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Abstract

Red blood cells (RBCs) are essential for aerobic respiration through delivery of oxygen to distant 

tissues. However, RBCs are currently considered immunologically inert, and few, if any, secondary 

functions of RBCs have been identified. Here we showed that RBCs serve as critical immune 

sensors through surface expression of the nucleic acid-sensing toll-like receptor 9 (TLR9). 
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Mammalian RBCs expressed TLR9 on their surface and bound CpG-containing DNA derived 

from bacteria, plasmodia, and mitochondria. RBC-bound mitochondrial DNA was increased 

during human and murine sepsis and pneumonia. In vivo, CpG-carrying RBCs drove accelerated 

erythrophagocytosis and innate immune activation characterized by increased interferon signaling. 

Erythroid-specific deletion of TLR9 abrogated erythrophagocytosis and decreased local and 

systemic cytokine production during CpG-induced inflammation and polymicrobial sepsis. Thus, 

detection and capture of nucleic acid by TLR9 expressing-RBCs regulated red cell clearance 

and inflammatory cytokine production, demonstrating that RBCs function as immune sentinels 

during pathologic states. Consistent with these findings, RBC-bound mitochondrial DNA was 

elevated in individuals with viral pneumonia and sepsis secondary to coronavirus disease 2019 

(COVID-19) and associated with anemia and severity of disease. These findings uncover a 

previously unappreciated role of RBCs as critical players in inflammation distinct from their 

function in gas transport.

One Sentence Summary:

Red blood cells detect and bind cell-free nucleic acids, contributing to anemia and immune cell 

activation during acute inflammation.

INTRODUCTION

Red blood cells (RBCs) comprise the majority of circulating cells in mammals and are 

essential for respiration. Although non-gas exchanging functions of the red cell such 

as chemokine regulation, complement binding, and pathogen immobilization have been 

described, RBC immune function remains enigmatic (1–3). RBCs transit through all tissues 

and contact pathogen and self-derived inflammatory mediators in the circulation, positioning 

them as ideal messengers between distant organs. Indeed, we have recently demonstrated 

that RBCs bind and scavenge nucleic acids away from the lung during basal conditions 

at homeostasis (4), yet the role of RBC-nucleic acid-binding in the host immune response 

during inflammation is unknown.

Evolutionarily conserved nucleic acid-sensing toll-like receptors (TLRs) identify nucleic 

acids derived from self and pathogens and play a central role in inflammation by promoting 

inflammatory cytokine secretion, immune cell maturation, and proliferation (5–10). Elevated 

cell-free CpG-containing DNA is a hallmark of infection and sterile injury (7, 8, 11). 

Common to these inflammatory pathologies is acute anemia, a substantial cause of 

morbidity observed during sepsis and critical illness. Several studies have suggested a 

role for intracellular nucleic acids and TLR signaling in monocytes and macrophages in 

developing inflammatory anemia and cytopenia, yet whether RBCs themselves or cell-free 

DNA contribute to RBC clearance is unknown (12–14).

We recently discovered that RBCs express intracellular TLR9 and scavenge cell-free 

(CpG-containing) mitochondrial DNA (cf-mtDNA) under homeostatic conditions (4). These 

data suggested that TLR9-mediated sequestration of cf-mtDNA by RBCs represents a 

protective mechanism that clears toxic cell-free nucleic acids from the circulation in healthy 

hosts (4). However, how RBC-dependent CpG-binding contributes to the inflammatory 
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response during infection remains unknown. Here we show that TLR9 is expressed on 

the RBC surface and that DNA binding by RBC TLR9 during inflammatory states leads 

to accelerated RBC clearance and systemic inflammation, thus linking RBC nucleic acid 

binding to innate immune activation and anemia during inflammatory states.

RESULTS

TLR9 is increased on the surface of RBCs during sepsis, and RBCs bind pathogen DNA.

Although TLR9 is an endosomal nucleic acid-sensing receptor, recent studies have identified 

the presence of TLR9 on the surface of intestinal epithelial cells, splenic dendritic cells, 

activated platelets, and a minor fraction of peripheral blood mononuclear cells (PBMCs) 

(15–18). We have previously detected intracellular TLR9 in RBCs but could not detect 

surface expression of TLR9 using permeabilization-dependent antibodies (4). However, 

when we used antibodies to a larger epitope in the TLR9 ectodomain, TLR9 was readily 

detected on intact non-permeabilized human and murine RBCs (Fig. 1A). We verified 

RBC TLR9 expression using confocal microscopy (Fig. 1B). We also asked whether RBCs 

from non-human primates express surface TLR9. Chimpanzee RBCs, like their human 

counterparts, express surface TLR9 (fig. S1). Thus, TLR9 expression is conserved in 

mammalian RBCs with the DNA-binding ectodomain on the RBC surface.

Immunostimulatory unmethylated CpG motifs are a feature of microbial DNA; we therefore 

asked whether RBCs could detect pathogen DNA. The ability of RBCs from healthy 

human donors to bind bacterial DNA or malarial mtDNA was tested by incubating RBCs 

with genomic DNA from Legionella pneumophila or media from Plasmodium falciparum 
erythrocyte culture. Following incubation with bacterial DNA or P. falciparum DNA, RBCs 

were isolated, and polymerase chain reaction (PCR) for the 16s ribosomal RNA gene 

(bacterial DNA) or coxIII (malarial mtDNA) was performed. We found a dose-dependent 

increase in amplifiable microbial DNA on RBCs following incubation with bacterial or 

malarial DNA (Fig. 1C and D). We confirmed human RBCs’ ability to bind malarial DNA 

by examining the binding of synthetic CpG based on sequences found in the P. falciparum 
genome to RBCs (Fig. 1E) (19). Collectively, these data demonstrate that human RBCs can 

bind pathogen DNA.

The TLR9 ligand, CpG-containing mitochondrial DNA, is elevated in the circulation during 

sepsis, a deadly syndrome defined by the dysregulated host response to infection (11, 20, 

21). We therefore examined TLR9 expression on RBCs from critically ill patients with 

sepsis. RBCs were prospectively collected from patients enrolled in a cohort designed to 

study sepsis (Molecular Epidemiology of SepSis in the Intensive Care Unit (ICU), MESSI 

cohort) at the University of Pennsylvania. Flow cytometry for TLR9 was performed on 

intact non-permeabilized RBCs obtained on ICU presentation. We found that surface TLR9 

was increased on RBCs from patients with sepsis compared with RBCs from healthy donors 

(Fig. 1F). We next performed quantitative PCR (qPCR) to determine the mtDNA content 

of RBCs obtained from healthy volunteers and critically ill patients with sepsis (4, 11). 

Consistent with our in vitro findings of CpG-DNA acquisition by RBCs, mtDNA is elevated 

on RBCs during human sepsis (Fig. 1G). Thus, both RBC-expressed TLR9 and its ligand, 

mtDNA, are elevated during human sepsis.
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We next asked whether RBCs bind CpG-containing host mitochondrial DNA during 

infection. We measured mitochondrial DNA (coxI) in the plasma and on RBCs in a murine 

model of sepsis and murine models of bacterial pneumonia and systemic parasite infection 

(L. pneumophila and Toxoplasma gondii). mtDNA was elevated on RBCs when compared 

with plasma in all animal models of infection (Fig. 1H and I). These data demonstrate that 

CpG-containing mtDNA is sequestered on RBCs during pneumonia, parasitic infection, and 

polymicrobial infection (4).

DNA binding results in altered RBC structure and function

During sterile inflammation and infection, cell-free CpG-containing mtDNA is elevated in 

the plasma (9, 11, 22). Because altered RBC morphology is a common feature of sepsis, 

critical illness, and the recently reported multi-system inflammatory syndrome in children 

(MIS-C), we examined the effect of excess cell-free CpG on RBC morphology and function 

(23–28). Extensive alterations of RBC morphology following high dose CpG treatment 

(100 nM) were visualized by electron microscopy (Fig. 2A and B). RBC shape changes 

were associated with marked differences in the distribution of the cytoskeletal proteins 

spectrin and actin following CpG binding (Fig. 2C). We next examined the distribution 

of the RBC membrane protein Band 3 following CpG DNA treatment. As a control, we 

used GpC DNA, which binds TLR9 without causing TLR9 activation or conformational 

changes (29). Treatment with CpG DNA, but not GpC DNA, led to alterations in Band 3 

distribution (Fig. 2D and E). Taken together, these data indicate that CpG DNA binding 

alters RBC morphology in a TLR9-dependent manner. We next examined the morphology of 

RBCs following CpG incubation using imaging flow cytometry. This analysis identified 

a population of RBCs with aberrant morphology following incubation with CpG. The 

automated feature finder was utilized to discriminate RBC subpopulations based on 

morphology, and mean pixel and intensity features were identified to best differentiate 

smooth from altered cells (Fig. 2F); the altered cells were all TLR9 positive (Fig. 2G). In the 

presence of low concentrations of extracellular CpG DNA, RBCs remained morphologically 

unaltered. However, the addition of increasing amounts of CpG resulted in malformed 

RBCs (Fig. 2H and I). Because we observed increased surface TLR9 accessibility in 

patients with sepsis, we examined RBC surface TLR9 expression following treatment with 

diverse stimuli. Lipopolysaccharide (LPS), tumor necrosis factor (TNF-α), and phorbol 

12-myristate 13-acetate (PMA) did not alter surface TLR9 detection, whereas the lipid 

disrupting agent (hydrogen peroxide) increased surface TLR9 abundance (fig. S2).

We next examined the effect of excess cell-free CpG on RBC function by measuring osmotic 

fragility of human RBCs and viability. The addition of CpG resulted in reduced osmotic 

fragility (Fig. 2J and K). Collectively, these data suggest that surface accessibility of the 

TLR9 ectodomain is tunable by CpG exposure and that CpG binding to RBCs alters RBC 

structure and function.

CpG binding by RBCs leads to loss of CD47 detection

RBC survival is determined by multiple factors, including membrane integrity, 

phosphatidylserine (PS) externalization, and CD47 expression. RBC viability was assessed 

by loss of membrane integrity using the dye calcein-AM. CpG did not lead to a loss of RBC 
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membrane integrity (fig. S3A and B). Because PS externalization serves as a phagocytosis 

signal and CD47 expression serves as a self-preservation signal, we examined both PS 

externalization and CD47 expression following CpG treatment of RBCs. Although we did 

not observe an increase in PS positive cells (fig. S3C and D), we observed loss of CD47 

as measured by binding of the antibody CC2C6, which detects the antiphagocytic epitope 

of CD47 (Fig. 3A and B). We observed that cells that were CC2C6 negative following the 

addition of CpG DNA had bound higher amounts of DNA than those that were CC2C6 

positive (fig. S4A and B), suggesting that CpG-acquisition by RBCs led to a loss of CD47 

detection. These findings were confirmed with imaging flow cytometry, which revealed that 

most CD47 Dim cells were altered (fig. S4C to F). We next asked whether loss of CD47 

detection was dependent on RBC-TLR9. CD47 masking by CpG was attenuated in the 

presence of monoclonal TLR9 antibody, (fig. S4G).

Because naïve RBCs bind malarial DNA, we asked if malarial DNA would induce loss of 

the CD47 antiphagocytic epitope in uninfected erythrocytes from healthy human donors. 

CpG sequences, based on sequences found in the P. falciparum genome, led to a loss of 

CD47 detection on RBCs obtained from healthy donors (fig. S5A and B) (19). Incubation 

of naïve human RBCs with P. falciparum culture supernatants also led to robust loss of the 

antiphagocytic epitope (Fig. 3C and D).

CD47 associates with the Band 3 complex, a macro-complex of proteins in the RBC 

membrane (30, 31). We therefore asked whether CD47 was also in complex with TLR9. 

We found that these two proteins co-immunoprecipitated (fig. S5C). We confirmed this 

physical interaction using confocal microscopy, which revealed co-localization of TLR9 and 

CD47 in the RBC membrane (fig. S5D). Because we had observed morphological alterations 

in the RBC membrane following CpG binding, we performed imaging flow cytometry to 

better characterize the distribution of surface TLR9 and CD47 in intact RBCs following 

CpG DNA addition. We incubated RBCs with 100nM CpG and found that CpG DNA led 

to alterations in RBC structure and CD47 and TLR9 redistribution (Fig. 3E). TLR9-positive, 

CpG-negative cells demonstrated punctate surface TLR9 staining and uniform surface CD47 

distribution, whereas TLR9-positive, CpG-positive cells showed alteration of the membrane 

and clustering of TLR9 and CD47. These findings suggest that a conformational change of 

CD47 occurs following CpG-binding by RBCs.

We next asked whether conformational changes of CD47 were associated with the altered 

localization observed after CpG binding. Conformational changes in CD47 can be detected 

by an increase in binding of the anti-CD47 antibody 2D3 (32). This antibody detects an 

epitope on CD47 that has undergone conformational changes and is present on “damaged”, 

experimentally aged, and sickled RBCs (32, 33). Incubation of RBCs with CpG for 2 hours 

led to increased detection of this CD47 epitope using the 2D3 antibody (Fig. 3F and G).

DNA-carrying RBCs undergo accelerated erythrophagocytosis and initiate innate immune 
responses

Because CD47 is a marker of self, and loss of CD47 leads to accelerated 

erythrophagocytosis by red pulp F4/80-positive splenic macrophages (RPM) (34), we asked 

whether CpG binding by RBCs would result in accelerated clearance of RBCs by RPM. 
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Green fluorescent protein (GFP)-expressing RBCs were treated with phosphate-buffered 

saline (PBS) or CpG DNA for 2 hours before being washed and infused into mice. Analysis 

of spleens one hour following infusion revealed that F4/80hi macrophages ingested GFP 

RBCs (fig. S6A). Mice that received CpG-treated RBCs demonstrated a higher percentage 

of erythrophagocytic macrophages than mice that received PBS-treated RBCs (Fig. 4A 

to C). Spleen weights of animals receiving CpG-treated RBCs were also elevated at 20 

hours post-infusion compared with animals that received PBS-treated RBCs, consistent with 

increased erythrophagocytosis and splenic congestion (Fig. 4D). Collectively, these findings 

demonstrate that exposure of RBCs to high concentrations of CpG DNA leads to accelerated 

erythrophagocytosis in vivo.

Given our findings of accelerated clearance of DNA-treated RBCs in mice, we asked 

whether mtDNA would differ between critically ill patients with anemia and sepsis and 

critically ill patients with sepsis who were not anemic. A hemoglobin threshold of 7 g/dL 

was used to define anemia based on the current standard of care and transfusion guidelines 

for critically ill patients with sepsis (35, 36). We observed that critically ill septic patients 

with anemia had higher RBC-associated mtDNA than non-anemic patients with sepsis, 

supporting the in vivo findings of accelerated erythrophagocytosis of DNA carrying RBCs 

(Table 1).

We next examined whether CpG-carrying RBCs would alter innate immune responses. To 

isolate the role of RBCs in initiating systemic inflammation, we utilized a reductionist 

model of CpG-carrying RBC infusion. Splenic histology 6 hours following CpG-RBC 

(but not PBS-treated RBCs) infusion also revealed increased neutrophil infiltration and 

enhanced red pulp congestion (Fig. 4E and F). To further characterize the immune response 

following CpG-RBCs, we performed RNA-seq on spleens from mice treated with RBCs or 

CpG-treated RBCs (Table 2 and Data File S1 and S2). CpG-RBCs elicited a transcriptomic 

response characterized by increased expression of interferon signaling pathway genes 

compared with PBS-treated RBCs (Fig. 4G and H). Given the central role of interferon 

(IFN)-γ in mediating hemophagocytic lymphohistiocytosis, a condition characterized by 

accelerated erythrophagocytosis, which is also often observed in sepsis and infection, we 

examined IFN-γ in the plasma after the administration of CpG-carrying RBCs (12, 14). 

Plasma IFN-γ and interleukin (IL)-6 were increased at 6 hours post-infusion of CpG-treated, 

but not PBS-treated, RBCs (Fig. 4I and J). Collectively, these data demonstrate that CpG-

carrying RBCs undergo accelerated erythrophagocytosis and initiate local and systemic 

immune responses.

Erythrophagocytosis of CpG-RBCs and CpG-induced inflammation are dependent on RBC-
TLR9

The antibody mIAP301 blocks the antiphagocytic CD47 epitope on murine erythrocytes 

(37). We thus asked whether CpG-treatment would lead to a loss of CD47 detection 

using this antibody. CpG-treatment of erythrocytes from wild type (WT), but not TLR9 

knockout (KO) mice, resulted in a TLR9-dependent loss of CD47 detection (Fig. 5A and B). 

Interestingly, TLR9 KO mice also exhibited a higher number of CD47 negative RBCs in the 

circulation. Recent studies have demonstrated a role for monocyte and macrophage TLR9 
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signaling in erythrophagocytosis; these findings may reflect decreased clearance of CD47 

negative RBCs in TLR9 KO mice; alternatively, these findings may reflect fundamental 

differences in TLR9 KO and WT erythrocytes (12–14).

To determine if accelerated erythrophagocytosis was dependent on RBC-expressed TLR9, 

we examined erythrophagocytosis of untreated WT and TLR9 KO RBCs in naïve mice. 

WT and TLR9 KO RBCs were labeled with Paul Karl Horan (PKH) dye and mixed 

before transfusion to naïve WT mice (fig. S6B). Splenic phagocytes ingested more WT 

RBCs than TLR9 KO RBCs (Fig. 5C and D). This observation was consistent with 

our previous observations of higher amounts of endogenous mtDNA on WT RBCs than 

TLR9 KO RBCs(4). We next asked whether TLR9 KO RBCs underwent accelerated 

erythrophagocytosis following CpG treatment. TLR9 KO and WT RBCs were labeled 

with PKH dye and combined before incubation with CpG. The CpG-treated RBCs were 

administered to WT or global TLR9 KO mice. We observed that F4/80hi macrophages 

ingested higher amounts of WT than KO RBCs (Fig. 5D). This effect appears to be driven 

by the RBCs as macrophages from TLR9 KO mice ingested similar numbers of RBCs as 

WT macrophages.

To understand the role of erythrocyte TLR9 in the innate immune response in vivo, we 

generated erythrocyte TLR9 KO mice (Fig. 6A and B, Table 3). Erythroid cells from 

erythrocytetlr9−/− mice (Erytlr9−/−) did not express TLR9. To better define the role of 

cell-free nucleic acid-sensing and RBC-TLR9 in innate immunity, we subjected WT and 

Erytlr9−/− mice to a reductionist model of CpG-induced inflammation. CpG administration 

led to decreased circulating white blood cells and increased spleen weight in both WT 

and Erytlr9−/− mice (fig. S7A and B). IL-6 production in the spleen, liver, and plasma was 

attenuated in Erytlr9−/− mice (Fig. 6C to E). Erytlr9−/− mice also displayed attenuated liver 

endothelial activation and TLR9 upregulation but not IL-10, IFN-γ or IL12p70 production 

(fig. S7 C and D). Collectively, these findings suggest that RBC-TLR9 mediated CpG 

delivery regulates local and systemic IL-6 production.

To determine whether RBC-nucleic acid-binding contributes to innate immune responses 

during sepsis, we subjected WT and Erytlr9−/− mice to a cecal slurry model of sepsis. 

Cecal slurry injection led to increased RBC-mtDNA sequestration in WT mice but not 

Erytlr9−/− mice (Fig. 6F and G). Because our data demonstrate accelerated clearance 

of DNA-bound RBCs and increased erythrophagocytosis in the spleen, we examined 

inflammatory responses in the spleen. Spleen IL-6 and TNF-α production was attenuated in 

the absence of RBC TLR9 during cecal-slurry-induced sepsis (Fig. 6H and I). Furthermore, 

plasma IL-6 correlated with RBC-bound mtDNA in WT but not Erytlr9−/− mice (Fig. 

6J). These findings suggest that RBCs acquired CpG-DNA during sepsis, and RBC-TLR9 

dependent DNA delivery drives local innate immune responses during sepsis.

Because plasma mtDNA is elevated in patients with COVID-19 and altered RBC rheology 

is reported in patients with COVID-19, we asked whether RBC-bound mtDNA was elevated 

in hospitalized patients with COVID-19 pneumonia. Table 4 shows baseline characteristics 

of the cohort (22, 38). We observed that RBC-bound mtDNA was elevated in patients 

with COVID-19 compared with healthy controls (Fig. 7A) and increased with disease 
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severity (Fig. 7B). Given our findings of accelerated clearance of DNA-carrying RBCs and 

RBC-DNA mediated innate immune activation, we asked whether RBC-bound mtDNA was 

associated with hemoglobin concentration in patients with COVID-19. We found that day 

7 RBC-bound mtDNA correlated with hemoglobin measured on day 7, and this association 

was driven by severe disease (Fig. 7C to E). When stratified by median hemoglobin, anemic 

patients with COVID-19 had higher RBC-associated mtDNA than non-anemic patients (Fig. 

7 F to H), consistent with our in vivo findings of accelerated erythrophagocytosis of DNA 

carrying RBCs. Because we observed increased local and systemic IL-6 in mice correlated 

with RBC-bound mtDNA, we asked whether RBC-bound mtDNA correlated with disease 

severity as defined by the Apache III scoring system. We observed a correlation between 

RBC-bound mtDNA and disease severity (Fig. 7I and J). Consistent with our findings 

of accelerated RBC erythrophagocytosis and inflammation in mouse models, RBC-bound 

mtDNA in patients with COVID-19 correlated with anemia and severity of illness.

DISCUSSION

In this study, we identify a new role of RBCs in the immune response to infection. We 

show that mammalian RBCs express surface TLR9 that can bind CpG-containing cell-free 

DNA. RBC-bound mtDNA is elevated in human sepsis and COVID-19 and associated with 

anemia. Under basal conditions with low circulating cell-free DNA concentrations, RBCs 

bind CpG DNA and act as a “sink” without undergoing overt morphological changes (4). 

However, when plasma CpG DNA is high, such as during sepsis, pneumonia, or malarial 

infection, TLR9-dependent CpG DNA binding leads to fundamental alterations of RBC 

morphology, functional loss of CD47 on a subset of RBCs, accelerated erythrophagocytosis, 

and innate immune activation driven by RBC-DNA delivery with clearance.

Our data show that DNA binding to RBCs results in accelerated erythrophagocytosis. 

Surprisingly, CpG-binding to RBCs was sufficient to cause accelerated clearance in naïve 

mice and was dependent on RBC, not phagocyte, TLR9. This may have implications for 

anemia pathogenesis in multiple infectious and non-infectious inflammatory diseases since 

excess CpG-DNA in the plasma may result in the removal and destruction of RBCs. 

Indeed, a recent study of Plasmodium berghei-infected mice showed that disruption of 

CD47-Sirpα binding led to accelerated erythrophagocytosis, thus implicating this interaction 

in the host response to malaria (39, 40). Malarial anemia and non-malarial infectious anemia 

may also arise by developing inflammatory hemophagocytes or the generation of other 

erythrophagocytic macrophage subsets. CpG-TLR9 interactions have been shown in mice 

to promote inflammatory anemia during P. yoelli blood-stage infection, and nucleic acid-

sensing TLRs promote anemia in a hemophagocytic lymphohistiocytosis model; however, to 

our knowledge, this is the first report of RBCs driving accelerated erythrophagocytosis (13, 

14).

Anemia is common in sepsis, and accelerated clearance of erythrocytes is a defining feature 

of anemia during sepsis that is poorly understood. Our findings provide one mechanism 

by which RBCs undergo accelerated clearance in sepsis as we observed RBC-TLR9 

dependent accelerated clearance of CpG-carrying RBCs in vivo and an association between 

RBC-bound mtDNA and hemoglobin in non-COVID-19 sepsis and COVID-19 viral sepsis. 
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Accordingly, targeting RBC-TLR9 with blocking antibodies or antagonistic small molecule 

inhibitors may be a viable option to combat inflammatory anemia. This could potentially 

eliminate the enhanced CpG-TLR9 mediated RBC phagocytosis without interfering with 

CpG-TLR9 signaling in classical immune cells essential for host defense.

In addition to ingestion by macrophages, CpG-carrying RBCs may also be taken up by 

dendritic cells or other antigen-presenting cells, which may alter antigen presentation and 

acquired immune responses. Previous studies demonstrated that even a small fraction (0.5%) 

of CD47-negative RBCs could activate splenic dendritic cells and CD4+ T cells (41–43). 

Our findings of increased interferon production in mice receiving CpG-RBCs suggest that 

RBCs can present CpG to immune cells. Indeed, we detected CpG-containing mtDNA on 

RBCs during parasitic infection, pneumonia, and polymicrobial sepsis in mice and during 

sepsis and SARS-CoV2 infection in patients. In vivo, CpG-carrying RBCs induced an 

innate immune response in naïve mice as the administration of CpG-carrying RBCs led to 

transcriptomic changes in the spleen characterized by upregulation of host response to virus, 

innate immune response, and interferon signaling pathways.

In the absence of RBC-TLR9, CpG-induced IL-6 was attenuated in local and systemic 

compartments in a model of CpG-induced inflammation. RBC-TLR9 regulated spleen IL-6 

and TNF production, and plasma IL-6 correlated with RBC-bound mtDNA in a murine 

model of polymicrobial sepsis. Thus, how RBC-TLR9 contributes to immune dysregulation 

may be context-dependent, depending on the inciting stimuli. RBC-TLR9 may serve as a 

delivery mechanism of CpG to driving local and systemic IL-6 production.

TLR9 is expressed on nucleated erythrocytes in other vertebrates, including fish (44). 

Birds express the avian homolog of TLR9, TLR21, on their erythrocytes (44). Here, we 

demonstrate the presence of TLR9 and DNA binding by human, chimpanzee, and murine 

RBCs and show a role for RBCs in sensing CpG DNA, a potent activator of the innate 

immune system. Humans produce over 2 million RBCs each second and are at risk for 

exposure to large amounts of DNA during mitophagy and nuclear expulsion. Thus, it 

is tempting to speculate that TLR9 is retained on erythrocytes to protect RBCs during 

erythroid maturation by scavenging mitochondrial DNA that escapes mitophagy. Indeed, 

recent studies have shown that loss of mitophagy leads to RBC destruction and anemia, 

and other studies have demonstrated that mtDNA that escapes mitophagy leads to cell-

autonomous TLR9-mediated inflammation (45, 46). Alternatively, given the inflammatory 

response observed following administration of CpG-treated RBCs to naïve mice, it is 

plausible to speculate that retention of TLR9 on RBCs promoted host survival by allowing 

for propagation of local signals remotely and early innate detection of cell-free DNA 

released during infection or following trauma. Although further studies will be required 

to elucidate the potential role of TLR9 in erythroid development, our findings of RBC-

mediated nucleic acid sensing confirm a role for TLR9 on mature erythrocytes in regulating 

the immune response during acute inflammation.

Consistent with our discovery of RBC-immune function, nearly two decades of research has 

solidified the role of another enucleated cell, platelets, in innate and adaptive immunity (18, 

47, 48). Future studies examining the cooperation of platelets, RBCs, and coagulation in the 
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innate immune response will be needed to truly understand innate immunity in the vascular 

compartment. Our findings of elevated RBC-bound mtDNA in patients with COVID-19 that 

correlate with disease severity and anemia are not surprising in light of studies reporting 

altered RBC rheology, disruption of vascular homeostasis, and elevated plasma mtDNA in 

COVID-19 (22, 28, 38). However, these observations underscore the need for further studies 

into RBC-immune function, which will be essential for a comprehensive understanding of 

the innate immune response to pathogen and sterile insults. If CpG-delivery by RBCs drives 

IL-6 production in various inflammatory diseases, targeting RBC-TLR9 may be an effective 

way to treat cytokine storm without concomitant immune suppression known to occur with 

monoclonal anti-cytokine antibody therapies. Alternatively, RBC-mediated CpG delivery 

can be exploited in the development of vaccines and immunotherapy.

Our studies have several limitations. Further in vivo studies will be required to obtain a 

comprehensive understanding of how RBC-TLR9 modulates innate inflammatory responses 

following erythrophagocytosis. Although we observe masking of CD47 and morphologic 

changes following CpG-binding, additional mechanisms may contribute to accelerated 

erythrophagocytosis of RBCs during sepsis. Analysis of the erythrophagocytic cells in 

the spleen, liver, and bone marrow on a single-cell level will be necessary to determine 

the exact mechanisms of innate immune regulation by CpG-carrying RBCs. Additionally, 

although we do not observe cell-intrinsic cytoplasmic signaling within the RBC upon CpG 

binding, CpG-induced functional and morphologic changes occurring through TLR9 may 

be a result of indirect signaling events occurring at the RBC membrane. Further in-depth 

structural analysis of RBC-TLR9 will be important in the development of specific inhibitors 

or therapies targeting RBC-TLR9. Although the detrimental effects of severe acute anemia 

(Hgb < 7) and of blood transfusion are well established in the context of sepsis and critical 

illness, the implications of more modest anemia and accelerated RBC clearance are not well 

elucidated. Our animal models demonstrate that RBC clearance drives local and systemic 

cytokine production and our observations in humans support this paradigm, yet we are not 

designed to establish causation in the human cohort. Lastly, because our blood collection 

ended during the acute hospitalization, our cohort studies did not allow us to determine 

if RBC-bound mtDNA associates with anemia post-COVID recovery in the long term. 

Given the recent studies demonstrating anemia as a major feature of recovered patients 

with COVID-19, longitudinal studies will be necessary for a complete understanding of the 

effects of RBC-DNA binding and clearance on sustained anemia and immune recovery (49, 

50).

Our data demonstrate that RBCs serve as DNA sensors through surface expression of 

TLR9, which appears to be beneficial during quiescent states, where it promotes scavenging 

of trace CpG to prevent non-specific inflammation (4). However, during conditions 

characterized by excess circulating CpG, such as sepsis and COVID-19, binding of CpG 

by RBC-TLR9 leads to accelerated clearance and inflammation. This innate immune 

mechanism may be beneficial in the clearance of damaged RBCs and likely contributes 

to systemic inflammation and the development of anemia during pathologic states where 

cell-free DNA is elevated. Thus, DNA recognition by TLR9 on RBCs provides bona fide 

evidence for RBCs as immune sentinels.

Lam et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2022 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MATERIALS AND METHODS

Study Design

We designed a series of studies to examine the mechanisms of RBC-DNA binding and 

test the hypothesis that RBCs function as DNA sensors and couriers capable of altering 

the host response during inflammatory states. We first designed an observational study of 

human and chimpanzee RBCs to establish the presence of TLR9 and CpG-DNA on RBCs. 

We next designed an observational cohort study of mice subjected to different models 

of infectious challenge (cecal slurry sepsis, pneumonia or parasite infection) to confirm 

the acquisition of CpG-DNA during infection. We then proceeded with prospective cohort 

studies in mice to determine if TLR9 on RBCs altered erythrophagocytosis and systemic 

and local inflammatory responses following CpG challenge or cecal slurry induced sepsis. 

Mice were randomized to respective treatment groups. Spleen pathology quantification, 

RNA-Seq analysis and cytokine assays were performed by blinded investigators. Analysis 

of experimental data in mice was not blinded. Observational cohort studies of critically ill 

sepsis patients and hospitalized COVID-19 patients were then designed to determine the 

association between RBC-bound mtDNA and anemia and disease severity.

Animal studies were conducted in accordance with the Institutional Animal Care and 

Use Committee at the University of Pennsylvania. Studies involving human subjects were 

approved by the University of Pennsylvania Institutional Review Board. Healthy volunteers, 

patients, or their surrogates gave written informed consent prior to inclusion.

Sepsis Cohort

RBCs from the day of ICU admission and 7 days later were obtained from human subjects 

enrolled in the Molecular Epidemiology of SepsiS in the ICU (MESSI) cohort study at the 

University of Pennsylvania, IRB # 808542(51, 52). Patients were eligible if they presented 

to the medical ICU with strongly suspected or confirmed infection and new or worsening 

organ dysfunction in accordance with historic Sepsis-2 “severe sepsis” criteria (53), since 

enrollment preceded publication of Sepsis-3(54). Exclusion criteria included primary reason 

for ICU admission unrelated to infection, admission from a long-term acute-care hospital 

which might select for sepsis survivors, or desire for exclusively palliative measures on 

ICU admission. Human subjects or their proxies provided informed consent. The cohort 

of patients with COVID-19 were MESSI subjects enrolled between March 23, 2020 and 

November 2, 2020 who tested positive for severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) by PCR(55). Patients with SARS-CoV-2 were admitted to the hospital 

ward or the ICU. COVID-19 severity was classified by the WHO ordinal scale at enrollment 

and every 7 days until day 28, and subjects were considered to have moderate disease if 

hospitalized and requiring low flow oxygen or no oxygen, and severe disease if requiring 

high flow oxygen (greater than 40 liters per minute), non-invasive ventilation, or invasive 

ventilation with or without additional organ support (56, 57). Hemoglobin parameters were 

collected from the electronic medical record complete blood count on day 0 and day 7, 

selecting the lowest value from the day if more than one measurement was available per day.
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Experimental animals

C57BL/6 mice were purchased from the Charles River Laboratories Inc. TLR9 knockout 

mice were produced by S. Akira and provided by Dr. Edward Behrens (Children’s Hospital 

of Philadelphia). Mice lacking TLR9 in erythroid compartment are generated by crossing 

ErGFPcre mice (a generous gift from Dr. Ursula Klingmüller, German Cancer Research 

Center) and TLR9 KO Conditional (TLR9 flx obtained from the European Mutant Mouse 

Archive)(58). Genotype was confirmed through PCR amplification with the primers listed in 

table S1. All experimental procedures were performed on 8 to 12-week-old mice.

Statistics

Differences between groups were compared using a t-test, Mann-Whitney U test, or one-way 

analysis of variance (ANOVA), as appropriate based on tests for normality (Shapiro-Wilk). 

All statistical analyses were performed using Sigma Plot 13 software (Systat Software Inc) 

and GraphPad Prism version 9 for Windows. A P value<0.05 was considered significant for 

all analyses. Individual level data is included in Data File S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TLR9 is expressed on the surface of RBCs and RBCs bind pathogen DNA.
(A) Flow cytometry of TLR9 expression on non-permeabilized RBCs is shown. (B) 

Confocal images show TLR9 (green) and PKH 26 (red) in red blood cells, scale bar, 

5μm. (C) RBCs from human donors were incubated with Legionella DNA and RBC-bound 

bacterial DNA was measured by qPCR for 16S (top panel). Data are representative of 

three independent studies and analyzed with one-way ANOVA with Dunnett’s correction 

for multiple comparisons. Amplicons from one representative study are shown (bottom 

panel). Lane 1:M=marker. (D) RBCs (106, 107, 108) were incubated with PBS or P. 
falciparum-positive culture medium (CM), and RBC-bound parasite DNA was quantified 

by P. falciparum mtDNA amplification (COX III). Optical density (OD) quantification of 

P. falciparum DNA bound to RBCs is shown (top panel). Data were analyzed by one-way 
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ANOVA, with Sidak’s multiple comparisons test for PBS versus CM treated RBCs. RBCs 

from three donors were tested in three independent experiments. Amplicons from one 

representative study (bottom panel) are shown. Lane 1: marker, data are presented as 

mean ± SD (E) CpG-binding to RBCs from healthy donors is shown (n=5), analyzed by 

Kruskal-Wallis test, with Dunn’s correction for multiple comparisons. (F) Surface TLR9 

expression on RBCs was measured in samples from 15 healthy donors and 19 patients with 

sepsis; data were analyzed by a Mann Whitney U-test. (G) mtDNA on RBCs is shown 

for samples isolated from healthy donors (n=12) and patients with sepsis (n=23); data 

were analyzed by a Mann-Whitney U-test. Boxes display medians with interquartile ranges, 

each dot represents a healthy donor or patient for G and F. (H) mtDNA (mtCo1) in the 

plasma and on RBCs was measured 6 hours following injection of mice with cecal slurry 

(CS) or D5W; data were analyzed by an unpaired t-test for RBCs versus plasma mtCo1 
within treatment group and between treatment groups; n=7 to 11 mice per group, three 

independent studies. (I) mtCo1 was measured on RBC and plasma of L. pneumophila- or T. 
gondii-infected mice; significance calculated by an unpaired t-test. For all panels, *P<0.05, 

**P<0.01, ***P<0.005, and ****P<0.001 denote significant findings.
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Figure 2. DNA binding results in altered RBC structure and function.
(A) Scanning electron microscopy of human RBCs following CpG treatment. Scale bar, 

10μm. (B) The quantification of RBC alterations as observed by electron microscopy is 

shown. Alteration is defined by loss of biconcave disk shape and formation of echinocytes. 

Cells from five separate fields were counted and averaged; an unpaired t-test was used 

to calculate significance. (C) Confocal images show RBC cytoskeletal proteins actin and 

spectrin following CpG treatment. Scale bar, 5μm. (D) Confocal images show Band 3 

expression following CpG and control GpC treatment. Naïve RBCs are also shown. Scale 

bar, 10μm. (E) Quantification of RBC alterations by Band 3 staining is shown. RBCs from 

four individual donors were tested. A Kruskal-Wallis test with Dunn’s post-hoc analysis was 

used to calculate significance. (F to I) Imaging flow cytometry analysis on CpG-treated 
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human RBCs is shown. (F) Imaging flow cytometry reveals smooth and altered RBC 

populations as defined by Mean Pixel and Intensity parameters. (G) Smooth and altered 

RBC populations were analyzed for CpG binding and TLR9 expression. (H) The percent 

of altered RBCs with increasing doses of CpG is shown. (I) Images of smooth and altered 

RBCs are shown. (J) Osmotic fragility is shown for of healthy human RBCs pre-treated 

with PBS or 1 μM CpG; data were analyzed by a Mann-Whitney U test. (K) Hemolysis in 

water of RBCs pre-treated with PBS, 100 nM CpG, or 1 μM CpG is shown. RBCs from six 

independent donors were tested and data were analyzed by Kruskal-Wallis test with Dunn’s 

post-hoc analysis. Boxes display medians with interquartile ranges, each dot represents a 

healthy donor. For all panels, *P<0.05, **P<0.01, ***P<0.005, and ****P<0.001 denote 

significant findings.
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Figure 3. CpG binding by RBCs leads loss of CD47 detection.
(A and B) Representative results (A) and quantification from five donors (B) are shown 

for CD47 detection (with antibody clone CC2C6) on human RBCs following incubation 

with 10μg/mL CpG. Data were analyzed by a paired t-test. SSC-A, side scatter area. (C 
and D) Representative results (C) and quantification from four donors (D) are shown for 

CD47 detection in human RBCs treated with conditioned medium (CM) derived from 

P. falciparum-infected RBC culture. Data were analyzed by a paired t-test. (E) Imaging 

flow cytometry is shown for CpG-treated human RBCs probed for CD47 and TLR9. (F) 

Induction of a conformational change in CD47 by CpG was observed by binding of anti-

CD47 (clone 2D3), a damaged-associated conformational epitope. One representative flow 

cytometry analysis is shown. (G) Quantification of 2D3 binding is shown for five individual 
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donors. Significance between CpG-treated and un-treated RBCs were calculated using t test, 

*P=0.038 by a t-test, P=0.06 by a paired t-test, tests were performed on the same data 

set. For all panels, *P<0.05, **P<0.01, ***P<0.005, and ****P<0.001 denote significant 

findings.
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Figure 4. DNA-carrying RBCs undergo accelerated erythrophagocytosis and initiate innate 
immune responses in naïve mice.
(A to D) GFP-expressing RBC were treated with PBS or CpG and transfused to WT 

mice. At 1 hour post-infusion, CD45+CD3− splenocytes were analyzed. Erythrophagocytosis 

of cells expressing indicated amount of F4/80 was measured (n=6 mice per group, two 

independent experiments). (A) Gating strategy for F4/80-positivity and subsequent GFP-

positivity in target cells is shown. (B) The erythrophagocytic capacity of cells expressing 

F4/80 is shown. Splenic red pulp macrophages (RPMs) are CD45+CD3−F4/80hi. Data are 

presented as mean±SD. Data were analyzed by a two-way ANOVA with Sidak’s multiple 

comparisons test. (C) Mean Fluorescence Intensity (MFI) of GFP in RPMs is shown. Data 

are presented as mean±SD and analyzed by an unpaired t-test. (D) Spleen weights at 20 

hours post-infusion are shown. Data are presented as mean±SD and analyzed by an unpaired 
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t-test. (E to J) Physiological changes at 6 hours are shown for mice infused with PBS, 

PBS-treated RBC, or CpG-treated RBC. (E) H&E staining of spleens is shown, arrowheads 

indicate neutrophils in the CpG-RBC treated group. Scale bars represents 100μm for the 

top panel and 20μm for the bottom panel. (F) Quantification of splenic injury is shown 

(3 to 4 mice per group from two independent studies is shown). Data are presented as 

mean±SD; statistical analysis was done with a one-way ANOVA with a Holm-Sidak test 

for multiple comparisons. (G) A heatmap of RNA sequencing analysis of spleens from WT 

mice infused with PBS- or CpG-treated RBCs after 6 hours is shown. (H) GO-term analysis 

of the top 25 differentially expressed genes are shown. (I) Quantification of plasma IFN-γ 
is shown (n=10 to 12 mice per group). (J) Quantification of plasma IL-6 is shown (n=7 to 

16 mice per group). J and I are analyzed by Kruskal-Wallis test with a Dunn’s correction 

for multiple comparisons. For all panels, *P<0.05, **P<0.01, ***P<0.005, and ****P<0.001 

denote significant findings.
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Figure 5. RBC-TLR9 mediates accelerated erythrophagocytosis following CpG binding.
(A) CD47 detection (clone mIAP301) on WT murine RBC treated with 100nM CpG is 

shown (n=10, one representative study shown). (B) The proportion of CD47-negative RBCs 

from ex vivo CpG-treated WT or TLR9 KO RBCs was quantified. Each line represents 

RBCs from an individual mouse. A paired t-test was used to calculate significance within 

groups (WT or TLR9 KO) and Mann-Whitney U test was used to compare between 

groups. (WT versus TLR9 KO), n=6 to 9 mice per group, 3 independent experiments. 

(C and D) WT and TLR9 KO mice were separately labeled with PKH dyes and 1×108 

cells from each were mixed and treated with PBS or 25nM CpG immediately before 

infusion into WT or TLR9 KO mice. Erythrophagocytosis was analyzed by measuring PKH 

positivity on CD45+CD3−F4/80+ cells. (C) The percent of splenic red pulp macrophages 
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that phagocytosed PBS-treated RBCs is shown (n=6 or more per group). (D) The percent of 

splenic macrophages that phagocytosed RBCs in WT mice and CpG-treated RBCs isolated 

from WT or TLR9 KO mice is shown (n=6 or more per group). For (C and D), statistical 

analysis within group was done by paired t-test and analysis between groups were done 

with one-way ANOVA with Tukey’s correction Data shown are pooled data from three 

independent experiments. For all panels, *P<0.05, **P<0.01, ***P<0.005, and ****P<0.001 

denote significant findings.
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Figure 6. Deletion of Erythrocyte TLR9 alters the host immune response.
(A and B) TLR9 staining in a bone marrow smear (A) and mature RBCs (B) of WT 

and Erytlr9−/− mice are shown. The erythroid marker TER119 is used to identify erythroid 

cells. A representative image is shown. n=3 mice of each genotype were evaluated. Scale 

bars, 10μm. (C and D) Quantification of Il6 transcripts in spleens (C) and livers (D) of 

Erytlr9−/− mice following tail vein infusion with CpG (n = 8 or more per group). (E) Plasma 

IL-6 concentrations were measured in Erytlr9−/− mice following tail vein infusion with CpG 

(n=5 to 9 per group). In (C to E), data are presented as mean±SD and statistical analysis 

was done using a one-way ANOVA with Tukey’s correction for multiple comparisons. 

(F to I) Inflammatory responses of Erytlr9−/− mice were measured following cecal slurry 

(CS)-induced sepsis. (F) mtDNA on RBCs and in plasma (pl) of D5W and CS-treated mice 
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was measured. Statistical analysis was done using a Kruskal-Wallis with a Dunn’s correction 

for multiple comparisons. This dataset is partially presented in Fig. 1H. (G) mtDNA on 

RBCs in CS-injected mice from (F) was compared. Statistical analysis was performed using 

a Kruskal-Wallis test followed by Dunn’s correction and data is presented as mean±SD. 

(H and I) Quantification of Tnfa (H) and Il6 (I) transcripts in spleens of injected mice is 

shown (n=3 to 8 mice per group, mean±SD). Statistical analysis was performed using a one-

way ANOVA with a Holm-Sidak correction for multiple comparisons. (J) The correlation 

between plasma IL-6 and RBC-bound mtDNA is shown for control (D5W) and CS-treated 

WT and Erytlr9−/− mice. For all panels, *P<0.05, **P<0.01, ***P<0.005, and ****P<0.001 

denote significant findings.
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Figure 7. RBC-bound mtDNA is elevated in COVID-19.
(A) RBC-bound mtDNA was measured in healthy donors and patients hospitalized with 

COVID-19 at day 0 and day 7 of study enrollment. Data were analyzed by a Kruskal-Wallis 

test with Dunn’s correction for multiple comparisons. (B) RBC-bound mtDNA in patients 

was stratified by disease severity. Data were analyzed using a Kruskal Wallis test with 

Dunn’s correction for multiple comparisons. (C to E) The correlation between RBC-bound 

mtDNA and hemoglobin for all patients (C), patients with severe disease (D) and patients 

with moderate disease (E) are shown. Statistical analysis was done using Spearman rank 

correlation. (F to H) RBC-bound mtDNA was evaluated in patients stratified by median 

hemoglobin. Data are shown for all patients (F), patients with severe disease (G), and 

patients with moderate disease (H). Data in (F to H) were analyzed by Mann-Whitney tests. 
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(I) A correlation between Apache III score and RBC-bound mtDNA is shown for COVID-19 

patients. Statistical analysis was done using a Pearson’s correlation (J) RBC-bound mtDNA 

was measured in COVID-19 patients stratified into quartiles based on Apache III score. Data 

were analyzed by a one-way ANOVA. For all panels, *P<0.05, **P<0.01, ***P<0.005, and 

****P<0.001 denote significant findings.
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Table 1.
Critically ill sepsis population stratified by clinical anemia threshold.

Data are shown as number observed (%) for categorical data, or by mean ± standard deviation or median 

(interquartile range) for continuous data, as appropriate to the data distribution. Comparisons shown were 

calculated by chi square tests (categorical data: sex, race) and Ranksum testing (continuous, non-normally 

distributed: age and RBC-bound mtDNA).

Anemic Hb ≤ 7 Not Anemic Hb > 7 p-value

(n=9) (n=39)

Age 59.3 ± 16 56.9 ± 16 0.82

Female sex 2 (22%) 13 (33%) 0.52

Race

 African American 2 (22%) 14 (36%) 0.26

 Caucasian 6 (67%) 23 (59%)

 Asian 0 1 (3%)

 Other or More than 1 1 (11%) 1 (3%)

RBC-bound mtDNA (x 107)/107 RBCs 1.21 (0.27 – 3.47) 0.24 (0.03 – 0.80) 0.036
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Table 2.

Differentially expressed genes.

Top 25 DEG based on EdgeR unadjusted p-value 
from EdgeR

adjusted p-values 
from EdgeR

unadjusted p-value from 
DEseq2

adjusted p-values 
from Deseq2

Upregulated genes

Ifit3 3.53E-04 5.11E-01 7.84E-07 6.86E-04

Ifi204 1.20E-04 5.08E-01 7.54E-10 3.58E-06

Oas2 5.26E-04 5.36E-01 1.49E-09 5.30E-06

Klra2 1.02E-03 5.89E-01 1.17E-05 5.94E-03

Ifit3b 6.97E-04 5.36E-01 1.46E-06 1.09E-03

Ifitm3 9.84E-04 5.89E-01 1.68E-05 7.72E-03

Rtp4 6.70E-04 5.36E-01 4.85E-07 4.61E-04

Oas1a 7.68E-04 5.36E-01 7.36E-06 4.77E-03

Ifi44 7.94E-04 5.36E-01 3.09E-07 3.38E-04

Smpdl3b 8.51E-04 5.36E-01 4.43E-06 3.00E-03

Irf7 4.85E-04 5.36E-01 1.66E-08 3.93E-05

Ifit1 2.04E-04 5.08E-01 3.27E-08 6.65E-05

Usp18 6.09E-04 5.36E-01 9.32E-07 7.37E-04

Trim30c 7.24E-04 5.36E-01 1.45E-05 6.87E-03

Parp12 2.46E-04 5.08E-01 3.48E-07 3.54E-04

Gm5431 4.67E-04 5.36E-01 2.48E-07 2.99E-04

Marco 1.68E-04 5.08E-01 4.05E-08 7.21E-05

Oasl2 3.47E-05 4.56E-01 3.32E-15 4.73E-11

Arhgef37 6.29E-05 4.56E-01 4.25E-10 3.03E-06

Tppp3 2.21E-04 5.08E-01 4.18E-09 1.19E-05

Irgm1 8.33E-04 5.36E-01 1.21E-05 5.94E-03

Slfn5 3.50E-04 5.11E-01 1.43E-07 2.26E-04

Ifi206 6.99E-04 5.36E-01 9.79E-06 5.16E-03

Downregulated genes

Zdhhc1 3.04E-04 5.11E-01 8.59E-01 1.00

rsc1a1 5.39E-04 5.36E-01 not found not found
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Table 3.

Baseline hematology labs from WT and Erythrocytetlr9−/− mice.

All data are presented as mean (standard deviation). Significance was determined using two tailed t-test for all 

parameters. NS, not significant.

C57Bl/6J Erythrocytetlr9−/− p-value

(n=8) (n=5)

WBC (10/μL) 458.0 (165.9) 552.6 (234.9) NS

RBC (104/μL) 875.3 (83.9) 842.8 (126.9) NS

HGB (g/L) 134.3 (10.5) 135.8 (16.4) NS

HCT (10−1 %) 442.1 (41.8) 432.6 (70.5) NS

MCV (10−1 fL) 505.5 (13.6) 512.4 (10.9) NS

MCH (10−1 pg) 153.8 (4.9) 161.8 (6.3) p=0.026

MCHC (g/L) 304.1 (5.8) 316.0 (16.3) p=0.081

PLT (103/μL) 987.8 (259.7) 1214.2 (301.5) NS

RDW-SD (10−1 fL) 238.4 (16.7) 248.2 (10.2) NS

RDW-CV (10−1 %) 137.0 (8.2) 141.2 (8.3) NS

PCT (10−2 %) 72.4 (17.6) 89.6 (22.6) NS

Abbreviations: White blood cell (WBC), Red blood cell (RBC), Hemoglobin (HGB), Hematocrit (HCT), Mean cell volume (MCV), Mean cell 
hemoglobin (MCH), Mean cell hemoglobin concentration (MCHC), platelet (PLT), Red Cell Distribution Width-Standard Deviation (RDW-SD), 
Red Cell Distribution Width-Coefficient of Variation, (RDW-CV), Plateletcrit (PCT)

Sci Transl Med. Author manuscript; available in PMC 2022 May 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lam et al. Page 34

Table 4.
Baseline characteristics of patients with COVID-19.

Data are shown as number observed (%) for categorical data, or by mean ± standard deviation or median 

(interquartile range) for continuous data, as appropriate to the data distribution.

COVID-19 Patients
(n=97)

Age 57.6 ± 14.3

Male 49 (50.5%)

Race
African American
White
Asian

64 (66.0%)
31 (32.0%)

2 (2%)

APACHE III score 44 (27–68)

Severity of COVID-19
Mild
Severe

49(50.5%)
48(49.5%)

Mortality (90 day) 18 (18.6%)
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