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Abstract

Background:While themajority of COVID-19 patients fully recover from the infection

and become asymptomatic, a significant proportion of COVID-19 survivors experience

a broad spectrum of symptoms lasting weeks tomonths post-infection, a phenomenon

termed “post-acute sequelae of COVID-19 (PASC).” The aim of this study is to deter-

mine whether inflammatory proteins are dysregulated and can serve as potential

biomarkers for systemic inflammation in COVID-19 survivors.

Methods:We determined the levels of inflammatory proteins in plasma from 22 coro-

navirus disease 2019 (COVID-19) long haulers (COV-LH), 22COVID-19 asymptomatic

survivors (COV-AS), and 22 healthy subjects (HS) using an Olink proteomics assay and

assessed the results by a beads-basedmultiplex immunoassay.

Results: Compared to HS, we found that COVID-19 survivors still exhibited systemic

inflammation, as evidenced by significant changes in the levels of multiple inflamma-

tory proteins in plasma from both COV-LH and COV-AS. CXCL10was the only protein

that significantly upregulated in COV-LH comparedwith COV-AS andHS.

Conclusions: Our results indicate that several inflammatory proteins remain aber-

rantly dysregulated in COVID-19 survivors and CXCL10 might serve as a potential

biomarker to typifyCOV-LH. Further characterizationof these signature inflammatory

molecules might improve the understanding of the long-term impacts of COVID-19

and provide new targets for the diagnosis and treatment of COVID-19 survivors with

PASC.
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1 INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-

tion has caused the ongoing coronavirus disease 2019 (COVID-19)

pandemic. As of June 8, 2022, over 530 million confirmed COVID-

19 cases and over 6 million deaths have been reported worldwide

[1]. While the majority of COVID-19 patients fully recover from

the infection and become asymptomatic, a significant proportion of

COVID-19 survivors experiencea spectrumof symptoms lastingweeks

tomonths from disease onset, termed “post-acute sequelae of COVID-

19 (PASC)” [2–5]. To date, there is not a consensus disease definition

for PASC [6]. According to the U.S. CDC, PASC is defined by per-

sistent symptoms and/or long-term complications beyond 4weeks

from symptom onset. Proposed guidelines from the NICE define

PASC as symptoms during or after COVID-19 infection that con-

tinue for more than 12 weeks and are not explained by an alternative

diagnosis [7]. Thus far, despite the awareness of the existence of

PASC and the rapid and extensive efforts made to study this post-

infection syndrome, the underlying pathogenesis of PASC is still poorly

understood.

Emerging data have revealed that inflammatory responses

play a pivotal role in COVID-19 pathogenesis [8]. COVID-19

patients typically exhibit increased production of inflammatory

cytokines/chemokines, such as interleukin 6 (IL-6), tumor necrosis

factor (TNF), CC-chemokine ligand 2 (CCL2), CXC-chemokine ligand

10 (CXCL10), and C-reactive protein (CRP), all of which contribute to

hyperinflammatory reactions to SARS-CoV-2, leading to a “cytokine

storm” that correlateswith disease severity and death during the acute

stage of viral infection [9, 10]. Notably, inflammatory molecules not

only promote disease progression in the early phase of infection but

also persist in the plasmaof patients after acute infection andmayhave

a long-term impact on COVID-19 survivors. An analysis revealed that

COVID-19 survivors had elevated levels of pro-inflammatory IL-17A,

IL-12p70, and IL-1β up to 6 months after the onset of the disease [11].

Another study reported that asymptomatic COVID-19 patients also

exhibited increased serum levels of S100A12, TGF-α, IL18, and OSM

7–8months after infection [12]. A recent study in COVID-19 survivors

with PASC symptoms showed the presence of COVID-19-related

pulmonary lesions 2 months post-infection that were associated with

high levels of systemic inflammatory biomarkers D-dimer and CRP

[13]. While most studies highlighted that the excessive production

of inflammatory proteins correlated with tissue/organ damage and

death rates during acute SARS-CoV-2 infection [14–17], there are a

few more recent publications suggesting that inflammations persist

in COVID-19 survivors [18, 19]. However, whether and which inflam-

matory proteins are persistently dysregulated in COVID-19 survivors

remain to be determined. We hypothesize that persistently dysregu-

lated inflammatory proteins may be identified in COVID-19 survivors,

including COVID-19 asymptomatic survivors (COV-AS) and especially

survivors with PASC – termed COVID-19 long haulers (COV-LH), and

may be used as biomarkers to diagnose and characterize the long-term

impact of SARS-CoV-2 infection.

Significance Statement

While the majority of coronavirus disease 2019 (COVID-19)

patients fully recover from severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) infection and become

asymptomatic survivors (COV-AS), a significant proportion

of COVID-19 survivors experience long-lasting symptoms

ranging from weeks to months after the disease onset,

defined as COVID-19 long haulers (COV-LH). In this study,

we investigated inflammatory proteins in plasma from 22

COV-LH, 22 COV-AS, and 22 healthy subjects (HS). We

discovered that systemic inflammation persists and has an

effect on COVID-19 survivors, especially in COV-LH. The

dysregulated inflammatory protein identified in this study

can potentially serve as a biomarker to support the diagno-

sis of COV-LH and warrant further investigation to identify

effective therapeutic targets for this devastating infectious

disease.

In this report, we performed a pilot study by employing a proteomic

array to assess inflammatory proteins present in the plasma from 44

COVID-19 survivors, including22COV-LHand22COV-AS.Uponcom-

paring with 22 healthy subjects (HS), the levels of eight inflammatory

proteins were significantly changed in both COV-AS and COV-LH,

whereas three additional inflammatoryproteinswere significantly dys-

regulated only in COV-LH. These results provide new insights into the

inflammation profiles of COVID-19 survivors, suggesting that specific

inflammatory proteins are dysregulated and can persist in COVID-

19 survivors, and importantly, may lead to improved diagnosis and

targeted therapy for patients with PASC.

2 MATERIALS AND METHODS

2.1 Study subjects

The study subjects included three groups: 22COV-LH, 22COV-AS, and

22 HS. All COVID-19 subjects were diagnosed by a positive nuclear

acid test. COV-AS had recovered from infection without persistent

symptoms for at least 2 weeks after the diagnosis. Samples from COV-

LHwere collected from patients experiencing symptoms 90 days after

the disease onset. Blood samples from HS were obtained from BioIVT

(Gray, TN) and were confirmed to be seronegative for SARS-CoV-2. All

subjects enrolled in this study did not receive any COVID-19 vaccina-

tions. Plasma was isolated from heparin-coagulated blood samples by

centrifugation at 1000 g for 10 min and immediately frozen at −80◦C.

The demographic characteristics of the subjects enrolled in this study

are shown in Supporting Information Tables S1–S3.
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2.2 Detection of SARS-CoV-2 specific IgG
antibodies and neutralization rates

The SARS-CoV-2 S1 IgG ELISA Kit (447807; Biolegend, CA) and SARS-

CoV-2 Surrogate Virus Neutralization Test kit (L00847; GenScript; NJ)

wereused todetermine the concentrationof SARS-CoV-2S1 IgG levels

and neutralization rates, respectively, in the plasma of HS and COVID-

19 subjects. The ELISA was performed following the manufactory

protocols as previously reported [20].

2.3 Olink proteomics analysis

Levels of inflammatory proteins in plasma were determined by the

Olink proteomic platform (Uppsala, Sweden) as previously described

[21]. The proximity extension assay (PEA) was used to identify spe-

cific proteins as potential biomarkers for individuals with or without

PASC. All samples were examined with the Olink Target 96 Inflamma-

tion panel, which consists of 92 inflammatory biomarkers. The results

for each biomarker are presented as normalized protein expression

(NPX) values per Olink Proteomics’ arbitrary unit on a log2 scale and

can be further linearized by using the formula 2NPX.

2.4 Beads-based multiplex immunoassay for
protein quantification

A proinflammatory Chemokine panel immunoassay (Biolegend, San

Diego, CA) was used to quantify 12 human chemokines, including

CCL2, CCL5, CXCL10, CCL11, CCL17, CCL3, CCL4, CXCL9, CCL20,

CXCL5, CXCL1, CXCL11, and CXCL8, in plasma from all subjects

according to the manufacturer’s protocol. The data were acquired on

a BD C6 plus flow cytometer and analyzed using LEGENDplex Qognit

online software.

2.5 Statistics

The data were analyzed using Prism 9.3 software (GraphPad Software,

SanDiego, CA) and are presented asmean± SDormedian± interquar-

tile range. Correlation data was analyzed by Spearman correlation.

t-tests were used to compare means of two independent groups with

equal variances; Welch’s correction was utilized if unequal variances

were found, and nonparametric Mann–Whitney U tests were used to

compare two groups with skewed data. Comparisons between three

groups were analyzed by one-way ANOVA or Kruskal–Wallis test

after excluding outliers that were identified by the ROUT method

(Q= 1.000%), followed by Tukey’s orDunn’smultiple comparisons. The

heatmap data were analyzed using the online analysis tool Morpheus

(available at: https://software.broadinstitute.org/morpheus/).

3 RESULTS

3.1 SARS-CoV-2 IgG concentrations in plasma of
COVID-19 survivors

Previous studies reported that the virus-specific immunoglobulin G

(IgG) levels in COVID-19 patients significantly increased and asso-

ciated with disease severity during the acute phase of SARS-CoV-2

infection [22, 23]. It is unclear, however, if the development of PASC

correlates with the levels of IgG in COVID-19 survivors. To identify

potential biomarkers for typifying PASC, we measured SARS-CoV-

2 IgG concentrations and their neutralization rates in convalescent

plasma from COVID-19 survivors by ELISA. Our results indicated that

the log IgG concentrations are positively correlated with the neu-

tralization rates (Figure 1A). However, the antibody levels did not

significantly differ between COV-AS and COV-LH (Figure 1B). Addi-

tionally,weandothershave shown that SARS-CoV-2-specific IgG levels

declined rapidly after infection [20, 23–25]. To determine the magni-

tude of the decline in SARS-CoV-2-specific IgG levels in COV-AS and

COV-LH, we evaluated the durability and relationship between IgG

concentrations and time elapsed after PCR diagnosis. We found that

IgG concentrations decreased to a substantial level 300 days follow-

ing COVID-19 diagnosis; however, we did not observe any correlation

between the timing and extent of IgG decline between COV-AS and

COV-LH (Figure 1C). These results indicate that the presence of PASC

in COV-LH may not be associated with the SARS-CoV-2 IgG antibody

levels or neutralization rates.

3.2 Profiles of inflammatory proteins in
convalescent plasma of COVID-19 survivors

Because the expression of inflammatory mediators is dysregulated

during COVID-19, we determined the levels of plasma proteins in

COVID-19 survivors using the Olink Target 96 inflammation panel.

This antibody-based multiplex immunoassay is a powerful and reli-

able tool, enabling faster identification of protein signatures that

can be linked to a specific disease condition. Among the 92 inflam-

matory proteins examined, we detected 75 proteins in convalescent

plasma from COVID-19-survivors. The proteomic data are shown as

a heatmap in Figure 1D, which provides an overview of the abun-

dance of all 92 proteins in our plasma samples. The protein abundance

levels are presented as NPX values for a given assay. NPX values

were then transformed by subtracting the mean of each protein, divid-

ing by the standard deviation, and used to generate the heatmap

with a hierarchical clustering (one minus Pearson correlation) of

the protein assays (shown on the top x-axis). Notably, the heatmap

showed a differential expression pattern for several inflammatory pro-

teins among all three study groups, especially between HS and COV

groups.

https://software.broadinstitute.org/morpheus/
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F IGURE 1 SARS-CoV-2 specific IgG concentrations and levels of inflammatory proteins in convalescent plasma fromCOVID-19 survivors and
HS. (A) The correlation between SARS-CoV-2 neutralization rates and log IgG concentrations was determined by Spearman correlation analysis in
22 COV-AS and 22 COV-LH. (B) SARS-CoV-2 specific IgG concentrations in 22 COV-AS versus 22 COV-LH, measured by ELISA. (C) Changes in
SARS-CoV-2 IgG concentrations after COVID-19 PCR diagnosis in 22 COV-AS and 22 COV-LH. (D) Heatmap showing the levels of 92
inflammatory proteins across 66 samples fromHSs, COV-AS, and COV-LH, n= 22 per group. Each row represents one subject (y-axis, right) and
each column represents one particular protein (x-axis, bottom). The alteration of color from red to blue indicates a change from a higher protein
level to a lower protein level within one protein assay. COV-AS, COVID-19 asymptomatic survivors; COV-LH, COVID-19 long haulers; HS, healthy
subject; IgG, immunoglobulin G; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2

3.3 Identification of inflammatory proteins in
convalescent plasma of COV-AS

To further analyze the proteomic data and to identify potential

biomarkers in COV-AS, we performed a principal component analysis

(PCA) to compare the overall plasma protein levels in COV-AS versus

HS. Hereby, principal component 1 (PC1) and PC2 are presented as

28.08% and 15.38% of the 92 NPX variables, shown on the x-axis ver-

sus y-axis, respectively, in Figure 2A. Each dot represents one subject,

which were clustered by the study groups. Remarkably, COV-AS and

HS exhibited two distinct clusters based on the abundance levels of the

inflammatory proteins in plasma, indicating a substantial dysregulation

of these inflammatory proteins in COV-AS comparedwith HS.

To determine which specific proteins are dysregulated in COV-

AS, we performed multiple t-tests, followed by adjustments using

the Benjamini–Hochberg method via the online Olink Insights Stat

Analysis tool. A volcano plot showing the differential protein abun-

dance in COV-AS versus HS is presented in Figure 2B. Among the

92 inflammatory proteins analyzed, 25 proteins (green dots) showed

statistically significant differences (for adjusted p-value) in COV-AS

versusHS (see Supporting Information Table S4). The analysis revealed

eight plasma proteins that were significantly altered with greater than

two-fold changes in COV-AS versus HS (Figure 2C, D). Specifically,

the C-C motif chemokine 23 (CCL23), C-X-C motif chemokine 11

(CXCL11), and Oncostatin-M (OSM) were significantly upregulated;

whereas STAM-binding protein (STAMBP), Axin-1(AXIN1), Sulfotrans-

ferase 1A1 (ST1A1), Caspase-8 (CASP-8), and SIR2-like protein 2

(SIRT2) were significantly downregulated in COV-AS compared with

HS.

3.4 Identification of inflammatory proteins in
convalescent plasma of COV-LH

To further analyze the inflammatory proteins that were differentially

expressed in COV-LH, we performed PCA for all proteins detected

and compared their NPX values between COV-LH and HS. As shown

in Figure 3A, COV-LH and HS showed two distinct clusters, indicating
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a substantial dysregulation of inflammatory proteins in COV-LH.

A volcano plot (Figure 3B) shows the proteins that displayed sta-

tistically significant (green dots) and non-significant changes (gray

dots) in COV-LH versus HS. Among the 92 inflammatory proteins

analyzed, 43 proteins were either significantly increased or decreased

in COV-LH compared with HS (see Supporting InformationTable S5).

Figure 3C, D show the plasma proteins with statistical differences

and greater than two-fold changes between COV-LH and HS. Notably,

the abundance levels of CXCL10, CXCL11, CCL23, OSM, and CCL20

were upregulated (Figure 3C); whereas STAMBP, AXIN1, CASP-8,

SIRT2, ST1A1, and eukaryotic translation initiation factor 4E-binding

protein 1 (4E-BP1) levels were downregulated in COV-LH (Figure 3D).

We found that the eight plasma proteins that were dysregulated in

COV-AS (Figure 2) were also altered in COV-LH. Importantly, three

additional proteins (including upregulated CXCL10 and CCL20, and

downregulated 4E-BP1) were solely dysregulated in COV-LH, but not

COV-AS, compared with HS, suggesting an increased inflammatory

state in COV-LH and that these three inflammatory proteins might

serve as potential biomarkers for COV-LH.

3.5 CXCL10 is a unique biomarker for COV-LH

To determine whether dysregulations of the above three proteins

(CXCL10, CCL20, and 4E-BP1) are unique to COV-LH, we further

analyzed the abundance levels of these three proteins by calculating

the 2NPX value, which positively correlates with the protein level in a

linearized manner. As shown in Figure 4A–C, while all three inflamma-

tory proteins displayed significant differences among all three groups,

only CXCL10 showed a significant increase in COV-LH compared with
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COV-AS and HS. To assess the results obtained by the Olink pro-

teomics analysis, we employed a beads-based multiplex immunoassay

to quantify those dysregulated pro-inflammatory proteins, including

CXCL10. As shown in Figure 4D, the levels of CXCL10 were signifi-

cantly upregulated in COV-LH versus COV-AS, similar to the results

illustrated in Figure 4A. Of note, our results indicated that CXCL10

concentrations were positively correlated with the linear NPX values

(Figure 4E), which indicate that this beads-based multiplex immunoas-

say can reliably confirm the validity of the Olink proteomics platform.

Taken together, these results demonstrate that CXCL10 protein is per-

sistently elevated in COV-LH and that this inflammatory protein may

serve as a potential biomarker to identify COV-LH.

4 DISCUSSION

The ongoing pandemic of COVID-19 poses tremendous challenges to

public health and medical communities and is worsened by the large

portion of COV-LH who experience long-term PASC symptoms, pos-

ing a huge social/economic burden to our society. Currently, there

are no specific diagnostics or treatments available for COVID-19

survivors with PASC, the diagnosis of COV-LH relies on patient com-

plaints, which are quite subjective by nature, and current treatments

are mainly focused on symptom relief or supportive care, but lack a

mechanism-driven,molecular-targeting therapy. Thus, identification of

biomarkers that can be objectively measured to support specific diag-

nosis or targeted for therapeutic intervention may provide additional

insight into the pathogenesis andmanagement of PASC.

In this pilot study, we employed an Olink multiplex immunoassay

with qPCR readout to detect inflammatory biomarkers in convalescent

plasma of COVID-19 survivors [26]. Subjects enrolled in this study

included 22 HS and 44 COVID-19 survivors (22 COV-AS and 22

COV-LH), all of which were unvaccinated, considering that vaccination

would affect the subject’s inflammatory status. COV-ASwere collected

at least 2 weeks after the diagnosis while COV-LH were collected at

least 90 days after the disease onset. We found that COVID-19

survivors exhibited several significantly dysregulated inflammatory

proteins signature in their peripheral blood. Specifically, we identi-
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fied eight inflammatory proteins that were dramatically changed in

convalescent plasma from both COV-AS and COV-LH compared with

HS. Importantly, three additional inflammatory proteins (CXCL10,

CCL20, and 4E-BP1) were only dysregulated in COV-LH versus HS,

and only one unique protein (CXCL10) was solely upregulated in

COV-LH compared with COV-AS and HS. The potential inflammatory

biomarkers we identified in this study could provide an objective

readout for the clinical diagnosis of PASC or COV-LH andmay serve as

potential therapeutic targets.

In our study, the levels of CCL23, CXCL11, and OSM were signif-

icantly increased in both COV-AS and COV-LH compared with HS.

CCL23 is a chemokine that promotes the migration of immune cells

(monocytes, dendritic cells, and lymphocytes) to inflammatory sites. A

previous study revealed that a high level of CCL23 is associated with

a poor outcome in COVID-19 patients [27]. Our results showed that

CCL23 plasma levels were persistently elevated in both COV-AS and

COV-LH versus HS, indicating systemic inflammation in all COVID-19

survivors. CXCL11 is a chemokine-inducedby IFN-γ through the recep-
tor CXCR3. Interestingly, we found a significant increase in CXCL11

but observed a non-significant increase in IFN-γ (data not shown) in

both COV-AS and COV-LH compared to HS. Consistent with our find-

ings, CXCL11 transcripts/proteins were found to be increased in lung

epithelial cells [28], lung adenocarcinoma cells [29], bronchoalveolar

lavage [30], and plasma [31] in COVID-19 patients. OSM is a posi-

tive regulator of IL-6 and its level was observed to be elevated in

moderate to severe COVID-19 patients compared to those with mild

pulmonary inflammation [32]; OSM serum levels are also elevated in

acutely-infected, asymptomatic COVID-19 patients [12].We observed
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a significant increase in OSM and a non-significant increase in IL-6

expression in both COV-AS and COV-LH versus HS, suggesting the

persistence of inflammation in all COVID-19 survivors.

Notably, several proteins that can produce an inflammatory milieu

(STAMBP, AXIN1, ST1A1, CASP-8, and SIRT2) were significantly

decreased. For example, our finding that STAMBP plasma abundance

is reduced in COVID-19 survivors is supported by a previous study

showing that STAMBP knockout increases the expression ofmany pro-

inflammatory cytokines via IL-1β signaling [33]. Similarly, AXIN1 acts

as a repressor of the Wnt signaling pathway, which is involved in cell

proliferation. A negative correlation between AXIN1 and inflamma-

tory markers in patients with endometriosis has been reported [34].

We found lower AXIN1 levels in COVID-19 survivors, possibly con-

tributing to the inflammatory state post-SARS-CoV-2 infection. ST1A1

is a sulfotransferase whose expression strongly correlates with the

AXIN1 level [35]. Our data showing relatively low AXIN1 and ST1A1

levels support these proteins as potential inflammatory biomarkers

in COVID-19 survivors. CASP-8 is a critical molecule involved in

cell apoptosis. In addition to regulating cell death, CASP-8 regulates

inflammation by modulating the NLR family pyrin domain contain-

ing 3 (NLRP3) inflammasome, thus playing an important role in the

inflammatory process [36]. Our results indicate that the expression

of CASP-8 is decreased in both COV-AS and COV-LH, supporting

the negative effect of CASP-8 in regulating inflammation. SIRT2 is

a protein deacetylase that plays a key role in multiple inflammatory

pathways. Lastly, a recent study demonstrated that aged mice defi-

cient in SIRT2 have accelerated inflammaging, resulting from reduced

SIRT2-mediated deacetylation ofNLRP3 to activate theNLRP3 inflam-

masome [37]. Thus, the decrease in the SIRT2 level in COVID-19

survivors may be related to their inflammatory status. Taken together,

our findings suggest that the differential expression of these inflamma-

tory proteins may contribute to persistent inflammation in COVID-19

survivors, including both COV-AS and COV-LH.

Additionally, direct analysis of the NPX value showed that they only

were three inflammatory proteins (CXCL10, CCL20, and 4E-BP1)were

changed in COV-LH, but not in COV-AS, compared with HS. How-

ever, when we analyzed the difference among three groups with linear

NPX values, both CCL20 and 4E-BP1 showed significant differences

betweenCOV-AS andHS. The discrepancymay be caused by the use of

different statistical analyses and a small cohort of samples in this pilot

study. Specifically, the 4E-BP1 protein is a translational repressor and

acts as a substrate of the mechanistic target of the rapamycin (mTOR)

pathway [38]. We observed a decrease in 4E-BP1 levels in COVID-19

survivors, suggesting that it might be involved in the persistent inflam-

mation post COVID-19 viamTOR activation. Both CXCL10 andCCL20

are inflammatory chemokines that can be upregulated during inflam-

mation. Previous studies demonstrated that CXCL10 and CCL20 were

elevated in SARS-CoV-2-infected patients [39], andmacrophages from

critical patients expressed higher levels of both chemokines [40]. Of

note, CXCL10 was the only protein that significantly upregulated in

COV-LH compared with COV-AS and HS. Of note, CXCL10 upregula-

tion was validated by a beads-based multiplex immunoassay. CXCL10

is a chemokine that can be upregulated by IFN-γ, shares the CXCR3

receptor with CXCL9 and CXCL11, and plays a crucial role in COVID-

19 pathogenesis [28]. Elevated serum levels of CXCL10 have been

consistently observed in COVID-19 patients and positively correlate

with disease severity andmortality rate, indicating that CXCL10might

be used as a robust predictor of COVID-19 outcome [28, 41–44].

Our study further supports that CXCL10 could be used as a potential

biomarker for typifying the long-term effects of SARS-COV-2 infection

and a signature for PASC in COVID-19 survivors.

Notably, sustained dysregulation of these inflammatory proteins is

not unique to SARS-CoV-2 infection. For example, the diverse role of

CXCL10 has been reported in other infectious diseases including but

not limited to viral (hepatitis B and C, and HIV) and bacterial infec-

tions [45]. Similar to the results observed in this study, plasma levels

of CXCL10 are also upregulated during HIV infection [46]. Moreover,

CXCL10 levels remained aberrantly high and negatively correlated

with CD4 T cell count in HIV controllers who achieved long-term con-

trol of viremia without antiretroviral therapy (ART) [47]. A previous

study has shown that pre-infection levels of CXCL10 are associated

with rapid disease onset and progression upon HIV-1 infection [48].

Thus, the elevated CXCL10 levels in COV-LH might lead to increased

risks of accelerated disease progression upon primary HIV infection.

In addition to CXCL10, CXCL11 levels were shown to be significantly

elevated and positively correlate with bacterial burdens in pulmonary

tuberculosis patients with bilateral or cavitary disease [49]. The level

of CCL20was detected at a significantly higher level in lung transplant

recipientswith cytomegalovirus replication in the allograft [50]. AXIN1

was reported to be reduced by Salmonella colonization in intestinal

epithelial cells, which has a preventive effect at the early stage of infec-

tion [51]. It was reported that the antiviral effect of mTOR is via the

downstream 4E-BP1, as evidenced by significantly increased hepatitis

E virus (HEV) replication in HuH7 cells following 4E-BP1 knockdown

[52]. Taken together, the sustained dysregulation of proinflammatory

proteins in COVID-19 survivors reported herein are not unique given

that similar alterations of these proteins were reported in numer-

ous other infectious diseases. Unanswered questions remain whether

shared or distinct mechanisms drive the dysregulation of these inflam-

matory proteins andwhether these proteins contribute to the systemic

inflammation and immune dysregulation observed in different disease

conditions.

Our study has some limitations that should be addressed in future

studies. First, we investigated only biomarkers related to inflammation.

The quantification analysis using theOlinkmultiplex immunoassaywas

limited to 92 proteins within the Target 96 inflammation panel. Other

protein array panels that include proteins related to immune response,

metabolism, and organ damage should be studied to screen for addi-

tional biomarkers in our samples. Second, although our patient cohorts

are well-characterized and the study is properly powered, the sample

sizes used in this studywere relatively small, and thus our findings need

to be further validated in a larger cohort of samples with a broader

range of patient demographic characteristics, including age, sex, race,

time post-infection, specific PASC symptoms, and co-morbidities. Of

note, the sampling days (the time from COVID-19 diagnoses to sam-

ple collection) were significantly extended in COV-LH group. Although
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we did not observe any differences in CXCL-10 levels in COV-AS sam-

ples collectedbeforeor after 100days following thediagnosis (data not

shown), it is possible thatmorepronounceddifferences in other inflam-

matory proteins exist between COV-AS and COV-LH, if the time from

disease onset to sampling dates remain similar. To validate these data

as well as the detection methods used, the same samples were used

for both the Olink proteomics assay and beads-based immunoassays.

Additional independent samples should be used to further validate the

results presented in this pilot study. Finally, in addition to the beads-

based immunoassay, other immunological and biochemical multiplex

assays, including ELISA, could be used to further validate these results

for biomarker discovery.

In this pilot study,we investigated the expression levels of inflamma-

tory proteins in COVID-19 survivors that can be used to differentiate

between COV-AS and COV-LH and thus helps improve the under-

standing of the long-term impact of SARS-CoV-2 infection. The results

demonstrated that multiple inflammatory proteins are persistently

dysregulated in COVID-19 survivors, with an additional inflammatory

protein CXCL10 identified in COV-LH, suggesting that systemic

inflammation persists and could be one of the driving forces that cause

the residual symptoms presented in COVID-19 survivors with PASC.

The potential inflammatory biomarker identified in this study can

support the diagnosis of PASC and warrant further investigation to

identify effective therapeutic targets for this devastating infectious

disease.
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