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The cover image symbolizes the burden that individuals with Long Covid bear as a consequence of infection with 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, red virion). This Special Issue highlights our current 
knowledge of Long Covid and other infection-associated chronic conditions (IACCs), emphasizing the work required 
to improve outcomes for the millions of people worldwide affected by IACCs. An Editorial by Marrazzo et al. de-
scribes the goals and impact of the NIH RECOVER Initiative for improving diagnosis and treatment of Long Covid. 
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understanding of other IACCs (Peluso et al.), sex-specific differences in Long Covid (Silva and Iwasaki), and how an-
other IACC, posttreatment Lyme disease, is shedding light on IACC diagnosis and treatment (Marques). One Review 
article discusses animal models of Long Covid (Schäfer et al.), and another Review provides a comprehensive analysis 
of potential drivers of and candidate therapeutics for Long Covid (Antar and Cox). A Research Article reporting how 
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Initiating Long Covid RECOVERy
The NIH’s RECOVER Initiative aims to ease the suffering of those living with Long Covid.

T
he coronavirus disease 2019 (COVID- 19) 
pandemic paralyzed the United States, ren-
dering thousands critically ill and ultimately 
killing more than 1 million Americans. Many 
survivors, particularly those with adult respi-
ratory distress syndrome, required prolonged 
rehabilitation. Many more people, including 

those who did not require hospitalization for their acute 
illness, presented with a host of other persistent, disabling 
symptoms. The latter condition was termed “Long Covid” 
and turned out to be the most prevalent postacute 
sequelae of the COVID- 19 pandemic. The symptom 
complex that characterizes Long Covid resembles that 
seen in other infection- associated chronic conditions, no-
tably overlapping with those of myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS). Overlapping symp-
toms include fatigue, unrefreshing sleep, neurocognitive 
dysfunction characterized by impaired executive func-
tion, exercise intolerance, fluctuating heart rate and 
sense of dizziness particularly in the upright position, 
and postexertional malaise, a signature symptom of 
ME/CFS. The drivers of these conditions remain un-
known, and no treatments have proven effective. Data 
suggest that many individuals with Long Covid may re-
turn to health months or years after onset, but debili-
tating symptoms and unknown long- term outcomes 
remain in too many people. Of greatest concern is 
that, for some individuals, Long Covid may last a lifetime.

In December of 2020, the leadership of the National In-
stitutes of Health (NIH) held a workshop to discuss launch-
ing research to improve understanding of what was then 
referred to as the postacute sequelae of COVID- 19 
(PASC), which came to be known as Long Covid, and 
the underlying causes. The US Congress realized the 
threat to public health that Long Covid presented and ap-
propriated $1.15 billion to the NIH for more than 4 years 
to support research to understand, prevent, diagnose, and 
treat the condition through an initiative that was named Re-
searching COVID to Enhance Recovery (RECOVER).

At its onset, recognizing the tremendous scope of 
the problem, RECOVER- funded investigators across 
the country embarked on studies to discover important 
pathophysiological processes at play in individuals with 
Long Covid (recovercovid.org). From the beginning, 
RECOVER was built on a national scale, with research 
teams using similar protocols so that results could be 
shared and compared to get robust answers quickly. 
Several reports from NIH- funded investigators, as well 
as  scientists around the world, identified a series 
of abnormalities, including viral persistence, antigen 

persistence, reactivation of latent viruses, autoimmu-
nity, immune dysfunction, and clotting abnormalities. 
Whether these are cause or effect, whether they general-
ize across all individuals with Long Covid or only a sub-
set, and whether they can be replicated in larger 
cohorts are features yet to be determined. However, 
RECOVER has provided a firm foundation for focused 
follow- up studies.

RECOVER has five major components: longitudinal 
cohort studies, pathobiology studies, electronic health re-
cords research, autopsy and tissue pathology studies, and 
clinical trials (recovercovid.org/research- components). 
The adult cohort consists of approximately 15,200 indi-
viduals, including roughly 2200 pregnant women who 
were infected with severe acute respiratory syndrome 
coronavirus 2 (SARS- CoV- 2). The pediatric cohort is 
composed of more than 24,000 babies, children, and 
young adults. These individuals provide clinical data, and 
all participants undergo the same initial testing (tier 1). 
Tier 2 and tier 3 testing was devised to delve even deeper 
into specific symptom clusters with imaging, neurocog-
nitive, autonomic, and other testing to complete the clin-
ical picture. Thus far, the adult cohort has donated more 
than 822,000 biospecimens to the RECOVER bioreposi-
tory, whereas the pediatric cohort has donated more than 
85,000 biospecimens (recovercovid.org/data).

The clinical data and matched samples are invaluable 
for discovering the biological abnormalities underlying 
Long Covid and as resources to validate findings from 
smaller studies around the world. RECOVER also launched 
a program to obtain autopsy tissue from people who died 
months or years after their SARS- CoV- 2 infection for in- 
depth analyses searching for clues to the pathophysiology 
that could not be uncovered in living individuals. As quick-
ly as possible, RECOVER data and samples are made avail-
able to researchers, even those not currently affiliated with 
RECOVER. Additionally, RECOVER electronic health re-
cords research leveraged records of 60 million individuals 
across the country, yielding findings that provided some of 
the earliest insights into Long Covid.

A debt of gratitude is owed to the volunteers who 
enrolled in the study and their caregivers, as well as the 
researchers and health professionals who informed the 
study’s design. Many if not most participants are people 
with lived experience of Long Covid, ME/CFS, and other 
infection- associated chronic conditions.

People affected by Long Covid have been at the center 
of RECOVER from the very beginning, playing criti-
cal roles in designing studies, responding to surveys, 
serving on governance and publication groups, and 
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guiding the initiative. Patient representatives were inte-
gral to the design of the clinical trials and worked close-
ly with RECOVER researchers and health care providers 
to ensure that the trials addressed safety concerns raised 
by people affected by Long Covid.

Most symptoms experienced by people with Long 
Covid are not unique and fall into specific symptom clus-
ters. Investigators devised and tested an algorithm based 
on symptoms that distinguishes those with Long Covid 
from the general population (1). Similar characterization 
of Long Covid came from RECOVER’s pediatric cohort 
study. Electronic health records research from RECOVER 
reported the effectiveness of vaccination in reducing the 
risk of Long Covid and that Long Covid is associated 
with risk factors such as being middle- aged (between 40 
and 69 years of age), being female, and having certain 
chronic health conditions (such as obesity or lung dis-
ease) before having COVID- 19 (2, 3). It also stands to 
reason that communities disproportionately affected by 
COVID- 19 may be more likely to get Long Covid, ren-
dering racial and ethnic minority communities with 
higher odds of developing the condition. With more than 
45 peer- reviewed publications and more in progress, the 
RECOVER Initiative is poised to continue yielding im-
portant findings, many of which may suggest potential 
treatment targets (recover covid.org/publications).

To date, RECOVER has designed a series of five 
symptom- based clinical trial platforms to launch mul-
tiple interventions (trials.recovercovid.org). Four of these 
platforms were designed for specific symptom clusters 
that were identified in the RECOVER cohort and con-
firmed by people with lived experience as symptoms 
that are most disabling and burdensome. These include 
protocols to test interventions in individuals with auto-
nomic symptoms, disordered sleep, exercise intolerance 
or postexertional malaise, and neurocognitive dysfunc-
tion. The fifth platform, RECOVER VITAL, was built to 
test interventions that might treat viral persistence, hy-
pothesized as a root cause of Long Covid. A 2022 study 
reported persistence of SARS- CoV- 2 in autopsy cases 
up to 230 days from initial infection, raising the possi-
bility that Long Covid might be due to inadequate clear-
ance of virus (4). The first VITAL study is prolonged 
treatment (up to 28 days) with oral nirmatrelvir/ritonavir 
to clear the remaining virus. It remains to be determined 
whether there is a means to identify those who do or do 
not have persistent virus, so the current study includes 
participants based on symptoms. The protocol, how-
ever, can adapt to test multiple treatments aimed at the 
root causes of Long Covid, whether they be persistent 
or reactivated virus, immune dysregulation, or auto-
immune disease. Importantly, the collaboration be-
tween VITAL, FNIH, FDA, and industry partners has 
yielded a better definition of regulatory pathways for 
approval of new treatments for Long Covid. RECOVER’s 
AUTONOMIC protocol is testing intravenous gamma 
globulin, effective in chronic autoimmune neuropa-
thies, and ivabradine, a drug that lowers heart rate. 
RECOVER NEURO is testing a brain training program, 
an online goal management program, and noninvasive 

brain stimulation toward improving cognitive dysfunc-
tion symptoms. RECOVER ENERGIZE will examine 
the effectiveness of cardiopulmonary rehabilitation for 
exercise intolerance and, for individuals who are experi-
encing postexertional malaise, a structured pacing pro-
tocol for symptom management. RECOVER SLEEP will 
test interventions for Long Covid–related changes in 
sleep patterns. One trial is testing the US Food and Drug 
Administration–approved neurostimulants modafinil 
and solriamfetol for hypersomnia, and another is testing 
interventions such as melatonin and light therapy to im-
prove sleep disturbances. Altogether, these five platforms 
are testing 13 interventions in eight clinical trials simul-
taneously and are built to continue testing until solutions 
are found for those still suffering. Looking to the future, 
we fully recognize the challenges in uncovering the cause 
of Long Covid, including the broad spectrum of recovery 
phenotypes and the myriad social determinants of health 
that influence Long Covid risk and outcomes. Although 
it is gratifying that data show continued recovery of 
many individuals even after suffering for 2 to 3 years af-
ter their acute infection, critical work must continue to 
ensure that thousands do not progress to a lifelong illness 
resembling ME/CFS.Infection- associated chronic condi-
tions remain complex, challenging, and perhaps one of 
the least understood areas of medicine. However, there 
remains hope that the efforts of research participants and 
scientists, throughout the United States and around the 
world, to understand and treat Long Covid may yield 
discoveries that generalize to other infection- associated 
chronic conditions like ME/CFS.

Achieving public health success will require rigorous 
study of the potential culprits by investigators across the 
country. To this end, NIH and the biomedical commu-
nity have begun mounting and coordinating major 
efforts across multiple scientific disciplines. The field 
will need to subject compelling hypotheses to rigorous 
validation studies and then rigorous clinical trials. Like 
medical mysteries of the past, this one too will be solved 
by science. How fast that occurs depends on continued 
attention and robust and rigorous scientific pursuit.

 — Jeanne Marrazzo, Gary H. Gibbons, 
Walter Koroshetz
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Consequences beyond acute SARS- CoV- 2 infection 
in children
Sharon H. Saydah1, Angela P. Campbell1, Adrienne G. Randolph2,3*

Although most children are spared from developing complications from SARS- CoV- 2 infection, some may suffer 
consequences including Long Covid and multisystem inflammatory syndrome in children (MIS-C). Although the 
occurrence of these conditions has decreased over time, they can still occur, and recognition of symptoms and 
prompt diagnosis is imperative for early intervention.

INTRODUCTION
Millions of children have been infected with 
severe acute respiratory syndrome corona-
virus type 2 (SARS- CoV- 2), and most had 
infections with no or mild symptoms (1). Of 
the many thousands of children who devel-
oped more severe coronavirus disease 2019 
(COVID- 19), many were hospitalized, and a 
small percentage died. Most SARS- CoV- 2–
infected children recover fully, but some de-
velop post-acute sequelae such as Long Covid 
or multisystem inflammatory syndrome in 
children (MIS- C). Here, we compare these 
two types of complications affecting chil-
dren, including their unique presentations 
and usual clinical course (Fig. 1A).

LONG COVID
In the United States, Long Covid refers to a 
range of physical and mental health symptoms 
that are present for at least 3 months after 
SARS-CoV- 2 infection (Fig. 1A) (2). Symp-
toms and conditions may persist from the 
initial infection, reoccur, or emerge months 
later. Long Covid is defined similarly in 
adults and children (2–5). Many terms refer 
to Long Covid, including post- COVID con-
ditions (PCCs) and post-acute sequelae of 
SARS- CoV- 2 (PASC). Long Covid includes 
pathophysiological effects resulting in newly 
identified health conditions affecting one or 
many organ systems (3, 5, 6). Long Covid 
also encompasses symptoms with unclear 
pathology and features, similar to other 
postinfectious syndromes, including myalgic 
encephalomyelitis/chronic fatigue syndrome, 
dysautonomia, and postural orthostatic 
tachycardia syndrome (3). Across countries 

and studies, the definitions of Long Covid 
may differ regarding symptom spectrum, du-
ration, and persistence (7), but there is gen-
eral agreement that Long Covid negatively 
affects health and quality of life.

Estimated from population- based studies, 
1.3% of US children have been reported to 
have Long Covid (5), with a broad spectrum of 
symptoms. Reports of the occurrence of Long 
Covid vary across studies because of differing 
definitions (broad or specific), study designs 
(cross- sectional or prospective cohort), and 
populations (community- based, outpatient, 
or hospitalized) (4,  8). Long Covid occurs 
more frequently in all ages after more severe 
acute COVID- 19, with more than one in four 
children developing it after critical illness (9).

Although older children are reportedly at 
higher risk of Long Covid than young chil-
dren, this could be influenced by younger 
children’s inability to describe their symp-
toms or by lack of symptom recognition by 
caregivers. Definitions of abnormal are de-
termined in the context of developmental 
milestones, given that sleeping, eating, and 
behavioral patterns differ by age. Given these 
limitations, the symptoms most commonly 
reported by children diagnosed with Long 
Covid include increased respiratory effort, 
fatigue, loss of smell (anosmia) or taste 
(dysgeusia), chest pain, headache, lighthead-
edness, and tiredness or sleepiness (8, 10, 11). 
Often these symptoms affect childrens’ daily 
activities, including the ability to participate 
in school or sports activities. Some of these 
symptoms or conditions may occur among 
children regardless of preceding SARS- 
CoV- 2 infection, making attribution to in-
fection difficult (3). In addition to new or 

ongoing symptoms, SARS- CoV- 2 infection 
can increase the risk of newly diagnosed 
conditions after acute illness such as myo-
carditis or diabetes (12). Although many of 
these conditions are generally uncommon 
among children, there is an increased risk 
among those who had COVID- 19 (e.g., 
200% increased risk of myocarditis and 20% 
increased risk of type 1 diabetes) compared 
with those who did not have COVID- 19 (3).

Multiple mechanisms underlying the 
pathophysiology of Long Covid have been 
proposed, including ongoing immune 
dysregulation, autoimmunity, microvascu-
lar damage, inflammation, and viral persis-
tence (6). Whether the pathophysiology of 
Long Covid differs among children and 
adults is unclear, and large national studies 
such as Researching COVID to Enhance 
Recovery (RECOVER, NCT05172011) are 
ongoing to understand these mechanisms 
(13). Long Covid respiratory symptoms are 
more common in individuals with chronic 
respiratory conditions such as asthma, and 
fatigue and failure to resume baseline activi-
ties after developing severe COVID- 19 are 
more common in obese children (9). Chil-
dren with a history of immunological 
conditions or allergies may also have an in-
creased risk of Long Covid (6, 7). One reason 
Long Covid may be less frequent in children 
and adolescents is that, on average, they have 
fewer risk factors than adults, including un-
derlying medical conditions and obesity.

Because more severe COVID- 19 is asso-
ciated with persistent symptoms, it is hypothe-
sized that early treatment of COVID- 19 with 
anti–SARS- CoV- 2 or anti- inflammatory in-
terventions could potentially decrease the risk 
of developing Long Covid (Fig. 1B). Vacci-
nation is likely the key to preventing Long 
Covid in children (13), in part by decreas-
ing the risk of developing a severe acute 
infection (14, 15). Clinicians and caregivers 
should be aware of the potential for occurrence 
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of Long Covid in the months after SARS- 
CoV- 2 infection and monitor children for 
relevant signs and symptoms. Follow- up may 
require multidisciplinary expertise given the 
range of potential complications (16).

MIS- C
MIS- C is a rare but serious hyperinflamma-
tory complication that emerged worldwide 
during the COVID- 19 pandemic, affects 
children and adolescents, and generally occurs 
2 to 6 weeks after acute SARS- CoV- 2 infec-
tion (17). In contrast with the preceding 
infection, which is usually asymptomatic or 
mild, MIS- C is a severe health complication 
requiring hospitalization. Case definitions for 

MIS- C standardly require dysfunction in two 
or more organ systems, elevated inflammatory 
markers, and laboratory evidence of a prior 
SARS- CoV- 2 infection or an epidemiologi-
cal link to a COVID- 19 case (17). Socio-
demographic factors initially appeared to be 
risk factors for MIS- C, but associations were 
not confirmed in later analyses; however, 
genetic risk factors have been identified in 
some patients, including carriage of rare hy-
perinflammatory gene variants (18). In one 
case- control analysis, compared with com-
munity controls who did not develop MIS- C 
but who also had tested positive for SARS- 
CoV- 2, increased likelihood of MIS- C was 
associated with caregiver- reported factors 
that increased exposure to SARS- CoV- 2, such 

as household crowding, large event atten-
dance, limited masking at school, public 
transit use, and positive household cases, 
with risk increasing with the number of factors 
reported (19).

Because of the post-acute timing of MIS-
 C after SARS- CoV- 2 infection and usual pre-
sentation with acute critical illness (Fig. 1A), 
MIS- C is generally considered unique from 
Long Covid. The clinical presentation of 
children with MIS- C is often initially severe, 
with approximately half requiring admission 
to the intensive care unit often because of 
cardiovascular involvement with shock or 
decreased cardiac function visualized on echo-
cardiography. Although there is some evi-
dence that treatment with glucocorticoids 

Fig. 1. A comparison of the timing, clinical characteristics, and outcomes of Long Covid and MIS- C. (A) Shown are timelines for the development of long covid and 
MiS- c after initial SarS- coV- 2 infection. *The size of the “Moderate- Severe acute coVid- 19” box does not correspond to the proportion of children and adolescents who 
have moderate- severe acute coVid- 19. The majority of children with coVid- 19 have mild or no symptoms. (B) Shown are approaches to diagnose, prevent, and treat 
acute coVid- 19, MiS- c, and SarS- coV- 2. **Not all patients with acute coVid- 19 are recommended to receive targeted treatment. Treatment for severe acute coVid- 19 
includes SarS- coV- 2 antiviral therapy, steroids, and anticytokine antibody therapies. Treatment for MiS- c includes iViG, glucocorticoids, and anticytokine antibody therapies. 
in both, anticytokine antibody therapies are usually reserved for patients not responding to other interventions. ***Specialist care might include cardiology (especially for 
MiS- c), neurology, rheumatology, infectious disease, pulmonology, and rehabilitation. icU, intensive care unit.
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alone may be sufficient in some patients 
(20, 21), first- line treatment for most children 
hospitalized with MIS- C has included intra-
venous immunoglobulin (IVIG) and gluco-
corticoids (Fig. 1B) (17, 22). Initial treatment 
with both was associated internationally 
across three cohorts with more rapid resolu-
tion of cardiovascular symptoms in severe 
cases (23). Because children with MIS- C 
often develop cardiac complications such as 
decreased function, arrhythmias, or coro-
nary artery aneurysms, cardiac follow- up 
is important to ensure resolution (22,  24) 
given that acute myocarditis was still pres-
ent in some patients on cardiovascular 
magnetic resonance imaging ~1 month after 
symptom onset (25).

Fortunately, most patients with MIS- C 
are usually discharged from the hospital 
within a week with rapid resolution of in-
flammation, shock, and cardiac dysfunc-
tion (22). Although most report returning 
to baseline within 2 to 4 months after 
MIS- C diagnosis, approximately one- fifth 
of children with MIS- C may have ongoing 
fatigue and other symptoms that impair 
their ability to return to baseline activities, 
similar to Long Covid (9). Persistent symp-
toms and activity impairments 2 to 4 months 
after MIS- C hospitalization are associated 
with having more severe acute illness requir-
ing life- supportive interventions and with 
preexisting comorbidities, including asthma 
and obesity (9).

Acute severe neurological complications 
are uncommon in patients hospitalized with 
MIS- C, but neuropsychological sequelae 
may occur. In a study that compared in- 
depth neuropsychological assessments 6 to 
12 months after hospital discharge in patients 
with MIS- C with those of sibling or commu-
nity controls, patients with MIS- C had worse 
working memory, higher scores for depres-
sion and somatization, and lower quality of 
life scores (26). Another 6- month post–MIS-
 C follow- up study reported emotional diffi-
culties in approximately 20% of children (27). 
Therefore, it is important to monitor children 
after hospital discharge for MIS- C for neuro-
logical and psychological symptoms.

The mechanisms leading to immune 
dysregulation manifesting as the acute life- 
threatening hyperinflammatory condition 
called MIS- C are unclear for most children 
(18). Recently, molecular mimicry from 
auto antibodies was reported in some pa-
tients (28). Fortunately, MIS- C is now even 
rarer than it was early in the pandemic 
(1, 29). This is likely because of development 

of immunity from acute SARS- CoV- 2 infection 
and from COVID- 19 vaccination (30–32) but 
also may be related to changing circulating 
SARS- CoV- 2 variants (1).

CONCLUSIONS
Although children are less likely than adults 
to develop sequelae after SARS- CoV- 2 infec-
tion, complications sometimes occur, including 
Long Covid and MIS- C. Developmental- 
associated immune differences may explain 
why SARS- CoV- 2 affects children differently 
than adults (1,  18). Although post–SARS- 
CoV- 2 complications are uncommon in chil-
dren, identifying them when they occur and 
intervening early may ensure optimal longer- 
term health outcomes. Vaccination is likely 
the best method for prevention of conse-
quences beyond SARS- CoV- 2 infection in 
children; no other interventions have been 
strongly associated with reducing the risk of 
developing Long Covid or MIS- C (14,  30–
32). Waning immunity after vaccination and 
ongoing emergence of new SARS- CoV- 2 
variants require receipt of updated COVID-
 19 vaccines at regular intervals to provide 
protection against SARS- CoV- 2–related se-
quelae (15). Because sequelae of SARS- CoV- 2 
infection can affect the social, intellectual, and 
emotional development of children, identify-
ing other effective interventions is essential.
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L O N G  C O V I D

Infection- associated chronic conditions: Why Long 
Covid is our best chance to untangle Osler’s web
Michael J. Peluso1*, Maureen R. Hanson2, Steven G. Deeks1

The recognition of Long Covid has renewed efforts to understand other infection- associated chronic conditions 
(IACCs). Here, we describe how studies of Long Covid and other IACCs might inform one another. We argue for the 
importance of a coordinated research agenda addressing these debilitating illnesses.

INTRODUCTION
For nearly a century, individuals with medi-
cally unexplained chronic conditions, partic-
ularly those thought to be attributable to 
presumably transient infectious pathogens, 
have faced bewilderment, skepticism, or out-
right dismissal from the medical establish-
ment. Debilitating symptoms lasting for years 
have been reported after acute infections with 
viruses [enterovirus, Epstein- Barr virus 
(EBV), influenza virus, Ebola virus, dengue 
virus, chikungunya virus, West Nile virus, 
and severe acute respiratory syndrome coro-
navirus 1 (SARS- CoV)], bacteria (Borrelia 
and Anaplasma), and protozoa (Giardia) (1). 
Myalgic encephalomyelitis (ME), sometimes 
referred to as chronic fatigue syndrome (CFS), 
is perhaps the best example of a disabling 
syndrome that many experts believe fol-
lows an acute, often undiagnosed viral in-
fection. Several names have been applied to 
these syndromes, including post- acute infec-
tion syndromes (PAIS), infection- associated 
chronic illnesses, and infection- associated 
chronic conditions (IACCs). Here, we will 
use IACCs.

Despite consistent reports regarding these 
conditions dating back nearly 100 years (2–4), 
the biomedical establishment has made lim-
ited progress in defining the epidemiology, 
natural history, and pathogenesis of most 
IACCs. No diagnostic tests are available, no 
widely accepted treatments exist, and industry 
engagement on finding a cure has been limited. 
In her 1996 book Osler’s Web, investigative 
journalist Hillary Johnson catalogued the 
challenges facing ME/CFS research (5), which 
can be applied to many IACCs. Barriers to 
progress included the inability to fit ME/
CFS into existing disease paradigms, vari-
ability and inconsistency in case ascertain-
ment, skepticism on the part of many clinicians 

and scientists, and intense stigma that kept 
many of those affected from seeking medi-
cal care. William Osler, the “father of mod-
ern medicine,” emphasized the importance 
of listening to patients to discern important 
features of their condition. However, con-
temporary medical practice relies heavily 
on diagnostic tests, which are currently 
inadequate to confirm the presence of an 
IACC. This results in people being neglected 
or misdiagnosed and prevents them from 
receiving appropriate care and support.

The year 2020 has the potential to be a 
turning point in this story. Shortly after the 
COVID- 19 pandemic began, reports of in-
dividuals with prolonged COVID- attributed 
symptoms emerged, a condition now often 
referred to as Long Covid. The synchronic-
ity of the inciting infection, universality of 
the exposure, and visibility, aided by social, 
popular, and scientific media (6), resulted in 
the ideal environment for a coordinated effort 
to understand this new IACC. Substantial 
investment in scientific effort is starting to 
pay off, with real progress in defining the 
epidemiology, natural history, and biology 
of Long Covid now emerging. After a Con-
gressional appropriation, the US National 
Institutes of Health rapidly launched the 
Researching COVID to Enhance Recovery 
(RECOVER) initiative, which is the first 
large- scale program aimed at tackling an 
IACC. The progress to date has been hard- 
won, however, in part because there is no 
widely accepted clinical definition, biomarker, 
or diagnostic test for Long Covid. However, 
clinical trials, slow to start, are now being 
pursued in earnest. Although there is no 
guarantee that this momentum will be sus-
tained without dedicated scientific and finan-
cial commitments (7), there is reason to 
believe that efforts to understand Long Covid 

have the potential to draw attention to, re-
frame, and revitalize the efforts to study 
other IACCs.

High- quality academic reviews of Long 
Covid are multiplying rapidly (8–12). Our 
goal in this Viewpoint is not to provide a 
comprehensive overview of the field but 
rather to place efforts to study Long Covid in 
the context of other IACCs. In doing so, we 
hope to outline several areas that we believe 
will require consideration as the field at-
tempts to make progress in navigating what 
has been described as a “labyrinth” (5).

CHALLENGES IN THE STUDY OF 
INFECTION- ASSOCIATED 
CHRONIC CONDITIONS
For decades, chronic conditions after clear 
infectious triggers have been recognized (1). 
Many survivors of the 2014–2016 Ebola out-
break in West Africa reported symptoms 
persisting for years (13). Similar outcomes 
were documented among survivors of the 
first SARS- CoV pandemic (14), foretelling 
the far more massive burden of disease that 
has emerged in the wake of COVID- 19. Al-
though viruses are the pathogens most im-
plicated in IACCs, chronic and posttreatment 
Lyme disease are examples of chronic condi-
tions triggered by a bacterial infection (15, 16). 
Similarly, a 2004 Norwegian outbreak of the 
waterborne parasite Giardia duodenalis re-
sulted in a high proportion of post- acute 
fatigue and abdominal symptoms (17). Many 
individuals with ME/CFS attribute their 
symptom onset to mononucleosis or an 
unknown viral- like illness (18). Some out-
breaks of ME/CFS have occurred concur-
rently with known virus epidemics, including 
poliovirus outbreaks (2). During the 1980s, 
multiple outbreaks of ME/CFS resulted in a 
major increase in public awareness of the 
condition (2, 3, 5, 19), but without identifica-
tion of the pathogen responsible, skeptical 
medical professionals and negative popular 
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media portrayals of those affected resulted in 
dismissal of the illness as unimportant and 
its infectious nature doubted. The Centers 
for Disease Control (CDC) investigation of 
an outbreak affecting several hundred peo-
ple in Incline Village, Nevada is now seen 
as a missed opportunity to identify the incit-
ing pathogen for ME/CFS (5). Even now, 
with the virus that incites Long Covid actu-
ally known, patients are often unable to ac-
cess medical care because of the skepticism 
of some health care professionals confronted 
with an unfamiliar syndrome, as well as 
insufficient specialty clinics to meet the de-
mand (20, 21). Although the inciting patho-
gens must differ, the clinical presentations 
of ME/CFS, certain other IACCs, and some 
phenotypes of Long Covid are remarkably 
similar, suggesting that there could be at 
least some overlapping biological path-
ways (Fig. 1).

Inherent in the study of all IACCs are 
several key challenges. In the absence of a 
large- scale outbreak or a severe disease in 
the acute phase, many patients and clini-
cians may assume that a person with a mild 
viral- like illness will recover. As a result, 
tests to identify the pathogen are unlikely to 
be sought or performed. By the time it is 
recognized that an IACC has developed, it is 
likely to be long after the acute phase of ill-
ness, when routine tests might have identi-
fied a pathogen. Thus, most individuals are 
unable to attribute their illness onset to a 
specific infectious trigger. In contrast, Long 
Covid emerged in the context of a pandemic 
virus. Many of the SARS- CoV- 2 infections 
to which Long Covid is attributed were 
clearly documented, and the reduction in 

other circulating pathogens (e.g., influenza, 
rhinovirus, and other common cold corona-
viruses) in the first years of the pandemic 
makes the attribution less murky. The single 
greatest distinction between Long Covid and 
most other IACCs is the scale, specificity, and 
immunologic novelty of the responsible or-
ganism, making case ascertainment relative-
ly straightforward in the early COVID- 19 
pandemic era of frequent testing and high- 
quality public health surveillance.

Asymptomatic infection is also a major 
challenge. Given the high prevalence of as-
ymptomatic SARS- CoV- 2 infection and re-
cent reductions in testing, the ability to trace 
any “long” syndrome to a prior SARS- CoV- 2 
infection will become difficult, hindering 
both care and research. Serologic tests that 
would only be positive in those previously 
infected with SARS- CoV- 2 could be helpful 
in this regard; for example, infection but not 
vaccination will induce a positive nucleo-
capsid antibody response, although variabil-
ity in the magnitude and durability of such 
responses limit the utility of now available 
tests (22–24); interferon- γ release assays 
could play a role, but their availability is 
now limited (25). In addition, with the re- 
emergence of other culprit viruses, some 
people who develop a condition consistent 
with Long Covid may actually have an IACC 
caused by a different pathogen, even if they 
have evidence of prior SARS- CoV- 2 infec-
tion. A similar challenge exists with Lyme 
disease, especially in areas where tickborne 
illness is endemic. Although the identities of 
the pathogens that incited the 1980s ME/CFS 
outbreaks were never determined, abundant 
evidence from earlier outbreaks as well as 

sporadic cases strongly implicates members 
of the enterovirus family (3). This large and 
diverse family of viruses is cited by the CDC 
as the cause of as many as 15 million infec-
tions each year in the US, with many of them 
asymptomatic (26). Given that SARS- CoV- 2 
is now likely to circulate indefinitely, and 
surges associated with new variants will be 
common but perhaps not confirmed by test-
ing given limited investment in case ascer-
tainment, the emergence of “sporadic” Long 
Covid will make it challenging to distinguish 
it from other IACCs.

Although people with Long Covid still 
face skepticism, the fact that this syndrome 
emerged in the context of a recognized pan-
demic with high morbidity and mortality 
provided the possibility of avoiding many of 
the obstacles faced by people with other 
IACCs. Imagine that instead of a novel coro-
navirus spreading globally in 2020, one of 
the four common cold coronaviruses mu-
tated and resulted in an illness with chronic 
post- acute symptoms. Given the unmemo-
rable nature of the acute phase illness, those 
who months later experienced chronic symp-
toms might be unable to recall the inciting 
infection, potentially leading medical pro-
fessionals and others to incorrectly diagnose 
a psychological illness or even accuse the 
person of malingering to avoid work and 
other responsibilities, a fate that has be-
fallen many with IACCs, especially ME/
CFS. Instead, Long Covid emerged from an 
extraordinary worldwide pandemic, when 
everyone was paying attention to the incit-
ing virus and patients were able to join to-
gether to draw attention to the issue (27). It 
therefore represents the best opportunity to 

Fig. 1. Shared and pathogen- specific mechanistic pathways may both drive IACCs. an intervention that disrupts a shared pathway would be expected to benefit both 
non- coVid and coVid- specific conditions, but other pathways might be unique to a specific iacc.C
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figure out the natural history, pathogenesis, 
and management of an IACC.

WHAT CAN LONG COVID RESEARCHERS 
LEARN FROM 40 YEARS OF IACC STUDIES?
Despite serious underfunding, important in-
formation has emerged from the many years 
of studying ME/CFS and other IACCs that is 
relevant to efforts to understand Long Covid. 
The first is the importance of defining the 
syndrome under study. The diagnostic crite-
ria for ME/CFS have evolved over time, and, 
in the absence of definitive molecular or bio-
chemical assays, a set of particular symp-
toms must be used to define the illness (28). 
Criteria that are too general will result in in-
clusion of individuals whose underlying ab-
normalities are not shared, making it difficult 
to identify biomarkers and draw conclusions. 
Although still controversial, the criteria that 
have achieved the most acceptance include 
a requirement for postexertional malaise 
(PEM)—such as the Institute of Medicine 
diagnostic criteria (28), the Canadian Con-
sensus Criteria (29), and the International 
Consensus Criteria (30).

A similar exercise now needs to be done 
for Long Covid [several are underway, in-
cluding one recently completed by the Na-
tional Academies of Sciences, Engineering, 
and Medicine (31)]. Many individuals with 
severe cases of COVID- 19 have verifiable 
organ damage that results in well- recognized 
and easy- to- define complications, such as 
lung damage causing dyspnea or endothe-
lial inflammation leading to cardiovascular 
events (32). These outcomes are an impor-
tant part of the research agenda but in many 
cases are distinct and largely unrelated to 
the syndrome that is Long Covid. Lumping 
individuals who, for example, have sequelae 
from ventilator- induced lung injury with 
those who had mild illness followed by un-
explained symptoms could confound un-
derstanding of the biological basis of the 
continued symptoms.

Just as there are distinct endotypes of 
ME/CFS and other IACCs, individuals with 
Long Covid may need to be separated into 
distinct symptom clusters (33), despite all 
cases being driven by SARS- CoV- 2 infec-
tion. The reasons for these diverse symptom 
manifestations are unknown. Although this 
heterogeneity could be driven by different 
variants, preexisting immunity, or treatment 
approaches, it is important to note that dis-
tinct endotypes of Long Covid emerged in 
2020, long before any of these confounders. 

Likewise, in ME/CFS, it is likely that dif-
ferent members of the enterovirus family 
were responsible for different outbreaks, giv-
en the rapid evolution of enteroviruses and 
the temporal and geographical separation of 
the outbreaks. Nevertheless, there are many 
other sources of variation in presentation 
that need to be studied, including which la-
tent herpesviruses a patient may be carry-
ing, their environmental exposures, their 
microbiomes, and especially their genetics 
and epigenetics.

A major source of variation between 
cases, which is common to most IACCs, is 
biological sex. Biological females experi-
ence many of these illnesses at least two or 
three times as frequently as males. Eluci-
dating the role of sex will go a long way to 
addressing stigma and might lead to sex- 
specific strategies for prevention and treat-
ment of IACCs. Also, it seems highly likely 
that the sex effect is providing a clue re-
garding some fundamental pathway com-
mon to most or all IACCs. Given the role of 
sex as a contributing factor to autoimmu-
nity and inflammation- associated diseases 
(e.g., systemic lupus erythematosus and 
multiple sclerosis), it seems likely that im-
mune dysfunction will prove to be a key 
part of the answer. The sex- based dichotomy 
in Long Covid and other IACCs should be 
a major area of research focus in the com-
ing years.

SHOULD LONG COVID AND OTHER IACCS 
BE STUDIED TOGETHER?
Many symptoms overlap between Long Co-
vid after 2020 and ME/CFS cases before 
2020 (34). These similarities have led some 
to propose that the two conditions be con-
sidered one and the same, and some people 
with Long Covid who fulfill at least some 
ME/CFS diagnostic criteria are being told 
they have ME/CFS. Early efforts have sug-
gested that a high proportion of those with 
Long Covid meet ME/CFS criteria (35), but 
many of these studies are limited by nonrep-
resentative cohorts, lack of pre- COVID symp-
tom data, and incomplete case definitions 
applied post hoc. Together, these factors make 
most prevalence estimates to date uninter-
pretable. Fully addressing this question will 
require well- characterized participants, clear 
attribution of symptoms to a SARS- CoV- 2 
infection, and prospective assessment be-
ginning in the acute phase. Such efforts are 
now underway through large studies like 
the RECOVER initiative.

Although there may be overlap between 
Long Covid and other IACCs, assuming 
that all Long Covid is ME/CFS (or that all 
Long Covid is driven by postural orthostatic 
tachycardia or mast cell activation, for ex-
ample) is also scientifically problematic, 
because it dismisses what is perhaps the 
most important lead in our efforts to under-
stand Long Covid: That we can often iden-
tify the culprit virus. The distinction will be 
critical in research studies that aim to in-
clude both groups, allowing for the assess-
ment of whether any mechanistic pathways 
are shared or whether they might be spe-
cific to either SARS- CoV- 2 or ME/CFS or 
other conditions (Fig. 1). The risks of con-
flating Long Covid and ME/CFS go both 
ways; although there is hope that Long 
Covid research will provide some of the 
answers needed to fully understand ME/
CFS, this should not come at the expense 
of investment in efforts to study pre- 2020 
ME/CFS, which may still be driven by 
distinct biology.

Thus, it is important to both study IACCs 
separately and to study their overlap. Al-
though symptomatic overlap suggests that 
some of the same molecular, biochemical, 
or physiological pathways are affected in 
these syndromes, mixing study participants 
whose underlying disruption differs could 
make a complex, highly variable syndrome 
even more heterogeneous (36). The ultimate 
goal of much of this research, finding mo-
lecular biomarkers, will be made more dif-
ficult when multiple IACCs are combined. 
Although breaking down silos across the 
IACCs will undoubtedly accelerate progress, 
studying all IACCs as one condition is pre-
mature, because at least some mechanisms 
for each condition may prove to be unique. 
Until we know more about the underlying 
causes of the persistent symptoms of IACCs, 
we cannot be certain that a treatment for 
one will be beneficial for another (Fig. 1).

While recognizing the risks of consider-
ing all IACCs to be a single disease, we must 
also acknowledge that shared mechanisms 
are not only possible but, in our opinion, 
likely (34). Beyond the role of an inciting 
infection, there appear to be many notable 
mechanistic similarities among these syn-
dromes. For example, the identification of 
coagulation disturbances in individuals with 
Long Covid has been accompanied by simi-
lar observations in ME/CFS, although to a 
lesser degree (37,  38). Chronic inflamma-
tion and immune dysfunction are common 
themes in nearly every IACC (1). To truly 
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investigate similarities and differences be-
tween IACCs, direct comparisons must be 
made in the same study, using the same as-
says. Incorporating prepandemic ME/CFS 
cohorts into the studies that will be funded 
by NIH’s ongoing RECOVER initiative, for 
example, would reveal which mechanisms 
are shared and whether some elements of 
pathophysiology differ.

Reactivation of latent human herpesvi-
ruses, such as EBV and HHV- 6, has been 
associated with many of these syndromes 
(19, 39). Although it is unclear whether they 
are directly responsible for these conditions 
on their own, herpesviruses could interact 
through indirect mechanisms by altering a 
person’s susceptibility to another virus, the 
known ability of these viruses to persist, or 
more direct mechanisms in the setting of 
loss of herpesvirus control. Recently, a large 
study of college students demonstrated that 
among a subset of those who experienced 
new mononucleosis and later met criteria 
for ME/CFS, different metabolite and cyto-
kine profiles could be identified before their 
illness (40, 41). These studies also revealed 
that GI symptoms preceding EBV infection, 
which potentially could be due to a preceding 
exposure to another pathogen, were strongly 
associated with the development of ME/
CFS. Herpesvirus reactivation has often been 
seen after other viral infections, physical 
trauma, or toxic environmental exposures 
(42). Whether herpesviruses play a causative 
role in failure to recover from COVID- 19 
requires further exploration.

ANTIGEN PERSISTENCE AS A 
DRIVER OF IACCS
By definition, every IACC was caused by an 
inciting infection. Many of these are assumed 
to be transient, begging the question: How 
might exposure to an infection for days to 
weeks lead to lifelong disability? Theoretically, 
an acute transient infection could cause irre-
versible tissue damage or might induce 
immunologic mayhem, leading to loss of 
regulation and autoimmunity. Molecular 
mimicry between the infection and a host 
protein could also lead to autoimmunity. 
Recent evidence linking virus burden during 
acute SARS- CoV- 2 infection to Long Covid is 
generally supportive of these possible mecha-
nisms (43–45). If true, more aggressive man-
agement with antimicrobials during acute 
infections could reduce the risk of IACCs.

It is easier, however, to build a case for an 
infection causing a chronic condition if the 

pathogen persists indefinitely. Whereas the 
persistence of DNA viruses is well under-
stood, infections with RNA viruses are 
generally thought to be transient. However, 
there is evidence that RNA and protein from 
these viruses can persist beyond the acute 
phase of illness (46). The evidence that 
SARS- CoV- 2 protein or nucleic acid persists 
indefinitely in some people continues to 
grow (10, 47–49). We and others have con-
sistently found spike protein or RNA in 
plasma for months or even years after the 
acute infection (10, 49). It is even easier to 
find protein and nucleic acid in tissues 
(10,  47,  50). Whether this reflects ongoing 
cycles of viral replication and spread is not 
known, but the finding that virus can evolve 
over months in immunocompromised peo-
ple provides proof that this is at least possible 
(51). To rule out false positives, we recently 
performed a large survey for the SARS- 
CoV- 2 spike protein in samples from before 
the pandemic and in samples from people 
who were weeks to months out after a 
well- documented SARS- CoV- 2 infection. In 
samples that were collected before SARS- 
CoV- 2 vaccines became available and before 
re- exposures and re- infections became com-
mon, we found a higher proportion of anti-
gen detection in the post- COVID group for 
up to a year after infection (49). Although 
there are still many caveats, we feel that 
this can no longer be summarily ignored 
simply because it does not fit an existing 
paradigm. Importantly, although the evi-
dence that SARS- CoV- 2 can persist is now 
nearly definitive (10,  47–50), the links be-
tween persistent virus and Long Covid are 
weaker. Efforts to make this connection re-
main one of the most important parts of the 
research agenda.

Although the pathogen associated with 
a preceding illness was not identified in 
most cases of ME/CFS, enteroviruses are 
most commonly implicated (2–4, 52). Entero-
virus capsid protein and RNA were found 
in a large proportion of stomach biopsies 
from patients with ME/CFS (53). Although 
screening for viruses in easily accessible 
biospecimens (e.g., blood and saliva) from 
pre- 2020 ME/CFS samples has been negative 
(54), recent experience with SARS- CoV- 2 
suggests that ultrasensitive methods (e.g., 
single- molecule assays, peptide arrays, and 
bacteriophage display) and the use of tissue 
samples will be needed to definitively assess 
the possible presence of persistent antigens 
(4). For example, studies that have identified 
post- acute SARS- CoV- 2 antigen have shown 

that its detection is inconsistent (49,  55) 
and that detection in tissue might be more 
reliable (56).

THE EMERGING CLINICAL TRIALS 
AGENDA AND EXPERIMENTAL 
MEDICINE FOR IACCS
Unfortunately, there is not yet a solid animal 
model for studying IACCs; it remains to be 
seen whether development of such a model is 
even possible given the subjective nature of 
these conditions. For this reason, the best sci-
entific strategy for defining the mechanism of 
each IACC may be to conduct prospective 
clinical trials in which well- understood inter-
ventions in highly characterized participants 
are used to disrupt specific pathways of in-
terest. We hence advocate for the financing of 
an experimental medicine agenda that is 
designed both to uncover mechanisms and 
identify potential interventions that might 
prove to be curative in Long Covid, ME/CFS, 
chronic Lyme disease, and other IACCs. For 
ME/CFS, the NIH has recently sponsored 
production of a roadmap to guide research 
that will help identify promising interven-
tions to be tested in clinical trials (57).

The first order of business should be to 
determine whether pathogen persistence is re-
quired for the development and maintenance 
of disease. Notably, randomized clinical trials 
of antibiotics targeting Borrelia burgdorferi 
(presumably the cause of chronic Lyme dis-
ease) demonstrated promising results in some 
but not all studies (58, 59); use of these agents 
remains controversial in clinical care. Uncon-
trolled case series of small- molecule antivi-
rals have suggested some promise in Long 
Covid (60, 61), and randomized studies of 
nirmatrelvir/ritonavir (Paxlovid) in people 
with established Long Covid are ongoing. 
This includes a large phase 2/3 study spon-
sored by RECOVER (VITAL, NCT05595369). 
Similar studies might be considered in other 
IACCs, but the lack of effective antimicrobi-
als for most of the inciting pathogens makes 
such studies impossible to conduct. Biologi-
cally, there are also challenges. These ap-
proaches require active replication of the 
pathogen and the administration of an anti-
microbial agent that penetrates relevant res-
ervoirs/tissues in a sustained manner. Active 
replication may not be required, however, 
because instead it could be that persistent 
“debris” from the pathogen is inducing a 
harmful host response. An approach we favor 
is to target an exposed antigen with pathogen- 
specific monoclonal antibodies, which have 
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the capacity through the Fc receptor to in-
duce a potent host immune response, thus 
potentially leading to removal of a stubborn 
reservoir. Monoclonal antibodies have favor-
able pharmacokinetic profiles that make 
sustained administration of the antimicrobi-
al more feasible. Case report data suggest 
potential benefit (62). Two of us are now con-
ducting a proof- of- concept study of an anti–
SARS- CoV- 2 monoclonal antibody in people 
with Long Covid (NCT05877508); more 
studies of this approach are needed. If anti–
SARS- CoV- 2 drugs can restore to health 
even a subset of individuals suffering from 
Long Covid, investigating whether a persis-
tent virus underlies prepandemic ME/CFS 
becomes even more urgent, given that devel-
opment of a treatment could potentially end 
decades of suffering for many patients.

Given the consistent finding of immune 
dysregulation in both ME/CFS and Long 
Covid, we also believe that immune- modifying 
strategies should be a priority. For Long Covid, 
the NIH is funding a large randomized clini-
cal trial of a JAK/STAT inhibitor (baricitinib, 
NCT05858515), which has the potential to 
modify several pathways implicated in the 
condition. Funding to support early, proof- 
of- concept studies targeting other aspects of 
the immune system (e.g., the innate immune 
system), as well as coagulation abnormali-
ties, autoimmunity, and co- infections such 
as EBV, should also be a priority. Eventually, 
trials of combinations of therapeutics target-
ing both upstream biology (e.g., virus per-
sistence and immune dysfunction) and 
downstream pathophysiology (e.g., autonomic 
dysfunction and endothelial damage) may 
be needed (11).

CONCLUSIONS
Despite waning public concern about 
COVID- 19, Long Covid has remained 
squarely in the spotlight. The field is moving 
rapidly, with studies posted or published on 
a near- weekly basis. Still, new funding op-
portunities and investment in clinical infra-
structure to provide care to patients are 
limited. Industry engagement also remains 
limited and will likely remain so until prog-
ress on defining the mechanism is made. 
Progress in the management of HIV was 
only made because of a sustained, decades- 
long, commitment by the NIH and others. 
We welcome the recent news that there 
will be ongoing investment in RECOVER 
(63), but to meet the scope and scale of the 

Box 1. Cross- cutting research priorities across the spectrum of IACCs.
Epidemiology
develop clear case definitions for each iacc for use in clinical care and research, recognizing that these 
will not be the same.
develop population- based surveillance programs designed to characterize the global incidence and 
prevalence of each iacc, with an additional focus on low-  and middle- income settings in which these 
conditions are incompletely described.
enhance population- based surveillance programs in the US and similar countries to better understand 
health care disparities in iaccs in the settings in which they have most commonly been reported 
to date.
improve efforts to understand iaccs in children and adolescents.
Support rigorous, prospective natural history studies of iaccs, including comparative natural 
history studies.
Pathobiology
definitively determine whether pathogen persistence is the central mechanism for each iacc.
implement prospective, biologically oriented, linked cohorts designed to conduct cross- disciplinary 
studies of iaccs.
Study proposed biological pathways, including but not limited to pathogen persistence, inflammation, 
coagulation, autoimmunity, and herpesvirus reactivation, across multiple iaccs to identify both shared 
and unique pathways.
determine why biological sex is a consistent predictor for the incidence of iaccs.
determine the role of age across the lifespan, focusing on why iacc epidemiology appears to differ in 
the pediatric versus adult populations.
determine the impact of iaccs and the pathogens associated with iaccs on maternal- fetal health.
Diagnostics
develop new technologies for the study of iaccs, especially high- throughput methodologies to assess 
the presence and timing of prior infections.
develop methods that can determine the identity of the iacc that is causing an individual’s symptoms.
develop measures to monitor the clinical status of those experiencing an iacc over time.
develop measures for use in clinical trials to assess efficacy of treatments, being mindful that 
limitations experienced by some individuals with iaccs may preclude participation in  
certain assessments.
Therapeutics and clinical care
invest in proof- of- concept experimental medicine trials to probe biological pathways for specific iaccs.
develop antimicrobial drugs that can treat acute or chronic infections that result in iaccs.
determine the role of acute treatment of the inciting pathogen in preventing each iacc.
develop vaccines or other prophylactic measures to prevent infections with pathogens that lead  
to iaccs.
invest in the rigorous assessment of the role of rehabilitation medicine, appropriate physical therapy, 
and other disease management approaches within and across the iaccs, being mindful that such 
treatments may be unhelpful or even harmful in some individuals.
Study different care approaches to iaccs, including monitoring, pharmacologic, rehabilitation, 
behavioral, complementary medicine, and social support components of care, to define optimal 
models for these conditions, with a focus on patient- centered, holistic care.
continue investment in centers of excellence for the care of patients with iaccs, linking care  
with research.
Resources
enhance the role of community advocates and those with lived experience spanning all arenas related 
to iaccs, from study of basic mechanisms, to implementation of therapies, to public policy.
Provide a unified set of validated, broadly accessible, centrally housed instruments for use in  
iacc research.
implement and promote a series of straightforward diagnostic codes to better understand the burden 
of iaccs using medical records data.
Maintain infrastructure to rapidly implement epidemiologic investigation of iacc outbreaks, including 
rapid implementation of biospecimen banking.
Support infrastructure for people who are homebound because of an iacc to be able to participate in 
research and receive clinical care.
develop well- characterized iacc cohorts and biorepositories that can be used for cross- iacc research.
Provide resources for national or international meetings to bring iacc researchers together.
Provide funding mechanisms to support iacc- focused multidisciplinary research and cross- iacc 
research efforts.
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challenge of IACCs will require coordinated, 
sustained funding beyond this one program. 
In the absence of such a long- term deep com-
mitment, our current progress in the under-
standing of Long Covid (and all IACCs) 
remains under threat (7). Still, there is at 
present optimism that the energy around 
Long Covid will translate into breakthroughs 
for other IACCs. The key questions and re-
search strategies that need to be pursued now 
are similar across the IACCs (Box 1). With 
deep engagement from those most directly 
affected by these conditions, now is the time 
to bring all the IACC stakeholders together, 
even as the deep dives into mechanisms and 
treatments remain condition specific.

The late Paul Cheney, one of the two phy-
sicians in Incline Village who presided over 
its famous outbreak, was quoted as saying 
that “bench researchers are going to take us 
out of Osler’s web” (5). He saw the web as a 
“kind of diffuse feeling that this disease is 
real, even though we can’t find the objective 
measures” (5). Today, many underlying ob-
jective abnormalities have been identified in 
both ME/CFS and Long Covid (34). More 
importantly, the scientific community now 
has far more tools at its disposal, some that 
could not even have been imagined 40 years 
ago. Using these tools to study the full spec-
trum of IACCs should clear away the web of 
disbelief and denial, identify those objective 
measures, and finally provide the knowl-
edge that can lead to beneficial treatments 
for long- suffering people with IACCs.
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L O N G  C O V I D

Sex differences in postacute infection syndromes
Julio Silva1 and Akiko Iwasaki1,2,3*

Postacute infection syndromes like Long Covid disproportionately affect females, differing in prevalence, symp-
toms, and potential causes from males. This Viewpoint highlights these sex differences, gaps in current under-
standing, and the critical need for sex- based research.

INTRODUCTION
As the fourth year of the coronavirus disease 
2019 (COVID- 19) pandemic unfolds, Long 
Covid has crystallized as a formidable public 
health challenge. Long Covid afflicts more 
than 65 million individuals globally with 
a wide spectrum of symptoms involving 
multiple organ systems (1). Long Covid and 
other postacute infection syndromes (PAISs) 
disproportionately affect females. There-
fore, understanding PAISs and their link 
to autoimmunity requires sex- specific re-
search approaches (2).

The pathophysiology of PAISs, particu-
larly Long Covid, involves multiple investi-
gated hypotheses with supporting evidence 
including an ongoing viral reservoir, auto-
immunity, latent herpesvirus reactivation, 
microbiota dysregulation, vascular damage, 
immune dysregulation, complement activa-
tion, and chronic inflammation (1,  3,  4). 
Unlike the acute phase of viral diseases, which 
is more severe in males (5,  6), PAISs are 
more common and severe in females (2, 7, 8). 
The broad and variable symptoms of these 
syndromes, coupled with a lack of definitive 
biomarkers, render them diagnoses of exclu-
sion. This raises the critical question of how 
biological sex, underlying pathologies, and 
immune responses influence PAIS symptoms 
and progression.

This Viewpoint explores how sex- related 
hormonal and chromosomal differences 
influence PAISs and autoimmune diseases. 
We also examine current information and 
gaps preventing better understanding that 
may, in turn, lead to novel and effective 
therapies. We focus on the role of biological 
sex as it pertains to those characteristics of 
an individual, including reproductive organs, 
physiology, chromosomal differences, and hor-
mones. It is important to note, however, that 
gender, a term that broadly encompasses the 

identity and expression of an individual across 
various societal roles, undoubtedly plays 
an important role in the manifestation of 
diseases, including Long Covid and other 
forms of PAISs (9).

SEX DIFFERENCES IN RISK FOR PAIS 
AND AUTOIMMUNITY
Sex differences in PAIS, as seen with autoim-
mune diseases, show females being more 
frequently and severely affected than males. 
Prevalence for Long Covid shows as many as 
two in three patients are female; for other 
PAISs, such as myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS) and 
Long Lyme disease, as many as four in five 
patients are female (2, 7). Females also have a 
greater burden of symptoms and severity of 
illness overall (10, 11). Although some PAIS 
symptoms are as common in males as they 
are in females [e.g., fatigue, poor sleep, and 
postexertional malaise (PEM)], others show 
a sex predominance (e.g., sexual dysfunction 
for Long Covid in males; neurocognitive 
problems, pain, hair loss, and dermatological 
symptoms for Long Covid in females) (12). 
This suggests that PAISs affect the sexes 
differently, but the mechanisms remain un-
clear. Different preexisting factors may lead 
to PAIS development in each sex, or diver-
gent immune responses from the same ini-
tial factor may lead to distinct symptoms.

Like PAISs, autoimmune diseases dis-
proportionately affect females, although this 
depends on disease and age (13). Systemic 
lupus erythematosus (SLE) and Sjögren’s 
syndrome (SS) occur in females four times 
more than in males. SLE peaks between pu-
berty and premenopause (15 to 44 years of 
age), whereas SS peaks at perimenopausal 
age (greater than 40 years of age). By con-
trast, type 1 diabetes (T1D) occurs in males 

as often as in females but starts in early 
childhood and early adolescence, before sex 
hormones peak. Autoimmune diseases may 
occur simultaneously; some autoimmune 
diseases, such as celiac disease, SS, SLE, and 
Hashimoto’s thyroiditis, are themselves risk 
factors for developing others (13). Preexist-
ing autoimmune diseases are also risk fac-
tors for developing PAISs, including Long 
Covid, ME/CFS, and Long Lyme disease 
(10, 14). These shared risks suggest overlap-
ping mechanisms. Hence, studying PAISs 
in those who have preexisting autoimmune 
diseases can offer insights into their immu-
nological links and vice versa.

Notably, transgender individuals also face 
a disproportionate rate of Long Covid, at 
about two times that of cisgender males (8). 
Transgender individuals also appear to be 
at higher risk for developing autoimmune 
diseases, including multiple sclerosis (MS) 
and SLE (15). There is a general paucity of 
knowledge in our understanding of PAIS 
and autoimmune disease prevalence within 
transgender individuals, making it difficult 
to determine the contribution and interplay 
among sex, hormone therapies, and gender- 
based disparities as contributors to disease 
manifestation.

SEX DIFFERENCES IN IMMUNE 
SIGNATURES IN PAIS AND 
AUTOIMMUNE DISEASES
Immune signatures in autoimmunity
Autoimmune disease immune signatures 
show strong sex differences (16). Females 
exhibit more pronounced microRNA and 
Toll- like receptor (TLR) gene activation on 
the X chromosome, crucial for type I inter-
feron (IFN- I) signaling and SLE flare- ups 
(9). Increased interleukin- 6 (IL- 6) production 
and T follicular helper cells in female rodent 
models of SLE and rheumatoid arthritis 
(RA) lead to higher autoantibody titers, cor-
relating with severe disease like organ damage 
in SLE and relapses in MS (9). In experi-
mental autoimmune encephalomyelitis, a 

1department of Immunobiology, Yale School of Medicine, New Haven, cT 06520, USa. 2center for Infection and 
Immunity, Yale School of Medicine, New Haven, cT 06520, USa. 3Howard Hughes Medical Institute, chevy chase, 
Md 20815, USa.
*corresponding author. email: akiko. iwasaki@ yale. edu

copyright © 2024 The 
authors, some rights 
reserved; exclusive 
licensee american 
association for the 
advancement of 
Science. No claim to 
original U.S. 
Government works 

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

1919 www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2102

V I E W P O I N T

http://www.science.org/journal/stm


Silva and Iwasaki , Sci. Transl. Med. 16, eado2102 (2024)     13 November 2024

S c I e N c e  T r a N S l aT I o N a l  M e d I c I N e  |  V I e w p o I N T

2 of 7

mouse model of MS, female mice exhibit 
stronger T helper 1–mediated responses, 
with higher IFN- γ production; in contrast, 
male mice develop higher natural killer (NK) 
cell responses and have increased expression 
of immunomodulatory signals such as IL- 10 
and transforming growth factor–β (TGF- β), 
limiting autoreactive T cell responses (13).

Immune signatures in PAIS
Our study showed female- specific immune 
responses in Long Covid, characterized by 
heightened lymphocyte activation (charac-
terized by T cells secreting IFN- γ, IL- 2, IL- 4, 
and IL- 6), increased T cell exhaustion, and 
reduced resting naïve CD4+ and CD8+ T cells 
(11,  17). Immunoglobulin G (IgG) titers 
against lytic Epstein- Barr virus (EBV) anti-
gens were predominantly elevated in females 
with Long Covid, suggesting recent reactiva-
tion of EBV. These features are potentially 
driven by reduced testosterone and cortisol 
concentrations and elevated growth hor-
mone concentrations in females with Long 
Covid compared with non–Long Covid 
controls. Males with Long Covid had more 
NK cells and TGF- β production but fewer 
monocytes and dendritic cells. Both sexes 
with lower testosterone concentrations ex-
hibited greater adaptive immune activation 
and symptom severity (11). These findings 
show sex- biased immunological differences 
akin to those in autoimmune diseases, sug-
gesting overlapping mechanisms. Elevated 
autoantibodies against various tissues have 
been associated with Long Covid and were 
causally linked to symptoms (18,  19). Sex- 
stratified analyses are needed to determine 
whether autoantibody associations in Long 
Covid are stronger in females than in males, 
as in other PAISs and autoimmune diseases.

Research into sex differences in immune 
signatures across various PAISs, such as ME/
CFS and Long Lyme disease, reveals patterns 
similar to those in Long Covid and auto-
immune diseases. Females with ME/CFS 
show dysregulated transcription in naïve T 
cells linked to severe symptoms like PEM 
(20). Another study reported an increase in 
circulating naïve CD8+ T cells in females 
with ME/CFS, whereas males with ME/
CFS showed increased CXCR5 expression 
on CD8+ T cells in cerebrospinal fluid (21). 
Males display heightened NK cell responses, 
higher IL- 10 production, and reduced T cell 
activation transcriptional signatures. A com-
prehensive study showed that only 2% of 
immune and molecular markers in ME/CFS 
overlapped between sexes (21). In Lyme 

disease, females often show sustained high 
chemokine (C- C motif) ligand 19 (CCL19) 
expression, associated with Long Lyme 
disease (22). These studies highlight the 
substantial impact of sex differences on 
immune response and disease severity in 
other PAISs.

Latent virus reactivation and 
transcriptional activation of 
endogenous retroviruses
Latent virus reactivation has been shown to 
be a key correlate of PAISs and autoimmu-
nity. Viruses like endogenous retroviruses 
(ERVs) and herpesviruses may be transcrip-
tionally elevated or reactivated, respectively, 
at any stage of PAISs or autoimmune dis-
eases (1, 2, 11). Females show higher anti-
body reactivity to lytic proteins from these 
latent viruses both before and after PAIS 
development (11, 23). For instance, female 
patients with ME/CFS have higher IgM ti-
ters against HHV- 6 (human herpesvirus 6) 
and IgG titers against human ERV- K (23). 
Females with ME/CFS also show elevated 
transcriptional pathways in B cells associat-
ed with EBV reactivation, which were asso-
ciated with higher symptom severity. Similar 
patterns have been observed in autoimmune 
diseases. After infectious mononucleosis 
(caused by EBV primary infection), females 
who develop MS do so more quickly than 
age- matched males, especially when infec-
tion occurs in late adolescence (24). Thus, 
herpesvirus reactivation rate and immune 
responses to herpesviruses and HERV are 
associated with PAIS and autoimmune disease 
development and are enriched in females.

SEX DIFFERENCES IN THE BIOLOGY OF 
PAIS AND AUTOIMMUNITY
The immune systems of females and males 
exhibit substantial differences (9, 25), pri-
marily influenced by sex hormones regulated 
by the hypothalamic- pituitary- adrenal and 
gonadal (HPAG) axis and sex chromosomes. 
These hormonal and chromosomal differ-
ences shape the immunological baselines 
and modulate immune responses to micro-
bial threats. In both PAISs and autoimmune 
diseases, distinct sex- based patterns exist in 
HPAG axis dysregulation, immune signatures, 
latent virus reactivation, and sex chromo-
some biology. Recurrent themes in sex- based 
immune responses in PAISs and autoim-
mune diseases suggest that these differences 
stem from inherent immunological baselines 
of each sex. An exhaustive review of baseline 

immunological sex differences is beyond the 
scope of this Viewpoint and can be found 
elsewhere (9, 16, 25). Here, we focus on dif-
ferences pertinent to the understanding of 
sex- related pathological states of PAISs and 
autoimmune diseases.

X chromosome dosing and Xist
Sex chromosomes, particularly through 
X- chromosome gene dosage, substantially 
affect immune system function and are 
closely linked to autoimmune diseases (25). 
Key immune genes, such as TLR7, TLR8, 
IRAK1, FOXP3, and CD40L, reside on the 
X chromosome, influencing various immune 
responses. Individuals with at least two X 
chromosomes undergo X- chromosomal in-
activation mediated by the long noncoding 
RNA (lcRNA) Xist and other RNA binding 
proteins (25). However, this silencing is in-
complete, contributing to higher gene dos-
age and increased prevalence of autoimmune 
diseases such as SLE and SS in females.

The components of the Xist ribonucleo-
protein (RNP) complex can serve as sources 
for innate immune stimuli and autoantigens. 
Female patients with autoimmune diseases 
can have substantial titers of autoantibodies 
against Xist RNP components. In a mouse 
model of pristane- induced lupus, male mice 
ectopically expressing nonsilencing Xist RNP 
formed autoantibodies and had more se-
vere multiorgan pathologies than wild- type 
male mice (26). Xist RNP expression in 
male mice reprogrammed T and B cell pop-
ulations and chromatin states, making them 
more closely resemble female mice. In addi-
tion to Xist, X- chromosomal dosing has 
been observed in humans. For example, 
individuals with Klinefelter’s (XXY) or 
with polysomy X have an increased suscep-
tibility to the development of autoimmune 
diseases, including SLE, SS, and others. 
There is a strong interconnection between sex 
hormones like testosterone, X- chromosomal 
dosing, and autoimmunity. For example, fe-
males with Turner’s syndrome (XO) still 
develop autoimmune diseases at a higher 
rate. In addition, males with Klinefelter’s 
exhibit lower testosterone than their XY 
male counterparts, suggesting a strong role 
of both hormones and X- chromosome dos-
ing in autoimmune diseases (9). Given the 
female bias in autoimmunity and the con-
nection of incomplete X- chromosomal in-
activation with autoimmune diseases (26), 
it is worth investigating whether incom-
plete X- chromosomal inactivation and Xist 
may contribute to PAIS pathology.
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Baseline sex hormone–mediated 
differences in immune signatures
Sex hormones fundamentally shape immune 
responses. Largely because of sex hormone 
concentrations in healthy adults, T cell, B 
cell, and NK cell counts differ across sexes. 
Lower testosterone is chiefly responsible for 
higher T and B cell counts in females, where-
as androgens increase NK cell counts and 
immune regulatory cytokines like TGF- β 
and IL- 10, dampening adaptive immune 
responses in males (9, 27). Lower androgen 
concentrations also result in elevation of post-
vaccination antibody titers against viruses like 
measles, mumps, rubella, influenza, and se-
vere acute respiratory syndrome coronavirus 
2 in females (9).

These hormonal differences shape immu-
nological baselines and response dynamics 
in male and female immune systems. For 
example, castrated male mice vaccinated 
against malaria produce more antibodies 
than noncastrated or testosterone- treated 
counterparts (28). Androgen availability and 
receptor expression inhibit effector CD8+ T 
cell proliferation, self- renewal, and IFN- γ 
production, crucial for effective responses 
against cancer cells (29). This may explain 
why males show poorer responses to some 
cancer immunotherapies. Importantly, the 
immunomodulatory effects of androgens 
have been shown to protect against autoim-
munity (25,  27). This protection is evident 
against the development of autoantibodies 
and T cell–mediated responses in males with 
autoimmune diseases and may explain why 
prepubertal autoimmune diseases such as 
T1D are shared more equally across sexes 
than those that manifest after puberty. Cate-
gorizing androgens solely as immune inhibi-
tors, however, oversimplifies their wider role 
in shaping the immune baseline, influencing 
gene expression differences in male and fe-
male immune cells at the tissue level (30).

One recent study has also shed light on the 
immunological impacts of gender- affirming 
hormone therapy (GAHT) in transgender 
individuals (31). This longitudinal study in-
vestigated immune system adaptations in 
transgender men undergoing testosterone 
therapy (TT) and found that testosterone 
modulates a cross- regulated axis between 
IFN- I and tumor necrosis factor (TNF) (31). 
Specifically, male dose concentrations of 
testosterone attenuated IFN- I responses in 
plasmacytoid dendritic cells and monocytes 
while potentiating monocyte responses lead-
ing to increased TNF, IL- 6, and IL- 15 pro-
duction (31). Testosterone also potentiated 

IFN- γ responses in NK cells. This dynamic 
regulation of immunity by sex hormones 
provides critical insights into how GAHT 
may influence the susceptibility and mani-
festation of PAISs and autoimmune diseases 
in transgender individuals.

Estradiol and progesterone also substan-
tially affect the immune system. Estradiol 
can either silence or stimulate immune func-
tions, whereas progesterone modulates NK 
cell activity, inflammatory signals, and anti-
viral responses (9, 25). In most females who 
develop autoimmune diseases such as SLE 
and SS, symptoms usually begin after puber-
ty but before menopause, suggesting an im-
portant role for these sex hormones (9).

These baseline immune differences cre-
ate distinct advantages and disadvantages. 
Females benefit from a robust adaptive cell- 
mediated and humoral response, offering pro-
tection against acute infections with lower 
severity, but are at higher risk of developing 
PAISs and autoimmune diseases. Conversely, 
males have an immune response that pro-
vides better protection against many auto-
immune conditions and may protect against 
PAISs but have an increased risk of develop-
ing severe acute infections. These differences 
are particularly evident when examining dys-
regulated sex hormones and HPAG dynam-
ics typical of these conditions.

Sex hormone dysregulation
In PAISs and autoimmune diseases, sex hor-
mones influence the age of disease onset, 
immunological patterns, and symptoms in 
both sexes. PAISs are most prevalent among 
females of premenopausal and perimeno-
pausal age (7, 8), with the sex difference in 
incidence most pronounced in this group, al-
though females are at higher risk across all 
ages. In children, boys develop Long Covid 
nearly as frequently as girls, especially be-
fore puberty (8,  30). Pregnancy appears to 
protect against certain ME/CFS symptoms, 
and a common feature of Long Covid and 
other PAISs is menstrual cycle disruption 
(11,  32). These findings suggest a critical 
role for hormones in PAIS pathogenesis.

Testosterone concentrations are key pre-
dictors of sex- based immune differences in 
individuals with Long Covid. Lower testoster-
one is linked to female- predominant adaptive 
T cell and humoral immune signatures in both 
females and males (11). Males with lower tes-
tosterone also show higher rates of ME/CFS, 
Long Lyme disease, and autoimmune diseases, 
with up to 40% of all males with MS having 
lower testosterone levels (9,  13,  15,  16,  27). 

Conversely, higher testosterone concentra-
tions correlate with male- predominant im-
mune signatures, fewer symptoms, less organ 
involvement, reduced PEM, and lower neuro-
cognitive impact associated with Long Covid, 
regardless of sex. Our recent findings indicate 
that testosterone strongly negatively associ-
ates with herpesvirus reactivation in both 
sexes, suggesting a role for testosterone in 
maintaining viral latency (11).

Androgens may reduce proinflammatory 
signatures in PAISs and autoimmune dis-
eases through direct and indirect pathways, 
including up- regulation of TGF- β and IL- 10 
(9, 16, 25). This limits T cell, B cell, and NK 
cell effector functions, such as production of 
TNF- α, IFN- γ, and granzyme, as well as per-
forin release and development of autoanti-
bodies. However, higher doses of testosterone 
may paradoxically also stimulate a pro- TNF 
inflammatory pathway. It remains unclear 
whether androgens may reduce autoanti-
body production in PAIS. Androgens might 
also limit the self- renewal and proliferation of 
B and T cells, including autoreactive cells, and 
enhance regulatory T cell (Treg) development 
(13, 31). Single- nucleotide polymorphism 
studies and mass spectrometry metabolo-
mics studies indicate lower androgen ste-
roid pathway factors as a defining feature in 
females with ME/CFS, suggesting a potential 
role for androgens as diagnostics or thera-
peutics in PAISs (32–34).

Estradiol and progesterone are also impli-
cated in PAISs and autoimmune diseases 
(9,  35). Males with Long Covid have lower 
estradiol concentrations than controls, and 
females with ME/CFS show dysregulation of 
these hormones (32). In addition, pregnancy, 
which affects estradiol and progesterone con-
centrations, has been shown to either benefit 
or worsen symptoms in both PAISs and auto-
immune diseases (9). These differences may 
stem from the dual role of estrogen hormones 
in activating adaptive immune responses and 
inducing regulatory factors like IL- 10 (9). 
Further research is needed to clarify their 
role in PAIS autoimmunity.

HPAG axis dysregulation
HPAG dysregulation is a key factor in the pa-
thologies of PAISs and autoimmune diseases 
(32,  35,  36). Signs in Long Covid, such as 
lower cortisol and sex hormones and altered 
pituitary hormones like growth hormone, 
suggest that a systemic endocrine imbalance 
contributes to sex- specific symptoms. These 
irregularities are primarily linked to hypotha-
lamic and pituitary dysfunction. For instance, 
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sexual dysfunction in males with Long Covid 
is associated with lower testosterone because 
of damage to gonadotropin- releasing hor-
mone cells in the hypothalamus (36). HPAG 
dysfunction affects the production and sig-
naling of sex and other steroid hormones like 
cortisol, influencing immune responses and 
viral reactivation in a sex- specific manner 
(11,  33,  34). In ME/CFS, hormones such 
as cortisol, testosterone, estradiol, luteinizing 
hormone, and follicle- stimulating hormone 
are implicated, with studies showing dis-
ruptions in steroid pathways and circadian 
rhythms (32, 34). Similar dysregulation is ob-
served in SLE and MS. It remains unclear 
whether HPAG dysregulation is a primary 
cause or a consequence of PAIS pathogenesis 
(35). A better understanding of HPAG axis 
dysregulation could provide insights into 
PAISs and potential treatment opportunities.

Hormone therapy
TT and other androgen therapies have led to 
symptom improvements in SLE and MS in 
both sexes in multiple mouse and a few hu-
man studies (35,  37). For instance, a pilot 
study with 10 male patients with MS showed 
that TT (100 mg daily) improved cognitive 
performance and slowed brain atrophy over 
a year, although it did not reduce lesions 
(32). Because of the small number of studies 

and participants, definitive conclusions on 
testosterone’s therapeutic potential are lack-
ing. Similar testosterone- associated symp-
tom profiles in PAISs suggest that TT might 
help individuals with PAISs, although this 
remains unexplored (11, 36). Estradiol treat-
ment has been shown to benefit some pa-
tients with ME/CFS and MS but has also 
been shown to exacerbate SLE symptoms 
(32). More research and larger clinical trials 
are needed to clarify the effect of hormone 
therapy for PAISs and autoimmunity.

HYPOTHETICAL FRAMEWORK FOR 
UNDERSTANDING PAIS IN 
FEMALES AND MALES
To develop PAISs, we propose that the fol-
lowing two criteria must be met. The first ap-
plies to both sexes, whereas the second differs 
by sex. The first is sustained or renewed sens-
ing of continued immune stimuli due to per-
sistent viral reservoir, persistent viral antigen 
(proteins, RNA, or both), persistent autoanti-
gen, or reactivation of latent viruses sensed as 
a recall threat (Fig. 1). The second criterion to 
be met is the presence of exacerbating factors 
that lower the threshold for tolerance and 
regulation, driving inflammatory immune 
responses (Fig. 2). In females, these include 
greater adaptive immune responses to threats 

by X chromosome–encoded factors, greater 
TLR and innate responses through increased 
X- chromosome dosage, elevated Xist leading 
to persistent immune complexes as auto-
antigens, and lower androgen concentra-
tions, which drive a pro–adaptive immune 
inflammatory state. In XY males, exacerbat-
ing factors include HPAG axis disruption and 
lower testosterone, which may drive a higher 
proinflammatory adaptive immune response. 
Elevated NK cells may also induce lytic and 
inflammatory conditions in males.

CLINICAL IMPLICATIONS, GAPS, AND 
STEPS TOWARD TRANSLATION
The overlap between PAISs and autoim-
munity highlights shared mechanisms and 
differing manifestations across sexes, un-
derscoring the need for sex- disaggregated 
analyses and tailored diagnostic tools and 
therapies. Distinct immune signatures in 
PAISs suggest that testosterone concentrations 
could serve as both a diagnostic biomarker 
and a therapeutic target for a particular en-
dotype of PAIS. Preliminary studies indicate 
that even clinically normal variations in tes-
tosterone can markedly influence immune 
responses and symptoms, suggesting its po-
tential utility in managing PAISs. However, 
major gaps remain in our understanding, 

Fig. 1. PAIS initiation requires a sustained or renewed sensing of continued immune stimuli. The factors required to initiate or continue paISs include (1) a persistent 
viral reservoir, (2) persistent viral antigen (proteins, rNa, or both), (3) persistent autoantigen, or (4) reactivation of latent viruses that the immune system senses as a recall 
threat (which may, in turn, lead to persisting viral antigens or autoantigens). prF, perforin; GrB, granzyme B; eBV, epstein- Barr virus.C
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Fig. 2. Sexually dimorphic factors can regulate the immune response, affecting tolerance and activation of inflammatory processes. These factors include greater 
adaptive immune responses to sensed threats by X- chromosome factors (e.g., cd40l), greater Tlr and innate immune responses through increased X- chromosome dos-
ing, incomplete X- chromosomal inactivation, which may lead to immune complexes that persist as autoantigens, and androgen concentrations driving a pro–adaptive 
immune inflammatory state that increases effector T cell responses, B cell antibody responses, and the likelihood of viral reactivation. Female factors are shown on the top. 
Male factors are shown on the bottom. Shared factors are shown in the center. ssrNa, single- stranded rNa; IrFs, interferon regulatory factors; dHT, dihydrotestosterone; 
ar, androgen receptor; Myd88, myeloid differentiation primary response 88; FOXP3, forkhead box P3 gene.
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particularly in regard to why PAIS rates are 
higher in females. This disparity may also 
explain the higher prevalence of autoimmu-
nity in females. Further research is essential, 
especially studies exploring the roles of the 
X chromosome and Xist in PAIS develop-
ment, to elucidate the complex role that bio-
logical sex plays under these conditions.

CONCLUSION AND OUTLOOK
The similarities between PAISs and autoim-
munity suggest shared mechanisms. We ar-
gue that sustained or renewed sensing of 
chronic threats, combined with sex- specific 
factors, initiates PAIS and autoimmunity 
development. Sex differences, through fac-
tors including sex chromosomes and hor-
mones, alter immune responses and shape 
the operational state of the immune system.

A better understanding of how immune 
responses that underlie PAISs and autoim-
mune diseases differ between females and 
males will inform better- targeted therapies. 
For example, modifying immune respons-
es through sex- tailored hormone therapy 
may improve symptom severity and reduce 
autoimmunity risks. Much work remains 
to understand how hormones and other 
factors affect PAISs and autoimmune dis-
eases and translate this knowledge into ef-
fective therapies.

We advocate for including diverse study 
populations and adopting patient- centric 
approaches to better understand how bio-
logical sex affects Long Covid, ME/CFS, Long 
Lyme disease, other PAISs, and autoimmune 
diseases. Despite their potential to substan-
tially contribute to our scientific under-
standing of PAISs and autoimmune diseases, 
current research has yet to extensively focus 
on the development of PAISs in transgen-
der individuals, a group disproportionately 
afflicted with PAISs and one uniquely posi-
tioned to illuminate the interplay between 
biological sex differences and the impact of 
sex hormones on disease outcomes. Engaging 
transgender individuals in PAIS research, 
especially those undergoing GAHT, may 
continue to reveal how hormonal profiles 
and chromosomal differences shape the im-
mune system, influencing severity and mani-
festation. Studying PAISs and autoimmune 
diseases in pediatric populations could further 
help decipher how sex hormones, age, 
and development contribute to disease. Such 
studies are crucial for advancing our under-
standing of PAISs and developing more 
effective therapeutic approaches.
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L O N G  C O V I D

Symptoms after Lyme disease: What’s past is prologue
Adriana Marques*

Protracted fatigue and other symptoms can occur after Lyme disease and other infections, with numerous possi-
ble drivers. Studies on posttreatment Lyme disease have been inconclusive, with no confirmed biomarker emerg-
ing. Prolonged antibiotic therapy provides no benefit. Thus, a holistic approach toward understanding and 
treating this complex disease is necessary.

INTRODUCTION
The question of why some patients fail to re-
cover from an infection and continue to have 
unexplained fatigue and other symptoms has 
been long debated. Possible mechanisms, not 
necessarily exclusive, include factors associ-
ated with host immune response (immune 
dysregulation and autoimmunity), antigen or 
pathogen persistence, misdiagnosis, comor-
bidities, and psychosocial influences. The 
cause of persistent symptoms after antibiotic 
treatment of Lyme disease and the concept of 
chronic Lyme disease (CLD) continue to be 
highly controversial topics, originating from 
historical, social, and biological aspects of the 
disease (1–3).

Lyme disease, or Lyme borreliosis, is 
caused by spirochetes of the genus Borreliella 
(also named Borrelia burgdorferi sensu lato 
complex or Lyme borrelia) that are transmit-
ted by the bite of infected ticks of the Ixodes 
ricinus complex. First recognized in the United 
States in the mid- 1970s, Lyme disease is 
the most common vector- borne illness in the 
temperate zones of the Northern Hemisphere 
(2). The geographic range and number of 
cases continue to increase because of envi-
ronmental factors, including climate change 
(4). Lyme disease in North America is caused 
by infection with B. burgdorferi, with a few 
cases by B. mayonii. Ixodes scapularis (the 
black- legged or deer tick) is the main vector 
of the infection, and Peromyscus leucopus (the 
white- footed mouse) is the key reservoir for 
B. burgdorferi in the United States. Lyme dis-
ease in Europe is predominantly caused by
B. afzelii and B. garinii, followed by B. bavariensis
and B. burgdorferi (5).

For clinical purposes, Lyme disease is di-
vided into early localized, early disseminated, 

and late stages, but manifestations can over-
lap and appear independently. Lyme disease 
usually starts with erythema migrans, a dis-
tinctive skin lesion at the site of the tick bite. 
Systemic symptoms without erythema mi-
grans or preceding erythema migrans can 
also be initial manifestations. Within days or 
weeks from initial infection, Borreliella can 
disseminate and establish infection at distant 
sites. Early disseminated manifestations can 
include multiple erythema migrans lesions, 
early Lyme neuroborreliosis, and Lyme cardi-
tis. Lyme arthritis, a later manifestation, usu-
ally occurs 6 months after the initial erythema 
migrans. Borrelial lymphocytoma and acro-
dermatitis chronica atrophicans are manifes-
tations seen in infections acquired primarily 
in Europe.

Clinical variations occur depending on 
the infecting Borreliella species and virulence 
within the same species (5). Lyme arthritis is 
mostly associated with B. burgdorferi, where-
as B. garinii and B. bavariensis are associated 
with Lyme neuroborreliosis. Borrelial lym-
phocytoma and acrodermatitis chronica atro-
phicans are primarily caused by B. afzelii. 
Systemic symptoms, fever, and multiple skin 
lesions are more common in patients with 
erythema migrans caused by B. burgdorferi 
infection acquired in the United States, com-
pared with B. afzelii and B. garinii. Infection 
with B. burgdorferi strains classified as ribo-
somal spacer type (RST) 1, particularly sub-
type A of the outer surface protein C (OspC), 
is more likely to disseminate hematogenously, 
cause more severe early disease, and carry a 
higher risk of postinfectious Lyme arthritis (6). 
The mechanisms underlying these differences 
are not understood but relate to gene dosage 
and allelic variation in surface-expressed 

lipoproteins that help Borreliella evade host 
immune response and facilitate binding and 
invasion of host tissues (7).

The lack of a sensitive direct diagnostic 
test substantially contributes to the contro-
versy surrounding Lyme disease. Direct de-
tection of Borreliella in clinical samples is 
difficult for most clinical presentations be-
cause of the low bacterial load in human dis-
ease and preferential localization of Borreliella 
in tissues. Current laboratory tests are based 
on detection of antibody responses in serum. 
Serodiagnostics approaches work relatively 
well if used as recommended, and the modi-
fied two- tier testing algorithm has improved 
sensitivity in early Lyme disease. Still, because 
of the window period, patients early in their 
illness can have negative test results. These 
patients should receive treatment on the basis 
of clinical diagnosis. Interpretation of sero-
logic results can be confusing to health care 
providers and patients, and false- positive re-
sults can occur, particularly with immuno-
globulin M (IgM)–based tests. Importantly, 
current assays do not distinguish between ac-
tive and inactive infection and cannot be used 
to monitor response to therapy. This compli-
cates serodiagnosis of reinfections and can 
cause confusion for patients. The use of non-
validated Lyme diagnostic tests is problematic 
and not recommended (8).

SYMPTOMS AFTER TREATMENT OF 
LYME DISEASE
Most patients fully recover after treatment 
with recommended antibiotic regimens. Pa-
tients with later manifestations can take 
longer to recover, and some damage can be 
nonreversible, as seen in patients with resid-
ual weakness due to facial nerve palsy. Treat-
ment failure, with objective signs of disease 
after treatment, is uncommon. Postinfec-
tious Lyme arthritis, or antibiotic- refractory 
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Lyme arthritis, is a complication that occurs 
in about 10% of patients with Lyme arthritis 
(9). These patients continue to have inflam-
matory proliferative synovitis despite 2 to 
3 months of antibiotic therapy and are 
treated with disease- modifying antirheumatic 
drugs. Host genetic factors, such as Toll- like 
receptor 1 (TLR1) gene polymorphism and 
certain human leukocyte antigen (HLA)–DR 
alleles, together with B. burgdorferi virulence 
factors, such as infection with B. burgdorferi 
RST1 OspC type A strains, are associated 
with postinfectious Lyme arthritis (6). Infec-
tion results in an excessive proinflammatory 
immune response that continues into the 
postinfectious period with high amounts of 
interferon- γ (IFN- γ), increased T helper 1 
(TH1) and TH17 immune responses, and au-
toreactive T and B cells. B. burgdorferi pepti-
doglycan has been detected in synovial fluid 
from patients with postinfectious Lyme ar-
thritis and likely has a role in maintaining 
inflammation (10).

Posttreatment Lyme disease symptoms or 
syndrome (PTLDS) resembles other postin-
fectious fatigue syndromes. These individuals 
have unexplained persistent or relapsing non-
specific symptoms starting within 6 months 
after treatment of a documented episode of 
Lyme disease (1). The most common com-
plaints are fatigue, difficulties with concen-
tration and memory, myalgias, arthralgias, 
depression, anxiety, paresthesias, and sleep 
problems. In comparison with another post 
infectious condition, Long Covid, shortness 
of breath, changes in smell or taste, palpita-
tions, chest pain, and cough are not report-
ed in PTLDS. The prevalence of subjective 
complaints 6 to 12 months after treatment 
ranges from 0 to 27% in prospective studies 
of patients with erythema migrans (11–37). 
This is similar to the estimated prevalence of 
Long Covid, ranging from 0.3 to 2% (38), 
6.6 to 10.3% (39), and 12.7% (40), and to the 
prevalence of persistent fatigue or pain after 
other infections.

POSSIBLE CAUSES OF PTLDS
Risk factors associated with PTLDS resem-
ble other postinfectious syndromes, provid-
ing clues to components contributing to 
persistent symptoms. Factors related to the 
infection include more severe disease, as 
marked by presentation with multiple ery-
thema migrans or disseminated manifesta-
tions, higher symptom severity at the start 
of treatment, the presence of tingling or an 
abnormal skin sensation at the initial visit, 

higher bacterial load in skin, and antibiotic 
treatment delay. Other risk factors include 
older age, female sex, presence of comor-
bidities, poor social and physical function-
ing, history of stressful events, more negative 
perceptions of illness, preexisting anxiety or 
depression, and higher anxiety and depres-
sion scores at the start of antibiotic treat-
ment (26,  27,  30,  32,  41–44). Most likely, 
several factors contribute to predisposing 
and perpetuating these symptoms in an in-
dividual patient (Fig. 1).

Convalescence, misdiagnosis, and 
other conditions
Most patients continue to improve after treat-
ment for Lyme disease, with fewer patients 
reporting symptoms over time. This is an ex-
pected convalescent period, as seen with other 
infections, and an important point to empha-
size and reassure worried patients. Moreover, 
symptoms and signs due to other conditions 
can be wrongly attributed to Lyme disease, 
with an expected poorer response to treat-
ment. For example, patients with a definite 
diagnosis of Lyme neuroborreliosis have bet-
ter outcomes after treatment when compared 
with possible cases (45). Similarly, nonspecific 
symptoms can be caused by preexisting or 
new conditions unrelated to Lyme disease. 
The presence of comorbidities is associated 
with long- term symptoms and lower quality 
of life scores in Lyme disease (42), and it can 
be difficult to attribute or exclude a nonspe-
cific symptom to a specific condition. Of note, 
coinfections with other tick- borne pathogens 
are rare in PTLDS (41, 46–48).

Common factors
Nonspecific symptoms like fatigue, chronic 
pain, and sleep disturbances are common in 
the general population. Prospective studies 
examining patients with Lyme disease and 
controls showed more than 20% prevalence 
of these symptoms in controls. Five pro-
spective studies showed a similar or lower 
prevalence of symptoms in patients with 
early Lyme disease (22, 33, 34, 36, 37), al-
though two studies showed higher preva-
lence of symptoms in patients (27,  35) 
when compared with that in controls. The 
LymeProspect cohort study, conducted in The 
Netherlands, is particularly interesting (35). 
This study compared the prevalence of persis-
tent fatigue, cognitive impairment, and pain 
between cohorts of 1135 patients with Lyme 
disease, 2405 individuals with a tick bite, and a 
general population cohort of 4000 individu-
als. The prevalence of symptoms at the 1- year 

follow- up was 27.2% in the Lyme disease co-
hort, 23.3% in the tick bite cohort, and 21.2% 
in the general population cohort. An analysis 
of baseline factors associated with persistent 
symptoms at 1 year found that the main pre-
dictors were similar between patients and 
controls (41). These predictors included 
poorer physical and social functioning; higher 
depression and anxiety scores; more negative 
illness perceptions; comorbidities; and more 
severe fatigue, cognitive impairment, and 
pain. The cognitive- behavioral responses to 
symptoms also contributed to the prediction 
of symptom persistence. A Lyme disease di-
agnosis was only moderately associated 
with the presence of symptoms. The impor-
tance of an individual’s positive or negative 
expectancies on symptom course and treat-
ment outcome has also been shown in the 
Persistent Lyme Empiric Antibiotic Study 
Europe trial (49). Predictors of symptom im-
provement at both the end of treatment and 
at follow- up were higher pretreatment func-
tioning, higher pretreatment expectancy to 
improve, and thinking that one had received 
antibiotics at the end of therapy (50). Previ-
ous exposure to traumatic life events was as-
sociated with a higher risk of PTLDS in 
patients with early Lyme disease (27). These 
results align with studies researching com-
mon predisposing and associated factors of 
complex, multidimensional symptoms like fa-
tigue and pain. Knowledge about these fac-
tors can help identify patients at risk and 
develop interventions to prevent, reduce, and 
help manage these symptoms. How to control 
for these variables and integrate them into 
therapeutic research is a challenging topic.

Pathogen and host factors
The local early immune response and the 
interplay with bacterial virulence factors are 
important in controlling the infection and 
potentially affect host response, disease 
manifestations, and outcome. Patients with 
erythema migrans who had a positive cul-
ture by skin biopsy were less likely to fully 
recover than patients with a negative culture 
(30, 51). Skin biopsy culture positivity is 
associated with bacterial load and Borreliella 
burden in the skin (30, 52). Prior work showed 
that the bacterial load was nearly three times 
higher in RST1 compared with that in RST2 
and RST3 B. burgdorferi (52) and that RST1 
strains are more frequently associated with 
disseminated infection and with postinfec-
tious Lyme arthritis. There is no evidence 
linking differences in Borreliella virulence 
and PTLDS, but this likely reflects difficulties 
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in obtaining direct pathogen information 
from most patients.

Host genetic factors influence the skin 
antibacterial response to B. burgdorferi, as 
well as innate and adaptive immune re-
sponses against the bacteria, and are associ-
ated with susceptibility to Lyme disease, 
more severe presentations, and maladaptive 
immune responses (6, 53–55). A lower ex-
pression of IFN- γ in erythema migrans skin 
biopsies was associated with PTLDS, sup-
porting the hypothesis that a local TH1 re-
sponse is important early in the infection 
(56). Patients who returned to health had a 
higher number of plasmablasts at the time 
of diagnosis than individuals who developed 
PTLDS, suggesting that initial activation 

of B cells may influence recovery, but larger 
studies are needed (57). A missense variant 
at the gene encoding for secretoglobin fam-
ily 1D member 2 (SCGB1D2), a protein ex-
pressed primarily in the skin and sweat 
glands, was linked to an increased suscepti-
bility to Lyme disease, possibly because of 
less efficient inhibition of the bacteria in the 
skin (53). Increased Lyme disease suscepti-
bility was also found to be associated with 
the rs1061632 major allele, possibly related 
to up- regulation of the Akt–mammalian 
target of rapamycin (mTOR) pathway and 
interleukin- 10 (IL- 10) responses, along 
with reduced specific antibody production, 
which may have a negative impact on bacte-
rial clearance (55). A study using samples 

from the LymeProspect cohort (35) showed 
that cytokine responses were associated 
with age and sex, as well as Lyme disease 
manifestation and antibody production. 
Moreover, the study identified 34 genetic 
loci associated with cytokine responses, in-
cluding TLR1- 6- 10, IL6, IL10, and Klotho, a 
gene encoding a protein linked to aging and 
age- related illnesses (58). The TLR1- 6- 10 lo-
cus had the strongest association, with fine 
mapping linking to rs5743618- A. Also part 
of the LymeProspect study, IL- 1β, IL- 6, IL- 
10, and IL- 1 receptor antagonist stimulation 
responses ex vivo, as well as 13 single- 
nucleotide polymorphisms in seven genes, 
were examined as predictors of persistent 
symptoms. Lower IL- 10 concentrations at 

Fig. 1. Potential factors contributing to PTLDS. Several factors may interact to predispose to, or protect against, pTldS. These include factors contributing to the ef-
fectiveness of the host immune response against the pathogen and potentially dysregulated immune responses. These may be intrinsic (genetics, age, sex, and comor-
bidities) and extrinsic (psychological stress, disturbed sleep, and poor health behaviors) to the host. Host factors interact with B. burgdorferi–related factors, which 
influence pathogen burden, inflammatory responses, bacterial dissemination, and tissue tropism. delays in diagnosis and the start of antibiotic treatment influence 
pathogen control, disease presentation, and host responses. Misdiagnosis and other conditions can cause delays in seeking adequate care. importantly, how an individ-
ual experiences illness will play a role in recovery.
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6 weeks were associated with persistent 
symptoms in the primary analysis, and 
polymorphisms in mannose binding lectin 
and IL- 1β were associated with attribution 
of persistent symptoms to Lyme disease in a 
subgroup analysis (41).

Older age is a risk factor for PTLDS, and 
younger patients with early Lyme disease 
were more likely to have a complete re-
sponse (26). A prior study demonstrated 
that age impaired IFN- γ and IL- 22 produc-
tion in peripheral mononuclear cells stimu-
lated with B. burgdorferi (59). Older patients 
have more comorbidities, which can con-
found symptom assessment and may in-
crease vulnerability. Certain comorbidities 
may interfere with host response to Lyme 
borrelia and predispose to persistence of 
symptoms. For example, in one murine 
study, diet- induced obesity led to more se-
vere pathology and inhibition of innate im-
mune response to B. burgdorferi (60); in 
another mouse study, the authors found that 
poor sleep delayed arthritis resolution, pos-
sibly by altering host immune response (61). 
Poor and insufficient sleep correlates with 
fatigue, pain, anxiety, and cognitive com-
plaints in humans, and it is an important 
generic factor implicated in predisposing 
and perpetuating fatigue due to many con-
ditions. It also can be targeted for interven-
tion (62–64). Female sex is a risk factor for 
PTLDS, as it is for most postinfectious fa-
tigue syndromes as well as fatigue due to 
other conditions. Potential contributory fac-
tors are multifold and may relate to both 
psychosocial and biological factors (65).

Autoimmunity and immune 
dysregulation in PTLDS
The role of infection- induced autoimmunity 
and immune dysregulation in PTLDS has 
been investigated, but no reproducible marker 
has been identified. The concentrations of 
C- reactive protein, a proinflammatory marker, 
were shown to be higher in patients with 
PTLDS than those in recovered patients, sug-
gesting that inflammation could play a role in 
some individuals (66). Other studies found 
that individuals with PTLDS had higher titers 
of antibodies to neural proteins (67, 68). An-
tibody titers against endothelial cell growth 
factor were higher in one study (69) but not 
confirmed in another (70). Median concen-
trations of chemokine (C- C motif) ligand 19 
(CCL19) were found to remain elevated at 
posttreatment visits in individuals with 
PTLDS, possibly reflecting an ongoing 
immune- driven process (71). These findings 

were not replicated in a European study, 
which instead found an association with per-
sistent symptoms and higher IL- 23 concen-
trations, suggesting the possibility that a TH17 
response could play a role in persistent symp-
toms (69). A TH17- associated immune re-
sponse has been linked to autoantibody 
production in postinfectious Lyme arthritis 
(72,  73) and slower recovery in Lyme neu-
roborreliosis (74, 75). Two studies have impli-
cated IFN- α in PTLDS, with a recent study in 
patients with Lyme neuroborreliosis showing 
higher IFN- α concentrations in sera at the 
initial and follow- up visits in individuals with 
PTLDS when compared with those in recov-
ered individuals and that IFN- α concentra-
tions correlated with severity of symptoms 
(76,  77). This is an interesting link because 
fatigue, myalgia, and cognitive dysfunction 
are known side effects of IFN- α treatment.

Transcriptomic responses to 
Lyme disease
The longitudinal transcriptomic response in 
blood has been investigated in a series of 
studies, but again no clear markers have 
been found to inform PTLDS pathogenesis. 
The first study found that transcriptomic 
changes due to the acute infection (erythe-
ma migrans) did not return to baseline at 
6 months after treatment, but few differences 
were observed between recovered patients 
and patients with persistent symptoms (78). 
These sustained transcriptomic changes 
were not found in a study of patients with 
early disseminated infection (79). A distinct 
gene expression signature was seen during 
acute disease and early convalescence but 
resolved by 6 months after treatment. This 
study identified a 20- gene classifier that 
could distinguish patients with acute Lyme 
disease from controls. A third study demon-
strated that gene expression profiles of pa-
tients with erythema migrans clustered 
separately from controls, with most patients 
in clusters 0 and 1 and most controls in clus-
ter 2 (80). Patients in cluster 0 had more 
symptomatic acute disease, whereas patients 
in clusters 1 and 2 were more likely to have 
received initial antibiotic therapy. However, 
machine learning classifiers could not clear-
ly distinguish which patients would develop 
PTLDS. Most cases stayed separate from 
controls over time (6 and 12 months), but a 
batch effect is possible in this study. The 
same group investigated the transcriptional 
profile of patients with PTLDS compared 
with that of patients with acute Lyme dis-
ease and controls using the data from the 

previous study (81). A classifier with 35 
genes specific to Lyme disease could distin-
guish individuals with acute Lyme disease, 
individuals with PTLDS, and healthy con-
trols. Because the groups were processed 
separately, the division between PTLDS and 
the other groups may be explained by batch 
effects. Recently, a 31- gene Lyme disease 
classifier was developed using transcriptomic 
data from patients with early Lyme disease, 
controls, and patients with other infec-
tions (82). The potential of this classifier to 
evaluate patients with the diagnosis of Lyme 
disease and symptoms after therapy requires 
further study. Of note, there is no overlap 
when comparing the genes selected for each 
of the three classifiers distinguishing acute 
Lyme disease from controls.

Persistence of B. burgdorferi or 
its remnants
One possibility is that remnants of B. burgdorferi  
could persist in tissues after antibiotic treat-
ment, driving a persistent host response 
in some patients. B. burgdorferi peptido-
glycan was found in synovial fluid of patients 
with postinfectious Lyme arthritis (10), but no 
studies in PTLDS have been performed to 
date. The questions of whether there are re-
sidual live Borreliella after antibiotic treatment 
and whether that could be driving PTLDS 
have been a major concern. In animal studies, 
low amounts of B. burgdorferi DNA and 
mRNA can be detected in tissues for months 
after antibiotic treatment, and B. burgdorferi 
DNA has been detected by xenodiagnosis (the 
use of a vector to detect the presence of an or-
ganism) in some studies (83–89). However, 
the bacteria could not be recovered by culture. 
A clinical study using xenodiagnosis with 
laboratory- reared I. scapularis larval ticks was 
safe but resulted in a positive test in only 1 of 
17 patients with PTLDS or high titers of anti-
bodies to B. burgdorferi C6 peptide (90). The 
importance of detecting B. burgdorferi’s DNA 
and whether it represents viable B. burgdorferi 
or remnants of the bacteria is a point of ongo-
ing discussion (91).

There have been five randomized, placebo- 
controlled, double- blind clinical trials ad-
dressing the question of whether additional 
antibiotic treatment benefits patients with 
PTLDS or symptoms attributed to Lyme dis-
ease. Regimens tested against matching 
intravenous and oral placebos included cef-
triaxone for 30 days followed by doxycycline 
for 60 days (46), ceftriaxone for 28 days (92), 
and ceftriaxone for 10 weeks (47). One study 
had an open- label period of ceftriaxone for 
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2 weeks, followed by random assignment 
of patients to 12 weeks of oral doxycycline, 
clarithromycin- hydroxychloroquine, or pla-
cebo (49). The results of these trials showed 
that prolonged antibiotic treatment had no 
lasting benefit while having potential serious 
risks. The studies also showed a placebo ef-
fect and that the intensity of symptoms var-
ied over time. Additional studies of antibiotic 
treatment of PTLDS will require discovery of 
biomarkers that identify distinct subgroups 
and provide a strong rationale for new inter-
ventional trials. In addition, therapeutic in-
terventional studies in PTLDS must have a 
double- blind, randomized controlled design.

A NOTE ABOUT CLD
The controversy surrounding Lyme disease 
dates to the early investigations of the disease, 
with differences about how Lyme disease is 
defined (and therefore diagnosed and treated), 
leading to the CLD debate that continues 
to this day. CLD is a contentious term, with 
no clear diagnostic criteria. For example, one 
definition is a “multisystem illness with a wide 
range of symptoms or signs that are either 
continuously or intermittently present for a 
minimum of 6 months.” CLD has evolved into 
a “multiple chronic infectious disease syn-
drome,” and patients are diagnosed with 
numerous infections and poorly defined 
conditions. Patients are often charged high 
fees for diagnosis and care and may spend 
money on unproven tests and treatments that 
range from harmless to dangerous. Other 
medical conditions may be delayed in diagno-
sis and treatment or can be missed altogether. 
Patients with PTLDS are a small subset of this 
large and heterogeneous group. Most patients 
with CLD have other conditions or are pa-
tients with persistent physical symptoms 
(93–102). Because of the lack of a consen-
sus definition for CLD or on the myriad of 
treatments used, it is not possible to make any 
conclusive statements about the condition(s), 
but there is a critical need for high- quality re-
search to better understand and help this di-
verse group of individuals.

CONCLUSION
Unfortunately, the questions about the un-
derlying causes of PTLDS remain mostly un-
answered. Studies have been inconclusive 
with findings that have not been replicated. 
The reasons are multifold, including hetero-
geneous populations, differences in method-
ology, and multiple tested variables combined 

with a small number of patients suffering 
from PTLDS in prospective studies. Currently, 
there are no confirmed biomarkers to help 
differentiate between subgroups of patients, 
which are necessary to help personalize care 
for patients suffering from prolonged symp-
toms. A holistic approach encompassing all 
aspects of the illness experience can help re-
duce and manage complex symptoms, and 
associated factors should not be overlooked. 
Lyme disease is a challenging area for re-
search, and there is a critical need for more 
investment in fundamental, translational, and 
clinical research. A supported clinical net-
work to facilitate high- quality clinical studies 
in all different stages of Lyme disease can help 
bring evidence- based answers to these open 
questions and improve the care of patients. 
Moreover, a comprehensive multidimension-
al model addressing common factors predis-
posing individuals to persistent symptoms 
after infections and other triggers, combining 
expertise across different fields, can lead to 
new ways to prevent, treat, and manage these 
conditions.
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L O N G  C O V I D

Animal models of Long Covid: A hit- and- run disease
Alexandra Schäfer1, Sarah R. Leist1, John M. Powers1, Ralph S. Baric1,2*

The severe acute respiratory syndrome coronavirus 2 (SARS- CoV 2) pandemic has caused more than 7 million 
deaths globally. Despite the presence of infection-  and vaccine- induced immunity, SARS- CoV- 2 infections 
remain a major global health concern because of the emergence of SARS- CoV- 2 variants that can cause se-
vere acute coronavirus disease 2019 (COVID- 19) or enhance Long Covid disease phenotypes. About 5 to 
10% of SARS- CoV- 2–infected individuals develop Long Covid, which, similar to acute COVID 19, often af-
fects the lung. However, Long Covid can also affect other peripheral organs, especially the brain. The causal 
relationships between acute disease phenotypes, long- term symptoms, and involvement of multiple organ 
systems remain elusive, and animal model systems mimicking both acute and post- acute phases are im-
perative. Here, we review the current state of Long Covid animal models, including current and possible 
future applications.

INTRODUCTION
The coronavirus disease 2019 (COVID- 19) pandemic has caused 
more than 770 million infections and more than 7 million docu-
mented deaths globally, reconfirming the dreadful consequences 
of sudden zoonotic virus emergence events on human morbidity 
and mortality, as well as on the global economy. The COVID- 19 
pandemic, coupled with other viral outbreaks, has also blurred 
the historic distinctions between “acute” and “chronic” disease 
states, either with or without ongoing virus persistence in immune- 
privileged sites. Even in the absence of evidence of viral persistence 
in the case of COVID- 19, hit- and- run disease phenotypes have 
emerged, perhaps associated with dysregulated reparative func-
tions or remodeled immune cell responses that program long- 
term immunopathological disease outcomes across organs (1). 
These chronic disease features have resulted in unexpected health 
care challenges for disease control and quality- of- life outcomes 
in survivors globally, requiring new mitigation efforts. The ongoing 
COVID- 19 pandemic has also demonstrated that preparing for 
current and possible future infectious disease threats requires 
thoroughly engaged public- private partnerships to elucidate the 
mechanisms and host response patterns that drive the transition 
between acute and long- term chronic disease outcomes and to 
rapidly realign pandemic preparedness from the current reac-
tive response platform into one that is proactive.

More than 65 million people are predicted to suffer from 
Long Covid symptoms globally (2). Treating these manifestations 
is challenging because of the presence of preexisting conditions, 
disease heterogeneity, different clinical care regimens, and case 
definition ambiguities. Moreover, the treatment regimens needed 
to demonstrate clinical improvement are often difficult to quan-
tify, challenging treatment performance in more than 110 ongo-
ing Long Covid clinical trials (3). Highly refined animal models 
of human Long Covid represent a high priority requirement for 
identification of molecular mechanisms and correlates of chronic 
disease improvement. Here, we discuss the current state and future 
directions of Long Covid animal models.

CORONAVIRUSES CAUSE DISEASE IN MAMMALS
Coronaviruses are a large group of enveloped viruses. Coronaviruses 
encode a single- stranded positive polarity RNA genome of about 
30,000 nucleotides (nt) in length, surrounded by a helical nucleo-
capsid and a lipid envelope that minimally encodes a 23- kDa mem-
brane (M) glycoprotein, the envelope (E) structural protein, and a 
large 180- kDa spike glycoprotein (S). Coronaviruses primarily in-
fect mammals and birds, often causing severe acute gastrointestinal 
or respiratory diseases, although others can cause chronic inflam-
matory syndromes systemically or in the brain (4). Coronaviruses 
that target the respiratory tract, including sarbecoviruses [e.g., severe 
acute respiratory syndrome coronavirus (SARS- CoV) and SARS- 
CoV- 2] and merbecoviruses [e.g., Middle East respiratory syn-
drome coronavirus (MERS)–CoV], often infect epithelial cells in 
the nose and the conducting airways, as well as cells in the gas 
exchange region of the lung, which can result in surfactant loss, 
atelectasis, hypoxia, pneumonia, acute lung injury, and death (5). In 
addition to acute symptoms, coronavirus infections may progress to 
long- lasting chronic immunopathological diseases in the brain and 
other organs, even after live virus clearance (6).

Four contemporary human coronaviruses (HCoVs)—HCoV- 229E, 
HCoV- OC43, HCoV- HKU1, and HCoV- OC43—are recognized as 
causing mild disease in most human populations, and long- term 
persistence of viral RNA has been detected in brain autopsy samples 
(7). More recently, emerging coronaviruses have resulted in severe 
life- threatening illness with high mortality rates ranging from 1 to 
35%, usually with more severe consequences in older adults and im-
munosuppressed individuals. In the 21st century, two distinct group 
2b sarbecoviruses (SARS- CoV 2003 and SARS- CoV- 2 2019) and one 
group 2c merbecovirus (MERS- CoV) have caused outbreaks and 
pandemics of severe, life- threatening illness in human populations. 
Zoonotic reservoirs have revealed the presence of numerous group 
2b, group 2c, and group 1 coronavirus strains that are also poised for 
emergence (8–13), roughly defined as being able to (i) use hu-
man receptors, such as angiotensin 1 converting enzyme 2 (ACE2) or 
dipeptidyl peptidase 4 (DPP4), for docking and entry; (ii) replicate 
efficiently in primary human cells; and (iii) cause severe disease in 
humanized mice (9, 10). Given that some serological studies predict 
about 50,000 introductions of zoonotic sarbecoviruses into human 
populations in Southeast Asia each year (14), the dire global health 
consequences of emerging coronaviruses cannot be understated.
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LONG COVID IN HUMANS
Although most survivors recover from acute SARS- CoV- 2, others de-
velop long- term chronic disease sequelae resulting in clinical 
symptoms in the brain and lung, manifesting as brain fog, confu-
sion, shortness of breath, cardiac complications, and loss of quality of 
life for months to years after primary infection. In addition, break-
through SARS- CoV- 2 infections are associated with increased chronic 
disease risk (15). Although typically associated with severe acute infec-
tion, mild infections may also progress to chronic outcomes even in 
young children and healthy adults (2). The long- term global health and 
economic impact of these chronic disease endotypes remains high.

Early during the COVID- 19 pandemic, a subset of patients pre-
sented with various symptoms that persisted long after the acute 
phase (post- acute sequelae of COVID- 19) (2). Over time, survivors 
and clinicians recognized that some patients reported a plethora of 
persistent disease symptoms in the brain, lung, kidneys, and other 
organs. Now, Long Covid is recognized as a multisystemic condition 
with more than 200 identified symptoms that occur at least 3 months 
after infection and that may resolve with or without recrudescence 
or continue for years (2,  16). Symptoms range from shortness of 
breath, anosmia, chronic fatigue, and cardiovascular conditions to 
neurological, cognitive, and psychiatric sequelae; severe chronic 
headaches, confusion, and brain fog; and chronic bowel manifesta-
tions and other organ abnormalities (17). Repeat infections are fre-
quently associated with either increased disease manifestations or 
the emergence of Long Covid symptoms in previously healthy indi-
viduals (18). In addition, breakthrough SARS- CoV- 2 infections are 
associated with increased chronic disease risk (15). Symptoms can 
fluctuate, complicating clear definitions of Long Covid and resulting 
in a frustrating ordeal for patients as well as medical professionals. 
A Long Covid disease definition has recently been published by an 
expert working group for the National Academy of Sciences (19).

Among the possible long- term manifestations of SARS- CoV- 2, a 
causal relationship between acute viral respiratory infection and 
post- acute pulmonary sequelae is most plausible, likely mediated 
through acute virus replication leading to tissue damage, elevated 
cytokines, and immune- mediated pathology. It is also clear that, pre-
existing conditions, age, obesity, sex, and repeat infections may in-
fluence the onset, magnitude, duration, and severity of Long Covid 
phenotypes in patients. Cross- organ communication networks appear 
to promote, regulate, and influence the magnitude and maintenance 
of long- term disease outcomes, especially between the lung and cen-
tral nervous system (CNS) compartments (20). Respiratory condi-
tions are a common phenotype in individuals with Long Covid, 
some of whom develop organizing pneumonia with or without pul-
monary fibrosis months to years after acute infection. Females gen-
erally experience more severe manifestations in the brain and lung, 
although cohort variation as a function of sex have also been widely 
reported (17, 21). African American, Hispanic, and Native American 
populations exhibit disproportionate burdens of chronic disease 
after SARS- CoV- 2 infection (22). Likewise, females and older adults 
are more prone to suffer chronic disease manifestations (23).

Long- term disease phenotypes have also been demonstrated in 
the kidney, heart, and other organs after infection with SARS- CoV- 2 
or other coronaviruses (24). Survivors from both the 2003 SARS- 
CoV and 2012 MERS- CoV epidemics had persistent disease pheno-
types including fatigue, shortness of breath, reduced quality of life, 
and cognitive or behavioral disorders (25). Because robust acute 
SARS- CoV and MERS- CoV mouse and hamster models have been 

reported, opportunities exist to evaluate, compare, and contrast the 
underlying mechanisms by which merbecovirus infection elicits 
chronic disease phenotypes in the lung and other organs (26–29). 
An unfortunate lack of robust mouse models for contemporary 
human coronavirus has restricted our understanding of acute 
and chronic disease phenotypes and should be recognized as a 
potential important future direction for the field.

LONG COVID ANIMAL MODELS
Current definitions of Long Covid include evolving phenotypes, 
because different organ- specific sequelae may present with a spectra 
of disease manifestations. Because the molecular drivers for Long 
Covid disease phenotypes in the lung and CNS remain poorly de-
fined in human populations, robust animal models are key for un-
derstanding the basis of disease progression and outcomes as well as 
for testing or developing therapeutics. For the purposes of this 
Review, acute infection in standard laboratory animals is defined by 
disease features seen through day 15 and associated with live virus 
clearance, subacute infection occurs between days 15 and 30, 
and chronic disease occurs beyond 30 days after viral infection 
in the absence of detectable live virus. It is recognized that some, 
but not all, patients (or animal models) may present with low 
amounts of viral RNA but not live virus, especially in immune 
privileged sites (30, 31).

Mouse models
Mice are the most widely used small mammalian model in virus acute 
and chronic disease research. Their small size; short reproduction 
time; and the extensive list of related cell biology, genetic, and immu-
nological tools and reagents make the mouse the most versatile and 
cost- effective mammalian model organism. Despite some profound 
differences in rodents and humans, in the context of SARS- CoV- 2, 
many disease determinants, genetic susceptibility loci/genes, and phe-
notypic outcomes are highly reproducible between the two species 
(32–34). In addition to a plethora of studies comparing host responses 
across highly pathogenic respiratory viruses (35), common suscepti-
bility loci and prioritized gene candidates exist between mice and hu-
mans, allowing for the study of conserved host genes on both acute 
and chronic disease outcomes (32–34).

Modeling viral acute and chronic infection outcomes and patho-
genesis across species, where host genetic variation and anatomical 
structure are not fully shared, complicates animal model develop-
ment that fully phenocopies human outcomes. However, two gen-
eral strategies with a high degree of success have been used to 
enhance reproducibility across species: (i) modifying the host recep-
tor to allow for efficient virus docking and entry into murine target 
cells or (ii) adapting human virus strains to replicate efficiently in 
murine hosts by serial passage in vivo. For respiratory viruses, 
humanized mice implanted with human lung or other tissue provide 
a complementary platform for study (36, 37).
Long Covid lung phenotypes in mice
To model long- term effects on the lung in mice, various groups have 
extended experimental time frames past the acute phase (days 1 to 
15) through the subacute phase (days 15 to 30) to the chronic phase. 
In general, models have been developed using (i) adeno- associated 
virus vectors (AAVs) to deliver coronavirus receptors (38), (ii) 
CRISPR- Cas9 to edit mouse entry receptors (27), (iii) human 
ACE2–overexpressing transgenic mice (39, 40), (iv) spike receptor 
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binding domain molecular modeling and mutagenesis (41), (v) 
serial passaging in vivo to adapt virus to cause severe pulmonary 
disease outcomes (28, 42, 43), and (vi) immunodeficient mice im-
planted with human lung tissue (human lung–only mice) (36, 37). 
All of these models demonstrate efficient in vivo replication of 
SARS- CoV, SARS- CoV- 2, and MERS- CoV. Several models have 
been evaluated for disease phenotypes from day 7 to day 30 after 
infection, whereas others have demonstrated chronic lung and CNS 
disease phenotypes between day 30 and day 120 after infection (Fig. 1) 
(44, 45). In wild- type mice, evidence of long- term viral persistence 

is lacking after day 30, although at this time, it is likely premature to 
rule out any possibility for a low amount of persistent viral RNA in 
immune privileged sites because coronavirus sequences have been 
known to persist in these sites for years (46). In immunosuppressed 
mice, infectious long- term sarbecovirus persistence has been dem-
onstrated as well (47).

One Long Covid mouse model for lung and brain phenotypes 
relied on a mouse- adapted virus strain (44, 45). To investigate Long 
Covid pathogenesis, infected mice were followed from acute to clin-
ical recovery phases (day 2 to day 120 after infection). After virus 

clearance by day 15, pulmonary histo-
logical findings identified subpleural le-
sions composed of collagen, proliferative 
fibroblasts, and chronic inflammation, 
including tertiary lymphoid structures. 
Elevated cytokine concentrations, as 
well as frequencies of CD4 T cells, B 
cells, and interstitial macrophages, were 
prominent in the chronic phase. Longi-
tudinal spatial transcriptional profiling 
identified global reparative and fibrotic 
pathways dysregulated in diseased re-
gions, similar to observations in human 
COVID- 19 cases. Populations of alveolar 
intermediate cells, keratin (Krt)8+ alveolar 
differentiation intermediate (ADI) cells, 
damage- associated transient progenitor 
(DATP) cells, or pre–alveolar type 1 
(AT1) transitional cell state (PATS) cells 
accumulated to promote a persistent 
cycle of dysfunctional airway remodel-
ing, inflammation, and fibrosis. These 
senescent cells secrete cytokines and 
other factors that recruited and poten-
tially maintained a proinflammatory and 
profibrotic environment and triggered 
fibroblast and myofibroblast activation 
(48). Early intervention with the antiviral 
molnupiravir reduced fibrotic pheno-
types in chronic disease phases, and 
early antifibrotic agent (nintedanib) in-
tervention modified early, but not late, 
disease severity, leading to a potential 
model associated with aberrant repara-
tive processes, epithelial cell remodeling, 
and prolonged cytokine production that 
promotes a chronic proinflammatory 
environment with associated fibrotic re-
modeling in the lung (44) (Figs. 1 and 2). 
In the brain at 60 days, neuronal dam-
age and increased numbers of ionized 
calcium- binding adapter molecule (Iba) 
1–positive amoeboid microglia persisted 
in the hippocampus, a region critical for 
long- term memory (49).

Conceptually, this basic model is sup-
ported by other mouse models of human 
disease. For example, human ACE2 trans-
genic mice, in which ACE2 is delivered 

Fig. 1. Usage of current SARS- CoV- 2 animal models to study Long Covid development. Mouse, hamster, ferret, 
and NHP models have been developed to study different aspects of long covid and to test efficacy of candi-
date long covid therapeutics. wT, wild type; ali, acute lung injury; ardS, acute respiratory distress syndrome; dpi, 
days post infection.C
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by AAVs to generate a humanized mouse model, were infected and 
followed for 28 days. In the lung, there was evidence of fibrosis with 
prolonged interferon- stimulated gene signatures and inflammatory 
macrophage responses, which are also responsible for detrimental 
immune pathologies (31). Using an immunosuppressed, transduced 
human mouse model, macrophage replication was induced by 
SARS- CoV- 2 infection, leading to macrophage enlargement and 
the formation of lipid- laden cells. The enlarged macrophages dis-
played a profibrotic and prothrombotic phenotype, and even after 
virus clearance, macrophage numbers remained elevated when lung 
fibrosis and thrombi formation were still present (50).
Neurological Long Covid in mice
Cognitive impairments—ranging from anosmia, brain fog, and 
memory loss to anxiety and depression—are often reported in indi-
viduals with Long Covid. Mouse models that capture these chronic 
disease symptoms have been reported, linking infection in the nasal 

epithelium and lung to cognitive im-
pairments. In the olfactory epithelium, 
SARS- CoV- 2 infection of sustentacular 
cells induced myeloid cell infiltration, 
increased proinflammatory cytokine ex-
pression, and caused widespread dam-
age to olfactory sensory neurons (OSNs), 
including olfactory receptor down- 
regulation and altered olfaction- related 
signal transduction. OSN dysfunction 
not only reduced the numbers of tyro-
sine hydrolase–expressing neurons in 
the olfactory bulb but also caused in-
flammation and olfactory dysfunction 
that persisted for weeks after infection in 
many animals (51). Impaired olfaction 
has been tightly linked to cognitive de-
cline and neurodegeneration in the 
brain, providing a potential pathway for 
persistent CNS disease and cognitive 
disorders after acute virus infection in 
both mice and humans (52, 53).

In a study that modeled outcomes 
after mild acute SARS- CoV- 2 infection, 
mice exhibited increased memory loss 
and cognitive deficits postrecovery that 
were concordant with blood- brain bar-
rier (BBB) breakdown, increased T cell 
infiltration of the brain, and microglial 
activation (54). In another report studying 
severe SARS- CoV- 2 infection using a 
mouse- adapted virus, brain interleukin- 6 
(IL- 6) concentrations were elevated, BBB 
integrity was reduced, and brain glial fi-
brillary acidic protein mRNA expression 
was increased. An increase in perivascu-
lar lymphocyte cuffing at 30 days after in-
fection was noted among female BALB/c 
mice (45). Fernández- Carteñeda and col-
leagues delivered human ACE2 by AAVs 
to the upper and lower respiratory tracts 
of mice, then infected the mice with 
human SARS- CoV- 2 isolates (55). They 

observed that cerebrospinal fluid cytokine concentrations and 
microglial reactivity remained elevated through 49 days after in-
fection. In addition, they found that C- C motif chemokine ligand 11 
likely activated hippocampal microglial cells and interfered with 
neurogenesis- biological parameters that were connected to neu-
rological and behavioral symptoms seen in humans, such as cogni-
tive impairment (55). Using a completely different approach, 
cognitive dysfunction was recorded for 30 to 60 days after infusion 
of spike glycoprotein into the mouse CNS. Toll- like receptor 4 
blockage reversed these symptoms (56). Regardless of the approach, 
a common theme derived from animal model studies is that acute 
virus infection of the olfactory epithelium, airways, and gas ex-
change region of the lung can promote deleterious outcomes that 
directly or indirectly disrupt cognitive function, coupled with 
immune cell involvement in the maintenance and persistence of 
these symptoms (Fig. 3). Another study argues that Long Covid is 

Fig. 2. Mechanisms of coronavirus infection damage in the lung during Long Covid. aT2 cells are the primary 
target of SarS- cov- 2 infection, which causes aT2 cell loss, initiating reparative processes to repair this cellular defect. 
in the process of recovery, some cells become frozen in aT1 to aT2 transitional states, leading to the expression of 
KrT8+ in aT cells as well as the production of proinflammatory and profibrotic cytokines, such as il- 33, il- 6, ccl2, and 
TGF- β. These cytokines recruit inflammatory macrophages and monocytes and other immune cells to the site of in-
jury and promote myofibroblast proliferation, collagen deposition, and fibrosis. Mo, monocyte; T, T lymphocyte; 
B, B lymphocyte; il, interleukin; ccl, c- c motif chemokine ligand; TGF- β, transforming growth factor β; KrT8, keratin 8.
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associated with serotonin reduction, which impedes vagus nerve 
function, hippocampal responses, and memory (57).

Hamster models
The Syrian hamster, otherwise known as the golden hamster 
(Mesocricetus auratus), has been used in a wide variety of research 
areas, including cancer and infectious disease, in response to a criti-
cal need to develop alternative models for studying human disease 
outside classic rodent models. In the field of infectious diseases, the 
Syrian hamster model has been well established for studying the 
pathogenesis of SARS- CoV- 2 and developing therapeutics and vac-
cines. Although the hamster model historically suffered from a lack 
of key immunological reagents and genetic approaches to manipu-
late the genome, recent advances have begun to resolve that gap. A 
strength of the hamster is that airborne transmission models have 
provided critical insights into the underlying mechanisms that gov-
ern spread in populations (58, 59). In addition, the human ACE2 
gene has successfully been introduced into hamsters by gene edit-
ing, supporting a potential pathway for the development of human 

DPP4 hamster models as an important 
platform for the investigation of acute and 
chronic merbecovirus pathogenic and 
transmission mechanisms (60, 61).

The Syrian hamster model is estab-
lished as an outstanding model for emerg-
ing coronavirus infections, especially 
SARS- CoV- 2 and its variants of concern 
(VOCs), as well as additional related 
zoonotic strains (11, 58, 62–66). SARS- 
CoV- 2 uses ACE2 orthologs for entry 
across species and replicates to high 
titers in lung and nasal turbinates of 
Syrian hamsters, with peak replication 
in lower airways on day 2 after infection 
and clearance by day 7 after infection 
(62, 67). Lung pathology is most severe 
by 7 days after infection and resolves by 
14 days after infection (62, 67). In con-
trast, MERS- CoV (EMC/2012) does not 
infect and replicate in the Syrian ham-
ster (68,  69), and the 2003 SARS- CoV 
strain replicates without serious clinical 
disease (70). Animals followed for 21 days 
after MERS- CoV infection showed no 
signs of disease and no pathological le-
sions in the lungs (71).

Target cells for SARS- CoV- 2 in the 
lungs are (i) bronchial epithelia cells, 
(ii) type I and type II alveolar cells, and 
perhaps (iii) macrophages. Viral replica-
tion in the hamster lung was shown to be 
accompanied by inflammation and pul-
monary damage, such as severe lesions, 
focal infiltration of immune cells result-
ing in interstitial pneumonia, alveolar 
septum thickening, pulmonary edema, 
and alveolar hemorrhage, with disease 
being most severe between 5 and 7 days 
after infection (58, 62, 67, 72, 73). Con-

sequently, infection results in a moderate to severe broncho- 
interstitial pneumonia, characterized by acute inflammation and 
cell death early during infection, progressing to proliferative inter-
stitial pneumonia with type II pneumocyte hyperplasia by day 7 after 
challenge, with pulmonary lesions resolving between 10 and 14 days 
after infection (62). The hamster model develops Long Covid–like 
chronic disease, although most studies have only focused on the 
subacute phase of infection through or before day 30; therefore, 
longer- duration studies are needed to demonstrate whether disease 
is progressive or resolves over time (72, 74).

Heydemann et al. (72) investigated alveolar regeneration in 
SARS- CoV- 2–infected hamsters using morphological, phenotypical, 
and transcriptional readouts. Inflammatory lesions with prominent 
epithelial proliferation were observed during the acute phase of in-
fection, which lasted up to 7 days after infection. On the basis of 
earlier studies in mice and humans, the authors confirmed the 
emergence of AT2- ADI- AT1 intermediate cells during the subacute 
phase up to 14 days after infection and further demonstrated that 
cytokeratin (CK) 8+ ADI cells and multipotent CK14+ airway basal 

Fig. 3. Mechanisms of coronavirus infection damage in the brain during Long Covid. acute infection causes 
neuroinflammation and neuropathology in the brain, like microglial and astrocyte activation, which can develop into 
long covid. The neuroinflammatory milieu caused by activated microglia leads to breakdown of the BBB, perivascu-
lar cuffing, and infiltration of peripheral immune cells, such as activated T and B lymphocytes, monocytes, and neu-
trophils. activated microglia cause myelin and oligodendrocyte loss, neuronal death, and neurodegeneration. 
cXcl, c-X-c motif chemokine ligand; TNF- α, tumor necrosis factor α; iFN, interferon; GFaP, glial fibrillary acidic protein; 
iba1, ionized calcium- binding adaptor molecule 1.
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cells were both involved in alveolar regeneration. They also showed 
that the prolonged persistence of ADI cells is associated with the 
development of fibrosis in infected hamsters (Fig. 2) (72). More de-
tailed studies through longer time points will be necessary to deter-
mine a common role for intermediate epithelial cells in the initiation 
and establishment of Long Covid in the lung.

A more systemic evaluation of long- term SARS- CoV- 2 infection 
in hamsters was performed by Frere et al. (74), who showed that a 
systemic antiviral and inflammatory response was initiated during 
the acute phase of infection and was resolved by about 14 days after 
infection. Despite the similarity of the extent and characteristics of 
the inflammatory and antiviral response mounted in the lungs and 
peripheral tissues, organs such as the heart and kidney showed no or 
minimal histopathology and infiltration. However, transcriptomic 
changes lasted for up to 31 days after infection in the olfactory epi-
thelium and the olfactory bulb of infected hamsters, which caused 
changes in the behavior of hamsters, specifically a hypoexcitable 
state. Histological changes in the lung included enlarged airway 
spaces and residual inflammation characterized by monocytes and 
neutrophils in the alveolar spaces, which correlated with cluster of 
differentiation 177 (Cd177) and lymphocyte antigen 6 family mem-
ber D (Ly6D) expression changes. No obvious signs of fibrosis or 
collagen deposition were evident (74).

A study performed by Carrau et al. (75) investigated the induc-
tion of an antiviral response during acute infection with SARS- 
CoV- 2. For this, they used dexamethasone to delay the interferon 
response. This induced a delayed activation of an appropriate inter-
feron response, which did not affect the overall viral load in the 
lungs of hamsters but delayed viral clearance. This delay in viral 
clearance allowed systemic seeding of SARS- CoV- 2 to other sites 
and promoted the infection of distal organs such as the liver, kidney, 
spleen, and brain, thereby contributing to the development of Long 
Covid (75).

Zazhytska et al. (76) studied SARS- CoV- 2–induced anosmia in 
more detail in the hamster model. The infection of hamsters with 
SARS- CoV- 2 induced the recruitment of immune cells from the 
periphery to the olfactory epithelium and a rapid induction of an 
antiviral response (76). This hyperinflammatory response in the 
olfactory epithelium was accompanied by preferential infection and 
depletion of sustentacular cells, which were fully restored after 10 days 
of infection. In addition, down- regulation of olfactory receptors and 
key genes of olfactory receptor signaling pathways was detected, po-
tentially explaining chronic anosmia phenotypes (76).

A study by Serafini et al. (77) demonstrated persistence of viral 
RNA at low frequencies in different brain compartments after 
SARS- CoV- 2 infection in hamsters. After live virus clearance and by 
31 days after infection, viral RNA persisted in the olfactory bulb, 
cortical areas, the brain stem, and the cerebellum. Transcriptomics 
revealed infiltration of replicating virus into the CNS and in sensory 
tissues as soon as 24 hours after intranasal inoculation of hamsters 
with SARS- CoV- 2. Specifically, the cervical and thoracic spinal cord 
and dorsal root ganglia were affected, leading to altered neuronal 
signaling. At 31 days after infection, transcriptomics of thoracic 
dorsal root ganglia revealed the development of neuropathic signa-
tures and SARS- CoV- 2–specific mechanical hypersensitivity (77).

Rizvi et al. (78) demonstrated the development of cardiovascular 
complications in SARS- CoV- 2–infected hamsters, which started to 
emerge 14 days after infection, and were characterized by ventricular 
wall thickening and interstitial coronary fibrosis. The development 

of cardiovascular complications was associated with elevated con-
centrations of serum cardiac troponin- l, cholesterol, low- density lipo-
protein, and long- chain fatty acid triglycerides. N-acetylneuraminate 
was identified as a common marker for cardiovascular complication 
development in SARS- CoV-2–infected hamsters and humans (78).

Together, these studies demonstrate that the hamster can be 
deployed as a suitable model system to study certain aspects of 
Long Covid, including regeneration of the lungs, the develop-
ment of cardiovascular complications, and long- term neurologi-
cal perturbations. As of now, therapeutic regimens designed to 
reverse Long Covid phenotypes have not been intensely pursued 
in this species (Fig. 1), and a central question remains as to 
whether these early Long Covid disease signatures will progress 
over time or resolve.

Ferret models
The ability to accurately model human respiratory disease is of fun-
damental importance to the evaluation of therapeutic interventions, 
including small- molecule inhibitors and vaccine platforms. The do-
mestic ferret (Mustela putorius furo) presents as an intermediate- 
sized animal platform to study such diseases. Ferrets have been 
effectively used to study multiple respiratory diseases, including 
H1N1 influenza A virus (IAV), respiratory syncytial virus, and 
SARS- CoV, among many others (79). The similarities between the 
upper and lower respiratory systems of ferrets and humans provide 
some advantages for modeling respiratory infections and transmis-
sion pathways such as SARS- CoV- 2, although symptomatic disease 
is limited. Chu et al. (80) identified that during SARS- CoV infec-
tion, viral RNA was detectable in the nasal and lung tissues for at 
least 7 days after infection and that infectious virus was cleared 
at this time. However, not all animals were productively infected 
in this study (80). Weingartl et al. (81) also demonstrated that 
SARS- CoV–infected ferrets did not display any overt clinical symp-
toms through 29 days of observation after infection, yet infection 
still elicited a low number of neutralizing antibodies. Viral RNA was 
present in both the blood and in pharyngeal swabs, with detection 
possible up to 22 days after infection, although the importance of 
these findings remains uncertain (81).

van de Ven et al. (82) demonstrated similar findings with SARS- 
CoV- 2. In this study, intranasal and intratracheal inoculation did 
not elicit any overt symptoms characteristic of SARS- CoV- 2 infec-
tion (82). Although replication- competent virus was cleared by 
9 days after infection, viral RNA could still be detected by quanti-
tative polymerase chain reaction at 21 days after infection. Path-
ological abnormalities were observed in nasal, tracheal, and 
bronchiole tissues of challenged ferrets. These findings, coupled 
with worsening pathological features between samples analyzed at 
14 and 21 days after infection, led the authors to postulate that fer-
rets may serve as potential models of dyspnea observed in patients 
with Long Covid (82). Ryan et al. (83) also found concurring data 
that showed mild clinical signs of SARS- CoV- 2 infection in ferrets, 
although outcomes were less severe than what was reported from 
studies with SARS- CoV. Viral RNA shedding from the upper respi-
ratory tract was detectable through 14 days after challenge, and 
pathological lung abnormalities were also a tractable metric (83). 
Similarly, Au et al. (84) observed that there were no clinical signs of 
infection after SARS- CoV- 2 challenge but that infectious virus 
could be recovered from oral swabs, nasal turbinates, and pharynx 
samples, although samples collected from ferrets at 14 days after 
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infection had no quantifiable viral RNA (Fig. 1). Longer- term stud-
ies are required to understand the relative strengths and weak-
nesses of this model.

Similar to the hamster, a strength of the ferret model is as a model 
of both direct and indirect transmission of SARS- CoV- 2 between 
animals, although studies have come to mixed conclusions on the 
overt symptoms of disease noted in ferrets (85–87). Model variation 
could potentially be attributed to several sources, such as differences 
in experimental setup; viral isolate and inoculum used; or age, sex, 
or source of animals between studies. Transmission studies have 
identified the capacity of shed virus to be transmitted over varying 
distances to recipient animals, with spread noted in a system with a 
1- m distance between the animals as confirmed by nasal and throat 
swabs. In summary, ferrets provide a model in which the infectivity 
of SARS- CoV- 2 can be evaluated, in both the acute and chronic 
phases or through transmission studies where exposure can be 
achieved through direct or indirect contact (88). The accessibility 
and ability to perform nasal washes and throat swabs enable straight-
forward tracking of upper airway infections (Fig. 1). Further explo-
ration of disease in ferrets may be of use in the assessment of virus 
reservoirs and complications resulting in Long Covid phenotypes 
after either direct or indirect infection.

Nonhuman primate models
Nonhuman primates (NHPs)—including rhesus macaques, cy-
nomolgus macaques, and African green monkeys—are important 
model species in research because of their physiological, immuno-
logical, and genetic similarities to humans. Despite limited numbers 
and high costs, specialized housing requirements, and highly trained 
animal care staff that can increase burden on researchers, these 
models are in high demand for pathogenesis model development. 
As such, these species have been of substantial importance in the 
face of SARS- CoV- 2 because of their utility in preclinical studies for 
evaluation of vaccines and therapeutic interventions (89, 90). The 
high amino acid identity between human and NHP entry receptors 
allows for the study of natural isolates without the need for virus 
adaptation or the development of transgenic models, although natu-
ral variants of ACE2 in some outbred NHP models have been shown 
to result in attenuated SARS- CoV- 2 infection (91).

Assessment of infection in cynomolgus macaques infected with 
either wild- type ancestral or Omicron lineage SARS- CoV- 2 found 
that, by 21 days after infection, all animals tested negative for SARS- 
CoV- 2 RNA in both nasal and tracheal swabs and remained nega-
tive through 18 months after infection. Although the animals were 
negative for viral RNA in nasal and tracheal swabs, analysis of bron-
choalveolar fluid macrophages identified that low amounts of viral 
RNA and spike protein persisted in more than half of the studied 
animals at 6 months after infection. These effects resulted in de-
creased interferon- γ production after stimulation with lipopolysac-
charide and suggest a potential reservoir for viral persistence after 
the clearance of detectable viral RNA from the upper respiratory 
system (92). Additional studies are needed to confirm the prolonged 
persistence and potential replication of SARS- CoV- 2 within bron-
choalveolar fluid macrophages in infected macaques.

Although NHPs come with the previously mentioned con-
straints, they remain a valuable model to further study the impacts 
of Long Covid phenotypes. Further assessment of persistent viral 
reservoirs and the impact on resultant physiological symptoms 
makes them a compelling model to assess the efficacy of vaccines 

and small- molecule inhibitors as interventions for different Long 
Covid phenotypes. The increased life span of NHPs also enables 
long- term follow- up in both juvenile and adult animals, which is of 
high relevance for the human population. Further research into 
these areas should be pursued (Fig. 1).

FUTURE DIRECTIONS
The brain- lung axis and Long Covid
Neural networks sample and share critical homeostatic information 
between the lung and brain. The circadian molecular clock is dis-
rupted under hypoxic conditions and in chronic pulmonary dis-
eases (93). Disturbances in sleep, circadian rhythms, and daytime 
functioning occur in patients with Long Covid (93). In addition to 
the upper respiratory connection to the brain through OSN inner-
vation of the CNS, the lungs are innervated by the vagus nerve, 
which has been shown to be involved in the pathogenesis of acute 
respiratory distress syndrome, pulmonary fibrosis, and numerous 
neurological conditions (Fig. 3) (94). Neuroendocrinology also 
plays an important role in stress responses and can contribute to 
long- term CNS and lung dysfunction. In the lung, pulmonary 
neuroendocrine cells monitor airway oxygen and respiratory status 
and rapidly signal this internal sensory information through af-
ferent sensory neurons to the brain to regulate breathing. Pulmo-
nary neuroendocrine cells express dozens of partially characterized 
neuropeptide and peptide hormone genes (95), including a variety 
of neuropeptides such as calcitonin gene–related peptide (CGRP), 
which can activate lung goblet and immune cells to promote 
asthma- like phenotypes. CGRP and neuropeptide Y can increase 
endothelium permeability, excess lung fluid, and hypoxemia, 
and antagonizing CGRP signaling was shown to improve barrier 
function and oxygenation (96). In humans, vagus nerve inflamma-
tion and autonomic dysfunction may also contribute to the dysauto-
nomia observed in Long Covid (97). COVID- 19 infection also 
reduces peripheral serotonin concentrations, which is thought to 
impair cognition through reduced vagal signaling (57).

Consequently, an emerging hypothesis is that hypoxic- ischemic 
injury, uncontrolled cytokine storm, chronic inflammation, neuro-
peptide release, and fibrosis in the lung may elicit persistent 
infection- induced changes in steroids, neuropeptides, and neu-
rotransmitters. This in turn may promote cycles of persistent lung 
and CNS inflammatory disease and might also contribute to sex dif-
ferences in the prevalence of Long Covid symptoms. The use of 
small- animal models to evaluate the connections and signaling be-
tween organ compartments may represent a rich area of future 
investigation into the mechanisms of Long Covid.

The Collaborative Cross mouse genetic reference population
Current definitions of Long Covid disease phenotypes remain in a 
state of flux, hampering the identification of susceptibility loci that 
regulate chronic disease phenotypes. It is also likely that one or 
more Long Covid disease endotypes may occur in humans. At least 
49 genes encode natural variation thought to promote acute SARS- 
CoV2 pathogenesis in humans, yet the role of these genes in Long 
Covid remains unexplored. A genome- wide association study for 
Long Covid identified the FOXP4 locus as a potential driver of both 
acute and chronic disease (98). These data support the hypothesis 
that Long Covid is a complex disease that is regulated, in part, by 
host susceptibility loci. Consequently, rodent genetic reference 
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Fig. 4. Leveraging the Collaborative Cross to study the effects of genetics on Long Covid development. depending on the development of long covid disease in 
individual collaborative cross strains after SarS- cov- 2 infection, those strains could be used as models for different aspects of long covid. defined collabora-
tive cross F2 crosses could be used to develop mapping crosses to identify host genetic networks that drive the development of certain aspects of long covid.
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models may provide opportunities to identify highly vulnerable 
mouse strains with an array of related but different severe chronic 
disease endotypes. The Collaborative Cross is a mouse genetic 
reference population that was specifically designed for systems ge-
netics and complex trait mapping. The Collaborative Cross is com-
posed of eight founder strains: A/J, C57BL/6J, 129S1/SvImJ, NOD/
ShiLtJ, NZO/HiLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ. The founders 
were bred in an eight- way breeding funnel followed by brother- 
sister mating to produce about 80 inbred Collaborative Cross 
mouse strains, which are highly reproducible, tractable, genetically 
defined, and commercially available. Thus, each individual Collab-
orative Cross mouse strain contains randomly distributed genomic 
regions (e.g., scrambled susceptibility loci) from each of the eight 
parent strains and can be used to model how host genetic back-
ground and natural variation influences disease progression and 
outcome in outbred populations (99, 100).

The Collaborative Cross resource has been used to successfully 
identify and validate susceptibility loci and genes that regulate 
sarbecovirus, IAV, Ebola virus, West Nile virus, and hepaciviruses 
replication and pathogenesis (32–34, 101–104). After infection of 
Collaborative Cross–based large- scale screening populations with 
the same dose of mouse- adapted SARS- CoV- 2, different Collabora-
tive Cross strains experienced mild to severe life- threatening disease 
and mortality after infection, demonstrating that host genetic varia-
tion regulated disease severity. Using different Collaborative Cross 
strains, several common genomic regions or quantitative trait loci 
were identified that were associated with disease severity after 
SARS- CoV, SARS- CoV- 2, and zoonotic CoV infection. About 60% 
of the defined murine quantitate trait loci encode genes that have 
been identified as prioritized candidates in human genome- wide as-
sociation studies. These regions have been found to be associated 
with severe disease progression, the need for hospitalization and 
ventilation, and death in humans after SARS- CoV- 2 infection (32–
34,  105). These data suggest that quantitate trait loci mapping 
studies may be fruitful because several screens in the Collaborative 
Cross have identified outcome models. Consequently, the Collab-
orative Cross may be an optimal platform to identify candidate 
mammalian genes that regulate Long Covid disease endotypes in 
mammals, providing critical resources for mechanistic studies and 
countermeasure development. The Collaborative Cross also repre-
sents a robust genetic resource for mapping candidate genes that 
drive Long Covid disease phenotypes specifically in the lung, brain, 
or other organs, including cognitive and behavioral changes after 
infection (106). In addition, the Collaborative Cross platform 
can be used to design specific mapping crosses to investigate, iden-
tify, and validate the causal molecular- genetic mechanisms that con-
tribute to Long Covid outcomes across and between different organ 
systems (Fig. 4).

SUMMARY AND THERAPEUTIC APPLICATIONS
Successful treatment of Long Covid disease phenotypes in humans 
is likely to be an expensive and sometimes difficult to quantify pro-
cess that is complicated by highly variable risk factors (e.g., age, sex, 
comorbidities, genetics, etc.) and early- stage disease phenotypes 
that complicate measures of drug performance. Moreover, clinical 
trials may require years of follow- up in human populations to iden-
tify a clinical benefit, and the cost of such studies can be enormous. 
Animal models of Long Covid provide ample opportunities to identify 

early common disease correlates and molecular signatures associated 
with advanced disease development over time and also provide 
highly reproducible and tractable models to evaluate countermeasure 
performance. Such models can be manipulated to evaluate counter-
measure performance before and during acute infection, as well as 
early or late in the development of mild to severe Long Covid. More 
broadly, these models will help to promote more aggressive research 
into the complex linkages between acute viral infection and long- term 
chronic disease manifestations.

The impact of repeat infection and vaccine breakthrough infec-
tions on Long Covid disease severity and progression has not yet 
been modeled and investigated using SARS- CoV- 2 VOCs, other 
emerging sarbecovirus and merbecovirus infections, or other respi-
ratory virus infections. Such studies are needed to not only test the 
hypothesis that repetitive injury and inflammatory insult enhance 
tissue remodeling and disease severity but also provide more rele-
vant models for therapeutic intervention studies. Last, specific risk 
factors and combinations of risk factors can be isolated and evalu-
ated to determine relative contributions to Long Covid, as well as 
the capacity of countermeasures to prevent and or reverse chronic 
outcomes in the background of preexisting, highly vulnerable states. 
Clearly, this rich research topic will reveal mechanisms regulating 
chronic organ diseases after viral infection while yielding insights into 
the pathways and genes that can be targeted by drugs that attenuate 
disease potential. At this point of Long Covid animal model devel-
opment, none of the models discussed here has been sufficiently 
investigated. All models need to be studied in parallel because dif-
ferent model systems may capture different disease endotypes that 
require specifically targeted countermeasure designs.
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Translating insights into therapies for Long Covid
Annukka A. R. Antar and Andrea L. Cox*

Long Covid is defined by a wide range of symptoms that persist after the acute phase of severe acute respiratory 
syndrome coronavirus 2 (SARS- CoV- 2) infection. Commonly reported symptoms include fatigue, weakness, 
postexertional malaise, and cognitive dysfunction, with many other symptoms reported. Symptom range, dura-
tion, and severity are highly variable and partially overlap with symptoms of myalgic encephalomyelitis/chronic 
fatigue syndrome and other post- acute infectious syndromes, highlighting opportunities to define shared 
mechanisms of pathogenesis. Potential mechanisms of Long Covid are diverse, including persistence of viral 
reservoirs, dysregulated immune responses, direct viral damage of tissues targeted by SARS- CoV- 2, inflammation 
driven by reactivation of latent viral infections, vascular endothelium activation or dysfunction, and subsequent 
thromboinflammation, autoimmunity, metabolic derangements, microglial activation, and microbiota dysbiosis. 
The heterogeneity of symptoms and baseline characteristics of people with Long Covid, as well as the varying 
states of immunity and therapies given at the time of acute infection, have made etiologies of Long Covid difficult 
to determine. Here, we examine progress on preclinical models for Long Covid and review progress being made 
in clinical trials, highlighting the need for large human studies and further development of models to better 
understand Long Covid. Such studies will inform clinical trials that will define treatments to benefit those living 
with this condition.

INTRODUCTION
Long Covid is defined by a wide range of systemic, neurologic, re-
spiratory, cardiovascular, and other symptoms or conditions that 
continue or develop after the acute phase of severe acute respiratory 
syndrome coronavirus 2 (SARS- CoV- 2) infection. Although the du-
ration of symptoms required to meet the definition of Long Covid is 
described variably, the World Health Organization (WHO) defines 
Long Covid as when symptoms not attributable to other causes are 
present more than 3 months from the onset of coronavirus disease 
2019 (COVID- 19) and last for at least 2 months (1). It has been esti-
mated to occur in 6 to 30% of people who survive acute COVID- 19 
(2–5). The incidence of Long Covid is higher in people who had se-
vere acute COVID- 19 requiring hospitalization, and multiple other 
risk factors have been defined (Fig. 1) (6). However, because most 
people who experience COVID- 19 do not require hospitalization, 
most people with Long Covid had mild to moderate illness in the 
acute phase of COVID- 19 (7).

Long Covid symptoms can persist for weeks, months, or years, 
and the severity ranges from mild to debilitating. The impact of per-
sistent disease in such a large proportion of the global population is 
enormous, with estimated economic impacts of more than 2 trillion 
US dollars in the United States alone (8). We now know that the in-
creased risks of death and morbidity continue into the third year 
after infection in people who had severe acute COVID- 19 (9), sug-
gesting that the health impacts of having had COVID- 19 may per-
sist for years. Broadly, potential mechanisms of Long Covid include 
persistence of viral antigen or reservoirs, dysregulated immune re-
sponses (including autoimmunity and inflammation), direct viral 
damage of tissues targeted by SARS- CoV- 2 during acute infection, 
inflammation driven by reactivation of latent viral infections, meta-
bolic derangements, vascular endothelium activation or dysfunction, 
thrombosis, dysregulated complement, and microbiota dysbiosis 

(Fig. 2). Randomized controlled trials are urgently needed to iden-
tify effective new therapies. Here, we will review recent findings that 
have advanced understanding of mechanisms behind Long Covid, 
highlight opportunities and challenges for translating these findings 
into therapeutics, outline work done with animal models of Long 
Covid, and review progress on clinical trials for Long Covid.

CHALLENGES IN DEFINING THE MECHANISTIC UNDERPINNINGS 
OF LONG COVID
Defining Long Covid with variability between individuals
Defining Long Covid in a consistent manner is challenging but nec-
essary to advance mechanistic research and clinical trials. Ground-
breaking early research by the Patient Led Research Collaborative for 
Long COVID found that some of the most common symptoms of 
Long Covid are fatigue, postexertional malaise, and cognitive dys-
function, and they noted a remarkably high average of 55.9 ± 25.5 
(mean ± SD) symptoms in people with Long Covid across an average 
of 9.1 organ systems with a range of severities (10). Subsequent stud-
ies have confirmed these as common symptoms and found that some 
symptoms frequently cluster in individuals experiencing multiple 
symptoms (11–14). Preliminary results from more than 9000 adults 
in the US- based National Institutes of Health (NIH) RECOVER (Re-
searching COVID to Enhance Recovery) cohort identified a classifier 
for Long Covid based on 12 symptoms using a data- driven scoring 
framework (12). Here, the most common symptoms reported by 
people with Long Covid at 6 or more months after infection were 
postexertional malaise (87%), fatigue (85%), brain fog (64%), dizzi-
ness (62%), gastrointestinal (GI) symptoms (59%), and palpitations 
(57%). Unsupervised learning techniques clustered people with Long 
Covid into four subgroups on the basis of self- reported symptoms. 
However, subgroups of Long Covid do not always align between 
studies, in part because of differences in data collection between 
studies. For example, the four Long Covid subgroups identified from 
self- reported symptoms in the adult RECOVER cohort have differ-
ent phenotypic features than the six Long Covid subgroups identified 
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from an electronic health record (EHR) study using the US National 
COVID Cohort Collaborative (N3C) EHR repository (14).

It is likely that there are both distinct and overlapping mechanisms 
for the different manifestations of Long Covid. Consideration of sex, 
age, body mass index (BMI), smoking status, vaccination status, 
severity of disease in the acute phase, viral variant, the presence or 
absence of a wide variety of underlying medical conditions, and other 
demographic variables is also required to understand factors that 
lead to Long Covid (Fig. 1). Therefore, studies with large numbers of 

participants are required to control for 
these factors. As previously reviewed, 
multiple epidemiologic studies have 
highlighted factors associated with Long 
Covid, for which mechanistic studies 
would ideally adjust (15–19). Factors like 
female sex, obesity, and severe acute 
disease are associated with higher risk of 
Long Covid, whereas COVID- 19 vacci-
nation before infection and young age are 
associated with lower risk of Long Covid 
(12, 20–31).

Recent large studies have identified 
long-lasting impacts of SARS-CoV-2 infec-
tion on cognition and memory and suggest 
that the consequences of SARS- CoV- 2  
infection differ by baseline characteris-
tics of infected individuals and by acute 
COVID- 19 timing and severity (32–36). 
A study in Norway assessed memory 
by Everyday Memory Questionnaires 
(EMQs) for 57,319 individuals who tested 
positive for COVID- 19 and 54,673 peo-
ple with no positive tests for COVID- 19 
after baseline memory testing (37). Al-
though EMQs were comparable at base-
line, the tests revealed impaired memory 
in those who tested positive for COVID-
 19 as long as 36 months after infection 
versus those who did not test positive. 
Impaired memory was more common in 
younger individuals, those with a longer 
duration of being bedridden, those with 
a higher BMI, and women, consistent 
with previously described associations 
between elevated BMI or female sex and 
Long Covid (15–19). In a study of 112,964 
people in England comparing scores from 
a single online cognitive assessment ad-
ministered 4 to 32 months after infection, 
mild cognitive deficits were observed in 
those who had COVID- 19 with symp-
toms that resolved within 1 or 3 months 
compared with those who never had 
COVID- 19 (33). Increased cognitive def-
icits were associated with reporting per-
sistent symptoms or infection earlier in 
the pandemic. This study is consistent 
with other large studies demonstrating 
decreased frequency of Long Covid after 

infection with SARS- CoV- 2 variants of concern (VOCs) versus an-
cestral strains (33,  38–43), although not all studies confirm this 
finding (44). That the most common symptoms of Long Covid oc-
cur after infections with many variants suggests effects of the virus 
shared by variants. The reduced rates of Long Covid seen with Omi-
cron variants may be due to beneficial effects of previous immunity 
through vaccination or previous infection or due to effective treat-
ments used later in the pandemic. Thus, a role for any distinct fea-
ture of SARS- CoV- 2 variants in progression to Long Covid has not 

Fig. 1. Several factors modulate Long Covid progression. increased acute disease severity, elevated BMi, female 
sex, and concomitant comorbidities increase the risk of long Covid, whereas vaccination before infection decreases 
the risk. Treatments in the acute phase and age may also influence risk.
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Fig. 2. Translational research is required to identify effective therapies. The diverse etiologies of long Covid and 
patient input define research and clinical trial goals. The potential causes of long Covid need to be characterized to 
identify the most promising treatments. Current clinical trials are detailed in the text.
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yet been defined. The relative benefit of being infected when later 
variants were circulating is likely mitigated at a population level 
by increased infectivity of the Omicron variant and relaxation of 
infection prevention measures, with the net result being a smaller 
percentage but larger numbers of infected people developing 
Long Covid.

Defining Long Covid with variability within individuals
An additional challenge is that symptoms and sequelae vary in pres-
ence and severity over time within the same individual. Long Covid 
symptoms may occur or worsen with exercise, stress, or physical or 
mental activity (10). Whether fluctuations in symptoms are associat-
ed with the same magnitude or timing of changes in systemic immu-
nity, inflammatory activation state, vascular endothelial activation or 
dysfunction, and other potential causes of Long Covid is unknown, 
making it difficult to identify associations. A tractable way to investi-
gate this is with longitudinal studies of people with Long Covid, which 
are underway now. Another more controversial way to investigate this 
is to assess individuals before and after a stimulus to determine the 
magnitude and timing of changes in parameters of interest. A recent 
study identified skeletal muscle structural changes, severe exercise- 
induced myopathy, and tissue infiltration of amyloid- containing de-
posits in skeletal muscles of people with Long Covid that worsen after 
induction of postexertional malaise (45). However, the design of this 
type of study should be guided and advised by people living with Long 
Covid, and the potential benefit must be carefully weighed against the 
ability of people with Long Covid to participate and the potential for 
harm by inducing more severe symptoms.

SUCCESSES IN DEFINING MECHANISTIC UNDERPINNINGS OF 
LONG COVID
An enormous debt of gratitude goes to the many people living with 
Long Covid who sounded the alarm about this new disease in the 
lay press, advocated for research funds, began the first large- scale 
studies themselves without the support of the traditional research 
enterprise, participated in studies to advance our understanding of 
the causes of Long Covid, and continue to guide the research field 
(10, 46). Without the strong advocacy, hard work, and selfless col-
laboration of people living with Long Covid, the important discov-
eries made to date would not have been possible. We review here 
several candidate disease mechanisms for Long Covid.

Persistent viral reservoirs
The evidence for persistent viral antigen or reservoirs and possible 
mechanistic links to Long Covid has been recently reviewed in 
depth elsewhere (19, 47–51). Wastewater data and a large sequence 
repository analysis suggest that a small percentage (<1%) of people 
harbor actively replicating SARS- CoV- 2 in the GI tract or nasal 
epithelium for 30 or more days (52, 53). It remains unknown wheth-
er a similar percentage of people harbor actively replicating virus in 
other organs and whether persistent reservoirs are related to post- 
acute symptoms or sequelae. We will briefly review here the evi-
dence of persisting viral antigen and reservoirs in humans in the 
circulation and the GI tract, given that these are commonly sampled 
in human studies.

SARS- CoV- 2 can infect many tissues during acute infection (54). 
Several studies have found that the presence of viremia during acute 
infection is associated with infection severity (55–59). It is not yet 

known whether all infection events with SARS- CoV- 2 have a vire-
mic phase, with duration of viremia associated with severity, or 
whether only some infection events have a viremic phase. Swank and 
colleagues used an ultrasensitive immunoassay and found that 60% 
of 37 people with Long Covid had detectable plasma spike antigen 
3 to 12 months after infection, although very few had detectable S1 
(a subunit of the spike protein) or nucleocapsid (N) antigen (60). In 
another study, 64% of 22 people with Long Covid were found to 
have circulating S1 antigen as measured by enzyme- linked immu-
nosorbent assay (ELISA), but more than 30% of 17 post–COVID- 19 
participants who never had Long Covid also had detectable S1 
antigen, and whole spike and N antigen were not quantified (61). 
In a study of 171 people using the same ultrasensitive immunoassay, 
25% of people were positive for any one circulating SARS- CoV- 2 
antigen in the post- acute phase, and the presence of post- acute 
SARS- CoV- 2 antigen was associated with acute COVID- 19 severity 
but not with Long Covid (62). Smaller studies reported that circulat-
ing spike antigen, viral RNA, or viral antigen in neuron-  and 
astrocyte- derived extracellular vesicles or whole blood can be de-
tected for months after infection and are associated with Long Co-
vid (63–65). Two of these manuscripts report a higher prevalence of 
circulating antigen in people who had more severe acute disease, 
which may be consistent with severity of acute infection being as-
sociated with acute viremia and more widespread dissemination. It 
is important to note that detection of viral antigen may be compro-
mised by shedding kinetics, assay sensitivity, and circulating anti-
bodies. In sum, these data suggest that viral antigen can circulate in 
the bloodstream in the post- acute period, that it is associated with 
acute severity of illness, and that there may be an association of an-
tigenemia with Long Covid, but that association is not yet estab-
lished, and substantial numbers of people without Long Covid have 
circulating viral antigen as well.

Virus shedding from the GI tract in acute COVID- 19 and persis-
tence of viral antigen in the GI tract in the post- acute phase were 
noted early during the pandemic (66–68). Recent work used sequenc-
ing of wastewater samples to provide evidence of evolution of the vi-
rus in the GI tract (52). Peluso et  al. describe imaging evidence 
suggestive of T cell activation in the gut wall, among other anatomic 
sites, in people in the post- acute period. They found viral RNA in the 
lamina propria of colorectal biopsies in people with Long Covid. 
However, biopsies of people without Long Covid who also had evi-
dence of T cell activation in the gut wall in the post- acute period were 
not examined (69). Viral antigen in the lamina propria of the GI tract 
was also reported in a case report of an 11- year old child with persis-
tent abdominal pain 3 months after SARS- CoV- 2 infection (70).

A study of upper and lower endoscopic biopsies from 249 people 
a median of 17 (range, 7 to 30) months since last SARS- CoV- 2 in-
fection reported that SARS- CoV- 2 N protein was detected in 37% 
of stomach biopsies and 17% of ileal and colon biopsies, but the 
presence of viral protein was not associated with time since infec-
tion or the presence of GI symptoms during acute COVID- 19 (71). 
This study did not examine associations with Long Covid or per-
sistent symptoms. A study of 46 people with inflammatory bowel 
disease undergoing intestinal biopsies, only 3 of whom required 
hospitalization for acute COVID- 19, demonstrated that most (70%) 
had SARS- CoV- 2 RNA in the gut mucosa on average 7 months 
after infection (72). Strikingly, all 21 participants with post- acute 
symptoms had detectable viral RNA in the gut, whereas 9 participants 
without post- acute symptoms had detectable viral RNA, and 14 other 
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participants without post- acute symptoms did not have detectable 
viral RNA. Viral N protein was found in gut epithelium, in CD8+ 
T cells, and in the lamina propria in approximately 50% of partici-
pants, although the virus could not be cultured from tissue and 
viral antigen could not be isolated from stool. An interesting case 
series of five people undergoing GI/liver surgery with negative na-
sopharyngeal swabs 9 to 180 days after hospitalization for acute 
COVID- 19 reported detection of SARS- CoV- 2 N protein in all 
participants and viral RNA detection in two of five participants. 
Whether participants had Long Covid was not reported in this 
study. N protein was identified in colonic crypts and polyps; in im-
mune cells, likely of monocytic lineage; and in sinusoidal Kupffer 
cells in the liver (73).

In sum, these studies demonstrate that viral protein and RNA 
can persist months or even years after infection in some people, but 
many questions remain: Which GI- resident cells and which regions 
of the GI tract harbor SARS- CoV- 2 protein and RNA, do these cells 
support active viral replication, is fecal shedding of viral RNA 
sourced from actively replicating virus, does SARS- CoV- 2 subvert 
viral clearance mechanisms, and do persistent viral antigens or RNA 
drive Long Covid symptomatology? Innovative strategies are need-
ed to investigate how persistent viral antigen or reservoirs in human 
tissues may be mechanistically related to Long Covid; promising 
ones include novel radiological techniques (69), organoid model 
systems (74), sampling during other procedures, and autopsy studies 
of people with Long Covid.

Dysregulated immune responses
Virus- specific immune responses have been investigated without 
finding consistent differences across studies. Whereas some studies 
have reported increased frequencies of spike protein– or N- specific 
antibodies in people with Long Covid, others have reported no 
change or decreases, making it challenging to define a proposed role 
for virus- specific antibodies in Long Covid (75–81). Similarly, stud-
ies have found completely different results in analyzing T cell re-
sponses to SARS- CoV- 2, including no differences between those 
with and without Long Covid. Differences between people with Long 
Covid and those who recovered include a lower percentage of N- 
specific interferon (IFN)–γ+CD107a+ memory CD8+ T cells in those 
with persistent symptoms (77), increased CD4+ and CD8+ T cell re-
sponses to peptide pools from spike (S), N, and membrane (M) pro-
teins in patients with pulmonary Long Covid (78), and CD8+ T cells 
that secrete less IFN- γ and tumor necrosis factor (TNF) in response 
to phorbol 12- myristate 13- acetate (PMA) (82). One study demon-
strated that higher amounts of pain correlate with more interleukin-
 6 (IL- 6) production by CD8+ T cells in response to S peptide 
stimulation (81). Less is known about children with Long Covid (83), 
but a study by Paniskaki and colleagues demonstrated that children 
had higher frequencies of S protein–specific CD4+ and CD8+ T cells 
that secreted IFN- γ and TNF with low functional avidity (84). CD8+ 
T cell production of IFN- γ was also correlated with C reactive pro-
tein (CRP). The lack of consistent differences in SARS- CoV- 2–specific 
immunity between people with and without Long Covid among 
studies published to date could be explained by differences in par-
ticipant populations, heterogeneity of immune responses, Long Covid 
immune subtypes, or small sample sizes.

A recent study of 40 people found evidence of activation of the 
complement system in people with Long Covid that spanned acute 
infection through 6 months of follow- up (85). People with Long Covid 

had evidence of dysregulation of the terminal portion of the com-
plement cascade and activation of the alternative and classical com-
plement pathways, the latter associated with elevated antibody titers 
against multiple herpesviruses that might be stimulating this activa-
tion. Complement activation normalized in those whose symptoms 
of Long Covid resolved at 6 months.

Given that only a small fraction of B and T cells are specific for 
SARS- CoV- 2, alterations in the overall frequencies of immune cells 
would not be due to alterations in virus- specific immune cells (86–88). 
However, multiple groups have reported global alterations in immune 
cell populations in Long Covid, including activated myeloid subsets. 
Phetsouphanh et al. reported that CD38+ human leukocyte antigen 
(HLA)–DR+–activated myeloid cells were elevated in patients with 
Long Covid (89). A large- scale proteomic study of 657 posthospital-
ization participants found elevated concentrations of proteins asso-
ciated with myeloid inflammation to be enriched in those with Long 
Covid, supporting that myeloid activation and inflammation are 
associated with Long Covid (90). Moreover, higher frequencies of 
T cell subsets with increased expression of programmed death- 1 
(PD- 1)– and T cell immunoglobulin and mucin- domain containing- 3 
(TIM3)–expressing cells have been reported by multiple groups 
(78, 80, 91). Expression of both increases with T cell receptor (TCR) 
stimulation, and prolonged up- regulation is associated with T cell 
exhaustion. In the absence of functional analysis, it is not certain 
whether higher frequencies of exhausted T cells are found in people 
with Long Covid. In sum, although multiple studies show evidence 
of prolonged systemic immune dysregulation after COVID- 19, the 
relationship between Long Covid symptoms and immunologic al-
terations is not clear.

Inflammation and plasma inflammatory biomarkers of 
Long Covid
Inflammation is a driver of multiple disease processes that occur 
commonly after COVID- 19. As one example, data from large health 
care systems demonstrate an increased risk of cardiovascular events 
in the 12 months after SARS- CoV- 2 infection (92, 93). Whether this 
is an effect of activation of inflammatory pathways linked to myo-
cardial infarction or direct damage to the heart is not known.

Multiple cytokines and chemokines have been shown to be elevated 
in peripheral blood in patients with Long Covid (94). Multiple groups 
have found elevated IL- 6 in blood from people with Long Covid 
(78, 89, 95). Elevated CRP has also been associated with Long Covid 
in some studies (78, 94, 96–99), but not all (100). Phetsouphanh and 
colleagues demonstrated that the combination of IFN- β2, IFN- γ, 
IFN- λ2/3, IL- 6, and pentraxin 3 identified those with Long Covid at 
8 months after COVID- 19 with 79 to 82% accuracy (89). Additionally, 
Wang and colleagues’ network analysis of cytokine, proteome, and 
metabolome differences between acute and convalescent patients with 
COVID- 19 revealed sustained inflammatory responses, platelet de-
granulation, and cellular activation and multiple distinct metabolites 
(101). Their prognostic model composed of 20 molecules regulating 
metabolism and T cell exhaustion predicted adverse outcomes after 
acute COVID- 19 with 83% accuracy. However, the predictors iden-
tified in these two studies were not concordant. The chemokine 
CCL11 (also known as eotaxin) has been shown to be elevated in 
blood from people with cognitive impairment, but not with other 
symptoms of Long Covid, and decreased with resolution of cognitive 
symptoms (102). CCL11 concentrations were also increased in the 
cerebrospinal fluid (CSF) in a mouse model of Long Covid, and 
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administration of CCL11 to mice was sufficient to induce microglia 
and macrophage reactivity in hippocampal white matter; this is inter-
esting because hippocampal changes have been observed in mag-
netic resonance imaging (MRI) of people after COVID- 19 (102, 103). 
These data suggest that CCL11 might be an important marker of 
neurocognitive Long Covid.

Autoimmunity
An increased risk of multiple autoimmune diseases, including type I 
diabetes mellitus (T1DM), systemic lupus erythematosus, rheumatoid 
arthritis, various forms of vasculitis, and inflammatory bowel disease, 
has been noted after SARS- CoV- 2 infection. A recent meta- analysis 
demonstrated that the risk of new- onset T1DM after SARS- CoV- 2 
infection in children and adolescents was 42% higher compared with 
that in non–COVID- 19 control groups (104). A study of 641,704 
individuals who had COVID- 19 revealed a 43% increased risk of 
autoimmune conditions during follow- up 3 to 15 months after doc-
umented SARS- CoV- 2 infection (105). Likewise, another study eval-
uating the medical records of more than 22 million Asian patients 
noted an increased risk of autoimmunity of 25% in South Korea 
and 79% in Japan in individuals who had COVID- 19 compared 
with uninfected controls (106). These rates were also higher than in 
people after influenza. Although vaccination reduced the risk of 
postinfection autoimmunity, overall rates were still increased after 
COVID- 19 compared with controls.

Autoantibodies of diverse specificities have been identified in both 
acute COVID- 19 and Long Covid and have been detailed in an excel-
lent 2023 review (107). Most studies have not found a correlation be-
tween specific autoantibodies and specific Long Covid symptoms, 
nor have they found that resolution of Long Covid is associated with 
changes in autoantibody titers or specificity (80, 108–111). However, 
Su and colleagues demonstrated that antibodies against IFN- α2 were 
correlated with Long Covid pulmonary disease (75). Two recent pre-
prints reported that, in some cases, injection of mice with antibodies 
from people with Long Covid can induce heightened pain sensitivity 
(112, 113). However, neither study identified specific autoantibodies 
that mediated this heightened pain sensitivity. One study revealed 
an association of antinuclear antibodies with persistent Long Covid 
symptoms 12 months after acute infection (114), and another showed 
that autoantibodies against multiple G protein–coupled receptors 
(GPCRs) could be detected in all 31 people with Long Covid enrolled 
in the study (115). Autoantibodies against GPCRs have been linked to 
postural orthostatic tachycardic syndrome (POTS) and dysautono-
mia (116–118), both of which are sequelae of Long Covid. However, 
the GPCR study did not link the antibodies to specific symptoms, and 
the assessment was done at a single time point, so whether onset or 
resolution of symptoms in Long Covid is associated with the presence 
of these anti- GPCR antibodies is unclear.

Direct viral damage of tissues targeted by SARS- CoV- 2 in 
acute COVID- 19
Long Covid is a systemic disease involving multiple organs, as sug-
gested by symptomatology and demonstrated in imaging studies. Fo-
cusing on two tissues in the respiratory tract that contain cells directly 
infected by the virus, the nose and lung, illustrates mechanisms be-
hind prolonged effects of the virus. As reviewed recently, the breath-
lessness or dyspnea commonly reported in the post- acute phase may 
in some cases be due to pulmonary fibrosis and thrombotic disease 
(both pulmonary emboli and microvascular thrombosis), both of 

which are now recognized to be triggered during acute COVID- 19 
(119). In one study, 129Xe MRI and computed tomography (CT) pul-
monary vascular measurements suggested that reduced pulmonary 
gas exchange, in association with dyspnea and reduced exercise toler-
ance, may be a pathogenic mechanism in Long Covid (120). Another 
study using dual- energy CT demonstrated perfusion defects in the 
lungs of approximately 60% of those with respiratory symptoms of 
Long Covid at 3 months after infection (121). Filling defects were ob-
served in the pulmonary arteries, providing evidence of macrothrom-
bosis (clotting) in 5% of patients (121).

Although SARS- CoV- 2 targets the nasal olfactory epithelium, 
which includes olfactory sensory neurons, most evidence suggests 
that olfactory neuron infection is extremely rare, as is infection of 
the brain, implying that neuronal infection is not the most likely 
cause of anosmia in individuals with COVID- 19 (122). Finlay and 
colleagues demonstrated that T cell–mediated inflammation in the 
olfactory epithelium, as well as inflammatory responses in susten-
tacular cells (supporting cells of the olfactory sensory neurons), 
was associated with a reduction in the number of olfactory sensory 
neurons and persistent anosmia (123). Other work has demon-
strated that SARS- CoV- 2 can mediate destruction of sustentacular 
cells (124). Among other reasons, the duration of anosmia may 
thus depend in part on how long it takes to regenerate sustentacu-
lar cells and restore functional olfactory neurons. As in the link 
between sustentacular cell destruction and anosmia, elucidating 
the effects of acute viral infection will also likely illuminate what 
enables symptom persistence.

Inflammation driven by reactivation of latent viral infections
The infectious mononucleosis syndrome that follows Epstein- Barr 
virus (EBV) and, less commonly, cytomegalovirus (CMV) infection 
is, like Long Covid, a post- acute infection syndrome characterized 
by fatigue and myalgia. EBV and CMV establish latency after initial 
infection and can reactivate in the setting of acute infection, severe 
illness, or with immunosuppression (125,  126). Multiple studies 
have identified evidence of EBV reactivation in COVID- 19. Detect-
able EBV viremia in acute COVID- 19 was predictive of persistent 
symptoms, and increased EBV early antigen- diffuse and viral capsid 
antigen seroreactivity has been found to be associated with Long 
Covid (75, 127–129). However, these are correlations, and it is not 
known whether EBV reactivation is causing some or all of the symp-
toms of Long Covid, particularly given that EBV reactivation occurs 
in multiple forms of immune dysregulation. Conversely, reactiva-
tion of CMV and other herpesviruses has not been clearly associat-
ed with Long Covid (75,  128,  129). Investigation of the pathways 
that permit EBV reactivation could highlight factors important in 
latency reversal. Development of a wider array of effective, well- 
tolerated therapies directed at EBV could have additional benefits in 
other EBV- mediated disease settings.

Coagulopathy and vascular endothelium activation 
or dysfunction
There is substantial evidence that people remain at increased risk 
of thromboembolic events for an extended period of time after 
COVID- 19. A systematic review and meta- analysis over a mean 
follow- up period of 8.5 months after COVID- 19 demonstrated that 
pulmonary embolisms were 3.16 times more likely after COVID- 19, 
and deep venous thromboses were 2.55 times more likely (130). 
Dysregulation of serum complement and hemostatic factors may 
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contribute to a subset of Long Covid manifestations. As noted ear-
lier, Cervia- Hasler and colleagues observed increased complement 
activation that persisted in people with Long Covid through 6 
months after infection (85). Conversely, people with Long Covid 
experiencing symptomatic improvement before their 6- month 
follow- up had substantial reductions in complement activity. This 
study also demonstrated elevated tissue injury markers in blood 
and a thromboinflammatory signature characterized by markers 
of endothelial activation (including von Willebrand factor), platelet 
activation, and monocyte- platelet aggregates. Moreover, Liew and 
colleagues profiled proteins in 627 post- hospitalization participants 
and found that markers of complement activation were associated 
with development of Long Covid (90). Mroueh and colleagues also 
reported increased von Willebrand factor and platelet activation 
in porcine coronary artery endothelium exposed to plasma from 
SARS- CoV- 2–infected individuals versus healthy controls (131).

Additional groups converged on alterations in complement and 
hemostasis in Long Covid. Jang and colleagues showed that those 
recovering from COVID- 19 demonstrate a reduction in complement 
and coagulation cascades and enrichment for fibrin clot formation 
and fibrinolysis (132). In 1837 people hospitalized for COVID- 19, 
Taquet and colleagues reported that elevated ratios of fibrinogen and 
d- dimer to CRP during acute hospitalization were associated with 
worse cognitive outcomes at 6 and 12 months (133). Multiple studies 
have demonstrated amyloid fibrin(ogen) particles (termed microclots) 
in the plasma of patients with Long Covid, but the authors also found 
that other conditions are also associated with these findings, and it is 
not clear that the microclots are responsible for symptoms (134, 135). 
Finally, a plasma proteomic profiling study showed that vascular in-
flammation and a vascular proliferative state were both associated 
with Long Covid (136).

Dysregulated metabolites and vagal signaling
Another potential hypothesis is that Long Covid is driven by sero-
tonin, a monoamine neurotransmitter that can be sequestered with-
in dense granules of platelets or converted to 5- hydroxyindoleacetic 
acid (5- HIAA) by plasma monoamine oxidases (137). Wong and 
colleagues identified that serotonin concentrations were depleted in 
acute COVID- 19 and that low serotonin was associated with Long 
Covid in two separate cohorts (137). Mouse models suggest that this 
depletion is driven by a type I IFN response to viral RNA, by dimin-
ished uptake of its precursor tryptophan, and by hypercoagulability. 
However, Wong and colleagues found no differences in serotonin 
between people with and without Long Covid in a third cohort that 
had on average fewer symptoms of Long Covid than the first two 
cohorts they examined (137). Serotonin concentrations negatively 
correlated with numbers of symptoms, and serotonin concentra-
tions during acute infection could not predict future Long Covid 
status in a fourth cohort (137). Their work suggests that decreased 
serotonin concentrations may impair cognition through reduced 
vagal signaling, but more studies are needed to confirm a role for 
serotonin in Long Covid.

Cortisol and the hypothalamic- pituitary- adrenal axis
Cortisol is the major glucocorticoid hormone in humans and is syn-
thesized in adrenal cortex cells of the adrenal glands. Several patho-
gens are known to cause adrenal insufficiency through a variety of 
mechanisms (138,  139). Human adrenal cortical cells express the 
SARS- CoV- 2 receptor angiotensin- converting enzyme 2 (ACE2) 

and co- receptor transmembrane protease, serine 2 (TMPRSS2) 
(140, 141) and thus are susceptible to infection. Six autopsy case se-
ries of people who died with acute COVID- 19 reported evidence of 
adrenal damage, SARS- CoV- 2 infection of the adrenal glands, or 
both (140–145). Given that the symptoms of adrenal insufficiency 
overlap with those reported by people with Long Covid (146, 147), 
and because hypocortisolism has been observed in chronic fatigue 
syndrome (148), several groups have examined cortisol concentra-
tions and adrenal function in the post- acute period.

Two studies from independent groups demonstrated that low cor-
tisol concentrations were associated with Long Covid. In the first, a 
screen of 454 plasma proteins identified lower amounts of cortisol 
and cortisone as two of the top three differential proteins in people 
with persistent symptoms versus those with complete recovery 2 to 
3 months after COVID- 19 symptom onset (75). In the second, inves-
tigators found that lower serum cortisol levels were the most signifi-
cant individual predictor of Long Covid in unbiased machine learning 
models trained to identify distinguishing features of Long Covid. Of 
note, these models incorporated proteomic profiling data, immune 
cell subset analyses, cytokine analyses, autoantibody screens, and an-
tibody reactivity to SARS- CoV- 2 and other human viruses such as 
EBV (80). However, cortisol is secreted in a diurnal fashion with peak 
concentrations at awakening. These studies assessed cortisol at ran-
dom times throughout the day, meaning that these studies could not 
provide a clear picture of the peak, trough, or diurnal patterns of cor-
tisol secretion in people with and without Long Covid.

Other studies have not clearly corroborated the negative associa-
tion of cortisol and Long Covid symptoms. Although one small 
study observed lower cortisol concentrations during an insulin tol-
erance test among people with Long Covid (149), another study 
reported higher amounts of cortisol in people with Long Covid–
associated fatigue and depressive symptoms (150). Two other studies 
reported negative or mixed results (151, 152). Two additional reports 
tested people with and without Long Covid using the standard 
clinical test of adrenal function, the adrenocorticotropin (ACTH) 
stimulation test, which tests the capacity of the adrenal gland to 
secrete cortisol after stimulation by exogenous ACTH. In one group 
of 84 people with Long Covid, none had abnormal ACTH stimula-
tion test results (153). Similarly, a smaller study found no differences 
in morning cortisol or ACTH stimulation testing between people 
with and without Long Covid (154). In sum, ACTH stimulation 
testing suggests that frank adrenal insufficiency is not a common 
feature of Long Covid. Studies specifically designed to assess peak 
and trough cortisol concentrations are needed to properly assess 
the link between cortisol and Long Covid.

The microbiome
Studies have shown that gut microbiota alterations are associated 
with Long Covid, which highlighted probiotic administration as a 
potential intervention (155–159). Immune responses to, and possible 
gut translocation of, fungal microbiota may also play a role in Long 
Covid pathogenesis (160, 161). However, more studies are needed to 
clearly understand if and how the microbiome may play a role.

ANIMAL MODELS OF LONG COVID
Several animal models are being developed to shed light on the 
pathogenesis of Long Covid. Development of mouse models of 
SARS- CoV- 2 pathogenesis has not been straightforward, because 
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ancestral SARS- CoV- 2 does not bind mouse ACE2, and thus com-
mon laboratory strains of mice cannot be infected by the ancestral 
strain (162, 163). Instead, human ACE2 (hACE2)–transgenic mice, 
hACE2- transduced mice, mouse- adapted SARS- CoV- 2 strains, and 
mouse hepatitis virus (MHV; another betacoronavirus) have been 
used to model SARS- CoV- 2 pathogenesis (164). One common 
strain in the SARS- CoV- 2 model work is the K18- hACE2–transgenic 
mouse (165), in which hACE2 is under the expression of an epithe-
lial cell promoter (Krt18), allowing expression of hACE2 in airway 
and other epithelial cells. In addition, the Alpha variant and other 
N501Y- carrying variants of SARS- CoV- 2 can infect wild- type mice 
(166), allowing simpler mouse model systems. Another common 
model system is the golden or Syrian hamster, which is naturally sus-
ceptible to SARS- CoV- 2 (167). Finally, nonhuman primates have 
been used to model several aspects of SARS- CoV- 2 infection. A 
challenge with animal models is in identifying objective measures 
that correlate with patient- reported symptoms. Animal models must 
assess measures other than symptoms to identify post–COVID- 19 
pathology, some of which may not correspond well to symptoms 
people report. We focus here on studies that examine animals 30 or 
more days after infection.

Pulmonary Long Covid
Pulmonary Long Covid primarily manifests with dyspnea, or short-
ness of breath, with a smaller proportion of people also com-
plaining of cough. Although a substantial proportion of people 
with pulmonary Long Covid have abnormalities on pulmonary 
function tests or imaging in the post- acute period, there are many 
people with pulmonary Long Covid who have normal results on 
objective tests and imaging (168). It is difficult to model dyspnea 
in the absence of objective findings, but progress has been made 
using animal models examining the pathogenesis of fibrotic lung 
lesions and delayed repair. In one study using a mouse- adapted 
SARS- CoV- 2 strain (MA10) in wild- type mice, pulmonary alveo-
lar, but not bronchial, lesions persisted beyond viral clearance and 
were associated with temporary secretion of proinflammatory and 
profibrotic cytokines (169). Even after cytokine concentrations 
normalized, spatial transcriptomics demonstrated prolonged up- 
regulation of cytokine signaling, including transforming growth 
factor–β (TGF- β), in fibrotic regions of the lung. This post- acute 
pulmonary fibrosis was attenuated with early administration of an 
antiviral or an antifibrotic agent. Examining K18- hACE2–transgenic 
mouse lung tissue up to 45 days postinfection, another study re-
ported that pulmonary progenitor cell proliferation in the regions 
of injured lung was decreased after SARS- CoV- 2 versus influenza 
infection (170). Here, viral RNA was observed in lung tissue and S 
protein in pulmonary macrophages at 21 days, but viral subge-
nomic RNA (indicative of recent replication) was absent from lung 
tissue at this and later time points.

Post- acute lung pathology may be prevented or reversed. An-
other study using a model of Omicron infection of ACE2- transgenic 
mice provided convincing evidence that vaccination 30 days 
before infection may prevent perturbations in immune cell 
subsets present in lung tissue (171), consistent with clinical data 
that vaccination before primary infection prevents Long Covid. It 
is not yet clear whether a longer interval between vaccination and 
infection would provide the same protection. In another study 
that reported the development of a humanized mouse model of 
post–COVID- 19 lung fibrosis, combined blockade of inflammation 

and fibrosis with anti- CD47 and anti–IL- 6 was shown to reverse 
fibrosis (172).

Neurological Long Covid
Many groups are developing animal models that recapitulate neu-
rological Long Covid in the absence of severe acute infection. In 
one study of eight aged nonhuman primates infected with ances-
tral SARS- CoV- 2, neuroinflammation, microhemorrhages, micro-
thrombi, and evidence of hypoxic- ischemic injury were observed 
in central nervous system (CNS) tissues 28 days after infection 
(173). Virus was rarely detected 28 days after infection except in 
brain endothelial cells and was not found in CSF. Similarly, in a 
study of rhesus macaques infected with Delta and followed up to 
50 days after infection, weekly positron emission tomography 
(PET) scans indicated active and increasing neuroinflammatory 
responses at time points at which most virus had likely been 
cleared from the CNS and its vasculature (174).

Frere and colleagues infected golden hamsters with SARS- CoV- 2 
and investigated tissue histology, tissue transcriptional profiles, and 
behavior up to 31 days after infection (175). Viral subgenomic RNA 
was detected early in the olfactory bulb, cerebellum, and striatum 
but was undetectable by 14 days after infection. Despite viral clear-
ance, microglial activation, infiltrating macrophages, persistent type 
I IFN signatures, and other post- acute regional transcriptional 
changes were observed in the thalamus and the olfactory bulb. In 
another study, evidence of post- acute microglia and macrophage 
reactivity in the CNS was observed in hACE2- transduced (trachea 
and lungs) mice infected with SARS- CoV- 2; this was also seen in 
uninfected mice administered CCL11 (eotaxin- 1) (102). In one 
K18- hACE2 mouse study, viral protein and RNA did not persist in 
the post- acute period, but changes suggestive of microglial activa-
tion and reduced microglial processes were observed (176). Anoth-
er K18- hACE2 mouse study confirmed that infectious virus and 
viral RNA were not detected in the CNS 1 and 4 months after infec-
tion despite autonomic and neurologic abnormalities, and activa-
tion of immune pathways was observed in transcriptomic analyses 
of CNS tissue (177).

Cheong and colleagues infected wild- type mice with MHV- 1 as a 
model of betacoronavirus infection. They found that, at 30 days after 
infection, MHV- 1 infection induced immunologic changes and de-
myelination in the brain. These changes could be at least partially 
blocked by early administration of IL- 6 receptor (IL- 6R) antibody, 
suggesting that IL- 6 signaling during acute infection may be associ-
ated with post- acute immune dysregulation and pathology (178).

Post- acute effects on the renal, cardiovascular, and 
somatosensory systems
Fewer groups have investigated the post- acute effects of COVID- 19 
on other organ systems. One group examined MHV- 1–infected fe-
male mouse kidneys 12 months after infection and found inflam-
mation, infiltration of macrophages and lymphocytes, and other 
changes suggestive of renal fibrosis, which were decreased by syn-
thetic peptide–mediated inhibition of spike protein binding to 
ACE2 during acute infection (179). Another group used golden 
hamsters and guinea pigs to examine cardiac conduction system 
sequelae during acute and post- acute COVID- 19 through 30 days 
after infection, finding that arrhythmias occurred during acute in-
fection, then resolved, and subsequently could recur in the post- 
acute period (180). No viral RNA was detected in myocardial tissue. 
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Instead, cardiac innate immune responses were likely the proximate 
cause of dysrhythmias. Inhibition of Janus kinase (JAK)/signal 
transducer and activator of transcription (STAT) signaling or the 
use of a mitochondrial- targeted antioxidant during acute infection 
ameliorated specific cardiac dysrhythmias. Many people with Long 
Covid complain of pain or abnormal skin sensations. Serafini and 
colleagues demonstrated, using a golden hamster model of SARS- 
CoV- 2 infection, that post–COVID- 19 mechanical hypersensitivity 
was associated with a neuropathic transcriptome from thoracic 
dorsal root ganglia (181). Moreover, they demonstrated that inter-
leukin enhancer binding factor 3 (ILF3) inhibition suppressed IFN- 
induced hypersensitivity, which may be a promising target for Long 
Covid–associated pain.

EARLY VIRUS- HOST KINETICS AND LONG COVID
Acute phase viremia, delayed viral clearance, and viral load 
associate with Long Covid
Studies demonstrating the association between COVID- 19 vaccina-
tion before infection and lower rates of Long Covid were the first 
hints that SARS- CoV- 2 virus- host kinetics during the acute phase 
may be linked in a mechanistic way to the persistence of symptoms 
and development of sequelae in the post- acute phase. The first pub-
lished report to demonstrate this linkage directly was by Su and col-
leagues, who found an association between SARS- CoV- 2 RNAemia 
at the earliest blood sampling (average 13 days after infection, 209 
participants) and self- reported memory problems 2 to 3 months 
later, after adjusting for age, sex, and respiratory support during 
acute COVID- 19 (75). However, people who require hospitalization 
for acute COVID- 19 are more likely to have Long Covid than those 
with mild to moderate infection, and a higher percentage of the 
people with RNAemia were ever hospitalized or in the intensive care 
unit (ICU) than in the group without RNAemia. So, it remained un-
clear whether the association of RNAemia with neurological Long 
Covid was really due to an association of acute severity with Long 
Covid. However, this finding was confirmed soon after in another 
posthospitalization cohort (182).

It remained to be seen whether the link between acute viral- host 
kinetics and Long Covid held true in people who were never hospital-
ized during acute COVID- 19. Using longitudinal reverse transcription 
polymerase chain reaction (RT- PCR) of nasal swabs and saliva in indi-
viduals who did not require hospitalization during acute infection, our 
group demonstrated that delayed clearance of SARS- CoV- 2 RNA from 
the upper respiratory tract during acute infection was associated with 
brain fog and muscle pain reported 90 or more days after symptom 
onset, providing more evidence that delayed or dysfunctional mecha-
nisms of viral clearance are associated with Long Covid, specifically 
neurological Long Covid (183). This finding was affirmed later in a 
study of more than 1200 health care workers, in which self- reported 
SARS- CoV- 2 positivity duration was associated with development of 
Long Covid, and in two cohorts of early- sampled nonhospitalized 
people (184–186). An additional longitudinal study of 590 unvacci-
nated people found that higher amounts of SARS- CoV- 2 RNA in nasal 
swabs collected during hospitalization for acute COVID- 19 were as-
sociated with the presence of two subtypes of Long Covid 3 or more 
months later (187). From these and other data (53), it seems clear that 
more total virus and more persistent virus during acute SARS- CoV- 2 
infection are associated with subsequently developing Long Covid, re-
gardless of whether the virus persists past the acute infection.

Acute antibody responses and their association with 
Long Covid
On the host side of the virus- host dynamic, several studies have 
shown a link between acute antibody kinetics and Long Covid. 
In one study of 116 people hospitalized in early 2020 with acute 
COVID- 19, lower peak titers of blood anti- S immunoglobulin G 
(IgG) correlated with higher symptom burden at 2 and 6 months 
after infection (76). Similarly, a larger study of 304 mostly unvacci-
nated people with varied severity of acute COVID- 19 found an as-
sociation of lower titers of blood anti- N IgG titers at diagnosis with 
slower resolution of symptoms (188). Our study focusing on acute 
mucosal immune responses in 257 mostly nonhospitalized people 
with acute COVID- 19 demonstrated that lower peak oral fluid anti-
 S and anti–receptor binding domain (S RBD) IgA and secretory 
IgA (sIgA) titers were associated with symptoms persisting beyond 
4 weeks after infection (189). Here, higher peak oral fluid anti- S IgG 
titers were associated with longer time to symptom resolution, con-
flicting with the association of lower anti- S IgG with Long Covid 
described above. Together, these data support a model in which 
rapid and robust antibody responses contribute to timely clearance 
of the virus and limit viral dissemination during acute infection, 
whereas infections in which antibody responses are inhibited or vi-
ral clearance is delayed are more likely to be associated with devel-
opment of Long Covid.

PROGRESS TOWARD LONG COVID THERAPEUTICS
Vaccination as a Long Covid therapeutic
Unfortunately, progress in identifying pharmacologic interventions 
for Long Covid has not kept pace with patient demand. Not long 
after the first COVID- 19 vaccines were distributed to the general 
population, reports of the alleviation of some Long Covid symp-
toms after SARS- CoV- 2 vaccination surfaced (190). An observa-
tional study of more than 28,000 people with previous SARS- CoV- 2 
infection by the UK Office for National Statistics reported in 2022 
that the odds of experiencing Long Covid decreased 13% with a first 
vaccine and decreased a further 9% with a second vaccine in the 
post- acute phase (191). Survey- based studies observed that a higher 
proportion of people with Long Covid reported an improvement in 
symptoms after vaccination (14 to 86% depending on the study), 
although a significant proportion reported no change in symptoms 
(15 to 83%, depending on the study) (192–195). There have been no 
published randomized clinical trials of vaccination as a therapeutic 
for Long Covid, but in a trial emulation study of an online Long 
Covid cohort in France, Tran and colleagues followed 455 people 
with Long Covid before May 2021 for 120 days after the first SARS- 
CoV- 2 vaccination and compared them with 455 propensity score–
matched Long Covid controls who did not receive a vaccine (196). 
Having received a vaccine was associated with twice the rate of Long 
Covid resolution at the end of 120 days of follow- up, and those who 
received a vaccine reported less impact of Long Covid on their lives. 
In a small observational study examining biological correlates of im-
provement, prevaccination elevations in soluble IL- 6R (sIL- 6R) 
were associated with Long Covid symptom improvement, and ele-
vations in IFN- β and ciliary neurotrophic factor (CNTF) were as-
sociated with no improvement after vaccination (197). Overall, 
these data indicate that some people with Long Covid may report 
at least temporary improvement after SARS- CoV- 2 vaccination, 
but many people will report either no change or a deterioration in 
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symptoms, and therefore, randomized clinical trials of vaccines for 
Long Covid are needed.

Clinical trials for Long Covid
Thus far, there have been few published randomized controlled clin-
ical trials of pharmacological interventions for Long Covid. In the 
largest and most successful clinical trial to date, a randomized, 
double- blind, placebo- controlled trial of SIM01 (three lyophilized 
strains of Bifidobacteria and three prebiotic compounds) taken 
twice daily in 463 people starting at approximately 4 months after 
acute COVID- 19, fewer people in the SIM01 group reported fa-
tigue, cognitive problems, pain, insomnia, and GI upset at the end 
of 6 months of treatment (198). Increased bacterial richness and di-
versity and fewer bacterial antimicrobial resistance genes were 
found in microbiome analyses of the SIM01 group compared with 
placebo. Similar percentages in each group reported adverse events, 
which were all thought unlikely to be related to SIM01. Ideally, 
SIM01 should be tested in larger trials including people with Long 
Covid for longer than 4 months and in more diverse populations, 
but this trial lends credence to the hypothesis that dysregulated mi-
crobiota play a role in Long Covid.

A few other small trials have been published, some with prom-
ising results and others with negative results. In a small but mod-
erately successful double- blind clinical trial, 41 people with Long 
Covid were randomized to AXA1125 versus placebo twice daily 
for 4 weeks (199). AXA1125 is a combination of 5 amino acids and 
N- acetylcysteine that is thought to lead to improved mitochon-
drial function and decreased oxidative stress. Although 52% of 
participants taking AXA1125 reported adverse events, none were 
serious, and people in that group experienced significant improve-
ments in fatigue- based symptoms compared with placebo. Anoth-
er small randomized, double- blind trial of 73 people assigned to 
receive 40 daily treatments with hyperbaric oxygen (100% oxygen) 
versus sham found that those who received hyperbaric oxygen re-
ported improvement in cognitive function, sleep, pain, and mood 
accompanied by improvement in perfusion and structural changes 
in brain MRI scans (200) and that these effects persisted for at least 
1 year after treatment (201). Larger studies in more diverse popu-
lations are also needed to confirm and extend these positive trial 
results. Conversely, two double- blind controlled trials reported 
failures in alleviating Long Covid symptoms: one of the antioxi-
dant coenzyme Q10 taken for 6 weeks (202) and another of pre-
frontal cortex active transcranial direct current stimulation (tDCS) 
versus sham tDCS (203).

Clinical trials of antivirals in people with already- established Long 
Covid test the hypothesis that persistently replicating SARS- CoV- 2 is 
a cause of Long Covid. The first clinical trial of an antiviral to report 
results was the STOP- PASC trial, a single- center, double- blind ran-
domized controlled trial in which 155 adults with Long Covid and at 
least two self- reported moderate- to- severe symptoms were random-
ized 2:1 to 15 days of oral nirmatrelvir- ritonavir (Paxlovid) or placebo- 
ritonavir (100 mg) twice daily (204). Although this trial demonstrated 
the safety of a 15- day course of nirmatrelvir- ritonavir in people with 
Long Covid, unfortunately, nirmatrelvir- ritonavir did not have a 
positive effect on Long Covid outcomes. However, the investigators 
observed that both treatment groups experienced improvements in 
symptoms during the 15- week follow- up period.

Although the results of the STOP- PASC trial may dampen en-
thusiasm for clinical trials of antivirals, there may be a role for 

further investigation of antivirals. An antiviral might only be effec-
tive in a subpopulation of people who harbor viral reservoirs. For 
example, in the STOP- PASC trial, no participant had detectable 
SARS- CoV- 2 RNA in their stool before the intervention (204). It 
may also be the case that antivirals may be more effective at post- 
acute time points closer to the index infection or that longer dura-
tions of antivirals are required. One of the large, US NIH–sponsored 
RECOVER clinical trials (RECOVER- VITAL) is currently trialing 
antivirals for Long Covid and may be able to resolve these ques-
tions. In addition, several antiviral strategies are currently being 
trialed outside of RECOVER- VITAL, including other trials of 
nirmatrelvir/ritonavir (205–207), ensitrelvir (208), remdesivir (209), 
and anti–SARS- CoV- 2 monoclonal antibodies (210).

In hopeful news, there are several large, well- designed clinical tri-
als for Long Covid currently underway. The UK- based STIMULATE- 
ICP trial began enrollment in August 2022, aims to recruit more 
than 1200 people, and is trialing the anti- inflammatory medication 
colchicine, the anti- clotting medication rivaroxaban, and two anti-
histamines in combination (211). The NIH RECOVER clinical trial 
program has thus far opened enrollment in three large, multicenter 
platform clinical trials in 2023 and 2024, with plans to initiate others 
later in 2024. RECOVER- VITAL will trial antiviral therapies, cur-
rently placebo versus nirmatrelvir- ritonavir for 15 or 25 days, in up 
to 900 participants (212). RECOVER- NEURO’s design is similar and 
seeks to enroll more than 300 adults with neurocognitive Long Co-
vid for a 10- week intervention delivered remotely in five arms. The 
interventions include an interactive online brain training program 
and the same program paired with either a virtual cognitive reha-
bilitation program or tDCS delivered by headset at home (213). 
RECOVER- AUTONOMIC will trial intravenous immunoglobulin 
versus placebo, ivabradine to reduce heart rate versus placebo, and 
wearing a compression belt and eating a high- salt diet versus usual 
care in up to 380 participants with POTS related to Long Covid 
(214). All RECOVER clinical trials are designed to be flexible and 
adaptive, and each can incorporate new interventions in the future. 
Canada has similarly launched an adaptive platform randomized 
trial hoping to recruit more than 800 participants with Long Covid, 
named the Recovering from COVID- 19 Lingering Symptoms Adap-
tive Integrative Medicine (RECLAIM) study (215). Current inter-
ventions include ibudilast [an anti- inflammatory that can cross the 
blood- brain barrier and suppress glial cell activation (216)] or pent-
oxifylline (an immunomodulatory and anti- inflammatory agent) 
versus placebo taken orally for 2 months with follow- up through 
6 months. These studies are not a comprehensive list of national 
Long Covid trial initiatives, and it is hoped that other countries 
follow suit with large trials of Long Covid therapeutics.

Trials for many other agents for Long Covid are underway, as 
reviewed previously (107). Several agents that may reverse im-
mune dysfunction are being trialed, including baricitinib (217), 
anakinra (218), sirolumus (219), methylprednisolone (220), and 
atorvastatin (221), among many others. For respiratory Long 
Covid, the asthma medication montelukast and S- 1226, a mix-
ture of 8% CO2 in perflubron, are being trialed (222, 223). For 
fibromyalgia- type Long Covid, sublingual cyclobenzaprine, a 
muscle relaxant, is being evaluated in a trial (224). Other agents 
such as lithium (225); the diabetes medication metformin (226); 
the antidepressant fluvoxamine (226,  227); larazotide (228), 
which may reverse leaky gut walls; and many others are in cur-
rent or planned clinical trials for Long Covid.
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CONCLUSIONS
The heterogeneity of symptoms and baseline characteristics of 
people with Long Covid have complicated attempts to determine 
the etiologies of this condition. Large human studies are needed 
to investigate the fundamental causes of persistent symptoms and 
to define disease mechanisms. In addition to the promise of cur-
rent and planned clinical trials in ameliorating disease, the knowl-
edge of which agents are and are not effective will also provide 
insight into the pathophysiology of Long Covid and highlight 
pathways that might be even more specifically targeted. The large 
number of people with Long Covid and its involvement in nearly 
every organ system of the body has resulted in an engaged com-
munity of researchers with a broad range of expertise motivated 
to make a difference. The application of knowledge and tools from 
diverse areas of science and medicine opens enormous potential 
to further our understanding and to complete transformative 
mechanistic and clinical studies. In advancing effective therapies 
for people with Long Covid, there is the potential to uncover 
shared mechanisms and therapeutics for myalgic encephalomyeli-
tis/chronic fatigue syndrome and post- acute infectious syndromes 
caused by other pathogens.

REFERENCES AND NOTES
 1. world Health organization, “A clinical case definition of post Covid- 19 condition by a 

delphi consensus” (world Health organization, 6 october 2021); https://iris.who.int/
handle/10665/345824.

 2. office for National Statistics (oNS), “Self- reported coronavirus (Covid- 19) infections 
and associated symptoms, england and Scotland: November 2023 to March 2024” 
(oNS, 25 April 2024).

 3. A. v. Ballering, S. K. r. van Zon, T. C. o. Hartman, J. G. M. rosmalen; lifelines Corona 
research initiative, Persistence of somatic symptoms after Covid- 19 in the Netherlands: 
An observational cohort study. Lancet 400, 452–461 (2022).

 4. C. e. Hastie, d. J. lowe, A. McAuley, N. l. Mills, A. J. winter, C. Black, J. T. Scott,  
C. A. o’donnell, d. N. Blane, S. Browne, T. r. ibbotson, J. P. Pell, True prevalence of 
long- Covid in a nationwide, population cohort study. Nat. Commun. 14, 7892 
(2023).

 5. Global Burden of disease long Covid Collaborators, estimated global proportions of 
individuals with persistent fatigue, cognitive, and respiratory symptom clusters 
following symptomatic Covid- 19 in 2020 and 2021. JAMA 328, 1604–1615 (2022).

 6. Z. Al- Aly, Y. Xie, B. Bowe, High- dimensional characterization of post- acute sequelae of 
Covid- 19. Nature 594, 259–264 (2021).

 7. FAir Health, Patients diagnosed with post- Covid conditions: An analysis of private 
healthcare claims using the official iCd- 10 diagnostic code (FAir Health white Paper, 
2022).

 8. d. M. Cutler, The costs of long Covid. JAMA Health Forum 3, e221809 (2022).
 9. M. Cai, Y. Xie, e. J. Topol, Z. Al- Aly, Three- year outcomes of post- acute sequelae of 

Covid- 19. Nat. Med. 30, 1564–1573 (2024).
 10. H. e. davis, G. S. Assaf, l. McCorkell, H. wei, r. J. low, Y. re’em, S. redfield, J. P. Austin,  

A. Akrami, Characterizing long Covid in an international cohort: 7 months of symptoms 
and their impact. EClinicalMedicine 38, 101019 (2021).

 11. M. Michelen, l. Manoharan, N. elkheir, v. Cheng, A. dagens, C. Hastie, M. o’Hara, J. Suett, 
d. dahmash, P. Bugaeva, i. rigby, d. Munblit, e. Harriss, A. Burls, C. Foote, J. Scott,  
G. Carson, P. olliaro, l. Sigfrid, C. Stavropoulou, Characterising long Covid: A living 
systematic review. BMJ Glob. Health 6, e005427 (2021).

 12. T. Thaweethai, S. e. Jolley, e. w. Karlson, e. B. levitan, B. levy, G. A. McComsey,  
l. M. Corkell, G. N. Nadkarni, S. Parthasarathy, U. Singh, T. A. walker, C. A. Selvaggi,  
d. J. Shinnick, C. C. M. Schulte, r. Atchley- Challenner, l. i. Horwitz, A. S. Foulkes; reCover 
Consortium Authors; for the reCover Consortium, development of a definition of 
postacute sequelae of SArS- Cov- 2 infection. JAMA 329, 1934–1946 (2023).

 13. H. Zhang, C. Zang, Z. Xu, Y. Zhang, J. Xu, J. Bian, d. Morozyuk, d. Khullar, Y. Zhang,  
A. S. Nordvig, e. J. Schenck, e. A. Shenkman, r. l. rothman, J. P. Block, K. lyman,  
M. G. weiner, T. w. Carton, F. wang, r. Kaushal, data- driven identification of post- acute 
SArS- Cov- 2 infection subphenotypes. Nat. Med. 29, 226–235 (2023).

 14. J. T. reese, H. Blau, e. Casiraghi, T. Bergquist, J. J. loomba, T. J. Callahan, B. laraway,  
C. Antonescu, B. Coleman, M. Gargano, K. J. wilkins, l. Cappelletti, T. Fontana, N. Ammar, 
B. Antony, T. M. Murali, J. H. Caufield, G. Karlebach, J. A. McMurry, A. williams, r. Moffitt,  
J. Banerjee, A. e. Solomonides, H. davis, K. Kostka, G. valentini, d. Sahner, C. G. Chute,  

C. Madlock- Brown, M. A. Haendel, P. N. robinson; N3C Consortium; reCover 
Consortium, Generalisable long Covid subtypes: Findings from the NiH N3C and 
reCover programmes. EBioMedicine 87, 104413 (2023).

 15. M. C.- S. wong, J. Huang, Y.- Y. wong, G. l.- H. wong, T. C.- F. Yip, r. N.- Y. Chan, S. w.- H. Chau, 
S.- C. Ng, Y.- K. wing, F. K.- l. Chan, epidemiology, symptomatology, and risk factors for 
long Covid symptoms: Population- based, multicenter study. JMIR Public Health Surveill. 
9, e42315 (2023).

 16. K. H. Nguyen, Y. Bao, J. Mortazavi, J. d. Allen, P. o. Chocano- Bedoya, l. Corlin, Prevalence 
and factors associated with long Covid symptoms among U.S. adults, 2022. Vaccines 
12, 99 (2024).

 17. e. J. Thompson, d. M. williams, A. J. walker, r. e. Mitchell, C. l. Niedzwiedz, T. C. Yang,  
C. F. Huggins, A. S. F. Kwong, r. J. Silverwood, G. di Gessa, r. C. e. Bowyer, K. Northstone, 
B. Hou, M. J. Green, B. dodgeon, K. J. doores, e. l. duncan, F. M. K. williams, S. C. open,  
A. Steptoe, d. J. Porteous, r. r. C. Mceachan, l. Tomlinson, B. Goldacre, P. Patalay,  
G. B. Ploubidis, S. v. Katikireddi, K. Tilling, C. T. rentsch, N. J. Timpson, N. Chaturvedi,  
C. J. Steves, long Covid burden and risk factors in 10 UK longitudinal studies and 
electronic health records. Nat. Commun. 13, 3528 (2022).

 18. r. H. Perlis, M. Santillana, K. ognyanova, A. Safarpour, K. lunz Trujillo, M. d. Simonson,  
J. Green, A. Quintana, J. druckman, M. A. Baum, d. lazer, Prevalence and correlates of 
long Covid symptoms among US adults. JAMA Netw. Open 5, e2238804 (2022).

 19. H. e. davis, l. McCorkell, J. M. vogel, e. J. Topol, long Covid: Major findings, mechanisms 
and recommendations. Nat. Rev. Microbiol. 21, 133–146 (2023).

 20. M. Antonelli, r. S. Penfold, J. Merino, C. H. Sudre, e. Molteni, S. Berry, l. S. Canas,  
M. S. Graham, K. Klaser, M. Modat, B. Murray, e. Kerfoot, l. Chen, J. deng, M. F. osterdahl, 
N. J. Cheetham, d. A. drew, l. H. Nguyen, J. C. Pujol, C. Hu, S. Selvachandran, l. Polidori,  
A. May, J. wolf, A. T. Chan, A. Hammers, e. l. duncan, T. d. Spector, S. ourselin, C. J. Steves, 
risk factors and disease profile of post- vaccination SArS- Cov- 2 infection in UK users of 
the Covid Symptom Study app: A prospective, community- based, nested, case- control 
study. Lancet Infect. Dis. 22, 43–55 (2022).

 21. M. d. Brannock, r. F. Chew, A. J. Preiss, e. C. Hadley, S. redfield, J. A. McMurry, P. J. leese, 
A. T. Girvin, M. Crosskey, A. G. Zhou, r. A. Moffitt, M. J. Funk, e. r. Pfaff, M. A. Haendel,  
C. G. Chute; N3C; reCover. Consortia, long Covid risk and pre- Covid vaccination in 
an eHr- based cohort study from the reCover program. Nat. Commun. 14, 2914 
(2023).

 22. Z. Al- Aly, B. Bowe, Y. Xie, long Covid after breakthrough SArS- Cov- 2 infection. Nat. Med. 
28, 1461–1467 (2022).

 23. P. Kuodi, Y. Gorelik, H. Zayyad, o. wertheim, K. B. wiegler, K. Abu Jabal, A. A. dror,  
S. Nazzal, d. Glikman, M. edelstein, Association between BNT162b2 vaccination and 
reported incidence of post- Covid- 19 symptoms: Cross- sectional study 2020- 21, israel. 
NPJ Vaccines 7, 101 (2022).

 24. d. J. Pinato, J. Aguilar- Company, d. Ferrante, G. Hanbury, M. Bower, r. Salazar, o. Mirallas, 
A. Sureda, A. Plaja, M. Cucurull, r. Mesia, S. Townsend, A. Jackson, A. dalla Pria,  
T. Newsom- davis, J. Handford, A. Sita- lumsden, e. Apthorp, B. vincenzi, A. Bertuzzi,  
J. Brunet, M. lambertini, C. Maluquer, P. Pedrazzoli, F. Biello, A. Sinclair, S. Bawany,  
S. Khalique, S. rossi, l. rogers, C. Murphy, K. Belessiotis, M. C. Carmona- Garcia, r. Sharkey, 
d. Garcia- illescas, G. rizzo, M. Perachino, N. Saoudi- Gonzalez, K. doonga, l. Fox,  
e. roldan, G. Gaidano, i. ruiz- Camps, r. Bruna, A. Patriarca, C. Martinez- vila, l. Cantini,  
A. Zambelli, r. Giusti, F. Mazzoni, e. Caliman, A. Santoro, F. Grosso, A. Parisi, P. Queirolo,  
A. Aujayeb, l. rimassa, A. Prat, M. Tucci, M. libertini, S. Grisanti, U. Mukherjee,  
N. diamantis, v. Fusco, d. Generali, S. Provenzano, A. Gennari, J. Tabernero, A. Cortellini; 
onCovid study group, outcomes of the SArS- Cov- 2 omicron (B.1.1.529) variant 
outbreak among vaccinated and unvaccinated patients with cancer in europe: results 
from the retrospective, multicentre, onCovid registry study. Lancet Oncol. 23, 865–875 
(2022).

 25. S. N. Zisis, J. C. durieux, C. Mouchati, J. A. Perez, G. A. McComsey, The protective effect of 
coronavirus disease 2019 (Covid- 19) vaccination on postacute sequelae of Covid- 19: A 
multicenter study from a large national health research network. Open Forum Infect. Dis. 
9, ofac228 (2022).

 26. S. A. richard, S. d. Pollett, A. C. Fries, C. M. Berjohn, r. C. Maves, T. lalani, A. G. Smith,  
r. M. Mody, A. Ganesan, r. e. Colombo, d. A. lindholm, M. J. Morris, N. Huprikar,  
C. J. Colombo, C. Madar, M. Jones, d. T. larson, S. e. Bazan, K. Mende, d. Saunders,  
J. livezey, C. A. lanteri, A. i. Scher, C. Byrne, J. rusiecki, e. ewers, N. J. epsi, J. S. rozman,  
C. english, M. P. Simons, d. r. Tribble, B. K. Agan, T. H. Burgess; epidemiology, 
immunology, and Clinical Characteristics of emerging infectious diseases with Pandemic 
Potential (ePiCC) Covid- 19 Cohort Study Group, Clinical characteristics of emerging 
infectious diseases with pandemic potential, persistent Covid- 19 symptoms at 6 months 
after onset and the role of vaccination before or after SArS- Cov- 2 infection. JAMA Netw. 
Open 6, e2251360 (2023).

 27. l. lundberg- Morris, S. leach, Y. Xu, J. Martikainen, A. Santosa, M. Gisslen, H. li, F. Nyberg, 
M. Bygdell, Covid- 19 vaccine effectiveness against post- covid- 19 condition among 
589 722 individuals in Sweden: Population based cohort study. BMJ 383, e076990 
(2023).

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


57

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

11 of 17

 28. o. Byambasuren, P. Stehlik, J. Clark, K. Alcorn, P. Glasziou, effect of covid- 19 vaccination 
on long covid: Systematic review. BMJ Med. 2, e000385 (2023).

 29. K. i. Notarte, J. A. Catahay, J. v. velasco, A. Pastrana, A. T. ver, F. C. Pangilinan, P. J. Peligro, 
M. Casimiro, J. J. Guerrero, M. M. l. Gellaco, G. lippi, B. M. Henry,  
C. Fernandez- de- las- Penas, impact of Covid- 19 vaccination on the risk of developing 
long- Covid and on existing long- Covid symptoms: A systematic review. 
EClinicalMedicine 53, 101624 (2022).

 30. C. MacCallum- Bridges, J. l. Hirschtick, A. Patel, r. C. orellana, M. r. elliott, N. l. Fleischer, 
The impact of Covid- 19 vaccination prior to SArS- Cov- 2 infection on prevalence of 
long Covid among a population- based probability sample of Michiganders, 2020- 2022. 
Ann. Epidemiol. 92, 17–24 (2024).

 31. d. Ayoubkhani, M. l. Bosworth, S. King, K. B. Pouwels, M. Glickman, v. Nafilyan,  
F. Zaccardi, K. Khunti, N. A. Alwan, A. S. walker, risk of long Covid in people infected 
with severe acute respiratory syndrome coronavirus 2 after 2 doses of a coronavirus 
disease 2019 vaccine: Community- based, matched cohort study. Open Forum Infect. Dis. 
9, ofac464 (2022).

 32. l. Crivelli, K. Palmer, i. Calandri, A. Guekht, e. Beghi, w. Carroll, J. Frontera,  
d. Garcia- Azorin, e. westenberg, A. S. winkler, F. Mangialasche, r. F. Allegri, M. Kivipelto, 
Changes in cognitive functioning after Covid- 19: A systematic review and meta- analysis. 
Alzheimers Dement. 18, 1047–1066 (2022).

 33. A. Hampshire, A. Azor, C. Atchison, w. Trender, P. J. Hellyer, v. Giunchiglia, M. Husain,  
G. S. Cooke, e. Cooper, A. lound, C. A. donnelly, M. Chadeau- Hyam, H. ward, P. elliott, 
Cognition and memory after Covid- 19 in a large community sample. N. Engl. J. Med. 
390, 806–818 (2024).

 34. e. Xu, Y. Xie, Z. Al- Aly, long- term neurologic outcomes of Covid- 19. Nat. Med. 28, 
2406–2415 (2022).

 35. Y. Xie, e. Xu, Z. Al- Aly, risks of mental health outcomes in people with covid- 19: Cohort 
study. BMJ 376, e068993 (2022).

 36. M. Taquet, J. r. Geddes, M. Husain, S. luciano, P. J. Harrison, 6- month neurological and 
psychiatric outcomes in 236 379 survivors of Covid- 19: A retrospective cohort study 
using electronic health records. Lancet Psychiatry 8, 416–427 (2021).

 37. M. ellingjord- dale, S. H. Brunvoll, A. Soraas, Prospective memory assessment before and 
after Covid- 19. N. Engl. J. Med. 390, 863–865 (2024).

 38. M. Antonelli, J. C. Pujol, T. d. Spector, S. ourselin, C. J. Steves, risk of long Covid 
associated with delta versus omicron variants of SArS- Cov- 2. Lancet 399, 2263–2264 
(2022).

 39. A. Hernandez- Aceituno, A. Garcia- Hernandez, e. larumbe- Zabala, Covid- 19 
long- term sequelae: omicron versus Alpha and delta variants. Infect. Dis. Now. 53, 
104688 (2023).

 40. J. Agergaard, J. d. Gunst, B. Schiottz- Christensen, l. ostergaard, C. wejse, long- term 
prognosis at 1.5 years after infection with wild- type strain of SArS- Cov- 2 and Alpha, 
delta, as well as omicron variants. Int. J. Infect. Dis. 137, 126–133 (2023).

 41. S. diexer, B. Klee, C. Gottschick, C. Xu, A. Broda, o. Purschke, M. Binder, T. Frese, M. Girndt, 
J. i. Hoell, i. Moor, M. Gekle, r. Mikolajczyk, Association between virus variants, 
vaccination, previous infections, and post- Covid- 19 risk. Int. J. Infect. Dis. 136, 14–21 
(2023).

 42. P. Hedberg, P. Naucler, Post- Covid- 19 condition after SArS- Cov- 2 infections during the 
omicron surge vs the delta, Alpha, and wild type periods in Stockholm, Sweden. J. Infect. 
Dis. 229, 133–136 (2024).

 43. e. C. oelsner, Y. Sun, P. P. Balte, N. B. Allen, H. Andrews, A. Carson, S. A. Cole, J. Coresh,  
d. Couper, M. Cushman, M. daviglus, r. T. demmer, M. S. v. elkind, l. C. Gallo,  
J. d. Gutierrez, v. J. Howard, C. r. isasi, S. e. Judd, A. M. Kanaya, N. r. Kandula, r. C. Kaplan, 
G. l. Kinney, A. M. Kucharska- Newton, d. T. lackland, J. S. lee, B. J. Make, Y. i. Min,  
J. M. Murabito, A. F. Norwood, v. e. ortega, K. Pettee Gabriel, B. M. Psaty, e. A. regan,  
d. Sotres- Alvarez, d. Schwartz, J. M. Shikany, B. Thyagarajan, r. P. Tracy, J. G. Umans,  
r. S. vasan, S. e. wenzel, P. G. woodruff, v. Xanthakis, Y. Zhang, w. S. Post, 
epidemiologic features of recovery from SArS- Cov- 2 infection. JAMA Netw. Open 7, 
e2417440 (2024).

 44. M. du, Y. Ma, J. deng, M. liu, J. liu, Comparison of long Covid- 19 caused by different 
SArS- Cov- 2 strains: A systematic review and meta- analysis. Int. J. Environ. Res. Public 
Health 19, 16010 (2022).

 45. B. Appelman, B. T. Charlton, r. P. Goulding, T. J. Kerkhoff, e. A. Breedveld, w. Noort,  
C. offringa, F. w. Bloemers, M. van weeghel, B. v. Schomakers, P. Coelho, J. J. Posthuma,  
e. Aronica, w. Joost wiersinga, M. van vugt, r. C. i. wust, Muscle abnormalities worsen 
after post- exertional malaise in long Covid. Nat. Commun. 15, 17 (2024).

 46. r. Fairbank, long Covid still has no cure—So these patients are turning to research. 
Nature 628, 26–28 (2024).

 47. A. d. Proal, M. B. vanelzakker, S. Aleman, K. Bach, B. P. Boribong, M. Buggert, S. Cherry,  
d. S. Chertow, H. e. davies, C. l. dupont, S. G. deeks, w. eimer, e. w. ely, A. Fasano,  
M. Freire, l. N. Geng, d. e. Griffin, T. J. Henrich, A. iwasaki, d. izquierdo- Garcia, M. locci,  
S. Mehandru, M. M. Painter, M. J. Peluso, e. Pretorius, d. A. Price, d. Putrino,  
r. H. Scheuermann, G. S. Tan, r. e. Tanzi, H. F. vanBrocklin, l. M. Yonker, e. J. wherry, 

SArS- Cov- 2 reservoir in post- acute sequelae of Covid- 19 (PASC). Nat. Immunol. 24, 
1616–1627 (2023).

 48. B. Chen, B. Julg, S. Mohandas, S. B. Bradfute, r. M. P. T. Force, viral persistence, 
reactivation, and mechanisms of long Covid. eLife 12, e86015 (2023).

 49. d. Buonsenso, l. Martino, r. Morello, F. Mariani, K. Fearnley, P. valentini, viral persistence 
in children infected with SArS- Cov- 2: Current evidence and future research strategies. 
Lancet Microbe 4, e745–e756 (2023).

 50. N. A. el- Baky, A. A. Amara, v. N. Uversky, e. M. redwan, intrinsic factors behind long 
Covid: iii. Persistence of SArS- Cov- 2 and its components. J. Cell. Biochem. 125, 22–44 
(2024).

 51. C. Fernandez- de- las- Penas, J. Torres- Macho, r. Macasaet, J. v. velasco, A. T. ver,  
T. H. d. Culasino Carandang, J. J. Guerrero, A. Franco- Moreno, w. Chung, K. i. Notarte, 
Presence of SArS- Cov- 2 rNA in Covid- 19 survivors with post- Covid symptoms: A 
systematic review of the literature. Clin. Chem. Lab. Med. 62, 1044–1052 (2024).

 52. d. A. Gregory, M. Trujillo, C. rushford, A. Flury, S. Kannoly, K. M. San, d. T. lyfoung,  
r. w. wiseman, K. Bromert, M. Y. Zhou, e. Kesler, N. J. Bivens, J. Hoskins, C. H. lin,  
d. H. o’Connor, C. wieberg, J. wenzel, r. S. Kantor, J. J. dennehy, M. C. Johnson, Genetic 
diversity and evolutionary convergence of cryptic SArS-  Cov- 2 lineages detected via 
wastewater sequencing. PLOS Pathog. 18, e1010636 (2022).

 53. M. Ghafari, M. Hall, T. Golubchik, d. Ayoubkhani, T. House, G. Macintyre- Cockett,  
H. r. Fryer, l. Thomson, A. Nurtay, S. A. Kemp, l. Ferretti, d. Buck, A. Green, A. Trebes,  
P. Piazza, l. J. lonie, r. Studley, e. rourke, d. l. Smith, M. Bashton, A. Nelson, M. Crown,  
C. McCann, G. r. Young, r. Santos, Z. richards, M. A. Tariq, r. Cahuantzi; wellcome Sanger 
institute Covid- 19 Surveillance Team; Covid- 19 infection Survey Group; The Covid- 19 
Genomics UK (CoG- UK) Consortium, J. Barrett, C. Fraser, d. Bonsall, A. S. walker,  
K. lythgoe, Prevalence of persistent SArS- Cov- 2 in a large community surveillance study. 
Nature 626, 1094–1101 (2024).

 54. S. r. Stein, S. C. ramelli, A. Grazioli, J. Y. Chung, M. Singh, C. K. Yinda, C. w. winkler, J. Sun, 
J. M. dickey, K. Ylaya, S. H. Ko, A. P. Platt, P. d. Burbelo, M. Quezado, S. Pittaluga, M. Purcell, 
v. J. Munster, F. Belinky, M. J. ramos- Benitez, e. A. Boritz, i. A. lach, d. l. Herr, J. rabin,  
K. K. Saharia, r. J. Madathil, A. Tabatabai, S. Soherwardi, M. T. McCurdy,  
N. C.- A. Consortium, K. e. Peterson, J. i. Cohen, e. de wit, K. M. vannella, S. M. Hewitt,  
d. e. Kleiner, d. S. Chertow, SArS- Cov- 2 infection and persistence in the human body and 
brain at autopsy. Nature 612, 758–763 (2022).

 55. J. l. Jacobs, w. Bain, A. Naqvi, B. Staines, P. M. S. Castanha, H. Yang, v. F. Boltz,  
S. Barratt- Boyes, e. T. A. Marques, S. l. Mitchell, B. Methe, T. F. olonisakin, G. Haidar,  
T. w. Burke, e. Petzold, T. denny, C. w. woods, B. J. Mcverry, J. S. lee, S. C. watkins,  
C. M. St Croix, A. Morris, M. F. Kearney, M. S. ladinsky, P. J. Bjorkman, G. d. Kitsios,  
J. w. Mellors, Severe acute respiratory syndrome coronavirus 2 viremia is associated with 
coronavirus disease 2019 severity and predicts clinical outcomes. Clin. Infect. Dis. 74, 
1525–1533 (2022).

 56. C. A. Hogan, B. A. Stevens, M. K. Sahoo, C. Huang, N. Garamani, S. Gombar, F. Yamamoto, 
K. Murugesan, J. Kurzer, J. Zehnder, B. A. Pinsky, High frequency of SArS- Cov- 2 rNAemia 
and association with severe disease. Clin. Infect. Dis. 72, e291–e295 (2021).

 57. J. F. Bermejo- Martin, M. Gonzalez- rivera, r. Almansa, d. Micheloud, A. P. Tedim,  
M. dominguez- Gil, S. resino, M. Martin- Fernandez, P. ryan Murua, F. Perez- Garcia,  
l. Tamayo, r. lopez- izquierdo, e. Bustamante, C. Aldecoa, J. M. Gomez, J. rico- Feijoo,  
A. orduna, r. Mendez, i. Fernandez Natal, G. Megias, M. Gonzalez- estecha, d. Carriedo,  
C. doncel, N. Jorge, A. ortega, A. de la Fuente, F. del Campo, J. A. Fernandez- ratero,  
w. Trapiello, P. Gonzalez- Jimenez, G. ruiz, A. A. Kelvin, A. T. ostadgavahi, r. oneizat,  
l. M. ruiz, i. Miguens, e. Gargallo, i. Munoz, S. Pelegrin, S. Martin, P. Garcia olivares,  
J. A. Cedeno, T. ruiz Albi, C. Puertas, J. A. Berezo, G. renedo, r. Herran,  
J. Bustamante- Munguira, P. enriquez, r. Cicuendez, J. Blanco, J. Abadia,  
J. Gomez Barquero, N. Mamolar, N. Blanca- lopez, l. J. valdivia, B. Fernandez Caso,  
M. A. Mantecon, A. Motos, l. Fernandez- Barat, r. Ferrer, F. Barbe, A. Torres, r. Menendez,  
J. M. eiros, d. J. Kelvin, viral rNA load in plasma is associated with critical illness and a 
dysregulated host response in Covid- 19. Crit. Care 24, 691 (2020).

 58. S. Miki, H. Sasaki, H. Horiuchi, N. Miyata, Y. Yoshimura, K. Miyazaki, T. Matsumura,  
Y. Takahashi, T. Suzuki, T. Matano, A. Kawana- Tachikawa, N. Tachikawa, on- admission 
SArS- Cov- 2 rNAemia as a single potent predictive marker of critical condition 
development and mortality in Covid- 19. PLOS ONE 16, e0254640 (2021).

 59. N. ram- Mohan, d. Kim, e. J. Zudock, M. M. Hashemi, K. C. Tjandra, A. J. rogers, C. A. Blish, 
K. C. Nadeau, J. A. Newberry, J. v. Quinn, r. o’Hara, e. Ashley, H. Nguyen, l. Jiang, P. Hung, 
A. l. Blomkalns, S. Yang; Stanford Covid- 19 Biobank Study Group, SArS- Cov- 2 rNAemia 
predicts clinical deterioration and extrapulmonary complications from Covid- 19. Clin. 
Infect. Dis. 74, 218–226 (2022).

 60. Z. Swank, Y. Senussi, Z. Manickas- Hill, X. G. Yu, J. Z. li, G. Alter, d. r. walt, Persistent 
circulating severe acute respiratory syndrome coronavirus 2 spike is associated with 
post- acute coronavirus disease 2019 sequelae. Clin. Infect. Dis. 76, e487–e490 
(2023).

 61. C. Schultheiss, e. willscher, l. Paschold, C. Gottschick, B. Klee, l. Bosurgi, J. dutzmann,  
d. Sedding, T. Frese, M. Girndt, J. i. Holl, M. Gekle, r. Mikolajczyk, M. Binder, liquid 

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


58

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

12 of 17

biomarkers of macrophage dysregulation and circulating spike protein illustrate the 
biological heterogeneity in patients with post- acute sequelae of Covid- 19. J. Med. Virol. 
95, e28364 (2023).

 62. M. J. Peluso, Z. N. Swank, S. A. Goldberg, S. lu, T. dalhuisen, e. Borberg, Y. Senussi,  
M. A. luna, C. Chang Song, A. Clark, A. Zamora, M. lew, B. viswanathan, B. Huang,  
K. Anglin, r. Hoh, P. Y. Hsue, M. S. durstenfeld, M. A. Spinelli, d. v. Glidden, T. J. Henrich,  
J. d. Kelly, S. G. deeks, d. r. walt, J. N. Martin, Plasma- based antigen persistence in the 
post- acute phase of Covid- 19. Lancet Infect. Dis. 24, e345–e347 (2024).

 63. v. Craddock, A. Mahajan, l. Spikes, B. Krishnamachary, A. K. ram, A. Kumar, l. Chen,  
P. Chalise, N. K. dhillon, Persistent circulation of soluble and extracellular vesicle- linked 
spike protein in individuals with postacute sequelae of Covid- 19. J. Med. Virol. 95, 
e28568 (2023).

 64. F. Tejerina, P. Catalan, C. rodriguez- Grande, J. Adan, C. rodriguez- Gonzalez, P. Munoz,  
T. Aldamiz, C. diez, l. Perez, C. Fanciulli, d. Garcia de viedma; Gregorio Marañon 
Microbiology id Covid 19 Study Group, Post- Covid- 19 syndrome. SArS- Cov- 2 rNA 
detection in plasma, stool, and urine in patients with persistent symptoms after 
Covid- 19. BMC Infect. Dis. 22, 211 (2022).

 65. S. M. Menezes, M. Jamoulle, M. P. Carletto, l. Moens, i. Meyts, P. Maes, J. van weyenbergh, 
Blood transcriptomic analyses reveal persistent SArS- Cov- 2 rNA and candidate 
biomarkers in post- Covid- 19 condition. Lancet Microbe 5, 100849 (2024).

 66. K. S. Cheung, i. F. N. Hung, P. P. Y. Chan, K. C. lung, e. Tso, r. liu, Y. Y. Ng, M. Y. Chu,  
T. w. H. Chung, A. r. Tam, C. C. Y. Yip, K. H. leung, A. Y. Fung, r. r. Zhang, Y. lin,  
H. M. Cheng, A. J. X. Zhang, K. K. w. To, K. H. Chan, K. Y. Yuen, w. K. leung, Gastrointestinal 
manifestations of SArS- Cov- 2 infection and virus load in fecal samples from a Hong 
Kong cohort: Systematic review and meta- analysis. Gastroenterology 159, 81–95 
(2020).

 67. S. Parasa, M. desai, v. Thoguluva Chandrasekar, H. K. Patel, K. F. Kennedy, T. roesch,  
M. Spadaccini, M. Colombo, r. Gabbiadini, e. l. A. Artifon, A. repici, P. Sharma, Prevalence 
of gastrointestinal symptoms and fecal viral shedding in patients with coronavirus 
disease 2019: A systematic review and meta- analysis. JAMA Netw. Open 3, e2011335 
(2020).

 68. C. Gaebler, Z. wang, J. C. C. lorenzi, F. Muecksch, S. Finkin, M. Tokuyama, A. Cho,  
M. Jankovic, d. Schaefer- Babajew, T. Y. oliveira, M. Cipolla, C. viant, C. o. Barnes, Y. Bram, 
G. Breton, T. Hagglof, P. Mendoza, A. Hurley, M. Turroja, K. Gordon, K. G. Millard, v. ramos, 
F. Schmidt, Y. weisblum, d. Jha, M. Tankelevich, G. Martinez- delgado, J. Yee, r. Patel,  
J. dizon, C. Unson- o’Brien, i. Shimeliovich, d. F. robbiani, Z. Zhao, A. Gazumyan,  
r. e. Schwartz, T. Hatziioannou, P. J. Bjorkman, S. Mehandru, P. d. Bieniasz, M. Caskey,  
M. C. Nussenzweig, evolution of antibody immunity to SArS- Cov- 2. Nature 591, 639–644 
(2021).

 69. M. J. Peluso, d. ryder, r. r. Flavell, Y. wang, J. levi, B. H. laFranchi, T. M. deveau,  
A. M. Buck, S. e. Munter, K. A. Asare, M. Aslam, w. Koch, G. Szabo, r. Hoh, M. deswal,  
A. e. rodriguez, M. Buitrago, v. Tai, U. Shrestha, S. lu, S. A. Goldberg, T. dalhuisen,  
J. J. vasquez, M. S. durstenfeld, P. Y. Hsue, J. d. Kelly, N. Kumar, J. N. Martin, A. Gambhir,  
M. Somsouk, Y. Seo, S. G. deeks, Z. G. laszik, H. F. vanBrocklin, T. J. Henrich, Tissue- based T cell 
activation and viral rNA persist for up to 2 years after SArS- Cov- 2 infection. Sci. Transl. Med. 
16, eadk3295 (2024).

 70. d. Arostegui, K. Castro, S. Schwarz, K. vaidy, S. rabinowitz, T. wallach, Persistent 
SArS- Cov- 2 nucleocapsid protein presence in the intestinal epithelium of a pediatric 
patient 3 months after acute infection. JPGN Rep. 3, e152 (2022).

 71. M. Hany, e. Sheta, A. Talha, M. Anwar, M. Selima, M. Gaballah, A. Zidan, M. ibrahim,  
A. S. S. Agayby, A. A. Abouelnasr, M. Samir, B. Torensma, incidence of persistent 
SArS- Cov- 2 gut infection in patients with a history of Covid- 19: insights from 
endoscopic examination. Endosc. Int. Open. 12, e11–e22 (2024).

 72. A. Zollner, r. Koch, A. Jukic, A. Pfister, M. Meyer, A. rossler, J. Kimpel, T. e. Adolph, H. Tilg, 
Postacute Covid- 19 is characterized by gut viral antigen persistence in inflammatory 
bowel diseases. Gastroenterology 163, 495–506.e8 (2022).

 73. C. C. l. Cheung, d. Goh, X. lim, T. Z. Tien, J. C. T. lim, J. N. lee, B. Tan, Z. e. A. Tay, w. Y. wan, 
e. X. Chen, S. N. Nerurkar, S. loong, P. C. Cheow, C. Y. Chan, Y. X. Koh, T. T. Tan,  
S. Kalimuddin, w. M. d. Tai, J. l. Ng, J. G. low, J. Yeong, K. H. lim, residual SArS- Cov- 2 viral 
antigens detected in Gi and hepatic tissues from five recovered patients with Covid- 19. 
Gut 71, 226–229 (2022).

 74. Y. Han, l. Yang, l. A. lacko, S. Chen, Human organoid models to study SArS- Cov- 2 
infection. Nat. Methods 19, 418–428 (2022).

 75. Y. Su, d. Yuan, d. G. Chen, r. H. Ng, K. wang, J. Choi, S. li, S. Hong, r. Zhang, J. Xie,  
S. A. Kornilov, K. Scherler, A. J. Pavlovitch- Bedzyk, S. dong, C. lausted, i. lee, S. Fallen,  
C. l. dai, P. Baloni, B. Smith, v. r. duvvuri, K. G. Anderson, J. li, F. Yang, C. J. duncombe,  
d. J. McCulloch, C. rostomily, P. Troisch, J. Zhou, S. Mackay, Q. deGottardi, d. H. May,  
r. Taniguchi, r. M. Gittelman, M. Klinger, T. M. Snyder, r. roper, G. wojciechowska,  
K. Murray, r. edmark, S. evans, l. Jones, Y. Zhou, l. rowen, r. liu, w. Chour, H. A. Algren, 
w. r. Berrington, J. A. wallick, r. A. Cochran, M. e. Micikas; iSB- Swedish Covid- 19 
Biobanking Unit, T. wrin, C. J. Petropoulos, H. r. Cole, T. d. Fischer, w. wei, d. S. B. Hoon,  
N. d. Price, N. Subramanian, J. A. Hill, J. Hadlock, A. T. Magis, A. ribas, l. l. lanier,  

S. d. Boyd, J. A. Bluestone, H. Chu, l. Hood, r. Gottardo, P. d. Greenberg, M. M. davis,  
J. d. Goldman, J. r. Heath, Multiple early factors anticipate post- acute Covid- 19 
sequelae. Cell 185, 881–895.e820 (2022).

 76. J. Garcia- Abellan, S. Padilla, M. Fernandez- Gonzalez, J. A. Garcia, v. Agullo, M. Andreo,  
S. ruiz, A. Galiana, F. Gutierrez, M. Masia, Antibody response to SArS- Cov- 2 is associated 
with long- term clinical outcome in patients with Covid- 19: A longitudinal study. J. Clin. 
Immunol. 41, 1490–1501 (2021).

 77. M. J. Peluso, A. N. deitchman, l. Torres, N. S. iyer, S. e. Munter, C. C. Nixon, J. donatelli,  
C. Thanh, S. Takahashi, J. Hakim, K. Turcios, o. Janson, r. Hoh, v. Tai, Y. Hernandez,  
e. A. Fehrman, M. A. Spinelli, M. Gandhi, l. Trinh, T. wrin, C. J. Petropoulos, F. T. Aweeka,  
i. rodriguez- Barraquer, J. d. Kelly, J. N. Martin, S. G. deeks, B. Greenhouse,  
r. l. rutishauser, T. J. Henrich, long- term SArS- Cov- 2- specific immune and inflammatory 
responses in individuals recovering from Covid- 19 with and without post- acute 
symptoms. Cell Rep. 36, 109518 (2021).

 78. K. M. littlefield, r. o. watson, J. M. Schneider, C. P. Neff, e. Yamada, M. Zhang,  
T. B. Campbell, M. T. Falta, S. e. Jolley, A. P. Fontenot, B. e. Palmer, SArS- Cov- 2- specific T cells 
associate with inflammation and reduced lung function in pulmonary post- acute 
sequalae of SArS- Cov- 2. PLOS Pathog. 18, e1010359 (2022).

 79. K. Yin, M. J. Peluso, X. luo, r. Thomas, M. G. Shin, J. Neidleman, A. Andrew, K. C. Young,  
T. Ma, r. Hoh, K. Anglin, B. Huang, U. Argueta, M. lopez, d. valdivieso, K. Asare,  
T. M. deveau, S. e. Munter, r. ibrahim, l. Standker, S. lu, S. A. Goldberg, S. A. lee,  
K. l. lynch, J. d. Kelly, J. N. Martin, J. Munch, S. G. deeks, T. J. Henrich, N. r. roan, long Covid 
manifests with T cell dysregulation, inflammation and an uncoordinated adaptive 
immune response to SArS- Cov- 2. Nat. Immunol. 25, 218–225 (2024).

 80. J. Klein, J. wood, J. r. Jaycox, r. M. dhodapkar, P. lu, J. r. Gehlhausen, A. Tabachnikova,  
K. Greene, l. Tabacof, A. A. Malik, v. Silva Monteiro, J. Silva, K. Kamath, M. Zhang, A. dhal, 
i. M. ott, G. valle, M. Pena- Hernandez, T. Mao, B. Bhattacharjee, T. Takahashi, C. lucas,  
e. Song, d. McCarthy, e. Breyman, J. Tosto- Mancuso, Y. dai, e. Perotti, K. Akduman,  
T. J. Tzeng, l. Xu, A. C. Geraghty, M. Monje, i. Yildirim, J. Shon, r. Medzhitov,  
d. lutchmansingh, J. d. Possick, N. Kaminski, S. B. omer, H. M. Krumholz, l. Guan,  
C. S. dela Cruz, d. van dijk, A. M. ring, d. Putrino, A. iwasaki, distinguishing features of 
long Covid identified through immune profiling. Nature 623, 139–148 (2023).

 81. l. visvabharathy, B. A. Hanson, Z. S. orban, P. H. lim, N. M. Palacio, M. Jimenez, J. r. Clark, 
e. l. Graham, e. M. liotta, G. Tachas, P. Penaloza- MacMaster, i. J. Koralnik, Neuro- PASC is 
characterized by enhanced Cd4+ and diminished Cd8+ T cell responses to SArS- Cov- 2 
nucleocapsid protein. Front. Immunol. 14, 1155770 (2023).

 82. A. Gil, G. e. Hoag, J. P. Salerno, M. Hornig, N. Klimas, l. K. Selin, identification of Cd8 T- cell 
dysfunction associated with symptoms in myalgic encephalomyelitis/chronic fatigue 
syndrome (Me/CFS) and long Covid and treatment with a nebulized antioxidant/
anti- pathogen agent in a retrospective case series. Brain Behav. Immun. Health 36, 
100720 (2024).

 83. S. lopez- leon, T. wegman- ostrosky, N. C. Ayuzo del valle, C. Perelman, r. Sepulveda,  
P. A. rebolledo, A. Cuapio, S. villapol, long- Covid in children and adolescents: A 
systematic review and meta- analyses. Sci. Rep. 12, 9950 (2022).

 84. K. Paniskaki, M. J. Konik, M. Anft, H. Heidecke, T. l. Meister, S. Pfaender, A. Krawczyk,  
M. Zettler, J. Jager, A. Gaeckler, S. dolff, T. H. westhoff, H. rohn, U. Stervbo,  
C. Scheibenbogen, o. witzke, N. Babel, low avidity circulating SArS- Cov- 2 reactive Cd8+ 
T cells with proinflammatory TeMrA phenotype are associated with post- acute sequelae 
of Covid- 19. Front. Microbiol. 14, 1196721 (2023).

 85. C. Cervia- Hasler, S. C. Bruningk, T. Hoch, B. Fan, G. Muzio, r. C. Thompson, l. Ceglarek,  
r. Meledin, P. westermann, M. emmenegger, P. Taeschler, Y. Zurbuchen, M. Pons,  
d. Menges, T. Ballouz, S. Cervia- Hasler, S. Adamo, M. Merad, A. w. Charney, M. Puhan,  
P. Brodin, J. Nilsson, A. Aguzzi, M. e. raeber, C. B. Messner, N. d. Beckmann, K. Borgwardt, 
o. Boyman, Persistent complement dysregulation with signs of thromboinflammation in 
active long Covid. Science 383, eadg7942 (2024).

 86. C. J. reynolds, l. Swadling, J. M. Gibbons, C. Pade, M. P. Jensen, M. o. diniz, N. M. Schmidt, 
d. K. Butler, o. e. Amin, S. N. l. Bailey, S. M. Murray, F. P. Pieper, S. Taylor, J. Jones, M. Jones, 
w. J. lee, J. rosenheim, A. Chandran, G. Joy, C. di Genova, N. Temperton, J. lambourne,  
T. Cutino- Moguel, M. Andiapen, M. Fontana, A. Smit, A. Semper, B. o’Brien, B. Chain,  
T. Brooks, C. Manisty, T. Treibel, J. C. Moon; Covidsortium investigators, M. Noursadeghi; 
Covidsortium immune correlates network, d. M. Altmann, M. K. Maini, Á. McKnight,  
r. J. Boyton, discordant neutralizing antibody and T cell responses in asymptomatic and 
mild SArS- Cov- 2 infection. Sci. Immunol. 5, eabf3698 (2020).

 87. A. Grifoni, J. Sidney, r. vita, B. Peters, S. Crotty, d. weiskopf, A. Sette, SArS- Cov- 2 human 
T cell epitopes: Adaptive immune response against Covid- 19. Cell Host Microbe 29, 
1076–1092 (2021).

 88. C. o. ogega, N. e. Skinner, P. w. Blair, H. S. Park, K. littlefield, A. Ganesan, S. dhakal,  
P. ladiwala, A. A. Antar, S. C. ray, M. J. Betenbaugh, A. Pekosz, S. l. Klein, Y. C. Manabe,  
A. l. Cox, J. r. Bailey, durable SArS- Cov- 2 B cell immunity after mild or severe disease. 
J. Clin. Invest. 131, e145516 (2021).

 89. C. Phetsouphanh, d. r. darley, d. B. wilson, A. Howe, C. M. l. Munier, S. K. Patel, J. A. Juno, 
l. M. Burrell, S. J. Kent, G. J. dore, A. d. Kelleher, G. v. Matthews, immunological 

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


59

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

13 of 17

dysfunction persists for 8 months following initial mild- to- moderate SArS- Cov- 2 infection. 
Nat. Immunol. 23, 210–216 (2022).

 90. F. liew, C. efstathiou, S. Fontanella, M. richardson, r. Saunders, d. Swieboda, J. K. Sidhu, 
S. Ascough, S. C. Moore, N. Mohamed, J. Nunag, C. King, o. C. leavy, o. elneima,  
H. J. C. McAuley, A. Shikotra, A. Singapuri, M. Sereno, v. C. Harris, l. Houchen- wolloff,  
N. J. Greening, N. i. lone, M. Thorpe, A. A. r. Thompson, S. l. rowland- Jones,  
A. B. docherty, J. d. Chalmers, l. P. Ho, A. Horsley, B. raman, K. Poinasamy, M. Marks,  
o. M. Kon, l. S. Howard, d. G. wootton, J. K. Quint, T. i. de Silva, A. Ho, C. Chiu,  
e. M. Harrison, w. Greenhalf, J. K. Baillie, M. G. Semple, l. Turtle, r. A. evans, l. v. wain,  
C. Brightling, r. S. Thwaites, P. J. M. openshaw; PHoSP- Covid collaborative group; 
iSAriC investigators, large- scale phenotyping of patients with long Covid post- 
hospitalization reveals mechanistic subtypes of disease. Nat. Immunol. 25, 607–621 
(2024).

 91. M. wiech, P. Chroscicki, J. Swatler, d. Stepnik, S. de Biasi, M. Hampel,  
M. Brewinska- olchowik, A. Maliszewska, K. Sklinda, M. durlik, w. wierzba, A. Cossarizza, 
K. Piwocka, remodeling of T cell dynamics during long Covid is dependent on severity 
of SArS- Cov- 2 infection. Front. Immunol. 13, 886431 (2022).

 92. Y. Xie, e. Xu, B. Bowe, Z. Al- Aly, long- term cardiovascular outcomes of Covid- 19. Nat. Med. 
28, 583–590 (2022).

 93. H. M. Salah, M. Fudim, S. T. o’Neil, A. Manna, C. G. Chute, M. C. Caughey, Post- recovery 
Covid- 19 and incident heart failure in the National Covid Cohort Collaborative (N3C) 
study. Nat. Commun. 13, 4117 (2022).

 94. Y. J. lai, S. H. liu, S. Manachevakul, T. A. lee, C. T. Kuo, d. Bello, Biomarkers in long 
Covid- 19: A systematic review. Front. Med. 10, 1085988 (2023).

 95. C. Schultheiss, e. willscher, l. Paschold, C. Gottschick, B. Klee, S. S. Henkes, l. Bosurgi,  
J. dutzmann, d. Sedding, T. Frese, M. Girndt, J. i. Holl, M. Gekle, r. Mikolajczyk, M. Binder, 
The il- 1β, il- 6, and TNF cytokine triad is associated with post- acute sequelae of 
Covid- 19. Cell Rep. Med. 3, 100663 (2022).

 96. r. A. evans, H. McAuley, e. M. Harrison, A. Shikotra, A. Singapuri, M. Sereno, o. elneima,  
A. B. docherty, N. i. lone, o. C. leavy, l. daines, J. K. Baillie, J. S. Brown, T. Chalder,  
A. de Soyza, N. d. Bakerly, N. easom, J. r. Geddes, N. J. Greening, N. Hart, l. G. Heaney,  
S. Heller, l. Howard, J. r. Hurst, J. Jacob, r. G. Jenkins, C. Jolley, S. Kerr, o. M. Kon, K. lewis, 
J. M. lord, G. P. McCann, S. Neubauer, P. J. M. openshaw, d. Parekh, P. Pfeffer,  
N. M. rahman, B. raman, M. richardson, M. rowland, M. G. Semple, A. M. Shah,  
S. J. Singh, A. Sheikh, d. Thomas, M. Toshner, J. d. Chalmers, l. P. Ho, A. Horsley, M. Marks, 
K. Poinasamy, l. v. wain, C. e. Brightling; PHoSP- Covid Collaborative Group, Physical, 
cognitive, and mental health impacts of Covid- 19 after hospitalisation (PHoSP- Covid): 
A UK multicentre, prospective cohort study. Lancet Respir. Med. 9, 1275–1287 (2021).

 97. H. K. Al- Hakeim, H. T. Al- rubaye, d. S. Al- Hadrawi, A. F. Almulla, M. Maes, long- Covid 
post- viral chronic fatigue and affective symptoms are associated with oxidative damage, 
lowered antioxidant defenses and inflammation: A proof of concept and mechanism 
study. Mol. Psychiatry 28, 564–578 (2023).

 98. r. A. Xuereb, M. Borg, K. vella, A. Gatt, r. G. Xuereb, C. Barbara, S. Fava, C. J. Magri, long Covid 
syndrome: A case- control study. Am. J. Med. (2023); https://doi.org/10.1016/j.
amjmed.2023.04.022.

 99. K. M. erlandson, l. N. Geng, C. A. Selvaggi, T. Thaweethai, P. Chen, N. B. erdmann,  
J. d. Goldman, T. J. Henrich, M. Hornig, e. w. Karlson, S. d. Katz, C. Kim, S. K. Cribbs,  
A. o. laiyemo, r. letts, J. Y. lin, J. Marathe, S. Parthasarathy, T. F. Patterson, B. d. Taylor,  
e. r. duffy, M. Haack, B. Julg, G. Maranga, C. Hernandez, N. G. Singer, J. Han, P. Pemu,  
H. Brim, H. Ashktorab, A. w. Charney, J. wisnivesky, J. J. lin, H. Y. Chu, M. Go, U. Singh,  
e. B. levitan, P. A. Goepfert, J. Z. Nikolich, H. Hsu, M. J. Peluso, J. d. Kelly, M. J. okumura,  
v. J. Flaherman, J. G. Quigley, J. A. Krishnan, M. B. Scholand, r. Hess, T. d. Metz,  
M. M. Costantine, d. J. rouse, B. S. Taylor, M. P. Goldberg, G. d. Marshall, J. wood,  
d. warren, l. Horwitz, A. S. Foulkes, G. A. McComsey, r. e.- A. Cohort, differentiation 
of prior SArS- Cov- 2 infection and postacute sequelae by standard clinical 
laboratory measurements in the reCover cohort. Ann. Intern. Med. 177, 1209–1221 
(2024).

 100. Z. o. demko, T. Yu, S. K. Mullapudi, M. G. varela Heslin, C. A. dorsey, C. B. Payton,  
J. A. Tornheim, P. w. Blair, S. H. Mehta, d. l. Thomas, Y. C. Manabe, A. A. r. Antar, Two- year 
longitudinal study reveals that long Covid symptoms peak and quality of life Nadirs at 
6- 12 months postinfection. Open Forum Infect. Dis. 11, ofae027 (2024).

 101. K. wang, M. Khoramjoo, K. Srinivasan, P. M. K. Gordon, r. Mandal, d. Jackson, w. Sligl,  
M. B. Grant, J. M. Penninger, C. H. Borchers, d. S. wishart, v. Prasad, G. Y. oudit, Sequential 
multi- omics analysis identifies clinical phenotypes and predictive biomarkers for long 
Covid. Cell. Rep. Med. 4, 101254 (2023).

 102. A. Fernandez- Castaneda, P. lu, A. C. Geraghty, e. Song, M. H. lee, J. wood, M. r. o’dea,  
S. dutton, K. Shamardani, K. Nwangwu, r. Mancusi, B. Yalcin, K. r. Taylor,  
l. Acosta- Alvarez, K. Malacon, M. B. Keough, l. Ni, P. J. woo, d. Contreras- esquivel,  
A. M. S. Toland, J. r. Gehlhausen, J. Klein, T. Takahashi, J. Silva, B. israelow, C. lucas, T. Mao, 
M. A. Pena- Hernandez, A. Tabachnikova, r. J. Homer, l. Tabacof, J. Tosto- Mancuso,  
e. Breyman, A. Kontorovich, d. McCarthy, M. Quezado, H. vogel, M. M. Hefti, d. P. Perl,  
S. liddelow, r. Folkerth, d. Putrino, A. Nath, A. iwasaki, M. Monje, Mild respiratory Covid 

can cause multi- lineage neural cell and myelin dysregulation. Cell 185, 2452–2468.e16 
(2022).

 103. G. douaud, S. lee, F. Alfaro- Almagro, C. Arthofer, C. wang, P. McCarthy, F. lange,  
J. l. r. Andersson, l. Griffanti, e. duff, S. Jbabdi, B. Taschler, P. Keating, A. M. winkler,  
r. Collins, P. M. Matthews, N. Allen, K. l. Miller, T. e. Nichols, S. M. Smith, SArS- Cov- 2 is 
associated with changes in brain structure in UK Biobank. Nature 604, 697–707 
(2022).

 104. M. rahmati, d. K. Yon, S. w. lee, r. Udeh, e. M. Mc, M. S. Kim, r. M. Gyasi, H. oh,  
G. F. lopez Sanchez, l. Jacob, Y. li, A. Koyanagi, J. i. Shin, l. Smith, New- onset type 1 
diabetes in children and adolescents as postacute sequelae of SArS- Cov- 2 infection: 
A systematic review and meta- analysis of cohort studies. J. Med. Virol. 95, e28833 
(2023).

 105. F. Tesch, F. ehm, A. vivirito, d. wende, M. Batram, F. loser, S. Menzer, J. Jacob, M. roessler, 
M. Seifert, B. Kind, C. Konig, C. Schulte, T. Buschmann, d. Hertle, P. Ballesteros, S. Bassler,  
B. Bertele, T. Bitterer, C. riederer, F. Sobik, l. reitzle, C. Scheidt- Nave, J. Schmitt, incident 
autoimmune diseases in association with SArS- Cov- 2 infection: A matched cohort study. 
Clin. Rheumatol. 42, 2905–2914 (2023).

 106. M. S. Kim, H. lee, S. w. lee, r. Kwon, S. Y. rhee, J. A. lee, A. Koyanagi, l. Smith, G. Fond,  
l. Boyer, J. lee, M. rahmati, J. Y. Shin, C. Min, J. i. Shin, d. K. Yon, long- term autoimmune 
inflammatory rheumatic outcomes of Covid- 19: A binational cohort study. Ann. Intern. 
Med. 177, 291–302 (2024).

 107. d. M. Altmann, e. M. whettlock, S. liu, d. J. Arachchillage, r. J. Boyton, The immunology 
of long Covid. Nat. Rev. Immunol. 23, 618–634 (2023).

 108. H. lingel, S. Meltendorf, U. Billing, C. Thurm, K. vogel, C. Majer, F. Pratsch, d. roggenbuck, 
H. G. Heuft, T. Hachenberg, e. Feist, d. reinhold, M. C. Brunner- weinzierl, Unique 
autoantibody prevalence in long- term recovered SArS- Cov- 2- infected individuals. J. 
Autoimmun. 122, 102682 (2021).

 109. e. C. Y. lee, r. e. Tyler, d. Johnson, N. Koh, B. C. ong, S. Y. Foo, J. w. C. Tan, High frequency 
of anti- dSG 2 antibodies in post Covid- 19 serum samples. J. Mol. Cell. Cardiol. 170, 
121–123 (2022).

 110. Y. liu, J. e. ebinger, r. Mostafa, P. Budde, J. Gajewski, B. walker, S. Joung, M. wu,  
M. Brautigam, F. Hesping, e. rupieper, A. S. Schubert, H. d. Zucht, J. Braun, G. Y. Melmed, 
K. Sobhani, M. Arditi, J. e. van eyk, S. Cheng, J. Fert- Bober, Paradoxical sex- specific 
patterns of autoantibody response to SArS- Cov- 2 infection. J. Transl. Med. 19, 524 
(2021).

 111. A. Bodansky, C. Y. wang, A. Saxena, A. Mitchell, A. F. Kung, S. Takahashi, K. Anglin,  
B. Huang, r. Hoh, S. lu, S. A. Goldberg, J. romero, B. Tran, r. Kirtikar, H. Grebe, M. So,  
B. Greenhouse, M. S. durstenfeld, P. Y. Hsue, J. Hellmuth, J. d. Kelly, J. N. Martin,  
M. S. Anderson, S. G. deeks, T. J. Henrich, J. l. derisi, M. J. Peluso, Autoantigen profiling 
reveals a shared post- Covid signature in fully recovered and long Covid patients. JCI 
Insight 8, e169515 (2023).

 112. H. Chen, B. Appelman, H. willemen, A. Bos, J. Prado, C. Geyer, P. Santos ribeiro,  
S. versteeg, M. larsen, e. Schuchner, M. Bomers, A. lavell; Amsterdam UMC Covid- 19 
biobank, B. Charlton, r. wust, w. wiersinga, M. van vugt, G. vidarsson, N. eijkelkamp,  
J. den dunnen, Transfer of igG from long Covid patients induces symptomology in mice. 
biorxiv 596590 [Preprint] (2024).

 113. K. de Sa, J. Silva, r. Bayarri- olmos, r. Brinda, r. Constable, P. diz, d. Kwon, G. rodrigues,  
l. wenxue, C. Baker, B. Bhattacharjee, J. wood, l. Tabacof, Y. liu, d. Putrino, T. Horvath,  
A. iwasaki, A causal link between autoantibodies and neurological symptoms in long 
Covid. medrxiv 24309100 [Preprint] (2024).

 114. K. Son, r. Jamil, A. Chowdhury, M. Mukherjee, C. venegas, K. Miyasaki, K. Zhang, Z. Patel, 
B. Salter, A. C. Y. Yuen, K. S. lau, B. Cowbrough, K. radford, C. Huang, M. Kjarsgaard,  
A. dvorkin- Gheva, J. Smith, Q. Z. li, S. waserman, C. J. ryerson, P. Nair, T. Ho,  
N. Balakrishnan, i. Nazy, d. M. e. Bowdish, S. Svenningsen, C. Carlsten, M. Mukherjee, 
Circulating anti- nuclear autoantibodies in Covid- 19 survivors predict long Covid 
symptoms. Eur. Respir. J. 61, 2200970 (2023).

 115. G. wallukat, B. Hohberger, K. wenzel, J. Furst, S. Schulze- rothe, A. wallukat, A. S. Honicke, 
J. Muller, Functional autoantibodies against G- protein coupled receptors in patients with 
persistent long- Covid- 19 symptoms. J. Transl. Autoimmun. 4, 100100 (2021).

 116. J. li, Q. Zhang, Y. liao, C. Zhang, H. Hao, J. du, The value of acetylcholine receptor 
antibody in children with postural tachycardia syndrome. Pediatr. Cardiol. 36, 165–170 
(2015).

 117. H. li, X. Yu, C. liles, M. Khan, M. vanderlinde- wood, A. Galloway, C. Zillner, A. Benbrook,  
S. reim, d. Collier, M. A. Hill, S. r. raj, l. e. okamoto, M. w. Cunningham, C. e. Aston,  
d. C. Kem, Autoimmune basis for postural tachycardia syndrome. J. Am. Heart Assoc. 3, 
e000755 (2014).

 118. X. Yu, S. Stavrakis, M. A. Hill, S. Huang, S. reim, H. li, M. Khan, S. Hamlett,  
M. w. Cunningham, d. C. Kem, Autoantibody activation of beta- adrenergic and 
muscarinic receptors contributes to an “autoimmune” orthostatic hypotension. J. Am. 
Soc. Hypertens. 6, 40–47 (2012).

 119. S. J. Singh, M. M. Baldwin, e. daynes, r. A. evans, N. J. Greening, r. G. Jenkins, N. i. lone,  
H. McAuley, P. Mehta, J. Newman, P. Novotny, d. J. F. Smith, S. Stanel, M. Toshner,  

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


60

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

14 of 17

C. e. Brightling, respiratory sequelae of Covid- 19: Pulmonary and extrapulmonary 
origins, and approaches to clinical care and rehabilitation. Lancet Respir. Med. 11, 
709–725 (2023).

 120. A. M. Matheson, M. J. Mcintosh, H. K. Kooner, M. Abdelrazek, M. S. Albert, i. dhaliwal,  
J. M. Nicholson, A. ouriadov, S. Svenningsen, G. Parraga, longitudinal follow- up of 
postacute Covid- 19 syndrome: dl(Co), quality- of- life and Mri pulmonary gas- exchange 
abnormalities. Thorax 78, 418–421 (2023).

 121. r. T. dhawan, d. Gopalan, l. Howard, A. vicente, M. Park, K. Manalan, i. wallner,  
P. Marsden, S. dave, H. Branley, G. russell, N. dharmarajah, o. M. Kon, Beyond the clot: 
Perfusion imaging of the pulmonary vasculature after Covid- 19. Lancet Respir. Med. 9, 
107–116 (2021).

 122. T. Tsukahara, d. H. Brann, S. r. datta, Mechanisms of SArS- Cov- 2- associated anosmia. 
Physiol. Rev. 103, 2759–2766 (2023).

 123. J. B. Finlay, d. H. Brann, r. Abi Hachem, d. w. Jang, A. d. oliva, T. Ko, r. Gupta,  
S. A. wellford, e. A. Moseman, S. S. Jang, C. H. Yan, H. Matsunami, T. Tsukahara, S. r. datta, 
B. J. Goldstein, Persistent post- Covid- 19 smell loss is associated with immune cell 
infiltration and altered gene expression in olfactory epithelium. Sci. Transl. Med. 14, 
eadd0484 (2022).

 124. A. K. verma, J. Zheng, d. K. Meyerholz, S. Perlman, SArS- Cov- 2 infection of sustentacular 
cells disrupts olfactory signaling pathways. JCI Insight 7, e160277 (2022).

 125. C. H. Cook, J. Trgovcich, Cytomegalovirus reactivation in critically ill immunocompetent 
hosts: A decade of progress and remaining challenges. Antiviral Res. 90, 151–159 
(2011).

 126. H. He, Y. wang, M. wu, B. Sun, Positive epstein- Barr virus detection and mortality in 
respiratory failure patients admitted to the intensive care unit. Clin. Respir. J. 11, 895–900 
(2017).

 127. J. e. Gold, r. A. okyay, w. e. licht, d. J. Hurley, investigation of long Covid prevalence and 
its relationship to epstein- Barr virus reactivation. Pathogens 10, 763 (2021).

 128. M. J. Peluso, T. M. deveau, S. e. Munter, d. ryder, A. Buck, G. Beck- engeser, F. Chan, S. lu,  
S. A. Goldberg, r. Hoh, v. Tai, l. Torres, N. S. iyer, M. deswal, l. H. Ngo, M. Buitrago,  
A. rodriguez, J. Y. Chen, B. C. Yee, A. Chenna, J. w. winslow, C. J. Petropoulos,  
A. N. deitchman, J. Hellmuth, M. A. Spinelli, M. S. durstenfeld, P. Y. Hsue, J. d. Kelly,  
J. N. Martin, S. G. deeks, P. w. Hunt, T. J. Henrich, Chronic viral coinfections differentially 
affect the likelihood of developing long Covid. J. Clin. Invest. 133, e163669 (2023).

 129. S. Zubchenko, i. Kril, o. Nadizhko, o. Matsyura, v. Chopyak, Herpesvirus infections and 
post- Covid- 19 manifestations: A pilot observational study. Rheumatol. Int. 42, 
1523–1530 (2022).

 130. M. Zuin, S. Barco, G. Giannakoulas, M. M. engelen, l. Hobohm, l. valerio, C. vandenbriele, 
P. verhamme, T. vanassche, S. v. Konstantinides, risk of venous thromboembolic events 
after Covid- 19 infection: A systematic review and meta- analysis. J. Thromb. Thrombolysis 
55, 490–498 (2023).

 131. A. Mroueh, w. Fakih, A. Carmona, A. Trimaille, K. Matsushita, B. Marchandot, A. w. Qureshi, 
d. S. Gong, C. Auger, l. Sattler, A. reydel, S. Hess, w. oulehri, o. vollmer, J. M. lessinger,  
N. Meyer, M. P. Pieper, l. Jesel, M. Back, v. Schini- Kerth, o. Morel, Covid- 19 promotes 
endothelial dysfunction and thrombogenicity: role of proinflammatory cytokines/SGlT2 
prooxidant pathway. J. Thromb. Haemost. 22, 286–299 (2024).

 132. H. Jang, S. Choudhury, Y. Yu, B. l. Sievers, T. Gelbart, H. Singh, S. A. rawlings, A. Proal,  
G. S. Tan, Y. Qian, d. Smith, M. Freire, Persistent immune and clotting dysfunction 
detected in saliva and blood plasma after Covid- 19. Heliyon 9, e17958 (2023).

 133. M. Taquet, Z. Skorniewska, A. Hampshire, J. d. Chalmers, l. P. Ho, A. Horsley, M. Marks,  
K. Poinasamy, B. raman, o. C. leavy, M. richardson, o. elneima, H. J. C. McAuley,  
A. Shikotra, A. Singapuri, M. Sereno, r. M. Saunders, v. C. Harris, l. Houchen- wolloff,  
N. J. Greening, P. Mansoori, e. M. Harrison, A. B. docherty, N. i. lone, J. Quint, N. Sattar,  
C. e. Brightling, l. v. wain, r. e. evans, J. r. Geddes, P. J. Harrison; PHoSP- Covid Study 
Collaborative Group, Acute blood biomarker profiles predict cognitive deficits 6 and  
12 months after Covid- 19 hospitalization. Nat. Med. 29, 2498–2508 (2023).

 134. e. Pretorius, M. vlok, C. venter, J. A. Bezuidenhout, G. J. laubscher, J. Steenkamp, d. B. Kell, 
Persistent clotting protein pathology in long Covid/post- acute sequelae of Covid- 19 
(PASC) is accompanied by increased levels of antiplasmin. Cardiovasc. Diabetol. 20, 172 
(2021).

 135. e. Pretorius, C. venter, G. J. laubscher, M. J. Kotze, S. o. oladejo, l. r. watson,  
K. rajaratnam, B. w. watson, d. B. Kell, Prevalence of symptoms, comorbidities, fibrin 
amyloid microclots and platelet pathology in individuals with long Covid/Post- Acute 
Sequelae of Covid- 19 (PASC). Cardiovasc. Diabetol. 21, 148 (2022).

 136. C. iosef, M. J. Knauer, M. Nicholson, l. r. van Nynatten, G. Cepinskas, S. draghici,  
v. K. M. Han, d. d. Fraser, Plasma proteome of long- Covid patients indicates HiF- mediated 
vasculo- proliferative disease with impact on brain and heart function. J. Transl. Med. 
21, 377 (2023).

 137. A. C. wong, A. S. devason, i. C. Umana, T. o. Cox, l. dohnalova, l. litichevskiy, J. Perla,  
P. lundgren, Z. etwebi, l. T. izzo, J. Kim, M. Tetlak, H. C. descamps, S. l. Park, S. wisser,  
A. d. McKnight, r. d. Pardy, J. Kim, N. Blank, S. Patel, K. Thum, S. Mason, J. C. Beltra,  
M. F. Michieletto, S. F. Ngiow, B. M. Miller, M. J. liou, B. Madhu, o. dmitrieva- Posocco,  

A. S. Huber, P. Hewins, C. Petucci, C. P. Chu, G. Baraniecki- Zwil, l. B. Giron, A. e. Baxter,  
A. r. Greenplate, C. Kearns, K. Montone, l. A. litzky, M. Feldman, J. Henao- Mejia,  
B. Striepen, H. ramage, K. A. Jurado, K. e. wellen, U. o’doherty, M. Abdel- Mohsen,  
A. l. landay, A. Keshavarzian, T. J. Henrich, S. G. deeks, M. J. Peluso, N. J. Meyer,  
e. J. wherry, B. A. Abramoff, S. Cherry, C. A. Thaiss, M. levy, Serotonin reduction in 
post- acute sequelae of viral infection. Cell 186, 4851–4867.e4820 (2023).

 138. S. r. Bornstein, Predisposing factors for adrenal insufficiency. N. Engl. J. Med. 360, 
2328–2339 (2009).

 139. w. Kanczkowski, F. Beuschlein, S. r. Bornstein, is there a role for the adrenal glands in 
long Covid? Nat. Rev. Endocrinol. 18, 451–452 (2022).

 140. d. w. l. wong, B. M. Klinkhammer, S. djudjaj, S. villwock, M. C. Timm, e. M. Buhl,  
S. wucherpfennig, C. Cacchi, T. Braunschweig, r. Knuchel- Clarke, d. Jonigk, C. werlein,  
r. d. Bulow, e. dahl, S. von Stillfried, P. Boor, Multisystemic cellular tropism of SArS- Cov- 2 
in autopsies of Covid- 19 patients. Cells 10, 1900 (2021).

 141. T. Paul, S. ledderose, H. Bartsch, N. Sun, S. Soliman, B. Markl, v. ruf, J. Herms, M. Stern,  
o. T. Keppler, C. delbridge, S. Muller, G. Piontek, Y. S. Kimoto, F. Schreiber, T. A. williams,  
J. Neumann, T. Knosel, H. Schulz, r. Spallek, M. Graw, T. Kirchner, A. walch, M. rudelius, 
Adrenal tropism of SArS- Cov- 2 and adrenal findings in a post- mortem case series of 
patients with severe fatal Covid- 19. Nat. Commun. 13, 1589 (2022).

 142. w. Kanczkowski, K. evert, M. Stadtmuller, M. Haberecker, l. laks, l. S. Chen, K. Frontzek,  
J. Pablik, C. Hantel, F. Beuschlein, T. Kurth, S. Gruber, A. Aguzzi, Z. varga, S. r. Bornstein, 
Covid- 19 targets human adrenal glands. Lancet Diabetes Endocrinol. 10, 13–16 (2022).

 143. M. Freire Santana, M. G. S. Borba, d. C. Baia- da- Silva, F. val, M. A. A. Alexandre,  
J. d. Brito- Sousa, G. C. Melo, M. v. o. Queiroga, M. e. leao Farias, C. C. Camilo, F. G. Naveca, 
M. S. Xavier, w. M. Monteiro, G. A. P. Joao, l. A. Hajjar, J. ordi, M. v. G. lacerda,  
l. C. l. Ferreira, Case report: Adrenal pathology findings in severe Covid- 19: An autopsy 
study. Am. J. Trop. Med. Hyg. 103, 1604–1607 (2020).

 144. B. Hanley, K. N. Naresh, C. roufosse, A. G. Nicholson, J. weir, G. S. Cooke, M. Thursz,  
P. Manousou, r. Corbett, r. Goldin, S. Al- Sarraj, A. Abdolrasouli, o. C. Swann, l. Baillon,  
r. Penn, w. S. Barclay, P. viola, M. osborn, Histopathological findings and viral tropism in 
UK patients with severe fatal Covid- 19: A post- mortem study. Lancet Microbe 1, 
e245–e253 (2020).

 145. A. C. iuga, C. C. Marboe, M. M. Yilmaz, J. H. lefkowitch, C. Gauran, S. M. lagana, Adrenal 
vascular changes in Covid- 19 autopsies. Arch. Pathol. Lab. Med. 144, 1159–1160 
(2020).

 146. v. Kumar, A. K. Abbas, J. C. Aster, Robbins and Cotran Pathologic Basis of Disease (elsevier/
Saunders, ed. 9, 2015).

 147. M. Henry, K. G. F. Thomas, i. l. ross, Sleep, cognition and cortisol in Addison’s disease: A 
mechanistic relationship. Front. Endocrinol. 12, 694046 (2021).

 148. C. J. Chang, l. Y. Hung, A. M. Kogelnik, d. Kaufman, r. S. Aiyar, A. M. Chu, J. wilhelmy, P. li, 
l. Tannenbaum, w. Xiao, r. w. davis, A comprehensive examination of severely ill Me/CFS 
Patients. Healthcare 9, 1290 (2021).

 149. T. Ach, N. B. H. Slama, A. Gorchane, A. B. Abdelkrim, M. Garma, N. B. lasfar, F. Bellazreg,  
w. debbabi, w. Hachfi, M. C. Chaieb, M. Zaouali, A. letaief, K. Ach, explaining long Covid: 
A pioneer cross- sectional study supporting the endocrine hypothesis. J. Endocr. Soc. 8, 
bvae003 (2024).

 150. N. Sunada, H. Honda, Y. Nakano, K. Yamamoto, K. Tokumasu, Y. Sakurada, Y. Matsuda,  
T. Hasegawa, Y. otsuka, M. obika, Y. Hanayama, H. Hagiya, K. Ueda, H. Kataoka, F. otsuka, 
Hormonal trends in patients suffering from long Covid symptoms. Endocr. J. 69, 
1173–1181 (2022).

 151. J. S. lee, Y. Choi, J. Y. Joung, C. G. Son, Clinical and laboratory characteristics of 
fatigue- dominant long- Covid subjects: A cross- sectional study. Am. J. Med. (2024); 
https://doi.org/10.1016/j.amjmed.2024.01.025.

 152. M. Fleischer, F. Szepanowski, A. K. Mausberg, l. Asan, e. Uslar, d. Zwanziger, l. volbracht, 
M. Stettner, C. Kleinschnitz, Cytokines (il1β, il6, TNFα) and serum cortisol levels may not 
constitute reliable biomarkers to identify individuals with post- acute sequelae of 
Covid- 19. Ther. Adv. Neurol. Disord. 17, 17562864241229567 (2024).

 153. P. Mourelatos, C. S. vrettou, A. diamantopoulos, A. G. vassiliou, e. Jahaj, A. Angelousi,  
M. Pratikaki, P. Katsaounou, A. Kotanidou, d. A. vassiliadi, i. dimopoulou, A prospective 
study on endocrine function in patients with long- Covid symptoms. Hormones (Athens) 
23, 59–67 (2024).

 154. J. Alijotas- reig, A. Anunciacion- llunell, e. esteve- valverde, S. Morales- Perez,  
S. rivero- Santana, J. Trape, l. Gonzalez- Garcia, d. ruiz, J. Marques- Soares, F. Miro- Mur, 
Pituitary- adrenal axis and peripheral immune cell profile in long Covid. Biomedicine 
12, 581 (2024).

 155. Q. liu, J. w. Y. Mak, Q. Su, Y. K. Yeoh, G. C. lui, S. S. S. Ng, F. Zhang, A. Y. l. li, w. lu, d. S. Hui, 
P. K. Chan, F. K. l. Chan, S. C. Ng, Gut microbiota dynamics in a prospective cohort of 
patients with post- acute Covid- 19 syndrome. Gut 71, 544–552 (2022).

 156. Q. liu, Q. Su, F. Zhang, H. M. Tun, J. w. Y. Mak, G. C. lui, S. S. S. Ng, J. Y. l. Ching, A. li, w. lu, 
C. liu, C. P. Cheung, d. S. C. Hui, P. K. S. Chan, F. K. l. Chan, S. C. Ng, Multi- kingdom gut 
microbiota analyses define Covid- 19 severity and post- acute Covid- 19 syndrome. 
Nat. Commun. 13, 6806 (2022).

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


61

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

15 of 17

 157. v. l. Carneiro, K. M. littlefield, r. watson, B. e. Palmer, C. lozupone, inflammation- 
associated gut microbiome in postacute sequelae of SArS- Cov- 2 points towards new 
therapeutic targets. Gut 73, 376–378 (2024).

 158. B. vestad, T. Ueland, T. v. lerum, T. B. dahl, K. Holm, A. Barratt- due, T. Kasine,  
A. M. dyrhol- riise, B. Stiksrud, K. Tonby, H. Hoel, i. C. olsen, K. N. Henriksen, A. Tveita,  
r. Manotheepan, M. Haugli, r. eiken, A. Berg, B. Halvorsen, T. lekva, T. ranheim,  
A. e. Michelsen, A. B. Kildal, A. Johannessen, l. Thoresen, H. Skudal, B. r. Kittang,  
r. B. olsen, C. M. Ystrom, N. v. Skei, r. Hannula, S. Aballi, r. Kvale, o. H. Skjonsberg,  
P. Aukrust, J. r. Hov, M. Troseid; Nor- Solidarity study group, respiratory dysfunction three 
months after severe Covid- 19 is associated with gut microbiota alterations. J. Intern. Med. 
291, 801–812 (2022).

 159. A. ishizaka, M. Koga, T. Mizutani, S. Yamayoshi, K. iwatsuki- Horimoto, e. Adachi,  
Y. Suzuki, Y. Kawaoka, H. Yotsuyanagi, Association of gut microbiota with the 
pathogenesis of SArS- Cov- 2 infection in people living with Hiv. BMC Microbiol. 24, 6 
(2024).

 160. l. B. Giron, M. J. Peluso, J. ding, G. Kenny, N. F. Zilberstein, J. Koshy, K. Y. Hong,  
H. rasmussen, G. e. Miller, F. Bishehsari, r. A. Balk, J. N. Moy, r. Hoh, S. lu,  
A. r. Goldman, H. Y. Tang, B. C. Yee, A. Chenna, J. w. winslow, C. J. Petropoulos,  
J. d. Kelly, H. wasse, J. N. Martin, Q. liu, A. Keshavarzian, A. landay, S. G. deeks,  
T. J. Henrich, M. Abdel- Mohsen, Markers of fungal translocation are elevated during 
post- acute sequelae of SArS- Cov- 2 and induce NF- κB signaling. JCI Insight 7, e160989 
(2022).

 161. T. Kusakabe, w. Y. lin, J. G. Cheong, G. Singh, A. ravishankar, S. T. Yeung, M. Mesko,  
M. B. deCelie, G. Carriche, Z. Zhao, S. rand, i. doron, G. G. Putzel, S. worgall, M. Cushing,  
l. westblade, G. inghirami, C. N. Parkhurst, C. J. Guo, M. Schotsaert, A. Garcia- Sastre,  
S. Z. Josefowicz, M. Salvatore, i. d. iliev, Fungal microbiota sustains lasting immune 
activation of neutrophils and their progenitors in severe Covid- 19. Nat. Immunol. 24, 
1879–1889 (2023).

 162. Y. wan, J. Shang, r. Graham, r. S. Baric, F. li, receptor recognition by the novel 
coronavirus from wuhan: An analysis based on decade- long structural studies of SArS 
coronavirus. J. Virol. 94, 10- 1128 (2020).

 163. M. letko, A. Marzi, v. Munster, Functional assessment of cell entry and receptor usage 
for SArS- Cov- 2 and other lineage B betacoronaviruses. Nat. Microbiol. 5, 562–569 
(2020).

 164. C. Usai, l. Mateu, C. Brander, J. vergara- Alert, J. Segales, Animal models to study the 
neurological manifestations of the post- Covid- 19 condition. Lab Anim. 52, 202–210 
(2023).

 165. P. B. McCray Jr., l. Pewe, C. wohlford- lenane, M. Hickey, l. Manzel, l. Shi, J. Netland,  
H. P. Jia, C. Halabi, C. d. Sigmund, d. K. Meyerholz, P. Kirby, d. C. look, S. Perlman, lethal 
infection of K18- hACe2 mice infected with severe acute respiratory syndrome 
coronavirus. J. Virol. 81, 813–821 (2007).

 166. H. Shuai, J. F. Chan, T. T. Yuen, C. Yoon, J. C. Hu, l. wen, B. Hu, d. Yang, Y. wang, Y. Hou,  
X. Huang, Y. Chai, C. C. Chan, v. K. Poon, l. lu, r. Q. Zhang, w. M. Chan, J. d. ip, A. w. Chu,  
Y. F. Hu, J. P. Cai, K. H. Chan, J. Zhou, S. Sridhar, B. Z. Zhang, S. Yuan, A. J. Zhang,  
J. d. Huang, K. K. To, K. Y. Yuen, H. Chu, emerging SArS- Cov- 2 variants expand species 
tropism to murines. EBioMedicine 73, 103643 (2021).

 167. J. F. Chan, A. J. Zhang, S. Yuan, v. K. Poon, C. C. Chan, A. C. lee, w. M. Chan, Z. Fan,  
H. w. Tsoi, l. wen, r. liang, J. Cao, Y. Chen, K. Tang, C. luo, J. P. Cai, K. H. Kok, H. Chu,  
K. H. Chan, S. Sridhar, Z. Chen, H. Chen, K. K. Tow, K. Y. Yuen, Simulation of the clinical and 
pathological manifestations of coronavirus disease 2019 (Covid- 19) in a golden syrian 
hamster model: implications for disease pathogenesis and transmissibility. Clin. Infect. 
Dis. 71, 2428–2446 (2020).

 168. M. J. Patton, d. Benson, S. w. robison, d. raval, M. l. locy, K. Patel, S. Grumley,  
e. B. levitan, P. Morris, M. Might, A. Gaggar, N. erdmann, Characteristics and determinants 
of pulmonary long Covid. JCI Insight 9, e177518 (2024).

 169. K. H. dinnon iii, S. r. leist, K. okuda, H. dang, e. J. Fritch, K. l. Gully, G. de la Cruz,  
M. d. evangelista, T. Asakura, r. C. Gilmore, P. Hawkins, S. Nakano, A. west, A. Schafer,  
l. e. Gralinski, J. l. everman, S. P. Sajuthi, M. r. Zweigart, S. dong, J. McBride, M. r. Cooley, 
J. B. Hines, M. K. love, S. d. Groshong, A. vanSchoiack, S. J. Phelan, Y. liang, T. Hether,  
M. leon, r. e. Zumwalt, l. M. Barton, e. J. duval, S. Mukhopadhyay, e. Stroberg,  
A. Borczuk, l. B. Thorne, M. K. Sakthivel, Y. Z. lee, J. S. Hagood, J. r. Mock, M. A. Seibold,  
w. K. o’Neal, S. A. Montgomery, r. C. Boucher, r. S. Baric, SArS- Cov- 2 infection produces 
chronic pulmonary epithelial and immune cell dysfunction with fibrosis in mice. Sci. 
Transl. Med. 14, eabo5070 (2022).

 170. C. wang, M. S. Khatun, Z. Zhang, M. J. Allen, Z. Chen, C. r. ellsworth, J. M. Currey, G. dai,  
d. Tian, K. Bach, X. M. Yin, v. Traina- dorge, J. rappaport, N. J. Maness, r. v. Blair, J. K. Kolls, 
d. A. Pociask, X. Qin, Covid- 19 and influenza infections mediate distinct pulmonary 
cellular and transcriptomic changes. Commun. Biol. 6, 1265 (2023).

 171. T. Ma, r. K. Suryawanshi, S. r. Miller, K. K. ly, r. Thomas, N. elphick, K. Yin, X. luo, N. Kaliss, 
i. P. Chen, M. Montano, B. Sreekumar, l. Standker, J. Munch, F. Heath damron, J. J. Palop, 
M. ott, N. r. roan, Post- acute immunological and behavioral sequelae in mice after 
omicron infection. biorxiv 2023.06.05.543758 [Preprint] (2023).

 172. l. Cui, Z. Fang, C. M. de Souza, T. lerbs, Y. Guan, i. li, v. Charu, S. Y. Chen, i. weissman,  
G. wernig, innate immune cell activation causes lung fibrosis in a humanized model of 
long Covid. Proc. Natl. Acad. Sci. U.S.A. 120, e2217199120 (2023).

 173. i. rutkai, M. G. Mayer, l. M. Hellmers, B. Ning, Z. Huang, C. J. Monjure, C. Coyne,  
r. Silvestri, N. Golden, K. Hensley, K. Chandler, G. lehmicke, G. J. Bix, N. J. Maness,  
K. russell- lodrigue, T. Y. Hu, C. J. roy, r. v. Blair, r. Bohm, l. A. doyle- Meyers, J. rappaport, 
T. Fischer, Neuropathology and virus in brain of SArS- Cov- 2 infected non- human 
primates. Nat. Commun. 13, 1745 (2022).

 174. J. M. Nieuwland, e. Nutma, i. Philippens, K. P. Boszormenyi, e. J. remarque, J. Bakker,  
l. Meijer, N. woerdman, Z. C. Fagrouch, B. e. verstrepen, J. A. M. langermans,  
e. J. verschoor, A. d. windhorst, r. e. Bontrop, H. e. de vries, M. A. Stammes, J. Middeldorp, 
longitudinal positron emission tomography and postmortem analysis reveals widespread 
neuroinflammation in SArS- Cov- 2 infected rhesus macaques. J. Neuroinflammation 
20, 179 (2023).

 175. J. J. Frere, r. A. Serafini, K. d. Pryce, M. Zazhytska, K. oishi, i. Golynker, M. Panis,  
J. Zimering, S. Horiuchi, d. A. Hoagland, r. Moller, A. ruiz, A. Kodra, J. B. overdevest,  
P. d. Canoll, A. C. Borczuk, v. Chandar, Y. Bram, r. Schwartz, S. lomvardas, v. Zachariou,  
B. r. tenoever, SArS- Cov- 2 infection in hamsters and humans results in lasting and 
unique systemic perturbations after recovery. Sci. Transl. Med. 14, eabq3059 (2022).

 176. S. Sriramula, d. Theobald, r. U. Parekh, S. M. Akula, d. P. o’rourke, J. B. eells, emerging 
role of Kinin B1 receptor in persistent neuroinflammation and neuropsychiatric 
symptoms in mice following recovery from SArS- Cov- 2 infection. Cells 12, 2107 
(2023).

 177. A. Singh, A. Adam, Aditi, B. H. Peng, X. Yu, J. Zou, v. v. Kulkarni, P. Kan, w. Jiang, P. Y. Shi,  
P. Samir, i. Cisneros, T. wang, A murine model of post- acute neurological sequelae 
following SArS- Cov- 2 variant infection. Front. Immunol. 15, 1384516 (2024).

 178. J. G. Cheong, A. ravishankar, S. Sharma, C. N. Parkhurst, S. A. Grassmann, C. K. wingert,  
P. laurent, S. Ma, l. Paddock, i. C. Miranda, e. o. Karakaslar, d. Nehar- Belaid, A. Thibodeau, 
M. J. Bale, v. K. Kartha, J. K. Yee, M. Y. Mays, C. Jiang, A. w. daman, A. Martinez de Paz,  
d. Ahimovic, v. ramos, A. lercher, e. Nielsen, S. Alvarez- Mulett, l. Zheng, A. earl,  
A. Yallowitz, l. robbins, e. laFond, K. l. weidman, S. racine- Brzostek, H. S. Yang,  
d. r. Price, l. leyre, A. F. rendeiro, H. ravichandran, J. Kim, A. C. Borczuk, C. M. rice,  
r. B. Jones, e. J. Schenck, r. J. Kaner, A. Chadburn, Z. Zhao, v. Pascual, o. elemento,  
r. e. Schwartz, J. d. Buenrostro, r. e. Niec, F. J. Barrat, l. lief, J. C. Sun, d. Ucar,  
S. Z. Josefowicz, epigenetic memory of coronavirus infection in innate immune cells and 
their progenitors. Cell 186, 3882–3902 (2023).

 179. r. ramamoorthy, H. Hussain, N. ravelo, K. Sriramajayam, d. M. di Gregorio, K. Paulrasu,  
P. Chen, K. Young, A. d. Masciarella, A. r. Jayakumar, M. J. Paidas, Kidney damage in long 
Covid: Studies in experimental mice. Biology 12, 1070 (2023).

 180. d. Ashok, T. liu, J. Criscione, M. Prakash, B. Kim, J. Chow, M. Craney, K. N. Papanicolaou, 
A. Sidor, d. Brian Foster, A. Pekosz, J. villano, d. H. Kim, B. o’rourke, innate immune 
activation and mitochondrial ros invoke persistent cardiac conduction system 
dysfunction after Covid- 19. biorxiv 2024.01.05.574280 [Preprint] (2024).

 181. r. A. Serafini, J. J. Frere, J. Zimering, i. M. Giosan, K. d. Pryce, i. Golynker, M. Panis,  
A. ruiz, B. r. tenoever, v. Zachariou, SArS- Cov- 2 airway infection results in the 
development of somatosensory abnormalities in a hamster model. Sci. Signal. 16, 
eade4984 (2023).

 182. A. rombauts, C. infante, M. de lagos, J. Alba, A. valiente, C. donado- Mazarron,  
M. Carretero- ledesma, r. rodriguez- Alvarez, S. omatos, Z. r. Palacios- Baena,  
G. Abelenda- Alonso, M. d. M. Silva- Sanchez, A. J. Goikoetxea- Agirre, J. A. oteo,  
J. rodriguez- Bano, e. Cordero, C. Gudiol, J. Sanchez- Cespedes, J. Carratala, impact of 
SArS- Cov- 2 rNAemia and other risk factors on long- Covid: A prospective observational 
multicentre cohort study. J. Infect. 86, 154–225 (2023).

 183. A. A. r. Antar, T. Yu, Z. o. demko, C. Hu, J. A. Tornheim, P. w. Blair, d. l. Thomas,  
Y. C. Manabe, long Covid brain fog and muscle pain are associated with longer time to 
clearance of SArS- Cov- 2 rNA from the upper respiratory tract during acute infection. 
Front. Immunol. 14, 1147549 (2023).

 184. C. Pozzi, r. Sarti, r. levi, M. Mollura, e. Azzolini, r. Barbieri, A. Mantovani, M. rescigno, 
Association between duration of SArS- Cov- 2 positivity and long Covid. Clin. Infect. Dis. 
77, 1531–1533 (2023).

 185. C. Herbert, A. A. r. Antar, J. Broach, C. wright, P. Stamegna, K. luzuriaga, N. Hafer,  
d. d. McManus, Y. C. Manabe, A. Soni, relationship between acute SArS- Cov- 2 viral clearance 
with long Covid symptoms: A cohort study. medrxiv 2024.07.04.24309953 [Preprint] (2024).

 186. S. lu, M. J. Peluso, d. v. Glidden, M. C. davidson, K. lugtu, J. Pineda- ramirez, M. Tassetto, 
M. Garcia- Knight, A. Zhang, S. A. Goldberg, J. Y. Chen, M. Fortes- Cobby, S. Park,  
A. Martinez, M. So, A. donovan, B. viswanathan, r. Hoh, K. donohue, d. r. Mcilwain,  
B. Gaudiliere, K. Anglin, B. C. Yee, A. Chenna, J. w. winslow, C. J. Petropoulos, S. G. deeks, 
M. Briggs- Hagen, r. Andino, C. M. Midgley, J. N. Martin, S. Saydah, J. d. Kelly, early biological 
markers of post- acute sequelae of SArS- Cov- 2 infection. Nat. Commun. 15, 7466 
(2024).

 187. A. ozonoff, N. d. Jayavelu, S. liu, e. Melamed, C. e. Milliren, J. Qi, l. N. Geng,  
G. A. McComsey, C. B. Cairns, l. r. Baden, J. Schaenman, A. C. Shaw, H. Samaha,  

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


62

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

16 of 17

v. Seyfert- Margolis, F. Krammer, l. B. rosen, H. Steen, C. Syphurs, r. dandekar,  
C. P. Shannon, r. P. Sekaly, l. i. r. ehrlich, d. B. Corry, F. Kheradmand, M. A. Atkinson,  
S. C. Brakenridge, N. i. A. Higuita, J. P. Metcalf, C. l. Hough, w. B. Messer, B. Pulendran,  
K. C. Nadeau, M. M. davis, A. F. Sesma, v. Simon, H. van Bakel, S. Kim- Schulze, d. A. Hafler, 
o. levy, M. Kraft, C. Bime, e. K. Haddad, C. S. Calfee, d. J. erle, C. r. langelier, w. eckalbar,  
S. e. Bosinger, i. Network, B. Peters, S. H. Kleinstein, e. F. reed, A. d. Augustine,  
J. diray- Arce, H. T. Maecker, M. C. Altman, r. r. Montgomery, P. M. Becker, N. rouphael, 
Features of acute Covid- 19 associated with post- acute sequelae of SArS- Cov- 2 
phenotypes: results from the iMPACC study. Nat. Commun. 15, 216 (2024).

 188. X. Jia, S. Cao, A. S. lee, M. Manohar, S. B. Sindher, N. Ahuja, M. Artandi, C. A. Blish,  
A. l. Blomkalns, i. Chang, w. J. Collins, M. desai, H. N. din, e. do, A. Fernandes, l. N. Geng, 
Y. rosenberg- Hasson, M. r. Mahoney, A. l. Glascock, l. Y. Chan, S. Y. Fong, C. Consortium, 
B. C. Zuckerberg, M. Phelps, o. raeber, C.- B. S. G. Stanford, N. Purington, K. roltgen,  
A. J. rogers, T. Snow, T. T. wang, d. Solis, l. vaughan, M. verghese, H. Maecker, r. wittman, 
r. Puri, A. Kistler, S. Yang, S. d. Boyd, B. A. Pinsky, S. Chinthrajah, K. C. Nadeau, 
Anti- nucleocapsid antibody levels and pulmonary comorbid conditions are linked to 
post- Covid- 19 syndrome. JCI Insight 7, e156713 (2022).

 189. N. Pisanic, A. A. r. Antar, M. K. Hetrich, Z. o. demko, X. Zhang, K. Spicer,  
K. l. Kruczynski, B. detrick, w. Clarke, M. d. Knoll, d. l. Thomas, F. S. dawood,  
v. veguilla, r. A. Karron, Y. C. Manabe, C. d. Heaney, early, robust mucosal secretory 
immunoglobulin A but not immunoglobulin G response to SArS- Cov- 2 spike in oral 
fluid is associated with faster viral clearance and Covid- 19 symptom resolution.  
J. Infect. Dis. 2024, jiae447 (2024).

 190. d. T. Arnold, A. Milne, e. Samms, l. Stadon, N. A. Maskell, F. w. Hamilton, Symptoms after 
Covid- 19 vaccination in patients with persistent symptoms after acute infection: A case 
series. Ann. Intern. Med. 174, 1334–1336 (2021).

 191. d. Ayoubkhani, C. Bermingham, K. B. Pouwels, M. Glickman, v. Nafilyan, F. Zaccardi,  
K. Khunti, N. A. Alwan, A. S. walker, Trajectory of long covid symptoms after covid- 19 
vaccination: Community based cohort study. BMJ 377, e069676 (2022).

 192. M. Nehme, o. Braillard, J. Salamun, F. Jacquerioz, d. S. Courvoisier, H. Spechbach,  
i. Guessous, Symptoms after Covid- 19 vaccination in patients with post- acute sequelae 
of SArS- Cov- 2. J. Gen. Intern. Med. 37, 1585–1588 (2022).

 193. w. d. Strain, o. Sherwood, A. Banerjee, v. van der Togt, l. Hishmeh, J. rossman, The 
impact of Covid vaccination on symptoms of long Covid: An international survey of 
people with lived experience of long Covid. Vaccines 10, 652 (2022).

 194. K. Nakagawara, A. Morita, H. Namkoong, H. Terai, S. Chubachi, T. Asakura, H. Tanaka, F. ito, 
e. Matsuyama, M. Kaji, A. Saito, H. Takaoka, M. okada, K. Sunata, M. watase, K. Yagi,  
K. ohgino, J. Miyata, H. Kamata, i. Kawada, K. Kobayashi, T. Hirano, T. inoue, J. Kagyo,  
T. Shiomi, K. otsuka, N. Miyao, T. odani, r. Baba, d. Arai, i. Nakachi, S. Ueda, Y. Funatsu,  
H. Koh, K. ishioka, S. Takahashi, M. Nakamura, T. Sato, N. Hasegawa, Y. Kitagawa, T. Kanai, 
M. ishii, K. Fukunaga, longitudinal long Covid symptoms in Japanese patients after 
Covid- 19 vaccinations. Vaccine X 15, 100381 (2023).

 195. M. Nayyerabadi, l. Fourcade, S. A. Joshi, P. Chandrasekaran, A. Chakravarti, C. Masse,  
M. l. Paul, J. Houle, A. M. Boubekeur, C. duSablon, v. Boudreau, d. Bovan, e. darbinian,  
e. A. Coleman, S. vinci, J. P. routy, P. o. Hetu, J. Poudrier, e. l. Falcone, vaccination after 
developing long Covid: impact on clinical presentation, viral persistence, and immune 
responses. Int. J. Infect. Dis. 136, 136–145 (2023).

 196. v. T. Tran, e. Perrodeau, J. Saldanha, i. Pane, P. ravaud, efficacy of first dose of covid- 19 
vaccine versus no vaccination on symptoms of patients with long covid: Target trial 
emulation based on ComPare e- cohort. BMJ Med. 2, e000229 (2023).

 197. C. B. Grady, B. Bhattacharjee, J. Silva, J. Jaycox, l. w. lee, v. S. Monteiro, M. Sawano,  
d. Massey, C. Caraballo, J. r. Gehlhausen, A. Tabachnikova, T. Mao, C. lucas,  
M. A. Pena- Hernandez, l. Xu, T. J. Tzeng, T. Takahashi, J. Herrin, d. B. Guthe, A. Akrami,  
G. Assaf, H. davis, K. Harris, l. McCorkell, w. l. Schulz, d. Grffin, H. wei, A. M. ring, l. Guan, 
C. d. Cruz, A. iwasaki, H. M. Krumholz, impact of Covid- 19 vaccination on symptoms and 
immune phenotypes in vaccine- naive individuals with long Covid. medrxiv 
2024.01.11.24300929 [Preprint] (2024).

 198. r. i. lau, Q. Su, i. S. F. lau, J. Y. l. Ching, M. C. S. wong, l. H. S. lau, H. M. Tun, C. K. P. Mok,  
S. w. H. Chau, Y. K. Tse, C. P. Cheung, M. K. T. li, G. T. Y. Yeung, P. K. Cheong, F. K. l. Chan,  
S. C. Ng, A synbiotic preparation (SiM01) for post- acute Covid- 19 syndrome in Hong 
Kong (reCoverY): A randomised, double- blind, placebo- controlled trial. Lancet Infect. Dis. 
24, 256–265 (2024).

 199. l. e. M. Finnigan, M. P. Cassar, M. J. Koziel, J. Pradines, H. lamlum, K. Azer, d. Kirby,  
H. Montgomery, S. Neubauer, l. valkovic, B. raman, efficacy and tolerability of an 
endogenous metabolic modulator (AXA1125) in fatigue- predominant long Covid: A 
single- centre, double- blind, randomised controlled phase 2a pilot study. 
EClinicalMedicine 59, 101946 (2023).

 200. S. Zilberman- itskovich, M. Catalogna, e. Sasson, K. elman- Shina, A. Hadanny, e. lang,  
S. Finci, N. Polak, G. Fishlev, C. Korin, r. Shorer, Y. Parag, M. Sova, S. efrati, Hyperbaric 
oxygen therapy improves neurocognitive functions and symptoms of post- Covid 
condition: randomized controlled trial. Sci. Rep. 12, 11252 (2022).

 201. A. Hadanny, S. Zilberman- itskovich, M. Catalogna, K. elman- Shina, e. lang, S. Finci,  
N. Polak, r. Shorer, Y. Parag, S. efrati, long term outcomes of hyperbaric oxygen therapy 
in post covid condition: longitudinal follow- up of a randomized controlled trial. Sci. Rep. 
14, 3604 (2024).

 202. K. S. Hansen, T. H. Mogensen, J. Agergaard, B. Schiottz- Christensen, l. ostergaard,  
l. K. vibholm, S. leth, High- dose coenzyme Q10 therapy versus placebo in patients with 
post Covid- 19 condition: A randomized, phase 2, crossover trial. Lancet Reg. Health Eur. 
24, 100539 (2023).

 203. M. Klirova, A. Adamova, N. Biackova, o. laskov, v. renkova, Z. Stuchlikova, K. odnohova, 
T. Novak, Transcranial direct current stimulation (tdCS) in the treatment of 
neuropsychiatric symptoms of long Covid. Sci. Rep. 14, 2193 (2024).

 204. l. N. Geng, H. Bonilla, H. Hedlin, K. B. Jacobson, l. Tian, P. Jagannathan, P. C. Yang,  
A. K. Subramanian, J. w. liang, S. Shen, Y. deng, B. J. Shaw, B. Botzheim, M. desai,  
d. Pathak, Y. Jazayeri, d. Thai, A. o’donnell, S. Mohaptra, Z. leang, G. Z. M. reynolds,  
e. F. Brooks, A. S. Bhatt, r. w. Shafer, M. G. Miglis, T. Quach, A. Tiwari, A. Banerjee,  
r. N. lopez, M. de Jesus, l. r. Charnas, P. J. Utz, U. Singh, Nirmatrelvir- ritonavir and 
symptoms in adults with postacute sequelae of SArS- Cov- 2 infection: The SToP- PASC 
randomized clinical trial. JAMA Intern. Med. 184, 1024–1034 (2024).

 205. H. M. Krumholz, A decentralized, randomized phase 2 efficacy and safety study of 
nirmatrelvir/ritonavir in adults with long Covid (clinicaltrials.gov, 2024); https://classic.
clinicaltrials.gov/show/NCT05668091.

 206. P. Brodin, improving quality of life in the long Covid patient (ProliFiC) (clinicaltrials.gov, 
2024); https://classic.clinicaltrials.gov/show/NCT05823896.

 207. N. langeland, Paxlovid long Covid- 19 prevention trial with recruitment in the 
community in Norway (PanoramicNor) (clinicaltrials.gov, 2023); https://classic.
clinicaltrials.gov/show/NCT05852873.

 208. T. Henrich, ensitrelvir for viral persistence and inflammation in people experiencing long 
Covid (PrevAil- lC) (clinicaltrials.gov, 2024); https://classic.clinicaltrials.gov/show/
NCT06161688.

 209. M. Faghy, An open- label, clinical feasibility study of the efficacy of remdesivir for 
long- Covid (erASe- lC) (clinicaltrials.gov, 2024); https://classic.clinicaltrials.gov/show/
NCT05911906.

 210. M. Peluso, Anti- SArS- Cov- 2 monoclonal antibodies for long Covid (Covid- 19) 
(outSMArT- lC) (clinicaltrials.gov, 2024); https://clinicaltrials.gov/study/NCT05877508.

 211. d. Forshaw, e. C. wall, G. Prescott, H. M. dehbi, A. Green, e. Attree, l. Hismeh, w. d. Strain, 
M. G. Crooks, C. watkins, C. robson, r. Banerjee, P. lorgelly, M. Heightman, A. Banerjee; 
STiMUlATe- iCP trial team, STiMUlATe- iCP: A pragmatic, multi- centre, cluster randomised 
trial of an integrated care pathway with a nested, Phase iii, open label, adaptive platform 
randomised drug trial in individuals with long Covid: A structured protocol. PLOS ONE 
18, e0272472 (2023).

 212. K. o. Zimmerman, reCover- viTAl: Platform protocol to measure the effects of antiviral 
therapies on long Covid symptoms (reCover- viTAl) (clinicaltrials.gov, 2024); https://
classic.clinicaltrials.gov/show/NCT05595369.

 213. K. Zimmerman, reCover- NeUro: Platform protocol, appendix_A to measure the effects 
of BrainHQ, PASC Core and tdCS interventions on long Covid symptoms (clinicaltrials.
gov, 2024); https://classic.clinicaltrials.gov/show/NCT05965739.

 214. K. o. Zimmerman, reCover- AUToNoMiC platform protocol (clinicaltrials.gov, 2024); 
https://clinicaltrials.gov/study/NCT06305780.

 215. A. M. Cheung, reClAiM: recovering from Covid- 19 lingering symptoms adaptive 
integrative medicine (reClAiM) (clinicaltrials.gov, 2023); https://clinicaltrials.gov/study/
NCT05513560.

 216. T. Mizuno, T. Kurotani, Y. Komatsu, J. Kawanokuchi, H. Kato, N. Mitsuma, A. Suzumura, 
Neuroprotective role of phosphodiesterase inhibitor ibudilast on neuronal cell death 
induced by activated microglia. Neuropharmacology 46, 404–411 (2004).

 217. w. ely, reverSe- long Covid- 19 with baricitinib study (reverSe- lC) (clinicaltrials.gov, 
2024); https://classic.clinicaltrials.gov/show/NCT05858515.

 218. e. Giamarelos- Bourboulis, Safety and efficacy of anakinra treatment for patients with 
post acute Covid syndrome (PreCiSioN) (clinicaltrials.gov, 2024); https://classic.
clinicaltrials.gov/show/NCT05926505.

 219. A. Adegunsoye, Assessing the efficacy of sirolimus in patients with Covid- 19 pneumonia 
for prevention of post- Covid fibrosis (clinicaltrials.gov, 2024); https://classic.clinicaltrials.
gov/show/NCT04948203.

 220. H. J. Audebert, Methylprednisolone in patients with cognitive deficits in post- Covid- 19 
syndrome (PCS) (clinicaltrials.gov, 2024); https://classic.clinicaltrials.gov/show/
NCT05986422.

 221. C. Anderson, Statin treatment for Covid- 19 to optimise neurological recovery 
(STroNGer) (clinicaltrials.gov, 2023); https://classic.clinicaltrials.gov/show/
NCT04904536.

 222. F. M. Cordero, efficacy of montelukast in mild- moderate respiratory symptoms in 
patients with long- Covid- 19: (e- SPerANZA) (clinicaltrials.gov, 2024); https://classic.
clinicaltrials.gov/show/NCT04695704.

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


63

R E V I E W

Antar and Cox , Sci. Transl. Med. 16, eado2106 (2024)     13 November 2024

S C i e N C e  T r A N S l AT i o N A l  M e d i C i N e  |  r e v i e w

17 of 17

 223. J. dennis, Safety, tolerability and efficacy of S- 1226 in post- Covid- 19 subjects with 
persistent respiratory symptoms (clinicaltrials.gov, 2021); https://classic.clinicaltrials.gov/
show/NCT04949386.

 224. H. Harris, A phase 2 study to evaluate the efficacy and safety of TNX- 102 Sl in patients 
with multi- site pain associated with post- acute sequelae of SArS- Cov- 2 infection 
(PrevAil) (clinicaltrials.gov, 2023); https://classic.clinicaltrials.gov/show/NCT05472090.

 225. T. Guttuso, effect of lithium therapy on long Covid symptoms (clinicaltrials.gov, 2023); 
https://classic.clinicaltrials.gov/show/NCT05618587.

 226. G. reis, A multicenter, adaptive, randomized, double- blinded, placebo- controlled study 
in participants with long Covid- 19: The revive trial (revive) (clinicaltrials.gov, 2023); 
https://classic.clinicaltrials.gov/show/NCT06128967.

 227. A. Stevens, Fluvoxamine for long Covid- 19 (clinicaltrials.gov, 2023); https://classic.
clinicaltrials.gov/show/NCT05874037.

 228. l. Yonker, AT1001 for the treatment of long Covid (clinicaltrials.gov, 2024); https://
classic.clinicaltrials.gov/show/NCT05747534.

Acknowledgments: we thank l. Gutierrez for creating and revising figures, S. warner for 
helpful discussions, and A. Jamal for assistance with references. Funding: A.A.r.A. and A.l.C. 
are supported by NiH grant U19Ai159822- 02S1, A.l.C. is supported by U54CA260492, and 
A.A.r.A. is supported by NiH grant K08Ai143391. Competing interests: The authors declare 
that they have no competing interests.

Submitted 1 April 2024 
Accepted 18 october 2024 
Published 13 November 2024 
10.1126/scitranslmed.ado2106

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 13, 2024

www.SCIENCE.ORG/JOURNAL/STM.org    13 November 2024     Vol 16 Issue 773   eado2106

http://www.science.org/journal/stm


64

R E S E A R C H  A R T I C L E

Hamlin et al., Sci. Transl. Med. 16, eadr1032 (2024)     13 November 2024

S c i e N c e  T r a N S l aT i o N a l  M e d i c i N e  |  r e S e a r c H  a r T i c l e

1 of 20

L O N G  C O V I D

Sex differences and immune correlates of Long Covid 
development, symptom persistence, and resolution
Rebecca E. Hamlin1†, Shaun M. Pienkos1†, Leslie Chan1,2, Mikayla A. Stabile1, Kassandra Pinedo1, 
Mallika Rao3, Philip Grant1, Hector Bonilla1, Marisa Holubar1, Upinder Singh1,4,  
Karen B. Jacobson1,5, Prasanna Jagannathan1,4, Yvonne Maldonado6, Susan P. Holmes7,  
Aruna Subramanian1, Catherine A. Blish1,8,9*

Sex differences have been observed in acute coronavirus disease 2019 (COVID- 19) and Long Covid (LC) outcomes, 
with greater disease severity and mortality during acute infection in males and greater proportions of females 
developing LC. We hypothesized that sex- specific immune dysregulation contributes to LC pathogenesis. To inves-
tigate the immunologic underpinnings of LC development and symptom persistence, we performed multiomic 
analyses on blood samples obtained during acute severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) 
infection and 3 and 12 months after infection in a cohort of 45 participants who either developed LC or recovered. 
Several sex- specific immune pathways were associated with LC. Males who would later develop LC exhibited in-
creases in transforming growth factor–β (TGF- β) signaling during acute infection, whereas females who would go 
on to develop LC had reduced TGFB1 expression. Females who developed LC demonstrated increased expression 
of XIST, an RNA gene implicated in autoimmunity, during acute infection compared with females who recovered. 
Many immune features of LC were also conserved across sexes, such as alterations in monocyte phenotype and 
activation state. Nuclear factor κB (NF- κB) transcription factors were up- regulated in many cell types at acute and 
convalescent time points. Those with ongoing LC demonstrated reduced ETS1 expression across lymphocyte sub-
sets and elevated intracellular IL- 4 in T cell subsets, suggesting that ETS1 alterations may drive aberrantly elevated 
T helper cell 2–like responses in LC. Altogether, this study describes multiple innate and adaptive immune corre-
lates of LC, some of which differ by sex, and offers insights toward the pursuit of tailored therapeutics.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2), the 
virus that causes coronavirus disease 19 (COVID- 19), has thus far 
led to more than 775,000,000 reported COVID- 19 cases and more 
than 7,000,000 deaths globally since its first reported case in Decem-
ber 2019 (1). In addition to the morbidity and mortality caused by 
acute disease, a substantial proportion of patients (approximately 5 
to 10%) continue to suffer from symptoms for months to years after 
SARS- CoV- 2 infection, a condition known as Long Covid (LC), 
which has been defined by the World Health Organization (WHO) 
as symptoms persisting beyond 12 weeks after infection (2). LC is a 
heterogeneous condition with potential clinical signs and symptoms 
spanning nearly every organ system. These commonly include fa-
tigue, myalgias, dyspnea, cough, chest pain, neurocognitive dysfunc-
tion, dysosmia, and dysgeusia (2). Given the heterogeneity of clinical 
presentations, LC may encompass potential subgroups of patients 
afflicted by different symptomatology and pathophysiology.

There are many proposed, not mutually exclusive, pathophysio-
logic mechanisms for LC. These include immune dysregulation (3–7), 

SARS- CoV- 2 persistence (8,  9), SARS- CoV- 2–specific (3,  6) and 
auto- reactive antibody responses (4, 10), human herpesvirus [e.g., 
Epstein- Barr virus (EBV)] reactivation (11), microvascular and 
clotting dysfunction (12), thromboinflammation (13), amyloid 
deposition (12, 14), mitochondrial dysfunction (14), dysbiosis (15), 
and hormonal or metabolic abnormalities, such as cortisol (3, 4) or 
serotonin (16) dysregulation. Prior studies on immune dysregula-
tion have implicated different immune cell populations in the patho-
physiology of LC, but a unifying etiology across different studies has 
not been discovered (17).

Sex- based differences have underpinned outcomes for both acute 
COVID- 19 and LC. Within the first year of the pandemic, males 
were observed to have higher rates of critical illness and death from 
acute COVID- 19 compared with females (18). Conversely, female 
sex has been epidemiologically associated with increased risk of de-
veloping LC, with a meta- analysis reporting a pooled estimated 
odds ratio of 1.57 for females developing LC compared with males 
(19). Females are also more likely to experience cardiopulmonary 
and constitutional LC symptoms (20). Although the exact mecha-
nisms underlying these sex differences remain to be fully elucidated, 
several innate and adaptive immunologic differences have been 
noted between the sexes (21,  22). After symptomatic COVID- 19, 
females were found to have higher percentages of CD19+ B cells and 
CD4+ T cells compared with males, whereas males were noted to 
have increased concentrations of inflammatory markers such as C- 
reactive protein and interleukin- 6 (IL- 6) compared with females 
(23). Males were also found to have slower SARS- CoV- 2 viral clear-
ance than females (24). Although there is a similarity between the 
higher prevalence of females with LC and autoimmune conditions, 
such as systemic lupus erythematosus (SLE), Sjogren’s syndrome, 
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and systemic sclerosis (21, 22, 25), the mechanisms underlying sex 
differences in LC require further investigation.

We hypothesized that sex- specific, dysregulated immune cell 
communication during both acute COVID- 19 and convalescence 
contributes to the pathogenesis of LC. To investigate this hypothesis, 
we performed comprehensive multiomic profiling in 45 participants 
from a cohort of patients who were recruited at 3 months after infec-
tion to study recovery from SARS- CoV- 2 infection. Many partici-
pants had ongoing LC symptoms at 3 and 12 months after infection, 
affording us the opportunity to evaluate predictors of LC versus re-
covery. We performed single- cell RNA- sequencing (scRNA- seq) 
and proteomic analyses, focusing our analyses on networks of gene 
activation and inferred cell- cell communication pathways to gain 
insights into the pathways associated with LC.

RESULTS
Cohort description
Multiple assays were performed on samples from 45 participants 
from the prospective, observational cohort called “Infection Recov-
ery in SARS- CoV- 2” (IRIS) at Stanford University to evaluate im-
mune function during recovery from COVID- 19. Given a likely 
selection bias among participants with LC symptoms to enroll in the 
IRIS cohort, individuals who underwent immune profiling for this 
analysis were enriched for LC diagnosis. Demographics of the co-
hort as assessed at the enrollment visit at 3 months after infection 
are presented in Table 1.

At 3 months after infection, 9 participants had fully recovered 
and 36 had persistent symptoms indicative of LC. Of the nine par-
ticipants who recovered, 44.4% were female, the mean age was 41.7 
years, and one participant (11.1%) was previously hospitalized for 
acute SARS- CoV- 2 infection (Table 1). Of the 36 participants who 
developed LC at 3 months after infection, 55.6% were female, the 
mean age was 43.0 years, and 8 participants (22.2%) were previously 
hospitalized for acute SARS- CoV- 2 infection (Table 1). Only one 
participant was taking exogenous sex hormone therapy (norethin-
drone and ethinyl estradiol), and one participant received inhaled 
corticosteroid (budesonide) during the study. Most participants re-
ceived a COVID- 19 vaccine during the study period, but no vaccine 
doses were administered before the 3- month study visit (table S1). A 
variety of symptoms were present among both male and female par-
ticipants, with constitutional, cognitive, and pulmonary symptoms 
being most prevalent (Fig. 1A).

Banked peripheral blood mononuclear cell (PBMC) samples from 
these participants during acute infection, at 3 months after infection, 
and at 12 months after infection were used for scRNA- seq and cytom-
etry by time- of- flight (CyTOF) (Fig. 1B). Olink proteomics was per-
formed on plasma samples (Fig. 1B). For scRNA- seq data, cell types 
were annotated with Seurat v4 PBMC multimodal reference mapping 
(26) to identify multiple innate and adaptive immune cell types. 
Within individual cell types, we assessed expression changes in gene 
modules and inferred ligand- receptor interaction analyses with target 
gene predictions (Fig. 1C). CyTOF and plasma proteomic data were 
used to validate findings from transcriptional analyses.

Blood transcription modules during acute SARS- CoV- 2 
infection differed on the basis of sex
To identify immune dysregulation during acute infection that might 
predict LC, we performed transcriptional and proteomic analyses 

on the 21 participants (of the original 45) who had samples available 
during acute infection (table S2). Among these 21 individuals, 15 
participants went on to develop LC at 3 months after infection, and 
6 participants fully recovered by 3 months after infection (table S2). 
Of the six participants who went on to recover, 50% were female, the 
mean age was 41.8 years, and none were hospitalized for acute 
SARS- CoV- 2 infection (table S2). Of the 15 participants who devel-
oped LC, 60% were female, the mean age was 45.8 years, and 1 par-
ticipant (6.7%) was hospitalized for acute SARS- CoV- 2 infection 
(table S2).

We first sought to identify transcriptional predictors of the devel-
opment of LC using blood transcription modules (BTMs) sourced 
from a reference gene set database dedicated to studying blood tran-
scriptional immune responses (27). Numerous BTMs differed dur-
ing acute infection between participants who would later develop 
LC and those who recovered by 3 months after infection. The “type 
I interferon response” module, which is critical for antiviral immune 
responses, was increased in acute samples of participants who de-
veloped LC in monocyte, B cell, and T cell subsets (Fig. 1D). The 
“chromosome Y linked” module was decreased in participants who 
would develop LC across many cell types (Fig. 1D and fig. S1A). The 
genes driving this BTM difference were X- inactive specific transcript 
(XIST), DEAD- Box helicase 3 Y- Linked (DDX3Y), ubiquitously 
transcribed tetratricopeptide repeat containing, Y- Linked (UTY/
KDM6C), lysine demethylase 5D (KDM5D), protein kinase Y- Linked 
(PRKY), and ubiquitin specific peptidase 9 Y- Linked (USP9Y), which 
are sex- linked genes thought to have important roles in immune re-
sponses (28–33) (table S3). A larger proportion of females than 
males in the cohort progressed to LC after acute infection, although 
this difference was not significant (75% versus 67%, P > 0.2). The 
larger proportion of females in the LC cohort may account for a por-
tion of these sex- linked gene expression differences when the sexes 
are analyzed together.

On the basis of these findings and the evidence for sex- related 
differences in COVID- 19 outcomes (18, 19), we next analyzed the 
sexes separately (Fig. 1E). When gene expression differences were 
separated by sex, expression of multiple sex- related genes, including 
DDX3Y, UTY, PRKY, and USP9Y, differed in males who progressed 
to LC compared with those who recovered (fig. S1B). DDX3Y, the 
Y- linked homolog of DEAD- Box helicase 3 X- Linked (DDX3X) with 
known roles in the interferon (IFN) response to pathogens (29), was 
down- regulated across most cell subsets at 12 months in males with 
LC (fig. S1B). In CD14+ monocytes, conventional dendritic cells 2 
(cDC2s), and CD8+ T effector memory (TEM) cells, these findings 
were statistically significant (adjusted P  <  0.05) at both 3 and 12 
months after acute infection (fig. S1C to E). The RNA gene XIST, 
which has previously been implicated in autoimmunity (28), was 
more highly expressed in several innate and adaptive immune cell 
subsets during acute infection in females who subsequently devel-
oped LC (fig. S1F). At 3 and 12 months after acute infection, in-
creases in XIST in females with LC were still present but less 
prominent (fig. S1F). Sex hormones, such as estrogens and andro-
gens, were not measured in this study. However, we evaluated pseu-
dobulk expression of major sex hormone receptor genes estrogen 
receptor 1 (ESR1), estrogen receptor 2 (ESR2), and androgen receptor 
(AR) and did not identify pervasive differences between LC and re-
covered groups (fig. S1G and H).

Beyond sex- related genes, analyzing the sexes separately re-
vealed differences between males and females in the acute infection 
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gene profiles of those who went on to develop LC versus those who 
recovered. There were prominent gene expression differences in 
multiple BTMs in proliferating natural killer (NK) cells and reduced 
expression in the “leukocyte activation and migration” module for 
several T cell subsets in males who developed LC (Fig. 1F). In 
contrast, females who developed LC had expression changes that 
were less restricted to particular cell types or modules, affecting multiple 

lymphoid and myeloid subsets (Fig. 1F). Increased expression of 
BTMs in CD14+ and CD16+ monocytes was found in both sexes of 
those who developed LC (Fig. 1F). Given these sex- specific differ-
ences found in BTM analyses of acutely infected samples, subse-
quent analyses of these samples focused on proliferating NK cells, 
monocytes, and sex- specific differences in several key regulators of 
inflammation.

Table 1. Demographics of the overall cohort at 3 months after acute SARS- CoV- 2 infection, separated by LC versus recovered symptom status at  
3 months. 

Female Male

Total Recovered Long Covid Recovered Long Covid Recovered Long Covid

(N = 45) (N = 9) (N = 36) (N = 4) (N = 20) (N = 5) (N = 16)

 Sex 

 Female 24 (53.3%) 4 (44.4%) 20 (55.6%) 4 (100%) 20 (100%) 0 (0%) 0 (0%)

 Male 21 (46.7%) 5 (55.6%) 16 (44.4%) 0 (0%) 0 (0%) 5 (100%) 16 (100%)

  Age (years) 

 Mean (Sd) 42.8 (12.3) 41.7 (9.45) 43.0 (13.0) 41.8 (10.4) 41.2 (12.2) 41.6 (9.89) 45.3 (14.1)

 Median [min, max] 43.0 [20.0, 67.0] 42.0 [27.0, 53.0] 43.0 [20.0, 67.0] 45.5 [27.0, 49.0] 40.0 [20.0, 63.0] 41.0 [27.0, 53.0] 43.0 [26.0, 67.0]

 Race 

 White 36 (80.0%) 5 (55.6%) 31 (86.1%) 1 (25.0%) 19 (95.0%) 4 (80.0%) 12 (75.0%)

 asian 7 (15.6%) 3 (33.3%) 4 (11.1%) 2 (50.0%) 1 (5.0%) 1 (20.0%) 3 (18.8%)

 Black or african 
american

1 (2.2%) 0 (0%) 1 (2.8%) 0 (0%) 0 (0%) 0 (0%) 1 (6.3%)

 american indian 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

 Pacific islander 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

 other 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

 Missing 1 (2.2%) 1 (11.1%) 0 (0%) 1 (25.0%) 0 (0%) 0 (0%) 0 (0%)

 Ethnicity 

 Not Hispanic or 
latino

27 (60.0%) 8 (88.9%) 19 (52.8%) 4 (100%) 8 (40.0%) 4 (80.0%) 11 (68.8%)

 Hispanic or latino 18 (40.0%) 1 (11.1%) 17 (47.2%) 0 (0%) 12 (60.0%) 1 (20.0%) 5 (31.3%)

 Body mass index 

 Mean (Sd) 30.2 (5.87) 31.3 (7.86) 30.0 (5.37) 34.0 (10.1) 31.1 (6.12) 29.0 (5.78) 28.7 (4.04)

 Median [min, max] 29.0 [19.6, 45.1] 27.8 [22.4, 44.6] 29.4 [19.6, 45.1] 34.1 [23.3, 44.6] 30.4 [19.6, 45.1] 27.2 [22.4, 38.0] 28.3 [22.9, 36.9]

 Hospitalized 

 No 36 (80.0%) 8 (88.9%) 28 (77.8%) 4 (100%) 17 (85.0%) 4 (80.0%) 11 (68.8%)

 Yes 9 (20.0%) 1 (11.1%) 8 (22.2%) 0 (0%) 3 (15.0%) 1 (20.0%) 5 (31.3%)

 Intensive care unit 

 No 41 (91.1%) 8 (88.9%) 33 (91.7%) 4 (100%) 19 (95.0%) 4 (80.0%) 14 (87.5%)

 Yes 4 (8.9%) 1 (11.1%) 3 (8.3%) 0 (0%) 1 (5.0%) 1 (20.0%) 2 (12.5%)

 Intubated 

 No 44 (97.8%) 9 (100%) 35 (97.2%) 4 (100%) 19 (95.0%) 5 (100%) 16 (100%)

 Yes 1 (2.2%) 0 (0%) 1 (2.8%) 0 (0%) 1 (5.0%) 0 (0%) 0 (0%)

 Treatment during acute COVID- 19 

 remdesivir 8 (17.8%) 1 (11.1%) 7 (19.4%) 0 (0%) 2 (10.0%) 1 (20.0%) 5 (31.3%)

 Peginterferon 
lambda- 1a

13 (28.9%) 2 (22.2%) 11 (30.6%) 1 (25.0%) 5 (25.0%) 1 (20.0%) 6 (37.5%)

 Favipiravir 8 (17.8%) 3 (33.3%) 5 (13.9%) 3 (75.0%) 3 (15.0%) 0 (0%) 2 (12.5%)

 None or placebo 16 (35.6%) 3 (33.3%) 13 (36.1%) 0 (0%) 10 (50.0%) 3 (60.0%) 3 (18.8%)
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developed lc, and blue tiles indicate lower expression. (E) Participants included in acute SarS- coV- 2 infection analysis, separated by sex and lc versus recovered status 
at 3 months after infection. (F) BTMs during acute infection that differentiated those with lc versus those who recovered by 3 months after infection. Males and females 
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Acute TGFB1 signaling in proliferating NK cells is associated 
with LC development in males
To understand the drivers of the transcriptional changes observed 
in BTM analysis (Fig. 1F), we used MultiNicheNet to infer commu-
nication between proliferating NK cells and other immune cells 
during acute infection (34). Most of the top ligand- receptor inter-
actions with proliferating NK cells as senders of signal in acutely 
infected male samples were dominated by genes associated with trans-
forming growth factor–β1 (TGF- β1) signaling, as well as genes as-
sociated with interferon- γ (IFN- γ) signaling, in those who would 
develop LC at 3 months after infection compared with those who 
would recover (Fig. 2A).

Similarly, most of the top interactions received by proliferating 
NK cells were dominated by TGF- β1 signaling from several NK cell 
and T cell populations in acute samples from males who would de-
velop LC at 3 months (Fig. 2B). Individual participant data for 
TGFB1 and TGFBR1 are shown in Fig. 2 (C and D). Cell- cell inter-
actions toward proliferating NK cells were correlated with the up- 
regulation of the chemokine C- C motif chemokine ligand 3 (CCL3), 
which can augment NK cell cytolytic activity and can be produced 
by activated NK cells to recruit other effector cells (35); death asso-
ciated protein kinase 1 (DAPK1), which is involved in IFN- γ–induced 
apoptosis and may promote NK cell killing (36, 37); IFN- induced 
protein with tetratricopeptide repeats 2 (IFIT2), which can promote 
apoptosis (38); ZNF395, which can activate IFN- stimulated genes 
(39); the protease furin (FURIN), which is also a TGF- β1–converting 
enzyme (40); insulin- like growth factor binding protein 7 (IGFBP7), 
which can up- regulate TGF- β1 signaling (41); and polypeptide N- 
acetylgalactosaminyltransferase 10 (GALNT10), which may be as-
sociated with an immunosuppressive phenotype (42); among others 
(Fig. 2E). This TGF- β1 signaling was also predicted to down- regulate 
ADAM metallopeptidase with thrombospondin type 1 motif 6 
(ADAMTS6), which can increase TGF- β1 activation (43); SMAD 
family member 3 (SMAD3), which is an intracellular signaling com-
ponent of the TGF- β pathway but has previously been shown to be 
down- regulated in response to TGF- β in certain contexts (44); TNF 
receptor–associated protein 1 (TRAP1), which is suggested to have 
cytoprotective effects against oxidative stress and reactive oxygen 
species (45, 46); and ETS proto- oncogene 1 (ETS1), which regulates 
NK cell development and terminal differentiation (47); among oth-
ers (Fig. 2E). Although TGF- β1 is best described as an inhibitory 
signal in NK cells, these transcriptional differences also suggest that 
cytolytic functions and antiviral responses may be altered by TGF- β1 
signaling in this context.

In addition to TGF- β1 signaling, MultiNicheNet also showed 
differences in interleukin- 7 (IL- 7) signaling in acutely infected 
males who went on to develop LC, which is important for NK cell 
survival and cytotoxicity (48) (Fig. 2B). This was predicted to result 
in down- regulation of interleukin- 7 receptor (IL7R), suggesting a 
negative regulatory mechanism (Fig. 2E) (49). Pseudobulk IL7R ex-
pression during acute infection was down- regulated in males who 
developed LC in most cell types, including proliferating NK cells, 
and this pattern was not observed in females (Fig. 2F). The predict-
ed effects on downstream target genes in proliferating NK cells were 
also apparent and consistent across individuals (fig. S2).

Unlike in males, cell- cell communication analyses of proliferating 
NK cells in acutely infected females who went on to develop LC dem-
onstrated signaling predominantly involving C- C motif chemokine 
ligand 5 (CCL5), CD99 molecule (CD99), ADAM metallopeptidase 

domain 10 (ADAM10), interleukin- 15 (IL15), and neuregulin 1 (NRG1), 
among others, but did not demonstrate predominant TGF- β1 signal-
ing (fig. S3). Given the prominent TGF- β1 signaling in proliferating 
NK cells of the acutely infected males who subsequently developed 
LC, we next examined whether TGF- β1 was important across differ-
ent cell types and time points.

TGFB1 expression and protein secretion differs in individuals 
who develop LC in a sex- specific manner
During acute infection, TGFB1 expression was increased in males 
who would develop LC not only in proliferating NK cells, but also in 
most innate and adaptive cell types (Fig. 3A). On the other hand, 
TGFB1 expression was decreased during acute infection in females 
who would develop LC in most examined cell types (Fig. 3A). Dif-
ferential expression analysis revealed significant (adjusted P < 0.05) 
reductions in TGFB1 in NK, CD8+ TEM, and CD4+ central memory 
T (TCM) cells of females who went on to develop LC (Fig. 3B to D). 
There was no clear difference observed in the individual who received 
experimental antiviral therapy (fig. S4A to C) or hospitalization status 
(fig. S4D to F) during acute COVID- 19. Corroborating the transcrip-
tional findings with protein data, latency- associated peptide (LAP) 
TGF- β1 was significantly increased (unadjusted P < 0.05) in the plas-
ma of acutely infected males who would develop LC compared with 
males who would recover; this difference was not observed in fe-
males (Fig. 3E).

We next evaluated TGFB1 transcriptional and proteomic differ-
ences in all study participants at 3 months after infection between 36 
individuals who developed LC versus 9 individuals who recovered 
(Table 1), with the analysis divided by sex (fig. S5A). Similar to the 
findings during acute infection, TGFB1 expression was increased in 
males with LC in most examined cell types, whereas TGFB1 expres-
sion was mostly decreased in the different cell types in females with 
LC (fig. S5A). The plasma protein LAP TGF- β1 was not significantly 
different in either sex (P > 0.2 for males and females) (fig. S5B).

In addition, a subgroup of the total 45 participants had samples 
available at both 3 and 12 months after infection to enable evalua-
tion for ongoing LC (table S4). This analysis involved 12 participants 
who had ongoing LC at both 3 and 12 months after infection and 11 
participants who had LC at 3 months but recovered at 12 months 
after infection. Of the 12 participants with ongoing LC at 3 and 
12 months, 75% were female, the mean age was 44.8 years, and 1 
participant (8.3%) was previously hospitalized for acute SARS- 
CoV- 2 infection (table S4). Of the 11 participants who recovered at 
12 months, 45.5% were female, the mean age was 37.3 years, and 
3 participants (27.3%) were previously hospitalized for acute SARS- 
CoV- 2 infection (table S4). Symptoms for this group of participants 
with LC at 12 months included increased prevalence of cognitive, 
constitutional, neurologic, and pulmonary symptoms (Fig. 1A). We 
evaluated the LC versus recovered groups separately by sex.

TGFB1 expression was again found to be increased in males with 
ongoing LC at 12 months after infection in most cell types (fig. S5C). 
Unlike earlier time points, TGFB1 expression was also increased in 
females with ongoing LC at 12 months after infection in most cell 
types (fig. S5C), although no difference in secreted LAP TGF- β1 in 
plasma was observed for either sex (P > 0.2 for males and P = 0.11 
for females) (fig. S5D). Altogether, these data suggest that sex- 
specific differences in transcriptional and proteomic TGF- β1 are 
predictive of LC development, but these differences in TGF- β1 wane 
over time.
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ing signaling sent from proliferating NK cells (a) and signaling received by proliferating NK cells (B). arrows point from ligand to receptor. (C and D) Boxplots demonstrat-
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Sex- specific signaling in monocytes during acute infection is 
associated with development of LC
Because of the differences of BTMs in monocytes during acute in-
fection (Fig. 1, D and F), we further investigated these cells in both 
sexes with cell- cell communication and gene network analyses. In 
males, inference of ligand- receptor signaling toward monocytes 
showed that CD40 molecule (CD40) ligand signaling was most dif-
ferent during acute infection in those who went on to develop LC 
versus those who recovered at 3 months (Fig. 4A). CD14+ mono-
cytes and CD16+ monocytes of participants who would recover re-
ceived CD40 ligand (CD40LG) signaling from T cells, targeting 
multiple integrins that facilitate CD40 signaling (50–52), an impor-
tant stimulus for inflammatory responses in infection and expres-
sion of costimulatory signals (53, 54). CD14+ monocytes in males 
who developed LC received pro- inflammatory IFNG and IL15 sig-
naling (55, 56) as well as proapoptotic TNF superfamily member 10 
(TNFSF10, also known as TRAIL) signaling (57) (Fig. 4A). CD16+ 
monocytes in males who developed LC received CD226 molecule 
(CD226) signaling from NK and T cells directed to stimulate PVR 
cell adhesion molecule (PVR) and nectin cell adhesion molecule 2 
(NECTIN2) (Fig. 4B). PVR encodes CD155, an inhibitory protein 
that has previously been associated with poor antiviral responses to 
SARS- CoV- 2 (58). In addition, PVR and NECTIN2 both promote 

tissue infiltration of monocytes (59), which has been associated with 
deleterious local inflammation (60). Thus, during acute infection, 
monocytes in males who will recover received CD40 ligand signal-
ing that may promote costimulatory signals, whereas monocytes in 
males who will develop LC may be more prone to tissue infiltration.

In females, CD14+ monocytes during acute infection in those 
who went on to develop LC received increased CCL5 signaling from 
NK and T cell subsets, and the monocytes themselves show in-
creased expression of chemokine receptors C- C motif chemokine 
receptor 1 (CCR1) and C- C motif chemokine receptor 1 (CCR3) 
(Fig. 4C), a combination of which would be expected to promote 
chemotaxis. Higher expression of CCR genes in monocytes and 
macrophages has been associated with increased acute disease se-
verity in COVID- 19 (61). Gene network analysis for CD14+ mono-
cytes in females shows a subnetwork of IFN- stimulated and antiviral 
genes such as MX dynamin like GTPase 1 (MX1), MX dynamin like 
GTPase 2 (MX2), tripartite motif containing 22 (TRIM22), 2′- 5′-  
oligoadenylate synthetase 2 (OAS2), 2′- 5′- oligoadenylate synthetase 3 
(OAS3), interferon induced protein 44 (IFI44), DExD/H- Box 60 
like (DDX60L), epithelial stromal interaction 1 (EPSTI1), poly(ADP- 
ribose) polymerase family member 14 (PARP14), and IFN- induced 
protein with tetratricopeptide repeats 3 (IFIT3) (62–69) (Fig. 4D), 
which were up- regulated in those who developed LC.
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Fig. 4. Sex- specific differences in inflammatory monocytes are present during acute SARS- CoV- 2 infection. (A and B) inferred cell- cell communication, separated 
by development of lc symptoms 3 months after acute infection (n = 6) versus resolution of symptoms by 3 months (n = 3), toward cd14+ monocytes (a) and cd16+ 
monocytes (B) in males. (C) cell- cell communication inference, separated by development of lc symptoms 3 months after acute infection (n = 9) versus resolution of 
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CD16+ monocytes in females who went on to develop LC re-
ceived increased TNF signaling compared with those who recov-
ered, including TNF superfamily member 8 (TNFSF8) (also known 
as CD30L) (Fig. 4E), which induces nuclear factor kappa B (NF- κB) 
activation and is implicated in autoimmunity (70). In addition, 
these monocytes received Complement 5 (C5) signaling, and com-
plement dysregulation has previously been implicated in LC pathogen-
esis (13, 71). Gene network analysis showed up- regulated IFN- stimulated 
and antiviral genes, including PARP14, EPSTI1, OAS2, OAS3, MX1, 
DExD/H- Box 60 (DDX60), TRIM22, IFIT2, and IFI44 (62,  64–
69, 72) (Fig. 4F). IFI44, which is up- regulated in gene networks for 
both CD14+ and CD16+ monocytes in females, has been observed 
to reduce IFN responses and has been associated with immune eva-
sion in SARS- CoV- 2 (73,  74). In sum, transcriptional analyses of 
monocytes during acute infection revealed signatures suggestive of 
increased potential to infiltrate target tissues in individuals with LC, 
although the mechanisms differed by sex.

Pro- inflammatory monocytes with reduced costimulatory 
expression are enriched in LC
We next turned our attention to the immune status at 3 and 12 months 
after infection. BTM analysis at 3 and 12 months in both males and 
females revealed ongoing differences in monocytes between partici-
pants with ongoing LC compared with those who recovered by 
12 months (Fig. 5, A and B). Modules associated with chemokines, 
inflammatory molecules, and chemokine receptor signaling were 
up- regulated in CD14+ monocytes at 3 months in those with ongoing 
LC (Fig. 5A). At 12 months after infection, males with ongoing LC 
showed up- regulation of numerous BTMs in CD14+ monocytes, 
including modules associated with pro- inflammatory myeloid cell 
responses, chemokines, NF- κB activation, and antigen presentation, 
among others (Fig. 5B). BTM analysis of CD16+ monocytes in 
females also showed up- regulation in BTMs associated with pro- 
inflammatory myeloid cell responses, NF- κB activation, and che-
mokines in those with ongoing LC at 12 months (Fig. 5B). CD14+ 
monocytes in females with LC at 12 months also showed up- 
regulation of the module associated with chemokines and inflam-
matory molecules (Fig. 5B).

Cell- cell communication analysis of CD14+ monocytes in males 
revealed much greater activity in individuals with LC at 12 months 
(fig. S6, A and B). Activating and pro- inflammatory signals such as 
CD58 molecule (CD58) and interleukin- 1α (IL1A), which could in-
teract with regulatory T cells, and S100 calcium binding protein A12 
(S100A12), which could interact with CD16+ monocytes and cDC2s, 
were enriched in those who have LC (fig. S6A). Conversely, interleu-
kin- 1 receptor antagonist (IL1RN; the anti- inflammatory antagonist 
of IL- 1) (75) signaling toward cDC2s was also up- regulated in those 
with LC (fig. S6A). As receivers, CD14+ monocytes in those with LC 
expressed genes associated with TGF- β1 signaling, which suggest 
interactions with NK cells and multiple T cell subsets (fig. S6B). 
These data are consistent with our finding that TGFB1 transcription 
is up- regulated across all time points in males who developed LC 
(fig. S5C).

In females, different cell- cell communication patterns emerged. 
CD14+ monocytes in those with LC at 12 months showed expres-
sion of genes associated with IL1 signaling toward memory B cells, 
cDC2s, and other CD14+ monocytes (fig. S6C). These cells were also 
predicted to receive interleukin- 1β (IL- 1β) signals from CD16+ monocytes, 
as well as TGF- β1 signals from NK cells, mucosal associated invariant 

T (MAIT) cells, gamma delta T cells (γδ T cells), and CD8+ T cells 
(fig. S6D). These ligand- receptor interactions were predicted to in-
crease expression of several genes that encode proteins involved in 
inflammation, such as C- X- C motif chemokine ligand 1 (CXCL1), 
C- X- C motif chemokine ligand 8 (CXCL8), interleukin- 1β (IL1B), 
epiregulin (EREG), prostaglandin- endoperoxide synthase 2 (PTGS2), 
and phorbol- 12- myristate- 13- acetate- induced protein 1 (PMAIP1) 
(fig. S6E).

Given the prevalence of IL- 1β signaling in cell- cell communica-
tion analysis, we compared expression of this gene in monocytes in 
both sexes and found that IL1B expression was increased in CD14+ 
monocytes in those with ongoing LC at 12 months after infection 
(adjusted P < 0.05) (Fig. 6A), although we did not observe signifi-
cant up- regulation of interleukin- 1α (IL- 1α) protein in those with 
ongoing LC at 12 months (P = 0.079) (Fig. 6B). When we evaluated 
single- cell proteomics using CyTOF, individuals with LC persisting 
to 12 months had higher intracellular CXCL10 in unstimulated and 
stimulated CD14+ monocytes (P < 0.001 and P < 0.05, respectively) 
compared with those without LC (Fig. 6, C and D). In stimulated 
samples, IL- 1β was lower in LC, suggesting increased extracellular 
secretion of this protein in these individuals, given that it was tran-
scriptionally up- regulated (Fig. 6D). Unstimulated CD16+ mono-
cytes of those with LC had higher C- X- C motif chemokine ligand 10 
(CXCL10) and interleukin- 6 (IL- 6) (P < 0.01 and P < 0.001, respec-
tively) at 12 months, whereas these differences were not observed in 
stimulated samples (P = 0.16 and P > 0.2, respectively) (Fig. 6, E and 
F). There were no clear differences in the participant who received 
antivirals or the individual who was hospitalized during acute infec-
tion (fig. S7).

In addition, CD14+ monocytes had a set of genes with higher 
expression (adjusted P < 0.05) in males and females with LC across 
all time points. This gene set consists mostly of IFN- stimulated 
genes (ISGs), including EPSTI1, guanylate binding protein 2 (GBP2), 
HECT and RLD domain containing E3 ubiquitin protein ligase 5 
(HERC5), IFN- induced protein 44 like (IFI44L), IFIT3, leucine 
aminopeptidase 3 (LAP3), and ubiquitin- conjugating enzyme E2 D1 
(UBE2D1) (Fig. 6, G to M). Furthermore, poly(ADP- ribose) poly-
merase family member 9 (PARP9), which detects RNA virus nucleic 
acids and activates type I IFN responses (76), was up- regulated 
across all time points (Fig. 6N). These findings were not clearly dif-
ferent in the individuals who received treatment or the participants 
who were hospitalized during acute infection (fig. S8).

We also found that CD14+ monocytes of individuals with LC at 
3 and 12 months had significantly reduced expression of CD86 
molecule (CD86) (adjusted P < 0.05) (Fig. 6O), which is a costimu-
latory molecule expressed on antigen- presenting cells (77) that in-
teracts with CD28 molecules on T cells to help induce proliferation 
and cytotoxicity (78). Plasma proteomics also supported reduced 
costimulatory function of monocytes, given that leukocyte immu-
noglobulin like receptor B4 (LILRB4), which has been shown to 
induce immune tolerance in antigen- presenting cells and an im-
munosuppressive T cell phenotype (79, 80), was significantly high-
er (P  <  0.05) in individuals with LC at 12 months (fig. S9A). In 
addition, several proteomic markers of T cell exhaustion, including 
interleukin- 10 (IL- 10) (P < 0.05), interleukin- 10 receptor subunit 
beta (IL- 10Rβ) (P  <  0.05), and lymphocyte activating 3 (LAG3) 
(P < 0.001), were higher in those with ongoing LC at 12 months 
(fig. S9A). However, only LAG3 was significantly elevated (P < 0.01) 
in those with LC at 3 months who would have ongoing LC at 12 
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months compared with those who would recover by 12 months 
(fig. S9B), and a T cell exhaustion gene score did not corroborate 
exhaustion of any T cell subsets (fig. S9, C and D). Altogether, 

monocytes of participants with ongoing LC demonstrated sex- 
specific differences in cell- cell communication analysis as well as 
some shared features.
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Fig. 5. BTMs at 3 and 12 months differ between those who recover and individuals with LC. (A) BTMs at 3 months after acute infection, separated by sex, which differen-
tiate those with ongoing lc at 12 months after infection versus those who will recover by 12 months. (B) BTMs at 12 months after acute infection, separated by sex, which 
differentiate those with ongoing lc at 12 months after infection versus those who recovered between 3 and 12 months. The top 50 modules, by percentage of genes, in which 
>10% of the constituent genes had an absolute log2Fc >0.25, are plotted. red tiles indicate higher expression in individuals with lc, and blue tiles indicate lower expression.
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Fig. 6. Inflammatory markers and ISG expression are increased in monocytes of individuals with ongoing LC. (A) Boxplot of mean normalized IL1B expression for 
each participant is shown for cd14+ monocytes of those with lc at 12 months after acute infection. (B) Boxplot of il- 1α abundance is shown for those with lc at 
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(c), in vitro stimulated cd14+ monocytes (d), unstimulated cd16+ monocytes (e), and in vitro stimulated cd16+ monocytes (F) at 12 months after acute infection. * indicates 
unadjusted P < 0.05, ** indicates unadjusted P < 0.01, and *** indicates unadjusted P < 0.001 by Wilcoxon rank sum test. (G to N) Boxplots demonstrating expression 
during acute infection and 3 and 12 months after infection in cd14+ monocytes are shown for EPSTI1 (G), GBP2 (H), HERC5 (i), IFI44L (J), IFIT3 (K), LAP3 (l), UBE2D1 (M), and 
PARP9 (N). 3 mo, 3 months; 12 mo, 12 months. (O) CD86 expression in cd14+ monocytes is shown for samples collected at 3 and 12 months after acute infection. * indicates 
locally adjusted P < 0.05 for differential gene expression by MaST.
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Increases in NF- κB signaling are associated with LC
In addition to the pro- inflammatory role of NF- κB in monocytes 
from those with LC (Fig. 5B), sex- specific gene network analyses of 
a variety of cell types, such as CD16+ monocytes and naive B cells in 
males at 3 months, and CD8+ TEM cells in females at 12 months, 
revealed that NFKB1 was up- regulated in those with ongoing LC 
(fig. S10). Given this, we next analyzed transcriptional expression of 
NF- κB transcription factors across cell types and time points. Given 
that we found that up- regulation of NF- κB constituents did not vary 
substantially by sex (fig. S11), the following analyses show the sexes 
combined for improved statistical power.

NFKB1, which is a primary component of the canonical NF- κB 
signaling pathway and induces cell proliferation and immune re-
sponse programs (81), was found to have higher expression during 
acute infection in those who will develop LC at 3 months, as well as 
higher expression at 3 and 12 months in those with ongoing LC (Fig. 
7A). Significant increases in NFKB1 expression were observed at 3 
and 12 months after infection in CD8+ TEM cells (Fig. 7B) and dur-
ing acute infection and 3 months in CD4+ TCM cells (adjusted 
P  <  0.05) (Fig. 7C). Consistently, RELB, an essential activator of 
transcription in the noncanonical NF- κB pathway (82), was up- 
regulated in most cell types at all time points (Fig. 7D). Last, REL, 
which is primarily expressed in B and T lymphocytes and has been 
implicated in multiple autoimmune conditions (83), also had higher 
expression in the acute samples of those who will develop LC and at 
3 and 12 months in those with ongoing LC (Fig. 7E). Overall, wide-
spread increases in several NF- κB transcription factor genes at mul-
tiple time points suggest an association between this pathway and 
LC pathogenesis.

Enriched AP- 1 and TH2 immunity with reduced ETS1 in 
individuals with LC
BTM analysis at 3 months after acute infection in individuals who 
had ongoing LC at 12 months demonstrated increased expression of 
genes in the “signaling in T cells (I)” module (Fig. 5A). Inspection of 
this module revealed that four genes were implicated in a majority 
of these transcriptional differences: FOS, FOSB, JUN, and JUNB (fig. 
S12). These genes are major components of the activator protein- 1 
(AP- 1) transcription factor complex, which plays important roles in 
T cell activation, and transcriptional expression was particularly in-
creased at 3 months after infection in those with ongoing LC across 
many cell types (fig. S12) (84). Several of these genes also demon-
strated increased expression in those with LC in gene network anal-
yses of various cell types (fig. S10).

Given these findings corresponding to altered T cell function in 
LC and known physical and functional associations between AP- 1 
and the ETS1 transcription factor (85), we evaluated pseudobulk 
ETS1 expression in lymphocyte subsets in which it is known to be 
expressed (86). Comparison of ETS1 in those with LC versus those 
who recovered revealed lower expression at 3 months in those who 
would have ongoing LC at 12 months, and it remained lower at 12 
months in these individuals across most B and T cell subsets in both 
sexes (Fig. 8A).

Given that ETS1 deficiency has previously been linked to in-
creased T helper 2 (TH2) cell differentiation (87), we assessed pro-
teomic correlates to the ETS1 reduction seen in our transcriptomic 
data. CyTOF data revealed that intracellular IL- 4, a major TH2 cyto-
kine, was higher in CD4+ and CD8+ T cells at 3 and 12 months for 
individuals with ongoing LC at 12 months in both unstimulated and 

in vitro stimulated samples (Fig. 8, B to E). Plasma proteomics also 
revealed higher IL- 33 abundance (P <  0.05), which is known to 
induce TH2 cell signaling (88), in individuals with ongoing LC at 
12 months (Fig. 8F). No difference was observed in IL- 4, IL- 5, or 
IL- 13 abundance (Fig. 8F).

CD8+ TEM cells in LC expressed genes associated with 
ongoing antiviral responses
CD8+ TEM cells had multiple genes with significantly increased ex-
pression [adjusted P < 0.05 by model- based analysis of single- cell 
transcriptomics (MAST) differential expression analysis] during 
acute infection and at 3 and 12 months in individuals with ongoing 
LC (Fig. 8, G to J). This set of genes includes killer cell lectin like 
receptor C2 (NKG2C, also known as KLRC2) (Fig. 8G), which is an 
activating receptor classically expressed on NK cells, but it has also 
been found to be expressed on CD8+ T cells that demonstrate great-
er cytotoxicity in individuals infected with cytomegalovirus infec-
tion (89). CD8+ TEM cells in those with LC were also found to have 
ongoing increased expression of ATP binding cassette subfamily B 
member 1 (ABCB1, also known as MDR1) up to 12 months after 
acute infection (Fig. 8H). ABCB1 is expressed in both NK and CD8+ 
memory T cells, and it enhances survival of effector T cells in the 
presence of viral infection (90). Additional up- regulated genes at all 
time points in CD8+ TEM cells included integrin subunit alpha M 
(ITGAM) and C- terminal binding protein 2 (CTBP2) (Fig. 8, I and J), 
both of which act to increase IFN gene expression (91, 92). In sum-
mary, CD8+ TEM cells in those with LC show increased expression of 
several genes involved in host antiviral responses at all time points 
evaluated in this study.

DISCUSSION
This study used multiomic data to examine individuals during acute 
infection and 3 and 12 months after infection to discover abnor-
malities in innate and adaptive immunity of individuals with LC, 
some of which differ by sex. BTM, cell- cell communication, and gene 
network analyses uncovered cell- specific as well as more pervasive 
differences in those who developed LC, such as increased expression 
of genes involved in TGF- β signaling in males, pro- inflammatory 
monocytes in both sexes, and NF- κB activation in both sexes. It also 
revealed reduced ETS1 in both sexes in numerous lymphocyte sub-
sets in the months after acute infection. Some of these transcrip-
tional differences were corroborated by corresponding changes in 
single cell cytokine production and by plasma cytokines. Sex- 
specific immunologic differences were prominent across many cell 
types, indicating that mechanisms of LC may differ between sexes, 
potentially informing the search for tailored therapeutics.

Several genes with high specificity for biological sex were found 
to have expression differences that support roles in disease patho-
genesis. In males, the DDX3Y gene was most reduced in those with 
LC at both 3 and 12 months, and the differences became most prom-
inent in innate immune cells, such as CD56bright NK cells, cDC2s, 
and monocytes, at 12 months. DDX3 genes have been shown to 
promote virus- induced IFN- β expression (93); therefore, reduced 
DDX3 expression may have implications for clearance of residual 
SARS- CoV- 2, suppression of other chronic viral infections, or re-
sponse to new viral pathogens. In females, XIST was noted to have 
higher expression during acute infection and at 3 and 12 months for 
those who developed LC. The RNA product of XIST does not encode 
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a protein, but rather binds numerous other proteins and subse-
quently interacts with the X chromosome in females to silence gene 
transcription in one of the X chromosomes (28). This mechanism has 

been associated with markers of multiple autoimmune diseases, such 
as rheumatoid arthritis, SLE, and systemic sclerosis, and the Xist ribo-
nucleoprotein complex has many sites of potential immunoreactivity 
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Fig. 7. Increased expression of NF- κB transcription factors is associated with LC development and symptom persistence. (A) Pseudobulk expression of NFKB1 
across cell types is shown in samples collected during acute infection (n = 21) and at 3 and 12 months after infection (n = 23). (B and C) Boxplots of NFKB1 expression are 
shown by participants in cd8+ TeM cells (B) and cd4+ TcM cells (c) during acute infection and 3 and 12 months later. (D and E) Pseudobulk expression of RELB (d) and REL 
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tiles indicate lower expression. * indicates locally adjusted P < 0.05 for differential gene expression by MaST.
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that may contribute to multiorgan autoimmune pathology (28). An 
association between autoantibodies and LC has been suggested in 
some studies (4, 10, 94), but not in others (3, 95), necessitating fur-
ther investigation that may benefit from considering sex- specific 
differences in titers, breadth, and association with LC symptoms.

In this cohort, there were perturbations in innate and early adaptive 
immunity during acute infection that correlated with development of 

LC. Proliferating NK cells in males showed increased expression of 
genes associated with bidirectional TGF- β signaling, which would 
be expected to reduce NK cell cytotoxicity, as previously observed in 
severe COVID- 19 (96), and may limit the efficacy of the initial anti-
viral response. Differences in NK cell function between sexes have 
previously been demonstrated in the context of type I IFN responses 
and cytomegalovirus infection, showing that NK cells in females are 
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Fig. 8. ETS1 expression and IL- 4 production 
distinguish those with persistent LC from those 
who recover. (A) log2Fc of pseudobulk ETS1 
expression at 3 and 12 months after infection, 
comparing those with lc at 3 and 12 months 
versus those with lc at 3 months but recovery by 
12 months, separated by sex. NK cells are repre-
sented by green bars, T cells by light blue bars, and 
B cells by dark blue bars. (B to E) Boxplots show-
ing intracellular il- 4 as measured using cyToF in 
cd4+ and cd8+ T cells at 3 months in unstimu-
lated (B) and in vitro stimulated (c) samples and 
at 12 months after infection in unstimulated 
(d) and in vitro stimulated (e) samples, compar-
ing those with ongoing lc at 3 and 12 months 
versus those with lc at 3 months but recovery by 
12 months. (F) Boxplot of normalized protein 
expression (NPX) of common TH2 cell immune 
cytokines il- 13, il- 33, il- 4, and il- 5 in plasma.  
* indicates unadjusted P < 0.05, ** indicates unad-
justed P < 0.01, *** indicates unadjusted P < 0.001, 
and **** indicates unadjusted P  <  0.0001 by 
Wilcoxon rank sum test. (G to J) Boxplots demon-
strating cd8+ TeM cell expression of NKG2C (G), 
ABCB1 (H), ITGAM (i), and CTBP2 (J) are shown by 
participants during acute infection and 3 and 
12 months later. * indicates locally adjusted P < 0.05 
for differential gene expression by MaST.
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more responsive and cytotoxic in these settings (97, 98). Here, in-
creased TGFB1 expression in males was also found to be associated 
with LC development across many cell types, including naive and 
memory T cells, which may lead to reduced TH1 differentiation (99) 
and impaired immunity against intracellular pathogens. Conversely, 
TGF- β signaling contributes to regulatory T cell differentiation, 
which may be important for avoiding self- reactivity (100). TGF- β 
has been previously suggested to play a role in myalgic encephalo-
myelitis/chronic fatigue syndrome (ME/CFS) (101) and was de-
scribed to be increased in the plasma of males with LC in a study of 
a different cohort of patients with LC (102).

In convalescence, increased inflammatory signaling involving 
monocytes persisted to 12 months in those with LC, characterized 
by up- regulation of major factors such as IL1B, NFKB1, RELB, and 
REL in transcriptomic data as well as IL- 6 and CXCL10 in single- cell 
proteomic data. Despite up- regulation of multiple pro- inflammatory 
markers, monocytes appeared to have dysfunctional interaction with 
T cells, because transcriptional analysis indicated reduced CD86 
costimulatory expression. Increased LAG3 was noted at 3 and 12 
months in participants with ongoing LC. LAG3 is associated with 
suppressed and exhausted T cell phenotypes in the contexts of auto-
immune disease, malignancy, and infectious disease, and it is under 
investigation as a target for cancer immunotherapies given its po-
tential to reduce T cell cytotoxicity (103). However, a T cell exhaus-
tion gene module was not differentially expressed in individuals 
with LC, suggesting that the increase in LAG3 protein may not indi-
cate a typical T cell exhaustion phenotype.

Transcriptomic analysis of CD14+ monocytes revealed higher 
expression of multiple ISGs during acute infection and 3 and 12 
months later in individuals with LC. In conjunction with gene ex-
pression differences in CD8+ TEM cells suggestive of ongoing antivi-
ral responses in those with LC, these findings could be consistent 
with persistence of SARS- CoV- 2 or reactivation of other viruses in 
those with LC (11). Therefore, the development and application of 
therapies aimed at improving cytotoxicity and viral clearance, po-
tentially in enriched populations that show evidence of viral persis-
tence or reactivation, may be of benefit in LC.

Single- cell transcriptomic analyses also revealed a broader pat-
tern of reduced ETS1 transcription factor expression in nearly all 
lymphocyte subsets to be associated with LC ongoing to 12 months. 
ETS1 deficiency in humans has been characterized in the context of 
autoimmunity, where it was highly correlated with presence of auto-
immune disease and disease severity (87). Furthermore, ETS1 defi-
ciency was strongly associated with increased TH2 cell activity by 
biomarkers such as IL- 4, IL- 5, and IL- 13 (87). ETS1 deletion in mice 
results in high IL- 4 signaling activity, TH2 bias, and clinical features 
of autoimmunity (87). In our cohort, we found an increase in IL- 4 
protein expression across T cells in those with LC at 3 and 12 months, 
mirroring the reduced ETS1 expression seen in these cells. Although 
IL- 4 signaling is classically associated with CD4+ T cell modulation, 
it also affects CD8+ T cell function, where it induces prosurvival 
programs (104) but also reduces cytotoxicity in the setting of viral 
infection (105). Increased IL- 4 expression in CD4+ T cells has previ-
ously been associated with LC (3). IL- 4 blockade has been shown to 
cause remission of autoimmune disease in ETS1- deficient mice, so it 
may offer a feasible intervention strategy in LC given the efficacy and 
safety of anti–IL- 4 receptor therapy in humans (106).

This study has important limitations. First, the prevalence of LC 
in this clinical cohort was higher than in the general population. 

Although participants were recruited regardless of ongoing symp-
toms, selection bias among the participants may be present such 
that those with LC symptoms were more likely to volunteer to par-
ticipate in the clinical cohort. Second, the participants enrolled in 
this study were first infected with SARS- CoV- 2 early in the COVID-
 19 pandemic, before the widespread dissemination of COVID- 19 
vaccines. However, prevalence of LC has been relatively unchanged 
from 2022 to 2024 (107), suggesting that vaccination may not offer a 
magnitude of protection against LC development comparable to 
that against severe disease during acute infection and that ongoing 
evolution of SARS- CoV- 2 may not have substantially affected post-
acute sequelae. Although none of the study participants had re-
ceived vaccination before the acute infection and 3- month blood 
sample collection, some of the study participants did receive inter-
val vaccination before the 12- month blood sample collection. Ad-
ditional studies of LC cohorts during subsequent SARS- CoV- 2 
variant epochs are needed to validate our findings. Next, one par-
ticipant received an experimental therapy for acute COVID- 19, 
favipiravir, before acquisition of the acute infection blood sample 
used for our analysis. Although this individual does not appear im-
munologically distinct from others in this study, it is possible that 
there were biological or clinical effects of this treatment. Other par-
ticipants whose blood was profiled at 3 and 12 months after infection 
received acute COVID- 19 treatments with peginterferon lambda- 1a, 
favipiravir, or remdesivir. These acute infection treatments may have 
unknown long- term biologic effects, but these acute treatments did 
not correlate with appreciable effects on the immunologic findings 
in this study. An additional limitation that applies to all LC studies 
is the current lack of objective measures that can be used for diagno-
sis. Because we prioritized performing transcriptomic analyses of 
multiple time points and discovery of sex differences, this study was 
limited by small sample size. Circulating sex hormone measure-
ments and menopausal status were not obtained in this study; how-
ever, both may be important mediators of sex- specific immune 
responses to SARS- CoV- 2. Given that this study was conducted on 
a small single- center cohort, additional studies to validate these 
findings in more racially and ethnically diverse cohorts would be 
required before applying such findings to the clinical setting.

In summary, this study used multiple modalities to uncover pat-
terns of immune dysregulation that correlate with LC development, 
symptom persistence, and resolution. Sex- specific differences in im-
mune responses identified herein suggest that future studies should 
consider stratification by sex as a prespecified analysis, as supported 
by disproportionate impacts of severe acute disease in males (18) 
and LC in females (19). Last, these data offer several potential tar-
gets for therapeutic intervention for those suffering from LC.

MATERIALS AND METHODS
Study design
This study used samples collected from 45 participants enrolled in 
the prospective, observational cohort called IRIS. Adult participants 
were enrolled in this cohort approximately 3 months after symp-
tomatic, polymerase chain reaction (PCR)–confirmed SARS- CoV- 2 
infection between August 2020 and December 2020 at Stanford 
University (108). Participants were recruited for the IRIS study in 
several ways: study outreach after participation in trials for acute 
COVID- 19 therapies at Stanford University, physician referrals, and 
self- referrals after advertisement on a “Treat COVID- 19” website and 
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outdoor tent. Protocols were approved by the Stanford Institution-
al Review Board (IRB 57036), and participants provided written 
informed consent. Exclusion criteria for the overall IRIS cohort 
were preestablished and included pregnancy or active drug or alco-
hol abuse. For this immunologic study, participants with immuno-
compromising conditions (e.g., malignancy, HIV, and solid organ 
transplant), on immunomodulatory medications (e.g., prednisone, 
mycophenolate mofetil, tacrolimus, and ibrutinib), or with medical 
conditions that may have accounted for their symptoms (e.g., cys-
tic fibrosis and fibromyalgia) were also intentionally excluded to 
reduce confounding variables in the study. Participants were in-
cluded in this study on the basis of the availability of longitudinal 
blood samples and the prioritization of those with the clearest 
clinical phenotypes (e.g., asymptomatic throughout the entire con-
valescent period assessed for the recovered participants). None of 
the participants were known to be reinfected with SARS- CoV- 2 
during the study period.

Study data were collected and managed using REDCap elec-
tronic data capture tools hosted at Stanford University (109, 110). 
PBMCs and plasma were collected at approximately 3 months [me-
dian 99 days (range 57 to 184)] and 12 months [median 368 days 
(range 307 to 448)] after infection. Clinical assessments were per-
formed using a combination of formal interviews, self- administered 
questionnaires, clinician- led physical exams, and complementary 
chart review. Evaluated clinical features included medical histories, 
physical exams, vital signs, and self- reported symptoms (both check-
list survey and free text response) at approximately 3, 6, and 12 months 
after SARS- CoV- 2 infection. Consistent with the World Health Or-
ganization (WHO) definition, LC was defined in this study as the 
continuation or development of symptoms 3 months after SARS- 
CoV- 2 infection, which were not readily attributable to other etiolo-
gies (111).

Of the 45 participants in this study, 21 participants with banked 
PBMCs and plasma during acute SARS- CoV- 2 infection were pro-
filed in this work. Twelve of these participants had been previously 
enrolled in a phase 2, randomized, single- blind, placebo- controlled 
trial of single subcutaneous dose of peginterferon lambda-1a as a 
potential treatment for outpatients with mild to moderate COVID-
 19 (NCT04331899) at Stanford University (112). In addition, nine of 
these participants had been previously enrolled in a phase 2, ran-
domized, double- blind, placebo- controlled trial of a 10- day course 
of oral favipiravir as a potential treatment for outpatient mild or 
asymptomatic COVID- 19 (NCT04346628) at Stanford University 
(113). Neither study found a difference in the duration of SARS- 
CoV- 2 viral shedding or in symptom duration between the treat-
ment arm and the placebo arm (112, 113).

Statistical analysis
Individual- level data are presented in data file S1. Comparison 
of means was performed with the Wilcoxon rank sum test (two- 
sided), and symbols corresponding to P value thresholds are 
noted in the figure legends (all <0.05). The threshold for statis-
tical significance of differential gene expression for each cell 
type was determined as P < 0.05 with the Bonferroni correction. 
All data analysis was performed using R version 4.3.1 on a ma-
cOS when possible. For analyses that required additional mem-
ory or computer processing units, R version 4.2.0 was used on a 
Linux cluster.
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