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Abstract

Objectives: To determine the proportion of individuals with detectable antigen in plasma
or serum after SARS-CoV-2 infection and the association of antigen detection and post-acute
sequelae of COVID-19 (PASC) symptoms.

Methods: Plasma and serum samples were collected from adults participating in four
independent studies at different time points, ranging from several days up to 14 months post-
SARS-CoV-2 infection. The primary measure was to quantify SARS-CoV-2 antigens, including
the S1 subunit of spike, full-length spike, and nucleocapsid (N), in participant samples. The
presence of 34 commonly reported PASC symptoms during the post-acute period was determined
from participant surveys or chart review of electronic health records.

Results: Of the 1569 samples analyzed from 706 individuals infected with SARS-CoV-2, 21%
(95% ClI, 18%-24%) were positive for either S1, spike or N. Spike was predominantly detected,
and the highest proportion of samples were spike positive (20%; 95% ClI, 18-22%) between four
and seven months post-infection. 578 participants (82%) reported at least one of the 34 PASC
symptoms included in our analysis = 1 month post-infection. Cardiopulmonary, musculoskeletal,
and neurologic symptoms had the highest reported prevalence with over half of all participants,
and among those participants 43% (95% CI, 40-45%) on average were antigen positive. Among
the participants who reported no ongoing symptoms (128, 18%), antigen was detected in 28
participants (21%). The presence of antigen was associated with the presence of one or more
PASC symptoms, adjusting for sex, age, time post-infection, and cohort (OR 1.8, 95% ClI
(1.4-2.2).

Discussion: The findings of this multicohort study indicate that SARS-CoV-2 antigens can be
detected in the blood of a substantial proportion of individuals up to 14 months after infection.
While approximately one in five asymptomatic individuals was antigen positive, roughly half of all
individuals reporting ongoing cardiopulmonary, musculoskeletal, and neurologic symptoms were
antigen positive.

Introduction

Persistent symptoms following the acute phase of COVID-19, termed post-acute sequelae
of COVID-19 (PASC), or long COVID, is a multisystemic condition affecting an estimated
10% of individuals following SARS-CoV-2 infection.! PASC is associated with a wide
array of symptoms representing most organ systems, encompasses a heterogeneous set

of pathophysiological processes, and can substantially affect quality of life.2 With no
effective diagnostic and treatment options available, PASC poses a significant public health
burden as SARS-CoV-2 continues to spread.
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While the underlying mechanisms of PASC remain incompletely understood, viral
persistence, reactivation of latent viruses, autoimmune response, and chronic immunologic
dysfunction are among proposed hypotheses.>6 In particular, mounting evidence suggests
that some individuals may not fully clear SARS-CoV-2 following acute infection and that
residual virus or viral RNA and protein persists in tissue reservoirs.” Several autopsy and
tissue biopsy studies have detected SARS-CoV-2 RNA and protein in multiple anatomical
sites weeks to months after initial infection.8-16 Additionally, we identified circulating
SARS-CoV-2 antigens, which could be derived from tissue reservoirs, in plasma up to a
year after acute infection, and others have corroborated our work.17-20 In our preliminary
study, we measured S1, full-length spike, and nucleocapsid (N) antigens in plasma samples
collected from individuals infected with SARS-CoV-2. We found that approximately 65%
of those individuals diagnosed with PASC were antigen-positive during at least one time
point.1” Most PASC patients were positive for spike, whereas none of the individuals who
experienced only acute COVID-19 were spike positive, suggesting that spike present in the
post-acute phase could potentially serve as a biomarker for PASC. Additionally, the presence
of circulating spike was not attributed to mRNA vaccination, where predominantly S1 is
detected within a few days of the first dose.2! In our pilot study, we analyzed many samples
up to one-year post-infection for PASC patients but very few longer-term time points for
individuals who reported recovery after acute COVID-19. Furthermore, this preliminary
study consisted only of samples from individuals who were infected early in the pandemic.

Thus, we sought to quantify the prevalence of post-acute antigenemia in a larger cohort
by measuring the levels of SARS-CoV-2 antigens in plasma and serum samples collected
from 706 individuals over two years of the COVID-19 pandemic at multiple healthcare
sites in the United States. We hypothesized that a subset of individuals would test positive
for circulating antigen, representing the group of individuals harboring a persistent viral
reservoir, and those individuals would suffer from one or more common PASC symptoms.

Study Cohort

This retrospective longitudinal study included samples collected from adult participants
already enrolled in the following studies: Long-term Impact of Infection with Novel
Coronavirus at the University of California, San Francisco (LIINC, n = 171),22 Mass
General Brigham in Boston (MGB, n = 63), Seattle COVID-19 Cohort Study to Evaluate
Immune Responses in Persons at Risk and with SARS-CoV-2 Infection at the Allen

Institute for Immunology (Allen, n = 80), and Researching COVID to Enhance Recovery
(RECOVER, n = 392).23 All studies took place at a healthcare center or network within the
same city, with the exception of RECOVER, which enrolled at 83 sites across the United
States. Participants were recruited through clinician referrals, mailings to patients who tested
positive for SARS-CoV-2 or responses to medical center paper postings, websites, and
advertisements. The MGB cohort included samples collected on behalf of the Massachusetts
Coalition for Pathogen Readiness (MassCPR) consortium biorepository and the MGB
Biobank. In this study only participants with a prior history of SARS-CoV-2 infection
confirmed either by nasopharyngeal reverse transcription polymerase chain reaction, antigen
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or anti-nucleocapsid antibody tests were included. If multiple samples were collected from
the same participant, they were collected approximately every 3-4 months. Additional details
pertaining to each cohort are provided in the Supplementary Information.

The primary outcome was the detection of circulating antigen after acute COVID-19

(= 1 month post-infection) and secondary outcomes included the presence/absence of

34 commonly reported PASC symptoms determined by Thaweethai et al.2* (Table S1).
Symptoms were extracted through participant surveys, either interviewer-administered
(LIINC and Allen), self- or interviewer-administered (RECOVER), or abstracted from chart
reviews (MGB). In addition, we defined nine phenotype groups, including cardiopulmonary,
musculoskeletal, neurologic, gastrointestinal, metabolic, dermatologic, and genitourinary
symptoms, as well as those meeting diagnostic criteria for myalgic encephalomyelitis-
chronic fatigue syndrome (ME-CFS) and reporting at least one dysautonomia symptom
(Table S2). Participants in each cohort were classified as PASC positive or negative
according to different definitions,17:2224 therefore, we devised four symptom-based
thresholds for PASC: = 1 post-acute symptom, > 2 post-acute symptoms, > 3 post-acute
symptoms, or = 2 post-acute symptom phenotype groups as described in Tables S1 and S2,
respectively.

Laboratory Measurements and Analysis

Results

Using previously reported single molecule array (Simoa) assays,1’2> SARS-CoV-2 S1,
spike, and N antigen levels were quantified in serum and plasma samples. We analyzed all
cohorts for the spike protein and three out of four cohorts (LIINC, MGB, and RECOVER)
for all three antigens: S1, spike, and N. The proportion of samples that were antigen positive
and 95% confidence intervals were calculated according to four time bins: < 1 month, 1-3
months, 4-7 months, and 8-14 months post-infection. These time bins captured the sampling
frequency of each cohort, which was approximately every 3-4 months if multiple samples
were collected per individual. To determine the association between antigen detection

and PASC symptoms, we calculated the odds ratio (OR) for each PASC definition. In
addition, we used logistic regression models to determine ORs adjusted for sex, age, time
post-infection, and cohort. Additional details describing the Simoa assays and analysis is
described in the Supplementary Information.

Participant Characteristics

This study encompassed four independent sample cohorts that included samples collected
at one or more time points from a given individual spanning both the acute and post-acute
phases of COVID-19 during different pandemic waves (Figure 1). Median (IQR) age of

all participants was 46 years (35-58), 263 of 706 (37%) were male, 369 (52%) were fully
vaccinated before SARS-CoV-2 infection, and 51 (7%) had been hospitalized with acute
COVID-19. Demographic characteristics for each of the four cohorts are detailed in Table 1.

Clin Microbiol Infect. Author manuscript; available in PMC 2025 December 01.
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Longitudinal SARS-CoV-2 Antigen Measurements

Following the acute phase = 1 month post-infection, the presence of antigen across all
cohorts for S1, spike, and N ranged from 2-3%, 12-20%, and 2-10%, respectively (Figure
2); however, the percent of antigen-positive samples varied between the cohorts, ranging
from 1-8%, 5-51%, and 2-7%, for S1, spike, and N, respectively (Table S3). Participants in
the RECOVER cohort were enrolled either during the acute or post-acute phase. However,
antigen was detected at similar rates for both enrollment groups regardless of the sampling
timepoint (Table S4). Overall, one or more of the three antigens was detected in 21% (95%
Cl, 18%-24%) of all samples collected = 1-month post-infection, and all three antigens were
detected up to 14 months post-infection.

Persistent post-acute symptoms and antigen detection

Association

Using the available clinical data for each cohort, we determined the proportion of
participants who reported each symptom and the proportion of participants who reported

a given symptom and were positive for S1, spike, N, or any antigen (Figure S1). Across four
cohorts, antigen positivity was more common among fatigue, brain fog, muscle pain, joint
pain, back pain, headache, sleep disturbance, smell/taste, and gastrointestinal symptoms.
Although the proportions varied across cohorts, circulating antigen and one PASC symptom
were detected in 1-28% of participants. However, antigen was also detected in individuals
who did not report any ongoing symptoms during the post-acute phase (Table S5). Among
post-acute asymptomatic individuals the rate of antigen detection ranged from 0% in MGB
(Npositive/Nasymptomatic = 0/26), 6% in LIINC (npositive/Nasymptomatic = 1/17), 14% in Allen
(Npositive/Nasymptomatic = 3/21) to 36% in RECOVER (Npositive/Nasymptomatic = 23/64). Similar
to the individual symptoms, antigen detection was present in all phenotype groups (Figure
3, Table S6), with highest antigen frequencies seen in cardiopulmonary, musculoskeletal,
neurologic, HEENT, and gastrointestinal symptom groups. Among the three most frequent
symptom groups, cardiopulmonary, musculoskeletal, or neurological, and across the four
cohorts, antigen was detected in 43% of those individuals on average.

of antigen detection and PASC

To quantify the association of PASC with antigen detection, we generated binary
contingency tables for the detection of any antigen or spike antigen versus different PASC
definitions (Table 2, Table S7). In multivariable logistic regression models adjusting for sex,
age, time post-infection, and cohort, the presence of any antigen or spike was associated
with the presence of > 1 postacute symptom with ORs of 1.8 (95% CI 1.4-2.2) and 1.7 (95%
Cl 1.3-2.1), respectively. Interestingly, antigen detection resulted in higher adjusted ORs

for having = 2 or 3 post-acute symptoms, 2.0 (95% CI 1.6-2.4) and 2.1 (95% CI 1.6-2.6),
respectively, but did not increase with the number of symptom groups (OR 1.5, 95% ClI
1.1-1.9). For the RECOVER cohort, there was also a borderline association of any antigen
at the 6-month time point with PASC as defined by their symptom based research index?4
(OR 1.5, 95% CI 0.9-2.7). In multivariable logistic regression models, we found female sex,
time post-infection, and antigen presence were independently associated with increased odds
of having PASC, regardless of the PASC definition (Table S8). There were, however, also
increased odds of having PASC for participants in the MGB cohort (Table S8).

Clin Microbiol Infect. Author manuscript; available in PMC 2025 December 01.
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Discussion

We analyzed over one thousand plasma and serum samples from four independent cohorts
from participants infected with SARS-CoV-2 and detected circulating SARS-CoV-2 antigens
up to 14 months post-infection, confirming our earlier findings. Overall, 21% of the samples
analyzed were positive for either spike, S1, or N during the post-acute phase. Though we
cannot rule out re-infection, the frequency of antigen detection is much greater than the
estimated 2.5 % incidence of re-infection per year.26 We found that spike was detected most
often between four and seven months after infection, suggesting that this time window could
be particularly important for further investigating post-acute antigenemia and therapeutic
intervention. Based on our initial study of individuals with acute COVID-19, we would have
expected antigen levels to decrease over time as antibody production increased.2> However,
we saw a similar trend of post-acute antigenemia in children who developed multisystem
inflammatory syndrome (MIS-C).2” Furthermore, we found that the presence of antigen

in the post-acute phase could be linked with 34 commonly reported post-acute symptoms,
and by grouping these symptoms, we found that over 40% of the individuals reporting
cardiopulmonary, musculoskeletal, and neurologic symptoms were antigen-positive.

PASC encompasses a heterogeneous constellation of symptoms that can vary markedly
from person to person, making it difficult to diagnose patients based on symptoms alone.
Identifying biomarkers linked with PASC, however, could help identify patients whose
symptoms are explicitly caused by SARS-CoV-2, evaluate new targets for treatment, and
provide objective measures that can be monitored over time. In our preliminary study,
SARS-CoV-2 spike was identified sporadically in almost two-thirds of the patients who
reported ongoing symptoms and were clinically diagnosed with PASC. In this follow-up
study, we detected persistent spike in approximately one-fifth of all individuals during

the post-acute phase of COVID-19. The variability in antigen detection between cohorts
likely reflects study selection bias, which could have led to increased recruitment of
participants with post-acute symptoms. For instance, RECOVER and LIINC were enriched
for participants recruited during acute infection and followed prospectively, leading to less
bias towards individuals who enrolled in the study due to persistent symptoms. In addition,
RECOVER participants mostly self-reported their symptoms, while the LIINC and Allen
cohorts followed a hybrid approach, where symptom surveys were interviewer-administered,
but alternative diagnoses could not necessarily be ruled out. On the other hand, patients
reporting ongoing symptoms in the MGB cohort were selected after multiple follow-up
consultations with clinicians who could not attribute their symptoms to other illnesses.
There was also less follow-up information available for MGB participants who seemingly
recovered from acute COVID-19 based only on medical chart reviews. Furthermore, samples
were collected more frequently in individuals suspected to have PASC in the MGB cohort,
which likely increased the likelihood of detecting antigen given that we often observed
fluctuating antigen levels for a single individual over time.

Despite differences in clinical assessments, we detected persistent antigen across multiple
symptom groups, reflecting the heterogeneity of the illness in general. We also detected
antigens in asymptomatic individuals, which may diminish the utility of SARS-CoV-2
antigens as definitive PASC biomarkers. Alternatively, it could reflect incomplete symptom

Clin Microbiol Infect. Author manuscript; available in PMC 2025 December 01.
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ascertainment in each cohort. However, given that roughly one-third of individuals are
estimated to have asymptomatic acute COVID-19 infections,?8 it is also likely that
certain individuals remain asymptomatic during the post-acute period despite ongoing
pathophysiological processes. Whether post-acute antigen is associated with other PASC-
related sequelae in these asymptomatic individuals remains to be determined.

By establishing hypothetical symptom-based PASC thresholds, we determined that the
detection of antigen is associated with the presence of at least one or more PASC symptoms.
When adjusting for age, sex, and time post-infection with multivariable models, we still
found the presence of antigen to be associated with PASC. Female sex and time post-
infection were also found to be independently associated with having PASC symptoms.
Other studies have found that women are at increased risk for developing PASC.2%:30 Here
we detected the highest proportion of antigen around 6 months post-infection, indicating that
circulating antigen associated with PASC symptoms may peak around this time. Although
the presence of antigen leads to a 2-fold higher chance of developing PASC, there are still
many symptomatic individuals with no detectable antigen. If PASC is driven by multiple
pathological mechanisms, then antigenemia may only occur in a subset of individuals, while
the remaining symptomatic individuals could have other underlying pathology. There is
also the possibility that we did not detect antigen due to limited follow-up time points per
individual, compromising assay sensitivity. When analyzing longitudinal time points from a
single individual, we often detected antigen at one time point but not the other,1” indicating
that either the sample timing matters, or that our assay is not sensitive enough to detect
lower concentrations of circulating antigen, even with its ultrasensitivity.

Although we detect post-acute antigenemia across cohorts, this study has several limitations.
The first concerns the considerable variability with which symptom information was
collected across cohorts. In some cases, the presence or absence of many commonly
reported PASC symptoms were not explicitly recorded and we chose to focus on a

subset of frequently reported symptoms,24 which might exclude certain PASC phenotypes.
Furthermore, reported symptoms were either reported by clinicians alone, interviewer-
administered surveys or participant surveys, thereby biasing the information recorded.

In addition, samples were collected at different time points across different pandemic
waves. Therefore, it is not possible to compare the same time points across all studies

or to completely understand differences that arise due to cohort timing, such as SARS-
CoV-2 strain or vaccination status. Bias due to cohort heterogeneity was confirmed with
multivariable logistic regression analysis, however the presence of antigen was still an
independent risk factor for developing PASC. Additionally, it is still unclear why spike

is predominantly detected. We speculate that if the source of circulating antigen is a
persistent viral reservoir, then the origin tissue may alternatively affect antigen degradation.
Furthermore, spike can be incorporated into the membranes of infected cells and may be
preferentially preserved and released as a part of extracellular vesicles.®

Regardless of symptoms or the time of infection, overall, we detect persistent antigen

in approximately 20% of individuals between one and 14 months post-infection in four
independent cohorts and the presence of antigen was associated with having PASC
symptoms. Ultimately, carefully designed studies inclusive of large numbers of individuals

Clin Microbiol Infect. Author manuscript; available in PMC 2025 December 01.
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with various PASC phenotypes, as well as adequate numbers of fully recovered controls,
will be needed to definitively ascertain the relationship between antigen persistence and
PASC subgroups. Furthermore, while we cannot confirm that the presence of antigen is
linked with a persistent viral reservoir, our findings highlight the need to further investigate
the source of persistent antigen. The persistence of viral antigens and reservoirs is not
unique to SARS-CoV-2, but has been reported for other single-stranded RNA viruses, such
as Zika and Ebola.” Therefore, a deeper understanding of the pathological mechanisms
leading to viral persistence may serve not only individuals experiencing long COVID, but
other chronic infection-associated syndromes as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cohorts of individuals post-SARS-CoV-2 infection.
A timeline of reported COVID-19 cases plotted versus time, showing the periods during

which samples were collected from individuals who were infected and recovering from
SARS-CoV-2 infections for four different cohorts: Long-term Impact of Infection with
Novel Coronavirus (LIINC, n = 171), Mass General Brigham (MGB, n = 63), Allen Institute
(Allen, n = 80), and Researching COVID to Enhance Recovery (RECOVER, n = 392). The
date of initial infection for each participant is shown as a single point colored according to
cohort: LIINC (blue), MGB (green), Allen (yellow), and RECOVER (red). The geographical
locations where samples were collected for each cohort are indicated on the map above with
the same color-coding.
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Figure 2. SARS-CoV-2 antigen levels post-infection.
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S1 (A), spike (B), and N (C) concentrations measured in analyzed serum or plasma samples
for all cohorts binned according to months post-infection. Above each plot, the percent (95%
ClI) and number (npgsitive) Of samples that were antigen positive and the mean (IQR) antigen
concentration are shown and below the total number of samples (nita1) analyzed is listed per

time period.
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Figure 3. Antigen detection associated with symptom groups.
Heat maps showing the percent of participants within each cohort reporting persistent

symptoms associated with either a particular organ system or meeting the diagnostic criteria
of ME-CFS or with any dysautonomia symptoms. The following columns represent the
percent of participants who were positive for S1, Spike, N, or any Ag within each symptom
group. The symptoms included in each group are described in Table S3. For comparison, the
percent of participants who reported no persistent symptoms and the percent of participants
who reported no symptoms and were positive for antigen are shown below. In all cases,

the denominator used to calculate percent values is the total number of participants in each
cohort: LIINC (n = 171), MGB (n = 63), Allen (n = 80), and RECOVER (n = 392). NA
indicates that no symptoms of a given group were assessed or reported.
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Cohort characteristics.

Table 1.

Page 21

The age, sex, and race/ethnicity of individuals for each cohort, in addition to whether they were hospitalized

for acute COVID-19, fully vaccinated (two doses of an mRNA vaccine) prior to initial SARS-CoV-2

infection*, and which COVID era their initial infection occurred (determined either by the date of a positive
PCR test or by their baseline sample collection date**).

LIINC MGB Allen Inst. | RECOVER

(n=171) (n=63) (n=80) (n=392)
Age, number (%)
18-45 years 83 (48%) | 24 (38%) | 32(40%) | 213 (54%)
46-65 years 73 (43%) | 22(35%) | 40 (50%) | 131 (33%)
> 65 years 15(9%) | 16 (25%) | 8 (10%) 48 (12%)
Sex, number (%0)
Female 86 (50%) | 40 (63%) | 47 (59%) | 270 (69%)
Male 85 (50%) | 23(37%) | 33 (41%) | 122 (31%)
Race or ethnic group, number (%)
Asian 17 (10%) | 2 (3%) 0 (0%) 21 (5%)
Black or African American 8 (5%) 4 (6%) 0 (0%) 67 (17%)
Hispanic 4721%) | 2 (3%) 1 (1%) 27 (7%)
White 92 (54%) | 52 (83%) | 33(41%) | 252 (64%)
Other 7 (4%) 3(5%) | 46 (58%) 25 (6%)
Hospitalized, number (%) 33 (19%) | 14 (22%) 0 (0%) 4 (1%)
Vaccinated, number (%)* 2 (1%) 2 (3%) 0 (0%) 365 (91%)
COVID era, number (%)**
Ancestral wave (3/1/20 - 9/1/20) 123 (72%) | 40 (63%) 3 (4%) 0 (0%)
Alpha wave (9/1/20 — 1/1/21) 34 (20%) | 13 (21%) | 19 (24%) 0 (0%)
Beta wave (1/1/21 - 7/1/21) 9 (5%) 10 (16%) | 58 (72%) 0 (0%)
Delta wave (7/1/21 — 12/1/21) 1 (0.6%) 0 (0%) 0 (0%) 1 (0.3%)
Omicron wave (12/1/21 - present) 4 (2%) 0 (0%) 0 (0%) 391 (99%)
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Table 2.
Association between the presence of any antigen (S1, spike, or N) and theoretical PASC

phenotypes across all cohorts.

Binary contingency tables for the detection of any antigen versus PASC phenotypes defined as: 1) > 1 PASC
symptom, 2) = 2 PASC symptoms, 3) = 3 PASC symptoms according to individual symptoms shown in Table
S3, and 4) = 2 symptom groups according to symptom groups shown in Table S5. For each PASC definition,
the unadjusted and adjusted odds ratios (ORs) are listed. Adjusted ORs were determined using a multivariable
logistic regression model that included antigen, age, sex, time post-infection, and cohort.

Antigen Total Unadjusted Adjusted OR
OR (95% CI) (95% ClI)
Yes | No

> 1 PASC symptom

Yes 220 | 365 | 585 2.0 1.8
(1.3-32) (14-22)

No 28 93 121

Total 248 | 458 | 706

> 2 PASC symptoms

Yes 186 | 293 | 479 17 2.0
(1.1-24) (1.6-24)

No 62 | 165 | 227

Total 248 | 458 | 706

> 3 PASC symptoms

Yes 154 | 238 | 392 15 2.1
(1.0-21) (1.6-2.6)

No 94 | 220 | 314

Total 248 | 458 | 706

> 2 symptom groups

Yes 156 | 268 | 424 1.2 15
(0.8-1.7) (1.1-19)

No 92 | 190 | 282

Total 248 | 458 | 706
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