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Abstract

The world continues to contend with successive waves of coronavirus disease 2019 (COVID-19),
fueled by the emergence of viral variants. At the same time, persistent, prolonged and

often debilitating sequelae are increasingly recognized in convalescent individuals, named ‘post-
COVID-19 syndrome’ or ‘long-haul COVID’. Clinical symptomatology includes fatigue, malaise,
dyspnea, defects in memory and concentration and a variety of neuropsychiatric syndromes

as the major manifestations, and several organ systems can be involved. The underlying
pathophysiological mechanisms are poorly understood at present. This Review details organ-
specific sequelae of post-COVID-19 syndromes and examines the underlying pathophysiological
mechanisms available so far, elaborating on persistent inflammation, induced autoimmunity

and putative viral reservoirs. Finally, we propose diagnostic strategies to better understand this
heterogeneous disorder that continues to afflict millions of people worldwide.

As of 15 November 2021, an estimated 254 million cases and 5.1 million deaths have

been ascribed to COVID-191. As the world grapples with successive waves of infection
fueled by the emergence of viral variants, in a subset of patients who recover, protracted
disease symptoms, termed ‘long COVID’, ‘long-haul COVID’ or ‘post-COVID syndrome’,
are being increasingly recognized. In the absence of a unifying disease definition, working
constructs of long COVID have included the persistence of a constellation of symptoms

for time periods varying from >4 weeks from symptom onset? to symptoms that last for
more than 3 months after onset3. Proposed guidelines from the National Institute for Health
and Care Excellence, Scottish Intercollegiate Guidelines Network and the Royal College of
General Practitioners, all in the UK, define ‘acute COVID-19’ as signs and symptoms of
COVID-19 for up to 4 weeks; ‘ongoing symptomatic COVID-19’ as signs and symptoms of
COVID-19 present from 4 weeks to 12 weeks of infection; and post-COVID-19 syndrome
as signs and symptoms consistent with COVID-19 that are present for more than 12 weeks
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after infection and not attributable to alternative diagnoses®. The US Centers for Disease
Control and Prevention uses the term ‘post-COVID conditions’ as an umbrella term for the
wide range of health consequences that are present >4 weeks after infection with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Organ-specific sequelae.

SARS-CoV-2, a novel B-coronavirus, is phylogenetically related to coronaviruses
responsible for SARS and Middle East respiratory syndrome (MERS) (SARS-CoV and
MERS-CoV, respectively). Notably, a subset of individuals who have had SARS or MERS
are reported to demonstrate protracted neuropsychiatric symptoms®®, sleep abnormalities®,
persistent impairment of pulmonary function, including reductions in diffusion lung capacity
(DLco)819-12, pulmonary fibrosis'3, myalgias® and functional disabilities such as reduced
exercise tolerance®12. Although aspects of long COVID are reminiscent of post-SARS and
post-MERS syndromes, clinical and laboratory manifestations associated with long COVID
appear to be protean, with the involvement of several organ systems.

The severity of acute COVID-19 has been linked to post-COVID-19 syndrome in one

large nationwide study based on healthcase databases of the US Department of Veterans
Affairs!4. In another systematic review, although COVID-19-associated symptomatology
was more pronounced in individuals with severe disease, individuals with mild and moderate
disease also reported a wide range of symptoms after the resolution of clinical diseasel®.
Finally, in a recent study of home-isolated, young (16- to 30-year-old) patients with
COVID-19, nearly 60% reported persistent symptoms at 6 months, independent of the
severity of the initial illness'8. Although multiple organ systems can be involved in acute
COVID-19, the most common manifestations are systemic, respiratory, gastrointestinal,
cardiovascular and neurological. By contrast, the most common manifestations of post-
COVID-19 syndrome are systemic (fatigue and, poor concentration), neuropsychiatric (sleep
abnormalities, chronic headache, ‘brain fog’, defects in memory, mood impairment and

pain syndromes), cardiac (palpitations, syncope, dysrhythmias and postural symptoms)

and respiratory (dyspnea and cough). Table 1 outlines the salient manifestations of acute
COVID-19 and post-COVID-19 syndrome. Noteworthy clinical manifestations, summarized
by specific organ systems, are detailed below, focusing mostly on patients with severe
disease.

Given that lung involvement characterizes severe COVID-19, pulmonary symptoms
including breathlessness’-20 and cough”:18 are noted in a substantial proportion of

patients with long COVID and may?1-24 or may not2® correlate with prior COVID-19
severity. Other lung-related manifestations included prolonged oxygen requirement!8 and
difficulty weaning off ventilators25, often related to the baseline pulmonary status. Persistent
radiological abnormalities2427-30 include ground-glass opacities, signs of reticulation,
including course fibrous bands either with or without obvious parenchymal distortion,
bronchiectasis and pulmonary fibrosis, and appeared to be related to greater severity of
acute COVID-19 syndrome?7:31, Abnormal lung function, including a reduction in DLc, is
the most commonly reported physiological impairment after acute COVID-19 and appears to
be related to the severity of the acute illness?7:28:30.32,

Nat Immunol. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehandru and Merad

Page 3

A broad range of neurological and neuropsychiatric problems can cover acute COVID-19
syndrome, including olfactory and gustatory impairments, encephalopathy and delirium,
stroke, neuromuscular complications, stress reactions and psychoses32. In addition to acute
neuropsychiatric manifestations, COVID-19 may also produce protracted neurological and
psychiatric sequelae in individuals with long COVID. Chronic malaise, sleep abnormalities,
chronic headache and olfactory and gustatory impairments18.20.27.31.33 gre commonly
reported. In addition, neurodegenerative disorders such as Parkinson’s disease3* and
cognitive impairment ranging from brain fog to the acceleration of Alzheimer’s disease34:3°
are described in patients who have had acute COVID. A range of psychiatric disorders,
including a first psychiatric diagnosis of conditions such as depression, anxiety and post-
traumatic stress disorder (PTSD), are reported in patients with post-COVID syndrome36.

Myocardial injury, myocarditis, acute heart failure, cardiomyopathy and cardiac
dysrhythmias have all been reported during the acute phase of COVID-1937. Patients

who have had acute or long COVID report chest pain, chest tightness and ongoing
palpitations1?-27:38:39_ Cardiovascular magnetic resonance imaging (cMRI) performed in a
cohort of 100 patients with COVID-19 71 (median; range 64-92) days after diagnosis
identified cardiac involvement in 78% of patients and ongoing myocardial inflammation
in 60% of patients, independent of pre-existing conditions, severity and overall course

of the acute illness*?. In another cohort of 26 athletes with mild acute COVID, cMRI
performed 11-53 days after diagnosis revealed myocarditis in 15% and evidence of prior
myocardial injury in 31% of the individuals*l. Evidence of adverse ventricular remodeling
was noted in about 30% of patients 3 months after discharge from hospitalization with
COVID-19-associated pneumonia??, suggesting cardiac sequelae.

Thrombotic complications, including diffuse intravascular coagulation and thromboembolic
events involving different organs, are well recognized during acute COVID-19, and owing
to which anti-thrombotic therapies are utilized in patient with severe disease*3. However, the
rate of venous thromboembolism in the post-acute COVID-19 setting is considered to be
<5%%4, with the caveat that these data are limited by small sample size and inadequate
follow-up. Currently, in ambulatory patients with COVID-19, or those after discharge,
routine administration of thromboprophylaxis is not recommended°. However, owing to the
potential for persistent hypercoagulability post-COVID, high-quality data from randomized
controlled trials are needed.

Given the high expression of angiotensin-converting enzyme 2 (ACE2) on the brush border
of the small intestinal mucosa“6, gastrointestinal symptoms, including diarrhea, nausea,
vomiting and abdominal pain, are reported in 15-50% of patients#7-48, and abnormal liver
function tests in 20%%8 of patients during acute COVID-19. Patients with long COVID
report a range of gastrointestinal symptoms including loss of appetite, abdominal pain,
nausea, weight loss, altered bowel motility patterns and new or exacerbated irritable

bowel syndrome*?, In addition, prolonged fecal shedding of SARS-CoV-2 (ref. °0) and

the presence of virions in intestinal enterocytes®! have been reported, as discussed in detail
below.
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Owing to the expression of ACE2 by pancreatic islet cells, the SARS coronavirus was
found to cause islet cell injury and result in acute type 1 diabetes mellitus®2. New-onset
diabetes and diabetic ketoacidosis have been reported in patients with acute COVID-19

(ref. 33) through both direct and indirect mechanisms®. Importantly, patients who recovered
from COVID-19 also showed significantly higher fasting insulin levels, C-peptide levels,
homeostasis model assessment of B-cell dysfunction and homeostasis model assessment

of insulin resistance compared with healthy controls, with no differences observed in the
insulin:proinsulin ratio, resulting in persistent glycemic abnormalities in 35% of 551 patients
for at least 2 months after COVID-19 (ref. >4). Among other endocrine abnormalities,
subacute thyrotoxicosis®®, Hashimoto’s thyroiditis®® and Graves’ disease®’ have all been
reported weeks after the resolution of respiratory symptoms in patients with COVID-19.

Up to one-third of critically ill patients with COVID-19 that require mechanical ventilation
may develop acute kidney injury requiring renal replacement therapy, which is associated
with high mortality®8:5%, However, among these patients, the rate of renal recovery was
noted to be high in one study®®, whereas a different study reported decreased glomerular
filtration rate in 35% of patients 6 months after acute COVID?’.

A large international registry from the American Academy of Dermatology and International
League of Dermatological Societies reported 716 cases of new-onset dermatological
symptoms in patients with confirmed/suspected COVID-19 (ref. 69). Of the 171 patients

in the registry with laboratory-confirmed COVID-19, the most common morphologies

were morbilliform (22%), pernio like (18%), urticarial (16%), macular erythema (13%),
vesicular (11%), papulosquamous (9.9%) and retiform purpura (6.4%)50. Thus, multiple
cutaneous manifestations are associated with acute COVID-19. A minority of patients (3%)
complained of a skin rash?’ at the 6-month follow-up after acute COVID-19, although up

to 20% of patients may complain of persistent hair loss2%-27. Hair shedding has also been
reported in patients around 40-50 d after COVID infections. Acute telogen effluvium, a
self-limiting cause of diffuse hair shedding, is known to occur in the 2-3 months, and to
resolve in the 3-6 months, after a triggering event that can include an inflammatory state®2.
In the post-COVID setting, acute telogen effluvium seems to appear and resolves sooner
than commonly described acute telogen effluviumb2. Factors such as hypoxia, inflammation
(specifically interleukin (IL)-6) and medications have a role in the development and severity
of telogen effluvium®2,

Pathophysiology.

Mild COVID-19 is associated with a potent initial innate antiviral response induction

and viral neutralization, culminating in less immunopathology and clinical resolution of
disease®3. In severe COVID-19, on the other hand, uncontrolled replication of SARS-CoV
evades the host innate immune activation during its initial steps, with a consequent

increase in proinflammatory responses and immune cell infiltration (including recruitment
of inflammatory monocytes, neutrophils and activated T cells) to the lungs, which provokes
tissue damage®4. Aberrant inflammatory responses characterized by increased production

of potent inflammatory cytokines, including tumor necrosis factor (TNF) and IL-6, further
stimulate downstream immunopathological events, activation of the coagulation cascade and
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multiorgan involvement. These pathways are reviewed elsehwere5®, The immunological
‘bridge’ between acute COVID-19 and post-COVID-19 syndrome has been elusive.
Below, we summarize the available data and encapsulate the known and hypothesized
pathophysiology of the post-COVID syndrome

An important consideration while unraveling the pathophysiology of the post-COVID
syndrome is a careful annotation of the clinical symptomatology. Distinguishing lingering
symptoms of acute disease site from new symptoms that appear after resolution of the acute
disease may help distinguish between potential disease drivers. Confounding variables may,
however, include components of PTSD that may blur patients’ own evaluation of clinical
symptoms and require careful neuropsychiatric evaluations.

There are many available hypotheses that could explain persistence of clinical symptoms, as
summarized in Fig. 1. The severity of the inflammatory response to new infectious threats
may lead to delay or defects in the resolution of inflammation, which may explain the
persistence of symptoms, especially at infectious sites such as the lung or upper respiratory
tracts, and their systemic nature. A recent study prospectively examined a cohort of 31
individuals with long-haul COVID (based on the presence of one of three major symptoms:
dyspnea, fatigue and chest pain), age and gender matched with 31 individuals who had

prior COVID infection but lacked long-haul COVID symptoms. In addition, 25 individuals
infected with common cold coronaviruses and unexposed healthy individuals (/7= 46) served
as controls®®. Patients with long-haul COVID demonstrated persistent increases in the
frequency of activated CD14+*CD16™ monocytes and plasmacytoid dendritic cells, compared
with control individuals 8 months after infection®®. Furthermore, patients with long-haul
COVID demonstrated persistent elevation in the levels of type | (IFNB) and type 111 (IFNA.1)
interferon 8 months post-infection®. In the study, a combination of IFNB, pentraxin

3, IFN~y, IFNA2/3 and IL-6 was associated with long-haul COVID, with an accuracy
ranging from 78.5% to 81.6%56. These analytes have been associated with acute severe
disease, suggesting a delayed or defective resolution of inflammation in long-haul COVID
individuals. On the basis of our own studies, a delay in the resolution of inflammation

is likely to be quite common among patients with symptomatic diseases, and lingering
symptoms wane around 6 months post-infection (unpublished data). At the opposite end

of the spectrum hyperinflammatory responses can lead to irreversible lung fibrosis that
severely compromises respiratory effector function. Notably, although subjective symptoms
such as fatigue and dyspnea do not track with the severity of inflammation, objective
markers associated with persistent neutrophil activation (lipocalin-2), fibrosis signaling
(matrix metalloprotease-7) and alveolar epithelial repair (hepatocyte growth factor) strongly
associate with the severity of inflammation and impaired pulmonary function tests2®. The
development of persistent lung injuries may reflect the ability of SARS-CoV-2 to alter
mechanisms of immune homeostasis that are key modulators of tissue inflammation. In
lung tissue, resident macrophages (also known as alveolar macrophages) are a subset

of macrophages that self-renew locally independent of circulating monocytes8”. Alveolar
macrophages have a key role in the clearance of surfactant and damaged cells with a

crucial involvement in the maintenance of lung tissue integrity. Alveolar macrophages are
strongly reduced in the bronchoalveolar lavage of patients with severe COVID-19 (ref. 68)
where they are replaced by inflammatory monocytes. The differentiation, survival and local
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maintenance of tissue-resident macrophages are dependent on the production of CSF-2

by alveolar type 11 (AT2) lung epithelial cells89. AT2 cells express ACE2 receptors’®

and are a key target of the SARS-CoV-2 virus’L. It is possible that damage to AT2 in
COVID-19 contributes to an early reduction of the tissue-resident macrophage compartment,
thus altering an important immune homeostatic compartment of the lung tissue. Recent
single-cell analyses of lungs from individuals with fatal COVID-19 revealed the adoption of
an inflammation-associated transient progenitor cell state by AT2 cells that failed to undergo
full transition into AT1 cells, resulting in impaired lung regeneration’2. Furthermore, a
subset of pathological, CTHRCI-expressing fibroblasts’3 was identified in the lungs that
potentially contribute to rapidly ensuing pulmonary fibrosis in COVID-19 (ref. 72). This
fibrotic state is probably driven by transforming growth factor-g’4 and epithelium-derived
IL-6 (ref. 72).

To help boost the homeostatic function of tissue-resident macrophages, a clinical trial

was initiated to measure the clinical benefit of CSF-2 treatment in patients with severe
COVID-19. The results of this trial have not been published yet, but it might be difficult

to obtain clear clinical benefit given the potential ability of CSF-2to enhance the survival
and activity of inflammatory monocyte-derived macrophages, which have an important role
in the damaging inflammatory responses. This condition highlights the need to uncouple
homeostatic from damaging immunity, and to develop targeted therapies that may boost
tissue-resident macrophage immune and homeostatic function, while limiting the damaging
function of monocyte-derived macrophages.

Acute COVID-19 is associated with a prothrombotic state’® that can lead to endothelial
injury’® and platelet activation’’, driven directly and indirectly by immune cell activation’8.
Although the lungs bear the brunt of thrombotic damage?®, several organopathies are

linked to thrombotic sequelae of SARS-CoV-2 infection, including cardiovascular?’:7®,
neurological8? and renal8? injuries. At present, the duration of this prothrombotic state,

and potentially its extension into the post-COVID-19 syndrome, are unclear.

Persistent elevation of proinflammatory cytokines such as IL-6, IL-1p and TNF may have
multiple systemic as well as organ-specific effects that could potentially be associated
with manifestations of the post-COVID-19 syndrome. These include altered cardiac
remodeling®?, cardiac dysrhythmias83, neuroinflammation®, neurodegeneration8®, renal
injury88, peripheral insulin resistance®’, bone resorption®8 and hair loss?. Therefore,
objective quantification of proinflammatory cytokines may help to identify patients with
persistent systemic inflammation as a cause of post-COVID-19 syndromic manifestations.

Finally, a recent study, reporting on ‘immunological recovery’ after COVID-19, noted
persistent immunological abnormalities, including increased frequencies of effector T and
B cells, and activation of oxidative phosphorylation-, reactive oxygen species- and heme-
related metabolic pathways®. These abnormalities were speculated to contribute to post-
COVID-19 syndrome, although no direct evidence was available from the present study®3.

Macrophages can detect viruses directly through Toll-like receptors8® or through immune
complexes via Fc receptors®. The recognition of immune complexes triggers macrophage

Nat Immunol. Author manuscript; available in PMC 2022 May 24.
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activation and the release of effector molecules that contribute to viral clearance. The rapid
clearance of immune complexes is critical for immune homeostasis and the resolution

of inflammation®. There is significant functional heterogeneity among people in the Fc-
receptor signaling axis. Recent studies have revealed specific modification of Fc domains,
characterized by the absence of a core fucose residue (afucosylation), in people with

severe COVID-19 and in a group of patients with mild disease who later progressed to

more severe symptoms®1. It is possible that afucosylated SARS-CoV-2 antibodies can also
contribute to the imbalanced inflammatory response in patients with post-COVID syndrome
and measuring the levels of afucosylated immunoglobulin G antibodies may help identify
patients at risk of post-COVID syndrome.

Another immune dysregulatory response that may contribute to post-COVID lingering
symptoms is the development of a damaging, self-sustaining, autoimmune response against
self-tissue antigens that persists after the virus has been eliminated. The induction of
autoimmunity after a number of viral infections, including parvovirus B19, Epstein—Barr
virus, cytomegalovirus, herpes virus 6, human T cell lymphotropic virus type 1, hepatitis A
and C virus and rubella virus, has been widely described®2. Proposed mechanisms include
viral mimicry93, breakdown of tolerance against self-antigens presented in the context of
microbial infection® and epitope spreading, as well as presentation of cryptic antigens®.
A number of autoimmune diseases and syndromes have been associated with COVID-19
thus far. These include idiopathic thrombocytopenic purpura®, Guillain-Barré syndrome®’,
Miller Fisher syndrome and polyneuritis cranialis®, antiphospholipid antibodies and

lupus anticoagulant®®, Kawasaki-like disease and multisystem inflammatory syndrome in
children190, Several studies have reported the presence of autoantibodies in patients with
COVID-19 (refs. 101-103) However, the prevalence of autoantibodies in patients with post-
COVID-19 syndromes and in the general healthy population has not been well studied,

and the development of assays to measure the contribution of these autoantibodies to tissue
damage is still needed. In addition to autoantibodies, it is also possible that autoreactive T
cells contribute to tissue damage and post-COVID syndrome. There has been little effort to
measure cellular immunity in COVID-19 and the detection of self-reactive clones may help
to shed light on the pathophysiology of a subset of patients with post-COVID syndrome.

Reports of improved clinical symptoms on administration of anti-SARS-CoV-2 vaccines

in patients with post-COVID syndromel94 have led to suggestions of a viral reservoir in
patients with post-COVID syndrome. Furthermore, in patients who have recovered from
COVID-19, the memory B cell pool continues to display clonal turnover even after 6 months
of infection®?, and the antibodies that they express have greater somatic hypermutation,
resistance to receptor-binding domain mutations and increased potency, indicative of
continued evolution of the humoral response in a manner that is consistent with antigen
persistence®l,

In addition to the lungs and nasopharynx, SARS-CoV-2 replicates in ACE2-expressing
cells in the small intestine”. Furthermore, viral RNA has been detected in stool samples
even after the virus has been cleared from the nasopharynx195. To determine whether

there might be antigen persistence in the intestine after resolution of clinical illness, we
obtained biopsies from the gastrointestinal tract of 14 individuals at an average of 4 months

Nat Immunol. Author manuscript; available in PMC 2022 May 24.
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(range 2.8-5.7 months) after initial COVID-19 diagnosis®l. SARS-CoV-2 N protein was
detected in intestinal enterocytes in 5 out of 14 individuals®L. Furthermore, 3 out of the

14 participants produced PCR amplicons that were sequence verified as SARS-CoV-2 (ref.
51, Viral detection in the intestinal epithelium was patchy and sporadic, and none of the
patients had symptoms of long COVID. Human body fluids, including bronchoalveolar
lavage, sputum, saliva, blood, urine and feces, have also been demonstrated to harbor the
virus106,

These data provide proof of principle that SARS-CoV-2 can potentially persist in specific
tissues in a manner that would be consistent with the persistence of other nonretroviral
RNA viruses197, However, much remains to be determined about SARS-CoV-2 persistence
in humans. For example, it is unclear whether tissues such as the intestines provide a
survival advantage to the virus. In addition, the role of the microbiome in viral pathogenesis
and persistence remains undetermined. Furthermore, the relationship between intestinal
viral persistence and long COVID symptoms remains to be studied. Local and repetitive
measurements of viral proteins, as well as detailed imaging studies, could help identify viral
reservoirs and measure their eradication after vaccination.

High-dimensional profiling of the systemic and local immunity of patients
with COVID-19.

The wide range of symptoms and likely pathophysiology of patients with post-COVID
syndrome strongly highlight the need for careful annotation of clinical symptomatology and
unbiased profiling of the immune system of patients. Optimal profiling of the immune
response before and at different times during the post-COVID syndrome should best

help unravel the pathophysiological mechanisms that contribute to the development of the
post-COVID syndrome (Fig. 1). Unbiased profiling should include the measurement of
systemic and local secreted inflammatory proteins, single-cell RNA profiling of circulating
and local immune cells that accumulate at the disease site, as well as detailed ex vivo
imaging of diseased organs. Multiplex imaging and spatial transcriptomics analysis of
tissue biopsies are also very helpful for measuring the extent of the tissue damage, as

well as cellular interactions of immune cells, inflammatory molecules and damaged cells
and the potential presence of a viral reservoir. Detailed analysis of humoral and cellular
viral-specific and self-specific immunity, as well as their accumulation at the disease site,
can help parse the contribution of autoimmune diseases. These results should be compared
with similar measurements performed in age- and comorbidities-matched but otherwise
healthy individuals. Additional controls could include patients with other viral infections
and patients with autoinflammatory diseases. These control cohorts are critical because there
are few data on the homeostatic levels of immune molecules across the general population,
including in patients with comorbidities. This is particularly relevant because, for example,
patients with chronic kidney diseasel%8 or obesity199, who are at increased risk of severe
COVID-19, have high levels of inflammatory molecules in the blood circulation, which in
the absence of proper control can be mistakenly diagnosed as virus-driven inflammation.
Furthermore, other variables, including COVID-19 vaccine status, need to be considered
when interpreting the data. Profiling of disease sites should include, whenever possible,
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objective metrics of tissue damage as well as high-dimensional profiling of the inflamed
organ. Together, the use of these complementary approaches could help unravel the cellular
source of inflammation and foster the understanding of disease pathophysiology and the
development of new therapeutic targets.

For example, using proteomics profiling, we have found that high systemic levels of
S100A12 strongly correlated with disease severity, whereas single-cell RNA sequencing
and multiplex imaging revealed that circulating monocytes and neutrophils, but not tissue-
resident macrophages, are the main source of S100A12 (Chen, S. T. and M.M. unpublished
data). These results suggest that misguided systemic myeloid response may contribute to the
pathophysiology of acute COVID-19 and potentially also to the post-COVID syndrome, and
emphasize the knowledge gained by the integration of different immune datasets.

Conclusions and perspectives

A notable proportion of patients with COVID-19 demonstrate residual symptoms beyond
acute infection. In a subset of these individuals, the symptoms may persist beyond 12

weeks of disease onset and are classified as post-COVID-19 syndrome. Multiple organs

may be involved, but the dominant manifestations of post-COVID-19 syndrome are
pulmonary, neuropsychiatric, cardiovascular and gastrointestinal. Owing to the heterogeneity
of disease pathogenesis and manifestations, there is a crucial need to institute canonical
disease definitions that are based on objective clinical and laboratory criteria. Rigorous
high-dimensional, serial profiling of tissues and peripheral blood, linking pathophysiological
disruptions to clinical presentations and outcomes, will help delineate what are likely to

be multiple syndromes that are still encapsulated in the term post-COVID-19 syndrome. In
February 2021, the National Institutes of Health launched a major initiative known as the
PASC initiative to bring together clinicians and researchers to study how to prevent and treat
the long-term effects of SARS-CoV-2 infection. One major objective is to collect data from
patients who have had COVID-19, both with and without long-term symptoms, and compare
them with people who may never have been infected by SARS-CoV-2. The initiative will
help to collect large patient cohorts, including children and adults from diverse backgrounds,
to ensure that the findings apply to the communities that have been most affected by
COVID-19. Here again, it will be important to use cutting-edge technologies to decipher

the molecular heterogeneity of post-COVID syndrome and identify precise druggable targets
tailored to these defects.
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Fig. 1 1. Putative mechanisms and diagnostic strategies for patientswith post-COVID-19

syndromes.

Delayed resolution of inflammation, autoimmunity and viral persistence represents
overlapping mechanisms that may contribute to the pathogenesis of post-COVID-19
syndromes. Strategies to better characterize patients with post-COVID-19 syndromes are
indicated. ITP, idiopathic thrombocytopenic purpura; OXPHQOS, oxidative phosphorylation;
PDCs, plasmacytoid dendritic cells; ROS, reactive oxygen species; TGF-, transforming

growth factor-p.
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