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SARS-CoV-2 envelope protein regulates
innate immune tolerance

Eric S. Geanes,1,6 Rebecca McLennan,1,6 Stephen H. Pierce,2 Heather L. Menden,3 Oishi Paul,1

Venkatesh Sampath,3,4 and Todd Bradley1,2,4,5,7,*
SUMMARY

Severe COVID-19 often leads to secondary infections and sepsis that contribute to long hospital stays and
mortality. However, our understanding of the precise immune mechanisms driving severe complications
after SARS-CoV-2 infection remains incompletely understood. Here, we provide evidence that the SARS-
CoV-2 envelope (E) protein initiates innate immune inflammation, via toll-like receptor 2 signaling, and es-
tablishes a sustained state of innate immune tolerance following initial activation. Monocytes in this
tolerant state exhibit reduced responsiveness to secondary stimuli, releasing lower levels of cytokines
and chemokines. Mice exposed to E protein before secondary lipopolysaccharide challenge show dimin-
ished pro-inflammatory cytokine expression in the lung, indicating that E protein drives this tolerant
state in vivo. These findings highlight the potential of the SARS-CoV-2 E protein to induce innate immune
tolerance, contributing to long-term immune dysfunction that could lead to susceptibility to subsequent
infections, and uncovers therapeutic targets aimed at restoring immune function following SARS-CoV-2
infection.

INTRODUCTION

Prolonged immune system impairment, often triggered by strong immune activation or sepsis, heightens the vulnerability to opportunistic

infections, leading to increasedmorbidity andmortality. Severe acute respiratory syndrome coronavirus (SARS-CoV-2) infection typically leads

to mild respiratory disease, but profound acute lung injury and development of respiratory distress syndrome can lead to death in more se-

vere cases of COVID-19.1 Moreover, infection with even amild clinical course of SARS-CoV-2 can lead to a variety of long-term immune-medi-

ated and other sequalae after resolution of the viral infection.2–7 There is urgent need to define the viral-hostmechanisms of severe COVID-19

disease, and prolonged effects on immune system function, that could provide unique therapeutic targets and strategies.

Studies of COVID-19 pathology have revealed that increased levels of proinflammatory cytokines are directly associated with the patho-

genesis of SARS-CoV-2.8–11 Pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and interferons, are released

in response to SARS-CoV-2 infection and are implicated in lung tissue damage and disease pathogenesis.12–15 Even though numerous studies

have now documented this association, the viral factors that underly dysregulated cytokine release and the impact on the long-term state of

the immune system are not entirely understood. SARS-CoV-2 consists of three main structural proteins: the spike (S) glycoprotein, envelope

(E) protein, and nucleocapsid (N) protein, along with several accessory proteins. The SARS-CoV-2 S protein is a surface molecule critical for

virus entry into host cells and is the target of most vaccines and antibody-based therapeutics developed to block viral infection.16–20 Although

much attention has focused on the S protein to block infection, potential critical roles of the other structural proteins in the immune response

and disease pathogenesis have been understudied to date. The SARS-CoV-2 N protein is responsible for viral genome packaging, and along

with the genomic RNA composes the nucleocapsid, but can also be a target for antiviral and vaccine design.21–25 The SARS-CoV-2 E protein is

another viral membrane protein integral for virion assembly and budding during the coronavirus life cycle.26–28 The E protein has high

sequence conservation among SARS-CoV-2 viral variants and related coronaviruses and is also a candidate for potential preventative and

therapeutic strategies.29,30 Interestingly, the SARS-CoV-2 E protein has been shown to engage Toll-like receptor 2 (TLR2) on host cells

and activate inflammatory signaling.14,31–34 SARS-CoV-2 E protein has been shown to physically interact with TLR2 in a dose-dependent

manner.33 TLR2 was required for SARS-CoV-2 E protein induced lung inflammation, and administration of a TLR2 inhibitor, or the use of

TLR2-deficient (Tlr2�/�) mice protected mice from induction of inflammation.32,34 A study of SARS-CoV-1 lacking the E protein gene
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attenuated the expression of proinflammatory cytokines and increased mouse survival compared to the SARS-CoV strain that had the E pro-

tein.31 Moreover, it has been shown that increased expression of TLRs and associated signaling pathway genes were correlated with more

severe COVID-19 disease in humans, and blocking TLR2 signaling in mice protected them from COVID-19 disease.34 Administration of re-

combinant SARS-CoV-2 E protein alone in mouse models was sufficient to drive this inflammation and lung tissue damage in a TLR2-depen-

dent manner.32,34 Thus, previous studies have demonstrated that SARS-CoV-2 E protein interacts with the innate immune system, via TLR2

signaling, to promote inflammation and lung damage. Therefore, blocking this viral-host interaction could potentially be a strategy for

reducing systemic and tissue inflammation.

In addition to inflammation mediated by primary SARS-CoV-2 infection, many severe COVID-19 cases are associated with secondary in-

fections that lead to pneumonia and sepsis.35–37 This indicates that primary infection with SARS-CoV-2 could lead to long-term dysregulation

of the innate immune system, rendering individuals more susceptible to subsequent infections and immune-mediated complications. In this

study, we demonstrated that E protein (but not S or N proteins) stimulated human monocyte production of proinflammatory cytokines via

TLR2 signaling, but found that this viral activation of the innate immune system imprinted a tolerant immune state that resulted in reduced

response upon secondary stimulation. Induction of this tolerant state was dose dependent, and at a transcriptomic level, was caused bymod-

ulation of expression of genes regulated by NF-kB and Myc. Finally, in an in vivomodel of secondary infection, we demonstrated that E pro-

tein exposure repressed or tolerized immune responses to lipopolysaccharide (LPS). This work unveiled how SARS-CoV-2 infection could

imprint innate immune tolerance and lead to prolonged dysregulated immune responses to secondary infections.

RESULTS

SARS-CoV-2 E protein stimulates proinflammatory cytokine secretion in human monocytes

Prior studies have shown that SARS-CoV-2 E protein could activate a small number of proinflammatory cytokines in human peripheral blood

mononuclear cells (PBMCs) or mouse-derived macrophages.8,38 Here, we isolated monocytes from five healthy human PBMCs and deter-

mined the levels of 25 cytokines, chemokines and immune factors secreted in the cell supernatant after 24 h of stimulation with recombinant

SARS-CoV-2 E, S or N proteins using a multiplexed bead-based assay (Figure 1A; Table S1). Of the 25 analytes assayed, 13 were in the quan-

titative range of our standards in any condition tested. E protein stimulation resulted in an averageof greater than 2-fold increase of 8 of the 13

analytes compared to unstimulated control. The levels of IL-6, CCL3, CCL4, and CCL2 had the highest average increase with log2 fold-

changes greater than five (Figures 1A and 1B; Table S1). Whereas the S protein had an average greater than 2-fold increase of only three

analytes (CCL2, CXCL9, and CXCL10), and the N protein did not have any analytes that were increased greater than 2-fold compared to con-

trols (Figures 1A and 1B; Table S1). These data confirmed that E protein leads to broader stimulation of proinflammatory cytokines and che-

mokines from human monocytes compared to the S or N protein of SARS-CoV-2.

Next, we utilized TLR2 and TLR4 reporter cell lines that consisted of HEK293 cells that expressed secreted embryonic alkaline phosphatase

(SEAP) under the control of a promoter with NF-kB andAP-1 binding sites, co-transfected with either TLR2 or TLR4 to induce SEAP expression

upon stimulation. Average SEAP levels measured by optical density (O.D.) for the unstimulated controls were 0.136 and 0.144 for TLR2 and

TLR4 cell lines, respectively (Figure S1A). TLR2 and TLR4 HEKBlue cell lines stimulated with the respective TLR agonists as positive controls

were 1.852 and 1.675O.D., respectively (Figure S1A). We found that the recombinant E protein stimulated the TLR2 HEKBlue cell line at all five

concentrations tested greater than a SEAP O.D. of 2.0, and only had minimal stimulation of the TLR4 HEKBlue cell line (O.D. of 0.589 at the

highest concentration tested) (Figure 1C). The S protein did not stimulate either the TLR2 or TLR4 cell line with O.D. values at the highest

concentration tested 0.149 and 0.066, respectively (Figure 1C). We also utilized the human THP-1 monocyte cell line that had integration

of two inducible reporter constructs tomonitor activation of theNF-kB and interferon response pathways using SEAP and luciferase reporters,

respectively. We used wild-type THP-1 reporter cells as well as THP-1 cells that had a stable knock-out of the TLR2 gene (TLR2 KO). As con-

trols, the TLR2 agonist Heat-killed Listeria monocytogenes (HKLM) had significant activation of the wild-type cell line compared to TLR2 KO

cell line, whereas the TLR4 agonist LPS activated both the wild-type and TLR2 KO THP-1 cells at equivalent levels (Figure S1B). We then stim-

ulated the THP-1 and THP-1 TLR2 KO cell lines with recombinant SARS-CoV-2 E protein at various concentrations.We found that the E protein

activated the THP-1 cells in a dose-dependent manner but did not activate the THP-1 TLR2 KO cell line above background at any concen-

tration tested (Figure 1D). These data confirmed that SARS-CoV-2 E protein stimulated monocyte proinflammatory cytokine and chemokine

secretion through TLR2 signaling. Interesting, the S protein did stimulate CCL2, CXCL9, and CXCL10 chemokines in monocytes, but most

likely through a TLR2 or TLR4 independent mechanism.

SARS-CoV-2 E protein stimulation reduces cytokine responses to secondary stimulation

To determine whether initial activation imprinted long-term dysregulation of innate immune cell function, we examined the effect of primary

SARS-CoV-2 viral stimulation on monocyte function and response to secondary stimuli after rest. To do this we utilized a model of monocyte

training where at day 1 monocytes were stimulated with either SARS-CoV-2 E, S, or N proteins and then allowed to rest after stimulation for

five days (Figure 2A). On day 6, monocytes were restimulated with a secondary LPS stimulation (TLR4 agonist) for 24 h before the supernatant

was harvested for analysis of cytokine and chemokine levels (Figure 2A). After secondary LPS stimulation, control samples (no primary stim-

ulation) and samples initially stimulated with SARS-CoV-2 S or N proteins exhibited high levels of cytokine and chemokine stimulation, but

samples initially treated with SARS-CoV-2 E protein had reduced levels of most cytokines and chemokines measured (Figure 2B;

Table S2). This included pro-inflammatory IL-6 and TNF-a which have been shown to decrease during endotoxin tolerance in mice after

LPS stimulation followed by cecal ligation and punction, a model of polymicrobial sepsis in mice39; and in human macrophages ex vivo after
2 iScience 27, 109975, June 21, 2024



-2.00 2.000.00

IL-6
CCL3
CCL4
IL-2R
CCL2
IL-10
IFN-
IL-8
TNF-
IL-12
CCL5
CXCL9
CXCL10

Control E S N

z-score

IL-6
CCL3

CCL4
CCL2

IL-8
IL-12

TNF-
IL-10

IFN-
CXCL9

CCL5
IFN-

CXCL10
0

2

4

6

8

10

Lo
g2

FC

E protein Spike protein Nucleocapsid protein

0 3 421.5.25
0.0

0.5

1.0

1.5

2.0

2.5

g/ml

O
D6

30

TLR2 or TLR4 HEKBlue Cells

E protein
Spike protein

E protein
Spike protein

TLR2

TLR4

A

B

C

0 3 421.5.25
0.0

0.5

1.0

1.5

2.0
E protein stimulation of THP-1 cells

THP-1
TLR2KO

O
D6

30

g/ml

D

Figure 1. SARS-CoV-2 envelope protein stimulates human monocyte cytokine secretion

(A) Heatmap of secreted cytokine levels represented as z-scores after humanmonocyte stimulation withmock, envelope (E), spike (S), and nucleocapsid (N) SARS-

CoV-2 viral proteins after 24 hours (n = 5 individuals). Hierarchical clustering of analyte rows using 1-Pearson metric.

(B) Bar graph showing log2 fold-change of each condition compared to control (mock activated) conditions for individual analytes. Analytes ordered by

descending Log2FC.

(C) HEK-Blue cell lines that express reporters for TLR2 (solid line) or TLR4 (dashed line) were stimulated with either the spike (blue) or E (red) proteins from SARS-

CoV-2 at various concentrations (x-axis). Activation measured by optical density of SEAP levels in the supernatant.

(D) THP1-Dual (black line) or THP1-Dual-TLR2-KO (red line) cells stimulated with SARS-CoV-2 E protein at various concentrations (x-axis). Activation measured by

optical density of SEAP levels in the supernatant.
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primary and secondary stimulation with LPS.40 Of the 13 analytes in quantitative range, monocytes stimulated with E protein before LPS expo-

sure had significantly lower levels of 9 of the 13 cytokines and chemokines compared to control, whereas there were no significant differences

in monocytes stimulated with S or N proteins for primary stimulation (Figure 2C; Table S2).

To confirm that this monocyte tolerance was due to SARS-CoV-2 E protein activation through TLR2, we utilized the THP-1 and THP-2 TLR2

KO reporter cell lines and performed initial activationwith either E protein ormedia at day 1 followedby secondary stimulation with LPS at day

6 after rest (Figure S2A). On day 7 we measured both luciferase and SEAP levels as reporters of interferon regulatory factor (IRF) and NF-kB

activation, respectively. We found that THP-1 cells that were stimulated with E protein at day 1 had a significantly reduced levels of both lucif-

erase (p = 0.003) and SEAP levels (p = 0.035) after LPS secondary stimulation on day 7 compared to cells with no primary stimulation (Fig-

ure S2B). In contrast, there was no significant difference in luciferase or SEAP levels after LPS stimulation in the THP-1 TLR2 KO cells that

were stimulated with the E protein or media control at day 1 (Figure S2C).
iScience 27, 109975, June 21, 2024 3
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Figure 2. SARS-CoV-2 Envelope protein tolerized monocytes to secondary stimulation

(A) Timeline of primary and secondary stimulation of human monocytes.

(B) Heatmap of secreted cytokine levels represented as z-scores after human monocyte primary stimulation with mock (n = 13), envelope (E; n = 13), spike (S; n =

5), and nucleocapsid (N; n = 5) SARS-CoV-2 viral proteins followed by secondary stimulation with LPS. Hierarchical clustering of analyte rows using 1-Pearson

metric. Control samples were not given any primary stimulation on day 1 but did receive the secondary LPS stimulation on day 6.

(C) Bar graph showing log 2-fold change of each condition compared to control (mock activated) conditions for select individual analytes measured in (B).*p%

0.05, **p % 0.01, ***p % 0.001, Paired Wilcoxon Test. Analytes ordered by descending Log2FC of E protein treated samples.
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Figure 2. Continued

(D) Heatmap of secreted cytokine levels presented as z-scores after human monocyte primary stimulation with envelope protein followed by secondary

stimulation with envelop protein (autologous; n = 5). Baseline samples received no stimulations during the experiment.

(E) Bar graph showing log 2-fold change of each condition compared to control (mock activated) conditions for select individual analytes measured in (D).*p%

0.05, **p % 0.01, Paired Wilcoxon Test.
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To determine if this tolerance phenotype was specific to LPS secondary stimulation, we also performed an autologous secondary stimu-

lation with SARS-CoV-2 E protein in place of LPS (Figure 2A; Table S3). Stimulation with E protein on day 6 without primary stimulation on day 1

induced cytokine and chemokine levels similar to what was found previously with E protein stimulation (compare Figures 2D to 1A). However,

when primed with E protein prior to E protein secondary stimulation, the analyte levels were similarly reduced compared to control, like LPS

secondary stimulation (compare Figures 2D to 2B). Specifically, we found that 12 of the 13 analytes in quantitative range were significantly

reduced after secondary E protein stimulation when primed with SARS-CoV-2 E protein first (Figure 2E; Table S3). These data demonstrated

upon stimulation with SARS-CoV-2 E protein through TLR2 sensing, monocytes became tolerized and had reduced cytokine and chemokine

levels upon secondary LPS or autologous E protein stimulation.

Imprinting of monocytes by SARS-CoV-2 E protein is dose dependent

We subsequently examined howdifferent E protein doses affected themonocyte activation state after secondary LPS stimulation. Specifically,

we tested SARS-CoV-2 E protein stimulation at 1 mg/mL (used in experiments shown in Figure 2), 10 ng/mL, 1 ng/mL, and 10 pg/mL on day 1

followed by LPS stimulation on day 6. At the 1 mg/mL dose we observed the tolerance phenotype to most of the analytes as previously shown

in Figure 2, but as the dose of the E protein was reduced, there was restoration of the levels of cytokines and chemokines after LPS stimulation

(Figure 3A; Table S4). Interestingly, at the lowest dose there was statistically significant increases in the levels of TNF-a, IL-12, CCL3, granu-

locyte-macrophage colony-stimulating factor (GM-CSF), and IL-2R compared to controls, albeit, at a small magnitude of increase with a less

than 1 log2 fold-change increase compared to controls (Figure 3B; Table S4). These data demonstrated that the tolerance phenotype

observed in monocytes was dependent on the dose level of SARS-CoV-2 E protein primary stimulation. Specifically, high doses of E protein

may be more indicative of severe COVID-19 cases, tolerizing the immune system and increasing susceptibility to other infections, whereas

lower doses may shift the phenotype to more trained monocytes, reflected by higher levels of cytokines upon secondary stimulation.

Exposure to SARS-CoV-2 E protein changes the long-term transcriptome profile of human monocytes

We then sought to determine transcriptional changes in monocytes after E protein primary stimulation and rest. We performed RNA-seq of

primary human monocytes at day 6 that were stimulated at day 1 with either SARS-CoV-2 E protein or control. Compared to controls, there

were 272 genes upregulated and 184 genes which had downregulated expression in response to E protein stimulation five days prior (Fig-

ure 4A; Table S5). Among the top upregulated transcripts were noncoding RNAs (AC002480.1, AC022509.1, AC002480.2), genes involved in

metabolism (CYP3A5 and IDO1), the transcription factor OLIG2 that is involved in innate immune cell differentiation, as well as transcripts

associated with proinflammatory immune responses in monocytes (MMP3, CXCL5, and IL24). We then performed gene set enrichment anal-

ysis (GSEA) of the differentially expressed genes to identify enriched annotated pathways. The top enriched pathways using GSEA were

all involved in inflammation. The most enriched pathway were gene sets regulated by NF-kB in response to TNF (HALLMARK_TNFA_

SIGNALLING_VIA_NFKB), and the third highest enriched pathway were targets known to be regulated by Myc (HALLMARK_MYC_

TARGETS_V2; Figure 4B). Both NF-kB and Myc have been shown to be involved in regulating monocyte tolerance and training in response

to microbial endotoxin.41 These data demonstrated that resting monocytes stimulated with SARS-CoV-2 E protein five days prior to rest

altered transcriptomes, enriching for genes regulated by NF-kB andMyc, further implicating these pathways in the regulation of the plasticity

of monocyte function.

SARS-CoV-2 E protein priming reduces inflammatory signatures in mouse lung tissue after LPS challenge

Informed by our studies in human macrophages that showed that E protein exposure suppressed the immune responses to secondary LPS

stimulation in vitro (Figure 1), we posited that responses to LPS would be repressed in mice that had prior exposure to E protein in vivo. We

have previously reported neonatal mousemodels of inflammation and COVID-19 using systemic LPS and E protein administration and deter-

mining the effects of acute inflammation on the developing lungs.32,42 Here, we treated neonatal mice with E protein on postnatal day 5 (P5)

via intraperitoneal (i.p.) injection, followed by subsequent i.p. injection of LPS on P12 and assessed both lung inflammation and TLR signaling

on P14 (Figure 5A). We noted that 9 days after E protein treatment, IL-1b and TNF-a lung expression levels were close to untreated control

pups (orange; Figure 5B). LPS only treatment induced a greater than 5-fold increase in IL-1b and TNF-a cytokine expression in mice that had

no prior exposure to E protein (red; Figure 5B). IL-1b and TNF-a expression was strongly suppressed on P14 in mice that were treated with E

protein on P5 and then LPS on P12 (blue; Figure 5B). Interestingly, we noted that IFNa expression remain significantly elevated on P14 after E

protein treatment on P5 only (orange), and LPS treatment suppressed this response (red), in contrast to other cytokines (Figure 5B).

We have shown that LPS and E protein induce TLR4 and TLR2 induced lung inflammation in this model previously.32,42 Therefore, we inves-

tigated the effect of our treatments on canonical TLR signaling. LPS treatment induced lung phosphorylation of theNF-kB subunit, P65 (RELA)

as well as the P38 Mitogen-activated protein kinase (MAPK), implying activation of TLR signaling, in mice that had no prior exposure to sys-

temic E protein (Figures 5C and 5D). LPS-induced canonical TLR signaling activation in the lung was diminished in mice that had prior
iScience 27, 109975, June 21, 2024 5
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Figure 3. SARS-CoV-2 E protein priming of monocytes is dose dependent

(A) Heatmap of secreted cytokine levels represented as z-scores after humanmonocyte primary stimulation with mock (n = 4) or E protein stimulation at 1 mg/mL,

10 ng/mL, 1 ng/mL or 10 pg/mL dose (n = 4 at each dose) followed by secondary stimulation with LPS. Hierarchical clustering of analyte rows using 1-Pearson

metric.

(B) Bar graph showing log 2-fold change of each condition compared to control (mock activated) conditions for individual analytes.*p % 0.05, Paired Wilcoxon

Test. Error bars are standard error of the mean. Analytes ordered by descending Log2FC of highest-dose-treated samples.
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exposure to E protein (Figures 5C and 5D). Importantly differences in expression of TLR2 and TLR4 were not noted in our experimental group

(Figure 5D). Finally, this same pattern of expressionwas seen for ICAM-1, a key facilitator of neutrophil adhesion during sepsis (Figures 5C, 5D,

and S3). These results suggested that prior systemic exposure to E protein attenuates LPS-induced canonical TLR signaling in a mousemodel

of acute lung inflammation.
DISCUSSION

Severe COVID-19 correlates with high expression of pro-inflammatory cytokines.8–10,14,15,43 Reducing this hyper-inflammation, initially caused

by excessive activation of innate immune cells, would be an effective clinical treatment. In this study, we first showed that SARS-CoV-2 E pro-

tein is sufficient to significantly stimulate cytokine secretion from humanmonocytes. This stimulation wasmore extensive than stimulation with

SARS-CoV-2 S or N viral proteins. This finding is consistent with our previous work in which we demonstrated that RNA expression of proin-

flammatory cytokines, such as IL-6, IL-8, and TNF-a, are induced by E protein exposure in human cell lines.32 Additionally, here we show that E

protein stimulation of monocyte cytokine secretion was via TLR2 signaling, which is consistent with recent studies demonstrating that E pro-

tein directly interacts with TLR2 and leads to increased production of pro-inflammatory cytokines.31–34,44 In contrast to our data, some studies

have concluded that the spike protein is the main component of SARS-CoV-2 for activating TLR2 or signaling in macrophages.45–47 This could

be attributed to differences in experimental design and protein administration or expression of recombinant proteins. Additionally, there has

been evidence that the SARS-CoV-2 viral proteins could be associated with other mediators of inflammation that could play a role in differ-

ences observed. Future studies with mutant SARS-CoV-2 viral particles with these proteins could better determine the contribution of each of

the proteins on the virion to innate immune activation. It is important to note that although our data strongly shows that E protein stimulates

cytokine secretion via TLR2 signaling, this does not rule out any other modes of activation or other functional roles of the E protein during

infection.

Our study adds to themounting evidence that SARS-CoV-2 E protein impacts the immune system through TLR2 signaling and could repre-

sent an important therapeutic target for severe coronavirus disease. Three prior studies demonstrated that SARS-CoV-2 E protein activated

proinflammatory cytokine expression in innate immune cells and showed that this interaction could be associated with severe disease.32–34

These studies also showed that through genetic knock out of TLR genes, or through blockade of TLR signaling with small molecule drugs or
6 iScience 27, 109975, June 21, 2024
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Figure 4. SARS-CoV-2 E protein changes transcriptome of monocytes

(A) Volcano plot of differentially expressed genes determined by RNA-seq at day 6 after either E protein (n= 3) or control (n = 3) stimulation of humanmonocytes.

Genes upregulated byR 1.5 or downregulated by% �1.5 log2 Fold-Change in E protein stimulated compared to control are colored red or blue, respectively.

Statistical significance threshold was adjusted p value % 0.01.
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Figure 4. Continued

(B) Gene set enrichment analysis (GSEA) comparing the changed genes measured by RNA-seq enriched in the E protein stimulated monocytes compared to

control. Top 5 enriched pathways andGSEAoutput criteria shown in the table, with the enrichment plots for the top twoGSEA identified pathways enriched in the

E protein stimulated monocytes.
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monoclonal antibodies, that the viral E protein was specifically sensed through TLR2 signaling. Two of these studies further demonstrated

physical protein-protein interactions of the E protein and TLR2 using immunoprecipitation and cellular immunofluorescence assays.33,34

Finally, the in vivo relevance of the E protein-TLR2 interaction was shown when E protein administration alone induced lung inflammation

in neonatal mice that was dependent on TLR2 and not TLR4 using genetic knock-outs.32 Moreover, blockade of TLR2 with a small molecule

drug reduced disease in a mouse model of COVID-19.34 There is a lack of studies that determined the concentration of SARS-CoV-2 viral

proteins in tissues after infections. However, there was a study that detected SARS-CoV-2 E protein in the blood of individuals with

COVID-19 at hospital admission. They found that the levels of E protein correlated with thrombosis in this small set of COVID-19 patients.48

The range of E protein detected in the blood was between 7.8 and 261.7 ng/mL, which is lower than the experimental concentrations that we

used in our experiments. This study did not control for variables such as viral load, time after infection and other demographic differences that

could impact E protein levels. In future studies, it will be interesting to determine if the level of E protein detected is associated with immune

cell phenotype and function.

It was recently shown that an E protein inhibitor reduced SARS-CoV-2 release in cell culture and reduced disease severity and mortality

when administered to transgenic humanACE2-expressingmice after SARS-CoV-2 infection.49 In this same animalmodel of SARS-CoV-2 infec-

tion, another group showed that blocking TLR2 signaling with a TLR2 and TLR4 inhibitor (oxPAPC) reduced cytokine release and mortality.34

This study also showed that E protein administration increased recruitment of inflammatory cells and therefore tissue damage in the lungs of

wild type, but not TLR2 knock out mice.34 In comparison, S protein did not increase inflammation in the lungs of mice when compared to

controls.34 Mice infected with a related coronavirus SARS-CoV-1 in which E protein was deleted from the virus also displayed reduced

pro-inflammatory cytokine expression and lung damage.31 Upon further examination, it was revealed that the deletion of E protein decreased

NF-kB activation, and treatment of SARS-CoV-1 with NF-kB inhibitory agents also reduced lung damage and inflammation.31

Similarly, our own group and others have demonstrated that E protein induces inflammation and cell death in vitro as well as lung remod-

eling in a neonatal mouse model (in vivo), all of which is dependent on TLR2 signaling.32,44 The animal models of SARS-CoV-2-mediated

inflammation have primarily utilized adult mice. Although severe COVID-19 is more commonly associated with the elderly, individuals with

preexisting health conditions, or critical illness in neonates, increased acute lung injury andmortality is observed.50–52 This was themain driver

for our group to study lung pathology after E protein-mediated inflammation in the neonatal mouse model. Systemic viremia resulting in a

sepsis-like syndrome has been described in both children and adults after COVID-19,53–55 highlighting potential long-term effects of viral

infection across lifespan. The presence of various viral structural proteins in the peripheral blood has also been associated with adverse out-

comes. Thus, in our neonate mouse model, we used mouse pups and administered E protein with i.p. injections to mimic viremia and to

model the impact of circulatory E protein on systemic inflammation. In our prior work, we have demonstrated that i.p. E protein administration

could induce lung inflammation in a TLR2-dependent manner.32 In this study, we used this model to determine the impact of systemic E pro-

tein administration on secondary LPS stimulation. Future studies stratifying animal models or humans by age, testing different routes of E

protein administration, and the effect of E protein imprinting of the immune system should be determined. These prior studies demonstrated

the significant interactions between E protein, TLR2 signaling and resulting NF-kB activation in disease severity.

While multiple sources of evidence implicate SARS-CoV-2 E protein as driving acute inflammation via TLR2 sensing, it is unclear if this im-

mune activation alters long-term responses of the innate immune system. After primary stimulation with E protein, but not S or N protein, we

revealed that human monocytes become tolerized in response to a secondary stimulation. Furthermore, in a neonatal mouse challenge, we

demonstrate that E protein priming suppressed lung cytokine expression and TLR signaling activation. These approaches mimic a secondary

infection after an initial viral infection response to E protein exposure. The observed tolerization agrees with the observation that patients hos-

pitalized with COVID-19 who then developed a secondary bacterial infection manifest significant immunosuppression.56 In one study, mouse

bonemarrow-derivedmacrophages in vitro, aswell as livemice,were transfectedwithEprotein lentivirus and thenchallengedwith LPS.57 ThisE

protein lentivirus resulted in reduced lung inflammation consistent with our data presented here.57 Although in that study the E protein was

expressed intracellularly and potentially not solely acting via TLR signaling pathways. We hypothesize that stimulation of the innate immune

systemby SARS-CoV-2 E protein imprints a tolerant immune state, potentially rendering individualsmore susceptible to subsequent infection.

This finding is significant as it highlights howprior infection history in humans could influence immune responses to current or future infections.

Tolerization of the innate immune system via TLR pathways has also been observed during and after sepsis. Sepsis, one of the leading

causes of death globally, is characterized by dysregulated host response to infection, presenting both immune suppression and hyperinflam-

mation concurrently.58,59 One of themechanisms of sepsis-related immune suppression during sepsis is endotoxin tolerance, which is defined

as a reduced cellular response to an LPS challenge after an initial encounter with endotoxin.60,61 In a polymicrobial sepsis model, endotoxin

tolerance peaked in the first 24–48 h of sepsis, leading to, among other changes, an increase in apoptosis of immune cells.62 This early endo-

toxin tolerance can lead to long-term immune paralysis, leaving individuals much more susceptible to future infections.63 Thus, viral and bac-

terial imprinting of the innate immune system to alter long-term function could contribute to susceptibility to infection after many different

types of infection or immune stimuli. Although themechanisms of this immune tolerance need future attention, possiblemodes could include

epigenetic changes, post-translational modifications ofmolecules downstreamof the TLR pathways, and changes in adaptive immune system

responses.64,65
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Figure 5. Neonatal pups exposed to E protein priming have suppressed lung cytokine expression and TLR pathway activation upon challenge with

systemic LPS

(A) 5-day-oldmice were injectedwith 2mg/kg E protein or vehicle i.p. Subsequently, on day of life 12, mice were injectedwith 2mg/kg i.p. LPS or vehicle, followed

by collection of whole lung tissues on day of life 14. Whole lung homogenates were used for assays.

(B) mRNA expression of cytokine genes after various treatments. N = 4/group. Error bars represent standard deviations, *p < 0.01.

(C andD) Protein expression of p-P65, p-P38, TLR2, and TLR4 after different treatments with densitometry quantification shown.N= 4/group. Error bars represent

standard deviations, *p < 0.05, one-way ANOVA with Bonferroni correction.
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Here, we used RNA-seq of monocytes to gain insights into potential regulation of this tolerance and discovered altered transcriptomes,

enriching for genes regulated by NF-kB and Myc pathways. Consistent with our findings, NF-kB activation has been shown to increase in

response to E protein exposure, with very little activation in response to S or N proteins.38 NF-kB has also been shown to play a pivotal

role in regulating macrophage responsiveness66–68 and tolerance, including perturbations during severe COVID-19.41 Myc is a key transcrip-

tion regulator that is associatedwith cell growth and survival, and has also been shown to play a role inmacrophage activation.69 Interestingly,

the SARS-CoV-2 accessory protein Orf7b was shown to contribute to lung injury via Myc-mediated cell death.70 These data identify key
iScience 27, 109975, June 21, 2024 9
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pathways to be further explored to understand themechanisms of SARS-CoV-2 E protein-mediated innate immune cell tolerance and identify

potential targets for reversing this immune cell state.

Our data demonstrated that exposure to SARS-CoV-2 E protein, but not S and N proteins, induced significant stimulation of pro-inflam-

matory cytokines, imprinting a state of innate immune tolerance, which is critical for the response to secondary stimuli or infection. While we

identify that the E protein more robustly signals through TLR2 compared to other viral proteins, studies that determine the effect of the viral

proteins in combination could shed further insight on viral mechanisms of immune tolerance. Future studies will be required to determine if

reversing this tolerant state improves resistance to secondary infection or would result in enhanced tissue damage. Therapeutic targeting of

SARS-CoV-2 E protein could block inflammation early but also prevent the establishment of the innate immune tolerance state we observed.

Interestingly, SARS-CoV-2, viral variants of concern, and other related coronavirus E proteins are highly similar at the amino acid sequence

level30 and therefore is a conserved target for therapeutic strategies with broader future applications. Taken together, SARS-CoV-2 E protein

contributes to the early release of inflammatory cytokines and can imprint longer-term dysfunction of the innate immune system. Targeting E

protein could represent an innovative strategy at reducing inflammation driven by SARS-CoV-2 infection that results in severe disease

outcomes.

Limitations of the study

Our study utilized recombinantly expressed SARS-CoV-2 viral proteins and the effect of E protein on immune imprinting could be affected by

native structure on the virion as well as the amount of E protein that is present during in vivo viral infection. Our study was limited in deter-

mining the impact of age, sex, and other demographic and clinical parameters on the magnitude and duration of innate immune cell acti-

vation and tolerance by SARS-CoV-2. Finally, our study focusedmainly on the monocyte/macrophage lineages of the innate immune system,

but the effects of SARS-CoV-2 viral proteins on the activation and phenotype of other innate and adaptive immune cells should be further

studied.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-TLR2 Santa Cruz Biotechnology MA5-16200; RRID:AB_2537718

rabbit anti-TLR4 Abcam ab13556; RRID:AB_300457

mouse anti-ICAM1 Santa Cruz Biotechnology sc-8439; RRID:AB_627123

mouse anti-b-Actin Sigma Aldrich A1978; RRID:AB_476692

rabbit anti-P38 Cell Signaling Technologies 8690; RRID:AB_10999090

rabbit anti-Phospho-P38 (Thr180/Tyr182) Cell Signaling Technologies 4511; RRID:AB_2139682

rabbit anti-P65 Cell Signaling Technologies 8242; RRID:AB_10859369

Rabbit anti-Phospho-P65 Cell Signaling Technologies 3033; RRID:AB_331284

Biological samples

Deidentified healthy PBMC biospecimens StemCell Technologies 70025.2

Chemicals, peptides, and recombinant proteins

Forget-Me-Not� EvaGreen� qPCR Master Mix Biotium 31041

Recombinant SARS-CoV-2 Envelope protein Novus Biologicals NBP2-90986

Recombinant SARS-CoV-2 Envelope Protein AbClonal RP01263LQ

Luna Script New England Bio Labs E3010L

TRIzol reagent Thermo Fisher Scientific 15596018

Recombinant SARS-CoV-2 spike protein Sino Biological 40589-V08B1

Recombinant SARS-CoV-2 nucleocapsid protein Sino Biological 40588-V08B

LPS InvivoGen tlrl-peklps

HEK-Blue selection reagent InvivoGen hb-sel

HEK-Blue detection medium InvivoGen hb-det2

Heat killed-Listeria InvivoGen tlrl-hklm

QUANTI-Luc reagent InvivoGen rep-qlc4lg1

QUANTI-Blue solution InvivoGen rep-qbs1

Critical commercial assays

Rneasy Micro Kit Qiagen 74034

Qubit RNA High Sensitivity kit Thermo Fisher Scientific Q32852

TruSeq Stranded Total RNA Library Prep Human/Mouse/Rat Kit Illumina 20020596

EasySep Human Monocyte Isolation Kit StemCell Technologies 19669

Cytokine 25-plex Human Panel kit Thermo Fisher Scientific LHC0009M

Deposited data

RNA-seq of monocytes NIH SRA database BioProject ID PRJNA1029483

Experimental models: Cell lines

HEK-Blue (HEK 293) cells overexpressing hTLR2 InvivoGen hkb-htlr2

HEK-Blue (HEK 293) cells overexpressing hTLR4 InvivoGen hkb-htlr4

THP1-Dual monocyte cell lines InvivoGen thpd-nfis

THP1-Dual KO-TLR2 monocyte cell lines InvivoGen thpd-kotlr2

Experimental models: Organisms/strains

C57BL6 mice Charles River C57BL/6NCrl

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

KiCqStart SYBR primers (Il-1b, Tnf-a, Ifn-a, and 18s rRNA) Sigma Aldrich N/A

Software and algorithms

GraphPad Prism (version 10) GraphPad Version 10

ImageJ Software Schneider et al.71 https://imagej.nih.gov/ij/

FastQC Brown et al.72 https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

STAR Dobin et al.73 https://github.com/alexdobin/STAR/releases

htseq-count Anders et al.74 https://pypi.org/project/HTSeq/

R package DESeq2 Love et al.75 https://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

GSEA Subramanian et al.76 https://www.gsea-msigdb.org/gsea/index.jsp

ProcartaPlex Analysis App Thermo Fisher Scientific https://www.thermofisher.com/us/en/home/

life-science/antibodies/immunoassays/

procartaplex-assays-luminex/procartaplex-

immunoassays/procartaplex-analyst-

software.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Todd Bradley

(tcbradley@cmh.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

Data availability

The data that support the findings of this study are available from the corresponding author, T.B., upon reasonable request. The primary data

from the RNA-seq of monocytes is deposited in the NIH SRA database under BioProject ID PRJNA1029483 (SRA: PRJNA1029483). Data re-

ported in this paper will be shared by the lead contact upon request.

Code availability

This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Deidentified healthy PBMC biospecimens were obtained through StemCell Technologies and were obtained in compliance with applicable

federal, state, and local laws, regulations, and guidance using Informed Consent Forms and protocols approved by either an Institutional

Review Board, the Food and Drug Administration (FDA), the U.S. Department of Health and Human Services, and/or an equivalent regulatory

authority. The specimens used for study consisted of six females and sevenmales with ages ranging from 21 to 60 (median 29 years old) years

old. 12 of the 13 individuals were Caucasian and one individual had Hispanic ethnicity. No other demographic or clinical information is avail-

able from these deidentified specimens. This study did not determine the association of age, sex and ethnicity on the experimental outcomes.
Mice

Themice used in the experimental procedures were cared for in accordance with the guidelines set forth by the University of Missouri-Kansas

City Lab Animal Resource Center and the National Institutes of Health’s regulations for the care and use of laboratory animals. All protocols

were approved in advance by the University of Missouri-Kansas City Institutional Animal Care and Use Committee, protocol number 41066.
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The C57BL6mouse strain was obtained fromCharles River (Stillwell, KS, USA). At postnatal day 5, sex is unable to be determined, thus the sex

of the mice used in the study are unknown. This study did not determine the association of sex on the outcomes.
METHOD DETAILS

Monocyte isolation and culture

Cryopreserved vials of PBMCs, unique donors, were acquired (StemCell Technologies, Vancouver, BC, Canada), thawed according to manu-

facturer guidelines and resuspended in phosphate buffered saline (PBS) with 0.1% bovine serum albumin (BSA) and counted on the Countess

III (Thermo Fisher Scientific, Waltham,MA, USA). Monocytes were then isolated from PBMC using the EasySep HumanMonocyte Isolation Kit

(StemCell Technologies) followingmanufacturer guidelines. Isolatedmonocytes were resuspended in 1 mL of RPMI-1640 (Thermo Fisher Sci-

entific) with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), referred to as complete media. On day 0, monocytes were plated at

500,000 cells in each well of a 12 well plate (1 mL total complete media each well) and incubated for 16–18 h overnight at 37�C, 5% CO2.

On day 1, depending on the experiment, monocytes were stimulated with 1 mg/mL, 10 ng/mL, 1 ng/mL or 10 pg/mL of recombinant

SARS-CoV-2 envelope protein (Novus Biologicals, Centennial, CO, USA), 1 mg/mL of SARS-CoV-2 spike recombinant protein (Sino Biological,

Wayne, PA, USA) or 1 mg/mL of nucleocapsid protein (Sino Biological) for 24 h. On day 2, the media from each well was transferred to a micro-

centrifuge tube and centrifuged at 300 g for 10 min at room temperature. Supernatant was transferred to a new tube without disturbing the

cell pellet and stored at �80�C for multiparameter immunoassays. Monocyte pellets were resuspended and washed once in 1 mL of PBS,

recentrifuged for 300 g for 10 min, resuspended in 1 mL of complete media and incubated until day 6, with one media change on day 4.

On Day 6, media was changed, and cells were given a secondary stimulation of 1 mg/mL LPS (InvivoGen, San Diego, CA, USA) or 1 ug/mL

of SARS-CoV-2 envelope protein (Novus Biologicals). Control samples were not given any primary stimulation on day 1 but did receive

the secondary LPS stimulation on day 6. Baseline samples received no stimulations during the experiment. On day 7, cells were centrifuged

(300 g for 10 min) and supernatant was harvested and frozen at �80�C for multiparameter immunoassays.
Luminex multiplexed cytokine and chemokine measurements

Cell culture supernatants from days 2 and 7 were thawed on ice, and then centrifuged at 16000 g for 10 min. For secreted analyte quantifi-

cation, supernatants were analyzed using the Cytokine 25-plex Human Panel kit (Thermo Fisher Scientific) and analyzed on the LuminexMag-

pix Multiplexing system usingmanufacturer recommended instrument settings (Luminex Corporation, Austin, TX, USA). This kit measures the

concentration of 25 different cytokines, chemokines, and growth factors critical for monocyte inflammatory function. Raw instrument data and

validated standard concentration curves for each of the 25 analytes were exported and analyzed using the Thermo Fisher Scientific Proca-

rtaPlex Analysis App for immunoassays (https://www.thermofisher.com/us/en/home/life-science/antibodies/immunoassays/procartaplex-

assays-luminex/procartaplex-immunoassays/procartaplex-analyst-software.html). Any analyte standards with concentrations that varied

more than 120% or less than 80% of their expected concentration were removed from analysis. After standard curve validation, any analytes

that were under the lower quantitative range for each of the tested conditions, defined as the concentration of the lowest standard for each

analyte, were removed.
SARS-CoV-2 E and S protein stimulation of TLR2 and TLR4 overexpressing HEK cells

HEK-Blue (HEK 293) cells overexpressing hTLR2 or hTLR4 (InvivoGen). Cells were thawed andmaintained in growthmedium (DMEM10% FBS,

4.5 g/L glucose, 2 mM glutamine, 100 units/mL Pen-Strep and 100 mg/mL normocin) supplemented with 1x HEK-Blue selection reagent

(InvivoGen) and maintained according to manufacturer culturing guidelines. Prior to E and S protein stimulation, HEK-TLR2 and HEK-TLR4

cells were resuspended in HEK-Blue detection medium (InvivoGen) at 50,000 cells per well in a 96 well plate. E protein and S protein aliquots

were added to wells for final working concentrations of 4, 2, 1, 0.5 and 0.25 mg/mL of either E protein or S protein. For a positive control of

hTLR2 activation, TLR2 agonist Heat killed-Listeria (InvivoGen) at a concentration of 10^9 cells/mL was used. For a positive control of hTLR4

activation, 1 mg/mL of TLR 4 agonist LPS (InvivoGen) was used. Endotoxin-free water was used as a negative control for both TLR2 and TLR4.

Cells were incubated with these stimuli for 16 h and then TLR2 or TLR4 activation was measured on a plate reader measuring Optical Density

(620-655 nm) of secreted alkaline phosphatase, a reporter gene used to measure NF-kB activation for both the hTLR2 and hTLR4 cells.
SARS-CoV-2 E protein stimulation of THP-1 and THP-1 TLR2 knockout cells

THP1-Dual (InvivoGen) and THP1-Dual KO-TLR2 (InvivoGen) monocyte cell lines contain stable integration of two reporter genes within the

IRF pathway. Lucia luciferase, a secreted luciferase reporter gene, under control of an ISG54 minimal promoter, and a secreted embryonic

alkaline phosphatase (SEAP) reporter gene driven by an IFN-b minimal promoter. Cells were grown in RPMI 1640 growth media (10% FBS,

2 mM glutamine, Pen-Strep (100 Units/mL-100 mg/mL), 50 mg/mL normocin, 10 mg/mL Blasticidin, 100 mg/mL Zeocin) and maintained ac-

cording to manufacturer culturing guidelines. 50,000 cells per well were seeded into a 96 well plate in technical triplicate. Cells were treated

with either media or SARS-CoV-2 Envelope Protein (Novus Biologicals) at 1:2 titrated concentrations ranging from 4 mg/mL to 250 ng/mL for

16 h hTLR2, TLR2 agonist Heat killed-Listeria (InvivoGen), was used as a TLR2 positive control at a concentration of 10^9 cells/mL was used.

hTLR4, TLR4 agonist LPS (InvivoGen), was used as a TLR4 positive control at a concentration of 1 mg/mL. For luciferase reporting, 20 mL of

supernatant was added to 50 mL of 1X QUANTI-Luc reagent (InvivoGen) in a white walled 96 well plate. Luminescence was read immediately
16 iScience 27, 109975, June 21, 2024

https://www.thermofisher.com/us/en/home/life-science/antibodies/immunoassays/procartaplex-assays-luminex/procartaplex-immunoassays/procartaplex-analyst-software.html
https://www.thermofisher.com/us/en/home/life-science/antibodies/immunoassays/procartaplex-assays-luminex/procartaplex-immunoassays/procartaplex-analyst-software.html


ll
OPEN ACCESS

iScience
Article
with a 0.1 s reading time on a microplate reader. For SEAP reporting, 20 mL of supernatant was added to 180 mL of QUANTI-Blue solution

(InvivoGen) in a 96 well plate and incubated at 37�C for 1 h. Absorbance of the plate was read at 630 nM using microplate reader.

For experiments where THP-1 cells were treatedwith primary stimulation, rested then secondary stimulation the THP1-Dual and THP1-Dual

KO-TLR2 cell lines were treated with either media or 1 mg/mL of SARS-CoV-2 Envelope protein for 16 h in technical triplicate in a V-bottom 96

well plate. Cells were centrifuged, media was removed, and washed with fresh media twice to remove remaining E protein. Cells were resus-

pended with fresh media and let rest for 5 days. On day 5, media was removed, and cells were washed once more prior to cells being treated

with 1 mg/mL of LPS for 16 h. Luciferase and SEAP reporters were measured as described above to measure cell activation levels.
RNA-sequencing of human monocytes

Monocytes were isolated from cryopreserved PBMC from three individual healthy donors and plated as already described. On day 1, mono-

cytes were given either PBS (n = 3; control), 1 mg/mL SARS-CoV-2 E protein (n = 3; Novus Biologicals) and incubated for 24 h. On day 2, media

was changed, and cells were incubated until day 6 as described above. On day 6, monocytes were harvested and processed for RNA extrac-

tion using the Rneasy Micro Kit from (Qiagen, Germantown, MD, USA). RNA concentrations were determined using the Qubit RNA High

Sensitivity kit on a Qubit fluorometer (Thermo Fisher Scientific). RNA libraries were prepared with the TruSeq Stranded Total RNA Library

Prep Human/Mouse/Rat Kit (Illumina, San Diego, CA, USA). Libraries were run on the Illumina Nova-Seq 6000 in the 2 3 151 bp paired-

end format. After sequencing, initial quality check for library complexity and per-base sequence quality throughout all reads was done using

FastQC (v0.11.7) software. Next, trimming of low-quality bases (<20), short reads (<30), and adaptor sequences was done with the fastqc-mcf

(v1.05). Reads were then aligned to GRCh38/hg38 using STAR (v2.7). htseq-count (v0.6.0) was used to generate the counts table for the fea-

tures. Differential gene expression analysis was carried out using R package DESeq2 (v1.26.0). GSEA v4.1.0 was used for gene set enrichment

analysis. Raw counts matrix obtained after running htseq-count were normalized using DESeq2 to generate expression dataset. Next, pheno-

type file was prepared based on group information for the samples. Hallmark gene sets (v7.4) and Human_HGNV_ID_MiSigDB (v7.4) chip

hosted on the GSEA-MsigDB file servers were used as Gene sets and Chip annotation file respectively. Genes weren’t collapsed and ‘‘gen-

e_set’’ parameter was used for permutation. While rest of the options were run with default settings.
Mouse immunization with SARS-CoV-2 E protein

Mice (P5) were i.p. injected with the 2 mg/kg of E protein (Abclonal, Woburn, MA) or sterile saline. This was followed by subsequent i.p. in-

jection of LPS (2mg/kg). The pupswere left with the damand closelymonitored for signs of distress after treatments. Pupswere euthanized on

P14 using a 100mg/kg ip pentobarbital injection, exsanguinated after cessation of heartbeat, and lungswere harvested. For all experiments, a

minimum of 4 or 5 mice/group were used.
Quantification of mRNA expression using real-time PCR

RNA was extracted on day 9 of experiment from 14-day old mouse lung homogenates using the TRIzol reagent (Thermo Fisher Scientific).

cDNA was synthesized from 1 mg of RNA using Luna Script (New England Bio Labs, Ipswich, MA, USA) according to the manufacturers pro-

tocol. Real-time PCR was performed using a Forget-Me-Not EvaGreen qPCR Master Mix (Biotium, Fremont, CA, USA). 18S rRNA expression

was used to normalize qRT-PCR values across different experiments with relative gene expression calculated using the Pflaffl method. The

following primers were purchased pre-validated from Sigma’s KiCqStart SYBR primers (Sigma Aldrich, St Louis, MO, USA): Il-1b, Tnf-a, Ifn-

a, and 18s rRNA.
Immunoblotting for quantifying changes in protein expression

Mouse lung tissue from 14-day old mice, day 9 of experiment, were homogenized in RIPA lysis buffer containing protease and phosphatase in-

hibitors (SigmaAldrich), with the clarified protein lysates used forWestern blotting. Immunoblotting was done following standard protocol. Pri-

maryantibodiesusedwere: Rabbit anti-Phospho-P65 (Ser536,Cell SignalingTechnologies (CST),Danvers,MA), rabbit anti-P65 (CST), rabbit anti-

Phospho-P38 (Thr180/Tyr182, CST), rabbit anti-P38 (CST), mouse anti-b-Actin (Sigma Aldrich), mouse anti-ICAM1 (Santa Cruz Biotechnology,

Dallas, TX, USA), rabbit anti-TLR4 (Abcam,Waltham, MAUSA) andmouse anti-TLR2 (Santa Cruz Biotechnology). Densitometry was done using

ImageJ Software (NIH, Bethesda, MD, USA) and changes were normalized to b-Actin or the corresponding non-phosphorylated antibody.
QUANTIFICATION AND STATISTICAL ANALYSIS

To determine statistical differences in concentrations of specific analytes nonparametric paired or unpaired (depending on the comparison)

Wilcoxon-Mann-Whitney test was performed. For the mouse study, a minimum of 4 mice per group was used. RNA quantification and PCR

results were based on two to three technical replicates. Prior to conducting statistical analysis, we assessed whether the data distribution was

Gaussian using the D’Agostino–Pearson omnibus normality test. If the data were normally distributed, ANOVAwith a post-hoc Tukey test was

used for analysis. If the data did not meet Gaussian assumptions, a Mann–Whitney U test was used for analysis. In most cases, fold changes

were calculated relative to expression/changes in untreated controls. Statistical analysis was carried out using GraphPad Prism (version 10).
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