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 33 

ABSTRACT 34 

Cellular metabolism is a critical regulator of macrophage effector function. Tissue-resident 35 

alveolar macrophages (TR-AMs) inhabit a unique niche marked by high oxygen and low 36 

glucose. We have recently shown that in contrast to bone marrow-derived macrophages 37 

(BMDMs), TR-AMs do not utilize glycolysis and instead predominantly rely on mitochondrial 38 

function for their effector response. It is not known how changes in local oxygen concentration 39 

that occur during conditions such as acute respiratory distress syndrome (ARDS) might affect 40 

TR-AM metabolism and function; however, ARDS is associated with progressive loss of TR-41 

AMs, which correlates with the severity of disease and mortality. Here, we demonstrate that 42 

hypoxia robustly stabilizes HIF-1α in TR-AMs to promote a glycolytic phenotype. Hypoxia 43 

altered TR-AM metabolite signatures, cytokine production, and decreased their sensitivity to the 44 

inhibition of mitochondrial function. By contrast, hypoxia had minimal effects on BMDM 45 

metabolism. The effects of hypoxia on TR-AMs were mimicked by FG-4592, a HIF-1α stabilizer. 46 

Treatment with FG-4592 decreased TR-AM death and attenuated acute lung injury in mice. 47 

These findings reveal the importance of microenvironment in determining macrophage 48 

metabolic phenotype, and highlight the therapeutic potential in targeting cellular metabolism to 49 

improve outcomes in diseases characterized by acute inflammation.  50 
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INTRODUCTION 51 

Glycolytic metabolism has been ascribed a central role in macrophage inflammatory processes 52 

(Tannahill, Curtis et al. 2013, Freemerman, Johnson et al. 2014, Palsson-McDermott, Curtis et 53 

al. 2015, Xie, Yu et al. 2016, Ip, Hoshi et al. 2017). Much of our current understanding of this 54 

phenomena has been elucidated in bone marrow-derived macrophages (BMDMs) and 55 

macrophage cell lines (i.e., THP-1 and RAW 264.7), which model macrophages of monocytic 56 

lineage. Considerably less is known about how other factors like local microenvironment and 57 

developmental origin may influence macrophage metabolic function. Tissue-resident alveolar 58 

macrophages (TR-AMs) reside within the lumen of the lung alveolus where they are critical in 59 

maintaining lung homeostasis within the healthy airway and are the first responders to airborne 60 

pathogens and pollutants (Hussell and Bell 2014). The alveolus maintains the highest oxygen 61 

concentration of any tissue compartment within the human body (Carreau, El Hafny-Rahbi et al. 62 

2011). Moreover, under steady-state conditions, glucose concentrations within the airway lumen 63 

are less than one-tenth of blood glucose concentrations (Baker, Clark et al. 2007). These 64 

environmental conditions alone suggest a requirement for oxidative metabolism for cells that 65 

reside within the alveoli. Several studies have demonstrated that the unique characteristics of 66 

the alveolar microenvironment heavily influence macrophage function and immunometabolism 67 

(Lavin, Winter et al. 2014, Svedberg, Brown et al. 2019, McQuattie-Pimentel, Ren et al. 2021). 68 

Our group has recently demonstrated that TR-AMs rely predominantly on oxidative 69 

phosphorylation under steady-state conditions and that glycolysis is dispensable for 70 

proinflammatory effector function in these cells (Woods, Kimmig et al. 2020). Together, these 71 

findings highlight the lung microenvironment’s central role in dictating TR-AM responses. 72 

 73 

Conditions associated with severe airway inflammation (i.e., acute respiratory distress 74 

syndrome (ARDS)) increase alveolar epithelial/endothelial barrier permeability (Ware and 75 

Matthay 2000). This results in flooding of alveoli with fluid and recruitment of non-resident 76 
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immune cells leading to severe local hypoxia as well as an increase in alveolar glucose levels 77 

(Fröhlich, Boylan et al. 2013, Campbell, Bruyninckx et al. 2014, Baker and Baines 2018). These 78 

abrupt changes in the alveolar microenvironment under a diseased state such as ARDS likely 79 

necessitate metabolic adaptation by TR-AMs in order to ensure optimal cellular fitness. Acute 80 

lung injury/ARDS is associated with a decline in the number of TR-AMs and the degree of TR-81 

AM loss correlates with clinical outcomes (i.e., mortality) (Fan and Fan 2018). Moreover, 82 

experimental depletion of TR-AMs results in an increase in the severity of acute lung injury and 83 

mortality (Beck-Schimmer, Schwendener et al. 2005, Kim, Lee et al. 2008, Jaworska, Coulombe 84 

et al. 2014, Machado-Aranda, V Suresh et al. 2014, Nelson, Zhou et al. 2014, Schneider, Nobs 85 

et al. 2014, Cardani, Boulton et al. 2017). Whether or not changes in the alveolar 86 

microenvironment play a role in TR-AM cell death during acute lung injury/ARDS has yet to be 87 

explored. 88 

 89 

Hypoxia-inducible factor 1-alpha (HIF-1α) is the most extensively characterized transcription 90 

factor responsible for cellular adaptation to low oxygen levels (Semenza 2012). In brief, under 91 

normoxia, oxygen-dependent proline hydroxylases prevent HIF-1α activation by marking it for 92 

proteasomal degradation. Conversely, under hypoxia, decreased hydroxylase activity promotes 93 

HIF-1α protein stabilization and translocation to the nucleus allowing for transcriptional 94 

responses to low oxygen levels, such as enhanced expression of genes related to glycolysis 95 

and angiogenesis. HIF-1α has been well characterized in macrophages of monocytic origin, and 96 

identified to play a key role in macrophage infiltration and proinflammatory responses (Cramer, 97 

Yamanishi et al. 2003, Peyssonnaux, Datta et al. 2005, Tannahill, Curtis et al. 2013, Matak, 98 

Heinis et al. 2015, Palsson-McDermott, Curtis et al. 2015). However, little is known about the 99 

role that HIF-1α plays in TR-AM effector function and metabolism. In a study focusing on TR-AM 100 

development, the expression of HIF-1α and its target genes was found to be turned off following 101 

birth and this process was required for TR-AM maturation and normal effector function 102 



5 
 

(Izquierdo, Brandi et al. 2018). It is unknown; however, whether HIF-1α plays a role in TR-AM 103 

effector function after maturation or how local hypoxia and changes in the expression of HIF-1α 104 

might regulate the adaptation of mature TR-AMs to hypoxia or affect their effector function 105 

during acute lung injury. 106 

 107 

To answer these questions, we used a variety of metabolic and immunological approaches. We 108 

observed that HIF-1α was undetectable in primary TR-AMs cultured under normoxia, but was 109 

robustly stabilized under hypoxia in a dose-dependent fashion. Upon hypoxic HIF-1α 110 

stabilization, TR-AMs acquired a glycolytic phenotype, which was not observed under normoxic 111 

conditions. In contrast, BMDMs exhibited no alterations in HIF-1α stabilization or glycolytic 112 

output in response to hypoxia. Analysis of LPS-induced TR-AM metabolite signatures revealed 113 

significant increases in glycolytic intermediates under hypoxia. Hypoxia also altered the TR-AM 114 

cytokine profile in response to LPS and was able rescue the ETC inhibitor-induced impairment 115 

in cytokine production in TR-AMs.  116 

 117 

Using influenza infection in mice to model acute lung injury, we found that TR-AM cell number 118 

decreased over the course of acute lung injury. Surviving TR-AMs exhibited a glycolytic gene 119 

signature supporting hypoxic adaptation. To determine how the ability to adapt to hypoxia 120 

affects TR-AM survival and function, we treated influenza-infected mice intratracheally with FG-121 

4592, a HIF-1α stabilizer, which mimics hypoxic adaptation. Compared to control mice, FG-4592 122 

prevented the loss of TR-AMs, reduced lung injury, and increased survival. Collectively, our 123 

data suggest that HIF-1α plays a critical role in TR-AM metabolic adaptation to altered 124 

environmental conditions during acute lung injury. Promoting hypoxic adaptation and glycolytic 125 

metabolism in TR-AMs enables them to adapt to and survive the changes in the 126 

microenvironment during lung injury and consequently reduces lung inflammation and may offer 127 
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a viable therapeutic strategy in treating ARDS arising from influenza or other severe viral 128 

infections, including COVID19.  129 
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RESULTS 130 

Tissue-resident alveolar macrophages exhibit HIF-1α stabilization and develop a 131 

glycolytic phenotype in response to hypoxia 132 

We have recently shown that TR-AMs maintain a very low glycolytic rate which is not 133 

augmented by activation of inflammatory responses (Woods, Kimmig et al. 2020). Since TR-134 

AMs inhabit an environment with high oxygen levels, we hypothesized that TR-AMs may not be 135 

able to induce glycolytic reprogramming in response to either inflammatory stimuli or to 136 

physiologic hypoxia. Glycolysis stress tests were performed following overnight (16 hours) 137 

exposure to decreasing levels of ambient oxygen. Unlike their inability to induce glycolysis after 138 

inflammatory stimulus under normoxia, TR-AMs exhibited a progressive increase in the 139 

extracellular acidification rate (ECAR) in response to escalating degrees of ambient hypoxia 140 

(Figure 1A). Both basal rate of glycolysis and glycolytic reserve increased substantially when 141 

oxygen levels were lowered to 3.0% and 1.5% (Figure 1B). HIF-1α levels were nearly 142 

undetectable under normoxic conditions; however, with increasing degrees of hypoxia, HIF-1α 143 

stabilization occurred in a dose-dependent fashion and was detectable in the nucleus (Figure 144 

1C) (Figure 1-source data 1 “The effect of different O2 concentrations on HIF1α expression in 145 

TR-AMs. Uncropped western blot images of HIF-1α protein expression in TR-AMs under 146 

different concentrations of oxygen”). Pretreating TR-AMs prior to hypoxia with echinomycin, an 147 

inhibitor of HIF-1α DNA binding activity (Kong, Park et al. 2005), disrupted hypoxia-induced 148 

increases in glycolytic rate in a dose-dependent fashion (Figure 1D). Echinomycin also reduced 149 

hypoxia-induced increases in glycolytic enzyme protein expression (HK2 and LDH), suggesting 150 

that HIF-1α is required for glycolytic adaption to hypoxia in TR-AMs (Figure 1E) (Figure 1-151 

source data 2 “The effect of echinomycin on glycolytic enzyme protein expression in TR-AMs. 152 

Uncropped western blot images of HK2, LDHA, and α-tubulin in TR-AMs treated with 153 

echinomycin under normoxia or hypoxia”). In concurrence with the echinomycin data, siRNA 154 

knockdown of HIF-1α attenuated the hypoxia-induced increase in protein expression of 155 
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glycolytic enzymes and lactate production in TR-AMs (Figure 1-figure supplement 1A-C) (Figure 156 

1-figure supplement 1-source data 1 “Validation of Hif1a siRNA knockdown in TR-AMs. 157 

Uncropped western blot images of HIF1α protein expression in TR-AMs treated with either 158 

control siRNA or two different Hif1a siRNAs.” and Figure 1-figure supplement 1-source data 2 159 

“The effect of Hif1a siRNA knockdown on glycolytic enzyme protein expression in TR-AMs 160 

under normoxia and hypoxia. Uncropped western blot images of HK2, LDHA and α-tubulin 161 

expression in TR-AMs treated with either control siRNA or two different Hif1a siRNAs under 162 

normoxia or hypoxia”). 163 

 164 

Both short-term (2 hours) and prolonged (16 hours) exposure to hypoxia (1.5% O2) led to 165 

significant increases in nuclear HIF-1α protein levels in TR-AMs (Figure 1-figure supplement 2A) 166 

(Figure 1-figure supplement 2-source data 1 “Expression HIF-1α protein in TR-AMs at different 167 

time points following exposure to hypoxia. Uncropped western blot images of HIF1α protein 168 

expression in TR-AMs treated with hypoxia for 0, 2, or 16 hours or with DMOG”). Glycolysis 169 

stress tests demonstrated that short-term hypoxia treatment failed to induce significant 170 

alterations in glycolysis or glycolytic capacity in TR-AMs compared to prolonged hypoxia 171 

treatment suggesting that transcription and translation of glycolytic genes that are targets of 172 

HIF-1α are required (Figure 1-figure supplement 2B,C). Taken together, these data indicate that 173 

TR-AM HIF-1α stabilization in response to hypoxia is dose-dependent, and that prolonged 174 

hypoxia, but not short-term hypoxia exposure, leads to a functional glycolytic phenotype in TR-175 

AMs. 176 

 177 

BMDMs have limited metabolic adaptation to hypoxia  178 

Several studies have examined the effects of hypoxia on BMDM metabolism; however, they 179 

focused heavily on transcriptional changes in glycolytic gene expression as opposed to 180 

functional changes in glycolysis (Bosco, Puppo et al. 2006, Roiniotis, Dinh et al. 2009, Delprat, 181 
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Tellier et al. 2020). We found that, unlike TR-AMs, BMDMs exposed to hypoxia (16 hours) 182 

exhibit minimal changes in glycolytic rate or glycolytic capacity (Figure 1F-G). Interestingly, we 183 

found that BMDMs have high basal levels of nuclear HIF-1α protein under normoxic conditions 184 

and that HIF-1α expression in BMDMs did not significantly change in response to hypoxia as 185 

low as 1.5% O2 (Figure 1H) (Figure 1-source data 3 “The effect of different O2 concentrations on 186 

HIF1α expression in BMDMs. Uncropped western blot images of HIF-1α protein expression in 187 

BMDMs under different concentrations of oxygen”). Echinomycin had a minimal effect on the 188 

glycolytic output of hypoxic BMDMs (Figure 1I). Likewise, neither hypoxia nor hypoxia in 189 

combination with echinomycin altered glycolytic enzyme protein expression (HK2 and LDHA) in 190 

BMDMs (Figure 1J) (Figure 1-source data 4 “The effect of echinomycin on glycolytic enzyme 191 

protein expression in BMDMs. Uncropped western blot images of HK2, LDHA, and α-tubulin in 192 

BMDMs treated with echinomycin under normoxia or hypoxia”). SiRNA knockdown of Hif1a also 193 

had no impact on glycolytic protein expression or lactate production in BMDMs (Figure 1-figure 194 

supplement 1D-F) (Figure 1-figure supplement 1-source data 3 “Validation of Hif1a siRNA 195 

knockdown in BMDMs. Uncropped western blot images of HIF1α protein expression in 196 

BMDMs treated with either control siRNA or two different Hif1a siRNAs” and Figure 1-figure 197 

supplement 1-source data 4 “The effect of Hif1a siRNA knockdown on glycolytic enzyme protein 198 

expression in BMDMs under normoxia and hypoxia. Uncropped western blot images of HK2, 199 

LDHA and α-tubulin expression in BMDMs treated with either control siRNA or two different 200 

Hif1a siRNAs under normoxia or hypoxia”). Duration of hypoxia exposure (2h vs 16h) had no 201 

significant effect on HIF-1α stabilization (Figure 1-figure supplement 2D) (Figure 1-figure 202 

supplement 2-source data 2 “Expression HIF-1α protein in BMDMs at different time points 203 

following exposure to hypoxia. Uncropped western blot images of HIF1α protein expression in 204 

BMDMs treated with hypoxia for 0, 2, or 16 hours or with DMOG”) or glycolysis (Figure 1-figure 205 
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supplement 2E,F) in BMDMs. Collectively, these data demonstrate that hypoxia has minimal 206 

effect on glycolytic function and HIF-1α stabilization in BMDMs.  207 

 208 

The hypoxia-induced transcriptomic response differs substantially between TR-AMs and 209 

BMDMs 210 

To better understand the observed differences in hypoxia-induced glycolytic metabolism 211 

between TR-AMs and BMDMs, we performed RNA-sequencing to assess global alterations in 212 

gene expression. We found 741 DEGs (512 upregulated and 229 downregulated) in TR-AMs in 213 

response to 1.5% O2 compared to only 260 DEGs (214 upregulated and 46 downregulated) in 214 

BMDMs (Figure 2A). Reactome pathway analysis revealed that hypoxia altered a large number 215 

of TR-AM genes in multiple pathways ranging from cellular metabolism, hemostasis, and 216 

immune cell function, while the majority of BMDM genes affected by hypoxia were related to 217 

carbohydrate metabolism (Figure 2B). Hypoxia led to the most significant increases in glycolytic 218 

and HIF-1α regulatory gene expression in both TR-AMs and BMDMs. These same genes were 219 

significantly lower in TR-AMs compared to BMDMs under normoxic conditions (Figure 2C) 220 

(Figure 2-source data 1 “Read count data for hypoxia-regulated genes in TR-AMs and 221 

BMDMs”). This is in direct agreement with our previous findings (Woods, Kimmig et al. 2020). A 222 

side-by-side comparison demonstrated that the level of HIF-1α expression in hypoxic TR-AMs is 223 

similar to that of BMDMs under normoxia and hypoxia (Figure 2D) (Figure 2-source data 2 224 

“Differences in HIF-1α expression between TR-AMs and BMDMs under normoxia and hypoxia. 225 

Uncropped western blot images of HIF1α expression in TR-AMs and BMDMs treated with 226 

normoxia or hypoxia”). Hypoxia-induced HIF-1α expression in TR-AMs correlated with increase 227 

in glycolytic (HK2 and LDHA) and prolyl hydroxylase (EGLN1 and EGLN3) protein expression in 228 

TR-AMs (Figure 2E) (Figure 2-source data 3 “Differences in glycolytic enzyme and prolyl 229 

hydroxylase protein expression between TR-AMs and BMDMs under normoxia and hypoxia. 230 

Uncropped western blot images of HK2, LDHA, PHD2, PHD3 and α-tubulin expression in TR-231 
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AMs and BMDMs treated with normoxia or hypoxia”). This was not the case in BMDMs in which 232 

hypoxia exposure did not alter protein expression of glycolytic genes. These results 233 

demonstrate that hypoxia induces transcriptomic alterations in TR-AMs that lead to changes in 234 

protein expression and metabolic function. In contrast, BMDMs exhibit high levels of HIF-1α and 235 

HIF-1α target proteins at baseline, and do not further increase the expression of these proteins 236 

in response to hypoxia, despite a hypoxia-adaptive mRNA transcription (Figure 2D and 2E). 237 

 238 

Hypoxia modulates TR-AM cytokine production and metabolic response to LPS 239 

Hypoxia and HIF-1α are thought to be central to the inflammatory response of macrophages 240 

(Cramer, Yamanishi et al. 2003, Tannahill, Curtis et al. 2013, Palsson-McDermott, Curtis et al. 241 

2015). To determine the effect of HIF-1α stabilization on TR-AM’s effector response, we 242 

measured the production of proinflammatory cytokines in response to LPS under hypoxia. TR-243 

AMs were exposed overnight to hypoxia (1.5% O2) or normoxia and then subsequently treated 244 

with LPS while maintaining original O2 conditions. Hypoxia alone did not stimulate cytokine 245 

production without LPS treatment. Hypoxic TR-AMs secreted significantly higher levels of TNF-246 

α, KC, and IL-1β in response to LPS compared to normoxic controls. In contrast, IL-6 and CCL2 247 

secretion was decreased in hypoxic TR-AMs (Figure 3A). The cytokine gene expression pattern 248 

in hypoxic TR-AMs treated with LPS mirrored the secreted cytokine profile (Figure 3B). 249 

Moreover, enhanced proIL-1β protein production was observed in hypoxic TR-AMs treated with 250 

LPS (Figure 3C) (Figure 3-source data 1 “Changes in LPS-induced expression of proIL-1β 251 

protein in TR-AMs under normoxia and hypoxia. Uncropped western blot images of proIL-1β 252 

protein in TR-AMs treated with LPS for 6 or 24 hours under normoxia or hypoxia”). While 253 

BMDMs experienced limited metabolic alterations in response to hypoxia, treatment with LPS 254 

revealed that hypoxia induced similar alterations in their cytokine profile. Hypoxic BMDMs had 255 

increased TNF-α, KC, and IL-1β, and decreased IL-6 secretion (Figure 3-figure supplement 1). 256 

The only discordance in the hypoxic cytokine response profile between TR-AMs and BMDMs 257 
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was CCL2, which remained unchanged in hypoxic BMDMs in response to LPS compared to 258 

normoxic controls (Figure 3-figure supplement 1). 259 

 260 

We and others have shown that BMDMs exhibit an immediate enhancement in glycolytic output 261 

in response to LPS (Figure 3-figure supplement 2). It is thought that this increase in glycolysis 262 

following LPS supports the proinflammatory response. We have shown that LPS-induced 263 

inflammation in TR-AMs is independent of glycolysis including the rise in glycolysis following 264 

LPS injection (Woods, Kimmig et al. 2020). Given that hypoxia elevated HIF-1α levels and 265 

glycolytic rates in TR-AMs, we sought to determine if hypoxia could alter TR-AM glycolytic 266 

responsiveness to LPS. We found that despite the fact that hypoxia increased the glycolytic rate 267 

of TR-AMs at baseline, TR-AM glycolysis remained unresponsive to LPS injection (Figure 3D). 268 

Using capillary electrophoresis-mass spectrometry to measure glycolytic metabolite levels, we 269 

found that consistent with increased glycolytic output after hypoxia, levels of glycolytic 270 

intermediate metabolites (glucose-6 phosphate, fructose 1,6 diphosphate, glycerol 3-phosphate, 271 

dihydroxyacetone phosphate) and lactate were increased in response to hypoxia alone. 272 

Interestingly, hypoxic TR-AMs exhibited further increases in glycolytic intermediates in the 273 

presence of LPS (6h) compared to normoxic cells, suggesting that while LPS increases cellular 274 

levels of glycolytic metabolites in hypoxic TR-AMs, this does not manifest as acute lactate 275 

secretion (Figure 3E). These data demonstrate that hypoxia leads to significant alterations in 276 

TR-AM cytokine production and increased glycolytic metabolites in response to prolonged LPS 277 

treatment. However, unlike the prototypical BMDM response, hypoxic TR-AMs do not 278 

immediately increase their extracellular acidification in response to LPS. 279 

 280 

We have previously shown that unlike BMDMs, TR-AMs effector function is acutely sensitive to 281 

mitochondrial inhibition (Woods, Kimmig et al. 2020). Since TR-AM capacity for glycolysis 282 

expands with decreasing levels of O2, we next sought to assess mitochondrial function under 283 
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hypoxia and performed a mitochondrial stress test on TR-AMs that had been exposed to varying 284 

oxygen concentrations. Interestingly, mild-to-moderate degrees of ambient hypoxia did not 285 

appear to significantly alter overall mitochondrial function in these cells. Only 1.5% O2 caused 286 

significant reductions in oxygen consumption rate (OCR) across all mitochondrial parameters 287 

(Figure 4A, B). ECAR tracings during the mitochondrial stress test demonstrated that, other than 288 

severe hypoxia (1.5% O2), the majority of acid produced under mild-moderate hypoxia is derived 289 

from CO2, as the application of rotenone and antimycin A led to a significant reduction in ECAR 290 

(Figure 4C). When exposed to 1.5% O2, TR-AM energy is derived mostly from glycolysis with no 291 

significant contribution of mitochondrial-derived CO2 to extracellular acidification. Overall BMDM 292 

mitochondrial function was impaired by 1.5% O2, but the effect was greatly diminished 293 

compared to TR-AMs (Figure 4-figure supplement 1A,B). BMDM ECAR tracing during 294 

mitochondrial stress test demonstrated that most acid production remained unchanged in 295 

response to rotenone and antimycin A regardless of O2 concentration (Figure 4-figure 296 

supplement 1C). This suggests that BMDM acidification is glycolytically-derived under both 297 

normoxia and hypoxia. 298 

 299 

TR-AM cytokine production in response to LPS was highly susceptible to inhibition by low doses 300 

of ETC inhibitors, rotenone and antimycin A, under normoxic conditions. This effect was greatly 301 

attenuated after exposure to hypoxia (Figure 4D). Additionally, high doses of ETC inhibitors 302 

induce cytotoxicity in normoxic TR-AMs, but hypoxic preconditioning significantly enhanced TR-303 

AM cell viability (Figure 4E). In contrast, BMDM cytokine production was only marginally 304 

affected by ETC inhibition with the exception of observed decrease in IL-1β. Unlike TR-AMs, 305 

hypoxia did not significantly alter BMDM cytokine production in the presence of ETC inhibitors 306 

(Figure 4-figure supplement 1D). Similarly, ETC inhibition did not to induce cytotoxicity in 307 

BMDMs under normoxia or hypoxia (Figure 4-figure supplement 1E). 308 

 309 
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TR-AM survival correlates with a shift to glycolytic metabolism during influenza-induced 310 

acute lung injury  311 

LPS is a well-known and potent macrophage activator that in isolation can be used to 312 

investigate essential immune functions, such as cytokine production, signal transduction, and 313 

immunometabolism. It induces a broad range of inflammatory effects in macrophages making it 314 

convenient tool to study overall immune fitness in vitro. However, in vivo studies have shown 315 

that LPS instillation into the murine airway leads to an immune response predominated by 316 

infiltrating neutrophils making LPS-induced ALI an unsuitable model to study macrophages 317 

(Chignard and Balloy 2000). Compared to LPS, influenza infection is a more clinically relevant 318 

model of ARDS, and various macrophages populations play a larger role in both exacerbating 319 

and limiting lung injury in this model (Short, Kroeze et al. 2014). Several groups have 320 

demonstrated that TR-AMs undergo cell death in response to influenza infection and that 321 

depletion of TR-AMs is associated with worse outcomes in models of influenza-induced ALI 322 

(Kim, Lee et al. 2008, Jaworska, Coulombe et al. 2014, Nelson, Zhou et al. 2014, Schneider, 323 

Nobs et al. 2014, Cardani, Boulton et al. 2017). To confirm this phenomenon, we utilized PKH26 324 

Red Fluorescent Linker dye to specifically label, track, and collect TR-AMs over the time course 325 

of infection as we and others have previously described (Maus, Herold et al. 2001, Maus, Grote 326 

et al. 2002, Woods, Kimmig et al. 2020). In agreement with Zhu et al. (Zhu, Wu et al. 2021), we 327 

found that there was a significant decrease in TR-AMs (PKH26+) at 3 (D3) and 6 (D6) days post 328 

infection along with a subsequent increase in infiltrating, monocyte-derived alveolar 329 

macrophages (Mo-AMs) (Figure 5A). From these experiments, we performed RNAseq on sorted 330 

TR-AMs (PKH26+) and Mo-AMs (PKH26) at D0, D3, and D6 (note: Mo-AMs are not present in 331 

an uninfected (D0) mouse)) to identify changes in the metabolic gene signature of these two 332 

macrophage populations during influenza infection. From D0 to D6, RNAseq data revealed that 333 

TR-AMs experienced decreased expression in genes related to oxidative phosphorylation with 334 

simultaneous increased expression of genes related to glycolytic metabolism. Moreover, the 335 
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metabolic gene signature of D6 TR-AMs was most similar to that of Mo-AMs at D3 and D6 336 

(Figure 5B, C) (Figure 5-source data 1 “Read counts data for genes of oxidative phosphorylation 337 

in TR-AMs and Mo-AMs” and Figure 5-source data 2 “Read counts data for genes of glycolysis 338 

in TR-AMs and Mo-AMs”). Taken together, these data suggest that influenza-induced ALI leads 339 

to a decrease in TR-AM number, and that the surviving TR-AMs’ gene signature shifts away 340 

from genes related to mitochondrial metabolism in favor of glycolysis. 341 

 342 

HIF-1α stabilization increases TR-AM survival and improves outcomes in influenza-343 

induced acute lung injury  344 

Given that the reduced TR-AM population on D6 presented with a glycolytic gene signature, we 345 

hypothesized that TR-AM survival was dependent upon a metabolic shift to glycolysis. In other 346 

words, a decrease in TR-AM numbers overtime was due to a large fraction of the cells failing to 347 

metabolically adapt to the conditions of the infected/hypoxic alveoli. Thus, TR-AMs that could 348 

not adapt to hypoxia and retained primarily mitochondria-driven metabolism died off while TR-349 

AMs that shifted to glycolytic metabolism survived. To test this hypothesis, we first sought to 350 

determine if stabilization of HIF-1α was sufficient to induce a hypoxic metabolic state in AMs 351 

without altering O2 levels. To do this, we treated cells with FG-4592, an inhibitor of HIF prolyl 352 

hydroxylases. FG-4592 has a greater potency and fewer off target effects compared to DMOG, 353 

which broadly inhibits 2-oxoglutarate-dependent oxygenases (Singh, Wilson et al. 2020). TR-354 

AMs treated with FG-4592 for 16 hours exhibited a significant dose-dependent increase in 355 

glycolysis. (Figure 6A, B). FG-4592 induced robust HIF-1α stabilization leading to increased 356 

expression of HK2, LDHA, PHD1, and PHD3 (Figure 6C, D) (Figure 6-source data 1 “The effect 357 

of FG-4592 on HIF-1α expression in TR-AMs. Uncropped western blot images of HIF1α in TR-358 

AMs treated with FG-4592 or control vehicle” and Figure 6-source data 2 “The effect of FG-4592 359 

on glycolytic enzyme and prolyl hydroxylase protein expression in TR-AMs. Uncropped western 360 

blot images of HK2, LDHA, PHD2, PHD3 and α-tubulin in TR-AMs treated with FG-4592 or 361 
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control vehicle”). Unlike hypoxia (1.5% O2), FG-4592 had very little impact on overall 362 

mitochondrial fitness in TR-AMs (Figure 6E). Basal respiration and mitochondrial ATP 363 

production were reduced, but spare mitochondrial compacity was increased, signaling a shift 364 

toward glycolytic ATP production at baseline but no loss in overall mitochondrial function (Figure 365 

6E-G). Like hypoxia, FG-4592 treatment could also rescue ETC inhibitor-induced impairment in 366 

cytokine production (Figure 6H) and cell death in TR-AMs (Figure 6I). However, unlike TR-AMs 367 

exposed to 1.5% O2, FG-4592 did not broadly alter LPS cytokine responses suggesting that 368 

changes in the cytokine profile under hypoxia are oxygen-dependent, but remain independent of 369 

HIF-1α stabilization (Figure 6H).  370 

 371 

We next treated mice intratracheally with one dose of FG-4592 at the time of infection to 372 

evaluate the effect of early glycolytic adaptation on TR-AM survival and influenza-induced acute 373 

lung injury. Strikingly, FG-4592 treatment resulted in increased TR-AM (PKH26+ cells) survival 374 

at 6 days post infection (dpi) compared to infected controls (Figure 7A). The increase in TR-AM 375 

survival in FG-4592-treated mice was associated with reduced alveolar permeability (Figure 376 

7B). FG-4592 treatment also led to a reduction in pro-inflammatory cytokine levels within the 377 

alveolar space at 6dpi (Figure 7C). Most importantly, FG-4592 treated mice experienced 378 

reduced weight loss and improved survival compared to infected controls (Figure 7D, E). Taken 379 

to together, these data suggest intratracheal FG-4592 treatment can increase TR-AM survival 380 

and improve outcomes in influenza-infected mice. 381 

  382 
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DISCUSSION 383 

ARDS is associated with high morbidity and mortality. Despite many decades of research, 384 

treatment remains supportive and there is no therapy that directly targets the pathogenesis of 385 

ARDS. Infection is the main cause of ARDS. Respiratory viruses such as influenza A virus and 386 

SARS-CoV-2 cause significant mortality by causing ARDS. In fact, the 2009 influenza pandemic 387 

and the ongoing COVID19 pandemic have shown that acute respiratory illnesses can have a 388 

profound effect on society in the 21st Century. ARDS caused by influenza A and SARS-CoV-2 389 

viruses is associated with loss of TR-AMs, that correlates with disease severity and mortality 390 

(Ghoneim, Thomas et al. 2013, Liao, Liu et al. 2020, Grant, Morales-Nebreda et al. 2021, Zhu, 391 

Wu et al. 2021). Because TR-AMs maintain a central role in lung homeostasis and response to 392 

airborne pathogens, understanding basic TR-AM processes, like metabolic adaptation in 393 

response to an altered lung environment during acute lung injury/ARDS, may allow us to 394 

therapeutically rescue TR-AM cell death, and augment their function to improve outcomes in 395 

acute respiratory illnesses. 396 

 397 

We have previously demonstrated that TR-AMs are remarkably adapted to the high oxygen, low 398 

glucose environment of the alveolar lumen and do not require glucose or glycolysis to carry out 399 

their effector function as monocyte-derived macrophages do (Woods, Kimmig et al. 2020). 400 

ARDS leads to significant hypoxia to which TR-AMs need to adapt; thus, we sought to 401 

determine whether TR-AMs displayed metabolic plasticity during conditions of low oxygen. In 402 

this study, we found that TR-AMs adapted to hypoxia through HIF-1α induction. Hypoxia 403 

stabilized TR-AM HIF-1α in a dose-dependent manner resulting in robust increases in glycolytic 404 

protein expression and function. These changes were dependent on HIF-1α, as hypoxic TR-405 

AMs treated with echinomycin, an inhibitor of HIF-1α DNA binding activity, lost their glycolytic 406 

capabilities. In contrast, BMDMs exhibited robust HIF-1α stabilization under normoxic conditions 407 

and BMDM HIF-1α expression and glycolytic output remained unchanged in response to 408 



18 
 

hypoxia. Transcriptomic analysis found 741 DEGs in TR-AMs in response to hypoxia compared 409 

to only 260 DEGs in BMDMs. This differential sensitivity to hypoxia observed in TR-AMs and 410 

BMDMs is likely tied to differences in developmental processes and respective, local tissue 411 

environments (Hussell and Bell 2014, Bain and MacDonald 2022). TR-AMs are derived from 412 

embryonic progenitors (fetal monocytes) and mature upon lung localization during development 413 

(Guilliams, De Kleer et al. 2013). Under steady-state conditions, the high oxygen, low glucose 414 

environment of the alveolar lumen favors a cell type that relies on oxygen-based metabolism 415 

making glycolysis an inefficient means to fuel cellular processes. The transcriptional signature of 416 

TR-AMs is enriched with genes associated with lipid metabolism (Gibbings, Goyal et al. 2015, 417 

Leach, Gibbings et al. 2020). The alveolar lumen contains an abundance of fatty acid molecules 418 

in the form of pulmonary surfactant. TR-AMs are critical in recycling surfactant in the healthy 419 

airway (Whitsett, Wert et al. 2010). While the TR-AMs’ preferred steady-state mitochondrial fuel 420 

remains elusive, it is likely that they utilize fatty acids for energy by catabolizing pulmonary 421 

surfactant. ARDS leads to hypoxia accompanied by an influx of glucose and dramatic 422 

decreases in pulmonary surfactant molecules (Hofer, Woods et al. 2015, Woods, Doolittle et al. 423 

2016, Schousboe, Ronit et al. 2022). This suggests that TR-AMs would need to significantly 424 

augment their metabolism to survive, and likely explains why HIF1α induction in TR-AMs is so 425 

sensitive to hypoxia and why RNAseq analysis revealed a much greater number of hypoxia 426 

response genes in TR-AMs compared to BMDMs. In contrast, BMDMs/monocytes are derived 427 

from adult hematopoietic stems cells and arise from the bone marrow where oxygen 428 

concentrations vary from 1.5-4% (Spencer, Ferraro et al. 2014). BMDMs/monocytes circulate in 429 

the blood and traffic to sites of inflammation, which both have significantly higher glucose levels 430 

compared to the steady-state alveoli. These conditions favor constitutive expression of HIF1α 431 

and necessitate a functional glycolytic phenotype to fuel cellular processes. Thus, 432 

macrophage/monocyte populations arising from the bone-marrow, where hypoxic conditions are 433 

observed under steady-state conditions, are likely less-sensitive to hypoxia stimulus in vitro. 434 
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Indeed, our in vivo experiments show that although TR-AMs are lost during ARDS, the surviving 435 

TR-AMs are glycolytically adapted and resemble recruited macrophages in metabolic gene 436 

expression. This is consistent with our previous findings that TR-AM viability is exquisitely 437 

sensitive to mitochondrial inhibition while BMDM viability is unaffected. Our current findings 438 

show that hypoxia restores viability to TR-AMs under mitochondrial inhibition and reveres the 439 

suppressive effects of this inhibition on TR-AM cytokine production supporting optimal effector 440 

function in a low oxygen environment. These data suggest that the link between immune 441 

effector function and metabolism in TR-AMs is based on overall cellular fitness, and that the 442 

environmental shift from high oxygen and low glucose under steady-conditions to low oxygen 443 

and increased glucose during lung injury may necessitate cellular adaptation to the 444 

microenvironment to ensure survival.  445 

 446 

While we are unable to directly measure the alveolar oxygen concentration during lung injury, 447 

several lines of evidence provide justification for the use of oxygen levels as low as 1.5% O2 for 448 

our in vitro studies. Severe hypoxia is observed in the airways in both chronic and acute lung 449 

disease (Schaible, Schaffer et al. 2010). For example, bronchoscopy measurements in CF 450 

patients recorded O2 levels below 1% in mucopurulent bronchi (Worlitzsch, Tarran et al. 2002).  451 

Murine influenza infection yields a rapid decline in alveolar gas exchange in a manner that 452 

models human ARDS (Wolk, Lazarowski et al. 2008, Traylor, Aeffner et al. 2013). These 453 

observations correlate with impaired alveolar fluid clearance, interstitial edema, alveolar 454 

damage, and inflammatory infiltrates that all likely limit oxygen diffusion into the alveolar space 455 

(Aeffner, Bolon et al. 2015). In ARDS, cells such as TR-AMs residing in the areas of lungs that 456 

are filled with protein rich fluid and those with complete atelectasis are potentially subjected to 457 

severe hypoxia and even anoxia. Xi et al used piminidazole to identify hypoxic alveoli during 458 

influenza infection (Xi, Kim et al. 2017). While piminidazole cannot provide quantitative 459 

measurements in relation to oxygen concentrations, biochemical analysis suggests that 2-460 
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nitroimidazole compounds label cells once O2 levels drop to approximately 1.3% O2 (Gross, 461 

Karbach et al. 1995). Taken together, these observations suggest that the alveolar space can 462 

become severely hypoxic during influenza-induced lung injury. 463 

 464 

Pharmacological depletion of TR-AMs has offered insight into their beneficial immunoregulatory 465 

properties in various lung injury models. TR-AMs have been shown to alleviate lung injury by 466 

clearing apoptotic neutrophils, suppressing T-cell-mediated inflammatory responses, and 467 

limiting dendritic cell infiltration and antigen presentation (Thepen, Van Rooijen et al. 1989, Holt, 468 

Oliver et al. 1993, Knapp, Leemans et al. 2003, Jakubzick, Tacke et al. 2006). Loss of TR-AMs 469 

during influenza infection is known to enhance mortality, and several studies have shown that 470 

there is a progressive loss of TR-AMs over the time course of infection (Kim, Lee et al. 2008, 471 

Ghoneim, Thomas et al. 2013, Schneider, Nobs et al. 2014, Cardani, Boulton et al. 2017, Zhu, 472 

Wu et al. 2021). Why TR-AMs are lost during the course of IAV infection is not understood. We 473 

hypothesized that failure to adapt to the hypoxic environment may play a role in the TR-AM loss. 474 

We found that HIF-1α activation was sufficient to promote glycolysis, and rescue TR-AM viability 475 

and effector function under mitochondrial inhibition. Furthermore, when mice were treated with a 476 

HIF-1α stabilizer at the time of influenza infection, TR-AM survival was increased, and 477 

accompanied by reduced lung injury and death. These findings suggest that HIF-1α is essential 478 

for TR-AM cell survival, and that increasing TR-AM cell number by promoting their adaptation to 479 

ARDS associated changes in the microenvironment during infection reduces lung injury. 480 

 481 

In agreement with our findings, Zhu and colleagues recently showed that TR-AMs at D6 of 482 

influenza infection have high HIF-1α expression; however, they suggested that HIF-1α 483 

stabilization in TR-AMs worsens lung injury through enhanced proinflammatory effector function 484 

(Zhu, Wu et al. 2021). This study relied on the use of a non-inducible Cd11c cre allele to 485 

knockout HIF-1α in TR-AMs. While TR-AMs do express high levels of Cd11c, this marker is not 486 
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specific for TR-AMs, and is also expressed in different monocyte/macrophage populations, 487 

dendritic cells, and natural killer cells (Abram, Roberge et al. 2014). Moreover, as monocyte-488 

derived macrophages enter the alveolar space, they begin to express Cd11c (Misharin, 489 

Morales-Nebreda et al. 2013). Thus, it cannot be determined from these experiments whether 490 

the observed effect of HIF-1α deletion on inflammation and lung injury was specific for TR-AMs 491 

as the recruited monocyte-derived macrophages will also lose HIF-1α as they enter the lungs. It 492 

is likely that the recruitment of monocyte-derived macrophages was inhibited by HIF-1α 493 

deletion, resulting in reduced inflammation and lung injury (Cramer, Yamanishi et al. 2003). 494 

Using FG-4592 in vitro, we found that HIF-1α stabilization and glycolytic reprogramming 495 

resulted in no significant changes in proinflammatory cytokine production downstream of LPS. 496 

Furthermore, we show that treatment of mice with FG-4592 promoted survival of TR-AMs after 497 

influenza infection, and lead to reduced levels of lung injury. While intratracheal FG-4592 498 

installation improved outcomes in influenza-infected mice, we cannot definitively say that the 499 

beneficial effects are solely related to HIF-1α induction in TR-AMs since our delivery strategy 500 

could also affect lung epithelial cells, which might indirectly contribute to the results. 501 

Methodologies allowing for TR-AM specific delivery of FG-4592 would resolve this issue. 502 

Alternatively, a genetic approach allowing for inducible HIF-1α activation could conclusively 503 

demonstrate whether HIF-1α expression specifically in TR-AMs promotes survival during lung 504 

injury since constitutive expression of HIF-1α leads to defects in TR-AM development 505 

(Izquierdo, Brandi et al. 2018). There have also been no studies on the effects of long-term HIF-506 

1α activation and resultant metabolic reprogramming in TR-AMs under steady state or during 507 

recovery from inflammatory stimuli. Thus, our short-term pharmacologic activation of HIF-1α and 508 

glycolytic reprogramming in TR-AMs is a useful model for studying the role of metabolic 509 

reprogramming during lung injury. 510 

 511 
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Interestingly, we found that the effects of hypoxia on both TR-AM and BMDM effector function 512 

appears to be independent of HIF-1α. While HIF-1α stabilization was sufficient to drive 513 

metabolic reprogramming in TR-AMs, FG-4592 did not affect cytokine production downstream 514 

of LPS. By contrast, when cultured in hypoxia TR-AMs exhibited marked changes in their 515 

secreted cytokine profile including increased secretion of TNF-α, KC, and IL-1β and less IL-6 516 

and CCL2 compared to normoxic controls. BMDMs exposed to hypoxia and treated with LPS 517 

responded similarly to TR-AMs with the exception to CCL2, which remained unchanged in 518 

response to hypoxia in BMDMs. This was independent of any effect of hypoxia on HIF-1α 519 

stabilization or target gene expression in BMDMs. Similarities between TR-AMs and BMDMs in 520 

terms of cytokine profiles would suggest that low oxygen concentrations may be driving these 521 

changes independently of HIF-1α stabilization. Further investigation will be required to elucidate 522 

the mechanisms by which a low oxygen environment alters cytokine production. 523 

 524 

In conclusion, under normoxic conditions, TR-AMs depend on mitochondrial respiration, 525 

inhibition of which leads to decreased effector response and cell death. Under hypoxic 526 

conditions, as occurs during ARDS, TR-AMs stabilize HIF-1α in a dose dependent manner and 527 

have a robust HIF-1α response compared to BMDMs. Stabilization of HIF-1α allows TR-AMs to 528 

augment glycolytic function, and prevents their death following the inhibition of mitochondrial 529 

respiration as well as following influenza A viral infection. These data suggest that therapies 530 

inducing HIF-1α in TR-AMs may be beneficial in ARDS by preventing their death through 531 

metabolic adaptation to the ARDS microenvironment that is low in O2 and high in glucose. 532 
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MATERIALS AND METHODS 533 

Key Resources Table

Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

Strain, strain 
background (M. 
musculus) 

C57BL/6J 
 

Jackson 
Laboratory 
 

Stock No. 
000664 

6-8 weeks 

Strain, strain 
background 
(Influenza A 
virus) 

A/PR8/34 
(H1N1) 

BEI 
Resources, 
NIAID, NIH 

NR-348  

Antibody Anti-HK2 (rabbit 
monoclonal) 

Cell Signaling 
Technology 

Catalog #: 
C64G5 

WB (1:1000) 

Antibody Anti-LDHA 
(rabbit 
polyclonal) 

Cell Signaling 
Technology 

Catalog #: 
2012S 

WB (1:1000) 

Antibody Anti-
PHD2/EGLN1 
(rabbit 
monoclonal) 

Cell Signaling 
Technology 

Catalog #: 
4835 

WB (1:1000) 

Antibody Anti- 
PHD3/EGLN3 
(rabbit 
polyclonal) 

Novus 
Biologicals 

Catalog #: 
NB100-303 

WB (1:1000) 

Antibody Anti-IL-1β  
(mouse 
monoclonal) 

Cell Signaling 
Technology 

Catalog #: 
12242 

WB (1:1000) 

Antibody Anti-Lamin B1 
(rabbit 
polyclonal) 

Proteintech Catalog #: 
12987-1-AP 

WB (1:1000) 

Antibody Anti-HIF-1α 
(rabbit 
polyclonal) 

Cayman 
Chemical 

Catalog #: 
10006421 

WB (1:500) 

Antibody Anti-α-Tubulin  
(mouse 
monoclonal) 

Sigma Catalog #: 
T6074 

WB (1:20000) 

Antibody Anti-rabbit IgG, Cell Signaling Catalog #: WB (1:2500) 
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HRP-linked 
Antibody (goat 
polyclonal) 

Technology 7074  

Antibody Anti-mouse 
IgG, HRP-
linked Antibody 
(horse 
polyclonal) 

Cell Signaling 
Technology 

Catalog #: 
7076  

WB (1:2500) 

Antibody CD16/CD32 
(FcBlock) 
(rat 
monoclonal) 

BD 
Biosciences 

Clone 2.4G2; 
Catalog #: 
553141 

Flow Cytometry 
(1:50) 

Antibody AlexaFluor 700 
anti-mouse Ly-
6G (rat 
monoclonal) 

BioLegend Clone 1A8; 
Catalog #: 
553141 

Flow Cytometry 
(1:250) 

Chemical 
compound, 
drug 

FG-4592 
(Roxadustat) 

Cayman 
Chemical 

Catalog #: 
15294 

  

Chemical 
compound, 
drug 

Recombinant 
Mouse M-CSF 

BioLegend 576406   

Chemical 
compound, 
drug 

Oligomycin Fisher 
Scientific 

49-545-
510MG 

 

Chemical 
compound, 
drug 

FCCP Millipore 
Sigma 

C2920  

Chemical 
compound, 
drug 

Antimycin A Millipore 
Sigma 

A8674  

Chemical 
compound, 
drug 

Rotenone Millipore 
Sigma 

R8875  

Chemical 
compound, 
drug 

Lipopolysaccha
ride 

Santa Cruz sc-3535  

Commercial 
assay or kit 

Mouse IL-6 
DuoSet ELISA 

R and D 
Systems 

DY406  
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Commercial 
assay or kit 

Mouse TNF-α 
DuoSet ELISA 

R and D 
Systems 

DY410  

Commercial 
assay or kit 

Mouse KC 
DuoSet ELISA 

R and D 
Systems 

DY453  

Commercial 
assay or kit 

Mouse CCL2 
DuoSet ELISA 

R and D 
Systems 

DY479  

Commercial 
assay or kit 

Mouse IL-1  
alpha DuoSet 
ELISA 

R and D 
Systems 

DY401  

Commercial 
assay or kit 

Lactate Assay 
Kit 

Millipore 
Sigma 

MAK064-1KT  

Commercial 
assay or kit 

Mouse 
Macrophage 
Nucleofector Kit 

Lonza VPA-1009  

Commercial 
assay or kit 

Seahorse 
XFe24 FluxPak 

Agilent 102340–100  

Commercial 
assay or kit 

NE-PER 
Nuclear and 
Cytoplasmic 
Extraction 
Reagents 

ThermoFisher Catalog 
#:78833 

 

Other PKH26 Cell 
Linker Dye for 
Phagocytic Cell 
Labeling 

Millipore 
Sigma 

Cat. #: 
PKH26PCL-
1KT 

Dye to distinguish 
between TR-AMs 
and Mo-AMs 

Other SYTOX Green 
Nucleic Acid 
Stain 

ThermoFisher Catalog #: 
S7020 

Stain to 
distinguish 
between live and 
dead cells. 

Sequence-
based reagent 

Rpl19_F This paper PCR Primers CCGACGAAAGG
GTATGCTCA 

Sequence-
based reagent 

Rpl19_R This paper PCR Primers GACCTTCTTTTT
CCCGCAGC 

Sequence-
based reagent 

Il6_F This paper PCR Primers TTCCATCCAGTT
GCCTTCTTGG 

Sequence-
based reagent 

Il6_R This paper PCR Primers TTCCTATTTCCA
CGATTTCCCAG 

Sequence- Tnfa_F This paper PCR Primers AGGGGATTATG
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based reagent GCTCAGGGT 

Sequence-
based reagent 

Tnfa_R This paper PCR Primers CCACAGTCCAG
GTCACTGTC 

Sequence-
based reagent 

Il1b_F This paper PCR Primers GCCACCTTTTGA
CAGTGATGAG 

Sequence-
based reagent 

Il1b_R This paper PCR Primers GACAGCCCAGG
TCAAAGGTT 

Sequence-
based reagent 

Kc_F This paper PCR Primers AGACCATGGCT
GGGATTCAC 

Sequence-
based reagent 

Kc_R This paper PCR Primers ATGGTGGCTAT
GACTTCGGT 

Sequence-
based reagent 

Ccl2_F This paper PCR Primers CTGTAGTTTTTG
TCACCAAGCTCA 

Sequence-
based reagent 

Ccl2_R This paper PCR Primers GTGCTGAAGAC
CTTAGCCCA 

Sequence-
based reagent 

Non-targeting 
(control) siRNA 

Dharmacon D-001810-01  

Sequence-
based reagent 

Hif1a #1; J-
040638-06 

Dharmacon J-040638-06  

Sequence-
based reagent 

Hif1a #2; J-
040638-07 

Dharmacon J-040638-07  

Software, 
algorithm 

FastQC Babraham 
Institute 

RRID:SCR_0
14583 

 

Software, 
algorithm 

STAR PMID:231048
86 

RRID:SCR_0
15899 

 

Software, 
algorithm 

DESeq2 Bioconductor RRID:SCR_0
15687 

 

Software, 
algorithm 

Reactome 
Cytoscape 
Plugin 

PMID: 
14597658 

RRID:SCR_0
03032 

 

Software, 
algorithm 

Prism 9 GraphPad RRID:SCR_0
02798 

 

 534 

  535 
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Primary Culture of Macrophages 536 

All animal experiments and procedures were performed according to the protocols (ACUP7236 537 

and ACUP72484) approved by the Institutional Animal Care and Use Committee at the 538 

University of Chicago. 6-8 week old C57BL/6 mice were humanely euthanized, and their TR-539 

AMs were isolated via standard bronchoalveolar lavage (intratracheal instillation) using PBS + 540 

0.5 mM EDTA. Following isolation, TR-AMs were counted, plated in RPMI 1640 (ThermoFisher, 541 

catalog number 11875119) supplemented with 10% FBS (Gemini, catalog number 100-106) and 542 

1% penicillin-streptomycin (Gemini, catalog number 400-109), and allowed to adhere to tissue 543 

culture plates for one hour prior to experimentation. BMDMs were generated by isolating bone 544 

marrow cells from the femur and tibia bones of 6-8 week old C57BL/6 mice. Bone marrow cells 545 

were differentiated into BMDMs using 40 ng/mL recombinant M-CSF (BioLegend, catalog 546 

number 576406) in the same media formulation as TR-AMs. On day seven, BMDMs were 547 

replated and allowed to adhere to tissue culture plates for two hours prior to experimentation. 548 

After adherence, cells were washed, fresh media added, and placed under experimental 549 

conditions. For inflammatory stimulation, LPS was used at a concentration of 20ng/ml.  For 550 

hypoxia experiments, macrophage cultures were placed in an airtight incubator system that 551 

utilizes N2 displacement of O2 to achieve hypoxic conditions (Coy Hypoxic Chamber- O2 Control 552 

InVitro Glove Box). The sealed system ensures minimal fluctuations in O2 levels in experiments 553 

when treating cultures and collecting samples under hypoxic conditions.  554 

Bioenergetic Measurements 555 

Glycolytic and mitochondrial respiration rates were measured using the XFe24 Extracellular 556 

Flux Analyzer (Agilent, Santa Clara, MA). BMDMs and TR-AMs were seeded at 4.0 X 104/well 557 

onto Seahorse XF24 Cell Culture Microplates. Cells were equilibrated with XF Base media 558 

(Agilent, catalog number 103334-100) at 37 °C for 30 minutes in the absence of C02. Glycolytic 559 

rate was assessed using the manufacturers’ protocol for the Seahorse XF Glycolysis Stress 560 

Test followed by sequential injections with glucose (10mM), oligomycin (1.0M), and 2-DG 561 
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(100mM). Mitochondrial respiration rate was measured using the Seahorse XF Mito Stress Test 562 

according to the manufacturer’s protocol followed by sequential injections with oligomycin 563 

(1.0M), FCCP (1.0M for BMDMs and 4.0M for TR-AMs), and rotenone/antimycin A (1.0M). 564 

Assessment of real-time metabolic responses to LPS was performed using the protocol detailed 565 

in an application note provided by the Agilent (Kam Y 2017). In brief, following plating, cells 566 

were equilibrated in XF base media supplemented with 10 mM glucose, 2 mM L-glutamine, 1 567 

mM sodium pyruvate (Sigma, catalog number 11360070) and 5 mM HEPES (Sigma, catalog 568 

number 15630080), pH 7.4 and incubated at 37 °C without CO2 for 30 minutes prior to XF 569 

assay. Baseline metabolic rates were measured followed by direct injection of LPS (final 570 

concentration:20ng/ml). Bioenergetic rates were subsequently measured every three minutes 571 

for approximately 5 hours in total.  572 

Due to the limitations of the XFe24 Extracellular Flux Analyzer, all bioenergetic analysis on 573 

hypoxic samples was performed in the following manner. Cells were treated under hypoxic 574 

conditions (most commonly for 16 hours) then bioenergetic analysis was performed under 575 

normoxic conditions. Moreover, it is impossible to evaluate varying levels of hypoxia on a single 576 

Seahorse microplate. Thus, energy curves comparing varying levels of O2 (i.e., Figure 1A) were 577 

performed individually and then subsequently represented on the same graph for comparison. 578 

All individual experiments were repeated a minimum of three times to an ensure accurate 579 

representation and statistical comparison. 580 

Cell lysis, subcellular fractionalization and Immunoblotting 581 

Whole cell lysates were prepared by scraping cells into lysis buffer containing 25mM Tris HCl 582 

(pH 7.6), 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.1% Benzonase, and 583 

Halt™ Protease Inhibitor Cocktail (ThermoFisher, catalog number 1861284 and 78430). 584 

Samples were centrifuged at 16,000 x g at 4 °C for 5 min to pellet cellular debris. Subcellular 585 

fractionalization and lysate preparation were carried out using the NE-PER Nuclear and 586 

Cytoplasmic Extraction Reagents (ThermoFisher, catalog number 78833). Lysate protein 587 
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concentration was determined using the Pierce™ BCA Protein Assay Kit (ThermoFisher, 588 

catalog number 23225). Equal concentrations of samples (15g for whole cell lysates and 5g 589 

for nuclear fractions) were resolved on Criterion gels (Bio-Rad, catalog number 5671093 and 590 

5671094) and transferred to nitrocellulose (Bio-Rad, catalog number 1620167). Primary 591 

antibodies used were rabbit anti-HK2 (Cell signaling, catalog number C64G5, 1:1000), rabbit 592 

anti-LDHA (Cell signaling, catalog number 2012, 1:1000), rabbit anti-PHD2/Egln1 (Cell 593 

Signaling, catalog number 4835, 1:1000), rabbit anti-Egln3/PHD3 (Novus Biologicals, catalog 594 

number NB100-303, 1:1000), mouse anti-IL1 (Cell signaling, catalog number 12242 1:1000), 595 

rabbit anti-Lamin B1 (Proteintech, catalog number 12987-1-AP, 1:1000), rabbit anti-HIF-1α 596 

(Cayman Chemical, catalog number 10006421, 1:500),  and mouse anti-tubulin (Sigma, catalog 597 

number T6074, 1:20,000). Secondary antibodies used were anti-rabbit IgG HRP-linked antibody 598 

(Cell Signaling, catalog number 7074, 1:2,500) and goat anti-mouse IgG HRP-linked antibody 599 

(Cell Signaling, catalog number 7076, 1:2,500). Protein expression was visualized using 600 

Immobilon ECL Ultra Western HRP Substrate (Millipore Sigma, catalog number WBULS0500) in 601 

combination with the BioRad ChemiDoc Touch Imaging system. All immunoblot data were 602 

repeated in at least three independent experiments. 603 

Quantitative PCR 604 

RNA was isolated from cells using the Direct-zol RNA MiniPrep kit (Zymo Research, catalog 605 

number R2052) and reverse transcribed using iScript Reverse Transcription Supermix (Bio-Rad, 606 

catalog number 1708841). Quantitative mRNA expression was determined by real-time qRT-607 

PCR using iTaq Universal SYBR Green Supermix (Bio-Rad, catalog number 172-5121). rlp19 608 

served as a housekeeping gene, and gene expression was quantified using the ct method to 609 

determine relative fold-change The following mouse-specific primer sequences were used: 610 

Rlp19 (5’-CCGACGAAAGGGTATGCTCA-3’, 5’-GACCTTCTTTTTCCCGCAGC-3’), Il6 (5’-611 

TTCCATCCAGTTGCCTTCTTGG-3’, 5’-TTCCTATTTCCACGATTTCCCAG-3’), Tnfa (5’-612 
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AGGGGATTATGGCTCAGGGT-3’, 5’-CCACAGTCCAGGTCACTGTC-3’, Il1b (5’-613 

GCCACCTTTTGACAGTGATGAG, 5’-GACAGCCCAGGTCAAAGGTT-3’), Kc (5'-614 

AGACCATGGCTGGGATTCAC-3', 5'-ATGGTGGCTATGACTTCGGT-3'), Ccl2 (5’-615 

CTGTAGTTTTTGTCACCAAGCTCA-3’,   5’-GTGCTGAAGACCTTAGCCCA-3’). 616 

RNA-Sequencing  617 

RNA was isolated and submitted to the University of Chicago Genomics Core Facility for 618 

sequencing with the Illumina NovaSEQ6000 sequencer (100bp paired-end). Sequencing read 619 

(FASTQ) files were generated and assessed for per base sequence quality using FastQC. 620 

Reads were mapped to the mouse genome (GRCm38.p6, GENCODE) using Spliced 621 

Transcripts Alignment to a Reference (STAR) software, and the resulting gene transcripts were 622 

quantified using featureCounts. 623 

Gene counts were then imported into R for differential expression analysis using the 624 

Bioconductor package DESeq2. Gene counts were filtered to remove low-expressing genes at a 625 

threshold of 2 counts per million. Differential expression was calculated between normoxia and 626 

hypoxia groups for both AMs and BMDMs. Differential gene expression was considered 627 

significant for genes with an FDR-adjusted p-value < 0.05 and fold change (FC) > 2. Reactome 628 

enrichment hit pathways and the linked gene lists from significant DEGs were identified by using 629 

Reactome Cytoscape Plugin (Shannon, Markiel et al. 2003, Wu, Feng et al. 2010). Oxidative 630 

phosphorylation and glycolysis gene sets were extracted from UniProtKB, then their associated 631 

DEG read counts (TPM) were normalized using gensvm R package gensvm.maxabs.scale 632 

function and center scaled for heat map visualization. All heatmaps were generated with Pretty 633 

heatmaps R package pheatmap function. 634 

Cytokine Analysis 635 

Secreted TNF, IL-6, KC, CCl2, and IL-1 levels were evaluated in macrophage media using a 636 

standard sandwich ELISA (R&D Systems DuoSet ELISA Development System, catalog 637 

numbers DY410, DY406, DY453, DY479 and DY401). For IL-1β sample collection, 5mM ATP 638 
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was added to TR-AM cultures for 30 minutes following 6h LPS treatment to activate caspase 1, 639 

ensuring proIL-1β cleavage and IL-1β release. Rotenone and Antimycin A concentrations were 640 

20nM for TR-AMs and 1M for BMDMs when used in ELISA experiments. 641 

Metabolomics 642 

TR-AMs were plated at 2.5 X 106 on 60 mm plates for metabolite extraction. Following 643 

treatment, cells were washed twice with a 5% mannitol solution and metabolites were extracted 644 

using 400l 100% methanol. 275l of aqueous internal standard solution was mixed in with the 645 

methanol and the extract solution was transferred to a microcentrifuge. The extracts underwent 646 

centrifugation at 2,300 x g at 4 °C for 5 min to precipitate insoluble material and the resulting 647 

supernatant was transferred to centrifugal filter units (Human Metabolome Technologies (HMT), 648 

Boston, MA). Filtering of supernatant occurred at 9,100 x g at 4 °C for 2 hours. The filtrate was 649 

sent to HMT and analyzed using capillary electrophoresis–mass spectrometry. 650 

Sulforhodamine B (SRB) Colorimetric Assay 651 

In vitro cytotoxicity was measured using the SRB assay (Vichai and Kirtikara 2006). Following 652 

treatment, cells were fixed in 10% TCA and then stained with SRB dye. Cellular protein-dye 653 

complexes were solubilized in 10mM Tris base and the samples were read at OD 510 using a 654 

microplate reader. Data was normalized to the untreated, normoxia groups, which were 655 

representative of no cellular damage. ETC inhibitor concentration in BMDMs were as follows: 656 

1M rotenone, and 1M antimycin A. ETC inhibitor concentration in TR-AMs were as follows: 657 

500nM rotenone, and 100nM antimycin A. 658 

SiRNA Knockdown 659 

SiRNA knockdown was performed using the AmaxaTM Mouse Macrophage Nucleofector Kit 660 

(Lonzo, catalog number VPA-1009). 1.0 X 106 cells/reaction were resuspended in transfection 661 

solution with siRNA of interest (Dharmacon, Non-Targeting Control siRNA: D-001810-01; 662 

Mouse Hif1a siRNA #1; J-040638-06; Mouse Hif1a siRNA #2; J-040638-07). The cell solution 663 
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was then subjected to electroporation (Lonza Nucleofector 2b Electroporator: Setting Y-001). 664 

Cells were plated and allowed to rest for 6 hours then subjected to normoxia or hypoxia for 16 665 

hours. 666 

Lactate Assay 667 

Secreted lactate was measured using the lactate colorimetric assay kit (Sigma, catalog number 668 

MAK064-1KT). Cells cultured in serum-free DMEM media (RPMI media and serum interfere 669 

with assay) and exposed to normoxia or 1.5% O2. Samples were collected at 16 hours post 670 

treatment and manufacturer’s protocol was followed to measure lactate. 671 

Murine Influenza infection protocol and Survival Studies 672 

C57BL/6 mice (6–8 weeks old) were anesthetized and challenged intratracheally (IT) with 673 

mouse-adapted influenza (A/PR8/34; 200 plaque-forming units [pfu]). A single FG-4592 (50uM) 674 

treatment was administered (IT) simultaneously with IAV. Body weight and survival was 675 

monitored every 24 hours for 20 days (10 mice/group). Body weight is represented as percent 676 

deviation from baseline at time of infection. “Influenza A virus, A/PR8/34 (H1N1), NR-348” was 677 

obtained through BEI Resources, NIAID, NIH. 678 

BALF analysis 679 

C57BL/6 mice were euthanized and a single 0.5ml saline wash was instilled into the lungs via 680 

the trachea and subsequently collected. BALF protein concentration was determined using the 681 

Pierce™ BCA Protein Assay Kit (ThermoFisher, catalog number 23225). BALF TNF, IL-6, and 682 

IL-1 were measured using sandwich ELISA. 683 

Flow Cytometry 684 

C57BL/6 mice (6–8 weeks old) were anesthetized with isoflurane and underwent retro-orbital 685 

injection with 100 μl PKH26 Red Fluorescent Cell Linker Dye for Phagocytic Cell Labeling 686 

(catalog number PKH26PCL-1KT; Millipore Sigma) 1 day before lung challenge. The mice were 687 

then challenged intratracheally with IAV 100 (pfu). FG-4592 (50M) was administered 688 
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intratracheally at the same time of PR8 infection. After challenge, the mice were euthanized and 689 

immune cells were collected via BAL. BAL cells were first treated with Fc Block (clone 2.4G2, 690 

catalog number 553141; BD Biosciences) and stained with fluorochrome-conjugated antibodies. 691 

The antibodies used were AlexaFluor 700 anti-mouse Ly-6G (Clone 1A8, catalog number 692 

127621, 1:250; BioLegend). Immediately before sorting, cells were resuspended in sorting 693 

buffer (0.2% BSA in PBS) containing 5 nM SYTOX Green Nucleic Acid Stain (catalog number 694 

S7020; ThermoFisher) to distinguish between live and dead cells. Cell sorting was performed on 695 

a FACS Aria II instrument and data were acquired using BDFACS Diva software and analyzed 696 

with FCS Express 7 software. First, debris, red blood cells, and lymphocytes were eliminated 697 

based on size (FSC) and granularity (SSC). Next gates selected for live cells (FITC) and 698 

eliminated neutrophils (Ly6G+). Based on previous validation experiments, the remaining cells 699 

are of macrophage lineage with TR-AMs being PKH26 (SiglecF,F4/80,Cd11cHi, Ly6cLo) and 700 

Mo-AMs being PKH26 (F4/80,Cd11cLo, Ly6cHi). PKH26 and PKH26 cells were sorted into 701 

RNA lysis buffer and samples were prepared for RNAseq. 702 

Statistics 703 

The data were analyzed in Prism 9 (GraphPad Software Inc.). All data are shown as mean ± 704 

standard deviation (SD). Significance was determined by unpaired, two-tailed Student’s t test for 705 

comparisons between two samples, or by ANOVA using Bonferroni correction for multiple 706 

comparisons. P values <0.05 were considered statistically significant.  707 

  708 
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FIGURE LEGENDS 971 
 972 

Figure 1. Tissue-resident alveolar macrophages exhibit HIF-1α stabilization and develop 973 

a glycolytic phenotype in response to hypoxia, while BMDMs have limited metabolic 974 

adaptation to hypoxia. TR-AMs (A-E) and BMDMs (F-J) were incubated overnight (16h) at 975 

varying O2 concentrations. (A) Using Seahorse XF24 analyzer, glycolysis was measured as 976 

extracellular acidification rate (ECAR). TR-AMs were sequentially treated with glucose, 977 

oligomycin (ATP synthase inhibitor) and 2-deoxyglucose (2-DG) (inhibitor of hexokinase 2, or 978 

glycolysis). (B) Interleaved scatter plots quantifying glycolytic parameters. Data represent at 979 

least 3 independent experiments (n=4 separate wells per group). Glycolytic parameters were 980 

compared against 21% O2 and significance was determined by one-way ANOVA with Bonferroni 981 

correction. (C) Western blot analysis of nuclear extract to assess HIF-1α expression in TR-AMs 982 

treated with different concentrations of O2. DMOG served as a positive control (D) Glycolysis 983 

stress test of TR-AMs under 1.5% O2 in combination with echinomycin (16h). (E) Western blot 984 

analysis of whole cell lysates of TR-AMs treated with 21% or 1.5% O2 in combination with 985 

echinomycin (16h). (F) BMDM glycolysis measurements (ECAR) using Seahorse XF24 986 

analyzer. (G) Interleaved scatter plots quantifying glycolytic parameters. Data represent at least 987 

3 independent experiments (n=4 separate wells per group). Glycolytic parameters were 988 

compared against 21% O2 and significance was determined by one-way ANOVA with Bonferroni 989 

correction. (H) Western blot analysis of nuclear extract to assess HIF-1α expression in BMDMs 990 

treated with different concentrations of O2. (I) Glycolysis stress test of BMDMs under 1.5% O2 in 991 

combination with echinomycin (16h). (J) Western blot analysis of whole cell lysates of BMDMs 992 

treated with 21% or 1.5% O2 in combination with echinomycin (16h). All error bars denote mean 993 

± SD. *p < 0.05. 994 

 995 
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Figure 1-figure supplement 1. Knockdown of Hif1a diminishes hypoxia-induced glycolytic 996 

phenotype in TR-AMs. TR-AMs (A-C) and BMDMS (D-F) were transfected with Hif1a or 997 

control siRNA and subsequently incubated overnight (16h) at 21% or 1.5% O2. Western blot 998 

analysis of nuclear extracts to assess successful Hif1a knockdown in (A) TR-AMs and (D) 999 

BMDMs under 1.5% O2. Western blot analysis of whole cell extracts from (B) TR-AMs and (E) 1000 

BMDMs. Extracellular lactate levels in (C) TR-AMs and (F) BMDMs incubated overnight (16h) at 1001 

21% or 1.5% O2. Significance was determined by two-way ANOVA with Bonferroni correction. 1002 

All error bars denote mean ± SD. *p < 0.05. 1003 

 1004 

Figure 1-figure supplement 2. Prolonged but not short-term hypoxia induces glycolysis 1005 

in TR-AMs. TR-AMs (A-C) or BMDMs (D-F) were incubated for 2h or overnight (16h) at 1.5% 1006 

O2. (A) Western blot analysis of TR-AM (A) and BMDM (D) nuclear extracts to assess HIF-1α 1007 

protein expression. Using Seahorse XF24 technology, TR-AM  (B) and BMDM  (E) glycolysis 1008 

was measured as extracellular acidification rate (ECAR). Interleaved scatter plots quantifying 1009 

glycolytic parameters in TR-AMs (C) and BMDMs (F) . Data represents at least 3 independent 1010 

experiments (n=4 separate wells per group). Significance was determined by unpaired, two-1011 

tailed t-test. *p < 0.05.  1012 

 1013 

Figure 2. The hypoxia-induced transcriptomic response differs substantially between TR-1014 

AMs and BMDMs. TR-AMs and BMDMs were incubated overnight (16h) under normoxia 1015 

(21.0% O2) or hypoxia (1.5% O2). (A)  Venn diagrams show differentially expressed genes 1016 

(DEGs) altered by hypoxia in TR-AMs (741 total DEGs), and BMDMs (260 total DEGs). DEGs 1017 

were identified using DESeq2 at FC>2 and FDR adjusted p-value of p<0.05. (B) Reactome 1018 

pathway enrichment comparing number of genes in a given pathway altered by hypoxia in TR-1019 

AMs and BMDMs. (C) Heatmap representing the top 20 significant metabolic genes altered by 1020 

hypoxia in both TR-AMs and BMDMs. (D) Western blot analysis of nuclear extracts to assess 1021 
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HIF-1α protein expression. (E) Western blot analysis of whole cell extracts to assess  glycolytic 1022 

enzyme (HK2, LDH) and prolyl hydroxylase (PHD2, PHD3) protein expression 1023 

 1024 

Figure 3. Hypoxia modulates TR-AM cytokine production and metabolic response to LPS. 1025 

TR-AMs were incubated overnight (16h) under 21% or 1.5% O2 then stimulated with 20ng/ml 1026 

LPS for 6 while maintaining pretreatment conditions. For IL-1β measurements, 5mM ATP was 1027 

added to TR-AMs for 30 minutes following 6h LPS treatment to activate caspase 1, ensuring IL-1028 

1β release. (A) We measured cytokine (TNFα, IL-6, KC, CCL2 and IL-1β) levels in media using 1029 

ELISA. Data represent at least 3 independent experiments; n=3 per group. Significance was 1030 

determined by unpaired, two-tailed t-test (B) qPCR was used to measure mRNA expression 1031 

(Tnfa, Il6, Kc, Ccl2, and Il1b). Gene expression was normalized to corresponding gene ct values 1032 

in 21% group and represented as fold change using the ∆∆ct method. Data represent at least 3 1033 

independent experiments; n=3 per group. Significance was determined by unpaired, two-tailed 1034 

t-test (C) Western blot analysis of whole cell extracts at 6 and 24h post LPS treatment (D) 1035 

ECAR was measured in following acute LPS injection (final concentration: 20 ng/ml) in TR-AMs 1036 

conditioned in 1.5% O2 (E) CE-MS metabolite heatmap for glycolytic intermediates. All error 1037 

bars denote mean ± SD. *p < 0.05. 1038 

 1039 

Figure 3-figure supplement 1. Hypoxia alters cytokine production in BMDMs. BMDMs 1040 

were incubated overnight (16h) under normoxia or 1.5% O2 then stimulated with LPS (20 ng/ml) 1041 

for 6 hours while maintaining pretreatment conditions. For IL-1β, 5mM ATP was added to 1042 

BMDMs for 30 minutes following 6 hours of LPS treatment to activate caspase 1, ensuring IL-1β 1043 

release.  (A) Sandwich ELISA was used to measure secreted cytokine (TNFα, IL-6, KC, CCL2 1044 

and IL-1β). Data represents at least 3 independent experiments; n=3 per group. Significance 1045 

was determined by unpaired, two-tailed t-test. All error bars denote mean ± SD. *p < 0.05. 1046 

 1047 
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Figure 3-figure supplement 2. LPS induces an immediate increase in glycolysis in 1048 

BMDMs. ECAR was measured in normoxic BMDMs following acute LPS injection (final 1049 

concentration: 20 ng/ml).  1050 

 1051 

Figure 4. Hypoxia rescues ETC inhibitor-induced cell death and impaired cytokine 1052 

production in TR-AMs. (A) Mitochondrial stress test to measure oxygen consumption rate 1053 

(OCR) using Seahorse XF24 in TR-AMs, which were treated sequentially with oligomycin (ATP 1054 

synthase inhibitor), FCCP (uncoupler) and Rotenone (Rot)/Antimycin A (Ant) (complex I and III 1055 

inhibitors, respectively). (B) Interleaved scatter plots quantifying mitochondrial respiration 1056 

parameters. Data represents at least 3 experiments (n=4 separate wells per group). 1057 

Mitochondrial parameters were compared against 21% O2 and significance was determined by 1058 

one-way ANOVA with Bonferroni correction (C) ECAR measurement during mitochondrial stress 1059 

test to visualize TR-AMs ability to upregulate glycolysis in response to mitochondrial inhibition 1060 

(D) TR-AMs were incubated overnight (16h) under 21%  or 1.5% O2 then stimulated with 1061 

20ng/ml LPS in the presence of absence of mitochondrial inhibitors (20nM Ant or Rot) for 6 1062 

hours while maintaining pretreatment conditions. ELISA was used to measure secreted cytokine 1063 

(TNFα, IL-6, KC, CCL2, and IL-1β) levels in media. ATP added to cells prior to collection for IL-1064 

1β assessment. Data represent at least 3 independent experiments; n=3 per group. Significance 1065 

was determined by one-way ANOVA with Bonferroni correction. (E) TR-AMs were cultured 1066 

under 21% or 1.5% O2 for 6h then treated with mitochondrial inhibitors (100nM Ant or 500nM 1067 

Rot) overnight and an Sulforhodamine B assay was performed to measure cytotoxicity. Graphs 1068 

represent cell viability compared to control, 21% O2 group. Data represent at least 3 1069 

independent experiments (n=3 per group). Significance was determined by two-way ANOVA 1070 

with Bonferroni correction. All error bars denote mean ± SD. *p < 0.05.  1071 

 1072 
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Figure 4-figure supplement 1. The effect of hypoxia on BMDM mitochondrial function, 1073 

cytokine production and cell liability under ETC inhibition. (A) Mitochondrial stress test to 1074 

measure oxygen consumption rate (OCR) using Seahorse XF24 in BMDMs. (B) Interleaved 1075 

scatter plots quantifying mitochondrial respiration parameters. Data represents at least 3 1076 

experiments (n=4 separate wells per group). Mitochondrial parameters were were compared 1077 

against 21% O2 and significance was determined by one-way ANOVA with Bonferroni correction 1078 

(C) ECAR measurement during mitochondrial stress test. (D) BMDMs were incubated overnight 1079 

(16h) under 21%  or 1.5% O2 then stimulated with 20ng/ml LPS in the presence of absence of 1080 

mitochondrial inhibitors (20nM Antimycin A (Ant) or Rotenone (Rot)) for 6 hours while 1081 

maintaining pretreatment conditions. ELISA was used to measure secreted cytokine (TNFα, IL-1082 

6, KC, CCL2, and IL-1β) levels in media. ATP added to cells prior to collection for IL-1β 1083 

assessment. Data represent at least 3 independent experiments; n=3 per group. Significance 1084 

was determined by one-way ANOVA with Bonferroni correction. (E) BMDMs were cultured 1085 

under 21% or 1.5% O2 for 6h then treated with mitochondrial inhibitors (100nM Ant or 500nM 1086 

Rot) overnight and an Sulforhodamine B assay was performed to measure cytotoxicity. Graphs 1087 

represent cell viability compared to control, 21% O2 group. Data represent at least 3 1088 

independent experiments (n=3 per group). Significance was determined by two-way ANOVA 1089 

with Bonferroni correction. All error bars denote mean ± SD. *p < 0.05.  1090 

 1091 

Figure 5. TR-AM survival correlates with a shift to glycolytic metabolism during 1092 

influenza-induced acute lung injury (A) FACS plots of BALF samples collected from C57BL/6 1093 

mice infected with PR8 (100 PFU) at baseline (D0), 3 days (D3) and 6 days (D6) post infection. 1094 

First, debris, red blood cells, and lymphocytes were eliminated based on size (FSC) and 1095 

granularity (SSC). Samples were first gated on single cells based on the side scatter 1096 

(SSC)/forward scatter signal (FSC), and then live cells were selected (SYTOX Green−). 1097 

Ly6G− used to exclude neutrophils. TR-AMs were identified as being PKH26+, and 1098 
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nonresident/infiltrating Mo-AMs were PKH26−. Gene expression heatmaps representing (B) 1099 

oxidative phosphorylation and (C) glycolytic gene expression. Heatmaps were generated 1100 

through DEG analysis of UniProt oxidative phosphorylation and glycolysis gene sets for FAC 1101 

TR-AMs (PKH+; n=3/group) and Mo-AMs (PKH26− ; n=2/group) over the infection time course.  1102 

 1103 

Figure 6. Non-hypoxic stabilization of HIF-1α increases TR-AM survival and improves 1104 

outcomes in influenza-induced acute lung injury. TR-AMs were treated (16h) overnight ± 1105 

FG-4592 (25.0𝜇M when not stated otherwise). (A) Glycolysis was measured as extracellular 1106 

acidification rate (ECAR). (B) Quantification of glycolytic parameters. Data represent at least 3 1107 

independent experiments (n=4 separate wells per group). Glycolytic parameters compared to 1108 

control group (0.0𝜇M) and significance was determined by one-way ANOVA with Bonferroni 1109 

correction (C) Western blot analysis of whole cell lysate. (D) nuclear extract. (E) Mitochondrial 1110 

stress test to measure oxygen consumption rate (OCR). (F) Quantification of mitochondrial 1111 

respiration parameters. Data represents at least 3 experiments (n=4 separate wells per group). 1112 

Mitochondrial parameters were compared to control group (0.0𝜇M) and significance was 1113 

determined by one-way ANOVA with Bonferroni correction (G) ECAR measurement during 1114 

mitochondrial stress test. (H) TR-AMs were pretreated overnight (16h) with 0.0𝜇M (no 1115 

treatment) or 25.0𝜇M FG-4592 then stimulated with 20ng/ml LPS in the presence of absence of 1116 

mitochondrial inhibitors (20nM Antimycin A (Ant) or Rotenone (Rot)) for 6 hours while 1117 

maintaining pretreatment conditions. Sandwich ELISA was used to measure secreted cytokine 1118 

(TNFα, IL-6, KC and CCL-2). Data represents at least 3 independent experiments; n=3 per 1119 

group. (I) TR-AMs were treated with FG-4592 for 6h then treated with mitochondrial inhibitors 1120 

(100nM Ant or 500nM Rot) overnight and an SRB assay was performed to measure cytotoxicity. 1121 

Bar graphs represent cytotoxicity compared to control, 0.0uM group. Data represents at least 3 1122 

independent experiments (n=3 per group). Significance was determined by two-way ANOVA 1123 

with Bonferroni correction. All error bars denote mean ± SD. *p < 0.05. 1124 
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 1125 

Figure 7. Non-hypoxic stabilization of HIF-1α increases TR-AM survival and improves 1126 

outcomes in influenza-induced acute lung injury. We intratracheally infected C57BL/6 mice 1127 

with PR8 (100 pfu) and collected bronchoalveolar lavage fluid (BALF) on day 0 (D0) (uninfected) 1128 

and day 6 (D6) post-infection. Mice also received either the HIF-1α stabilizer (FG-4592) or 1129 

vehicle control on D0. (A) Representative FACS plot of BALF macrophages. (B)  BALF protein 1130 

concentration (C) BALF proinflammatory cytokine levels at D6. BALF data generated from 2 1131 

separate experiments (n=7 mice/control group and n=8 mice/FG-4592 group) BALF data 1132 

significance was determined by unpaired, two-tailed t-test. (D,E) C57BL/6 mice infected with 1133 

PR8 (200 pfu) (10 mice/group). (D) Weight loss represented as percentage and normalized to 1134 

D0. (E) Survival curve. All error bars denote mean ± SD.  *p < 0.05. 1135 

 1136 
 1137 
FIGURE SOURCE DATA 1138 

Figure 1-source data 1. The effect of different O2 concentrations on HIF1α expression in 1139 

TR-AMs. Uncropped western blot images of HIF-1α protein expression in TR-AMs under 1140 

different concentrations of oxygen. 1141 

 1142 

Figure 1-source data 2. The effect of echinomycin on glycolytic enzyme protein 1143 

expression in TR-AMs. Uncropped western blot images of HK2, LDHA, and α-tubulin in TR-1144 

AMs treated with echinomycin under normoxia or hypoxia. 1145 

 1146 

Figure 1-source data 3. The effect of different O2 concentrations on HIF1α expression in 1147 

BMDMs. Uncropped western blot images of HIF-1α protein expression in BMDMs under 1148 

different concentrations of oxygen. 1149 
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Figure 1-source data 4. The effect of echinomycin on glycolytic enzyme protein 1150 

expression in BMDMs. Uncropped western blot images of HK2, LDHA, and α-tubulin in 1151 

BMDMs treated with echinomycin under normoxia or hypoxia. 1152 

 1153 

Figure 1-figure supplement 1-source data 1. Validation of Hif1a siRNA knockdown in TR-1154 

AMs. Uncropped western blot images of HIF1α protein expression in TR-AMs treated with either 1155 

control siRNA or two different Hif1a siRNAs. 1156 

 1157 

Figure 1-figure supplement 1-source data 2. The effect of Hif1a siRNA knockdown on 1158 

glycolytic enzyme protein expression in TR-AMs under normoxia and hypoxia. Uncropped 1159 

western blot images of HK2, LDHA and α-tubulin expression in TR-AMs treated with either 1160 

control siRNA or two different Hif1a siRNAs under normoxia or hypoxia. 1161 

 1162 

Figure 1-figure supplement 1-source data 3. Validation of Hif1a siRNA knockdown in 1163 

BMDMs. Uncropped western blot images of HIF1α protein expression in BMDMs treated with 1164 

either control siRNA or two different Hif1a siRNAs. 1165 

 1166 

Figure 1-figure supplement 1-source data 4. The effect of Hif1a siRNA knockdown on 1167 

glycolytic enzyme protein expression in BMDMs under normoxia and hypoxia. 1168 

Uncropped western blot images of HK2, LDHA and α-tubulin expression in BMDMs treated with 1169 

either control siRNA or two different Hif1a siRNAs under normoxia or hypoxia. 1170 

 1171 

Figure 1-figure supplement 2-source data 1. Expression HIF-1α protein in TR-AMs at 1172 

different time points following exposure to hypoxia. Uncropped western blot images of 1173 

HIF1α protein expression in TR-AMs treated with hypoxia for 0, 2, or 16 hours or with DMOG. 1174 
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Figure 1-figure supplement 2-source data 2. Expression HIF-1α protein in BMDMs at 1175 

different time points following exposure to hypoxia. Uncropped western blot images of 1176 

HIF1α protein expression in BMDMs treated with hypoxia for 0, 2, or 16 hours or with DMOG. 1177 

 1178 

Figure 2-source data 1. Read count data for hypoxia-regulated genes in TR-AMs and 1179 

BMDMs. 1180 

 1181 

Figure 2-source data 2. Differences in HIF-1α expression between TR-AMs and BMDMs 1182 

under normoxia and hypoxia. Uncropped western blot images of HIF1α expression in TR-AMs 1183 

and BMDMs treated with normoxia or hypoxia. 1184 

 1185 

Figure 2-source data 3. Differences in glycolytic enzyme and prolyl hydroxylase protein 1186 

expression between TR-AMs and BMDMs under normoxia and hypoxia. Uncropped 1187 

western blot images of HK2, LDHA, PHD2, PHD3 and α-tubulin expression in TR-AMs and 1188 

BMDMs treated with normoxia or hypoxia. 1189 

 1190 

Figure 3-source data 1. Changes in LPS-induced expression of proIL-1β protein in TR-1191 

AMs under normoxia and hypoxia. Uncropped western blot images of proIL-1β protein in TR-1192 

AMs treated with LPS for 6 or 24 hours under normoxia or hypoxia. 1193 

 1194 

Figure 5-source data 1. Read counts data for genes of oxidative phosphorylation in TR-1195 

AMs and Mo-AMs.  1196 

 1197 

Figure 5-source data 2. Read counts data for genes of glycolysis in TR-AMs and Mo-AMs. 1198 

 1199 
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Figure 6-source data 1. The effect of FG-4592 on HIF-1α expression in TR-AMs. Uncropped 1200 

western blot images of HIF1α in TR-AMs treated with FG-4592 or control vehicle.  1201 

 1202 

Figure 6-source data 2. The effect of FG-4592 on glycolytic enzyme and prolyl 1203 

hydroxylase protein expression in TR-AMs. Uncropped western blot images of HK2, LDHA, 1204 

PHD2, PHD3 and α-tubulin in TR-AMs treated with FG-4592 or control vehicle 1205 

 1206 

 1207 
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