production in the absence of HIF-1α is not responsible for the elevated 

fungal burden and diminished survival of Lyz2cre Hif1αfl/fl mice.

 Discussion

In this study, we demonstrated that the transcription factor HIF-1α in the myeloid cell 

compartment was a central molecular regulator of the protective immune response to H. 
capsulatum. Its absence in these cells produced a progressive infection that led to the death 

of the vast majority of animals. The principal defect was not an alteration in the 

inflammatory response but rather an early and striking elevation in IL-10. Despite an 

abundance of cytokines known to enhance immunity, IL-10 overrode their impact on host 

resistance. Immunity was restored when this cytokine was neutralized by mAb to this 

cytokine. Since the exaggerated production of IL-10 was detected prior to the onset of an 

adaptive immune response to H. capsulatum, we surmised that its impact influenced innate 

immunity (61). The principal source of IL-10 was Mϕ thus localizing impaired immunity to 

this specific population. Two findings provided additional evidence that Mϕs were the cause 

of the collapse of immunity rather than another myeloid cell population. First, elimination of 

PMNs in both control and Lyz2cre Hif1αfl/fl mice did not alter fungal burden. Second, 

Itgaxcre Hif1αfl/fl mice which exhibit selective deletion in tissue and resident DCs and 

alveolar Mϕ survived the sublethal challenge. The unexpected elevation in IL-10 by HIF-1α-

deficient Mϕ is not caused by HIF-2α but is largely driven by CREB. In vitro studies 

revealed that anti-IL-10 neutralization reversed the failure of Mϕ from Lyz2cre Hif1αfl/fl 

mice to respond to IFN-γ-mediated activation.

While HIF-1α is classically described as a key element in the cell response to hypoxia, 

mounting evidence over the past decade has described its requirement in the immune 

response to several pathogens; often, HIF-1α is required for phagocyte activation and 

killing, but occasionally it is co-opted by the pathogen to promote intracellular survival (20, 

25, 18, 62, 63). As a requisite factor for protective immunity exerted by Mϕ, HIF-1α has 

been shown to regulate production of cytokines, chemokines, and antimicrobial molecules 

(22, 24, 28, 39, 64, 65). Thus, in the context of infection, HIF-1α target genes within 
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phagocytes and Mϕ in particular can be organized into two categories: one is production of 

soluble mediators that recruit and activate other populations of immune cells and two, 

regulation of microbicidal activity by cells exposed to pathogens.

Multiple pathogens are known to induce the transcription or stabilization of HIF-1α protein 

even in the absence of hypoxia (25, 18, 11, 66, 67, 19, 16). Accordingly, H. capsulatum-

infected Mϕ promoted expression of HIF-1α protein as demonstrated by western blot. The 

robust transcriptional induction of HIF-1α protein leads to an elevation in both the nucleus 

and the cytoplasm, which likely represents a massive accumulation with a delay prior to 

nuclear translocation. We confirmed the in vitro induction results with in vivo studies in 

which sorted lung M from wild-type mice transcribed the gene at day 7 post-infection, but 

not earlier. This finding does not correspond to the temporal identification of poor control of 

fungal burden in the mutant mice which begins on day 3. Although we could not detect by 

transcription a change in HIF-1α prior to day 7, clearly its impact precedes transcriptional 

upregulation. The likely explanation is that H. capsulatum stimulates protein stabilization 

prior to transcriptional induction.

We anticipated a role for myeloid HIF-1α in shaping the adaptive immune response to 

murine histoplasmosis since hypoxia is detected within liver granulomas induced by i.p. 

injection of yeast cells (2). However, protective immunity was subverted in the Lyz2cre 
Hif1αfl/fl mice prior to the onset of adaptive immunity. These data indicated that a 

maladaptive innate response led to the phenotype of Lyz2cre Hif1αfl/fl mice.

To hone in on the innate immune cell population responsible for the defective immune 

response in Lyz2cre Hif1αfl/fl mice, we evaluated the contribution of various myeloid 

lineage cells. Mϕs, alveolar Mϕs, PMNs, and resident DCs are important for phagocytosis of 

yeast cells following infection (51, 68, 69). These cells release cytokines and chemokines 

that facilitate mobilization of the inflammatory response to combat invasion by H. 
capsulatum. Since Itgaxcre Hif1αfl/fl mice did not manifest impaired survival we conclude 

that HIF-1α within DCs and alveolar Mϕs is dispensable following H. capsulatum infection. 

The fact that elimination of PMNs from Lyz2cre Hif1αfl/fl mice did not alter fungal burden 

signifies that HIF-1α deficiency in this population was not a contributor to the failed 

protective immune response. Our data with PMN depletion contradicts prior studies whose 

results strongly suggest that PMNs are essential for H. capsulatum clearance (46, 47). 

However, those studies employed the antibody RB6 which is now known to recognize 

Ly-6G and Ly-6C. The latter is borne by inflammatory monocytes (70). Therefore it is quite 

likely that in those experiments both PMNs and inflammatory monocytes were depleted. 

The mAb that we employed, 1A8, is considered to be more selective for Ly-6G (70).

The pivotal contribution of HIF-1α in response to H. capsulatum was not to drive 

inflammatory cytokine production, but rather to temper IL-10. This finding is quite 

unexpected since HIF-1α binds to hypoxia response elements (HREs) that exist in the 

promoters for several cytokines and chemokines important in the myeloid response to H. 
capsulatum including TNF-α, CCL2, and IL-10 (71–73). The loss of HIF-1α did not reduce 

pro-inflammatory cytokine production or cell recruitment to the lungs following infection. In 

fact, there was an increase in several of these prototypically protective cytokines in Lyz2cre 
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Hif1αfl/fl lungs relative to control. These data contrast with infectious models in which 

decreased myeloid pro-inflammatory cytokine production is noted in the absence of HIF-1α; 

however, our data are congruent with a study of Pseudomonas aeruginosa infection in mice 

where the lack of HIF-1α in myeloid cells does not diminish the generation of inflammatory 

cytokines (25, 18, 7). In our model of histoplasmosis, the fungal burden and not the absence 

of the transcription factor was responsible for the enhanced pro-inflammatory cytokine 

production observed in the Lyz2cre Hif1αfl/fl mice. The exception was IL-10; this cytokine 

was elevated in the lungs of the conditional knockouts independent of the fungal load. This 

result establishes that the loss of HIF-1α results in an early increase in IL-10, and this 

heightened response undermined the integrity of the innate immune response. A previous 

study by our group documented that the loss of IL-10 enhanced clearance of the fungus (33). 

However, the influence of this loss was not observed until adaptive immunity was operative. 

The current information clearly documents that early, exaggerated IL-10 can alter the 

function of Mϕ.

While several studies demonstrate that HIF-1α induces IL-10 transcription, here we 

established that deficiency of this transcription factor alone or in conjunction with HIF-2α 

deficiency actually elevates IL-10 transcript and protein production during H. capsulatum 
infection (53, 74). Although counterintuitive, there are several lines of evidence that support 

the notion that HIFs may moderate IL-10. First, inhibition of Hif-1α transcriptional 

induction in BMDMϕs enhances IL-10 transcript and secreted protein following infection 

with Mycobacterium tuberculosis (75). Second, LPS-challenged mice deficient in myeloid 

HIF-2α exhibit an elevation in circulating IL-10 (76). Taken together, these results indicate 

that the influence of HIFs on IL-10 may be context dependent.

One of the principal issues raised by our findings is how IL-10 dampened innate immunity. 

Mϕs must be activated by exogenous signals to exert anti-Histoplasma activity, and IFN-γ is 

central to the activation of Mϕ (77, 60). One known effect of IL-10 is that it blunts IFN-γ-

induced activation of Mϕs thus thwarting the arming of these phagocytes to limit 

intracellular infection (58, 78). We asked if the heightened IL-10 in Mϕs from Lyz2cre 
Hif1αfl/fl mice altered responsiveness to IFN-γ. Indeed, IFN-γ did not restrict fungal growth 

in these cells in vitro unless IL-10 was neutralized. In vivo, anti-IL-10 restored immunity as 

evidenced by a reduction in CFUs and an increase in survival. Although the bulk of IFN-γ is 

produced after day 5 largely by CD4+ T cells in an IL-12-dependent manner, there is an 

early production of this cytokine by unidentified sources (79). This initial generation appears 

to be important for early activation of Mϕs to limit intracellular growth.

In several infectious models, HIF-1α has been found to exert protection via induction of 

iNOS and subsequent generation of NO (22, 24). In fact IFN-γ-mediated macrophage 

activation leads to H. capsulatum growth inhibition through stimulation of nitric oxide 

generation (59, 60). However, we found that infection of Lyz2cre Hif1αfl/fl mice is 

associated with comparable iNOS transcript during early infection followed by an elevation 

during late infection. While these results were not anticipated, they are in agreement with 

previous studies that have demonstrated that IL-10 enhances macrophage NO generation in 

the presence of an activation signal (80, 81).
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CREB was responsible for elevated IL-10 in the absence of HIF-1α. In order to drive gene 

transcription, HIF-1α directly interacts with the CBP/p300 complex which can then bind to 

target gene promoters (62). In addition to HIF-1α, CBP/p300 can interact with a wide 

variety of transcription factors; competition for a limiting quantity of CBP/p300 regulates 

transcriptional induction of HIF-1α targets (82, 83). We hypothesized that the lack of 

HIF-1α allowed other transcription factors to bind to CBP thus enhancing transcriptional 

induction of IL-10. One such factor is CREB, which is required for β-glucan-stimulated 

IL-10 in murine BMDMϕs (84). Our data indicate that CREB drives elevated IL-10 

transcription in Mϕ in response to H. capsulatum; HIF-1α deficiency augmented CREB-

mediated IL-10 production. While there are numerous binding sites on CBP, the contribution 

of other transcription factors to IL-10 production in the absence of HIF-1α is unlikely given 

that IL-10 protein is nearly lost with CREB inhibition or silencing. Our data suggests a novel 

mechanism of IL-10 regulation dependent on transcription factor competition for binding to 

CBP. In contrast to other models, HIF-1α is required to temper anti-inflammatory IL-10 

production during the innate immune response to H. capsulatum infection. This finding is in 

accord with recent evidence that inhibition of HIF-1α elevates IL-10 secretion by LPS-

treated BMDMϕs (75).

Although IL-10 transcriptional induction and protein secretion occurs at 24 h in our in vitro 
studies, Lyz2cre Hif1αfl/fl BMDMϕs only exhibit an increase relative to controls at 48 h. 

While the mechanism of this delay is unclear, several modes of IL-10 regulation may be 

responsible. The two most intriguing possibilities include control of IL-10 expression by 

microRNAs and HIF-1α-dependent regulation of mRNA stability. Both of these could 

account for the increase seen at both the transcriptional and resultant protein level. A variety 

of micro RNAs which are regulated by HIF-1α have been shown to inhibit IL-10 production; 

these include miR-27a and Let-7 family members Let-7b, Let-7c, and Let-7f (85–89). While 

few studies have focused on the role of HIF-1α in controlling mRNA stability, it binds to 

VEGF mRNA and regulates transcript decay (90, 91). One or both of these mechanisms may 

drive the differential expression of IL-10 in Lyz2cre Hif1αfl/fl versus control BMDMϕs.

Given the role of HIF-1α-dependent transcriptional regulation in vitro, the absence of an 

alteration of IL-10 MFI between cells from Lyz2cre Hif1αfl/fl and control mice was 

unexpected. Our inability to capture a change in IL-10 MFI in the presence of a dramatic 

increase in IL-10 may be the result of in vivo dynamics. The delayed transcript changes that 

are seen in vitro are observed in the absence of immigrating inflammatory cells. Moreover, 

infection in vitro is synchronized such that all cells are exposed simultaneously to the 

pathogen. The coordinated response does not occur in vivo since inflammatory cell 

recruitment is continuous and infection of these cells is asynchronous. This may obscure any 

changes in IL-10 within cells in the lung.

In summary, we identified HIF-1α as a vital transcription factor in the Mϕ response to H. 
capsulatum. HIF-1α was transcriptionally upregulated and protein stabilized in H. 
capsulatum-infected Mϕ exposed to normoxia. HIF-1α fortified the innate response to this 

fungus by tempering the production of IL-10 in Mϕ. One clinical ramification of our work is 

in the arena of the potential use of HIF inhibitors to treat malignancies (92). Based on our 

findings, this intervention may pose a risk for those exposed to H. capsulatum or perhaps 
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other intracellular pathogens in which IL-10 is a prominent feature of their immune 

regulation. Thus, a cautious approach may be warranted in the deployment of HIF-1α 

inhibitors.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Mϕ HIF-1α expression is required for murine survival during H. capsulatum infection. A, 
Lyz2cre and Lyz2cre Hif1αfl/fl mice were infected and survival recorded when mice were 

moribund. (n=10–18 mice/group; representative of five experiments) B, Lungs were 

harvested at days 1, 3, and 7 post-infection to determine the number of CFUs. Data represent 

the mean ± SD (n=8–12 mice/group; representative of three experiments). C, Representative 

images of lung sections stained with H&E taken at 100× (C) magnification at 3 and 7 days 

post-infection. (n=5 mice/group; 3 experiments) D, Quantification of inflammatory area/
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total area and regions of inflammation/section. (n=5 mice/group; 3 experiments) E and F, 

Lung leukocytes were isolated and counted at days 3 and 7 post-infection. (n=6 mice/group; 

4 experiments) *p<0.05; **p<0.01; ***p<0.001

Fecher et al. Page 22

J Immunol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Elevated IL-10 in Lyz2cre Hif1αfl/fl mice drives the increased fungal burden and decreased 

survival relative to control. Protein concentrations were determined in lung homogenates at 

days 3 (A) and 7 (B) post-infection. Data are represented as the mean ± SD. (n = 8–12 from 

3 experiments) C, Lyz2cre Hif1αfl/fl were infected with 2×106 yeasts intranasally; Lyz2cre 
were infected with 2×106 or 2×107 (high dose) yeasts intranasally. Lungs were harvested at 

day 7 post-infection to determine the number of CFUs. The CFUs of the high dose and 

Lyz2cre Hif1αfl/fl groups were compared to the control and to each other. (n=6–8 mice/
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group; representative of 3 experiments) D, IFN-γ, IL-1β, TNF-α and IL-10 protein 

concentrations in lung homogenates were determined at day 7 post-infection. (n=6–8 mice/

group; representative of 3 experiments) E, Following administration of IL-10 neutralizing 

antibody or control IgG, Lyz2cre and Lyz2cre Hif1αfl/fl mice were infected with 2×106 

yeasts intranasally. Lungs were harvested at days 3 and 7 post-infection to determine the 

number of CFUs. Data represent the mean ± SD (n=8–12 mice/group; representative of three 

experiments). F, Survival was recorded when mice were moribund. (n=9–12 mice/group; 

representative of 3 experiments) *p<0.05; **p<0.01; ***p<0.001
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FIGURE 3. 
Mϕs from Lyz2cre Hif1αfl/fl mice are a major source of IL-10 in response to H. capsulatum. 

Lung leukocytes were isolated from infected Lyz2cre and Lyz2cre Hif1αfl/fl mice at days 3 

and 7 post-infection, stained for IL-10, and counted. A, Representative dot plots of IL-10 

staining in Hif1αfl/fl and Lyz2cre Hif1αfl/fl lung Mϕs, neutrophils, and dendritic cells at day 

7 post-infection. B and D, Graphs represent the absolute number and % of IL-10+ cells in 

leukocyte populations at days 3 and 7 post-infection. C and E, Graphs represent the IL-10 
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MFI within those populations at those time points. Data represent the mean ± SD (n = 6–8) 

from three experiments. *p<0.05; **p<0.01; ***p<0.001
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FIGURE 4. 
HIF-1α expression in Mϕs, but not DCs, alveolar macrophages, or PMNs is required for 

murine survival during H. capsulatum infection. A, Lyz2cre, Lyz2cre Hif1αfl/fl, and Itgaxcre 
Hif1αfl/fl mice were infected and survival recorded when mice were moribund. (n=10–18 

mice/group; representative of five experiments) B, Absolute number of PMNs was 

determined at day 7 post-infection after depletion. PMNs were characterized as Ly6G+ 

CD11b+ CD11c−. (n=9 mice/group; representative of 3 experiments) C, Lungs were 

harvested at day 7 post-infection to determine the number of CFUs. Data represent the mean 

± SD. (n=9 mice/group; representative of 3 experiments) *p<0.05; **p<0.01; ***p<0.001
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FIGURE 5. 
H. capsulatum induces nuclear HIF-1α in Mϕs. A and B, mRNA expression of HIF-1α, 

VEGF, and PGK-1 was quantified by qRT-PCR relative to uninfected controls. A, GFP+ 

monocytes were collected at days 1, 3, and 7 following intranasal infection with GFP 

expressing yeast. (n=12 mice/group; representative of 3 experiments) B, BMDMϕs were 

collected 24 h post-infection. (n=8 experiments/group) C, Immunoblot of HIF-1α and β-

actin from whole-cell lysates of Mϕs infected with H. capsulatum for 24 h. (representative 

experiment of 3) D, Confocal images of BMDMϕs uninfected or infected for 24 h followed 
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by nuclear staining (DAPI) and staining for HIF-1α. (representative experiment of 3) 

*p<0.05; **p<0.01; ***p<0.001
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FIGURE 6. 
In the absence of HIF-1α, the transcription factor CREB drives elevated IL-10 production in 

response to H. capsulatum infection. A, BMDMϕs were infected for 48 h then lysed to 

determine fungal burden (n=4–6 mice/group; representative of 3 experiments) B, D, F IL-10 

concentration was determined in the cell culture supernatants by Magpix. C, E and G, 

mRNA expression of IL-10 was quantified by qRT-PCR relative to uninfected controls. B, 

BMDMϕs were infected for 48 h. (n=6 mice/group; representative of 3 experiments) C, 

BMDMϕs were infected for 8, 24, or 48 h. (n=6–9 mice/group; representative of 5 
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experiments) D, Lyz2cre and Lyz2cre Hif1αfl/fl, and Lyz2cre Hif1αfl/fl Hif2αfl/fl double 

knockout BMDMϕs were infected for 24 h. (n=6 mice/group; representative of 3 

experiments) E, F, BMDMϕs were infected for 48 h after treatment with DMOG (control), a 

HIF-1α-CBP interaction inhibitor (chetomin), or a CREB-CBP interaction inhibitor 

(KG-501). (n=9 mice/group; representative of 3 experiments). Treatment groups were 

compared to the DMOG control. F, BMDMϕs were infected for 48 h after treatment with 

scrambled siRNA (control) or CREB siRNA. (n=6 mice/group; representative of 3 

experiments) *p<0.05; **p<0.01; ***p<0.001
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FIGURE 7. 
IL-10 inhibits IFN-γ induced fungal control by Lyz2cre Hif1αfl/fl BMDMϕs. GFP-

expressing H. capsulatum was utilized to determine the infected populations in vivo (A, B) 

or in vitro (B, C). A, Representative flow cytometry plots of infected Mϕs at day 7 post-

infection. B, Absolute number of infected Mϕs was determined at day 7 post-infection in 

Lyz2cre and Lyz2cre Hif1αfl/fl mice. (n=6 mice/group; representative of 3 experiments) C 
and D, Lyz2cre and Lyz2cre Hif1αfl/fl BMDMϕs were infected for 72 h with or without 

IFN-γ activation and IL-10 neutralization. Treatment groups were compared to the untreated 
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control and to each other. (C, n=6 mice/group; representative of 3 experiments; D, n=6 mice/

group; representative of 3 experiments) *p<0.05; **p<0.01; ***p<0.001
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FIGURE 8. 
NO production is not diminished in Lyz2cre Hif1αfl/fl BMDMϕs infected with H. 
capsulatum. A, iNOS transcript was determined in Lyz2cre and Lyz2cre Hif1αfl/fl BMDMϕs 

at 48 hours post-infection. (n=3 mice/group; representative of 3 experiments) B and C, 
Lyz2cre and Lyz2cre Hif1αfl/fl BMDMϕs were infected for 48 h with or without IFN-γ 

activation. Supernatants were tested for nitrite. (B, n=3–8 mice/group; representative of 3 

experiments; C, n=3 mice/group; representative of 3 experiments) D, iNOS transcript was 

assessed in whole lung homogenates at 1, 3, and 7 days post-infection. (n=3–6 mice/group; 

representative of 3 experiments) nd = not detected; *p<0.05; **p<0.01; ***p<0.001.
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