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The Journal of Infectious Diseases i

Markers of Immune Activation and Inflammation in
Individuals With Postacute Sequelae of Severe Acute
Respiratory Syndrome Coronavirus 2 Infection

Michael J. Peluso,"” Scott Lu,2 Alex F. Tang,' Matthew S. Durstenfeld, Hsi-en Ho,* Sarah A. Goldberg,? Carrie A. Forman,' Sadie E. Munter,’
Rebecca Hoh,' Viva Tai,' Ahmed Chenna,’ Brandon C. Yee,® John W. Winslow,® Christos J. Petropoulos,’ Bryan Greenhouse,' Peter W. Hunt,*
Priscilla Y. Hsue,® Jeffrey N. Martin,? J. Daniel Kelly,2 David V. Glidden,>“ Steven G. Deeks'?, and Timothy J. Henrich®®

'Division of HIV, Infectious Diseases, and Global Medicine, University of California, San Francisco, San Francisco, California, USA, 2Departmem of Epidemiology and Biostatistics, University of
California, San Francisco, San Francisco, California, USA, ®Division of Cardiology, University of California, San Francisco, San Francisco, California, USA, *icahn School of Medicine at Mount Sinai,
New York, New York, USA, Division of Experimental Medicine, University of California, San Francisco, San Francisco, California, USA, and *Monogram Biosciences Inc, South San Francisco,
California, USA

Background.  The biological processes associated with postacute sequelae of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection (PASC) are unknown.

Methods. We measured soluble markers of inflammation in a SARS-CoV-2 recovery cohort at early (<90 days) and late
(>90 days) timepoints. We defined PASC as the presence of 1 or more coronavirus disease 2019 (COVID-19)-attributed symptoms
beyond 90 days. We compared fold-changes in marker values between those with and without PASC using mixed-effects models
with terms for PASC and early and late recovery time periods.

Results. During early recovery, those who went on to develop PASC generally had higher levels of cytokine biomarkers including
tumor necrosis factor—a (1.14-fold higher mean ratio [95% confidence interval {CI}, 1.01-1.28]; P = .028) and interferon-y-induced
protein 10 (1.28-fold higher mean ratio [95% CI, 1.01-1.62]; P = .038). Among those with PASC, there was a trend toward higher
interleukin 6 levels during early recovery (1.29-fold higher mean ratio [95% CI, .98-1.70]; P = .07), which became more pronounced
in late recovery (1.44-fold higher mean ratio [95% CI, 1.11-1.86]; P < .001). These differences were more pronounced among those

with a greater number of PASC symptoms.
Conclusions.

Persistent immune activation may be associated with ongoing symptoms following COVID-19. Further character-

ization of these processes might identify therapeutic targets for those experiencing PASC.
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The acute phase of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infection is characterized by inflamma-
tion and immune dysregulation [1, 2], but the recovery phase
that follows acute infection is poorly understood. A significant
proportion of individuals recovering from coronavirus disease
2019 (COVID-19) do not demonstrate a full return to base-
line health and experience postacute sequelae of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
(PASC), a condition that is often associated with the persist-
ence or recurrence of symptoms not explained by an alternative
medical diagnosis [3]. Multidisciplinary efforts are underway to
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characterize the epidemiology, natural history, and biology of
this condition [4, 5], but there is limited biological information
regarding its predictors and correlates.

Inflammation during early infection has been associated
with adverse outcomes, particularly in those who were hos-
pitalized with COVID-19 [1, 2, 6-10]. Emerging data suggest
that inflammation related to acute SARS-CoV-2 infection can
persist for weeks to months [11, 12]. For example, individuals
well enough to donate convalescent plasma have elevations in
certain markers of inflammation, as compared to prepandemic
plasma donors [11]. These markers include interferon gamma
(IFN-y), certain interleukin proteins, and monocyte chemo-
attractant protein 1 (MCP-1). Furthermore, viral proteins and
nucleic acids have been detected months after the acute phase
in some small studies [13]. However, there are limited data
from COVID-19 recovery cohorts with large numbers of indi-
viduals managed in the outpatient setting, which constitute the
majority of those infected with SARS-CoV-2, and from cohorts
with careful prospective clinical phenotyping of symptoms
present during COVID-19 recovery.
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The clinical implications of persistent inflammation have
been established for chronic infections, including human im-
munodeficiency virus (HIV) [14-16], but are less well under-
stood for acute infections such as SARS-CoV-2. We therefore
implemented in April 2020 a prospective cohort study of in-
dividuals who had documented SARS-CoV-2 infection (Long-
term Impact of Infection with Novel Coronavirus [LIINC],
www.liincstudy.org; NCT04362150). The majority of partici-
pants had not been hospitalized, and biologic specimens and
detailed clinical data were collected at regular time points. Here,
we report on clinical data and markers of systemic immune ac-
tivation and inflammation that may contribute to the early un-
derstanding of PASC pathogenesis. A better understanding of
these pathogenic processes is critical for identifying therapies to
treat and/or prevent this condition among the millions of indi-
viduals who have recovered from acute SARS-CoV-2 infection.

METHODS

Study Participants and Procedures

Volunteers with a documented history of SARS-CoV-2 infec-
tion confirmed by nucleic acid amplification testing were en-
rolled at our clinical research center at San Francisco General
Hospital in San Francisco, California [17]. Participants were re-
cruited through a combination of clinician referrals, mailings
to consecutive patients testing positive at university-affiliated
testing sites, and responses to medical center recruitment post-
ings and websites (including wwwliincstudy.org and www.
ClinicalTrials.gov). All adults with a positive test were eligible
and recruitment was agnostic to the presence of persistent
symptoms.

At each study visit, participants were systematically queried
regarding the presence of 32 individual symptoms derived from
the Centers for Disease Control and Prevention list of COVID-
19 symptoms [18] and from the Patient Health Questionnaire
Somatic Symptom Scale [19]. A symptom was considered to be
present if it was new in onset since the time of SARS-CoV-2
infection or, for preexisting symptoms, if it had worsened
since the diagnosis of SARS-CoV-2 infection. Symptoms that
had been present prior to SARS-CoV-2 infection and did not
worsen were not considered to represent PASC. At each visit,
blood was collected by venipuncture. Plasma was isolated via
centrifugation of heparinized blood and stored at -80°C. Due
to the known associations between HIV infection and chronic
inflammation [14-16], we excluded people living with HIV in-
fection from the current analyses.

Clinical Measurements

We assessed the presence or absence of symptoms at a visit
occurring >90 days from initial COVID-19 symptom onset.
The primary outcome (PASC) was defined as the presence of
1 or more symptoms at this timepoint. A subset of participants
(92/121 [76%]) had an additional blood sample that had been

collected at an earlier (ie, before 90 days) timepoint. For further
sensitivity and exploratory analyses, we defined the top 25%
most symptomatic individuals (based on the number of symp-
toms reported) as having severe PASC.

Biomarker and Antibody Assays

The fully automated HD-X Simoa platform was used to measure
biomarkers in blood plasma including MCP-1, Cytokine
3-PlexA (interleukin 6 [IL-6], interleukin 10 [IL-10], tumor
necrosis factor alpha [TNF-a]), IFN-y-induced protein 10 (IP-
10), IFN-y, and SARS-CoV-2 receptor-binding domain (RBD)
immunoglobulin G (IgG) according to the manufacturer’s in-
structions. These markers were selected based upon their bio-
logical importance during acute SARS-CoV-2 infection [1, 2].
Samples were assayed blinded with respect to associated patient
and clinical information. Assay performance was consistent
with the manufacturer’s specifications.

Statistical Analysis

We used descriptive statistics to characterize the cohort and
nonparametric analyses to compare the groups with and without
PASC. We log, -transformed all biomarkers as they were not
normally distributed. We then compared the ratio of the mean
transformed values for each biomarker between those with
and without persistent symptoms using mixed-effects models
with terms for PASC and time period (early vs late recovery).
This approach permits comparison of the values at early and
late time points as well as assessment of whether trajectories in
marker values differ between those with and without persistent
symptoms. We calculated fold-changes and 95% confidence
intervals (CIs) by exponentiating the coefficients to give the
ratio between the untransformed biomarker values. We used
Spearman correlations to evaluate relationships between levels
of binding antibodies and immune markers. All P values are 2
sided. We used Stata version 16.1 (StataCorp, College Station,
Texas) and Prism version 9.1.2 (GraphPad Software, San Diego,
California) software.

Ethics Approval

All participants provided written informed consent. The
study was approved by the Institutional Review Board at the
University of California, San Francisco.

RESULTS

Study Participants

Our analysis cohort included 121 participants and was diverse
in terms of sex, gender, race, ethnicity, and level of education
(Table 1). Medical comorbidities present in >10% of the cohort
included lung problems, diabetes, and obesity. Nine partici-
pants had a history of an autoimmune disorder, which included
autoimmune thyroid disease (n =4), gastrointestinal disease
(n = 2), multiple sclerosis (n = 1), rheumatoid arthritis (n = 1),
and an unspecified autoimmune condition (n = 1). A majority
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Table 1. Characteristics of the Study Cohort
Al No PASC PASC
Characteristic (N =121) (n=48) (n=73)
Demographic characteristics
Age, y, median (IQR) 44 (37-57) 44.5 (37-58.5) 44 (36-56)
Sex assigned at birth
Female 66 (54.5) 21 (43.8) 45 (61.6)
Male 55 (45.5) 27 (56.3) 28 (38.4)
Gender
Cisgender female 65 (63.7) 21 (43.8) 44 (60.3)
Cisgender male 54 (44.6) 27 (56.3) 27 (370)
Transgender male 2(1.7) 0(0.0) 2(2.7)
Race and ethnicity
Hispanic/Latino 30 (24.8) 8(16.7) 22 (30.1)
White 69 (57.0) 28 (68.3) 41 (566.2)
Black/African American 3(2.5) 1(2.1) 2(2.7)
Asian 14 (11.6) 8(16.7) 6(8.2)
Pacific Islander/Native Hawaiian 1(0.8) 1(2.1) 0(0.0)
Not provided 4(3.3) 2(4.2) 2(2.7)
Highest level of education completed
At least some high school 21(174) 9(18.8) 12 (16.4)
At least some college 46 (38.0) 15 (31.3) 31 (42.5)
At least some graduate school 54 (44.6) 24 (50.0) 30 (41.1)
Tobacco use history 27 (22.3) 9(18.8) 18 (24.7)
Clinical characteristics
Preexisting medical conditions
Autoimmune disease 9 (74) 1(2.1) 8(11.0)
Cancer (with treatment received within 2 y prior to COVID-19 diagnosis) 3(2.5) 1(2.1) 2(2.7)
Diabetes 14 (11.6) 6 (12.5) 8 (11.0)
Lung problems 23(19.0) 10 (20.8) 13 (17.8)
BMI category, kg/m?
<24.9 46 (38.0) 20 (41.7) 26 (35.6)
25-29.9 34 (28.1) 16 (33.3) 18 (24.7)
>30 39 (32.2) 11 (22.9) 28 (38.4)
Hospitalized during acute COVID-19 27 (22.3) 8(16.7) 19 (26.0)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: BMI, body mass index; COVID-19, coronavirus disease 2019; IQR, interquartile range; PASC, postacute sequelae of severe acute respiratory syndrome coronavirus 2 infection.

of participants (78%) had been managed as outpatients during
their COVID-19 illness. Of those who had been hospitalized, 9
(33%) were managed in an intensive care setting and 3 (11%)
required mechanical ventilation. Few participants received
SARS-CoV-2 targeted therapy, including remdesivir (n = 3)
and corticosteroids (n = 2). No participants received convales-
cent plasma or monoclonal antibodies. No participants received
a SARS-CoV-2 vaccine prior to sample collection for this study.

Although we did not identify significant demographic dif-
ferences between groups, those reporting PASC tended to be
more likely to have been assigned female sex at birth (61.6% vs
43.8%; P = .053) and to report a history of autoimmune disease
preceding their COVID-19 diagnosis (11% vs 2.1%; P = .087).
The presence of PASC did not differ according to hospitaliza-
tion status during acute COVID-19.

The early recovery measurement occurred at a median of 52
(interquartile range [IQR], 38-64) days from symptom onset
and the late recovery measurement occurred at a median of

124 (IQR, 116-136) days from symptom onset. The timing of
the early follow-up sample among those with PASC was slightly
later than those without PASC (median, 57 vs 50 days after
symptom onset; P = .04); the timing of the late sample did not
differ (median, 123 vs 124 days after symptom onset; P = .26).

Persistent Symptoms

Seventy-three individuals reported 1 or more symptoms at the
late recovery timepoint. The median number of symptoms re-
ported by individuals with PASC was 5 (IQR, 2-8; absolute
range, 1-18). Common symptoms (Table 2) included problems
with memory or concentration (57%), fatigue (56%), shortness
of breath (38%), and anosmia/dysgeusia (37%).

Levels of Plasma Biomarkers Among Those With and Without PASC

In our cross-sectional analyses, we first compared levels of
each plasma marker measured during early recovery between
those with and without PASC (Figure 1, Supplementary Tables
1-2). Those who went on to develop PASC demonstrated
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Table 2. Symptoms Reported at Late Follow-up Among Participants With
Postacute Sequelae of Severe Acute Respiratory Syndrome Coronavirus
2 Infection

Symptoms Reported at Late Follow-up No. (%) (n =73)

Constitutional

Fatigue 41 (56.2)
Subjective fever 2(2.7)
Chills 2(2.7)
Objective fever 2(2.7)
Upper respiratory
Rhinorrhea 14 (19.2)
Sore throat 7 (9.6)
Cardiopulmonary
Cough 13 (17.8)
Shortness of breath 28 (38.4)
Chest pain 18 (24.7)
Palpitations 15 (20.5)
Fainting 0(0.0)
Gastrointestinal
Diarrhea 9(12.3)
Nausea 17 (23.3)
Loss of appetite 12 (16.4)
Abdominal pain 6 (8.2)
Vomiting 1(1.4)
Constipation 3(4.1)
Genitourinary
Menstrual cramps 2(2.7)
Dyspareunia 0(0.0)
Rash 10 (13.7)
Musculoskeletal
Myalgia 20 (27.4)
Back pain 7 (9.6)
Joint pain 9(12.3)
Neurologic
Anosmia/dysgeusia 27 (37.0)
Headache 18 (24.7)
Concentration problems 42 (57.5)
Dizziness 18 (24.7)
Balance problems 13 (17.8)
Neuropathy 17 (23.3)
Vision problems 13 (17.8)
Parosmia 8 (11.0)
Trouble sleeping 32 (43.8)

Participants were systematically asked about 32 individual symptoms at the late follow-up
visit, which took place a median of 124 days from initial coronavirus disease 2019 symptom
onset.

significantly higher levels of TNF-a (1.14-fold higher mean
ratio [95% CI, 1.01-1.28]; P = .028) and IP-10 (1.28-fold higher
mean ratio [95% CI, 1.01-1.62]; P = .038). The mean IL-6 level
during early recovery was on average 29% higher among those
with PASC, although the difference did not achieve statistical
significance (95% CI, .98-1.70; P = .07). Several other markers
showed higher levels among those with PASC even when the
comparisons were not significant.

We next compared levels of each biomarker measured during
late recovery between those with and without PASC (Figure 1).
During the late recovery period, the mean IL-6 level was on

average 44% higher among those with PASC (95% CI, 1.11-
1.86; P = .0005). No other markers differed between the groups.

Levels of SARS-CoV-2 RBD IgG did not differ between groups
at either the early or late timepoints. Among those with PASC,
levels of binding antibodies correlated with TNF-a (r = 0.33,
P =.018), IFN-y (r=0.30, P=.038), and MCP-1 (r=0.39,
P =.005) at the early timepoint; at the later timepoint, levels
of binding antibodies correlated with IL-6 (r = 0.29, P = .015),
TNF-a (r =0.28, P = .016), and MCP-1 (r = 0.40, P = .0006). In
the group without PASC, these antibodies correlated only with
IFN-y at the early timepoint (r = 0.38, P =.024) and IP-10 at
the late timepoint (r = 0.33, P = .025).

Changes in Levels of Plasma Biomarkers Over Time

In our longitudinal analyses, we used mixed models to indicate
changes in levels of biomarkers among those with and without
PASC between the early and late recovery period time points
(Figure 2). Overall, there were no statistically significant differ-
ences in the trends of biomarkers over time between the PASC
and non-PASC groups. As would be predicted from cross-sec-
tional analyses, higher levels of IL-6 were observed across time
points in those with PASC compared to those without persistent

symptoms.

Sensitivity Analyses

To further assess the effects of certain demographic factors po-
tentially important in PASC, we performed adjustment for age,
sex, and hospitalization status during acute SARS-CoV-2 in-
fection. These adjustments did not fundamentally change the
interpretation of the earlier analyses, although the IP-10 eleva-
tion during early recovery was no longer statistically significant
(mean ratio, 1.24 [95% CI, .98-1.57]; P = .071) (Supplementary
Table 3). Further adjustment for autoimmune disease and
body mass index did not alter interpretation of the results
(Supplementary Table 4).

To determine whether the relationships observed in the pri-
mary analysis would be more pronounced among those with the
most severe manifestations of PASC, we examined the subset of
individuals reporting the greatest number of symptoms (upper
25% of symptom count) in comparison to those without any
persistent symptoms (Supplementary Table 5). During early re-
covery, severe PASC was associated with the presence of elevated
levels of IL-6 (mean ratio, 1.47 [95% CI, 1.10-1.97]; P = .009),
IEN-y (mean ratio, 1.35 [95% CI, 1.00-1.81]; P = .049), IL-10
(mean ratio, 1.25 [95% CI, 1.00-1.57]; P =.05), and TNF-a
(mean ratio, 1.16 [95% CI, 1.03-1.31]; P =.017). IL-6 levels
were persistently elevated during late follow-up, although the
relationship did not remain statistically significant (mean ratio,
1.47 [95% CI, 1.10-1.97]; P =.089). Further analysis demon-
strated that more symptomatic individuals (>3 symptoms,
compared to 1-2 symptoms or 0 symptoms) tended to have
higher levels of certain markers (Supplementary Table 6).
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Figure 1.

Cross-sectional levels of biomarkers among those with and without PASC during late recovery. Abbreviations: IFN-y, interferon gamma; IgG, immunoglobulin

G; IL-6, interleukin 6; IL-10, interleukin 10; IP-10, interferon-y—induced protein 10; MCP-1, monocyte chemoattractant protein 1; PASC, postacute sequelae of severe acute
respiratory syndrome coronavirus 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TNF-c, tumor necrosis factor alpha.

DISCUSSION

Postacute sequelae of SARS-CoV-2 infection is now recog-

and electronic medical record-based studies [4, 5, 12, 20], ap-
nized as a public health priority [3]. In a variety of cohorts

proximately 10%-40% of individuals report new symptoms

that persist for weeks to months. Risk factors for PASC may
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include more severe acute infection, advanced age, female sex,
and socioeconomic factors [5, 20, 21]. However, the study of
the pathogenesis of PASC is only just beginning. Leveraging
a prospective cohort designed to study how SARS-CoV-2 in-
fection affects long-term health, we measured a variety of po-
tential biomarkers in individuals recovering from COVID-19,
a substantial proportion of whom reported symptoms beyond
3 months following initial infection. Importantly, we did not
prospectively seek to enroll individuals with PASC. We iden-
tified several biomarkers—particularly IL-6 and TNF-a—that
differ during early and late recovery among those who continue
to experience symptoms at a median of 124 days following in-
fection. These elevations are part of a consistent pattern sug-
gesting persistent immune activation among those who go on
to develop PASC. These observations may inform on biological
pathways contributing to PASC and aid in the identification of
potential therapeutic strategies.

IL-6 and TNF-a are both proinflammatory cytokines that
contribute to leukocyte recruitment, activation, and differentia-
tion, as well as B-cell maturation and the expansion of T-helper
cell subsets [22, 23]. Both have been identified as key factors
in the immune response during acute COVID-19 [2, 9, 10, 24,
25], although in general IL-6 levels appear to be more predic-
tive of poor outcomes such as respiratory failure and the need
for mechanical ventilation [2, 8, 10, 26]. Results from interven-
tions to reduce the inflammatory milieu during acute infection
by targeting cytokines, such as IL-6, however, have been mixed
[27-32]. While various immune activating cytokines can have
protective or homeostatic effects [33-35], their dysregulation
may lead to detrimental clinical conditions. For example, IL-6
has been implicated in models of chronic inflammatory dis-
eases [33], and overexpression in mouse models is associated
with tissue-specific manifestations such as lung or neurologic
disease [36-38]. Similarly, TNF-a induces tissue inflammation
and endothelial activation and uncontrolled activity of this cy-
tokine underlies various inflammatory diseases that can involve
multiple organ systems [39].

Among those recovering from COVID-19, there are limited
data on immunologic trends over time and in association with
ongoing clinical symptoms. Although our findings need to be
supported with larger studies, we found that individuals with
persistent symptoms were likely to demonstrate higher levels
of markers of inflammation and immune activation during
the first 90 days of COVID-19 recovery. While not all markers
achieved statistical significance, there was a consistent trend
across all markers of interest during this period. Furthermore,
we found that elevations in IL-6 persisted into the late recovery
period during which we defined the primary clinical outcome
(PASC). This observation builds upon prior work identifying
persistent elevations in levels of cytokines in COVID-19 con-
valescent plasma donors [11] and individuals who were pre-
viously hospitalized with COVID-19 [12]. In the latter study,

previously hospitalized individuals who reported persistent
symptoms had higher levels of MCP-1 and platelet-derived
growth factor during early convalescence, but these differences
were no longer detected at 6 months and the study included a
lower proportion of participants with persistent symptoms. Our
findings suggest that differences in cytokines and chemokines
may also be relevant among individuals who were not hospi-
talized during the acute phase, and that persistent immune ac-
tivation might be associated with the processes that drive some
persistent symptoms. While the magnitude of the elevations we
detected was not dramatic, the direction was consistent across
markers and suggests that these subtle immunologic differences
warrant further investigation.

The factors driving persistent inflammation during COVID-
19 recovery have yet to be determined. One possibility is that
residual inflammation from the acute phase of infection persists
among certain individuals, either those with the most severe ill-
ness or in relation to other unknown factors. This could be sup-
ported by the fact that most differences in the levels of these
markers appeared to resolve by the late recovery timepoint.
Although antibody levels, which consistently correlate with dis-
ease severity [40-46] and have been shown to be predictive of
persistent symptoms at 6 months in other cohorts [4], did not
differ between the groups, among those with PASC antibody
levels did correlate with levels of several inflammatory markers.
In addition, IL-6 levels remained elevated throughout the ob-
servation period. Many factors could contribute to persistent
IL-6 elevations including antigen persistence in tissues, com-
promised mucosal barrier integrity with increased microbial
translocation, and/or autoreactive immunity, or an intrinsic
failure of the host immune system to return to baseline home-
ostasis. Further work will be needed to determine whether our
findings represent a persistent inflammatory response that is
slower to resolve among those with PASC, or whether there is
ongoing pathology that would benefit from intervention during
either early or later recovery.

It is notable that 8 of 9 participants with a history of previ-
ously diagnosed autoimmune disorders experienced PASC. It
has been theorized that elevated autoantibodies may be present
during acute hospitalization with COVID-19 and may persist
during convalescence [47, 48], although the association with
persistent symptoms has yet to be established. Others have ob-
served new diagnoses or exacerbations of clinical entities with
autoimmune mechanisms, such as diabetes and thyroiditis,
following SARS-CoV-2 infection [49, 50]. The relationship be-
tween SARS-CoV-2 infection, autoreactive immunity, and the
inflammatory milieu that may persist following COVID-19
warrants further investigation, particularly if it can be tied to
specific PASC phenotypes.

Strengths of thisanalysisinclude theinclusion of alarge number
of individuals with deeply characterized persistent symptoms
and the large proportion who had not been hospitalized during
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acute infection, which is reflective of the majority of people re-
covering from COVID-19. Limitations of this study include the
use of a convenience sample that may not be representative of
the SARS-CoV-2 epidemic and lack of specimens from the acute
infection period. There is currently no widely agreed upon case
definition for PASC, and we adopted a broad case definition that
might be overly sensitive. We also used a rough temporal cutoff
to classify PASC, which may have led to misclassification bias in
our results. Still, our sensitivity analyses showed similar findings,
suggesting the presence of a true effect. We measured a relatively
small number of biomarkers based on hypotheses derived from
published signatures during acute infection, but more in-depth
biomarker characterization may be more revealing. While we
performed multiple statistical analyses, our findings were con-
sistent with our prespecified hypotheses. Finally, because speci-
mens preceding SARS-CoV-2 infection were not available, it is
not possible to discern whether individuals with PASC had ele-
vated levels of these markers preinfection, which could possibly
alter their responses during infection and recovery and/or pre-
dispose them to PASC. Nonetheless, our observation will help
inform on mechanistic pathways that could contribute to PASC
and direct future research leading to the identification of poten-
tial therapeutic targets.
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Supplementary materials are available at The Journal of
Infectious Diseases online. Supplementary materials consist of
data provided by the author that are published to benefit the
reader. The posted materials are not copyedited. The contents of
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