
Stressed erythrophagocytosis induces immunosuppression
during sepsis through heme-mediated STAT1 dysregulation

Tolani F. Olonisakin, … , Prabir Ray, Janet S. Lee

J Clin Invest. 2020. https://doi.org/10.1172/JCI137468.

 In-Press Preview  

Graphical abstract

Research Infectious disease Pulmonology

Find the latest version:

https://jci.me/137468/pdf

http://www.jci.org
https://doi.org/10.1172/JCI137468
http://www.jci.org/tags/106?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/113?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/26?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/36?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/137468/pdf
https://jci.me/137468/pdf?utm_content=qrcode


Page 1 of 39 
 

Stressed erythrophagocytosis induces immunosuppression during sepsis through heme-mediated 1 

STAT1 dysregulation 2 

 3 

Tolani F. Olonisakin1,2,3, Tomeka Suber2,3, Shekina Gonzalez-Ferrer2,3, Zeyu Xiong2,3, Hernán F. 4 

Peñaloza2,3, Rick van der Geest2,3, Yuting Xiong2,3, David O. Osei-Hwedieh3, Jesús Tejero3,4, 5 

Matthew R. Rosengart5, Wendy M. Mars6, Daria Van Tyne7, Andreas Perlegas8, Samuel 6 

Brashears8, Daniel B. Kim-Shapiro8, Mark T. Gladwin3,4, Michael A. Bachman9, Eldad A. Hod10, 7 

Claudette St. Croix11, Yulia Y. Tyurina12,13, Valerian E. Kagan12,13, Rama K. Mallampalli14, 8 

Anuradha Ray2,3, Prabir Ray2,3, Janet S. Lee2, 3,4* 9 

 10 

1Medical Scientist Training Program, University of Pittsburgh, Pittsburgh, PA, USA; 2Acute 11 

Lung Injury Center of Excellence, 3Division of Pulmonary, Allergy, and Critical Care Medicine, 12 

Department of Medicine, Pittsburgh, PA, USA; 4Vascular Medicine Institute, University of 13 

Pittsburgh, Pittsburgh, PA, USA; 5Department of Surgery, University of Pittsburgh, Pittsburgh, 14 

PA, USA; 6Department of Pathology, University of Pittsburgh, Pittsburgh, PA, USA; 7Division of 15 

Infectious Diseases, University of Pittsburgh, Pittsburgh, PA, USA; 8Department of Physics and 16 

The Translational Science Center, Wake Forest University, Winston-Salem, NC, USA; 17 

9Department of Pathology, University of Michigan, Ann Arbor, MI, USA; 10Department of 18 

Pathology and Cell Biology, Columbia University Medical Center-New York Presbyterian 19 

Hospital, New York, NY, USA; 11Center for Biologic Imaging, University of Pittsburgh, 20 

Pittsburgh, PA, USA; 12Department of Environmental and Occupational Health, 13Center for Free 21 

Radical and Antioxidant Health, University of Pittsburgh, Pittsburgh, PA, USA; 14Department of 22 

Medicine, Ohio State University Medical Center, Columbus, OH, USA 23 



Page 2 of 39 
 

*Corresponding Author and Lead Contact 24 

 25 

To whom correspondence should be addressed: Janet S. Lee, M.D., 3459 Fifth Avenue, 26 

Montefiore University Hospital NW628, Pittsburgh, PA, 15213, U.S.A.; fax:  412.692-2260; 27 

email: jsl26@pitt.edu; tel: 412.692.2328.  28 

 29 

  30 



Page 3 of 39 
 

Abstract  31 

Macrophages are main effectors of heme metabolism, increasing transiently in the liver during 32 

heightened disposal of damaged or senescent red blood cells (sRBC). Macrophages are also 33 

essential in defense against microbial threats, but pathologic states of heme excess may be 34 

immunosuppressive. Herein, we uncovered a mechanism whereby an acute rise in sRBC disposal 35 

by macrophages led to an immunosuppressive phenotype following intrapulmonary Klebsiella 36 

pneumoniae infection characterized by increased extrapulmonary bacterial proliferation and 37 

reduced survival from sepsis in mice. The impaired immunity to K. pneumoniae during 38 

heightened sRBC disposal was independent of iron acquisition by bacterial siderophores, as K. 39 

pneumoniae mutant lacking siderophore function recapitulated findings observed with wildtype 40 

strain. Rather, sRBC disposal induced a liver transcriptomic profile notable for suppression of 41 

Stat1 and interferon-related responses during K. pneumoniae sepsis. Excess heme handling by 42 

macrophages recapitulated STAT1 suppression during infection that required synergistic NRF1 43 

and NRF2 activation but was independent of heme oxygenase-1 induction. Whereas iron was 44 

dispensable, the porphyrin moiety of heme was sufficient to mediate suppression of STAT1-45 

dependent responses in human and mouse macrophages and promoted liver dissemination of K. 46 

pneumoniae in vivo. Thus, cellular heme metabolism dysfunction negatively regulates the 47 

STAT1 pathway with implications in severe infection. 48 

 49 

Keywords: macrophage, Klebsiella pneumoniae, heme metabolism, porphyrin, STAT1, 50 

interferon, immunosuppression 51 

  52 
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Introduction 53 

Approximately 2 x 1011 red blood cells (RBCs) are synthesized each day in the healthy adult 54 

human (1, 2). The vast majority of iron required for erythropoiesis is obtained from recycling of 55 

iron following ingestion of damaged or senescent RBC (sRBC) by the mononuclear phagocyte 56 

system within the bone marrow, liver, and spleen (3).  When numbers of sRBC increase acutely 57 

or there is increased erythrophagocytosis—such as in hemolytic anemias, transfusion iron 58 

overload, anemia of inflammation, or severe infection—macrophages in the liver become the 59 

chief cell charged with sRBC disposal and excess heme-iron handling (4, 5). While 60 

erythrophagocytosis under homeostatic conditions is largely an immunologically silent event, 61 

enhanced sRBC delivery to the macrophage during infection provides a competing stressor that 62 

may alter integration of signals when the macrophage is also tasked to sense, elaborate 63 

mediators, engulf, and destroy invading pathogens. How the macrophage is able to process 64 

competing signals, respond and prioritize function is largely unknown.   65 

 66 

Gram-negative extracellular bacteria such as Klebsiella pneumoniae (KP) are common causes of 67 

acute lower respiratory tract infection and sepsis worldwide (6, 7). We and others have shown 68 

that the initial encounter by macrophages dictates the ability of the host to control KP infection 69 

in the lungs (8, 9). Indeed, a major mechanism of KP virulence is the expression of a 70 

polysaccharide capsule that enables the bacteria to evade phagocytosis (10) and increases 71 

pathogenicity in both mice and men (11–13). KP also secrete a number of siderophores (14, 15)  72 

that exhibit higher affinity for ferric iron than transferrin and lactoferrin therefore theoretically 73 

scavenge iron from these host proteins (16). While enhanced delivery of sRBC to macrophages 74 

may increase pathogen replication by boosting nutritional iron sources (17), another consequence 75 
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of sRBC delivery may be through direct alterations of host immune response to infection that are 76 

unrelated to iron scavenging by the pathogen. Macrophages in the liver are the primary cells that 77 

support rapid clearance of stressed, damaged red cells (4), but remarkably little is known about 78 

whether this competing physiologic stressor weakens macrophage function during infection, 79 

thereby impairing host defense. Moreover, states of intracellular heme-iron excess such as 80 

hemochromatosis are associated with increased risk of infection (18–20), a finding that has been 81 

attributed to iron overload. Growing evidence indicates heme is an important regulator of 82 

macrophage function (21–23), however, and invites the possibility that excess heme handling has 83 

profound effects on host immunity.  84 

 85 

Intracellular heme excess can also occur with repeated RBC transfusions such as in the case of 86 

transfusion iron overload. Red cells that undergo progressive biochemical and biophysical changes 87 

during standard storage conditions are collectively termed the red cell storage lesion (24). These 88 

storage, damaged RBCs, once transfused, are recognized and rapidly cleared by macrophages. It 89 

is noteworthy that randomized controlled trials in anemic patients requiring transfusion have not 90 

shown that red cell storage duration significantly impacts clinical outcomes (25, 26). Although 91 

these trials were not intended to address the issue of excess heme handling, here we utilized RBC 92 

transfusion as a model to deliver sRBCs to macrophages in order to examine pathologic states of 93 

intracellular heme excess during infection.  We show that increased sRBC disposal by 94 

macrophages leads to defective signaling through STAT1, a master transcription factor involved 95 

in antiviral and antibacterial host response (27, 28), that marks the host for an immunosuppressive 96 

fate during infection. Intracellular heme excess induced by stressed erythrophagocytosis during 97 

infection suppresses STAT1 responses through NRF1 and NRF2 activation, but is independent of 98 
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HO-1 induction. Surprisingly, the porphyrin moiety of heme, but not iron, is sufficient to induce 99 

STAT1 suppression. Thus, in pathologic states of intracellular heme excess, our findings suggest 100 

that the ability to mount optimal STAT1 responses during infection is impaired.  101 

 102 

 103 

Results  104 

sRBC delivery impairs bacterial control at extrapulmonary sites and worsens survival 105 

following K. pneumoniae intrapulmonary infection. To examine the effect of sRBC disposal 106 

on host outcome during acute bacterial infection in vivo, mice initially underwent intratracheal 107 

inoculation with KP and were challenged 1 h later with 200 µL of freshly isolated young RBC 108 

(yRBC) or senescent RBC damaged by extended storage (sRBC). This volume approximates one 109 

packed red blood cell unit in humans (29) and serves as a model of acute increase in 110 

erythrophagocytosis (30). Mice challenged with sRBC following acute intrapulmonary KP 111 

infection showed increased mortality compared to mice challenged with yRBC from the same 112 

pool of donor mice blood (Figure 1A). The median survival following KP infection was 9.5 days 113 

for the yRBC-challenged group and 2.5 days for the sRBC-challenged group over a 2-week 114 

observational period (Log-rank Mantel-Cox test, p=0.005).  115 

 To determine whether increased mortality observed in mice challenged with sRBC was 116 

due to impaired host defense, we evaluated lung bacterial burden and extrapulmonary 117 

dissemination. As the initial mortality was observed by 48 h, we examined mice prior to this time 118 

point to minimize survivor bias. At 4 and 24 h post-KP inoculation, airspace leukocyte numbers 119 

were evaluated in the bronchoalveolar lavage (BAL) fluid. Total BAL leukocyte, neutrophil, and 120 

mononuclear cell counts were decreased in mice challenged with sRBC at 24 h (Figure 1B-D). 121 
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Although mice challenged with sRBC showed increased bacterial burden in the lungs compared 122 

with mice challenged with yRBC at 4 h, the lung bacterial burden by 24 h was comparable in 123 

both groups (Figure 1E). These findings suggest a modest effect in the lungs following sRBC 124 

delivery. In contrast, mice challenged with sRBC showed increased splenic bacterial burden by 4 125 

and 24 h (Figure 1F). Consistent with the spleen data, liver and blood colony-forming units 126 

(CFU) burden were increased at 24 h (Figure 1G-H). Moreover, the inability to adequately 127 

control bacterial replication was accompanied by a systemic inflammatory response, as sRBC-128 

challenged mice showed elevated plasma C5a, CXCL10, IFNγ, IL-1β, IL-6, IL-10, and MBL2 129 

levels at 4 h (Figure S1A-G), with sustained plasma CXCL10, IL-10, and TNFα elevation at 24 h 130 

(Figure S1B, F, H). Notably, RBC washing prior to transfusion did not mitigate extrapulmonary 131 

bacterial proliferation (Figure S2A-B). Thus, in a KP model of acute bacterial pneumonia, sRBC 132 

disposal impaired the ability of mice to control pathogen replication following breach of the lung 133 

mucosal barrier, resulting in increased extrapulmonary bacterial proliferation, dysregulated 134 

hyperinflammatory systemic response, and worse survival. 135 

 136 

Impaired bacterial control observed with sRBC delivery is independent of iron acquisition 137 

by bacterial siderophores. KP utilizes siderophores enterobactin (Ent), glycosylated 138 

enterobactin (gly-Ent), and yersiniabactin (Ybt) as virulence mechanisms to scavenge iron in 139 

iron-restricted environments such as the lung (14, 15). We utilized an entB ybtS isogenic KP 140 

mutant strain lacking the ability to produce all three siderophores Ent, gly-Ent, and Ybt, to assess 141 

whether sRBC delivery enhanced the pathogenicity of this KP isolate. We found that sRBC 142 

challenge enhanced plasma transferrin-bound iron when compared with mice challenged with 143 

yRBC or untreated mice by electron paramagnetic resonance spectroscopy (Figure 2A). Others 144 
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have also reported a rise in non-transferrin bound iron following challenge with damaged RBC in 145 

humans (31) and mice (29). While in vitro growth of entB ybtS KP mutant was similar when 146 

compared to wild-type parent strain (WT) (Figure 2B), the entB ybtS KP mutant exhibited 147 

impaired proliferation in iron-rich plasma obtained from mice challenged with sRBC when 148 

compared to the WT strain (Figure 2C). In addition, the entB ybtS KP mutant replicated more 149 

slowly in the lung than WT KP (32) (Figure 2D) and showed reduced dissemination to the 150 

spleen, liver, and blood (Figure 2E-G). Following challenge with sRBC, mice infected with the 151 

entB ybtS KP mutant showed no difference in BAL total protein and lung bacterial burden when 152 

compared with mice challenged with either PBS or yRBC (Figure 2H-I). However, challenge 153 

with sRBC resulted in increased extrapulmonary bacterial proliferation of the less virulent entB 154 

ybtS KP mutant (Figure 2J-L). Collectively, these findings suggest that, while bacterial 155 

siderophores are key virulence factors that enhance microbial dissemination within the host, 156 

sRBC delivery enhances extrapulmonary bacterial proliferation through an alternative 157 

mechanism that is independent of pathogen siderophore function. 158 

 159 

sRBC delivery reveals a unique transcriptomic profile notable for suppression of Stat1 and 160 

interferon-related responses harbored in the liver of mice following acute intrapulmonary 161 

K. pneumoniae infection.  Prior studies have highlighted the important role of the liver in the 162 

innate immune response to acute bacterial pneumonia (33). Moreover, in an initial evaluation of 163 

the innate immune transcriptional response using a PCR array to profile 87 antibacterial response 164 

genes, minimal differences in gene expression were noted between the lungs of KP-infected mice 165 

challenged with yRBC versus sRBC (Figure S3A-B). This contrasted with the liver, where a 166 

significant reduction in innate immune gene expression was observed in infected sRBC-challenged 167 
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mice (Figure S3A, C). To comprehensively examine the liver transcriptome during sRBC disposal, 168 

we evaluated gene expression profile by RNA-Seq 24 h following acute intrapulmonary KP 169 

infection in mice challenged with either yRBC or sRBC. We observed excellent separation 170 

between these two groups in terms of global transcriptomic profile and detected 4891 differentially 171 

expressed genes (threshold 1.5-fold change, FDR adjusted p-value ≤ 0.05) in livers of KP-infected 172 

mice challenged with yRBC or sRBC (Figure S4A). Though we observed elevated plasma alanine 173 

transaminase (ALT) and aspartate transaminase (AST) levels in mice challenged with sRBC 24 h 174 

post-KP infection (Figure S4B-C), we did not observe gross differences in histopathological 175 

evaluations in livers of KP-infected mice challenged with yRBC or sRBC in the model (Figure 176 

S4D-I). Furthermore, others have reported induction of ferroptosis in splenic red pulp 177 

macrophages following sRBC delivery (30). Whereas two highly oxygenated polyunsaturated 178 

phosphatidylethanolamine (PE) species—PE(40:7) and PE(40:8)—were significantly elevated in 179 

the liver following sRBC delivery (Figure S5A-C), neither of these species containing three 180 

oxygens has been previously identified as a pro-ferroptotic predictive biomarker (34). 181 

Additionally, we did not observe significant differences in oxidized PE levels in livers of KP-182 

infected mice challenged with yRBC or sRBC for majority of the molecular species evaluated 183 

(Figure S5D). Hence, while sRBC delivery causes changes in PE oxidation in the liver, these 184 

changes are most likely distinct from execution of the ferroptotic cell death program. 185 

Given impaired immunity in the acute infection model, we focused on altered innate 186 

immune gene profiles in the RNA-Seq data (Table S1). Although Nfκb related genes Rela, Relb, 187 

Nfκbia, Nfκbib, Nfκbiz and Stat3 were increased in KP + sRBC group, the data was notable for 188 

suppression of Signal Transducer and Activator of Transcription 1 Stat1 (-3.2 fold-change, FDR 189 

p-value=0) and interferon regulatory factors such as Irf1, Irf2, Irf3, Irf5, and Irf8 (Figure 3A). 190 
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Suppression of interferon responses was consistent with upregulation of Suppressor of Cytokine 191 

Signaling Socs3 (2.76 fold-change, FDR p-value=1.5 x 10-12) and Socs1 (7.6 fold-change, FDR p-192 

value=0) gene expression (Figure 3A). Notably, heme-oxygenase 1 (Hmox1), the enzyme 193 

catalyzing the rate-limiting step of heme catabolism, was also increased (3.46 fold-change, FDR 194 

p-value=0). Reduced Irf1, Irf3, Irf8, Stat1 and increased Rela, Socs1, Socs3, Stat3, and Hmox1 195 

gene expression were confirmed by qRT-PCR (Figure 3B-J).  196 

STAT1 is essential for transducing IFNα and IFNγ responses (28), and is required for 197 

optimal defense against KP infection (Figure S6A-D) (35). We evaluated one of its key 198 

downstream effectors IRF1, a transcription factor induced by STAT1 activation, in liver tissue 199 

homogenates of KP-infected mice challenged with either yRBC or sRBC. KP-infected mice 200 

challenged with sRBC showed impaired IRF1 expression in the liver compared to KP-infected 201 

mice challenged with yRBC (Figure 3K-L), supporting the findings of RNA-Seq. Taken together, 202 

these results suggest that delivery of sRBC to the infected host suppresses a proximal regulator of 203 

interferon response and antimicrobial immune defense.  204 

   205 

K. pneumoniae infection increases erythrophagocytosis leading to upregulation of heme-206 

iron transcriptional responses and suppression of STAT1. sRBC disposal occurs through 207 

transient accumulation of macrophages in the liver that enable restoration of iron homeostasis 208 

(4). Macrophages are also the initial effector cells of host defense in tissue, but how the 209 

macrophage processes competing signals and prioritizes function during infection is less known. 210 

We challenged RAW 264.7 macrophages with live KP to evaluate the effect on downstream 211 

innate immune signaling in the presence or absence of a competing stressor such as senescent, 212 

damaged RBC (sRBC, generated by heating at 48oC and continuous agitation). Others have 213 
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previously shown that RBCs stressed by either aging or heating show no differences in clearance 214 

from circulation in mouse models (4). We first demonstrated uptake of sRBC following delivery 215 

to macrophages (Figure 4A, S7A). Bacterial infection with KP potentiated uptake of sRBC by 216 

macrophages (Figure 4B) in a TLR4-dependent manner (36, 37) (Figure 4C). However, the 217 

increased erythrophagocytosis did not significantly alter macrophage uptake of KP (Figure 4D).  218 

 Heme accumulation following erythrophagocytosis induces Hmox1 (38) and ferroportin-1 219 

(Slc40a1) transcription (39). Indeed, we observed increased Hmox1 and Slc40a1 gene expression 220 

in KP+sRBC–treated macrophages (Figure 4E-F). As observed in vivo, we noted suppression of 221 

Stat1 in KP+sRBC–treated macrophages (Figure 4G). STAT1 is a master transcription factor that 222 

regulates transcription of critical immune effectors such as complement component 3 (C3), 223 

complement factor b (Cfb), IRF-1 (Irf1), and inducible nitric oxide synthase (iNOS or Nos2) in 224 

macrophages in response to interferon stimulation (28). Following sRBC delivery to KP-infected 225 

macrophages, C3, Cfb, Irf1, and Nos2 gene expression were also impaired (Figure 4H-K).  226 

We next investigated STAT1 protein expression and found that sRBC delivery to 227 

macrophages dose-dependently reduced both phosphorylated STAT1 and total STAT1 228 

expression during KP infection (Figure 4L). sRBC delivery to KP-infected macrophages also 229 

dose-dependently inhibited IRF1, a downstream target of STAT1 (Figure 4M-N). The 230 

mechanism appeared to be independent of autocrine type I or II interferon receptor signaling, as 231 

Ifngr1-/- and Ifnar1-/- bone marrow-derived macrophages retained the ability to induce IRF1 232 

during KP infection (Figure S7B, C). Though hepatocytes constitute ~80% of liver volume and 233 

have been shown to recognize and respond directly to microbial products (40–42), we found that 234 

hepatocytes do not regulate the interferon response to KP, and that sRBC delivery has no effect 235 

on IRF1 expression in hepatocytes (Figure S7D). 236 
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To determine whether sRBC-mediated suppression of STAT1 and IRF1 induction 237 

resulted in impaired macrophage cytokine responses, we evaluated CCL5, CXCL10, and TNFα 238 

secretion in KP + sRBC–treated macrophages. We observed that sRBC delivery markedly 239 

reduced production of the interferon-related cytokines CCL5 and CXCL10 in response to KP 240 

(Figure 4O-P) but did not alter TNFα secretion (Figure 4Q). Moreover, Stat1-/- BMDM showed 241 

impaired Stat1, C3, Cfb, Irf1, Nos2 but not Rela transcriptional responses following KP 242 

infection, and CXCL10 but not TNFα protein secretion was STAT1-dependent (Figure 4R-Y). 243 

Taken together, these findings indicate that KP infection heightens erythrophagocytosis resulting 244 

in selective transcriptional responses notable for heme-iron metabolism and suppression of 245 

STAT1 and its downstream targets that are independent of type I or II interferon receptor 246 

signaling. 247 

 248 

Heme is the constituent of RBC that mediates suppression of STAT1 during KP infection.  249 

We next examined which component of sRBC mediates suppression of STAT1. Macrophages 250 

were challenged with vehicle (PBS), sRBC, stroma-free sRBC lysates, and hemoglobin-depleted 251 

ghost RBC prepared from equivalent number of sRBC with or without KP infection. IRF1 252 

expression was utilized as a STAT1 target readout. While KP strongly induced IRF1 expression, 253 

KP + sRBC exposure suppressed IRF1 expression that was recapitulated by KP + sRBC lysate 254 

but not KP + sRBC ghosts (Figure 5A). Hemoglobin is the principal cytoplasmic component of 255 

RBC (43), and purified hemoglobin recapitulated sRBC-mediated IRF1 suppression (Figure 5B). 256 

Moreover, depletion of hemoglobin from sRBC severely limited extrapulmonary dissemination 257 

of entB ybtS KP to the spleen and liver (Figure S8).  258 
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The heme moiety of hemoglobin has been implicated as an immunomodulating agent and 259 

can trigger (44) or dampen (45, 46) the immune response. Though heme and hemin have been 260 

shown to directly bind to TLR4 and induce proinflammatory cytokine secretion (47), hemin 261 

alone was a weak activator of STAT1 in macrophages (Figure 5C) but potently induced heme 262 

oxygenase-1 (HO-1) (Figure 5C-D).  However, we noted that hemin dose-dependently inhibited 263 

KP-induced STAT1 phosphorylation, at both its serine and tyrosine sites, in addition to total 264 

STAT1 and IRF1 expression (Figure 5D). Furthermore, CXCL10—but not TNFα—was dose-265 

dependently suppressed by hemin in KP-infected macrophages (Figure 5E-F), indicating that 266 

hemin recapitulates sRBC-mediated STAT-1 suppression. 267 

To delineate extracellular versus intracellular heme contribution to STAT1 suppression, 268 

RAW macrophages challenged with KP + sRBC were incubated in the presence or absence of 269 

hemopexin (HPX). HPX is hydrophilic with no known transcellular transport mechanism and 270 

would thus chelate extracellular heme but not heme concentrated intracellularly. As expected, 271 

sRBC delivery to KP-infected macrophages potently induced HO-1 and markedly suppressed 272 

STAT1 activation and total STAT1 protein expression (Figure 5G). However, extracellular heme 273 

scavenging by HPX failed to restore STAT1 (Figure 5G) or STAT1-dependent CXCL10 (Figure 274 

5H) in macrophages challenged with KP + sRBC. Collectively, these findings suggest that 275 

intracellular heme resulting from sRBC breakdown is responsible for STAT1 suppression during 276 

KP infection. 277 

 278 

STAT1 suppression requires NRF1 and NRF2 activation but is independent of HO-1 279 

induction. Heme binds to the transcriptional repressor BTB (bric-a-brac, tramtrack, broad 280 

complex) Domain and CNC (cap’n’collar) Homolog 1 (BACH1) (48) and induces BACH1 281 
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proteasome-dependent degradation (49) that results in de-repression of Hmox1 (50) (Figure 6A). 282 

As expected, we observed reduction in BACH1 expression in KP-infected macrophages 283 

following sRBC delivery (Figure S9A). Bach1 silencing enhanced Hmox1 (Figure S9B) but not 284 

Stat1 transcription in response to KP (Figure S9B). Moreover, Bach1 silencing induced HO-1 285 

expression but did not alter STAT1 protein expression in KP-infected macrophages (Figure 286 

S9C).  Based upon these findings, we concluded BACH1 does not contribute to STAT1 287 

suppression following KP + sRBC delivery. Furthermore, activation of JAK2, through binding of 288 

hepcidin to ferroportin-1 in conditions of iron surplus, may result in STAT3-mediated 289 

transcriptional activation of SOCS3 and subsequent dampening of inflammation (51). As we 290 

observed in the liver, we show that sRBC delivery upregulated Stat3 and Socs3 gene expression 291 

in KP-infected macrophages (Figure S9D-E). However, dose-dependent inhibition of STAT3 292 

failed to rescue STAT1-dependent IRF1 suppression in KP + sRBC-treated macrophages (Fig. 293 

S9F). Based upon these findings, we concluded that neither BACH1 nor STAT3 contributes to 294 

STAT1 suppression following KP + sRBC delivery. 295 

HO-1 is the rate-limiting enzyme in heme catabolism yielding ferrous iron, carbon 296 

monoxide, and biliverdin. These biologically active end products, carbon monoxide and 297 

biliverdin, have been implicated as anti-inflammatory (52–54). To determine whether sRBC-298 

mediated STAT1 suppression in KP-infected macrophages is due to increased HO-1 induction, 299 

we silenced Hmox1 in KP-infected macrophages challenged with sRBC. We achieved, on 300 

average, approximately 60% Hmox1 knockdown in KP-infected macrophages with or without 301 

sRBC delivery (Figure 6B). Hmox1 silencing resulted in further suppression rather than increase 302 

of Stat1 in KP + sRBC–treated macrophages (Figure 6C). This suggests that HO-1 induction 303 
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does not mediate STAT1 suppression following sRBC delivery and may instead be vital for 304 

augmenting STAT1 expression during KP infection. 305 

Heme evokes nuclear translocation of nuclear factor erythroid 2-related factor 2 306 

(NFE2L2, NRF2) (55) and activation of NRF2 is required for heme-iron transcriptional response 307 

following heme stimulation in macrophages (39, 55) (Figure 6A). In addition, NRF2 has been 308 

shown to regulate the innate immune response to microbial stimuli (56) and can inhibit 309 

proinflammatory cytokine gene transcription (57) or repress STING-dependent interferon 310 

response (58)—highlighting a potential link between heme-iron transcriptional response and the 311 

innate immune response. We found that sRBC delivery activated NRF2 as assessed by 312 

upregulation of the NRF2 target gene NAD(P)H quinone oxidoreductase 1 (Nqo1) (59) in KP + 313 

sRBC–treated macrophages (Figure 6D). To determine whether NRF2 activation mediated the 314 

STAT1 suppression seen in macrophages challenged with KP + sRBC, we examined WT and 315 

Nrf2-/- BMDMs. Deletion of NRF2 resulted in diminished heme-iron transcriptional response, as 316 

assessed by reduced Hmox1 and Slc40a1 expression in Nrf2-/- macrophages challenged with KP 317 

+ sRBC (Figure 6E-F). Furthermore, deletion of NRF2 prevented Stat1 suppression in KP + 318 

sRBC–treated macrophages but did not fully restore Stat1 induction (Figure 6G).  Moreover, 319 

while treatment with  known NRF2 activator possessing antioxidant activity, isothiocyanate 320 

sulforaphane (SFN), (60) phenocopied the effect of KP + sRBC–treated macrophages (Figure 321 

S10A-E), suppression of STAT1 target gene Nos2 (Figure S10F) and IRF1 protein (Figure 322 

S10G) expression persisted even in the absence of NRF2 (Figure S10G)—suggesting that NRF2 323 

is necessary but not sufficient for sRBC-mediated STAT1 suppression. 324 

As Nuclear factor erythroid 2-related factor 1 (NFE2L1, NRF1) binds to similar cis-325 

regulatory regions of antioxidant response elements as NRF2 (61), we sought to determine 326 
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whether Nrf1 knockdown further boosted Stat1 expression observed in Nrf2-/- macrophages 327 

challenged with KP + sRBC. We observed that sRBC delivery activated NRF1 target gene 328 

Metallothionein 1 (Mt1) (62) in KP + sRBC–treated macrophages (Figure 6H). Given that heme 329 

recapitulated sRBC effect on macrophages during KP infection, we utilized hemin in 330 

macrophages transfected with Nrf1 siRNA. We achieved > 80% Nrf1 knockdown in 331 

macrophages with or without KP + hemin (Figure 6I). Nrf1 silencing reversed hemin-mediated 332 

Stat1 suppression in KP-infected macrophages (Figure 6J). Moreover, Nrf2-/- macrophages 333 

showed higher Stat1 transcript compared to wildtype macrophages during KP infection, but Nrf1 334 

knockdown further boosted Stat1 transcript in Nrf2-/- macrophages (Figure 6K), suggesting 335 

synergism between NRF1 and NRF2 in control of Stat1 even in the absence of hemin. 336 

Collectively, these data show that while sRBC delivery induces HO-1 and activates NRF1 and 337 

NRF2 target genes, STAT1 suppression does not require HO-1 but is mediated, in part, by NRF1 338 

and NRF2.  339 

 340 

The porphyrin moiety of heme is necessary and sufficient for NRF1/NRF2 activation and 341 

STAT1 suppression. Iron liberated from heme by HO-1 may weaken immunity either by direct 342 

iron provision to the pathogen or through dysregulated iron recycling in the host cell. To 343 

investigate the contribution of iron to heme-mediated STAT1 suppression during KP infection, 344 

we utilized iron chelators Deferasirox (DFX) and Deferoxamine (DFO). DFX is lipophilic and 345 

can bind intracellular ferric iron in a 2:1 binding ratio (63, 64). DFO, on the other hand, is highly 346 

hydrophilic with no known transcellular transport mechanism and binds extracellular ferric iron 347 

in a 1:1 binding ratio (65). Neither chelation of host intracellular iron by DFX nor chelation of 348 

extracellular iron available to KP by DFO restored STAT1 activation or total STAT1 expression 349 
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in KP-infected macrophages challenged with hemin (Figure 7A). STAT1-dependent CXCL10 350 

secretion in macrophages challenged with KP + hemin was also not rescued by introduction of 351 

iron chelators (Figure 7B). Moreover, transfusion of iron dextran that approximates iron 352 

contained in one unit of packed RBC did not recapitulate enhanced extrapulmonary proliferation 353 

observed with sRBC delivery in KP-infected mice (Figure S11A-D) or entB ybtS KP mutant-354 

infected mice (Figure S11E-H), indicating that enhanced iron delivery is not the major 355 

mechanism for increased extrapulmonary dissemination observed with sRBC delivery.  356 

 Given these findings, we tested whether a metal within the porphyrin ring was necessary 357 

for NRF1/2 activation and STAT1 suppression observed in macrophages challenged with KP + 358 

hemin. We utilized hemin (iron protoporphyrin IX, FePPIX), cobalt-substituted protoporphyrin 359 

IX (CoPPIX), and protoporphyrin IX (PPIX) which lacks a metal ion at its center (Figure 7C). 360 

The metalloporphyrins, FePPIX and CoPPIX, activated NRF1 and NRF2 target genes, as 361 

assessed by Mt1 and Nqo1 induction, respectively (Figure 7D-E) and induced Hmox1 in KP-362 

infected macrophages (Figure 7F). PPIX also activated NRF1 and NRF2 target genes (Figure 363 

7D-E) but did not induce Hmox1 in KP-infected macrophages (Figure 7F). Interestingly, the 364 

presence of a metal ion within the porphyrin macrocycle appeared dispensable as all three 365 

protoporphyrins—FePPIX, CoPPIX and PPIX—suppressed Stat1 in KP-infected macrophages 366 

(Figure 7G). STAT1-dependent CXCL10 secretion was also impaired by all three 367 

protoporphyrins (Figure 7H). PPIX dose-dependently degraded BACH1 but, unlike hemin, did 368 

not induce HO-1 protein expression in KP-infected macrophages (Figure 7I). As observed with 369 

hemin, PPIX dose-dependently suppressed STAT1 activation and total STAT1 protein 370 

expression in KP-infected macrophages (Figure 7I). Moreover, FePPIX and PPIX suppressed 371 

IRF1 (Figure 7J) and CXCL10 (Figure 7K), but not TNFα secretion (Figure 7L), in KP-infected 372 



Page 18 of 39 
 

human monocyte-derived macrophages, suggesting that response is conserved in human 373 

macrophages. Collectively, these findings indicate that the presence of iron within the porphyrin 374 

ring is not essential for STAT1 suppression during KP infection.  375 

 Lastly, we tested whether porphyrin lacking iron recapitulated extrapulmonary bacterial 376 

proliferation seen with sRBC delivery in KP-infected mice. Mice were intratracheally instilled 377 

with KP and challenged an hour later with vehicle, CoPPIX 5 mg/kg or CoPPIX 25 mg/kg. No 378 

differences in bacterial burden in the lung (Figure 7M) or spleen (Figure 7N) were observed 379 

among the three groups 24 h post-KP instillation. Notably, we observed increased 380 

extrapulmonary bacterial proliferation in the liver, the primary organ that supports rapid RBC 381 

removal during RBC damage (4), in KP-infected mice challenged with CoPPIX 25 mg/kg 382 

(Figure 7O). Though there was a trend towards dose-dependent increase in blood bacterial 383 

burden of KP-infected mice challenged with CoPPIX, this did not achieve statistical significance 384 

(Figure 7P). Taken together, these findings reinforce the notion that iron is dispensable for 385 

STAT1 suppression and extrapulmonary bacterial proliferation observed with sRBC delivery to 386 

KP-infected mice.  387 

 388 

Discussion  389 

Excess heme handling by macrophages occurs as a consequence of several pathologies where 390 

there is increased delivery of damaged RBC precipitating ‘on-demand’ mononuclear phagocytic 391 

uptake—including hemoglobinopathies (66, 67), RBC membrane disorders (68), severe 392 

infections (45, 69–71), and transfusion iron overload (22, 23). While comparisons of fresh versus 393 

old red cell transfusion did not show differences in clinical outcomes in anemic patients 394 

requiring transfusion (25, 26), we utilized the RBC transfusion model here to deliver sRBCs to 395 
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macrophages and examine the consequences of intracellular heme excess in the face of severe 396 

infection. We demonstrate that excess sRBC ingestion disrupts STAT1 signaling during severe 397 

KP infection. We further show that sRBC delivery impairs bacterial control at extrapulmonary 398 

sites and is associated with increased systemic inflammatory cytokine response and worsened 399 

survival during pneumonia-induced sepsis. Impaired KP control observed with stressed 400 

erythrophagocytosis is independent of iron acquisition by bacterial siderophores and supports the 401 

notion that excess heme handling by macrophages exerts immune-suppressive effects. 402 

 Others have shown that erythrophagocytosis is a conserved innate immune response to 403 

microbial products such as LPS (36). This is consistent with our findings that TLR4 stimulation 404 

drives macrophages to erythrophagocytose. It is possible that IFNγ produced in response to TLR 405 

stimulation can act directly on macrophages to provoke red cell uptake (72), and we observed 406 

increased systemic IFNγ levels in KP infected mice early after sRBC challenge. However, 407 

stressed erythrophagocytosis can be IFNγ-independent (36)(37). Regardless of the mechanism 408 

driving erythrophagocytosis, we observed consistent suppression of STAT1 and its downstream 409 

effectors. STAT1 is a critical transcription factor, as STAT1 deficiency renders mice (28) and 410 

humans (27) unresponsive to type I or II interferons and impairs the host’s ability to clear 411 

pathogenic microbes and viruses. We identified heme, and specifically the porphyrin 412 

macrocycle, as the constituent of RBC that suppresses STAT1 during KP infection. Though 413 

heme has been heralded as an amplifier of inflammation (47), excess heme handling by the 414 

macrophage can exert immune-suppressive effects through mechanisms that remain to be fully 415 

elucidated (45, 73). Our work highlights a mechanism by which excess heme handling mediates 416 

STAT1 suppression during infection and worsens host immunity. 417 
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 Under homeostasis, CNC-basic leucine zipper (bZIP) transcription factors, NRF1 and 418 

NRF2, are constitutively targeted for proteasomal degradation (61, 74). Undue heme exposure 419 

dysregulates proteasome activity resulting in cellular protein accumulation (75). We demonstrate 420 

that heme exposure evokes NRF1 and NRF2 activity, as evidenced by increased Mt1 and Nqo1, 421 

respectively, in infected macrophages following sRBC delivery, heme or PPIX challenge. NRF2 422 

has been shown to suppress innate immune responses to viral (58) and microbial triggers (56, 423 

57). Here, we uncover an additional role for NRF2 in tempering macrophage Stat1 expression 424 

during KP infection. In contrast to NRF2, relatively little is known about NRF1 and its role in 425 

immune regulation, as targeted disruption of Nrf1 results in murine embryonic lethality due to 426 

impaired fetal liver erythropoiesis (76). Though NRF1 and NRF2 appear to have distinct gene 427 

targets (62), NRF1 and NRF2 bind to overlapping antioxidant response element (ARE) 428 

sequences as obligate dimers with small musculoaponeurotic fibrosarcoma (sMaf) proteins (77). 429 

Indeed, in contrast to late embryonic lethality (16.5–18.5 days) observed in Nrf1 mutants (76), 430 

compound deficiency in both Nrf1 and Nrf2 leads to early lethality between embryonic days 9 431 

and 10 (78), indicating shared NRF1 and NRF2 functionality. In this study, we demonstrate that 432 

NRF1 and NRF2 synergistically temper Stat1 during KP infection. The mechanism by which 433 

NRF1 and NRF2 regulate Stat1 remains unclear. Though Stat1 does not appear to contain any 434 

known ARE sequences in its promoter region, others have shown that NRF2 can bind and inhibit 435 

inflammatory cytokine gene expression in an ARE-independent manner (57). Thus, NRF1 and 436 

NRF2 may directly bind to and block Stat1 transcription or may induce a yet to be discovered 437 

mechanism that represses Stat1 during KP infection. 438 

 Owing to the potent pro-oxidant activity of iron, and prior studies implicating iron 439 

overload in disruption of interferon signaling (79, 80), it came as a surprise that iron appeared 440 
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dispensable for NRF1 and NRF2 activation, and subsequent STAT1 suppression. Our findings 441 

indicate that CoPPIX and PPIX lacking a metal ion recapitulate heme-mediated NRF1 and NRF2 442 

activation in macrophages during KP infection. Limitations of our study include examining early 443 

STAT1 and related responses mainly at a single time point, and the use of a mouse macrophage 444 

cell line or primary bone marrow-derived macrophages. Key findings of PPIX suppressing 445 

downstream STAT1 targets such as IRF1 and CXCL10, however, were reproduced in human 446 

primary monocyte-derived macrophages. Furthermore, CoPPIX—which, unlike FePPIX, does 447 

not yield iron that is of benefit to the pathogen—enhanced bacterial proliferation in the liver 448 

during KP infection, affirming that provision of a readily available source of iron is not the 449 

primary mechanism for enhanced KP pathogenicity following sRBC delivery.  450 

 A critical barrier in the field of sepsis immunology is understanding why some 451 

individuals acquire an immunosuppressive phenotype following critical illness. We show here 452 

that imposing an additional physiologic stressor targeting the mononuclear phagocyte system 453 

during infection results in an immunosuppressive phenotype due to excess intracellular heme. 454 

Cellular heme levels are tightly controlled (81) as perturbations in heme homeostasis may 455 

underlie the pathophysiology of many life-threatening hematological disorders affecting millions 456 

of people worldwide. We show that heme, due to its porphyrin ring, activates NRF1/NRF2 target 457 

genes and impairs macrophage STAT1 expression during severe infection. These findings 458 

demonstrate that the detrimental effects of excess heme extend beyond its propensity as an 459 

alarmin (82) and establish a link between cellular heme metabolism and regulation of innate 460 

immune signaling with important implications for infection and inflammation. 461 

  462 

Methods 463 
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Animals 464 

C57BL/6J, (#000664), Ifnar1-/- (#32045), and Ifngr1-/- (#003288) mice were obtained from the 465 

Jackson Laboratory (Bar Harbor, ME). Tlr4-/- (#029015), Nrf2-/- (#017009), and Stat1-/+ 466 

(#012606) mice were also obtained from the Jackson Laboratory and respective breeding 467 

colonies were established at our facilities. Resulting progeny (Tlr4-/-, Nrf2-/-, Stat1-/- and Stat1+/+) 468 

were utilized in select experiments. All mice were fed the same chow within same room of the 469 

vivarium for at least 4 weeks prior to experimentation. For in vivo studies, we used age-matched, 470 

sex-matched 8–12-week-old, male and female mice. Mice were randomly assigned and a skilled 471 

technician who was blinded to the biological hypothesis performed inoculations and organ 472 

harvest. All animals were housed and maintained in specific pathogen-free environments. 473 

 474 

Human subjects 475 

Peripheral whole blood (30 mL) was obtained from healthy adult volunteers.  All subjects 476 

underwent venipuncture after informed written consent and ethnicities and gender were 477 

identified by self-reporting. Male and female subjects were included. Following collection, 478 

monocytes were isolated from whole blood as previously described (83), and utilized in the in 479 

vitro study in a de-identified manner.   480 

 481 

Bacterial strains 482 

Klebsiella pneumoniae (KP) strain 43816, serotype 2 (American Type Culture Collection, 483 

Manassas, VA) was utilized for the bacterial pneumonia studies. entB ybtS mutant KP lacking 484 
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production of siderophores enterobactin, glycosylated enterobactin, and yersiniabactin and its 485 

parent wildtype strain have been previously described (32, 84). The method of bacterial growth 486 

and suspension for inoculation has also been previously reported (12).  487 

 488 

Cell culture 489 

RAW 264.7 cells (murine macrophage cell line) were obtained from ATCC. RAW cells were 490 

cultured in DMEM supplemented with 10% newborn calf serum (NCS) in a humidified 491 

incubator 5% CO2 at 37oC. Bone marrow cells were isolated from adult male and female mice 492 

and cultured in DMEM supplemented with 20% fetal bovine serum (FBS), 30% L929-493 

conditioned medium (LCM), and 1% penicillin-streptomycin (P/S) for 6–7 days in a humidified 494 

incubator 5% CO2 at 37oC to allow for differentiation into macrophages as previously described 495 

(85).   496 

 497 

Mouse red blood cell preparation  498 

C57BL/6J mice were euthanized and blood obtained aseptically via cardiac puncture using 499 

citrate dextrose phosphate anticoagulant.  For in vivo studies, mouse red blood cells (RBC) were 500 

stressed by extended storage (11-13 days). yRBC indicates freshly isolated RBC or RBC stored 501 

for only 1 day. The method of red cell storage using Citrate Phosphate Dextrose Adenine 502 

(CPDA-1) solution has been previously reported (29). Briefly, whole blood was collected from 503 

donor mice, pooled and leukoreduced through a Neonatal High-Efficiency Leukocyte Reduction 504 

Filter (Purecell Neo; Pall Corporation). The pooled blood was centrifuged at 400 g for 15 505 

minutes, and the volume reduced to a final hemoglobin level ranging from 17.0 to 17.5 g/dL. The 506 
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final CPDA-1 concentration in the red cell concentrate was 14% and stored in the dark at 4°C for 507 

up to 13 days.  For mouse red cells, 14 days corresponds to the limits of storage duration (29, 508 

86). On day of transfusion, both yRBC and sRBC were washed with sterile PBS at room 509 

temperature and subsequently spun at 800 g for 10 minutes. Supernatant was discarded and 510 

RBCs were resuspended in sterile PBS to attain hematocrit of 60%. 511 

 For in vitro studies, leukoreduced RBC were stressed by heating at 48oC with continuous 512 

agitation at 300 RPM for 20 minutes (4). For RBC ghost preparation, leukoreduced stressed RBC 513 

were centrifuged at 800 g for 10 minutes, washed 3 times with cold PBS, and lysed with 20 514 

mOsm phosphate buffer. Lysed RBC was centrifuged at 30,000 g for 30 minutes at 4oC and RBC 515 

ghost pellets were washed 3 times with 20 mOsm phosphate buffer. RBC ghosts were 516 

reconstituted in a volume of PBS equivalent to the stressed RBC transfusate (87).  517 

 518 

Experimental Bacterial Pneumonia model  519 

Bacteria were harvested, washed, and resuspended in PBS just prior to use. Mice were 520 

anesthetized with isoflurane and 103-104 CFU of KP in a total volume of 100 µL was 521 

administered intratracheally under direct visualization using a sterile 200 µL pipet with filtered 522 

tip positioned just above the vocal cords. One hour following KP inoculation, 200 µL of sterile 523 

PBS, washed young RBC (1 day old) or stored RBC (11-13 days old) was transfused via retro-524 

orbital vein.   525 

 526 

In vitro K. pneumoniae stimulation 527 
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RAW cells or BMDMs were seeded at a density of 1 x 106 cells per well of a 6-well tissue 528 

culture plate or at a density of 5 x 105 cells per well of a 12-well tissue culture plate in DMEM 529 

containing 10% bovine serum 24 h prior to stimulation. Media was replaced and opsonized live 530 

K. pneumoniae serotype 2 (MOI 10:1, log phase) was introduced. K. pneumoniae was opsonized 531 

by incubating with 20% bovine serum for 30 minutes at 4oC. Where indicated, leukoreduced 532 

sRBC, hemin, CoPPIX or PPIX were introduced concurrently. Leukoreduced sRBC was 533 

resuspended in sterile PBS. In studies where hemin was added, hemin, CoPPIX, and PPIX were 534 

first dissolved in 100% DMSO at a concentration of 26 mg/mL (~40 mM) (8). Stock solution 535 

was then diluted in warmed DMEM to achieve final concentration of 100 µM (final 536 

concentration of DMSO administered to cell = 0.25%). At indicated time (usually 4 h post-KP 537 

infection), media was collected, spun at 10,000 g for 10 min at 4oC, and cytokine release was 538 

evaluated in resulting supernatant. Macrophages were washed with PBS and incubated in 800 539 

µL–1 mL of RBC lysis buffer (eBioscience, Invitrogen Cat# 00-4333) for 30–60 seconds at room 540 

temperature with continuous swirling to lyse unengulfed RBC. Macrophages were washed again 541 

with PBS and lysed to examine gene and protein expression via qRT-PCR and western blot, 542 

respectively.  543 

 544 

Bronchoalveolar Lavage fluid collection 545 

A closed container system was used to euthanize animals at pre-specified times using isoflurane.  546 

A laparotomy was immediately performed, and mice were exsanguinated via the inferior vena 547 

cava using citrate as the anticoagulant. The trachea was cannulated using a 20-gauge catheter, 548 

secured with silk suture.  The left hilum was identified, secured with a second silk suture, and the 549 

left lung was removed for immediate tissue homogenization. Bronchoalveolar lavage (BAL) was 550 
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performed by instilling 0.6 mL 0.9% normal saline containing 0.6 mM EDTA into the right lung, 551 

followed by 0.5 mL x 3 washes. Total cell counts in BAL were determined using a 552 

hemocytometer. Cytospins were prepared from BAL fluid and stained with Diff-Quick (Siemens 553 

Healthcare Diagnosis Inc., Newark, DE).  Differential cell counts were determined by counting a 554 

total of 200 cells per slide.  555 

 556 

Measurements of lung, spleen, liver, and blood bacterial burden 557 

Left lung, spleen, and right medial lobe of the liver were removed following euthanasia at pre-558 

determined time points.  For enumerating bacterial CFU in the lung, spleen and liver, tissue was 559 

homogenized in 1 mL of sterile ddH2O.  Bacterial CFU was also measured from whole blood 560 

obtained from the inferior vena cava as described above. 10 µL of tissue homogenates or whole 561 

blood in triplicates was plated by 10-fold serial dilution on tryptic soy agar plates. Bacterial 562 

plates were counted following an overnight incubation at 37°C and recorded as CFU/mL.  563 

 564 

Measurement of plasma cytokines  565 

Plasma samples from mice were diluted to 1:5 for measurement of cytokines in ELISA plates, 566 

and the values in pg/mL or ng/mL were calculated based on dilution. ELISA duoset antibodies 567 

for measuring TNF-α, IL-6, IL-10, C5a, MBL2, IL-1β, CXCL10, and IFNγ were obtained from 568 

R&D Systems (Minneapolis, MN). 569 

 570 

Liver histology 571 
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The median lobe of the liver was fixed in 2% paraformaldehyde for 4 hours. Subsequently, lobes 572 

were embedded in paraffin and processed for sectioning and H&E staining. Whole section 573 

images of the median lobes at 100x magnification were obtained using a TissueFAXS PLUS 574 

system (Tissuegnostics, Vienna, Austria). Using the overview images, the total number of 575 

inflammatory foci and necrotic regions in each liver section was assessed by an investigator 576 

blinded to experimental groups. 577 

 578 

Measurement of transferrin-bound iron 579 

Transferrin-bound iron was measured by electron paramagnetic spectroscopy. Plasma (~400 µL) 580 

was transferred to quartz tubes (Wilmad, Vineland, NJ) for freezing in liquid nitrogen. 581 

Measurements of samples were carried out at 5-8 K using an EMX 10/12 spectrometer (Bruker 582 

Biospin Corp., Billerica, MA) cooled by liquid helium and operated at microwave power of 0.1 583 

mW, microwave frequency 9.387 GHz, modulation amplitude 15 G, with a sweep width of 1500 584 

G, center field of 1250 G, sweep time of 42 s and time constant of 81.92 ms. Transferrin-bound 585 

iron concentrations in samples were obtained by fitting (least squares fit) to basis spectra of 586 

standard of known concentration. 587 

 588 

RNA-Seq 589 

Livers were obtained from KP-infected mice challenged with yRBC or sRBC 24 h post-KP 590 

infection. RNA was purified from liver tissue using RNeasy Plus Universal Mini kit (Cat # 591 

73407) according to manufacturer’s instructions (Qiagen, Germany) and concentration of 592 

isolated RNA was determined by NanoDrop.  Purified RNA was sequenced using NextSeq 500 593 
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System (Illumina, San Diego, CA) at high output and paired-end read (2 x 150 cycles) by Health 594 

Sciences Sequencing Core at Children’s Hospital of Pittsburgh. Sequencing data was analyzed 595 

with CLC Genomics Workbench (Qiagen). Briefly, the sequencing data quality was assessed, 596 

low-quality reads (Phred Quality Score<20) and adaptor sequences were trimmed for 597 

downstream analysis. RNA-Seq data were mapped against mouse genomic sequence, gene 598 

sequence and mRNA sequence. Expression difference between treatment groups was considered 599 

significant when absolute fold change>=1.5, maximum group mean>=1, FDR p value <0.05.   600 

 601 

Quantitative PCR 602 

Tissues were frozen in cold Qiazol lysis reagent and homogenized using a hand-held 603 

homogenizer. Following centrifugation at 12,000 g for 10 min, the supernatants were used for 604 

total RNA extraction using RNeasy Plus Universal Mini kit. For in vitro studies, cells were lysed 605 

in Qiazol lysis reagent and RNA was also extracted using RNeasy Plus Universal Mini kit. RNA 606 

samples were reverse transcribed into cDNA using SuperScript III Reverse Transcriptase or 607 

MultiScribe Reverse Transcriptase (Moloney murine leukemia virus reverse transcriptase; 608 

Invitrogen). Quantitative PCR was performed according to the manufacturer’s protocol (Applied 609 

Biosystems, Foster City, CA) by incubating cDNA samples with specified probes and primers of 610 

interest and TaqMan Universal PCR Master Mix II and measuring PCR amplification using the 611 

7900HT Real-Time PCR System. Probes and primers for heme oxygenase 1 (Hmox1; 612 

Mm00516004_m1), NF-κB subunit p65 (Rela; Mm00501346_m1), suppressor of cytokine 613 

signaling 1 (Socs1; Mm01342740_g1), suppressor of cytokine signaling 3 (Socs3; 614 

Mm00545913_s1), signal transducer and activator of transcription 3 (Stat3; Mm01219775_m1), 615 

signal transducer and activator of transcription 1 (Stat1; Mm01257286_m1), inducible nitric 616 
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oxide synthase (Nos2; Mm00440502_m1), interferon regulatory factor 1 617 

(Irf1; Mm01288580_m1), interferon regulatory factor 3 (Irf3; Mm00516784_m1), interferon 618 

regulatory factor 8 (Irf8; Mm00492567_m1), ferroportin-1 (Slc40a1; Mm01254822_m1), 619 

complement component 3 (C3; Mm01232779_m1), complement factor b 620 

(Cfb; Mm00433909_m1), glyceraldedyde 3-phosphate dehydrogenase (Gapdh; 621 

Mm99999915_g1), and 18S (18S; Hs99999901_s1) were commercially available at Applied 622 

Biosystems. Gene expression was analyzed by the ∆∆-threshold cycle (∆∆Ct) method, with 18S 623 

rRNA or Gapdh as the endogenous control, and average ∆Ct of unstimulated wild-type controls 624 

served as the calibrator. 625 

 626 

Immunoblot 627 

Macrophages were lysed with Pierce IP lysis buffer (Thermo Scientific, Pittsburgh, PA) with 628 

complete mini-protease inhibitor and phosphatase inhibitor (Roche, Indianapolis, IN). After brief 629 

sonication on ice, samples were centrifuged at 10,000 g at 4°C for 10 min and supernatants were 630 

saved for Western blotting. 5–30 µg protein was loaded per well onto a NuPAGE 4-12% Bis-631 

Tris Gel (Life Technologies, Grand Island, NY).  After protein transfer, membranes were 632 

incubated with 1:1000 dilution of specific antibodies to phospho-STAT1 (ser 727, #9177), 633 

phospho-STAT1 (tyr 701, #9167), STAT1 (#14994) and IRF1 (#8478) obtained from Cell 634 

Signaling Technology (Danvers, MA). Membranes also were incubated with 1:2000 dilution of 635 

antibody to β-ACTIN (#4970) obtained from Cell Signaling Technology (Danvers, MA) or 636 

1:1000 dilution of antibody to α-TUBULIN (ab4074) obtained from Abcam (United Kingdom) 637 

as loading control. Antibodies to BACH1 (HRP conjugated, sc-271211) and HO-1 (HRP 638 
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conjugated, sc-390991) were obtained from Santa Cruz Biotechnology (Dallas, TX) and utilized 639 

in 1:1000 dilutions. 640 

  641 

Purification of mouse hemoglobin 642 

The process for purification of hemoglobin from RBC has been previously described (88). 643 

Briefly, initial sample was loaded in a chelating sepharose fast flow resin charged with Zn2+ and 644 

equilibrated in 20 mM Tris, 500 mM NaCl, pH 8.3. Column was washed with 20 mM Tris, 500 645 

mM NaCl, pH 8.3 (Flowthrough sample #1). Column was washed with 200 mM Tris, pH 8.3 646 

(Flowthrough sample#2). Column was washed with 20 mM Tris, pH 8.3 and then washed with 647 

20 mM Tris, 15 mM EDTA, pH 8.3 (Hb after IMAC small sample). Sample was concentrated 648 

and washed with PBS using a 50 kDa filter (final estimated EDTA concentration < 22 nM). 649 

Calculated hemoglobin concentration was 4.7 mM (93.5% oxyHb, 6.5% metHb).  650 

 651 

Phagocytosis assays 652 

For sRBC uptake, macrophages were seeded at a density of 1 x 106 cells per well of a 6-well 653 

tissue culture plate in DMEM supplemented with 10% bovine serum 24 h prior to assay. 654 

Macrophages were then incubated with vehicle (PBS), sRBC (50:1), K. pneumoniae (KP; 10:1) 655 

or KP + sRBC for 90 min or 2 h. Following incubation, macrophages were washed with PBS, 656 

unengulfed sRBC were lysed, and macrophages were washed again with PBS. Macrophages 657 

were then incubated briefly (< 5 min) in 0.5% trypsin-EDTA at 37oC to allow cell detachment 658 

prior to cytospin. Suspended cells were immobilized onto glass slides by centrifugation at 450 659 
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RPM for 3 min and slides were stained using Diff-Quik. Phagocytic index was determined as 660 

previously described (89): 661 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑒𝑒𝑜𝑜𝑁𝑁𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀 𝑐𝑐𝑜𝑜𝑁𝑁𝑒𝑒𝑐𝑐𝑁𝑁𝑒𝑒

 ×
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀 𝑐𝑐𝑜𝑜𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒 𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑒𝑒𝑜𝑜𝑁𝑁𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀 𝑐𝑐𝑜𝑜𝑁𝑁𝑒𝑒𝑐𝑐𝑁𝑁𝑒𝑒
× 100 662 

 For KP uptake, macrophages were seeded at a density of 2.5 x 105 cells per well of a 24-663 

well tissue culture plate 24 h prior to assay and subsequently incubated with KP (MOI 10:1) or 664 

KP + sRBC 90 min or 2 h. Following incubation, phagocytes were incubated in HBSS 665 

containing 100 µg/mL gentamicin for 1 h to kill extracellular, attached bacteria, subsequently 666 

lysed with 100 µL HBSS containing 0.1% Triton-X, and lysates were plated on tryptic soy agar 667 

to reveal intracellular colony forming units (CFU) per mL. 668 

 669 

siRNA transfection 670 

Macrophages were plated at a density of 1 x 105 or 2 x 105 cells per well of a 12-well tissue 671 

culture plate 24 h prior to transfection. On the day of transfection, cells were washed with RPMI 672 

1640, incubated in RPMI containing 2% FBS, and transfected with 50–240 nM of siRNA using 673 

HiPerfect transfection reagent (Qiagen, Germany) according to the manufacturer’s instructions. 674 

siRNAs were purchased from Dharmacon Inc. (now Horizon Discovery Ltd, United Kingdom). 675 

Negative pool of four control siRNAs was utilized as control. Experiments were conducted 24–676 

48 h post-transfection and transcription efficiency was determined by qRT-PCR and 677 

immunoblot.  678 

 679 

Statistics 680 
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Results are reported as the median unless otherwise indicated.  Log-rank test was performed to 681 

generate the Kaplan-Meier survival curve. For in vivo comparisons between two groups, a 682 

nonparametric Mann-Whitney test was undertaken.  For in vivo comparisons of multiple groups, 683 

Kruskal-Wallis with Dunn’s multiple comparisons test was undertaken.  For in vitro comparisons 684 

between two groups, a two-tailed t test was undertaken. For in vitro comparisons of multiple 685 

groups, a one-way ANOVA with Tukey’s multiple comparisons test was undertaken. For 686 

comparisons between groups over time, a two-way ANOVA was undertaken.  GraphPad Prism 687 

software version 5.0 and 6.0 were used for statistical analysis (La Jolla, CA). A p- value less than 688 

0.05 was considered significant. 689 
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Figure 1: sRBC delivery impairs bacterial control at extrapulmonary sites and worsens 
survival following K. pneumoniae intrapulmonary infection. (A) KP was instilled 
intratracheally into C57BL/6 mice and was followed by challenge with young (yRBC) or senescent 
RBC (sRBC). n=10 mice per group, Log-rank test, **p=0.005. (B) Total BAL cell count/mL, (C) 
Total BAL PMN count/mL, (D) Total BAL mononuclear cell count/mL. (E) Lung bacterial burden 
was estimated by colony forming units (CFU) count/mL of tissue homogenates. (F) Spleen 
CFU/mL, (G) Liver CFU/mL, (H) Blood CFU/mL. (B-H) Each point indicates individual mice, 
n=7-8 mice/group, line indicates the median. *p<0.05, **p<0.01, ***p<0.001 by Mann-Whitney 
U two-tailed test. 



 

Figure 2: Impaired K. pneumoniae control at extrapulmonary sites following sRBC delivery 
is independent of iron acquisition by bacterial siderophores. (A) Plasma transferrin bound iron 
from mice 2 h following challenge with either yRBC or sRBC, with unchallenged mice serving as 
baseline control. Growth curve of entB ybtS isogenic KP mutant and wild-type parent strain (WT) 
in (B) tryptic soy broth and (C) plasma obtained from mice challenged with sRBC. (D-G) EntB 
ybtS isogenic KP mutant and WT KP were instilled intratracheally into C57BL/6 mice (104 CFU 
inoculum each). Bacterial burden was obtained from homogenates of (D) lung, (E) spleen, (F) liver 
and (G) blood as CFU/mL at 24 h post-infection. Each point indicates individual mice, n=6 mice 
per group, line indicates median, **p<0.01 by Mann-Whitney U two-tailed test. (H-L) EntB ybtS 
isogenic KP mutant bacteria were instilled into C57BL/6 mice (103 CFU inoculum), followed by 
challenge with either PBS, yRBC or sRBC. (H) BAL total protein, and bacterial burden was 
obtained from (I) lung, (J) spleen, (K) liver tissue homogenates and (L) blood as CFU/mL at 24 h. 



Each point indicates individual mice, n=5-7 mice per group, line indicates median. *p <0.05, 
**p<0.01 by Kruskal-Wallis test with Dunn’s multiple comparisons. 

  



 

 

Figure 3: RNA-Seq of the liver in mice following sRBC delivery reveals a unique 
transcriptomic profile notable for suppression of Stat1 and interferon-related responses 
during K. pneumoniae infection. KP was instilled intratracheally into C57BL/6 mice followed 
by challenge with either yRBC or sRBC. Mice were euthanized at 24 h. (A) Volcano plot of innate 
immune genes. Red depicts downregulated genes. Blue depicts upregulated genes. (B-J) qPCR 
validation of RNA-seq data. Floating bar plots indicate median and 25-75% quartiles. n=4 mice 
per group, *p<0.05 by Mann-Whitney U two-tailed test. Fold change relative to yRBC + KP. (K) 
IRF1 immunoblot in livers of KP-infected mice challenged with either yRBC or sRBC. Each lane 
indicates individual mice. (L) Relative density of blot depicted in (K). n=4 mice per group, line 
indicates the median *p<0.05 by Mann-Whitney U two-tailed test. 



 
 
Figure 4: K. pneumoniae enhances erythrophagocytosis leading to upregulation of heme-iron 
transcriptional responses and suppression of STAT1. (A) sRBC internalization in RAW cells 
incubated with vehicle (PBS), sRBC (50 sRBC:1 Mφ), KP (MOI 10:1) or KP+sRBC for 90 min. 
(B) Quantification of sRBC uptake shown in (A). (C) Bone marrow-derived macrophages 
(BMDM) obtained from wild-type (WT) and Tlr4-/- mice were challenged with KP+sRBC (10 



sRBC:1 Mφ) for 2 h. (B-C) n=3 technical replicates per group and data are indicative of 2 
independent experiments. *p<0.05, **p<0.01 by two-tailed t test. (D) Intracellular CFU/mL in 
RAW cells that were challenged with KP or KP+sRBC for 90 min. (E-F) Heme-iron transcriptional 
genes Hmox1, Scl40a1 and (G-K) Stat1 and STAT1 target genes C3, Cfb, Irf1, Nos2 evaluated in  
RAW cells challenged with KP or KP+sRBC for 4 h. (L-N) STAT1 and IRF1 immunoblots in 
RAW cells challenged with vehicle (PBS), sRBC, KP or KP+sRBC for 4 h. Blots are indicative of 
at least 3 independent experiments. (O-Q) CCL5, CXCL10, and TNF-α were measured in cell 
culture supernatant by ELISA 4 h post-infection. (R-W) Stat1, C3, Cfb, Irf1, Nos2, and Rela in 
Stat1+/+ and Stat1-/- BMDM challenged with KP or KP+sRBC for 4 h. (E-K and R-W) Gene 
expression was evaluated by qPCR analysis. Fold change is relative to vehicle (PBS)-treated 
macrophages. Floating bar plots indicate median and 25-75% quartiles, n=3 technical replicates 
per group. *p<0.05, ***p<0.001, ****p<0.0001 by two-tailed t test. (X, Y) CXCL10 and TNF-α 
were measured in cell culture supernatant by ELISA 4 h post-infection. (O-Q and X, Y) n=3 
technical replicates per group. ****p<0.0001 by one-way ANOVA with Tukey’s multiple 
comparisons test. 



 

Figure 5: Heme is the constituent of RBC that mediates STAT1 suppression during K. 
pneumoniae infection. IRF1 immunoblots in (A) RAW cells challenged with vehicle (PBS), 
sRBC (30 sRBC:1 Mφ), sRBC lysates obtained from equivalent numbers of sRBC, ghosts obtained 
from equivalent numbers of sRBC, KP (MOI 10:1), KP+sRBC, KP+sRBC lysate or KP+sRBC 



ghost for 4 h, and (B) RAW cells challenged with vehicle, purified hemoglobin from equivalent 
number of lysed RBC (Hb), KP, KP+sRBC or KP+Hb for 4 h. Blot is indicative of 2 independent 
experiments. (C) HO-1, IRF1, p-STAT1 (ser727), and STAT1 in RAW cells challenged with 
hemin (100 μM) or KP at 0.5, 1, 2 or 4 h. (D) HO-1, IRF1, p-STAT1 (ser727), p-STAT1 (tyr 701), 
and STAT1 in RAW cells challenged with KP and increasing concentrations of hemin for 4 h. (E) 
CXCL10 and (F) TNF-α were measured in cell culture supernatant by ELISA 4 h post-infection. 
(G) HO-1, p-STAT1 (ser727), and STAT1 in BMDM challenged with vehicle (PBS), KP, 
KP+sRBC (50 sRBC:1 Mϕ) or KP+sRBC+hemopexin (HPX, 200 μg/mL) for 4 h. (H) CXCL10 
was measured in cell culture supernatant by ELISA 4 h post-infection. (E, F, H) n=3 technical 
replicates per group. ***p<0.001, ****p<0.0001 by one-way ANOVA with Tukey’s multiple 
comparisons test. 



 



Figure 6: STAT1 suppression requires NRF1 and NRF2 activation but is independent of HO-
1 induction. (A) Schematic depicting Heme-BACH1-NRF1/2 interaction. Intracellular heme 
accumulation following erythrophagocytosis induces degradation of BACH1, stabilization of 
NRF1 and NRF2, with nuclear translocation of NRF2 resulting in Hmox1 transcription. (B) Hmox1 
and (C) Stat1 gene expression in RAW cells transfected with control or Hmox1 siRNA and 
subsequently challenged with KP or KP+sRBC for 4 h. (B,C) Fold change relative to uninfected 
control siRNA-transfected RAW cells. Data is average of 3 independent experiments. (D) NRF2 
target gene (Nqo1) expression and in RAW cells challenged with KP or KP+sRBC for 4 h. (E-G) 
Hmox1, Slc40a1, and Stat1 expression in BMDM obtained from WT and Nrf2-/- mice challenged 
with KP or KP+ RBC for 4 h. Fold change relative to vehicle (PBS)-treated BMDM. (H) NRF1 
target gene (Mt1) expression RAW cells challenged with KP or KP+sRBC for 4 h. (D,H) **p<0.01, 
****p<0.0001 by two-tailed t-test. (I) Nrf1 and (J) Stat1 expression in BMDM transfected with 
control siRNA or Nrf1 siRNA and subsequently challenged with KP or KP+Hemin (50 μM) for 4 
h. (D-K) n=3 technical replicates per group, and representative of at least 2 independent 
experiments. (K) Stat1 expression in BMDM obtained from WT and Nrf2-/- mice, transfected with 
control siRNA or Nrf1 siRNA, and subsequently challenged with KP for 4 h. (I-K) Fold change 
relative to uninfected control siRNA-transfected BMDM. (B-C, E-G, I-K) *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. 
 



 
Figure 7: The porphyrin moiety of heme is necessary and sufficient for NRF1/NRF2 
activation and STAT1 suppression. (A) STAT1 immunoblot in BMDM challenged with KP 
(MOI 10:1), KP+Hemin (25 μM), KP+Hemin+DFX (300 μM), KP+Hemin+DFO (300 μM) for 4 
h. All groups contained vehicle (DMSO, ~1%). Blot is representative of 2 independent 
experiments. (B) CXCL10 was measured in cell culture supernatant by ELISA 4 h post-infection. 
(C) Chemical structures of hemin (iron protoporphyrin IX, FePPIX), cobalt protoporphyrin IX 
(CoPPIX), and protoporphyrin IX (PPIX). (D) Mt1 and (E) Nqo1 expression, (F) Hmox1 and (G) 
Stat1 gene expression, (H) CXCL10 secretion in BMDM challenged with KP, KP+FePPIX (50 
μM), KP+CoPPIX (50 μM), KP+PPIX (50 μM) for 4 h. (D–G) Fold change relative to vehicle 



(PBS)-treated BMDM. (B, F-H) n=3 technical replicates per group, **p<0.01, ***p<0.001, 
****p<0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. (I) BACH1, HO-1, 
p-STAT1, and total STAT1 immunoblot in BMDM challenged with KP and increasing 
concentrations of PPIX. (J) IRF1 immunoblot in human monocyte-derived macrophages (HMDM) 
challenged with vehicle (PBS), KP, KP+FePPIX (25 μM) or KP+PPIX (25 μM) for 4 h. (K) 
CXCL10 and (L) TNFα secretion from HMDM in (J). n=3 donors, ****p<0.0001 by two-way 
ANOVA with Tukey’s multiple comparisons test. KP was instilled intratracheally into C57BL/6 
mice and followed by intraperitoneal challenge with vehicle (2.5% DMSO) or CoPPIX (5 mg/kg, 
25 mg/kg) 1 h post-KP instillation. Bacterial burden was obtained from (M) lung, (N) spleen, (O) 
liver tissue homogenates, and (P) blood of mice 24 h following KP infection and reported as 
CFU/mL. Each point indicates individual mice, n=10–11 mice per group combined from 2 
independent studies. Line indicates median. *p<0.05, **p<0.01 by Kruskal-Wallis test with 
Dunn’s multiple comparisons. 
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