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Background/Aims: Post-acute sequelae of COVID-19 (PASC) are highly heterogeneous; therefore, the pathophysiological 
mechanisms for PASC remain unclear. In this study, we aimed to examine the immunologic aspects of various PASC symp-
toms.
Methods: We prospectively enrolled adults aged ≥ 18 years who were diagnosed with COVID-19 between August 2022 
and September 2023. Blood samples were collected from all participants, who were interviewed using a questionnaire for 
PASC symptoms at least once between 1 and 6 months after the COVID-19 diagnosis. For immunological evaluation, plasma 
concentrations of SARS-CoV-2 spike subunit 1-specific IgG and 33 cytokines were measured using enzyme-linked immuno-
sorbent assays and multiplex-based immunoassay, respectively.

Cytokine profiles associated with persisting symptoms of post-acute sequelae of COVID-19

Conclusion
Symptoms classified into different categories based on the dysfunctional organs may share a common pathophysiology 
regarding elevation of certain cytokines. Although PASC symptoms are heterogeneous, our findings suggest that T-cell 
recruitment, thrombosis, and increased vascular permeability might contribute to various symptom clusters sharing 
common pathophysiological mechanisms.

Population & Method Results

156 pairs of blood samples and symptom reports from 79 participants

Adults aged ≥18 years

Diagnosed with COVID-19

August 2022~September 2023

Blood samples & Questionnaire for PASC symptoms 

• 33 cytokines and α-SARS-CoV-2 spike IgG
• Multiplex-based immunoassay and ELISA

Persisting symptoms in PASC

Significantly increased inflammatory cytokines in symptom cluster 1

Immunological 
evaluation

To examine the immunologic aspects of various PASC symptoms

Analytes Gastro-
intestinal

Chest 
pain

Post 
exertional 

malaise

Smell/
taste 

change
Fatigue Brain fog Abnormal 

movement Palpitation

IL-10 0.0081 0.0213 0.0918 0.0033 0.0096 0.0041 0.0388

VEGF 0.0049 0.0086 0.0381 0.0269 0.0449 0.0820

MIP-1a 0.0027 0.0001 0.0701 0.0551

IL-1b 0.0096 0.0102 0.0464 0.0523

IL-6 0.0096 0.0001 0.0565 0.0057 0.0937

IL-8 0.0126 0.0001 0.0021 0.0573

MIG 0.0747 0.0068 0.0908 0.0022 0.0495

MCP-1 0.0506 0.0908 0.0098

Granzyme A 0.0032 0.0225

CX3CL1 0.0441 0.0214 0.0422

Fatigue Chronic cough Brain fogPost exertional malaise

Symptoms
General
Cardiopulmonary
Neurological
Gastrointestinal
Others

Significance

p ≥ 0.05

p < 0.05, O > X
0.05 ≤ p < 0.10, O > X

&
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INTRODUCTION

The emergence of the novel coronavirus disease 2019 
(COVID-19) caused by the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has resulted in an unprecedent-
ed global health crisis. While the acute phase of COVID-19 
primarily manifests as respiratory symptoms, a certain por-
tion of the population experiences persistent or newly onset 
symptoms weeks or months after the resolution of acute in-
fection; this condition is now termed post-acute sequelae of 
COVID-19 (PASC) [1]. PASC encompasses a broad range of 
symptoms affecting multiple organ systems, including but 
not limited to fatigue, dyspnea, cognitive impairment, and 
myalgia, significantly impacting the quality of life of recov-
ered individuals [2,3].

Although several hypotheses, including dysregulated 
immune response, persistent viral reservoir, dysregulated 
microbiota, and endothelial abnormalities, have been pro-
posed, the pathophysiology underlying PASC remains un-
clear due to the varied definitions of PASC among previous 
studies [4-8]. In this study, our objective was to examine the 
patterns of cytokine expression related to particular PASC 
symptoms to elucidate the underlying mechanism of PASC.

METHODS

Study cohort
We prospectively enrolled adults aged ≥ 18 years who were 
diagnosed with COVID-19 between August 2022 and Sep-
tember 2023. The visits were scheduled for 1, 3, and 6 

months after the COVID-19 diagnosis. The blood sampling 
and questionnaire survey were conducted on the same day 
during the participant’s visit, ensuring that the timing of 
symptom report corresponded with the antibody and cyto-
kine analysis. The questionnaire survey was conducted to in-
vestigate representative symptoms, including those present-
ed in the study by Thaweethai et al. [9]: change in sense of 
smell or taste, post exertional malaise (PEM), chronic cough, 
brain fog, thirst, chest pain, dyspnea, palpitation, fatigue, 
cognitive dysfunction, abnormal movement, gastrointestinal 
symptom, dizziness, changes in sexual desire and capacity, 
and hair loss. These symptoms were classified into general, 
cardiopulmonary, neurological, gastrointestinal, and other 
symptoms [1]. Patients with PASC were defined by PASC in-
dex with 12 or higher, using a scoring system established in 
recent studies [9,10]. This study was reviewed and approved 
by the Institutional Review Board (IRB) of Asan Medical Cen-
ter (IRB no. 2022-1477), and written informed consent was 
obtained from all subjects involved in the study.

Assessment of antibody response
For immunological evaluation, the plasma concentration 
of SARS-CoV-2 spike subunit 1-specific IgG antibody (S1-
IgG) titer was measured using an in-house developed en-
zyme-linked immunosorbent assay as described previously 
[11]. Antibody titers are represented in IU/mL as per World 
Health Organization international standards.

Assessment of cytokine levels
We simultaneously analyzed the plasma levels of 33 cy-
tokines using a cytometric bead array (BD Bioscience, San 

Results: In total, 156 pairs of blood samples and symptom reports from 79 participants were eligible for analysis. The most 
frequent symptom was fatigue, followed by post exertional malaise, chronic cough, thirst, and brain fog. Gastrointestinal 
symptoms, chest pain, post exertional malaise, smell/taste change, fatigue, brain fog, abnormal movement, and palpitation 
were accompanied by significant increases in IL-10, VEGF, and inflammatory cytokines like MIP-1α, IL-1β, IL-6, IL-8, MIG, 
granzyme A, and CX3CL1 levels, while chronic cough, dizziness, dyspnea, and hair loss were not accompanied by significant 
differences in cytokine levels.
Conclusions: Symptoms classified into different categories based on the dysfunctional organs may share a common patho-
physiology regarding elevation of certain cytokines. Although PASC symptoms are heterogeneous, our findings suggest that 
T-cell recruitment, thrombosis, and increased vascular permeability might contribute to various symptom clusters sharing 
common pathophysiological mechanisms.
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Jose, CA, USA) according to the manufacturer’s instructions 
as described in our previous study [12]. Briefly, microspheres 
for capturing and detecting the following cytokines were 
incubated with the plasma samples: interferon (IFN)-α, 
IFN-γ, interleukin (IL)-1β, IL-2, IL-4, IL-5, IL-6, IL-7 IL-8, IL-9, 
IL-10, IL-12p40, IL-12p70, IL-13, IL-17A, IL-21, granzyme A, 
granzyme B, monokine induced by IFN-γ (MIG), IFN-γ in-
duced protein (IP)-10, IFN-inducible T cell α chemoattrac-
tant (I-TAC), tumor necrosis factor (TNF)-α, eotaxin, soluble 
CD40 ligand (sCD40L), C-X3-C motif chemokine ligand 1 
(CX3CL1), Fas ligand (FasL), monocyte chemotactic protein 
(MCP)-1, macrophage inflammatory protein (MIP)-1α, reg-
ulated on activation, normally T-cell expressed and secreted 
(RANTES), granulocyte colony-stimulating factor (G-CSF), 
granulocyte-macrophage colony-stimulating factor (GM-
CSF), vascular endothelial growth factor (VEGF), and basic 
fibroblast growth factor (bFGF). Data acquisition was per-
formed using a FACS CANTO II flow cytometer, FACS Diva 
software (BD Biosciences), and FlowJo software (FlowJo 
LLC, Ashland, OR, USA).

Statistical analyses
For statistical analyses, categorical variables and continuous 
variables were compared using Fisher’s exact test or the χ2 
test and Mann–Whitney U test, respectively. All tests of sig-
nificance were two-tailed, and p values less than 0.05 were 
considered statistically significant. Statistical analyses were 
performed using GraphPad Prism 9.4.1 (GraphPad Soft-
ware, Inc., La Jolla, CA, USA).

RESULTS

A total of 156 blood samples and symptom reports from 79 
participants were eligible for analysis. The baseline charac-
teristics of participants are as follows (Table 1). The mean 
age was 57.9 years, and approximately 60% of participants 
were male. Most participants (86.1%) completed a 2-dose 
vaccination with the adenovirus-vectored vaccine or mRNA 
vaccines; 72.2% of these participants had received booster 
shots. Additionally, 15.6% of all participants had been pre-
viously healthy, and approximately half of the participants 
experienced mild COVID-19. The treatments that hospital-
ized individuals received are summarized in Table 1. Of this 
cohort, 41 individuals (51.9%) met criteria for PASC and 38 
(48.1%) were categorized as non-PASC (Supplementary Ta-

Table 1. Baseline characteristics of participants

Characteristic Value (n = 79)

Age (yr) 57.9 ± 13.5
Sex, male 47 (59.5)
Vaccination status before diagnosis

Unvaccinated (0 dose) 8 (10.1)
Partially vaccinated (1 dose) 3 (3.8)
Fully vaccinated (2 doses) 11 (13.9)
Fully vaccinated + monovalent booster 45 (57.0)
Fully vaccinated + bivalent booster 12 (15.2)

Predominant variant at diagnosis
BA.5 (since Jul 4, 2022) 22 (27.8)
BA.2.75 (since Jan 16, 2023) 21 (26.6)
XBB (since Apr 24, 2023) 36 (45.6)

Number of infections (n = 74)a)

Once 64 (86.5)
More than twice 10 (13.5)

Underlying diseases (n = 77)b)

Previously healthy 12 (15.6)
Diabetes mellitus 28 (36.4)
Cardiovascular disease 39 (50.6)
Pulmonary disease 11 (14.3)
Chronic liver diseases 7 (9.1)
Chronic kidney diseases 16 (20.8)
Malignancy 20 (26.0)
Transplantation 27 (35.1)
Autoimmune disease 0 (0.0)
Any mental health problems 3 (3.9)

COVID-19 NIH severity at diagnosis (n = 71)c)

Asymptomatic/presymptomatic 7 (9.9)
Mild 33 (46.5)
Moderate 14 (19.7)
Severe 9 (12.7)
Critical 8 (11.3)

Treatments of hospitalized patients (n = 55)d)

Supplemental oxygen therapy 33 (61.1)
Steroid 41 (75.9)
Nirmatrelvir/ritonavir 1 (1.9)
Molnupiravir 3 (5.6)
Remdesivir 52 (96.3)
Tocilizumab 5 (9.3)
Baricitinib 5 (9.3)
Tocilizumab + baricitinib 3 (5.6)

Values are presented as mean ± standard deviation or number (%).
NIH, National Institutes of Health.
a)The infection history before participation in this study was 
uncertain in five individuals.
b)Data of two individuals was not available.
c)Data of eight individuals was not available.
d)Data of one individual was not available.
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ble 1). PASC group showed a higher proportion of individ-
uals with multiple infections (more than twice) (p = 0.097), 
chronic liver diseases (p = 0.051), and use of tocilizumab  
(p = 0.019).

Because a few participants did not respond to all survey 
questions regarding certain symptoms, only the responses 
for each symptom were included in the analysis. The most 

frequent symptom was fatigue (65.7%), followed by PEM 
(53.7%), chronic cough (41.9%), thirst (41.5%), brain fog 
(40.3%), and chest pain (40.0%) (Fig. 1). Among 58 partic-
ipants with a complete set of symptom records, 5 (8.6%) 
did not exhibit any symptoms. Participants who had one or 
more symptoms had a median of four symptoms (interquar-
tile range 2–7). When individuals were divided into groups 
based on the number of symptoms and observed over time, 
approximately 20% of individuals still possessed more than 
eight symptoms even after six months post-diagnosis (Sup-
plementary Table 2).

Based on the data collected, we analyzed whether the 
presence of PASC symptoms is associated with the time 
elapsed after the infection. The results of the χ2 test indi-
cate that cardiopulmonary symptoms such as PEM, chron-
ic cough, and chest pain tended to decrease as time pro-
gressed (Supplementary Table 3, p = 0.003, 0.098, and 
0.061, respectively). Except for fatigue (p = 0.083), we could 
not observe significant changes of prevalence over time for 
symptoms other than cardiopulmonary symptoms.

When comparing antibody and cytokine concentrations in Figure 1. Frequencies of symptoms reported by participants.
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Figure 2. Clusters of symptoms based on cytokine expression patterns.

Symptoms
 General
 Cardiopulmonary
 Neurological
 Gastrointestinal
 Others

Significance
 p < 0.05, O > X
 p < 0.05, X > 0
 0.05 ≤ p < 0.10, O > X
 0.05 ≤ p < 0.10, X > O
 p ≥ 0.05

Analyte Gastroin-
testinal Chest pain

Post 
exertional 
malaise

Smell/taste 
change Fatigue Brain fog Abnormal 

movement Palpitation Thirst Cognitive 
dysfunction

Sexual 
relatedness

Chronic 
cough Dizziness Dyspnea Hair loss

IL-10 0.0081 0.0213 0.0918 0.0033 0.0096 0.0041 0.0388 0.0617 0.0843

VEGF 0.0049 0.0086 0.0381 0.0269 0.0449 0.0820 0.0965 0.0601

MIP-1α 0.0027 0.0001 0.0701 0.0551

IL-1β 0.0096 0.0102 0.0464 0.0523

IL-6 0.0096 0.0001 0.0565 0.0057 0.0937

IL-8 0.0126 0.0001 0.0021 0.0573

MIG 0.0747 0.0068 0.0955 0.0022 0.0495

MCP-1 0.0056 0.0908 0.0098

Granzyme A 0.0032 0.0225

CX3CL1 0.0441 0.0241 0.0422

sCD40L 0.0035 0.0453 0.0038

G-CSF 0.0323 0.0845

RANTES 0.0350 0.0298

IL-7 0.0227

IL-12p40 0.0241 0.0863 0.0387

IL-4 0.0548 0.0340

IL-5 0.0551 0.0464

IL-13 0.0665

IL-9 0.0373

Eotaxin 0.0017

IP-10 0.0031 0.0902

I-TAC < 0.0001 0.0097 0.0130

FasL 0.0597 0.0003 0.0965 0.0959

IFN-α 0.0810 0.0200 0.0983 0.0597

bFGF 0.0925

IL-2 0.0321 0.0035

GM-CSF 0.0529

S1-IgG

TNF-α
IL-17A

IL-21

IFN-γ
Granzyme B

Symptom cluster 1 Symptom cluster 2 Symptom cluster 3
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relation to the presence of symptoms, it was observed that 
the cytokine expression patterns varied for each symptom, 
whereas the antibody levels were not different (Fig. 2 and 
Supplementary Fig. 1). Among the symptoms investigated, 
the widest variety of cytokine levels showed significant dif-
ferences in the presence of gastrointestinal symptoms. The 
IL-10, VEGF, IL-1β, IL-6, IL-8, MIP-1α, MCP-1, granzyme A, 
and IL-9 levels were significantly higher in participants with 
gastrointestinal symptoms than in those without gastroin-
testinal symptoms (p < 0.05). In contrast, there were no sig-
nificant differences in cytokine levels between participants 
with and without chronic cough, dyspnea, dizziness, or hair 
loss.

We categorized the investigated symptoms into three clus-
ters based on cytokine expression patterns. Symptom clus-
ter 1, including gastrointestinal symptoms, chest pain, PEM, 
change in sense of smell/taste, fatigue, brain fog, abnormal 
movement, and palpitation, primarily exhibited significantly 
increased levels of IL-10, VEGF, and various inflammatory 
cytokines like MIP-1α, IL-1β, IL-6, IL-8, MIG, granzyme A, 
and CX3CL1. Additionally, the expression of other cytokines 
was either significantly increased or decreased. A consistent 
increase in IL-10 levels was observed in participants who ex-
perienced gastrointestinal symptom, chest pain, change in 
sense of smell/taste, brain fog, fatigue, or palpitation (Sup-
plementary Fig. 2). An increased VEGF level was common-
ly observed within the cytokine profile among participants 
who experienced gastrointestinal symptom, chest pain, 
PEM, fatigue, or brain fog. Besides these cytokines, IL-1β, 
IL-6, IL-8, MIG, sCD40L, and CX3CL1 showed common ex-
pression patterns across different symptom profiles. In ad-
dition, the FasL, I-TAC, and IFN-α levels in participants with 
PEM or fatigue were significantly higher than in participants 
without these symptoms (p = 0.003, 0.0003, and < 0.0001, 
respectively).

Symptom cluster 2 (thirst, cognitive dysfunction, and 
changes in sexual desire and capacity) did not show signifi-
cant differences in the levels of inflammatory cytokines that 
were elevated during symptom presentation in symptom 
cluster 1. Nevertheless, symptoms in cluster 2 were accom-
panied by differences in the expression levels of cytokines 
rather than IL-10, VEGF, and inflammatory cytokines. In 
contrast, symptom cluster 3 (chronic cough, dizziness, dys-
pnea, and hair loss) did not demonstrate significant differ-
ences in cytokine levels compared to the levels in the ab-
sence of these symptoms.

DISCUSSION

Cytokine secretion is one of the initial innate immune re-
sponses crucial for acute inflammation. Elevated levels of 
proinflammatory cytokines in circulation can result in sys-
temic inflammatory symptoms and subsequent damage to 
secondary organs. Thus, revealing cytokine profiles is im-
portant to gain insight into the pathophysiological aspects 
of COVID-19 [13]. Furthermore, it has been reported that 
certain cytokines remain significant even after recovery from 
SARS-CoV-2 infection [4,14-18]. Given the impact of PASC 
on quality of life [19,20], it is important not only to con-
sider the number of symptoms, but also understand which 
symptoms persist over time and the mechanisms underlying 
their persistence. In our current study, we analyzed the fre-
quencies and evaluated the cytokine profiles of individuals 
with certain symptoms of PASC to better understand of the 
mechanism of PASC. We observed that a few symptoms 
emerged prominently at earlier time points and subsequent-
ly diminished, whereas others remained persistent even six 
months after diagnosis. This pattern of symptom occur-
rence seems similar to that reported in the previous studies  
[19-21]. In addition, our data showed that even when symp-
toms were classified within the same category based on the 
dysfunctional organs, e.g., neurological or cardiopulmonary 
symptoms, the patterns of cytokine expression varied mark-
edly. Moreover, our data suggests that symptoms belonging 
to different categories may share a common pathophysiolo-
gy in terms of the elevation of certain cytokines. To our best 
knowledge, few studies have clustered PASC symptoms 
based on cytokine profiles. While Wang et al. [22] identi-
fied clinical phenotypes using multi-omics analysis, their 
approach differs from ours. However, cytokine-based clus-
tering has been applied in other conditions [23-26]. The pre-
vious studies clustered patients with similar characteristics 
by cytokine levels, revealing differences in prognosis despite 
similar clinical characteristics. This suggests that diseases 
with heterogeneity, it is thought to be meaningful to clus-
ter symptoms and patients based on cytokine profiles, even 
among patients with similar symptoms. In the case of brain 
fog (symptom cluster 1), it is often considered synonymous 
with cognitive dysfunction (symptom cluster 2), but they 
are not entirely identical symptoms. Both symptoms have 
been thought to be associated with neuroinflammation  
[27-29]. Moreover, in our recent work in another indepen-
dent neurological PASC cohort (not yet published) suggests 
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that brain fog appears to be more closely associated with 
PEM or fatigue, whereas cognitive dysfunction may repre-
sent an independent entity linked to neuronal damage and 
impaired recovery, accompanied by morphologic changes 
in magnetic resonance imaging. Alternatively, brain fog fre-
quently accompanied with fatigue and high levels of blood 
cytokine levels in symptom cluster 1 (fatigue, PEM, and brain 
fog), as shown in this study, may suggest that these symp-
toms might be more related with systemic inflammation. 
Taken together, although the mechanism underlying the 
pathogenesis of brain fog and cognitive dysfunction have 
yet to be fully established, these symptoms, while similar in 
appearance, may arise from distinct mechanisms. Therefore, 
our clustering of various PASC symptoms based on cytokine 
characteristics instead of traditional organ-specific symptom 
classification may provide further insight into the heteroge-
neity of PASC pathophysiology.

Among the analytes evaluated in this study, S1-IgG level 
was not related to the presence of any symptom, whereas 
cytokines showed diverse profiles for each symptom. Partic-
ipants with gastrointestinal symptoms exhibited the widest 
variety of alterations compared to those without symptoms, 
and there were no significant differences in certain symp-
toms.

Symptoms of the same category based on traditional or-
gan-specific symptom classification had different cytokine 
profiles, whereas symptoms of different categories based 
on the involved organs showed certain common cytokine 
expression patterns. As shown in Fig. 2, IL-10 and VEGF 
levels were commonly increased in more than one-third of 
all symptoms. IL-1β, IL-6, IL-8, MIG, sCD40L, and CX3CL1 
showed certain common patterns. The shared expression 
patterns of certain cytokines observed in symptom cluster 1 
suggest that although these symptoms have been classified 
differently, they might have certain shared pathophysiologi-
cal mechanisms in patients with PASC, as mentioned above 
about brain fog and cognitive dysfunction.

Previous studies have reported that the IL-10 level was in-
creased in participants with PASC [14,17], whereas Queiroz 
et al. [18] reported diminished IL-10 levels in participants 
with PASC. The varying definitions of PASC across studies 
might contribute to this difference. In our previous study, 
patients with severe COVID-19 showed higher IL-10 levels 
than patients with mild COVID-19 [12]. Considering the re-
sults of the previous and current studies, IL-10 plays a proin-
flammatory role in both the acute and recovery phases of 

COVID-19 and seems to be related to the manifestation of 
PASC symptoms [30-32].

Consistent with previous studies, we observed that VEGF 
and sCD40L levels were increased in participants with PASC 
symptoms [33,34]. VEGF is a growth factor for vascular en-
dothelial cells known as vascular permeability factor, and sC-
D40L is a costimulatory molecule involved in the activation 
of T cells, B cells, and platelets. Excessive VEGF and sCD40L 
expression can cause vascular damage. Endothelial dam-
age is considered to be an important mechanism in acute 
COVID-19 and PASC [35-37]. Recently, it was reported that 
VEGF and sCD40L secreted from activated platelets interact 
with CX3CR1+CCR5+ monocytes and further contribute to 
the progression of vessel damage [34]. The elevated levels 
of CX3CL1 and RANTES, which are ligands of CX3CR1 and 
CCR5, respectively, were observed in this study. Thus, vessel 
damage caused by VEGF, sCD40L, CX3CL1, and RANTES 
might be a potential target for the treatment of PASC.

When comparing baseline characteristics, there was no 
statistically significant differences between the two groups 
in terms of age, sex, vaccination status, or viral variant. We 
found that PASC group had a trend toward being a high-
er proportion of individuals with multiple infections, which 
is consistent with the previous study reporting that long 
COVID was more prevalent when the subjects had reinfec-
tions [38]. However, there was no significant difference in 
the severity of the initial infection between the two groups. 
Previous prospective studies that followed patients from the 
acute phase or 6 months post-infection have reported a cor-
relation between the severity of the initial disease and the 
development of long-term complications [39,40]. In con-
trast, the recently published long COVID definition states 
that PASC can occur after any severity of infection [41]. 
While the risk of PASC is somewhat higher in patients with 
severe infection, PASC can develop in patients with mild in-
fections and due to the greater number of mild cases, they 
represent the majority of PASC patients [42]. In addition, 
our study enrolled patients with COVID, more focused on 
PASC: patients with PASC who had even mild COVID were 
more followed in this study than those without PASC who 
had mild COVID. Therefore, some cautious interpretation is 
needed for the interpretation of our data because of this 
kind of bias. Taken together, further longitudinal studies are 
needed to better understand the relationship between in-
fection severity and the development of PASC.

Our study has certain limitations. First, since the partici-
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pants enrolled in this study were mostly infected with the 
omicron variant of SARS-CoV-2, the risk and severity of 
PASC might be different from those infected with wild-type 
SARS-CoV-2 or variants before omicron. Previous studies 
have reported that people infected with the wild-type or 
delta variant had a higher risk and relative rate of post-acute 
symptoms [43,44]. Second, we did not examine the cells 
that serve as the source of cytokines. Recent studies have 
reported that monocytes and SARS-CoV-2-specific func-
tional T cells are important in PASC; inflammation caused 
by the persistence of viral proteins in monocytes and inter-
actions between cytokines and monocyte surface receptors, 
including Fcγ receptor, CX3CR1, and CCR5, are considered 
to play a major role [45-47]. In addition, the persistent pres-
ence of viral antigens could lead to the continuous acti-
vation of SARS-CoV-2-specific T cells [48,49]. Altogether, 
examining the association of cytokine profiles in our study 
with previously reported cellular candidates could enhance 
our understanding of PASC pathophysiology. Finally, we ob-
served the different cytokine profiles by symptoms, howev-
er, it is challenging to determine whether this expression is 
the cause or a consequence of PASC. Further investigation 
is needed to provide more definitive insights.

In conclusion, we showed that even after recovery from 
the SARS-CoV-2 infection, a few degrees of inflammation 
were maintained. Our data suggest that symptoms classified 
into different organ-specific categories may share a com-
mon pathophysiology in terms of the elevation of certain 
cytokines. Although PASC symptoms are heterogeneous, 
our findings suggest that T-cell recruitment, thrombosis, 
and increased vascular permeability might contribute to the 
various symptom clusters sharing common pathophysiolog-
ic mechanisms.

KEY MESSAGE
1.	 Some PASC symptoms are associated with per-

sistent inflammation.
2.	 The variation in cytokine profiles across different 

symptoms suggests the involvement of different 
pathophysiological mechanisms.

3.	Symptoms exhibiting similar cytokine profiles are 
likely to share common pathophysiology.
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Supplementary Table 1. Baseline characteristics of participants with and without PASC

Characteristic Participant (n = 79) PASC (n = 41) Non-PASC (n = 38) p value

Age (yr) 57.9 ± 13.5 59.4 ± 13.9 56.2 ± 13.0 0.295 

Sex, male 47 (59.5) 26 (63.4) 21 (55.3) 0.500 

Vaccination status before diagnosis

Unvaccinated (0 dose) 8 (10.1) 2 (4.9) 6 (15.8) 0.145 

Partially vaccinated (1 dose) 3 (3.8) 2 (4.9) 1 (2.6) > 0.999

Fully vaccinated (2 doses) 11 (13.9) 5 (12.2) 6 (15.8) 0.750 

Fully vaccinated + monovalent booster 45 (57.0) 26 (63.4) 19 (50.0) 0.262 

Fully vaccinated + bivalent booster 12 (15.2) 6 (14.6) 6 (15.8) > 0.999

Predominant variant at diagnosis

BA.5 (since Jul 4, 2022) 22 (27.8) 12 (29.3) 10 (26.3) 0.806 

BA.2.75 (since Jan 16, 2023) 21 (26.6) 8 (19.5) 13 (34.2) 0.203 

XBB (since Apr 24, 2023) 36 (45.6) 21 (51.2) 15 (39.5) 0.368 

Number of infectionsa) n = 74 n = 40 n = 34

Once 64 (86.5) 32 (80.0) 32 (94.1) 0.097 

More than twice 10 (13.5) 8 (20.0) 2 (5.9)

Underlying diseasesb) n = 77 n = 40 n = 37

Previously healthy 12 (15.6) 6 (15.0) 6 (16.2) > 0.999

Diabetes mellitus 28 (36.4) 13 (32.5) 15 (40.5) 0.487 

Cardiovascular disease 39 (50.6) 20 (50.0) 19 (51.4) > 0.999

Pulmonary disease 11 (14.3) 8 (20.0) 3 (8.1) 0.196 

Chronic liver diseases 7 (9.1) 1 (2.5) 6 (16.2) 0.051 

Chronic kidney diseases 16 (20.8) 7 (17.5) 9 (24.3) 0.577 

Malignancy 20 (26.0) 12 (30.0) 8 (21.6) 0.445 

Transplantation 27 (35.1) 13 (32.5) 14 (37.8) 0.641 

Autoimmune disease 0 (0.0) 0 (0.0) 0 (0.0)

Any mental health problems 3 (3.9) 3 (7.5) 0 (0.0) 0.241 

COVID-19 NIH severity at diagnosisc) n = 71 n = 37 n = 34

Asymptomatic/presymptomatic 7 (9.9) 3 (8.1) 4 (11.8) 0.703 

Mild 33 (46.5) 18 (48.6) 15 (44.1) 0.813 

Moderate 14 (19.7) 8 (21.6) 6 (17.6) 0.770 

Severe 9 (12.7) 4 (10.8) 5 (14.7) 0.729 

Critical 8 (11.3) 4 (10.8) 4 (11.8) > 0.999

Hospitalized patients’ treatmentsd) n = 55 n = 26 n = 29

Supplemental oxygen therapy 33 (61.1) 13 (50.0) 20 (69.0) 0.178 

Steroid 41 (75.9) 18 (69.2) 23 (79.3) 0.537 

Nirmatrelvir/ritonavir 1 (1.9) 1 (3.8) 0 (0.0) 0.473 

Molnupiravir 3 (5.6) 2 (7.7) 1 (3.4) 0.598 

Remdesivir 52 (96.3) 24 (92.3) 28 (96.6) 0.598 

Tocilizumab 5 (9.3) 5 (19.2) 0 (0.0) 0.019 

Baricitinib 5 (9.3) 1 (3.8) 4 (13.8) 0.355 

Tocilizumab + baricitinib 3 (5.6) 1 (3.8) 2 (6.9) > 0.999

Values are presented as mean ± standard deviation or number (%).
PASC, post-acute sequelae of COVID-19; NIH, National Institutes of Health. 
a)The infection history prior to participation in current study is uncertain in 5 individuals.
b)Data not available in 1 individual per group.
c)Data not available in 4 individuals per group.
d)Data not available in 1 individual in PASC group.
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Supplementary Table 2. Number of PASC symptoms ac-

cording to time point

Time point Symptom n Record

1 mo (n = 25) 0 1 (4.0)

1–7 19 (76.0)

　 8–15 5 (20.0)

3 mo (n = 24) 0 1 (4.2)

1–7 19 (79.2)

8–15 4 (16.7)

6 mo (n = 30) 0 3 (10.0)

1–7 21 (70.0)

8–15 6 (20.0)

Values are presented as number (%).
PASC, post-acute sequelae of COVID-19.
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Supplementary Table 3. Symptom frequencies at 1, 3, 6 months after diagnosis

Symptom 1-mo 3-mo 6-mo p value

Fatigue 71.7 70.0 50.0 0.083

Post-exertional malaise 65.3 59.5 28.1 0.003

Chronic cough 54.6 34.2 34.4 0.098

Chest pain 52.2 34.2 29.0 0.061

Thirst 42.3 48.0 35.5 0.636

Brain fog 38.3 41.0 42.4 0.928

Dizziness 31.3 22.6 22.6 0.659

Dyspnea 30.9 25.5 23.1 0.404

Smell/taste change 27.3 25.0 28.1 0.958

Cognitive dysfunction 24.6 26.8 25.6 0.964

Changes of sexual capacity 23.1 32.0 19.4 0.539

Palpitation 21.2 19.4 19.4 0.977

Hair loss 19.4 23.3 25.0 0.860

Gastrointestinal 16.1 43.3 31.3 0.068

Abnormal movement 3.9 11.5 12.9 0.475

Values are presented as percentage only.  
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Supplementary Figure 1. Comparison of antibody levels between participants with and without symptoms. S/T change, change in 
sense of smell or taste; PEM, post exertional malaise; Sexual, changes in sexual desire and capacity; GI, gastrointestinal symptoms; Abnor-
mal, abnormal movement; Cognitive, cognitive dysfunction. Red, participants with symptoms; Blue, participants without symptoms.
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Supplementary Figure 2. Comparison of cytokine levels between participants with and without symptoms. GI, gastrointestinal symp-
tom; S/T change, change in sense of smell or taste; PEM, post exertional malaise; Abnormal, abnormal movement; Cognitive, cognitive 
dysfunction. Red, participants with symptoms; Blue, participants without symptoms; Green, healthy control.
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