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Some individuals do not return to baseline health following SARS-CoV-2 infection, leading to a
condition known as long COVID. The underlying pathophysiology of long COVID remains unknown.
Given that autoantibodies have been found to play a role in severity of SARS-CoV-2 infection and
certain other post-COVID sequelae, their potential role in long COVID is important to investigate.
Here, we apply a well-established, unbiased, proteome-wide autoantibody detection technology
(T7 phage-display assay with immunoprecipitation and next-generation sequencing, PhIP-Seq) to
a robustly phenotyped cohort of 121 individuals with long COVID, 64 individuals with prior COVID-19
who reported full recovery, and 57 pre-COVID controls. While a distinct autoreactive signature was
detected that separated individuals with prior SARS-CoV-2 infection from those never exposed

to SARS-CoV-2, we did not detect patterns of autoreactivity that separated individuals with

long COVID from individuals fully recovered from COVID-19. These data suggest that there are
robust alterations in autoreactive antibody profiles due to infection; however, no association of
autoreactive antibodies and long COVID was apparent by this assay.

Introduction

Some individuals do not fully return to baseline health following SARS-CoV-2 infection and experience ongo-
ing morbidity following the acute phase of COVID-19 (1, 2). There is now intense interest in determining the
underlying mechanisms of long COVID, one type of post-acute sequelae of SARS-CoV-2 infection (PASC)
characterized by symptoms that develop or worsen following COVID-19 that cannot be clearly attributed to
another cause (3). Immune dysregulation, including the generation of antibodies against self-antigens, has
been suggested as one potential driver of long COVID that warrants further investigation (4, 5).

Acute SARS-CoV-2 infection is associated with the generation of autoreactive antibodies, partic-
ularly among individuals with severe disease requiring hospitalization (6-8). For example, one study
of 147 individuals hospitalized with COVID-19 found that autoantibodies associated with connective
tissue diseases and anti-cytokine antibodies were identified in 50% of samples and tracked with the
humoral response to SARS-CoV-2 infection (7). Furthermore, multiple studies have described the con-
tribution of likely preexisting anti-interferon antibodies to vaccine breakthrough infections and severe
manifestations of COVID-19, including death (9-12).

Although much work has been done exploring the potential virologic and immunologic factors driving
long COVID, the evaluation of autoantibodies in this condition has been more limited. Measurement of
anti-nuclear antibodies (ANAs) on standard clinical tests has yielded mixed findings, with some studies
identifying a high prevalence of ANAs among those with long COVID (13-15) and other studies finding
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low prevalence consistent with ANA positivity in the general population (16-18). Although perturbations
in interferon signaling pathways have been suggested as one potential mechanism of long COVID (4, 15),
anti-interferon antibodies have not been identified in most individuals outside of those who had severe
acute infection (16). This is consistent with other PASC, such as multisystem inflammatory syndrome in
children, which also has no association with anti-interferon antibodies (19).

The identification of previously reported autoantibodies can be performed using targeted assays. How-
ever, identifying the full range of novel autoreactive antibodies, whether they are pathologic or not, requires
technologies capable of high-throughput, unbiased, proteome-wide screens. In this study, we screened a
cohort of individuals with prior SARS-CoV-2 infection, many of whom met clinical criteria for long COVID,
to determine whether a consistent pattern of autoreactivity could be identified. This same technology has
been previously utilized to discover novel autoantibodies in a wide range of disease contexts (20-23).

Results

Distinct set of autoreactive antibodies in individuals with prior SARS-CoV-2 infection. We employed a previous-
ly published proteome-wide approach using a T7 phage-display assay with immunoprecipitation and
next-generation sequencing (PhIP-Seq) (20-24). We tested sera from 185 individuals with prior SARS-
CoV-2 infection in parallel to sera from 57 individuals collected prior to the known existence of COVID-19
(pre-COVID). Using an unbiased analysis, we identified a distinct pattern of autoreactivity that effectively
classified individuals with prior SARS-CoV-2 infection from individuals not yet exposed to the virus with a
logistic regression AUC of 0.90 (Figure 1). The protein targets from which these enriched immunoprecipi-
tated peptides were derived are widely varied and lack any apparent shared biological functions or cell type
(Figure 1). Among the identified targets, autoreactivity to ARHGAP31 displayed the greatest amount of
enrichment, with 22% of individuals with prior SARS-CoV-2 infection yielding enrichment greater than 6
standard deviations of the mean of the pre-COVID controls. No difference in enrichment was observed for
those meeting criteria for long COVID with respect to post-COVID comparators (Figure 2A). Additionally,
nearly all the autoreactivity was to a single 49—amino acid peptide fragment within the full-length ARH-
GAP31 protein (Figure 2B), indicating there may be a shared epitope driving this response.

To investigate whether the ARHGAP31 peptide enrichment could be the result of cross-reactivity with
antibodies directed against SARS-CoV-2 proteins, we performed a multiple sequence alignment of this
49-amino acid fragment against the full SARS-CoV-2 proteome. A region within the SARS-CoV-2 Orfla
polyprotein was identified with considerable physicochemical similarity to a portion of the autoreactive
fragment in ARHGAP31 (Jalview Version 2; Figure 2C), supporting the notion that the observed human
peptidome peptide enrichments in post-COVID samples are being driven by anti—-SARS-CoV-2 antibodies.

ARHGAP31 is most highly expressed in neuronal cells, Langerhans cells, and endothelial cells (Human
Protein Atlas). We were unable to identify any clinical differences between individuals with and without
ARHGAP31 autoreactivity, such as differences in frequency of neurologic symptoms.

Post-COVID autoreactivities are not enriched in individuals with long COVID. To assess whether autoreac-
tive antibodies present in individuals following SARS-CoV-2 infection are associated with long COVID,
we compared the distribution of the enriched post-COVID peptides among the 121 individuals with long
COVID and the 64 individuals with prior SARS-CoV-2 infection but without long COVID (convales-
cent COVID). The 20 most enriched proteins with at least 5-fold greater than background (defined as
fold-change [FC] over mock IP with protein A/G beads) were compared (Figure 3). Seventeen of the 20
enriched proteins were present in both long COVID and convalescent COVID, and none of these enrich-
ments was observed in any of the pre-COVID controls. Overall, there were no significant differences in
enrichment between long COVID and convalescent COVID.

Peptides derived from 3 proteins, TMED10, FUCA1, and POL2RK, were observed only in long
COVID; however, the difference did not meet statistical significance. Nonetheless, TMED10 was enriched
in 6/121 (5%) of individuals with long COVID. TMED10 is a ubiquitously expressed protein that localizes
to the plasma membrane and clusters by single-cell RNA expression most closely with plasma cells and
cells involved in the humoral immune response (Human Protein Atlas).

Given that our cohort had more men than women, as well as a substantial number of people living with
HIV because of deliberate enrichment (see Methods), we also evaluated the distribution of autoantigens
among these groups. There were no autoantigens present exclusively in those with HIV infection; however,
peptides derived from TTF2, FLCN, TMED10, KDM3B, MYEOV2, PPARD, and POLR2K were present
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Figure 1. PhIP-Seq autoreactivities distinguish post-COVID sera from pre-COVID controls. Logistic regression comparing PhIP-Seq autoreactivities in all
individuals with prior COVID infection compared with pre-COVID controls. Bar plot showing autoreactivities with the top 20 logistic regression coefficients.
ROC, receiver operating characteristic.
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in only HIV-negative individuals (Supplemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.169515DS1). Each autoantigen was present in both men
and women, with the exception of HECW2, which was present only in men (Supplemental Figure 1B).

Subgroup analyses were performed to determine whether any of these observed autoreactivities were
enriched in particular symptom-defined phenotypes of long COVID. These include cardiopulmonary
(cough, shortness of breath, chest pain, palpitations, and fainting), central neurologic symptoms (problems
with vision, headache, difficulty with concentration or memory, dizziness, and difficulty with balance), any
neurologic symptom (problems with vision, headache, difficulty with concentration or memory, dizziness,
difficulty with balance, trouble with smell or taste, phantosmia, or paresthesia), gastrointestinal (diarrhea,
constipation, nausea, vomiting, loss of appetite, and abdominal pain), musculoskeletal (back pain; muscle
pain; pain in the arms, legs, or joints), and upper respiratory (rhinorrhea and sore throat).

The peptide enrichments from individuals with particular long COVID phenotypes were compared
with the enrichments from individuals with convalescent COVID (no long COVID symptoms) using
a 1-sided Kolmogorov-Smirnov test. None of the top 20 autoantibodies were enriched in severe long
COVID, and only 3 autoantibodies were statistically increased in any phenotype: TTF2 and KDM3B
in those with cardiopulmonary symptoms and FUCA1 in those with upper respiratory symptoms
(Figure 4A). However, using a strict cutoff of 6 standard deviations above the pre-COVID controls to
determine positivity, none of these autoantibodies was phenotype specific. By looking at the distribu-
tion of these antibodies in patients with long COVID with a given phenotype relative to the remaining
patients with long COVID and all convalescent COVID patients, it was apparent that the statistical
significance in a particular phenotype was driven by either a single individual with extremely high
autoantibody signal in the case of KDM3B and TTF2 or higher group signal not meeting the posi-
tive threshold cutoff in the case of FUCA1 (Figure 4B). TMED10 autoantigens were not statistically
enriched in any particular phenotype.

Absence of long COVID—-specific autoreactivities. In addition to analyzing the distribution of post-
COVID autoreactive peptide enrichments, we also performed additional analyses to detect enrich-
ments that might be present only in long COVID or in particular subcategories of long COVID. To
feature-weight enriched peptides, we applied logistic regressions to the degree of enrichment for each
individual with long COVID and each individual long COVID symptom phenotype versus enrichment
from convalescent COVID patients who did not have the particular symptoms. Given the association
between female sex and long COVID, we included women with long COVID as a distinct group in this
analysis, in addition to all the previously discussed symptom phenotypes, as well as individuals with
difficulty concentrating, worsened quality of life, depression, and generalized anxiety disorder. Women
with long COVID and with severe long COVID did not have a distinctive autoantigen profile, with an
ROC area under the curve (AUC) of 0.40 and 0.28, respectively (Supplemental Figure 1C). We were
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Figure 2. Post-COVID anti-ARHGAP31 autoreactivities target a specific region with similarity to SARS-CoV-2. (A) Strip plots showing distribution of
ARHGAP31 autoreactivities in long COVID, individuals with prior COVID infection but without long COVID, and pre-COVID controls. Dotted line at 6 standard
deviations above mean of pre-COVID controls (underlying box plots showing median, upper and lower quartiles, and whiskers representing 1.5 times the
upper and lower interquartile range). (B) Distribution of anti-ARHGAP31 autoreactivity signal within ARHGAP31 full-length protein. One specific fragment
is targeted. (C) Amino acid sequence of the autoreactive region of ARHGAP31 and amino acid sequence of a region of SARS-CoV-2 Orfla with similarity.
Shown below is the multiple sequence alignment (ClustalOmega; asterisk = identical amino acid; colon = strongly similar properties with Gonnet PAM 250
matrix score > 0.5; period = weakly similar with Gonnet PAM 250 matrix score between 0 and 0.5) and strong physical-chemical conservation (Jalview;
amino acid physical-chemical conservation scored on a scale of 1-11, asterisk = score of 11 and identical amino acid, plus =10, all properties conserved).

similarly unable to identify a set of enriched proteins specific to any of the symptom phenotype sub-
groups of patients that could effectively distinguish the cohort from controls, as the best ROC AUC was
0.67, and the mean AUC was 0.44 (Supplemental Figure 2).

Discussion

Autoimmunity has been proposed as one potential mechanism driving long COVID. We applied an
unbiased, proteome-wide, validated approach to assess associations between antibody autoreactivity
and clinical phenotype. A clear and robust difference in autoreactivity was detected between those
infected with SARS-CoV-2 and pre-COVID controls. This difference was constituted by peptides from
diverse and varied proteins, most of which are intracellular, suggesting that the origin of the differ-
ential enrichment is due to cross-reactivity with SARS-CoV-2—directed antibodies in those who were
exposed. A sequence comparison between a peptide from the most enriched protein, ARHGAP31,
and Orfla of SARS-CoV-2 supports this notion, but orthogonal validation through fine-scale epitope
mapping and antibody cloning would be required to demonstrate this conclusively. While the clin-
ical significance of incidental autoreactivity due to the humoral immune response to SARS-CoV-2
remains largely unknown, prior studies have identified cross-reactive autoantibodies in severe sequelae
of SARS-CoV-2 infection, including in those who develop severe neurological symptoms (25). Under-
standing the clinical consequences of SARS-CoV-2—driven autoreactivity deserves further attention,
perhaps through long-term longitudinal studies.
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Figure 3. Post-COVID autoreactivities are similarly distributed among long COVID and controls. Hierarchically clustered (Pearson’s) heatmaps showing
the PhIP-Seq enrichment for the top 20 autoreactivities ranked by logistic regression coefficient in each patient with long COVID, each convalescent COVID
patient, and each pre-COVID control.

We found no association to support the hypothesis that autoreactivity, as detected in this assay, contrib-
utes to long COVID. Despite numerous successes, PhIP-Seq possesses a number of limitations. Because the
T7 phage-displayed peptides are only 49 amino acids, the assay inherently detects mostly linear epitopes.
Therefore, complex conformational, posttranslationally modified, or multimeric protein configurations are
not predicted to be detectable by this assay, and thus these results do not completely rule out autoimmune
interactions in long COVID that are beyond the scope of PhIP-Seq. Furthermore, the study of PhIP-Seq—
detected autoantibodies alone does not exclude other forms of autoimmunity in the form of autoreactive T
cells or more subtle differences in the autoantibodies themselves with respect to affinity and avidity, which
may be distinct in those with and without long COVID. Given recent findings of increased rates of autoim-
mune conditions following COVID-19 (26), it is also possible that autoreactivity on an individual level may
contribute to long COVID, even in the absence of a shared signature.

This analysis has several notable strengths. Participants with SARS-CoV-2 infection were enrolled and
assessed prospectively regardless of whether or not they had long COVID symptoms, ensuring that the
clinical outcome of interest was measured in a standardized way between the SARS-CoV-2—-infected groups.
This minimizes the likelihood of confounders that could drive differences between groups if the cohorts
had been recruited, assessed, and measured differently. Because the study began enrolling in April 2020,
we were able to study participants who had never received a SARS-CoV-2 vaccine prior to biospecimen
collection; variability in prior or interval vaccination could potentially confound results of studies like this in
cohorts without pre-vaccine samples. In contrast to some early COVID-19 studies, which primarily enrolled
individuals hospitalized with severe COVID-19, the cohort was composed primarily of outpatients who had
mild-to-moderate SARS-CoV-2 infection, allowing for assessment of long COVID biology in the group rep-
resenting the vast majority of cases (27). In addition, no participant was known to have experienced a rein-
fection, and this analysis was performed with specimens from a time when reinfections were uncommon.

Our study also has limitations. First, despite its strengths, the cohort is a convenience sample and not
representative of the overall population of people affected by COVID-19. Second, we did not assess the
pathophysiology of long COVID among those who had already received a SARS-CoV-2 vaccine, and the
biology might differ in this group. Third, our restriction to those who had never received a SARS-CoV-2
vaccine at the time of specimen collection limited our study to those with pre-Delta and pre-Omicron
variants, and so additional evaluation of autoreactivity following infection with more modern variants may
be warranted. Fourth, people with HIV were overrepresented in our cohort, and although we did not see
differential overexpression of autoreactivity in this population, enrichment for this group further limits the
representativeness of the cohort. Finally, our classification of long COVID and its symptom phenotypes
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Figure 4. Few significantly increased autoreactivities in long COVID symptom phenotypes. (A) Heatmap with P values
(Kolmogorov-Smirnov testing) of differences in autoantigen enrichment for all individuals with prior COVID infection
with and without additional clinical factors. Top row compares those with and without long COVID (long COVID n = 121,
prior COVID without long COVID n = 64). Lower rows show subcategories of long COVID. (B) Strip plots showing the 3
autoantibodies with statistically significant enrichment in a post-COVID clinical phenotype (pre-COVID n = 57, post-
COVID n = 64, cardiopulmonary long COVID n = 70, upper respiratory long COVID n = 26). Dotted lines show 6 standard
deviations above the mean of pre-COVID signal (underlying box plots showing median, upper and lower quartiles, and
whiskers representing 1.5 times the upper and lower interquartile range).

was based exclusively on participant self-report of symptoms. It is possible that future analyses in more
homogenous cohorts, particularly those with objectively measured physiologic perturbations now associ-
ated with certain long COVID phenotypes (e.g., postural orthostasis/tachycardia, neurocognitive function
deficits, abnormalities on cardiopulmonary exercise testing) may yet reveal a role of autoantibodies in at
least a subset of individuals experiencing long COVID. For example, though we were unable to find a clin-
ical association among the 6 individuals with long COVID and enrichment of autoreactivity to TMED10,
given that TMED10 is membrane bound (and therefore a potential target for circulating autoantibodies)
and highly expressed on immune cells, future study in additional cohorts is warranted.

Long COVID remains a complex clinical entity. Its causes are likely multifactorial, and there is growing
consensus that different phenotypes are driven by different pathophysiologic mechanisms (2, 3). Additional
work characterizing SARS-CoV-2—specific and autoreactive immune responses in large, well-characterized
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cohorts over time, during both the acute and post-acute phases of the illness, will be necessary to delineate
the biology of long COVID and other PASC and to lead to the development of potential interventions to
treat the millions of individuals currently affected by this condition.

Methods

Study participants and measurements. Participants were volunteers in the UCSF Long-term Impact of Infec-
tion with Novel Coronavirus (LIINC) study (ClinicalTrials.gov NCT04362150). The details of study
design and measurement have been reported previously (28). For the current analysis, we included 185 con-
secutively enrolled individuals with a history of nucleic acid—confirmed SARS-CoV-2 infection who had a
plasma sample collected between 60 and 240 days following initial symptom onset or, if asymptomatic, first
positive SARS-CoV-2 test (Supplemental Table 1). Common medical comorbidities include prior history of
lung disease (e.g., asthma or bronchitis), autoimmune disease (mainly thyroiditis), diabetes, and hyperten-
sion. Notably, the cohort was enriched (nz = 39, 21%) for people with HIV infection as part of other analyses
reported previously (29, 30). Long COVID was defined using study instruments, which have been described
in detail elsewhere (28). Briefly, each participant was queried regarding the presence, severity, and duration
of 32 physical and mental health symptoms and quality of life. Details of medical history and COVID-19
infection and treatment history were also recorded. Symptoms that predated SARS-CoV-2 infection and
that were not changed following infection, as well as those obviously attributed to another cause (e.g., ankle
fracture), were not considered to represent long COVID. To avoid confounding by vaccination status and
because SARS-CoV-2 vaccines induce divergent B cell responses, all samples included in this study were
collected prior to the volunteer ever having received a SARS-CoV-2 vaccine (no participants had a vaccine
breakthrough infection or received a SARS-CoV-2 vaccination in the interval between SARS-CoV-2 infec-
tion and specimen collection).

Because of challenges in objectively defining long COVID and to thoroughly explore the data in an
unbiased manner, we utilized a number of predefined case definitions in our analysis. We constructed case
definitions based on symptom presentation and quality-of-life (QOL) responses. Symptom case definitions
include the presence of any new or worsening symptoms since SARS-CoV-2 infection (long COVID),
presence of 5 or more symptoms (severe long COVID), specific symptom groups according to organ system
involvement or phenotypic cluster, and individual symptoms when at least 25 individuals experienced the
symptom. For individual and grouped symptom outcomes, we developed 3 potential comparisons between
the symptomatic group and (a) all individuals who reported absence of the symptoms of interest, regard-
less of long COVID status; (b) only individuals who were consistently asymptomatic; and (c) individuals
with long COVID but not the symptoms of interest. Severe long COVID was compared only with those
without any reported symptoms.

We defined 6 groups of symptoms (symptom phenotypes) based on organ system cluster. These include
cardiopulmonary (cough, shortness of breath, chest pain, palpitations, and fainting), CNS-specific (prob-
lems with vision, headache, difficulty with concentration or memory, dizziness, and difficulty with bal-
ance), any neurologic symptom (problems with vision, headache, difficulty with concentration or memory,
dizziness, difficulty with balance, trouble with smell or taste, phantosmia, or paresthesia), gastrointestinal
(diarrhea, constipation, nausea, vomiting, loss of appetite, and abdominal pain), musculoskeletal (back
pain; muscle pain; pain in the arms, legs, or joints), and upper respiratory (rhinorrhea and sore throat).

QOL was assessed using the EuroQol-5D (EQ-5D), Patient Health Questionnaire depression scale (PHQ-
8), and Generalized Anxiety Disorder scale (GAD-7). Individuals with long COVID and the lowest overall
QOL score measured via the visual analog scale of the EQ-5D were compared with individuals with the
highest overall QOL scores among those with and without long COVID. Individuals with responses catego-
rized as “moderate depression” on the PHQ-8 (score higher than 10) and “moderate anxiety” on the GAD-7
(score higher than 9) were compared with all participants with scores indicating less severe classifications than
“moderate depression” and “moderate anxiety” in the following groups: (a) all participants regardless of long
COVID status, (b) all participants without long COVID, and (c) all participants with long COVID.

In addition, we recently demonstrated associations between long COVID and other chronic latent viral
infections, including serologic evidence suggesting recent Epstein-Barr virus reactivation (30). For this rea-
son, we also used binary variables to create groups indicating the presence of this condition.

Biospecimen collection. At each visit, whole blood was collected in EDTA tubes. Plasma was isolated and
stored at —80°C until the time of analysis.
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PhIP-Seq. PhIP-Seq was performed following our previously published vacuum-based PhIP-Seq protocol (23)
(https://www.protocols.io/view/scaled-high-throughput-vacuum-phip-protocol-ewov1459%vr2/v1).

PhIP-Seq analysis. All analysis (except when specifically stated otherwise) was performed at the
gene level, in which all reads for all peptides mapping to the same gene were summed, and 0.5 reads
were added to each gene to allow inclusion of genes with 0 reads in mathematical analyses. Within
each individual sample, reads were normalized by converting to the percentage of total reads. To
normalize each sample against background nonspecific binding, an FC over mock IP was calculated
by dividing the sample read percentage for each gene by the mean read percentage of the same gene
for the protein A/G bead—only controls. This FC signal was then used for side-by-side comparison
between samples and cohorts. Samples that had an FC of 5 or greater were considered enriched for an
antibody, and samples with an FC of 6 standard deviations above the mean of pre-COVID controls
were considered positive for an autoantibody. FC values were also used to calculate z scores for each
disease category sample by using each respective control (as specified in figures and Results) and for
each control sample by using all remaining controls. These z scores were used for the logistic regres-
sion feature weighting. In the case of peptide-level analysis, raw reads were normalized by calculating
the number of reads per 100,000 reads.

Statistics. All statistical analysis was performed in Python using the Scipy Stats package. A 2-way Kolm-
ogorov-Smirnoff test was used for comparisons of FC PhIP-Seq data between groups of samples, except in
the case of specifically looking for those genes with increased signal only in the disease cohort, in which a
1-way Kolmogorov-Smirnoff test was employed. The logistic regression machine-learning classifiers were
performed using our recently described methods (23). Utilizing the Scikit-learn package, logistic regression
classifiers were applied to z scored PhIP-Seq values from individuals with a designated disease category ver-
sus the designated control. A liblinear solver was used with L1 regularization, and the model was evaluated
using a 5-fold cross-validation (4 of the 5 for training, 1 of the 5 for testing).

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

Data availability. Upon publication, all PhIP-Seq data will be made publicly available on https://data-
dryad.org/: doi:10.7272/Q6Z60M99.
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