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associations between variables and LC symptoms.

Introduction
Intense efforts are underway to understand the pathophysiolog-
ic mechanisms that drive long COVID (LC), a type of postacute
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BACKGROUND. The presence and reactivation of chronic viral infections, such as EBV, CMV, and HIV, have been proposed as
potential contributors to long COVID (LC), but studies in well-characterized postacute cohorts of individuals with COVID-19
over a longer time course consistent with current case definitions of LC are limited.

METHODS. In a cohort of 280 adults with prior SARS-CoV-2 infection, we assessed the presence and types of LC symptoms
and prior medical history (including COVID-19 history and HIV status) and performed serological testing for EBV and CMV
using a commercial laboratory. We used covariate-adjusted binary logistic regression models to identify independent

RESULTS. We observed that LC symptoms, such as fatigue and neurocognitive dysfunction, at a median of 4 months
following initial diagnosis were independently associated with serological evidence suggesting recent EBV reactivation (early
antigen-diffuse 1gG positivity) or high nuclear antigen (EBNA) IgG levels but not with ongoing EBV viremia. Serological
evidence suggesting recent EBV reactivation (early antigen-diffuse IgG positivity) was most strongly associated with fatigue
(OR = 2.12). Underlying HIV infection was also independently associated with neurocognitive LC (OR = 2.5). Interestingly,
participants who had serologic evidence of prior CMV infection were less likely to develop neurocognitive LC (OR = 0.52).

CONCLUSION. Overall, these findings suggest differential effects of chronic viral coinfections on the likelihood of developing
LC and association with distinct syndromic patterns. Further assessment during the acute phase of COVID-19 is warranted.
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sequelae of SARS-CoV-2 infection (PASC), characterized by per-
sistent or recurrent symptoms that interfere with quality of life
(1, 2). Prior work has identified immune activation (3, 4), micro-
vascular dysfunction (5, 6), autoimmunity (7, 8), and SARS-CoV-2
viral persistence (9-12) as mechanisms potentially contributing to
LC. However, not all studies have confirmed these processes (13,
14), and identification of the determinants of PASC is essential to
efforts to prevent and treat this condition (15).

Latent EBV is a ubiquitous human herpesvirus harbored by
the vast majority (90%-95%) of adults in high-income settings; it
is usually defined by the presence of detectable EBV viral capsid
antigen (VCA) IgG levels (16). EBV can reactivate in immunocom-
promised individuals as well as in the setting of physiologic stress-
ors, including acute infection (17). In some cases, EBV reactivated
in tissues may not manifest with detectable circulating DNA in
blood (18, 19). While reactivation of EBV is often considered to be
a marker of physiologic stress rather than an independent patho-
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physiologic process, recent studies have demonstrated that EBV
infection may drive multiple sclerosis (20), perhaps due to aber-
rant autoreactive immune responses to viral infection (21). Prior
studies have demonstrated EBV reactivation, as defined by detect-
able circulating EBV DNA or EBV VCA IgM positivity, during acute
SARS-CoV-2 infection (22-26). However, these studies typically
involved hospitalized patients, and the high rates of reactivation
(e.g., >80% of patients) were observed primarily in those receiv-
ing positive-pressure ventilation or other ICU-level care. Further-
more, VCA IgM levels wane rapidly and may not be useful outside
the context of acute or subacute SARS-CoV-2 infection.

EBV reactivation has also been proposed as a driver of LC. One
small but highly provocative study identified EBV early antigen-
diffuse (EA-D) IgG positivity among two-thirds of individuals
experiencing LC (27). EBV EA-D IgG levels were higher in those
with more LC symptoms, suggesting that recent EBV activity, as
assessed with this measurement, might be associated with LC.
Clinically, EBV EA-D IgG levels rise early after recent viral activity
and generally remain positive for 3 to 6 months before decaying to
undetectable levels in most (>85%) individuals (28, 29). In prior
work, anti-EA antibodies, especially the diffuse component, have
been considered to represent indirect evidence for lytic replica-
tion (30, 31). As a result, EBV EA-D IgG levels may act as a sur-
rogate for recent EBV reactivation in tissues several months after
the reactivation event (Figure 1). EBV also elicits life-long nucle-
ar antigen (EBV nuclear antigen [EBNA]) IgG responses, which
initially increase at the time of transition between the lytic and
latent phases of acute EBV infection (28). Given a several-month
lag in EBNA IgG responses following viral activity, it is possible
that increases in EBNA IgG levels sampled months following
COVID-19 onset in convalescent LC cohorts may act as a poten-
tial marker of EBV reactivation or other inflammatory insult at the
time of acute SARS-CoV-2 infection. Furthermore, EBNAs can
demonstrate molecular mimicry with host proteins and can elic-
it autoreactive immune responses (32-34). While hypothetical, it
is possible that high-level EBNA IgG responses might represent a
biologically important process related to EBV viral or immunolog-
ic activity, especially as autoimmune phenomena have been pro-
posed as a potential mechanism of LC.

Recent work has shown that EBV DNA detectability during
acute SARS-CoV-2 infection predicted the presence of symptoms
at 30-60 days after COVID (7). Although limited by small sam-
ple size, sex imbalance, and overrepresentation of hospitalized
individuals, as well as the relatively short duration of follow-up,
these studies suggest that further investigation of the relationship
between EBV-related pathology and LC is warranted. Studies con-
trolling for potentially confounding factors in the interpretation
of EBV reactivation and underlying chronic viral infections, such
as timing of sample collection, hospitalization and severity of dis-
ease during initial infection, underlying health conditions, and
other participant demographics, as well as studies accounting for
the heterogeneity in syndromic patterns of LC that may reflect dif-
ferent disease phenotypes potentially caused by pathophysiologic
mechanisms, are also needed.

Given the potential connection between EBV reactivation and
the development of LC, there is also now much interest in how
other underlying chronic viral infections, such as CMV and HIV,
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may influence both acute SARS-CoV-2 infection and postacute
sequelae. For example, CMV seropositivity may be associat-
ed with more severe acute initial infection (35, 36), but it is not
known whether CMV plays a significant role in LC. Recent data
also demonstrated a potential link between the development of T
cell receptor sequence repertoires and LC, suggesting that CMV
cytolytic activity associated with gastrointestinal symptoms up to
2 months following acute infection (7), but direct evidence of CMV
infection and LC are lacking. Similarly, we and others have recent-
ly observed that people with HIV may have a greater risk of devel-
oping LC (37, 38), but larger studies that control for factors such
as human herpesvirus infections (many of which are enriched in
people with HIV), participant demographics, and other underlying
health conditions in both hospitalized and nonhospitalized partic-
ipants are urgently needed.

In this study, we sought to investigate the prevalence of under-
lying CMV and HIV infection and serologic evidence suggesting
EBV reactivation in a well-characterized postacute COVID-19
cohort of individuals with and without various LC symptoms (e.g.,
fatigue and neurocognitive, cardiopulmonary, and gastrointesti-
nal symptoms) approximately 4 months following initial SARS-
CoV-2 infection. We evaluated the independent associations
among serologic evidence suggesting recent EBV reactivation,
preexisting CMV infection, and a variety of different LC symptom
groups controlled for clinical and demographic factors, including
underlying HIV infection and details about acute infection. We
hypothesized that the group experiencing LC symptoms would be
enriched for evidence of EBV reactivation and underlying CMV
seropositivity in comparison with individuals reporting complete
recovery from COVID-19.

Results

Relationship between participant factors and LC symptoms. Partic-
ipant demographics, preexisting health conditions, COVID-19-
related hospitalization, and EBV antibody test results were com-
pared by LC symptom group in 280 participants at the time point
beyond 60 days that was closest to 4 months (median, 123 days)
following nucleic acid-based diagnosis of acute SARS-CoV-2
infection, with available data as shown in Table 1. Overall, the
median age of participants was 45 years, 56% of participants were
male at birth, 18% of participants had been hospitalized during
acute infection, 65% of participants had a BMI of more than 30,
and 19% of participants were living with HIV (the cohort was
deliberately enriched for such individuals). In univariate analyses,
there were significantly higher proportions of participants with
LC or severe LC (reporting more than 5 symptoms) who had been
hospitalized, compared with those without LC (21% and 26% ver-
sus 9%, respectively; all P < 0.05).

Relationship between EBV serostatus and LC symptoms. A higher
proportion of participants who experienced LC or LC with more
than 5 symptoms, compared with those without LC, had EBNA
IgG levels greater than the quantitation limit of 600 U/mL (45%
and 47% versus 28%; all P < 0.05).

In order to determine the independent associations among
demographic factors, preexisting medical conditions, and EBNA
and EA-D IgG results with LC and in those with specific LC symp-
toms, we performed covariate-adjusted binary logistic regression
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Figure 1. Schema of EBV-specific antibody responses during acute infection and hypothetical responses during SARS-CoV-2-related reactivation. EBV
viral capsid antigen (VCA) IgM and IgG rise fairly early after acute infection, with VCA 1gG levels persisting long-term. In contrast to VCA IgG levels, EBV
nuclear antigen (EBNA) IgG levels rise more slowly following acute infection, at a time when virus changes from the lytic to latent phase of infection.
Early antigen-D (EA-D) IgG responses rise early following acute infection but decay, often to low or undetectable levels, over many months. The dashed
lines represent potential changes to antibody levels following EBV reactivation secondary to an insult, such as acute SARS-CoV-2 infection. EBV EA-D IgG
responses and perhaps increases in baseline levels of EBNA IgG may be observed 3-4 months following reactivation.

modeling, as shown in Figure 2 (adjusted for timing of sample
collection >100 days, prior COVID-related hospitalization, age
>50 years, sex, BMI >30, preexisting diabetes mellitus, hyper-
tension, renal disease, autoimmune disease, known HIV infec-
tion, CMV IgG seropositivity, EBNA IgG >600 U/mL, and EBV
EA-D IgG positivity). Supplemental Figure 1 (supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI163669DS1) shows a summary of the number of symptoms
experienced by each participant in the various LC symptom
groups, which was roughly similar overall across symptom groups
(median range, 8-9.5, with significantly higher numbers of symp-
toms in those with gastrointestinal symptoms compared with
those with neurocognitive symptoms). 258 participants (92%)
with data available across all variables were included in logistic
regression. EBV antibody variables were selected for inclusion
in the final regression models based on antibody measures that
may represent recent EBV reactivation, as recently reported (EBV
EA-D IgG; ref. 27), or high levels of EBNA IgG (i.e., >600 U/mL,
the upper limit of assay detection), based on the association with
LC in univariate analysis (Table 1).

EBV VCA IgG positivity, VCA IgG above the limit of quantita-
tion (>750 U/mL), and VCA IgM results were not significant across
any analyses and were not included in the final models. Further-
more, very few participants had detectable VCA IgM levels (3.7%),
which would be expected, as sampling was conducted months
after acute infection.

In adjusted regression analyses, the odds of having LC with
more than 5 symptoms, as well as LC characterized by fatigue, gas-
trointestinal symptoms, and cardiopulmonary symptoms, were
higher in those who had been hospitalized during acute infection
(Figure 2). Female sex also correlated with gastrointestinal and
neurocognitive symptoms (Figure 2B).

Interestingly, participants reporting preexisting autoimmune
disease (mainly thyroiditis) and those who had detectable EBV
EA-D IgG responses had higher odds of experiencing fatigue (Fig-
ure 2B) a median of 4 months following COVID-19 diagnosis. Par-
ticipants with high levels of EBNA IgG (>600 U/mL) had higher

J Clin Invest. 2023;133(3):e163669 https://doi.org/10.1172/)CI163669

odds of experiencing neurocognitive symptoms. Furthermore, the
EBNA IgG >600 U/mL ORs were higher in those with any number
of LC symptoms (Figure 2A).

EBV DNA measurements. In order to determine if circulating
EBV DNA is detectable during convalescence and whether any
association between EBV DNA persistence and LC is present, we
performed quantitative EBV PCR on plasma samples from a ran-
dom subgroup of 50 participants who underwent EBV serological
testing stratified by EA-D positivity (the subgroup demographics
and participant phenotypes were similar to the larger cohort, as
shown in Supplemental Table 1). Only 1 of the 50 participants had
detectable plasma EBV DNA, and the level was below the limit of
quantitation (<390 copies/mL). This participant had no reported
preexisting medical conditions, had no detectable EA-D IgG or
VCA IgM at the time of sampling, had EBNA and VCA IgG greater
than the limits of quantitation, and reported 2 LC symptoms (per-
sistent cough and heart palpitations) at the time of sampling.

Relationship between CMV serostatus and LC symptoms. Next,
we analyzed the effect of CMV seropositivity on LC symptom clus-
ters in the same covariate-adjusted regression models as above
for EBV (Figure 2). CMV IgG positivity is not used to determine
recent viral reactivation and is therefore solely a marker of preex-
isting CMV infection. In contrast to EBV serological results, after
adjustment for potential confounders, CMV-seropositive partici-
pants had lower odds of developing neurocognitive LC (OR = 0.52,
P = 0.036; Figure 2B). There was no evidence for an association
between CMV serostatus and fatigue or any of the other nonneu-
rologic LC symptom clusters.

EBV and CMV serologies in participants with and without HIV.
Supplemental Table 2 shows the percentage of participants with
and without HIV included in the regression analyses that had
detectable EA-D IgG responses or EBNA IgG levels of more than
600 IU. Participants with HIV had a higher prevalence of EBV
EA-D IgG antibodies compared with those without HIV (51.9%
versus 32.1%, respectively, P < 0.01), but no significant difference
was identified in EBNA IgG levels of more than 600 IU (44.2%
versus 39.4%, respectively). As expected, nearly all participants
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Table 1. Participant demographics, preexisting health conditions, prior hospitalization, and EBV serology results by long COVID
definitions, including participants with sample time points greater than 60 days after initial infection

All participants
280 (100)*
123 (114, 134)

N (% of all participants)
Timing in days of data collection following
acute COVID symptom onset, median (QR)®

Age, median (QR)® 45 (36, 56)
Male sex at birth, n (%) 156 (55.7)
Female sex at birth, n (%) 124 (44.3)
BMI >30, n (%) 177 (64.6)
Preexisting health conditions
Autoimmune disease, 11 (%) 18 (6.4)
Diabetes, n (%) 25(9.1)
Heart disease, 1 (%) 8(2.9)
Hypertension, (%) 53(19.)
Lung disease, (%) 48 (173)
HIV, n (%) 54 (19.3)
Hospitalized, n (%) 49 (179)
EBV serology*
EBV VCA IgG*, 1 (%) 259 (94.9)
EBV VCA IgG >750, 11 (%) 105 (38.5)
EBV VCA IgM*, n (%) 10(3.7)
EBV NA IgG*, n (%) 243 (89.0)
EBV NA IgG >600 U/mL, n (%) 110 (40.0)
EBV EA-D IgG*, n (%) 98 (35.9)
CMV IgG*, n (%) 153 (54.8)

No long COVID

124 (116, 132)

Long COVID
208 (74.2)
123 (112,135)

Long COVID with >5 symptoms
97 (34.6)
123 (109, 145)

72(25.7)

44 (32, 54) 46 (36, 56) 45 (35, 56)
42(58.3) 114 (54.8) 46 (474)
30 (417) 94 (45.2) 51(52.6)
40 (58.8) 137 (66.5) 67(70.5)

3(42) 15(7.2) 7(7.2)
7(9.7) 18 (8.9) 12 (12.8)
3(42) 5(24) 3(3.2)
11(15.5) 42(204) 21(221)
11(15.5) 37 (18.0) 20 (21)
12 (16.7) 42(20.2) 21(21.6)
6(8.8) 43 (20.9)¢ 25(26.0)°
64 (92.8) 195 (95.6) 90 (94.7
28 (40.6) 77(377) 36 (37.9)
2(29) 8(3.9) 2(21)
61(88.4) 182(89.2) 84 (884
19 (275) 91(44.6)° 45 (474)
23(333) 75 (36.8) 39 (41)
42 (58.3) 111(53.6) 51(52.6)

VCA, viral capsid antigen; NA, anti-nuclear antigen; EA-D, anti-early antigen D. “Variables with missing data (missing N): BMI (N = 6), diabetes (N = 6),
heart disease (N = 4), hypertension (N = 3), lung disease (N = 3), hospitalized (N = 5), EBV antibody results (N = 7), and CMV results (N = 1). BQuartile range
(QR) = quartiles in the 25% and 75% range. °P < 0.05, °P < 0.01 by 2-tailed y? testing or Fisher’s exact test if any expected value was more than 5 for
crosstabular data either LC or LC with more than 5 symptoms to no LC. EPlasma EBV DNA was tested in a subgroup of 50 participants; 1 participant with 1
LC symptom had detectable DNA below the limit of quantitation (<390 copies/mL).

with HIV had a positive CMV IgG (98.1%), as compared with
44.5% of those without HIV (P < 0.01 by 2-sided y? testing).

Relationship between HIV and LC symptoms. Of participants
with HIV, 8 had viral loads above the limit of quantification (40
copies/mL; quantifiable values were 41, 50, 78, 424, 750, 28,118,
39,267, and 46,745 copies/mL). The median CD4" T cell count
and percentage were 576 (with a range of 404-785) and 32%
(25%-38%), respectively. The median CD4/CD8 ratio was 0.86
(0.51-1.2). Twelve individuals had CD4* T cell counts of below
350 cells/pL; of these, only 3 had CD4* T cell counts of below 200
cells/pL. Participants with preexisting HIV had higher odds of
neurocognitive (OR = 2.5, P = 0.037) and gastrointestinal symp-
toms (OR = 2.33, P = 0.058). We repeated covariate-adjusted anal-
yses restricted to HIV-negative individuals (n = 213) as all but 1
participant with HIV (98.2%) was CMV IgG positive, compared
with 54.8% of total participants included in the LC analyses. EBV
EA-D IgG positivity remained significantly and positively associ-
ated with fatigue (OR = 2.26, P = 0.012), and CMV seropositivity
remained significantly and negatively associated with neurocog-
nitive PASC (OR = 0.51, P = 0.037).

Analyses of nonhospitalized participants. Many prior pathophys-
iological studies of postacute sequelae have included a majority of
participants who were hospitalized for acute COVID-19, with many
receiving intensive care and mechanical ventilation. There may also

be a survival bias from including studies in which, those who devel-
op LC, do so after severe initial disease presentations. As aresult, we
next performed regression analyses restricted to participants who
did not require hospitalization (n = 211). Overall, the relationships
observed in the total population between EBV and CMV serologies
and other demographic factors and symptom clusters were simi-
lar. For example, the significant positive association between EBV
EA-D IgG and fatigue strengthened (OR = 2.37, P = < 0.001). The
negative associations between CMV and neurocognitive symptoms
(OR = 0.53) and positive association between EBNA more than 600
U/mL (OR =1.58) were similar to the larger cohort but lost statistical
significance in the context of the smaller analysis population size.
Association between EBV and CMV antibody results and circu-
lating markers of inflammation. We previously identified signifi-
cant correlations between various markers of inflammation and
LC symptoms, such as IL-6 and TNF-a (3, 39, 40). As a result,
we examined the relationship between EBV and CMV antibody
results in a subset of 143 participants (24 with HIV) who had avail-
able circulating biomarker data, as measured on the HD-X Simoa
platform, including markers of neuronal injury, inflammation, and
immune activation (glial fibrillary acidic protein [GFAP, a marker
of astrocyte activation], neurofilament light chain [NFL, a marker
of neuronal injury], monocyte chemoattractant protein-1 [MCP-1],
IFN-y, IL-6, IL-10, TNF-q, and IP-10). We identified significantly
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Figure 2. Results from covariate-adjusted logistic regression analysis of factors associated with long COVID and long COVID symptoms. Demographic
characteristics, underlying health conditions, HIV and CMV positivity, and EBV serological results as predictors of participants with any persistent symp-
tom (long COVID [LC]) or greater than 5 symptoms (LC > 5) across organ systems compared with those without LC are shown in A. Associations between
covariates and fatigue, neurocognitive symptoms (sx), cardiopulmonary symptoms, and gastrointestinal symptoms are shown in B. n = 258 for all models
with exception of LC > 5 symptoms (n = 153; participants with 1-4 LC symptoms were excluded from the analyses). Cases with missing values were exclud-
ed from the regression models. Dots and bars represent ORs and 95% confidence intervals. P values from regression analyses are shown adjusted for all
covariates listed in the figure. VCA, viral capsid antigen; NA, nuclear antigen; EA-D, early antigen-D.

higher levels of NFL and MCP-1 in participants with measurable
EBV EA-D IgG and significantly higher levels of TNF-o, IL-10,
and MCP-1 in those with EBV VCA IgG levels of more than 750
U/mL in 2-sided, nonparametric analyses corrected for multiple
comparisons (Figure 3). Despite having substantially lower odds

of neurocognitive LC, CMV-seropositive participants had sig-
nificantly higher plasma NFL, IL-6, IP-10, and TNF-o levels than
those without CMV (Figure 3).

Effect of CMV on associations between circulating markers of
inflammation and LC symptoms. Markers of inflammation, such

J Clin Invest. 2023;133(3):e163669 https://doi.org/10.1172/)CI163669
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as IL-6 and TNF-q, have been previously associated with LC and
PASC and were elevated in participants with underlying CMV
infection, as above (3, 4, 7). However, CMV was negatively asso-
ciated with LC outcomes in our regression modeling, and to help
clarify the relationships between biomarkers and CMV as predic-
tors of LC, we performed binary logistic regression, including each
biomarker alone or covariate adjusted with CMV IgG positivity
with LC symptom clusters, as shown in Supplemental Table 3 (n =
141 with all data available). Interestingly, adjusting for CMV status
strengthened the associations between inflammation and LC.

Discussion

In a cohort of several hundred individuals with confirmed prior
SARS-CoV-2 infection, we found that certain factors associated
with chronic viral infections, such as serologic evidence suggest-
ing recent EBV reactivation and preexisting HIV infection, were
independently associated with higher odds of various LC symp-
tom clusters. In contrast, participants who had serologic evidence
of prior CMV infection were less likely to report neurocognitive
symptoms and tended to have less LC overall. Of note, we iden-
tified LC even in those without evidence of EBV reactivation or
CMV positivity, suggesting that these factors are not essential to
the development of persistent symptoms or sequelae.

Our study confirms and extends prior studies that identified
an association between EBV EA-D positivity and LC symptoms,
raising the intriguing hypothesis that EBV reactivation may be
mechanistically related to specific LC syndromic phenotypes. By
carefully defining such phenotypes and adjusting for various par-
ticipant factors, sample timing, underlying health conditions, and
prior hospitalization, we identified a strong association between
evidence suggesting recent EBV reactivation and fatigue, one of
the most prevalent LC symptoms. We were able to demonstrate
that serologic evidence suggesting recent EBV reactivation may
be specifically associated with fatigue and neurologic symptoms
but less so with other LC syndromic phenotypes (i.e., cardiopul-
monary and gastrointestinal symptoms). In analyses excluding
participants who were hospitalized, we were able to confirm that
these associations were not entirely due to differences in acute
COVID-19 severity. Whether EBV reactivation was the root cause
of these symptoms, it should be noted that primary EBV infection
(e.g., mononucleosis) may lead to prolonged fatigue, and EBV
seroconversion has recently been shown to be common prior to
the development of multiple sclerosis, an autoimmune condi-
tion that may be precipitated by aberrant, autoreactive immune
responses to this virus (20). Because autoimmunity has been pro-
posed as a pathophysiologic mechanism underlying LC (7, 15) and
preexisting autoimmunity was associated with LC in our analysis,
further study of its potential relationship with EBV disease activity
in this patient population is warranted.

The biological mechanismsleading tohighlevels of EBNA IgG
(greater than the assay limit of detection of 600 U/mL) observed
in association with LC symptoms and neurocognitive symptoms
are not entirely clear. Whereas EA-D IgG responses are generally
understood to be a result of recent EBV reactivation in those with
preexisting latent EBV infection (27), nearly 90% of our cohort
had detectable EBNA IgG, consistent with the long-lasting nature
of this antibody and high proportion of participants with preexist-
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ing EBV infection. It is possible that those with higher levels expe-
rienced a recent increase following EBV reactivation, but given
the lack of sampling during or before acute SARS-CoV-2infection,
we do not know for certain. Nonetheless, EBNA IgG responses
usually peak during establishment (or perhaps reestablishment)
of EBV latency (16, 17, 28), the timing of which is consistent with
the postacute sample collection timing here. The EBNA IgG assay
used in this study is specific for EBNA1, which plays an important
role in facilitating latent EBV infection (41). EBNA1 and EBNA2
expressed during either the latent or lytic phase of EBV infection
has known molecular mimicry with host proteins that may lead
to autoantibodies that have been implicated in various diseases,
such as multiple sclerosis (32, 42). For example, cross reactivity
between EBNA1 and glial cell adhesion molecules has recently
been reported in the setting of multiple sclerosis (34). EBV anti-
bodies have also long been associated with myalgic encephalo-
myelitis/chronic fatigue syndrome, although a definitive causal
link is lacking (43). It is also possible that high EBNA IgG levels
resulted from nonspecific hypergammaglobulinemia that can
develop during acute viral infections or from higher tissue or cir-
culating latently EBV-infected memory B lymphocyte burden, a
cellular compartment expanded in COVID-19 (44). Whereas EBV
reactivation in the throat has been shown to be associated with
fatigue (45), further studies involving tissue-derived or circulat-
ing mononuclear cells in convalescent cohorts following acute
infection to determine viral cell burden and EBV/CMV-specific T
cell responses are needed.

A recent study (46) showed that, in addition to EBV EA-D
antibody responses, seropositivity of EBV envelope glycoproteins
gp42 and gp350, which are essential for EBV lytic infection of B
cells, were enriched in participants with LC (46). These EBV enve-
lope proteins are targets of neutralizing antibodies (47) and, in the
case of gp350, may be short-lived in circulation, suggesting recent
viral activity prior to or following the development of LC.

We made the surprising and potentially novel observation that
CMV seropositivity was negatively associated with the develop-
ment of LC phenotypes. The mechanism underlying this obser-
vation is not immediately clear, and we can only speculate on
possible explanations. It is plausible that CMV-seropositive indi-
viduals might mount more robust adaptive immune responses to
SARS-CoV-2. For example, CMV seropositivity in younger adults
is actually associated with heightened adaptive immune respons-
es to influenza vaccination (48), despite earlier studies in the aging
literature linking CMV to immunosenescence phenotypes (49).
Alternatively, CMV-induced immunoregulatory pathways, includ-
ing secretion of its own viral IL-10, might dampen local inflamma-
tion in areas of CMV reactivation, decreasing the risk of autoanti-
body formation (to the extent that autoantibodies may contribute
to the risk of neurologic LC symptoms) (50, 51). It is also unclear
whether these associations reflect a direct causal effect of CMV
on LC risk or host factors that affect the risk of CMV infection and
LC independently. It is interesting that CMV serostatus was more
strongly associated with neurologic LC symptoms than other syn-
dromic phenotypes. While CMV-infected myeloid cells can be
found in the central nervous system and CMV-induced inflamma-
tion might plausibly affect blood-brain barrier permeability (52), it
is not immediately clear why CMV status would be so specifically
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linked to neurologic as opposed to nonneurologic LC symptoms.
Finally, why two chronic herpesvirus infections — EBV and CMV —
have qualitatively different associations with LC remains entirely
unclear, though perhaps the anatomic localization of herpesvirus
reactivation is an important factor. For example, EBV preferen-
tially reactivates within B cell follicles, where antibody responses
develop, while CMV preferentially reactivates elsewhere (53).

Itis particularly interesting that CMV seropositivity is associat-
ed with decreased odds of developing LC but worse disease sever-
ity in acute COVID-19, as reported in some recent studies (35, 36).
Although CMV seropositivity was not completely protective against
LCin our study, the differential effects of CMV serostatus on acute
COVID versus LC suggest that assessment of CMV serostatus
may be important in future mechanistic evaluations of COVID-19.
Indeed, CMYV seropositivity is associated with increased systemic
inflammation, but a decreased odds of LC (3, 39). This finding sug-
gests that sources of inflammation unrelated to CMV may be driv-
ing LC risk in COVID-19 survivors and highlights the importance
of the source of inflammation — as opposed to simply systemic
inflammation itself —in mediating the risk of LC.

It is also notable that HIV infection was independently asso-
ciated with the development of neurologic LC and, to a lesser
degree, gastrointestinal symptoms but not other LC syndromic
phenotypes (e.g., fatigue, which was more closely linked to sero-
logic evidence suggesting recent EBV reactivation). We and others
have previously demonstrated that markers of persistent immune
activation and inflammation are elevated in the setting of LC (3, 4,
7,39, 46). Interestingly, chronic HIV-1infection, even in the setting
of long-term suppressive antiretroviral therapy, leads to increases
in similar inflammation markers such as IL-6 and C-reactive pro-
tein (54). As a result, preexisting HIV infection and the baseline
elevations in inflammation and aberrant immune responses may
predispose people to developing LC (55). Furthermore, EBV EA-D
IgG positivity was significantly higher in participants with HIV, a
condition which could have led to more robust EBV reactivation
and subsequent LC symptoms.

Thus, each chronic viral infection assessed in our study not
only affected the odds of LC, but also exhibited specific and dis-
tinct syndromic associations. Whichever mechanisms explain
these findings, these observations highlight the importance of
measuring specific LC syndromic phenotypes, as their underlying
pathogenic mechanisms may well be distinct. They also highlight
the likely heterogeneous nature of LC and may help determine
inclusion in various future interventional trials. In fact, it will like-
ly be difficult to prove any causal or modifying role of LC (e.g.,
EBV reactivation, CMV serostatus, long-term SARS-CoV-2 viral
persistence, autoreactive immunity, etc.) without measuring the
effects of targeted interventions in well-designed studies. Fur-
thermore, given that there is paucity of circulating EBV during
convalescence, the potential effect of EBV reactivation on the
development of LC is likely to be greatest during acute COVID-19,
and factors such as this will need to be considered in the design of
such interventional studies.

Strengths of this study include the large sample of well-char-
acterized patients with postacute COVID-19, most of whom were
not hospitalized during acute infection, at a time point consis-
tent with consensus case definitions of LC. Nevertheless, this
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study has several limitations. Although diverse, our cohort is a
convenience sample not representative of all individuals with
COVID-19 or LC. In particular, while we specifically oversam-
pled people with treated HIV infection to assess its association
with LC, we have a limited subsample of people with HIV to
detect modest effect sizes. We also did not have access to bio-
specimens from acute or very early convalescent infection (<30
days), which is the time period in which latent EBV infection
is most likely to reactivate. Because of this, we relied upon the
use of serological evidence suggesting recent EBV reactivation,
which remains hypothetical. For example, while EA-D IgG gen-
erally becomes undetectable after 6 months in most individu-
als, up to 20% of healthy people may have these antibodies for
years (29). These serological measures are imprecise and do
not provide a clear time course of EBV reactivation events. As a
result, direct evaluation of EBV dynamics during the early phase
of SARS-CoV-2 infection is warranted, although we believe our
results demonstrating limited viremia during the postacute stage
strongly suggest that investigation of EBV viremia during this
time period is of limited utility. In addition, because of challeng-
es in collecting samples during acute COVID-19, further work
defining the dynamics of EBV serological profiles suggestive of
recent reactivation would be of benefit to the field. We also note
that this study was exploratory in nature, with multiple statistical
comparisons conducted, and that the potential for a type 1 error
is high. We performed statistical adjustments whenever possible.
Although a type 1 error could be present, the differential asso-
ciations between the 3 chronic viral infections and the various
syndromic phenotypes suggest more specificity to the biologic
associations than just random noise. Finally, EBV and CMV reac-
tivation are often tissue-based processes, and such samples may
be needed in order to identify persistent, smoldering infection.
As aresult, tissue studies will be critical to understanding the full
pathophysiological mechanisms underlying LC.

In summary, this study expands our understanding of the rela-
tionships between chronic viral infections and the odds of distinct
LC syndromic phenotypes. While it remains unclear whether these
associations reflect causal effects of viral coinfections or host fac-
tors associated with viral coinfections on LC, these observations
suggest distinct pathogenesis of the various LC phenotypes. We
extended prior reports suggesting that recent EBV reactivation
is associated with LC, by demonstrating that these associations
primarily involve fatigue and neurologic LC symptoms. We also
made the potentially novel observation that CMV seropositivity
has an unexpected, negative association with LC, which, in turn,
is masked to some degree by HIV infection and serological evi-
dence suggesting EBV reactivation. Nevertheless, the presence of
LC symptoms could not be completely explained by the viral coin-
fections assessed in our study, suggesting that other factors must
be important mediators of LC. In particular, it remains to be seen
whether SARS-CoV-2 persistence in tissues may also play a role
in LC, as suggested by recent uncontrolled case series of SARS-
CoV-2-directed antiviral therapies (56-58). Ultimately, further
investigation of SARS-CoV-2 and other viruses during both acute
infection and convalescence will be needed to clarify the mech-
anisms driving LC and suggest interventions that may reverse or
ameliorate these processes.
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Methods

Study participants. All participants in the Long-Term Impact of Infec-
tion with Novel Coronavirus (LIINC; NCT04362150) cohort with
biospecimens available outside the acute window of SARS-CoV-2
infection were studied; the cohort procedures have been described in
detail previously (59). Briefly, any adult with a history of SARS-CoV-2
infection identified on nucleic acid amplification testing, regardless
of the presence of acute or postacute symptoms, was eligible to enroll
more than 14 days following symptom onset and followed approxi-
mately every 4 months thereafter. Participants were recruited through
a combination of mailings to all individuals testing positive at two
academic medical centers as well as clinician- and self-referrals, as
described elsewhere (59). We also deliberately enriched the cohort for
people with HIV by notifying all eligible individuals testing positive for
COVID-19 at two university-affiliated HIV clinics, which allowed us to
assess the association between HIV and LC symptoms.

Data regarding the acute period of COVID-19 (including num-
ber, type, and severity of symptoms; hospitalization; and COVID-19
treatment), as well as demographics and medical comorbidities, were
collected by self-report at the first visit and verified through review of
medical records whenever possible. At each visit, participants were que-
ried regarding the presence of 32 symptoms derived from the US Cen-
ters for Disease Control COVID-19 symptom list (60) and the Patient
Health Questionnaire somatic symptom scale (61). Importantly, partic-
ipants were specifically asked to describe symptoms only if they were
new or worse compared with the period prior to COVID-19 (preexisting
symptoms were not considered to represent LC). Participants were also
asked to assign themselves a score using a visual-analogue scale from
0t0100 to indicate their overall health prior to COVID-19, at the worst
point in their illness, and in the week prior to the visit.

Biospecimen collection. At each visit, whole blood was collected
in EDTA tubes followed by density gradient separation and isola-
tion of peripheral blood mononuclear cells and plasma as previously
described (62). Serum was obtained concomitantly from serum-sep-
aration tubes for antibody testing. Both plasma and serum samples
were stored at -80°F.

EBYV assays. EBV antibody testing was performed on participant
serum by ARUP laboratories. The EBV antibody panel included quan-
titative measures of anti-VCA IgG and IgM, anti-Nuclear Antigen
(EBNA) IgG, and EA-D IgG. Results were considered positive in this
analysis if units (U) per mL were within or higher than the indeter-
minate range of the assay (VCA IgG =18 U/mL; VCA IgM =36 U/mL;
EBNA IgG 218 U/mL; early D Ag =9 U/mL). The VCA IgG, EBNA IgG,
and EA-D IgG assays had upper limits of quantitation (>750 U/mL,
>600 U/mL, and >150 U/mL, respectively). Quantitative EBV PCR
testing was performed on a random subset of 50 study participants
stratified by EA-D IgG positivity by ARUP laboratories (quantitative
range, 2.6-7.6 log copies/mL). This assay also identifies detectable
EBV DNA above and below the limit of quantitation.

CMYV assays. CMV serostatus was assessed in duplicate on cryopre-
served serum by qualitative ELISA (CMV IgG ELISA [GWB-BQK12C],
Genway Biotech), with antibody index values of less than 0.9 consid-
ered negative, more than 1.1 considered positive, and between 0.9 and
1.1 considered indeterminate per manufacturer specifications. Levels
greater than 0.9 were considered detectable in this study. For partic-
ipants without available serum at study entry, subsequent visits up to
20 months following COVID-19 diagnosis were used for serostatus
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ascertainment, as while the prevalence of CMV is high in the general
population, the incidence among seronegative adults is typically less
than 1% per year (63).

Biomarker and SARS-CoV-2 IgG analyses. A subset of participants
(n=143) had circulating biomarker data available from previous testing
(3, 39). Briefly, the fully automated HD-X Simoa platform (Quanterix)
was used to measure biomarkers in blood plasma, including MCP-1,
Cytokine 3-PlexA (IL-6, IL-10, TNF-a), IFN-y-induced protein 10 (IP-
10), IFN-y, NFL, GFAP, and SARS-CoV-2 receptor-binding domain IgG
according to the manufacturer’s instructions (Quanterix). Assay per-
formance was consistent with the manufacturer’s specifications.

Statistics. Descriptive statistics were used to characterize the
cohort, including median and 25% and 75% quartiles for continuous
variables. In univariate analyses of binary variables, we performed
2-sided y? testing or Fisher’s exact testing (if any expected cell value
was less than 5) for cross-tabular data and 2-sided Mann-Whitney U
or Kruskal-Wallis tests (for multiple comparisons with Dunn correc-
tion) to compare variables across LC groups, symptom groups, and
EBV antibody results. Covariate-adjusted binary logistic regression
models were performed to determine independent associations
between variables and LC/symptom/antibody results. Continuous
biomarker data used in binary regression models were log,, trans-
formed to achieve normality and divided by the IQR for each individ-
ual biomarker in order normalize the effect size across variables. All P
values are 2 sided. Prism version 9.1.2 (GraphPad Software) and SPSS
version 28.0.1.1 (IBM) software were used for analyses. P values of
less than 0.05 were considered significant.

Study approval. All participants provided written informed consent.
The study was approved by the Institutional Review Board at the UCSF.
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