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One Sentence Summary:  

This multi-omic analysis of Long COVID reveals sex differences and immune correlates of Long 

COVID development, persistence, and resolution. 

 

Abstract:  

Sex differences have been observed in acute COVID-19 and Long COVID (LC) outcomes, with 

greater disease severity and mortality during acute infection in males and a greater proportion of 

females developing LC. We hypothesized that sex-specific immune dysregulation contributes to 

the pathogenesis of LC. To investigate the immunologic underpinnings of LC development and 

persistence, we used single-cell transcriptomics, single-cell proteomics, and plasma proteomics on 

blood samples obtained during acute SARS-CoV-2 infection and at 3 and 12 months post-infection 

in a cohort of 45 patients who either developed LC or recovered. Several sex-specific immune 

pathways were associated with LC. Specifically, males who would develop LC at 3 months had 

widespread increases in TGF-β signaling during acute infection in proliferating NK cells. Females 

who would develop LC demonstrated increased expression of XIST, an RNA gene implicated in 

autoimmunity, and increased IL1 signaling in monocytes at 12 months post infection. Several 

immune features of LC were also conserved across sexes. Both males and females with LC had 

reduced co-stimulatory signaling from monocytes and broad upregulation of NF-κB transcription 

factors. In both sexes, those with persistent LC demonstrated increased LAG3, a marker of T cell 

exhaustion, reduced ETS1 transcription factor expression across lymphocyte subsets, and elevated 

intracellular IL-4 levels in T cell subsets, suggesting that ETS1 alterations may drive an aberrantly 

elevated Th2-like response in LC. Altogether, this study describes multiple innate and adaptive 
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immune correlates of LC, some of which differ by sex, and offers insights toward the pursuit of 

tailored therapeutics. 

 

Main Text: 

INTRODUCTION:  

SARS-CoV-2, the virus that causes Coronavirus Disease 19 (COVID-19), has thus far led 

to over 770,000,000 reported COVID-19 cases and over 7,000,000 deaths globally since its first 

reported case in December, 2019 (1). In addition to the morbidity and mortality caused by acute 

disease, a significant proportion of patients (approximately 10-20%) continue to suffer from 

symptoms for months-to-years after SARS-CoV-2 infection (2). This condition carries multiple 

names (i.e. Long COVID, Post-COVID Condition(s), and Post-acute sequelae of SARS-CoV-2 

infection (PASC)) and has been defined as the persistence or development of clinical signs or 

symptoms attributable to SARS-CoV-2, either 4- or 12-weeks post infection (2–4).  

For this study, we use the term Long COVID (LC) and the World Health Organization 

(WHO) definition for symptoms persisting beyond 12-weeks post infection (2). LC is a 

heterogeneous condition with potential clinical signs and symptoms spanning nearly every organ 

system, which commonly include: fatigue, myalgias, dyspnea, cough, chest pain, neurocognitive 

dysfunction, dysosmia, and/or dysgeusia (2, 5, 6). Given the heterogeneity of clinical 

presentations, LC may encompass potential subgroups of patients afflicted by different 

symptomatology and pathophysiology, although this continues to be an area of active research 

investigation without clear consensus (7–11).  

There are a number of proposed, not mutually exclusive, pathophysiologic mechanisms for 

LC. These include immune dysregulation (11–30), SARS-CoV-2 persistence (31–47), SARS-
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CoV-2-specific (11, 12, 24, 31, 48–51) and auto-reactive antibody responses (11, 52–58), human 

herpesvirus (e.g. Epstein-Barr Virus (EBV)) reactivation (11, 12, 59–62), microvascular and 

clotting dysfunction (63–67), thromboinflammation (62), amyloid deposition (63, 68–70), 

mitochondrial dysfunction (68, 71, 72), dysbiosis (73–76), and hormonal or metabolic 

abnormalities, such as cortisol (11, 12) or serotonin (77) dysregulation. Prior literature on immune 

dysregulation in LC clinical cohorts have primarily investigated immune cell frequencies, single-

cell cytokine production, plasma proteomics, and SARS-CoV-2 antibody responses, with variable 

results across studies and cohorts (11–15, 17–19, 21–27, 29, 31, 48, 50, 78, 79). Several studies 

have implicated different immune cell populations in the pathophysiology of LC, but a unifying 

etiology across different studies has not been discovered (11, 12, 14, 22, 24, 51).  

Intriguingly, sex-based differences have underpinned outcomes for both acute COVID-19 

and LC. Within the first year of the pandemic, males were observed to have higher rates of critical 

illness and death compared to females from acute COVID-19 (80–86). Conversely, female sex has 

been epidemiologically associated with increased risk of developing LC (17, 87–94). While the 

exact mechanisms underlying these sex differences remain to be fully elucidated, several innate 

and adaptive immunologic differences have been noted between the sexes (95, 96). Following 

symptomatic COVID-19, females were found to have higher percentages of CD19+ B cells and 

CD4+ T-cells compared to males, while males were noted to have higher inflammatory markers 

(i.e. C-reactive protein and IL-6) compared to females (97). Males were also found to have slower 

SARS-CoV-2 viral clearance than females, which may contribute to differences in acute COVID-

19 outcomes (98). While there is a similarity between the higher prevalence of females with LC 

and autoimmunity (95, 96, 99), the mechanisms underlying sex differences in LC require further 

research investigation.  
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We hypothesized that sex-specific, dysregulated immune cell communication during both 

acute COVID-19 and convalescence contribute to the pathogenesis of LC. To investigate this 

hypothesis, we performed comprehensive multi-omic profiling in 45 participants from a cohort of 

patients who were recruited at 3 months post infection to study recovery from SARS-CoV-2 

infection. Many subjects had persistent LC symptoms at 3 and 12 months post infection, affording 

us the opportunity to evaluate predictors of LC versus recovery. We performed single cell RNA-

sequencing (scRNA-seq) and proteomic analyses, focusing our analyses on networks of gene 

activation and inferred cell-cell communication pathways to gain novel insights into the pathways 

associated with LC.   

 

RESULTS 

Cohort description 

Multiple assays were performed on samples from 45 participants from the prospective, 

observational patient cohort called “Infection Recovery in SARS-CoV-2” (IRIS) at Stanford 

University to evaluate immune function during recovery from COVID-19. Demographics of the 

cohort as assessed at the enrollment visit at 3 months after infection are presented in Table S1.  

At 3 months post infection, 9 participants had fully recovered and 36 had persistent 

symptoms indicative of LC. Of the 9 participants who recovered, 44.4% were female, the mean 

age was 41.7 years, and 1 participant (11.1%) was previously hospitalized for acute SARS-CoV-

2 infection (Table S1). Of the 36 participants who developed LC at 3 months post infection, 55.6% 

were female, the mean age was 43.0 years, and 8 participants (22.2%) were previously hospitalized 

for acute SARS-CoV-2 infection (Table S1). Participant demographics stratified by sex and LC 

status are also shown (Table S1). Symptom prevalence for these subjects is shown in fig. S1A, and 
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demonstrated that a variety of symptoms were present among both male and female participants, 

with constitutional, cognitive, and pulmonary symptoms the most prevalent. 

Banked peripheral blood mononuclear cell (PBMC) samples from these subjects during 

acute infection, at 3 months post infection, and at 12 months post infection were used for scRNA-

seq and cytometry by time-of-flight (CyTOF) (Fig. 1A). Olink proteomics was performed on 

plasma samples (Fig. 1A). For scRNA-seq data, cell types were annotated with Seurat v4 PBMC 

multimodal reference mapping (100) to identify multiple innate and adaptive cell types. Within 

individual cell types, we assessed expression changes in gene modules and inferred ligand-receptor 

interaction analyses with target gene predictions (Fig. 1B). CyTOF and plasma proteomic data 

were used to validate findings from transcriptional analyses. 
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Fig. 1. Experimental design, cell clustering and blood transcription modules (BTM) differences during acute 

infection. (A) Experimental design demonstrating use of CyTOF and scRNA-seq for PBMC samples and Olink 

proteomics for plasma samples. (B) UMAP of scRNA-seq data (subsampled to 100,000 cells to reduce overplotting). 

Individual cell types were further analyzed with MultiNicheNet for cell-cell communication inference and BioNet for 

gene network analysis. (C) BTMs of samples during acute infection that differentiated subjects with LC versus those 

who recovered by 3 months post infection for males and females combined. Only modules in which >10% of the 

constituent genes had an absolute log2 fold-change (log2FC) >0.25 are plotted. Red tiles indicate higher expression 

in subjects who developed LC, and blue tiles indicate lower expression. (D) Subjects included in acute SARS-CoV-2 

infection analysis, separated by sex and LC versus recovered status 3 months post infection. (E) BTMs during acute 

infection that differentiated those with LC versus those who recovered by 3 months post infection. Males and females 

are plotted separately. The top 50 modules, by percent of genes, in which >10% of the constituent genes had an 

absolute log2 fold-change (log2FC) >0.25, are plotted. Red tiles indicate higher expression in subjects who developed 

LC, and blue tiles indicate lower expression. 

 

Sex differences in blood transcription modules during acute SARS-CoV-2 infection  

To identify immune dysregulation during acute infection that might predict LC, we 

performed transcriptional and proteomic analyses on the 21 subjects (of the original 45) who had 

samples available during acute infection (Table S2). Among these 21 subjects, 15 patients went on 

to develop LC at 3 months post infection, and 6 patients fully recovered by 3 months post infection 

(Table S2). Of the 6 participants who would recover, 50% were female, the mean age was 41.8 

years, and none were hospitalized for acute SARS-CoV-2 infection (Table S2). Of the 15 

participants who would develop LC, 60% were female, the mean age was 45.8 years, and 1 

participant (6.7%) was hospitalized for acute SARS-CoV-2 infection (Table S2). Participant 

demographics stratified by sex and LC status are also shown (Table S2). 

We first sought to identify transcriptional predictors of the development of LC using blood 

transcription modules (BTMs) sourced from a reference gene set database dedicated to studying 
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blood transcriptional immune responses (104). Numerous BTMs were different during acute 

infection in patients who would later develop LC versus those who would recover at 3 months post 

infection. In particular, the “type I interferon response” module, which is critical for antiviral 

immune responses (102), was increased in acute samples of patients who would develop LC in 

various monocyte, B cell, and T cell subsets (Fig. 1C). It was also noteworthy that the BTM 

“chromosome Y linked” was decreased in patients who would develop LC across many cell types 

(Fig. 1C, Fig S2A). The genes driving this BTM difference were XIST, DDX3Y, UTY/KDM6C, 

KDM5D, PRKY, and USP9Y, which are sex-linked genes thought to have important roles in 

immune responses (103–108) (Table S3). A greater proportion of females than males in the cohort 

progressed to LC after acute infection (75% vs 67%, respectively), accounting for a portion of 

these sex-linked gene expression differences when the sexes are analyzed together.  

When gene expression differences were separated by sex (Fig. 1D), expression of DDX3Y, 

UTY, PRKY, and USP9Y differed in males who progressed to LC compared to those who recovered 

(fig. S2B). DDX3Y, the Y-linked homolog of DDX3X with known roles in the interferon (IFN) 

response to pathogens (104), was notably downregulated across most cell subsets at 12 months in 

males with LC. In females, the RNA gene XIST, which has previously been implicated in 

autoimmunity (103), had higher expression in several innate and adaptive immune cell subsets in 

those who developed LC (fig. S2C). At 3 and 12 months after acute infection, increases in XIST in 

females with LC were still present but less prominent (fig. S2C). 

Based on these findings and the evidence for sex-related differences in COVID-19 

outcomes (17, 80–94, 97, 98), we next analyzed the sexes separately (Fig. 1D). This analysis 

revealed stark differences between males and females in the acute infection gene profiles of those 

who went on to develop LC versus those who recovered, with prominent gene expression 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.18.599612doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?OT3Aqb
https://www.zotero.org/google-docs/?60U7qC
https://www.zotero.org/google-docs/?vDhlpx
https://www.zotero.org/google-docs/?Vb1cMs
https://www.zotero.org/google-docs/?16fVEH
https://www.zotero.org/google-docs/?Lt4NXp
https://doi.org/10.1101/2024.06.18.599612
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

10 

differences in multiple BTMs in proliferating NK cells and reduced expression in the “leukocyte 

activation and migration” module for several T cell subsets in males who developed LC (Fig. 1E). 

In contrast, females who developed LC had expression changes which were less restricted to 

particular cell types or modules, affecting multiple lymphoid and myeloid subsets (Fig. 1E). 

Increased expression of BTMs in CD14+ and CD16+ monocytes was found in both sexes of those 

who developed LC (Fig. 1E). Given these sex-specific differences found in BTM analyses of 

acutely infected samples, subsequent analyses of these samples focused on proliferating NK cells, 

monocytes, and sex-specific differences in several key regulators of inflammation. 

 

Acute TGFβ1 signaling in male proliferating NK cells predict LC 

To understand the drivers of the transcriptional changes observed in BTM analysis (Fig. 

1E), we used MultiNicheNet to infer communication between proliferating NK cells and other 

immune cells during acute infection (109). The majority of the top ligand-receptor interactions 

with proliferating NK cells as senders of signal in acutely infected male samples was dominated 

by  Transforming Growth Factor-β1 (TGFβ1) signaling, as well as IFNɣ signaling, in those who 

would develop LC compared to those who would recover (Fig. 2A).  

Similarly, most of the top interactions received by proliferating NK cells were dominated 

by TGFβ1 signaling from several NK cell and T cell populations in acute samples from males who 

would develop LC (Fig. 2B). Such signaling was predicted to result in the upregulation of: the 

chemokine CCL3, which can augment NK cell cytolytic activity and can be produced by activated 

NK cells to recruit other effector cells (110); DAPK1, which is involved in IFNɣ-induced apoptosis 

and may promote NK cell killing (111, 112); interferon-induced IFIT2, which can promote 

apoptosis (113); ZNF395, which can activate interferon-stimulated genes (114); the protease 
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FURIN, which is also a TGFβ1-converting enzyme (115); IGFBP7, which can upregulate TGFβ1 

signaling (116); and GALNT10, which may be associated with an immunosuppressive phenotype 

(117); among others (Fig. 2C). This TGFβ1 signaling was also predicted to downregulate: 

ADAMTS6, which can increase TGFβ1 activation (118); SMAD3, which is an intracellular 

signaling component of the TGFβ pathway but has previously been shown to be down-regulated 

in response to TGFβ in certain contexts (119); TRAP1, which is suggested to have cytoprotective 

effects against oxidative stress and reactive oxygen species (120, 121); and ETS1, which regulates 

NK cell development and terminal differentiation (122); among others (Fig. 2C). Though TGFβ1 

is best described as an inhibitory signal in NK cells, these transcriptional differences also suggest 

that cytolytic functions and antiviral responses may be altered by TGFβ1 signaling in this context. 

In addition to TGFβ1 signaling, MultiNicheNet also showed upregulation of IL-7 signaling 

in acutely infected males who will develop LC, which is important for NK cell survival and 

cytotoxicity (123) (Fig. 2B). This was predicted to result in downregulation of IL7R, suggesting a 

negative regulatory mechanism (Fig. 2C) (124). IL7R expression during acute infection was 

indeed downregulated in males who will develop LC in the majority of cell types, including 

proliferating NK cells, and this pattern was not observed in females (Fig. 2D). The predicted effects 

on downstream target genes in proliferating NK cells were also apparent and consistent across 

individual patients (fig. S3).  

Unlike in males, cell-cell communication analyses of proliferating NK cells in acutely 

infected females who would develop LC demonstrated signaling predominantly involving CCL5, 

CD99, ADAM10, IL15, and NRG1, among others, but did not demonstrate predominant TGFβ1 

signaling (fig. S4).  

Given the prominent TGFβ1 signaling in proliferating NK cells of the acutely infected 
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males who subsequently developed LC, we next examined whether TGFβ1 was important across 

different cell types and time points.  
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Fig. 2. Proliferating NK cells in males during acute infection. (A-B) Predicted ligand-receptor interactions 

involving proliferating NK cells, separated by development of LC symptoms 3 months after acute infection versus 
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resolution of symptoms by 3 months, with (A) showing signaling sent from proliferating NK cells, and (B) showing 

signaling received by proliferating NK cells. (C) Target genes with altered expression in proliferating NK cells of 

acutely infected male subjects who will develop LC at 3 months, with associated ligand-receptor interactions. Tile 

color in the heatmap indicates the Pearson correlation coefficient of expression of the ligand-receptor pair and the 

target gene. (D) Pseudobulk interleukin-7 receptor (IL7R) expression by cell type during acute infection, separated by 

sex. Tile color in the heatmap indicates log2FC, with higher expression in those who will develop LC at 3 months 

post infection indicated by red and lower expression indicated by blue.   

 

TGFβ1 expression and protein secretion differs in the development and persistence of LC by 

sex 

During acute infection, TGFβ1 expression was increased in males who would develop LC 

not only in proliferating NK cells, but also in the majority of innate and adaptive cell types (Fig. 

3A). On the other hand, TGFβ1 expression was decreased during acute infection in females who 

would develop LC in the majority of examined cell types (Fig. 3A). Corroborating these findings 

at the protein level, latency-associated peptide (LAP) TGFβ1 was significantly increased in the 

plasma of acutely infected males who would develop LC compared to males who would recover; 

this difference was not observed in females (Fig. 3B).  

We next evaluated transcriptional and proteomic differences in all study participants at 3 

months post infection between 36 individuals who developed LC versus 9 individuals who 

recovered (Table S1), with the analysis divided by sex (Fig. 3C). Similar to the findings during 

acute infection, TGFβ1 expression was increased in males with LC in the majority of examined 

cell types, while TGFβ1 expression was mostly decreased in the different cell types in females 

with LC (Fig. 3C). At the plasma protein level, LAP TGFβ1 appeared to be increased in males 

with LC compared to recovered males and similar in females with LC compared to recovered 

females, but these differences were not statistically significant (Fig. 3D). 
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Additionally, a subgroup of the total 45 participants had samples available at both 3 and 12 

months post infection to enable evaluation for LC persistence (Table S4). This analysis involved 

12 participants who had persistent LC at both 3 and 12 months post infection and 11 participants 

who had LC at 3 months but recovered at 12 months post infection. Of the 12 participants with 

persistent LC at  3 and 12 months, 75% were female, the mean age was 44.8 years, and 1 participant 

(8.3%) was previously hospitalized for acute SARS-CoV-2 infection (Table S4). Of the 11 

participants who recovered at 12 months, 45.5% were female, the mean age was 37.3 years, and 3 

participants (27.3%) were previously hospitalized for acute SARS-CoV-2 infection (Table S4). 

Participant demographics stratified by sex and LC status are also shown (Table S4). LC symptoms 

for this group of patients at 12 months are shown in fig. S1B and were notable for increased 

prevalence of cognitive, constitutional, neurologic, and pulmonary symptoms in those with 

persistent symptoms. We evaluated the LC versus recovered groups separately by sex.  

TGFβ1 expression was again found to be increased in males with persistent LC at 12 

months post infection in the majority of cell types (Fig. 3E). Interestingly, unlike earlier time 

points, TGFβ1 expression was also increased in females with persistent LC at 12 months post 

infection in the majority of cell types (Fig. 3E). Secreted LAP TGFβ1 in plasma also appeared to 

be increased in both males and females with persistent LC at 12 months compared to the recovered 

males and recovered females, respectively, but these differences did not reach statistical 

significance (Fig. 3F). Altogether, these data suggest that increased transcriptional and proteomic 

TGFβ1 are predictive of LC development and markers of persistent LC in males, but only at 12 

months post infection are there hints of increased TGFβ1 playing a role in LC in females.  
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Fig 3. TGF-β in transcriptomic and plasma proteomics analyses differs by sex in those with LC. (A) Log2FC of 

pseudobulk expression of TGFβ1 gene during acute infection, separated by sex. Bars moving to the right of the dashed 

line indicate increased expression and bars moving to the left indicate reduced expression in those who will develop 

LC at 3 months post infection. Bar colors correspond to major cell types. (B) Plasma proteomic measurement of LAP 

TGFβ1 during acute infection, separated by sex. * indicates unadjusted p<0.05 between those who will develop LC 

vs. recover at 3 months post infection. (C) Log2FC of pseudobulk expression of TGFβ1 gene 3 months after acute 
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infection, separated by sex. Bars moving to the right of the dashed line indicate increased expression and bars moving 

to the left indicate reduced expression in those with LC at 3 months post infection. Bar colors correspond to major 

cell types. (D) Plasma proteomic measurement of LAP TGFβ1 in those with LC vs. those who recovered at 3 months 

post infection, separated by sex. (E) Log2FC of pseudobulk expression of TGFβ1 gene 12 months after acute infection, 

separated by sex. Bars moving to the right of the dashed line indicate increased expression and bars moving to the left 

indicate reduced expression in those with persistent LC at 12 months. Bar colors correspond to major cell types. (F) 

Plasma proteomic measurement of LAP TGFβ1 in those with persistent LC vs. recovery at 12 months post infection, 

separated by sex. 

 

Differential signaling by sex in monocytes during acute infection predicts LC 

Due to the differences of BTMs in monocytes during acute infection (Fig 1C, 1E), we 

further investigated these cells in both sexes with cell-cell communication and gene network 

analyses. In males, inference of ligand-receptor signaling toward monocytes showed that CD40 

ligand signaling was most different during acute infection in those who went on to develop LC 

versus those who recovered (Fig. 4A). CD14+ monocytes and CD16+ monocytes of subjects who 

would recover received CD40 ligand signaling from T cells, targeting multiple integrins that act 

to facilitate CD40 signaling (125–127), an important stimulus for inflammatory responses in 

infection and expression of co-stimulatory signals (128, 129). CD14+ monocytes in males who 

developed LC received proinflammatory IFNG and IL15 signaling (130, 131) as well as pro-

apoptotic TNFSF10 (aka TRAIL) signaling (132) (Fig. 4A). CD16+ monocytes in males who 

developed LC received CD226 signaling from NK and T cells directed to stimulate PVR and 

Nectin2 (Fig. 4B). PVR encodes CD155, an inhibitory protein which has previously been 

associated with poor antiviral responses to SARS-CoV-2 (133). Additionally, PVR and Nectin2 

both promote tissue infiltration of monocytes (134), which has been associated with deleterious 

local inflammation (135). Thus, during acute infection, monocytes in males who will recover 
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received CD40 ligand signaling that may promote co-stimulatory signals, while monocytes in 

males who will develop LC may be more prone to tissue infiltration. 

In females, CD14+ monocytes during acute infection in those who went on to develop LC 

received increased CCL5 signaling from NK and T cell subsets, and the monocytes themselves 

show increased expression of chemokine receptors CCR1 and CCR3 (Fig. 4C), a combination of 

which would be expected to promote chemotaxis. Interestingly, higher levels of CCR genes in 

monocytes and macrophages has been associated with increased acute disease severity in COVID-

19 patients (136). Gene network analysis for CD14+ monocytes in females shows a subnetwork of 

interferon-stimulated and antiviral genes such as MX1, MX2, TRIM22, OAS2, OAS3, IFI44, 

DDX60L, EPSTI1, PARP14, and IFIT3 (137–144) (Fig. 4D), which are upregulated in those who 

developed LC. 

CD16+ monocytes in females who went on to develop LC received increased TNF 

signaling compared to those who recovered, including TNFSF8 (aka CD30L) (Fig. 4E), which 

induces NF-κB activation and is implicated in autoimmunity (145). Additionally, these monocytes 

received complement C5 signaling, and complement dysregulation has previously been implicated 

in LC pathogenesis (62, 146). Gene network analysis showed upregulated interferon-stimulated 

and antiviral genes including PARP14, EPSTI1, OAS2, OAS3, MX1, DDX60, TRIM22, IFIT2, and 

IFI44 (137, 139–144, 147) (Fig. 4F). Interestingly, IFI44, which is upregulated in gene networks 

for both CD14+ and CD16+ monocytes in females, has been observed to reduce interferon 

responses and has been associated with immune evasion in SARS-CoV-2 (148, 149). 

In sum, transcriptional analyses of monocytes during acute infection revealed signatures 

suggestive of increased potential to infiltrate target tissues in subjects with LC, though the 

mechanisms differed by sex with males showing CD226 to NECTIN2/PVR signaling and females 
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showing CCL5 to CCR1/CCR3 signaling. Additionally, there was upregulation of interferon-

stimulated genes in females who developed LC, suggesting a more activated monocyte phenotype 

which may promote local tissue inflammation. 
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Fig 4. Sex-specific differences in inflammatory monocytes during acute infection. (A-B) Inferred cell-cell 

communication, separated by development of LC symptoms 3 months after acute infection versus resolution of 

symptoms by 3 months, toward (A) CD14+ monocytes and (B) CD16+ monocytes in males. (C) Cell-cell 

communication inference, separated by development of LC symptoms 3 months after acute infection versus resolution 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.18.599612doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599612
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

21 

of symptoms by 3 months, toward CD14+ monocytes in females. (D) Differential gene network in CD14+ monocytes 

in females during acute infection. Red nodes indicate higher expression (log2FC) in those who will develop LC, and 

blue nodes indicate lower expression. (E) Cell-cell communication inference, separated by development of LC 

symptoms 3 months after acute infection versus resolution of symptoms by 3 months, toward CD16+ monocytes in 

females. (F) Differential gene network in CD16+ monocytes in females during acute infection. Red nodes indicate 

higher expression (log2FC) in those who will develop LC, and blue nodes indicate lower expression. 

 

Pro-inflammatory monocytes with reduced co-stimulatory function in LC 

We next turned our attention to the immune status at 3 and 12 months post infection. BTM 

analysis at 3 and 12 months in both males and females with persistent LC revealed ongoing 

differences in monocytes between subjects with persistent LC compared to those who recovered 

by 12 months (Fig. 5A-B). Of particular interest, modules associated with chemokines and 

inflammatory molecules as well as chemokine receptor signaling were upregulated in CD14+ 

monocytes at 3 months in those with persistent LC (Fig. 5A). At 12 months post infection, males 

with persistent LC showed upregulation of numerous BTMs in CD14+ monocytes, including 

modules associated with proinflammatory myeloid cell responses, chemokines, NF-κB activation, 

and antigen presentation, among others (Fig. 5B). BTM analysis of CD16+ monocytes in females 

also showed upregulation in BTMs associated with proinflammatory myeloid cell responses, NF-

κB activation, and chemokines in those with persistent LC at 12 months (Fig. 5B). CD14+ 

monocytes in females with LC at 12 months also showed upregulation of the module associated 

with chemokines and inflammatory molecules (Fig. 5B).  
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Fig. 5. BTMs at 3 and 12 months after acute SARS-CoV-2 infection. (A) BTMs 3 months after acute infection, 

separated by sex, which differentiate those with persistent LC at 12 months post infection versus those who will 
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recover by 12 months. (B) BTMs 12 months after acute infection, separated by sex, which differentiate those with 

persistent LC at 12 months post infection versus those who recovered between 3 and 12 months. The top 50 modules, 

by percent of genes, in which >10% of the constituent genes had an absolute log2 fold-change (log2FC) >0.25, are 

plotted. Red tiles indicate higher expression in subjects with LC, and blue tiles indicate lower expression. 

 

Cell-cell communication analysis of CD14+ monocytes in males revealed much greater 

activity in subjects with LC at 12 months. As senders of signal, activating and proinflammatory 

signals such as CD58 and IL-1𝛂 toward regulatory T cells and S100A12 toward CD16+ monocytes 

and conventional dendritic cells 2 (cDC2) are prioritized in those who have LC (Fig 6A). 

Conversely, IL1RN (the anti-inflammatory antagonist of IL1) (150) signaling toward cDC2 was 

also upregulated in those with LC (Fig 6A). As receivers, CD14+ monocytes in those with LC are 

targets of TGFβ1 signaling from NK cells and multiple T cell subsets (Fig 6B), consistent with our 

finding that TGFβ1 transcription is upregulated across all time points in male subjects who 

developed LC (Fig 3E). 

In females, different cell-cell communication patterns emerged. CD14+ monocytes in those 

with LC at 12 months showed IL1 signaling toward memory B cells, cDC2, and other CD14+ 

monocytes (Fig. 6C). These cells were also predicted to receive IL1β from CD16+ monocytes, as 

well as TGFβ1 signaling from NK cells, Mucosal Associated Invariant T (MAIT) cells, gamma 

delta T cells (ɣ𝛿T cells), and CD8+ T cells (Fig. 6D). These ligand-receptor interaction were 

predicted to increase expression of several genes which encode proteins involved in inflammation, 

such as chemokines CXCL1 and CXCL8, cytokine IL1β, as well as EREG and PTGS2, in addition 

to pro-apoptotic PMAIP1 (Fig. 6E).  

Given the prevalence of IL1β signaling in females, we compared pseudobulk expression of 

this gene in monocytes in males and females, finding that both CD14+ and CD16+ monocytes in 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.18.599612doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?sBvrlW
https://doi.org/10.1101/2024.06.18.599612
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

24 

those with LC had increased IL1β expression in females; however, this was not the case in males 

(Fig. 6F). Consistent with these findings, plasma proteomic analysis demonstrated upregulation of 

IL-1𝛂 in females with persistent LC at 12 months, but not in males (Fig. 6G). When we evaluated 

single-cell proteomics, we found no differences in intracellular IL-1β between LC and recovered 

groups in either sex at 3 and 12 months (fig. S5), which may indicate that some of this protein had 

been secreted. However, in subjects with LC persisting to 12 months, intracellular IL-6 and IP-10 

(aka CXCL10) were higher in CD14+ and CD16+ monocytes at 3 and 12 months in males, and IP-

10 was higher in CD14+ monocytes at 3 months in females, indicating a pro-inflammatory state 

(fig. S5). 

Given the role of monocytes in providing co-stimulatory signals to T cells, we next 

evaluated CD86, which is an important co-stimulatory molecule expressed on antigen-presenting 

cells (124) that interacts with the CD28 receptor on T cells to help induce proliferation and 

cytotoxicity (125). Interestingly, we also found reduced expression of CD86 at 3 and 12 months 

after acute infection in CD14+ and CD16+ monocytes for those with LC in both sexes (Fig 6H). 

Plasma proteomics also supported reduced co-stimulatory function of monocytes in males, as 

LILRB4, which has been shown to induce immune tolerance in antigen-presenting cells and an 

immunosuppressive T cell phenotype (126, 127), was higher in male subjects with LC at 12 months 

(Fig. 6I-J). Additionally, several proteomic markers of T cell anergy/exhaustion, including IL-10, 

IL-10RB, and LAG3, were higher in those with persistent LC at 3 and 12 months, although this 

was only statistically significant for LAG3 in males (Fig. 6I-J). If sexes were considered together 

to increase power, the findings were similar for these markers (fig. S6). Altogether, monocytes of 

subjects with LC persistence demonstrated both sex-specific differences, such as prominent IL1 
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signaling and increased IL-1𝛂 protein secretion in females, as well as common findings in both 

sexes, such as reduced co-stimulatory CD86 expression compared to recovered subjects.  
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Fig. 6. Cell-cell communication of CD14+ monocytes,  co-stimulatory potential, and markers of T cell exhaustion 

in persistent LC. (A-B) Inferred communication (A) originating from, and (B) going toward CD14+ monocytes in 

males at 12 months post infection, comparing those with persistent LC versus those who recovered by 12 months. (C-

D) Inferred cell-cell communication (C) originating from, and (D) going toward CD14+ monocytes in females at 12 

months post infection, comparing those with persistent LC versus those who recovered by 12 months. (E) Target 

genes with increased expression in CD14+ monocytes of females with LC at 12 months, with associated ligand-

receptor interactions. Tile color in the heatmap indicates the Pearson correlation coefficient of expression of the ligand-

receptor pair and the target gene. (F) Log2FC of pseudobulk IL-1β expression in CD14+ and CD16+ monocytes at 12 

months post infection, comparing those with persistent LC and those who recovered by 12 months, separated by sex. 

Bars moving to the right of the dashed line indicate increased expression and bars moving to the left indicate reduced 

expression in those with LC. (G) Plasma proteomic measurement of IL-1𝛂 at 12 months post infection, separated by 

sex. * indicates unadjusted p<0.05 between LC versus recovered subjects. (H) Log2FC of pseudobulk CD86 

expression in CD14+ and CD16+ monocytes in sexes combined at 3 and 12 months post infection. Bars moving to the 

left of the dashed line indicate reduced expression in those with LC. (I-J) Plasma proteomic correlates of T cell 

exhaustion at (I) 3 months and (J) 12 months in those with persistent LC to 12 months compared to those with LC at 

3 months but recovery by 12 months post infection, separated by sex. * indicates unadjusted p<0.05. 

 

Widespread increases in NFKB1 expression are associated with LC development and 

persistence 

 In addition to the role of NF-κB in a pro-inflammatory monocyte phenotype in those with 

LC (Fig. 5B), sex-specific gene network analyses of a variety of cell types, such as CD16+ 

monocytes and naive B cells in males at 3 months, and CD8+ TEM in females at 12 months, 

revealed that NFKB1 was upregulated in those with persistent LC (fig. S7A-C). Given this, we 

next analyzed transcriptional expression of NF-κB transcription factors across cell types and time 

points. Since we found that upregulation of NF-κB constituents did not vary substantially by sex 

(fig. S8), the following analyses show the sexes combined. 
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NFKB1, which is a primary component of the canonical NF-κB signaling pathway and 

induces cell proliferation and immune response programs (151), was found to have higher 

expression during acute infection in those who will develop LC at 3 months, as well as higher 

expression at 3 and 12 months in those with LC persisting to 12 months (Fig 7D). A similar pattern 

was seen with RELB, an essential activator of transcription in the non-canonical NF-κB pathway 

(152), where upregulation was observed in all cell types other than CD8+ TEM and naive B cells 

during acute infection (Fig 7E). Lastly, c-REL, which is primarily expressed in B and T 

lymphocytes and has been implicated in multiple autoimmune conditions (153), also had higher 

expression in the acute samples of those who will develop LC and in those with persistent LC at 

12 months (Fig 7F). Overall, widespread increases in several NF-κB transcription factor genes at 

multiple time points suggests a strong association between this pathway and LC pathogenesis. 
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Fig. 7. Increased expression of NF-κB transcription factors is associated with LC development and persistence. 

(A-C) Higher pseudobulk expression of (A) NFkB1 and (B) RELB across many cell types is associated with LC 

development after acute infection and persistence for 12 months, with sexes combined. (C) Increased pseudobulk c-

REL expression across T and B lymphocytes is associated with LC development after acute infection and persistence 

for 12 months, with sexes combined. Red tiles indicate higher expression (log2FC) in LC and blue tiles indicate lower 

expression.  

 

AP-1, ETS1, and T helper 2 immunity in LC 

 BTM analysis at 3 and 12 months after acute infection in subjects who had persistent LC 

at 12 months demonstrated increased expression of genes in the “signaling in T cells (I)” module 
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(Fig. 5A-B). Inspection of this module revealed that four genes were implicated in a majority of 

these transcriptional differences: FOS, FOSB, JUN, and JUNB (Fig. S9). These genes are major 

components of the Activator Protein-1 (AP-1) transcription factor complex, which plays important 

roles in T cell activation, and transcriptional expression was increased in those with persistent LC 

across many cell types (fig. S9) (154). Several of these genes also demonstrated increased 

expression in those with LC in gene network analyses of various cell types (Fig. 7A-C). 

Given these findings corresponding to altered T cell function in LC and known physical 

and functional associations between AP-1 and the ETS1 transcription factor (155), we evaluated 

pseudobulk ETS1 expression in lymphocyte subsets in which it is known to be expressed (156). 

During acute infection, ETS1 expression was reduced in all B cell, T cell, and NK cell types in 

males who progressed to LC at 3 months post infection; however, it was increased in several 

lymphocyte subsets in females (Fig. 8A). Comparison of ETS1 in those with LC versus those who 

recovered revealed lower expression at 3 months in those who would have persistent LC at 12 

months, and it remained lower at 12 months in these individuals across most B and T cell subsets 

in both sexes (Fig. 8B). 

As ETS1 deficiency has previously been linked to increased T helper 2 (Th2) differentiation 

(157) we assessed proteomic correlates to the ETS1 reduction seen in our transcriptomic data. Our 

CyTOF data revealed that IL-4, a major Th2 cytokine, was higher in CD4+ and CD8+ T cells at 3 

and 12 months for subjects with persistent LC at 12 months (Fig. 8C-D). When separated by sex, 

this pattern persists across CD4+ naive, CD4+ memory, CD8+ naive, and CD8+ memory T cells 

(fig. S10A-B). Finally, plasma proteomics revealed higher IL-4, IL-5, IL-13, (though not reaching 

statistical significance) and higher IL-33 (p<0.05), all of which are known to induce Th2 signaling 

(158), in subjects with LC at 12 months (Fig. 8E). Together, these data suggest roles for increased 
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AP-1 transcription factor, decreased ETS1 transcription factor, and increased Th2 signaling in the 

pathogenesis of LC.  
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Fig. 8. ETS1 expression is reduced in LC, with a corresponding increase in Th2 polarization. (A) Log2FC of 

pseudobulk ETS1 expression during acute infection, comparing those who develop LC at 3 months after acute infection 

versus those who recover by 3 months, separated by sex. Bar colors correspond to major cell types. (B) Log2FC of 
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pseudobulk ETS1 expression at 3 and 12 months post infection, comparing those with LC at 3 and 12 months versus 

those with LC at 3 months but recovery by 12 months, separated by sex. Bar colors correspond to major cell types. 

(C-D) Intracellular IL-4 as measured by CyTOF in CD4+ and CD8+ T cells at (C) 3 months and (D) 12 months post 

infection, comparing those with persistent LC at 3 and 12 months versus those with LC at 3 months but recovery by 

12 months. (E) Plasma proteomic measurements of common Th2 immune cytokines IL-13, IL-33, IL-4, and IL-5, 

showing higher levels of all markers (only IL-33 meets unadjusted statistical significance) in those with persistent LC 

at 12 months versus those who recovered by 12 months. * indicates unadjusted p<0.05, ** indicates unadjusted p<0.01, 

and *** indicates unadjusted p<0.001. 

 

DISCUSSION 

 This study uses multi-omic data to examine subjects during acute infection and 3 and 12 

months after infection to discover abnormalities in innate and adaptive immunity of individuals 

with LC, many of which differ by sex. BTM, cell-communication, and gene network analyses 

uncovered cell-specific as well as more pervasive differences in those who developed LC, such as 

increased TGF-β signaling in males, NF-κB activation in both sexes, and reduced ETS1 

transcription factor expression in both sexes in numerous lymphocyte subsets in the months 

following acute infection. Some of these transcriptional differences were corroborated by 

corresponding changes in single-cell cytokine production and by plasma cytokine levels. Sex-

specific immunologic differences were prominent across many cell types, indicating that 

mechanisms of LC may differ between sexes, potentially informing the search for tailored 

therapeutics. 

 Several genes with high specificity for biological sex were found to have expression 

differences that support roles in disease pathogenesis. In males, the DDX3Y gene was most reduced 

in those with LC at both 3 and 12 months, and the differences became most prominent in innate 

immune cells, such as CD56bright NK cells, cDC2, and monocytes, at 12 months. DDX3 genes have 
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been shown to promote virus-induced interferon-β expression (159), therefore reduced DDX3 

expression may have implications for clearance of residual SARS-CoV-2 virus, suppression of 

other chronic viral infections, or response to new viral pathogens. In females, the XIST gene was 

noted to have higher expression during acute infection and at 3 and 12 months for those who 

developed LC. The RNA product of XIST does not encode a protein, but rather binds numerous 

other proteins and subsequently interacts with the X chromosome in females to silence gene 

transcription in one of the X chromosomes (103). This mechanism has been associated with 

multiple disease processes, and the Xist ribonucleoprotein complex has many sites of potential 

immunoreactivity that may contribute to multi-organ autoimmune pathology (103). An association 

between autoantibodies and LC has been suggested in some studies (11, 55, 56), but not in others 

(12, 160), necessitating further investigation that may benefit from considering sex-specific 

differences in titers, breadth, and association with LC symptoms. 

In this cohort, there were notable perturbations in innate and early adaptive immunity 

during acute infection that correlated with development of LC. Proliferating NK cells in males 

showed bidirectional TGF-β signaling, which would be expected to reduce NK cell cytotoxicity, 

as previously observed in severe COVID-19 (161), which may limit the efficacy of the initial 

antiviral response. Increased TGFβ1 expression was also found to be associated with LC 

development and persistence across many cell types, including naive and memory T cells, which 

may lead to reduced T helper 1 (Th1) differentiation (162) and impaired immunity against 

intracellular pathogens. Conversely, TGF-β signaling contributes to regulatory T cell 

differentiation, which may be important for avoiding self-reactivity (163). Interestingly, TGF-β 

has been previously suggested to play a role in myalgic encephalomyelitis/chronic fatigue 
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syndrome (ME/CFS) (164) and was described to be increased in the plasma of males with LC in a 

pre-print study of a different LC patient cohort (165).  

In convalescence, increased inflammatory signaling involving monocytes persisted to 12 

months in those with LC, characterized by upregulation of major factors such as IL1 and NF-κB 

in transcriptomic data, IL-6 and CXCL10 in single-cell proteomics, and IL1 in plasma proteomics. 

Despite multiple proinflammatory markers, monocytes appeared to have dysfunctional interaction 

with T cells, as transcriptional analysis indicated reduced CD86 co-stimulatory function, and 

plasma proteomics revealed multiple markers of T cell quiescence. Increased LAG3 was noted at 

3 and 12 months in subjects with persistent LC, particularly in males. LAG3 is associated with 

suppressed/exhausted T cell phenotypes in the contexts of autoimmune disease, malignancy and 

infectious disease, and is under investigation as a target for novel cancer immunotherapies given 

its potential to reduce T cell cytotoxicity (149). In combination with our findings of reduced co-

stimulatory CD86 expression in CD14+ monocytes, our data suggests a reduced capacity for 

appropriate innate and adaptive immune responses to existing infectious insults among subjects 

with persistent LC at 12 months, consistent with prior evidence showing reactivation of other 

viruses in those with LC (58). Potential impacts of the observed dysfunctional T cell signaling on 

host response to new pathogens deserves attention in future studies. 

 Single-cell transcriptomic analyses also revealed a broader pattern of reduced ETS1 

transcription factor expression in nearly all lymphocyte subsets to be associated with LC 

persistence to 12 months. ETS1 deficiency in humans has also been characterized in the context of 

autoimmunity, where it was highly correlated with presence of autoimmune disease and disease 

severity (157). Additionally, ETS1 deficiency was strongly associated with increased Th2 cell 

activity by biomarkers such as IL-4, IL-5, and IL-13 (157). ETS1 deletion in mice also resulted in 
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high IL-4 signaling activity, Th2 bias, and clinical features of autoimmunity (157). In our cohort, 

we found a significant increase in IL-4 protein expression across T cells in those with LC at 3 and 

12 months, mirroring the reduced ETS1 expression seen in these cells. While IL-4 signaling is 

classically associated with CD4+ T cell modulation, it also impacts CD8+ T cell function, where it 

induces pro-survival programs (166), but also reduces cytotoxicity in the setting of viral infection 

(167). Interestingly, IL-4 blockade has been shown to cause remission of autoimmune disease in 

ETS1 deficient mice, and may offer a feasible intervention strategy in LC given the impressive 

efficacy and safety of anti-IL-4 receptor therapy in humans (168). 

 This study has several strengths. First, peripheral blood samples were collected during 

acute infection as well as convalescence, allowing for discovery of immune abnormalities during 

acute infection which correlate with LC symptom development, such as increased TGF-β 

signaling. Secondly, collection of samples at two time points after onset of LC revealed both 

features of LC and predictors of LC persistence, as demonstrated by ETS1 and Th2 cytokine 

dysregulation. Third, the use of systems immunology approaches such as gene network analysis 

and cell-cell communication inference facilitated detection of central mediators of immune 

dysfunction that were cell- and sex- specific, as well as commonalities across cell types that may 

contribute to LC pathogenesis. Lastly, the use of single-cell and plasma proteomics allowed for 

confirmation that several pervasive transcriptional differences correspond to alterations in protein 

expression. 

 This study also has important limitations. The subjects enrolled in this study were first 

infected with SARS-CoV-2 early in the COVID-19 pandemic, prior to the widespread 

dissemination of mRNA vaccines which have greatly reduced the incidence of severe disease 

during acute infection. However, prevalence of LC has been relatively unchanged from 2022 to 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.18.599612doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?snt14Y
https://www.zotero.org/google-docs/?L8wFOi
https://www.zotero.org/google-docs/?kEDeru
https://www.zotero.org/google-docs/?qjAXH3
https://doi.org/10.1101/2024.06.18.599612
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

37 

2024 (169), suggesting that vaccination may not offer a comparable magnitude of protection 

against LC development as it does for severe disease during acute infection, and that ongoing 

evolution of the SARS-CoV-2 virus may not have significantly impacted post-acute sequelae. 

Additional studies of LC cohorts during subsequent SARS-CoV-2 variant epochs are needed to 

validate our findings. An additional limitation which applies to all LC studies is the lack of a 

consistent LC definition or objective measures that can be used for diagnosis. Since we prioritized 

performing transcriptomic analyses of multiple time points and analyzing the data by sex, this 

study was limited by small sample size. Additional studies with larger cohorts will be necessary 

to validate these findings. As this study was conducted on one patient cohort from a single 

institution, additional studies to validate these findings in multiple cohorts would be required prior 

to applying such findings to the clinical setting.  

 In summary, this study utilizes multiple modalities to uncover patterns of immune 

dysregulation that correlate with LC development, persistence, and resolution. Our discovery of 

sex-specific differences in immune response suggests that future mechanistic and therapeutic 

studies should consider stratification by sex, as supported by disproportionate impacts of severe 

acute disease in males (80–86) and LC in females (17, 87–94). We have also found several 

potential targets for intervention, most notably downregulation of ETS1 transcription factor and 

increased expression of Th2 cytokines in those with LC. Lastly, persistent transcriptional 

aberrancies in T cell stimulation and T cell receptor signaling may have implications for infectious 

disease and immunity, an area which requires attention in future studies. 

 

MATERIALS AND METHODS 

Clinical cohort, patient samples, and study design 
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This study utilized samples collected from 45 participants enrolled in the prospective, 

observational patient cohort called “Infection Recovery in SARS-CoV-2” (IRIS). Adult patients 

were enrolled in this cohort approximately 3 months after symptomatic, polymerase chain reaction 

(PCR)-confirmed SARS-CoV-2 infection between August, 2020 - December, 2020 at Stanford 

University (170). Protocols were approved by the Stanford Institutional Review Board (IRB 

57036), and participants provided written informed consent. Exclusion criteria for the overall IRIS 

cohort included pregnancy or active drug or alcohol abuse. For the participants in this study, those 

with immunocompromising conditions (e.g. malignancy, HIV, and solid organ transplant), on 

immunomodulatory medications (e.g. prednisone, mycophenolate mofetil, tacrolimus, and 

ibrutinib), or with medical conditions that may have accounted for their symptoms (e.g. cystic 

fibrosis and fibromyalgia) were also excluded.  Participants were included in this study based on 

the availability of longitudinal blood samples and the prioritization of those with the clearest 

clinical phenotypes (e.g. asymptomatic throughout the entire convalescent period assessed for the 

recovered participants).  

Study data were collected and managed using REDCap electronic data capture tools hosted 

at Stanford University (171, 172). PBMCs and plasma were collected at approximately 3 months 

and 12 months post infection. Clinical features including medical histories, physical exams, vital 

signs, and self-reported patient symptoms (both checklist survey and free text response) were 

evaluated at approximately 3, 6 and 12 months post SARS-CoV-2 infection.  

Of the 45 participants in this study, 21 participants with banked PBMCs and plasma during 

acute SARS-CoV-2 infection were profiled in this work. Twelve of these patients had been 

previously enrolled in a phase 2, randomized, single-blind, placebo-controlled trial of single 

subcutaneous dose of Peginterferon Lambda-1a as potential treatment for outpatients with mild to 
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moderate COVID-19 (NCT04331899) at Stanford University (173). Additionally, 9 of these 

patients had been previously enrolled in a phase 2, randomized, double-blind, placebo-controlled 

trial of 10-day course of oral Favipiravir as potential treatment for outpatient mild or asymptomatic 

COVID-19 (NCT04346628) at Stanford University (174). Notably, neither study found a 

difference in duration of SARS-CoV-2 viral shedding or in symptom duration between the 

treatment arm and the placebo arm (173, 174).  

 

Mass cytometry staining 

PBMC samples were processed in a randomized fashion utilizing 20-plex barcoding. A 

consistent plate control sample was included for every CyTOF batch. A total of 26 batches were 

acquired. PBMC samples were individually thawed and added to pre-warmed media (RPMI 1640 

(Thermo Scientific 21870092) supplemented with 10% fetal bovine serum (Corning Ref #35-016-

CV), 2mM L-Glutamine (Thermo Scientific 25030081), and 1x 

Penicillin/Streptomycin/Amphotericin B (Gibco Cat #15240062 or Cytiva HyClone SV30079.01)) 

plus 20µL of benzonase (Millipore #70664) per 10mL total volume. Cells were washed, counted, 

and plated in 96-well round bottom plates (Thermo Scientific Cat #163320) at 1.5 million 

cells/200µL media per well such that each PBMC sample was plated into two wells (for an 

“unstimulated” and “stimulated” condition per sample). Cells were incubated overnight at 37°C, 

5% CO2.  

The following morning, cells in the wells designated for “stimulation” were resuspended 

in a combination of Resiquimod (R848) (4µg/mL; Invivogen Cat# tlrl-r848) and 

Polyinosinic:polycytidylic acid (Poly IC) (12.5µg/mL; Sigma P9582) for a total of 5 hours in the 

37°C, 5% CO2 incubator, with the addition of phorbol 12-myristate 13-acetate and ionomycin 
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(PMA/I) (0.0625x; eBioscience REF 00-4970-93) for the last two hours of stimulation. The cells 

that were designated to be “unstimulated” were mock-treated with media. A combination of 1x 

Brefeldin A (eBioscience #00-4506-51), 1x Monensin (eBioscience 00-4505-51), and  0.8µL 

CD107a-APC (BioLegend #328620) per 200µL of cells were added for the last 1.5 hours of the 

total 5 hour incubation for all cells. This stimulation protocol was previously optimized to induce 

activation and cytokine production of major PBMC cell subsets, including T cells, B cells, myeloid 

cells, and NK cells, while also minimizing cell loss.  

After stimulation or mock incubation, cells were washed with CyFACS buffer (PBS, 0.1% 

BSA, 2nM EDTA, 0.05% sodium azide), barcoded in 20-plex format for 30 minutes at room 

temperature, thoroughly washed in CyFACS buffer, resuspended in PBS, and pooled into a round-

bottom polypropylene tube (Falcon REF 352063). Pooled samples were then stained with PdCl 

viability reagent (final concentration of 500nM in PBS) for 5 minutes at room temperature and 

subsequently quenched with FBS. Following two CyFACS washes, cells were incubated with 

Human TruStain FcX (BioLegend 422302) at 5µL per million cells at room temperature for 10 

minutes per manufacturer instructions. Next, cells were stained in 250µL of surface antibody 

cocktail (Table S5) for 30 minutes at 4°C. Following two CyFACS washes, cells were fixed in 

freshly diluted 2% paraformaldehyde (PFA) in PBS (16% PFA purchased from EMS Cat# 15710) 

for 20 minutes at room temperature in the dark. Cells were subsequently washed once in CyFACS, 

then twice in freshly prepared 1x eBioscience Permeabilization Buffer (Invitrogen Cat #00-8333-

56) with spins at 800g for 5 minutes at 4°C. Cells were then stained with 250µl of intracellular 

antibody cocktail (Table S6) for 45 minutes at 4°C in the dark. Following 1 wash with 

Permeabilization Buffer and 2 washes with CyFACS, cells were resuspended in 35nM Cell ID 

Intercalator (191Ir, 193Ir) in 2% PFA and incubated overnight at 4°C in the dark. The following 
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morning, cells were washed once with CyFACS and twice with Milli-Q® water. Cells were 

subsequently resuspended in Milli-Q® water and 0.1x EQ Four Element Calibration Beads 

(Fluidigm/Standard BioTools, Cat # 201078) and filtered through a 35µm nylon mesh into 

polystyrene tubes (BD Falcon #352235) for sample acquisition. Data were acquired on a Helios 

mass cytometer.  

 

Mass cytometry data preprocessing and data analysis 

Flow Cytometry Standard (FCS) files were normalized and debarcoded using the Premessa 

package, as previously described (175, 176). FlowJo version 10.8.1 was used to manually gate out 

EQ beads and to gate on intact, single, live, CD45+ cells, which were subsequently exported as 

FCS files for further analysis using the open software R. Since no major batch effects were 

observed, batch normalization was not performed.  

Mass cytometry data was arcsinh transformed with a cofactor of 0.001 prior to clustering. 

This transformation was chosen to optimize multimodality across markers (fig. S11), and thus 

facilitate cell clustering. Coarse cell clusters (monocytes/dendritic cells, natural killer cells, CD4+ 

T cells, CD8+ T cells, and B cells) were determined using mini-batch K-means clustering in R on 

a subset of 1,032,000 cells. Only CD3, CD4, CD8a, CD11c, CD14, CD16, CD19, CD20, CD56, 

and HLA-DR were utilized for coarse clustering. FlowSOM and ConsensusClusterPlus were 

utilized for clustering into fine cell types within the aforementioned coarse clusters using lineage 

markers (177). Random forest classification was used to apply these clustering rules to the entire 

dataset (178). Median signal intensity of functional markers with biological relevance to specific 

cell types mentioned in the text were calculated for each subject under unstimulated conditions.  
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Olink® Proteomics 

Plasma samples collected from IRIS study participants during acute SARS-CoV-2 

infection, 3 months post infection, and 12 months post infection were analyzed using the Olink® 

Target 96 Inflammation panel and Olink® Target 96 Immune Response panel. Briefly, 80µl of 

plasma per sample was plated in a 96-well PCR plate (Sigma Aldrich #EP951020401), frozen, and 

shipped on dry ice to the Olink U.S. Service Lab in Waltham, MA where the assays were 

performed.  

Proteomic data was obtained from the Olink biomarker platform. Since plasma samples 

from acutely infected patients were collected in two different tube types, PCA was performed to 

assess for batch effects between plasma samples from the Peginterferon Lambda-1a study 

(collected in sodium citrate tubes) and the Favipiravir study (collected in heparinized tubes). IRIS 

study plasma samples were collected in heparinized tubes. Given the presence of batch effect, the 

olink_normalization() function in the OlinkAnalayze R package was used for batch correction 

(179). Batch-corrected proteomic data was then utilized as confirmatory evidence for findings 

from scRNA-seq and mass cytometry data.  

 

Single-cell RNA sequencing  

PBMC samples (up to 2 million cells per sample) were fixed using the Evercode Cell 

Fixation v2 (ECF2001) from Parse Biosciences per the manufacturer’s protocol, placed in a “Mr. 

Frosty,” and stored at -80°C for up to 6 months. After all samples were fixed, samples were 

processed using the Parse Biosciences Evercode WT Mega v2 (ECW02050) per the 

manufacturer’s protocol. A total of 1 million cells were processed, which included approximately 

10,500 cells per sample from samples during acute SARS-CoV- infection as well as convalescent 
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samples from 3 months and 12 months post infection. Briefly, the protocol included: 3 rounds of 

split-pool barcoding in 96-well plates, followed by cell lysis and sublibrary generation, 

amplification of barcoded cDNA, fragmentation, and size selection. Using the Agilent TapeStation 

4150 to evaluate cDNA quality and concentration, one of the 16 sublibraries generated was deemed 

to be of suboptimal quality with lower cDNA concentration, so the remaining fifteen sublibraries 

were ultimately sequenced on a NovaSeq S4 instrument at approximately 30,000 reads per cell 

(Illumina; Chan Zuckerberg Biohub).  

 

Single-cell RNA sequencing data alignment, quality control, and reference mapping 

The resulting sequencing data were processed using the Parse Biosciences Pipeline v1.0.3 

per manufacturer guidelines. A custom genome containing the human genome (HG38) and the 

annotated Wuhan-Hu-1 SARS-CoV-2 reference sequence (NC_045512.2) was used as the 

reference genome for alignment. Further analysis was performed using the R package Seurat (100). 

To remove cell multiplets and low-quality or dying cells, cells with >7500 unique genes or >30,000 

total RNA molecules or <100 genes expressed or >20% mitochondrial genes were removed from 

further analysis. Genes with expression in <100 cells, mitochondrial genes, ribosomal genes, and 

genes without annotation in Ensembl were also removed to facilitate interpretability. 

The data was scaled and transformed using the SCTransform() function, and linear 

dimensional reduction was performed with principal component analysis (PCA). Using the first 

50 principal components, UMAP was performed, a K-nearest neighbors graph was constructed 

using the FindNeighbors() function, and the cells were clustered using the FindClusters() function. 

One resulting cluster was identified as having about 22% mitochondrial or ribosomal RNA genes, 
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so this cluster was removed from subsequent analyses. All remaining clusters had <5% 

mitochondrial or ribosomal RNA genes and were retained for downstream analyses.  

For cell type annotation, we utilized Seurat v4 PBMC multimodal reference mapping, as 

previously described (100). Briefly, anchors were found between the reference and the dataset 

using the FindTransferAnchors() function with a precomputed supervised PCA transformation and 

50 principal components. Using the MapQuery() function, cell type labels from “celltype.l2” were 

transferred from the reference to the dataset, and the dataset was projected onto the reference 

UMAP structure. To validate cell type annotation, canonical marker gene expression was 

evaluated (fig. S12) (180). Notably, “platelets” expressed genes expected for CD14+ monocytes in 

addition to genes expected for platelets, so “platelets” were removed from downstream analyses. 

Marker genes for innate lymphoid cells (“ILCs”) were not robustly expressed, so “ILCs” were also 

removed from downstream analyses.  

 

Single-cell RNA sequencing analysis of differentially expressed genes 

RNA data was transformed by estimating the size factors using the 

computeLibraryFactors() and then logNormCounts() functions from the scater package (181). The 

modelGeneVar() function was used to model the mean-variance relationship of genes, and the top 

1000 most variable genes for each cell type, sex, and time point relative to acute infection were 

selected for differential expression analysis using the getTopHVGs() function (182). Differentially 

expressed genes (DEGs) between conditions (i.e. LC or recovered) were determined using the 

Seurat FindMarkers() function and the MAST method (183), specifying the sample as a latent 

variable. Pseudobulk expression was assessed using edgeR, as implemented by the pbDS() 

function in the muscat R package (184). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2024. ; https://doi.org/10.1101/2024.06.18.599612doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?GOWykw
https://www.zotero.org/google-docs/?i5i7tg
https://www.zotero.org/google-docs/?k2blvb
https://www.zotero.org/google-docs/?HdWCMC
https://www.zotero.org/google-docs/?cpUcwd
https://www.zotero.org/google-docs/?OlrSbx
https://doi.org/10.1101/2024.06.18.599612
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

45 

Gene network analyses were conducted using the R package BioNet (185). To construct 

the gene network, the top genes (up to 400) by absolute log2 fold change for the cell type of interest 

were read into STRING version 12.0 (186) to produce a gene interaction network. Only genes with 

absolute log2 fold change >0.25 were included. This gene interaction data was then utilized as the 

interaction network for discovery of gene modules with BioNet, using unadjusted p values from 

the MAST DEG analysis as input. Modules were created with adjustment of false-discovery rates 

(all <0.05) to reduce network complexity and facilitate visualization of genes central to the module. 

The ggnetwork R package (187) was used to customize  module visualization, and gene nodes 

colored by log2 fold change. 

 

Blood Transcription Module analysis 

Immunologic pathway analysis was conducted using Blood Transcription Modules 

(BTMs), as previously described (101). Using output from the MAST DEG analysis, we included 

the top 500 genes by absolute log2 fold change which are present in annotated BTMs. Only 

modules with at least 10% of genes in the list of 500 were plotted, and for some figures we further 

reduced to only the top 50 BTMs to simplify visualization (as described in figure captions). BTM 

analyses were then used to select cell types for further analysis, and we prioritized the cell types 

which showed the greatest number of BTMs which differed between LC and recovered subjects.  

 

Cell-cell communication analysis 

Cell-cell communication analyses were performed with MultiNicheNet (109). Selected 

parameters for our analysis included: minimum cell count per cell type and condition of 10; an 

absolute log2FC threshold of 0.5; an unadjusted p value threshold of 0.05; a non-zero expression 
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value threshold of 0.05; and seeking the top 250 target genes predictions. Gene prioritization was 

performed with a differential expression weight of 1 for both ligand and receptor, a scaled ligand 

activity weight of 2, expression specificity weights of 2 for both ligand and receptor, a fraction of 

cells expressing ligands and receptors weight of 1, and a relative abundance weight of 0 for both 

sender and receiver cells. Resulting ligand-receptor pairs were manually curated using literature 

searches. Pairs that either did not have experimental evidence of interaction or the interaction was 

known to occur within the same cell (rather than as ligand-receptor pair on communicating cells) 

were not included in resulting figures (Table S7).  

 

Statistical analysis 

Comparison of means was performed with the Wilcoxon rank sum test. All data analysis 

was performed in using R version 4.3.1 on a macOS when possible. For analyses which required 

additional memory or computer processing units, R version 4.2.0 was utilized on a Linux cluster. 
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