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SUMMARY

As COVID-19 evolves from a pandemic to an endemic disease, the already stag-
gering number of people that have been or will be infected with SARS-CoV-2 is
only destined to increase, and the majority of humanity will be infected. It is
well understood that COVID-19, like many other viral infections, leaves a signifi-
cant fraction of the infected with prolonged consequences. Continued high num-
ber of SARS-CoV-2 infections, viral evolution with escape from post-infection and
vaccinal immunity, and reinfections heighten the potential impact of LongCOVID.
Hence, the impact of COVID-19 on human health will be seen for years to come
until more effective vaccines and pharmaceutical treatments become available.
To that effect, it is imperative that the mechanisms underlying the clinical mani-
festations of Long COVID be elucidated. In this article, we provide an in-depth
analysis of the evidence on several potential mechanisms of Long COVID and
discuss their relevance to its pathogenesis.

INTRODUCTION

Since the first reported case of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in

Wuhan, China, in December 2019, the rampant COVID-19 pandemic has altered the fate of billions of peo-

ple around the world.1 The virus has spread to all continents, with over 600 million confirmed cases of

COVID-19 and more than 6 million deaths reported worldwide.2 Since only a fraction of acute infections

are diagnosed and reported, the overall burden of COVID-19 is considerably underestimated (see below).

The genetic evolution of SARS-CoV-2 in the face of immune pressures from natural and vaccinal immunity

has perpetuated this burden over time, with the unrelenting emergence of variants of concern and resultant

intermittent surges of infections.3 SARS-CoV-2 endemicity appears likely, and future disease transmission

will depend on the interplay between virus evolution, host immunity, and the population’s vulnerability and

susceptibility to COVID-19.1

Over the past years, the focus has transitioned from public health containment efforts andmeasures tomiti-

gate mortality risk, via interventions to retard progression to severe disease, to global vaccination efforts to

prevent infection or severe disease, and more recently, to our efforts to understand and treat post-acute

sequelae of the COVID-19 (also abbreviated PASC or PACS) diseases, often referred to as ‘‘Long COVID’’,

abbreviated here as LC, and used throughout this article. It is estimated that over two-thirds of the global

population has been infected with SARS-CoV-2 already, the vast majority of whom were not diagnosed or

reported.2,3 A significant proportion of survivors experience a diversity of long-lasting clinical sequelae and

have an increased risk for new morbidity and possibly mortality.4–8 Up to 75% of critically ill patients, half of

all hospitalized patients, and up to 30% of patients with asymptomatic infection may develop LC,9–13

although some epidemiological studies side with lower estimates.14,15 Regardless of the exact numbers,

we are experiencing an unprecedented health crisis from an infection that is likely to become the most sig-

nificant source of debilitating disease of our lifetime, which can affect nearly every bodily organ in people of

any age. There is an urgent need to understand the pathobiology underpinning the development of this

major public health threat. The development of diagnostic tests, biomarkers for risk-stratification and prog-

nostication, and therapeutic interventions will depend on a complete and well-characterized understand-

ing of the biological mechanisms responsible for generating the diverse phenotypes of LC.

Several reviews have been published on Long COVID in an attempt to summarize this rapidly advancing

field.16–19 Early reviews were critical for establishing the scientific and clinical landscape of Long COVID
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Figure 1. The potential biological mechanisms underpinning the development of Long COVID (LC)

Potential contributors to a protracted recovery from COVID-19 are indicated in the blue circles. Potential biological mechanisms underpinning Long COVID

are indicated in the red rectangles.
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but were limited by the lack of scientific data which could incisively discriminate between the competing

proposed mechanistic bases of the diverse clinical phenotypes associated with the condition.18 Conse-

quently, many previous reviews sought to consolidate the available scientific literature by working

backward using clinical phenotypes and organ-specific deficits as the primary system of categorization.

In general, such reviews were less focused on biological mechanisms underpinning Long COVID.16,18,19

Still, others have focused primarily on the cellular and metabolic changes associated with incomplete

recovery, which are crucial for formulating mechanistic hypotheses but insufficient to reveal the discrete

biological mechanisms contributing to the likely multi-mechanistic pathogenesis of Long COVID.17 Our re-

view builds on the excellent work of our colleagues and provides a focused and comprehensive summary of

the biological mechanisms underpinning the development of Long COVID.We further review the latest up-

to-date results that support or question the reviewed hypotheses, and thereby contribute a different lens

for understanding this complex condition.

We performed a literature search in PubMed and EMBASE for ‘‘Post COVID-19 Condition’’, ‘‘Post-acute

sequelae of COVID-19’’, ‘‘Long COVID’’, ‘‘Post-COVID’’, or ‘‘Post-COVID Syndrome’’ between 1 January

2020 and 1 September 2022.Wemanually searched references of identified studies and included all studies

in the English language. We considered all studies which evaluated a potential biological basis for the

persistence, recurrence, or emergence of symptoms following SARS-CoV-2 infection, at least four weeks

following acute infection.

This review identified several potential mechanisms for discussion, supported by published evidence,

including viral persistence, SARS-CoV-2 antigen persistence, microclot formation, autoimmunity, reactiva-

tion of latent viruses, mast cell activation, persistent systemic inflammation, dysbiosis, persistent central

nervous system inflammation, metabolic dysfunction/bioenergetic failure, and autonomic dysfunction

(Figure 1).

Given that the mechanisms we discuss herewith remain plausible and that none have to date been conclu-

sively demonstrated to be involved in LC pathogenesis, we also list interventional trials that are in progress
2 iScience 26, 106935, June 16, 2023
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for each of them. Indeed, in the absence of validated animal models for LC pathogenesis, it is the trials that

will be pivotal for distinguishing between the proposed LC mechanisms.
Pathogenic mechanisms of Long COVID

Viral persistence, shedding, and antigen persistence

Many virus infections are controlled and eliminated by the innate immune system, particularly by the induc-

tion of interferons, as a first line of host defense, and the subsequent development of the adaptive immune

response (virus-specific antibodies and cytotoxic T cells) to the pathogen. Virus replication products,

including double-stranded RNA and viral proteins, are recognized by the infected cell as viral pathogen-

associated molecular patterns by the cell’s pattern recognition receptors such as Toll-like receptors and

RIG-I-like receptors.20 SARS-CoV-2 is very sensitive to interferon, even more so than the original SARS-

CoV of the 2003 outbreak and SARS-CoV-2 replication is impaired by a primary, but not a secondary, infec-

tion by rhino- or influenza virus.20–22 Therefore, SARS-CoV-2 has evolved strategies, involving more than

half of its gene products, to evade the induction of the innate immune response.20 Type I and type III inter-

feron responses are associated with better prognosis, while inborn defects in the interferon system or au-

toantibodies to interferon are associated with more severe symptoms.23–26

Coronaviruses, including SARS-CoV-2, continuously undergo evolution to manipulate, obstruct, and avoid

elimination by the host’s immune response.27 Some authors have suggested viral persistence as a patho-

genic mechanism behind both severe acute COVID and LC.15,28–36 A study by Truong et al. (2021) demon-

strated that immunocompromised children and young adults were highly susceptible to persistent viral

infection, prolonged viral shedding, and the accumulation of viral variants. It was proposed that a weak

host immune response increased the emergence of SARS-CoV-2 variants to propagate viral persistence

through enhanced immune escape.37 Indeed, the evidence on the emergence of the Omicron variant

strongly suggests that the major driver of viral evolution is the persistence of SARS-CoV-2 for prolonged

periods within an immunocompromised host.38–40 Furthermore, certain SARS-CoV-2 antigens have the po-

tential to act as superantigens, activating T cells through non-specific T cell receptor interactions, resulting

in immune overstimulation and cytokine hypersecretion, diminished potential for directed viral clearance,

and a negative feedback loop resulting in immune exhaustion or inhibition, and unintentional persistence

of the virus.41

Two types of persistence can occur for SARS-CoV-2 - persistent replication of infectious virus and persis-

tence of virus macromolecules (RNA and proteins). Either type of viral persistence would be predicted

to induce different states of immune system activation compared with acute infection. The current evi-

dence supporting a functional role for prolonged SARS-CoV-2 viral replication in the development of LC

is the discovery of viral genomic particles contained within bodily fluids extracted from infected hosts

following superficial recovery from the initial acute infection.26,36 Stein et al. reported the detection of

SARS-CoV-2 RNA throughout the body, with evidence of viral replication at multiple extra-pulmonary

locations during acute infection. In addition, subgenomic RNA (indicative, but not diagnostic, of viral repli-

cation) persisted at some sites, especially the CNS, weeks after the initial symptoms.36 Isolation of a repli-

cating virus from tissues in this study has been demonstrated as late as day 13 following symptom onset.

However, by definition, these autopsy cases reflect the situation where the host did not control the virus,

leading to the host’s death. Moreover, the authors of this study explicitly state that it was not designed

to address LC. Therefore, we will likely have to await the results of clinical trials using antivirals in patients

with LC to resolve the importance of replicating virus in LC pathogenesis.

Viral RNA has been found in various tissues from patients with acute COVID-19 such as the adrenal

glands,42 kidneys,43 intestine,44 lymph nodes,45 spleen,46 and heart.47 To date, the longest detected pres-

ence of SARS-CoV-2 RNA was 126 days in feces, 83 days in the upper respiratory tract, 60 days in blood, and

59 days in the lower respiratory tract.31,48,49 In a study of 29 patients with LC, the majority of whom expe-

rienced mild or moderate COVID-19, detectable plasma SARS-CoV-2 RNA was demonstrated at�8 weeks

post-infection.50 Similarly, SARS-CoV-2 RNA was detectable in the stool and urine, albeit at lower rates.

Despite the prolonged presence of SARS-CoV-2 RNA in the upper respiratory tract, successful efforts to

isolate live replication-competent virus from culture beyond 9 days from symptom onset have not been re-

ported, even in instances where subgenomic viral RNA has been detected.31 However, Xu et al. demon-

strated cultivable SARS-CoV-2 in stool and urine samples from three convalescent patients for longer

than 4 weeks after infection.51
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The presence of SARS-CoV-2 within the gastrointestinal (GI) tract has multiple potential effects on human

health. Generally, maintaining appropriate homeostasis in the intestinal microbiome/virome environment

plays a significant role in host health [39]. Whether and in what instances the GI tract may be vulnerable to

chronic infection with SARS-CoV-2 is poorly understood. There are many reports on successful isolation of

infectious SARS-CoV-2 virus from stool samples collected from patients with acute severe COVID-19.52–56

However, it is unclear if infectious virus can be found in stool over the long term.57,58 Notably, a study by

Natarajan et al. (2022) observed extended fecal SARS-CoV-2 RNA shedding in participants who had unde-

tectable viral RNA in oropharyngeal swabs.57 Furthermore, these patients reported a host of both GI and

systemic symptoms, providing evidence of clinically significant SARS-CoV-2 chronic gut infection. Zollner

and co-researchers (2022)30 demonstrated that viral antigens, but not the infectious virions, persisted in the

gut mucosa even after recovery from mild acute COVID-19 infection. The persistence of SARS-CoV-2 anti-

gens was determined to occur in 52%–70% of patients up to 7 months after the onset of symptoms. The

persistence of the nucleocapsid SARS-CoV-2 antigen was detected adjacent to or within gut-derived

CD8+ T cells and epithelial cells. The significance of these observations is unclear, because this persistence

was unrelated to the severity of the acute COVID-19 illness or gut inflammation status.30

Through the utilization of conventional immunochemistry techniques, Cheung and co-researchers (2022)

detected the nucleocapsid protein of SARS-CoV-2 in the lymph nodes, gall bladder, liver, hemorrhoids,

ileum, appendix, and colon of five patients with COVID-19, ranging between 9 and 180 days after

testing negative for SARS-CoV-2 by nasal swab RT-PCR.59 SARS-CoV-2 viral nucleic acid was also found

in the pulmonary tissue of deceased patients with negative nasopharyngeal swab RT-PCR results.52,59–62

These findings strongly suggest that negative SARS-CoV-2 RT-PCR results from upper and lower airway

samples may not accurately represent complete viral clearance from the host.59 Whether the presence

of viral nucleic acid and antigens in the tissues is from persistence of infectious virus is unclear, and in-

depth studies will be necessary to determine the mechanism establishment of viral macromolecular

persistence and its potential to cause disease long after infection.57 Non-classical monocytes containing

S1 protein were found in circulation up to 15 months post-infection, and it was proposed that their

senescence and long-term circulation may reflect the acquisition of a proinflammatory phenotype,

consistent with the elevations in key inflammatory markers associated with LC.63,64 Finally, an intriguing

study by Swank et al. showed the presence of viral antigens in >70% of the 37 patients with LC from a

New England cohort using highly sensitive bead-based protein detection, with the whole S protein be-

ing most sensitive in detecting LC. Larger confirmatory studies are in progress to validate these

findings.64

A separate and relevant, but distinct, scenario is persistent viremia seen in immunocompromised individ-

uals.37,65 In a study by Hagman et al. (2022), an analysis of 121 hospitalized patients with SARS-CoV-2

viremia demonstrated viral clearance at a median of 7 days following hospital admission, corresponding

to an average of 15 days after the onset of symptoms.66 Notably, themortality risk increased with each addi-

tional day of viremia.66 Li et al. (2021) discovered upregulated proteomic markers that correlated with

SARS-CoV-2 viremia, including upregulation of SARS-CoV-2 entry factors such as angiotensin-converting

enzyme-2 (ACE2), cathepsin L, and furin, and elevated markers related to tissue damage affecting the

vascular endothelium, gastrointestinal tract, and lungs, and alterations in coagulation pathways.67 Persis-

tent SARS-CoV-2 viremia has been demonstrated for up to 7 weeks after infection in immunocompromised

patients, raising the possibility of low-level chronic viremia as a biological mechanism contributing to the

genesis of LC.68 However, there is a paucity of data evaluating the burden of LC in immunocompromised

people. A study by Basic-Jukic (2022) determined that only 11.5% of renal transplant recipients who sur-

vived acute COVID-19 presented with no clinical symptoms or demonstrated no laboratory abnormality

during a median follow-up of 64 days. Prolonged symptoms and clinical complications were present in

45.2% of patients, while 71.2% reported one or more laboratory abnormalities.69 The increased risk for

developing post-COVID clinical complications may be due to the impaired immunity in transplant recipi-

ents, owing to their treatments with immunosuppressants. Common symptoms reported by patients

included cognitive impairments (5.7%), dry cough (7.7%), peripheral neuropathy (7.7%), fatigue (11.5%),

and dyspnea (19.2%). Patients also had abnormal laboratory findings favoring clot formation, resistance

to clot degradation, inflammation, impaired antibody production, and an increased risk of venous throm-

boembolism.69 Several patients required re-hospitalization for severe complications, including reactivation

of herpesvirus and polyoma virus infections such as Epstein-Barr virus (EBV) and cytomegalovirus (CMV),

and BK virus, respectively.69 Also, elevated IgM antibodies against EBV or T cell responses against CMV
4 iScience 26, 106935, June 16, 2023



ll
OPEN ACCESS

iScience
Review
have been seen in LC,70,71 and a recent study suggested that EBV reactivation and pre-existing HIV infec-

tion positively correlated with LC, while CMV reactivation negatively correlated with LC.29,72

HIV is an important formof immunodeficiency to consider in relation to SARS-CoV-2. People livingwithHIV/AIDS

(PLWHA) are at a higher risk of developing severe COVID-19 complications because of dysregulated inflamma-

tion and a functionally impaired immune system.73 Studies suggest that PLWHAmay pose a higher risk of devel-

oping COVID-19-related clinical complications, especially in the setting of HIV viremia and immunosuppres-

sion.74 In a recent LC study observing PLWHA, the prevalence of LC was 43.6%, with moderate to severe

acute COVID-19 being significantly linked to an increased risk for LC. The most common symptoms observed

in the participants included fatigue (19.1%) and cough (22.3%). Persistent symptoms ranged between 30 and

109 days following the onset of COVID-19 illness.75 Peluso et al. demonstrated that PLWHA were more likely

to develop LC than well-matched HIV-negative participants, had lower SARS-CoV-2-specific CD8+ T cell re-

sponses, andmounted SARS-CoV-2-specific CD4+ T cell responses which were functionally impaired by overex-

pression of the co-inhibitory receptor PD-1.76 Twoprevious studies revealed the possible beneficial effect ofART

on COVID-19 risk in PLWHA.77,78 It was hypothesized that ART might act as pre-exposure prophylaxis against

SARS-CoV-2, an idea based on the evidence that several ART drugs exert in vitro inhibitory activity against

SARS-CoV-2 viral replication.74 It has subsequently been shown that PLWHA who receive ART benefit from

the regimen’s effect on restoring a functional immune system rather than any direct inhibitory effects exerted

on the replication capacity of the SARS-CoV-2 virus.79–81Whether and towhat extent the aforementioned factors

may be furthermodulatedby SARS-CoV-2 within-host evolution and escape in these andother immunocompro-

mised patients remains to be seen.

As shown by several studies, viral persistence and/or virus antigen persistence could potentially have direct

and indirect effects on the pathogenesis of LC.26,82,83 Firstly, direct lytic cell death from viral infection would

contribute to tissue destruction; secondly, prolonged presence of viral proteins could impact many cellular

processes that could affect tissue and organ function.82 Finally, chronic inflammation and cell damage initi-

ated by viral persistence may induce both immune pathogeneses, with an inappropriate and overexu-

berant immune activation, autoimmune responses, including molecular mimicry.26,84 The smoking gun,

in the form of isolation of a replicating SARS-CoV-2, has been lacking so far. Still, there is the possibility

of the direct or indirect involvement of viral macromolecules in mechanisms that could perpetrate and/

or contribute to LC. However, there is sufficient reason to launch interventional trials to explore whether

antivirals can prevent the onset, reduce the incidence, and ameliorate the clinical course of LC. While

off-label use of antiviral agents for the treatment of LC has been reported in clinical practice, there are

currently ongoing registered clinical trials evaluating antiviral agents for this indication which should

shed more light on this issue (NCT05576662, NCT05595369, NCT05668091).

Microclot formation

Recently, Pretorius and team showed that plasma derived from patients with LC containedmicroclots resis-

tant to fibrinolysis.85 SARS-CoV-2 RNA has been found in platelets, and severe acute infection is linked to

the activation and degranulation of platelets.86 The exact mechanism of platelet activation through SARS-

CoV-2 viral interactions has not been fully elucidated. However, several mechanisms could explain this phe-

nomenon.85 Firstly, SARS-CoV-2 can interact with platelets and possibly activate them by direct interaction

of the viral spike protein with the host platelet receptor. Indeed, SARS-CoV-2 spike protein avidly binds to

ACE2 receptors, which are expressed at high levels on platelets. Alternatively, SARS-CoV-2 could bind to

platelets when coated with antiviral antibodies capable of binding to the FcgRIIA (CD32a) on platelets.87

The SARS-CoV-2 spike protein binds to CD209 on platelets and also contains an arginine-glycine-aspartic

acid amino acid sequence that can develop interactions with integrins. Glycoprotein IIb/IIIa is the primary

receptor found on the platelet surface and readily binds multiple ligands that encompass the arginine-

glycine-aspartic acid sequence.87

In addition, the envelope protein of SARS-CoV-2 has been shown to interact with Toll-like receptor 2 found

on platelets.87 Activated platelets release thrombin (IIa), leading to platelet aggregation and three-dimen-

sional clot formation.88 This event is catalyzed by collagen and von Willebrand factor that is exposed on

damaged vessel walls binding to glycoprotein Ib-IX-V, a platelet adhesion receptor located on the surface

of platelets. In physiological conditions, there is a balance between procoagulant and anticoagulant sys-

tems; this balance is often dysregulated in pathological conditions, which creates the potential for coagul-

opathy in affected individuals.89
iScience 26, 106935, June 16, 2023 5
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As mentioned previously, these persistent microclots were highly resistant to fibrinolysis and contained

high levels of pro-inflammatory molecules, including alpha-2 antiplasmin (a2AP), Von Willebrand factor,

fibrinogen, and plasminogen.85 These microclots may release pro-inflammatory cytokines over a pro-

longed period. Thus, in addition to impeding microcirculatory flow, these microclots have the potential

to result in a persistent state of coagulopathy and hyperinflammation.85 On account of the prolonged state

of inflammation caused by viral persistence, an increase in dysregulated molecules such as serum amyloid

A and a2AP was identified in patient samples from LC and acute COVID-19 patients in comparison to

healthy control non-COVID-19 samples.85

Microclots may accumulate and disseminate within the microcirculation, eventually obstructing capillaries

and circulatory pathways, leading to hypoperfusion of tissues. Recently, it has been shown that the SARS-

CoV-2 spike protein can induce the formation of microclots by binding to soluble fibrinogen molecules

causing structural changes to complement 3, prothrombin, b and g fibrin/fibrinogen, thereby rendering

the molecule insoluble.90 Furthermore, the ACE2 and TMPRSS receptors are found universally on platelets

and vascular endothelium, to which the virus readily binds to infect host cells.91,92 Microclot formation lead-

ing to micro-occlusion may be a central mechanism for the development of LC85,93 and SARS-CoV-2 spike

protein could play a vital role in establishing the underlying hypercoagulability.90 Detecting the microclots

requires specialized laboratory equipment such as bright-field microscopes or fluorescence microscopy.

Hence, when the soluble component of the plasma is analyzed, the inflammatory molecules are not de-

tected, obfuscating their important role in LC.85,90,93

Several trials are underway to evaluate the potential of anticoagulation or plasmapheresis for the treatment

of LC (NCT05445674, NCT05543590, ISRCTN10665760).

Mast cell activation

Mast cells (MCs), which are abundant in the interstitial tissue of organs, play a crucial role in the develop-

ment of diabetes mellitus type 2, rheumatoid arthritis, autoimmune diseases, and hypersensitivity reac-

tions.94 Disordered physiological processes underlying the onset of LCmay be in part due to an abnormally

increased activation of atypical MCs induced by SARS-CoV-2. Symptoms associated with mast cell activa-

tion (MCA) are commonly observed in patients with LC, oftenmimicking the symptoms and disease severity

observed in individuals with idiopathic mast cell activation syndrome.95 It is estimated that up to 17% of the

world’s population is predisposed toMCA, which may be triggered by a viral infection such as COVID-19.96

Generally, MCs influence how the innate and adaptive immune system responds to invading viruses, par-

asites, or bacteria by using their ability to discern products of these invaders.96,97 These cells contain

growth factors, cytokines, heparin, and histamine, which they readily release upon MC activation and

degranulation to modulate numerous facets of the immune response and to direct the immune response

to the location of the antigen. The pattern of the hyperinflammation that occurs during COVID-19 is consis-

tent with an inflammatory response mediated through SARS-CoV-2-mediated MC activation, and such a

hyperactivation of MCs has been widely demonstrated in COVID-19 postmortem studies.95,96 Widespread

MC degranulation in the airways of SARS-CoV-2-infected mice and nonhuman primates has been indicated

by quantitation of MC-specific chymase protease.98 Importantly, pulmonary MCA persisted beyond the

acute infection, even after patents have tested negative for SARS-CoV-2 infection by PCR. Persistent

MCA is associated with extensive systemic inflammatory pathologies seen in LC, including myocardial

infarction, compromised microvasculature, endothelial damage, and intravascular coagulation. In histo-

pathological studies, MCs were observed to organize themselves along the blood vessel walls, placing

them in an optimal location to directly exert their effects on the vasculature, where MC-excreted mediators

can be disseminated via the circulatory system.94,98 Several studies have hypothesized that persistent hy-

perinflammation primarily mediated through MCA may be responsible for LC symptoms.95,99–101

Interestingly, MCs express coronavirus receptors such as CD26 (dipeptidylpeptidase), a multi-functional

type-II transmembrane glycoprotein hypothesized to contribute to SARS-CoV-2-mediated pulmonary

inflammation.102,103 This receptor has pleiotropic functions, including cell-cell and cell-matrix interactions,

hormone, and metabolic.104 Activated MCs contain and secrete several active mediators, including TNF-a

prostaglandins, leukotrienes, reactive nitrogen species, chondroitin sulfates, heparin, lysosomal enzymes,

granzyme, serotonin, cathepsin G, serine S1, histamine, carboxypeptidase, chymase, and tryptase. The role

of the latter three mediators has been implicated in the pathogenesis of LC.105–108 Mucosa and connective

tissue MC-derived tryptase can trigger eosinophils to secrete IL-6 and -8 for neutrophil recruitment to
6 iScience 26, 106935, June 16, 2023
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affected sites. This enzymemay also stimulate inflammatory cytokine release from endothelial cells, such as

IL-8 and -1b. Tryptase has also been identified to exert epigenetic effects through its capacity to affect DNA

stabilization. Tryptase may contribute to cognitive impairments such as brain fog symptoms due to the in-

duction of vascular leakage, thus causing increased blood-brain barrier permeability.99,106,109 In addition,

tryptase may contribute to post-infection fibrosis of the lungs by inciting the movement and division of pul-

monary fibroblasts leading to the reorganization and upregulation of fibroblastic collagen synthesis.106

Chymases are members of a large serine protease family whose expression is unique to MCs.110 MC-

derived chymase can independently generate angiotensin II from angiotensin I without the catalytic activity

of ACE and is often associated with vascular diseases.111–115 Chymases activate transforming growth factor

b and matrix metalloproteinases, which contribute to fibrosis of the lungs.

Several clinical trials are registered or underway for the evaluation of antihistamines, leukotriene receptor

antagonists, and mast cell stabilizers in the treatment of LC (NCT04695704, EUCTR2021-000605-24-ES,

ISRCTN10665760).

Autoimmunity

Extrafollicular B cell expansion. Severe SARS-CoV-2 infection is marked by exaggerated extrafollicular

B cell expansion and production of both SARS-CoV-2-specific and autoreactive antibodies.68,116 This is im-

munophenotypically similar to the picture seen in severe systemic lupus erythematosus (SLE), with a pro-

found lack of follicular T helper cells.68 Extrafollicular B cell expansion in severe COVID-19 is characterized

by the induction of broadly SARS-CoV-2-reactive and autoreactive Tbet-driven double-negative 2 (CD27�,
IgD�, CD11c+, and CD21�) B cells, again similar to the responses in patients with severe SLE.68,116 Pro-

duced autoantibodies shown to clonally originate from these dysregulated naive cells contain few muta-

tions, are immunophenotypically consistent with an extrafollicular origin, and account for clinically relevant

autoreactivity. Importantly, during the resolution of severe COVID-19, this autoreactivity subsided and was

controlled. However, in a subset of patients with LC, the resolution was incomplete, and autoimmunity

against nuclear autoantigens and carbamylated proteins persisted.116

Molecular mimicry by viral antigens. SARS-CoV-2may elicit autoimmunity due to viral proteins’ mimicry

of human molecular chaperones.117 Several studies have shown that in patients with severe COVID-19,

SARS-CoV-2 stimulates antibodies which interact with human-derived proteins.118–121 A process of molec-

ular mimicry may occur when microbial peptides/proteins possess homology to human tissue peptides/

proteins leading to an activation of autoreactive T or B cells,122 leading to the onset of transient or chronic

autoimmune disorders. Molecular mimicry has also been implicated in heterologous immunity. The latter is

described as immunity in which the immune system responds to an unrelated or partially related antigen or

pathogen following exposure to another different antigen.123,124 In an in silico study by Nunez-Castilla et al.

(2022), molecular mimicry was described as a molecular match of at least five identical sequential amino

acids located in the SARS-CoV-2 spike protein and matched human protein sequences.118 In addition to

favoring the production of autoantibodies, molecular mimicry by SARS-CoV-2 antigens may result in auto-

immunity by stimulating autoreactive T cells which have escaped central and peripheral tolerance

mechanisms.125

Autoantibodies and their effects. Autoimmunity has beenproposed as a possiblepathobiological driver of

LC and some, but not all, reports have found autoantibodies in patients with LC.126 At the present, definitive ev-

idence for or against this mechanism is lacking. There are several plausible mechanisms that may contribute to-

ward the onset of autoimmunity in patients with COVID-19. These include SARS-CoV-2-encoded superantigen-

mediated T cell activation, viral persistence-mediated chronic activation of the immune system, pathogen-host

tissue molecular mimicry, and increased secretion of peripheral and central cytokines. Furthermore, other con-

current microbial or viral infections (including reactivation of persistent herpesviruses) may contribute to autoan-

tibody production under inflammatory conditions, causing diverse autoantibody reactivity.127 Pre-existing auto-

immunity is associated with severe COVID-19 disease, especially in individuals with Sjögren syndrome, systemic

lupus erythematosus, scleroderma, rheumatoid arthritis, myasthenia gravis, Guillain-Barre syndrome, multiple

sclerosis, autoimmune hepatitis, idiopathic pulmonary fibrosis, cardiac sarcoidosis, subacute bacterial endocar-

ditis, Dressler syndrome, and autoimmune myocarditis.128–131 Autoantibodies produce diverse clinical pheno-

types by disrupting and interfering with the body’s biological systems via autoreactive attack against proteins,

DNA, and other cellular components.132 However, more recently, multidimensional immune profiling of 99 pa-

tients with LCby rapid extracellular antigen profiling, a high-throughputmethod capable ofmeasuring antibody
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reactivity to >6000 extracellular and secreted human proteins, failed to identify any stereotypical autoantibodies

to distinguish patients with LC from healthy controls.133 However, differential antigen targeting in the LC and

control groups revealed sharedpatterns of autoreactivity in a subset of patients with LCwith tinnitus and nausea.

Moreover, it remains unclear whether antibodies to intracellular autoantigens and non-protein autoantigens are

implicated in the pathogenesis of Long COVID, as these issues were not addressed by the previous study.

Anti-type I interferon (IFN) (IFN-I) autoantibodies play an important role in COVID-19 pathogenesis.128 Pre-

existing anti-IFN-I autoantibodies are strongly associated with an increased risk of developing severe

COVID-19.128–131,134 Compared to the general population, an increased anti-IFNa autoantibody preva-

lence is seen in patients with systemic lupus erythematosus co-infected with COVID-19.130,131 Type I IFN

is a central alarm, a warning instruction for the human host to initiate immune responses to fight, neutralize,

and eliminate encountered viral infections. Deficiency of type I IFNs is a hallmark of many severe COVID-19

infections.135 Bastard et al. (2020) revealed that 13.7% of patients with severe COVID-19 exhibited anti-IFN-

I autoantibodies, mostly neutralizing IFN-a2 and IFN-u.129,134 In healthy individuals not exposed to SARS-

CoV-2, anti-IFN-I autoantibodies were only detected in 0.3% of the study population.134 The anti-IFN au-

toantibodies neutralize the ability of the corresponding type I IFNs to inhibit SARS-CoV-2 both in vitro and

in vivo.128,129 In addition, a B cell autoimmune phenocopy of type I IFN autoimmunity was identified and

implicated in severe COVID-19 pneumonia, occurring in 12.5% of men and 2.6% of women.129 While

anti-INF antibodies may increase the risk of LC by increasing the risk for severe COVID-19, it is less clear

if a direct relationship between anti-IFN antibodies and LC exists. It is plausible that anti-IFN antibodies

could delay viral clearance and may potentiate viral persistence. More recently, Peluso and colleagues

demonstrated that while anti-IFN antibodies are likely associated with severe COVID-19, they were uncom-

mon among individuals with Long COVID.136

In 2021, Chang and colleagues identified SLE-associated antinuclear antibodies (ANAs) in acute SARS-CoV-2-

infected individuals.137 Up to 44% of patients with autoantibodies detected at 2–3 months following

initial SARS-CoV-2 infection had shown mature autoantibody profiles, suggesting the possibility that the auto-

antibodies predated the viral infection71,129 and a small portion of autoantibody-positive patients reported auto-

immune symptoms before contracting COVID-19.71 Notably, there was a strong negative correlation between

anti-SARS-CoV-2 antibodies and IFN autoantibodies.71 Inhibition of IFN-a2 may potentiate the activity of pro-

inflammatory cytokines, thereby provoking the generation of ANAs against self-antigens.71 Chang and co-

workers found that patients reporting neurological LC symptoms had relatively higher anti-SARS-CoV-2 nucle-

ocapsid protein IgG concentrations, those with gastrointestinal-related LC symptoms were associated with

increased levels of several autoantibodies, and elevated IFN-a2 antibodies were associated with respiratory

LC symptoms.137 High levels of anti-Ro/SS-A autoantibodies, as seen in patients with Sjögren syndrome, have

also been detected in individuals with severe COVID-19 pneumonia.138 Unfortunately, it could not be deter-

mined whether the increased levels of anti-SSA/Ro autoantibodies were the direct cause or consequence of se-

vere COVID-19 pneumonia. However, it was hypothesized that COVID-19 pneumonia may have developed due

to an autoimmune response.139 Collectively, the diverse range of autoantibodies seen in patients with LC may

provide a potential explanation for the diverse phenotypes seen in LC.71,139–141

Arthur et al. (2021) identified the presence of anti-ACE2 autoantibodies in hospitalized and recovered pa-

tients with COVID-19.140 The study revealed that individuals with a history of SARS-CoV-2 infection have

elevated levels of ACE2 antibodies coupled with reduced activity of soluble plasma ACE2 and suppression

of exogenous ACE2 activity. These results are congruent with findings that suggest ACE2 antibodies only

develop after SARS-CoV-2 infection and cause a corresponding reduction in ACE2 functional activity, lead-

ing to increased angiotensin II via the renin-angiotensin-aldosterone system, stimulating a pro-inflamma-

tory state, which may initiate symptoms related to LC.140 The anti-ACE2 autoantibodies are presumed to

facilitate the persistence of inflammation, a central characteristic of autoimmune disease. While SARS-CoV-

2 antibodies declined within 5–12 months following the acute infection, LC patients remained ACE2 anti-

body positive 12 months after the initial acute infection. These findings support the mounting evidence

linking LC and autoimmunity.126 It will be of importance to test RAAS inhibitors in ameliorating LC or

some of its phenotypes to test this pathogenesis avenue.

Longitudinal timepoint analysis conducted by Su et al. (2022) revealed three significant findings on LC.71

Firstly, LC-associated GI phenotypes correlated with newly expanded cytotoxic CD8+ and CD4+ T cell pop-

ulations at 2–3 months following the acute infection.71 This includes SARS-CoV-2-specific clonal T cell
8 iScience 26, 106935, June 16, 2023
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progenies that become activated during the recovery phase before identification of LC. The authors sug-

gested that this event may be connected to GI viral shedding. LC GI symptoms may involve CMV-specific

T cell bystander activation proposing the additional contribution of non-specific T cell activation, which

may further spur LC GI symptoms. Secondly, after 2–3 months, patients with LC could be segregated

into one of four distinct immune endotypes, providing a potential basis to stratify LC types and pathogen-

esis. These findings need further longitudinal follow-up and corroboration. Thirdly, these authors found

time-evolving connections of measurable LC risk factors from acute infection to convalescence. In the

convalescence phase, LC risk factors are relatively independent of each other, suggesting that these risk

factors may require independently targeted treatments once convalescence has been reached.71

COVID-19 is associated with diverse forms of coagulopathy and demonstrates a prolific potential for

thrombogenesis, and some of them may be autoimmune in nature. A higher-than-expected prevalence

of anti-phospholipid antibodies (APLAs) in patients with COVID-19 may partially explain this risk.142–144

There are three major types of APLAs, those against beta-2 glycoprotein I (b2GPI), lupus anticoagulant

(LAC), and anticardiolipin (aCL).145 These antibodies bind to cell membrane proteins to induce coagula-

tion dysfunction.142 Approximately 47% of severely ill patients with SARS-CoV-2 produced b2GPI or/and

aCL autoantibodies.146,147 In addition, patients with severe COVID-19 had significantly higher concentra-

tions of aCL autoantibody than patients with moderate infection.143,148,149 Elevated LAC concentrations

are evident among patients with COVID-19 with coagulation disorders.150 The persistence of these an-

tibodies beyond acute infection may result in an increased long-term risk of venous thromboembolism,

microcirculatory insufficiency, and pervasive impairment of perfusion in multiple organ systems.151–153

Increased prevalence of thrombotic events is often associated with IgG phosphatidylserine/prothrombin

(aPS/PT) autoantibodies, frequently observed in individuals with LC.142,154 In 2020, a study by Zuo et al.

(2020) reported that 24% of 172 hospitalized SARS-CoV-2-infected patients produced aPS/PT IgG.143

Moreover, a platelet-activating antibody, anti-heparin-PF4 (aPF4), was also found in patients with

COVID-19 with severe infection, especially in those who experienced heparin-induced thrombocyto-

penia. Contrastingly, some patients with SARS-CoV-2 had circulating aPF4 without heparin pre-exposure.

These findings support the hypothesis that SARS-CoV-2 can cause coagulation disorders via an autoim-

mune response.142,155–157

Several planned or ongoing clinical trials seek to ameliorate autoimmunity through corticosteroid therapy,

intravenous immunoglobulins, human ribonuclease therapy, and plasmapheresis (NCT04944121,

NCT05543590, NCT05350774, NCT05445674).

Other potential mechanisms

Pathogenic mechanisms mentioned in the following section are less substantiated and are mentioned for

completeness of the discussion of LC pathogenesis.

Inflammation is a common fallout from many of the mechanisms discussed in this paper and should be

considered when discussing LC pathogenesis. Acute COVID-19 comes with a plethora of inflammatory

changes, the most persistent and distinguishing ones involving IL-6, CRP, and to a lesser extent TNFa

and other proinflammatory molecules that correlate with severe COVID-19. However, from the earliest

studies onward, it became clear that acute disease markers and phenotypes do not linearly translate

into the LC stage, and that was the case with inflammatory markers as well.71 A more recent study by

Ruffieux et al. did link inflammatory, immune, and metabolic profiles at the transition from acute

COVID-19 to recovery.17 These authors found a remarkable correlation between inflammation, immune,

and metabolic abnormalities, clustering around CRP as a convenient, sensitive, and robust biomarker to

predict recovery trajectories. As they followed these parameters for up to a year, the authors found

persistent disruption of measured markers up to 6 months specifically in the group characterized by

high initial inflammation. Moreover, these biological changes, centered around proinflammatory cyto-

kines, correlated well with delayed clinical recovery rates, and were predictive of excess mortality in

the most severe group as well.17 However, there were individual patients in that study who exhibited

complete biochemical and inflammatory recovery, yet still exhibited LC symptoms. This suggests that

inflammation, measured by a simple and reliable clinical test such as CRP, can be a good parameter

to predict some, but not all, COVID-19 recovery and LC trajectories. Mechanistic causality, however, re-

mains to be investigated, and that should begin with meta-analysis of large cohorts of patients receiving

steroid and non-steroid anti-inflammatory treatments.
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SARS-CoV-2 infection-induced reactivation of latent herpesviruses as a possible contributing factor to LC

has been studied. In a study of 215 individuals with Long COVID, unexpected increases were observed in

antibody responses directed at EBV.133 Also, in a cohort of 280 adults with prior SARS-CoV-2 infection, Pe-

luso et al. observed that LC symptoms, such as fatigue and neurocognitive dysfunction at a median of

4 months following initial diagnosis, were associated with serological evidence of recent EBV reactivation

(early antigen-diffuse IgG positivity or high nuclear antigen IgG levels) but not with ongoing EBV viremia.

Serological evidence suggesting recent EBV reactivation (early antigen-diffuse IgG positivity) was most

strongly associated with fatigue (OR = 2.12). In this study, underlying HIV infection was also associated

with neurocognitive LC (OR = 2.5). However, those with serologic evidence of prior CMV infection were

less likely to develop neurocognitive LC (OR = 0.52).72 In another study, the authors tested for SARS-

CoV-2 RNA in stool and throat washings, and EBV DNA in stool, throat washings, and blood by real-

time PCR (EBV) and real-time RT-PCR (SARS-CoV-2) in 30 patients with LC characterized by persistent

fatigue, post-exertional malaise, autonomic dysfunction and/or orthostatic intolerance, and who all had

had a mild SARS-CoV-2 infection. Twenty age- and sex-matched patients who had fully recovered after

the SARS-CoV-2 infection served as controls. SARS-CoV-2 RNA indicating persistent infection was not

detected in throat washing or stool. SARS-CoV-2 antibody titers (IgA and IgG) did not differ between

the cohorts. EBV real-time PCR was negative in all blood or stool samples. However, EBV DNA was de-

tected in throat washings in 15/30 (50%) of patients with LC, while in only 4/20 (20%) of non-LC patients

(p = 0.0411).158 A study of patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)

and healthy donors as controls analyzed whether a mild/asymptomatic SARS-CoV-2 infection imposes

latent EBV, HHV6, and HERV-K virus reactivation. At 3–6 months after infection, virus-specific antibodies

in saliva were substantially induced, indicating a strong reactivation of all three viruses in both cohorts.

In patients with ME/CFS, however, antibody responses were significantly stronger, in particular against

EBV-encoded nuclear antigen-1 than in the controls.159

The difficulty in interpreting these findings lies in the fact that many stressors, including infectious diseases,

will reactivate persistent infections and that correlation/timing here may reflect an epiphenomenon and

not a causal link. Therefore, the role of reactivated EBV infection in the development of LC remains to

be fully elucidated.

The metabolic sequelae of SARS-CoV-2 infection are highly complex, involving the dysregulation and

dysfunction of multiple organs. Closely related coronavirus diseases, such as the Middle East respiratory

syndrome and SARS, have been shown to prompt long-termmetabolic modifications in recovered patients

causing liver disorders, altered glucose metabolism, and hypertriglyceridemia. The earliest bioenergetic

effects of SARS-CoV-2 infection occur through the binding of viral polypeptides to critical host cell mito-

chondrial proteins, retarding ATP production. However, SARS-CoV-2 produces a pervasive inhibition of

the transcription of key mitochondrial genes central to cellular respiration.160 Mitochondrial dysfunction

and resultant bioenergetic failure have been demonstrated during acute infection, but establishing

impaired cellular respiration in the context of LC requires further research.161–163 Interventions seeking

to reverse bioenergetic failure, reduce reactive oxygen species production, and restore cellular meta-

bolism are currently under evaluation in several registered clinical trials (NCT05531019, NCT05373043,

NCT04604704, NCT05371288, NCT05152849, NCT04960215, EUCTR2020-005961-16-DK).

Recently, evidence has emerged to propose the role of the lung-gut axis in increasing the risk for severe

COVID-19.164 Gut microbiota dysbiosis correlates with poor clinical outcomes in mechanically ventilated

patients with COVID-19. These findings indicate a strong interrelation between SARS-CoV-2 consequences

and host gut microbiota, which may also be associated with an increased risk of LC. The substantial rise in

pathogenic bacteria and simultaneous reduction in anti-inflammatory microbiota promotes sustained in-

testinal inflammation during COVID-19, subsequently leading to prolonged recovery.165 Su and col-

leagues’ (2022) study followed 155 patients for 14 months after being diagnosed with acute COVID-19

infection; 76.4% were diagnosed with LC at six months and 78.7% at 14 months. In LC-associated dysbiosis,

the three most common symptoms were disrupted sleep (35.5%), cognitive difficulties relating to memory

(44.5%), and fatigue (50.9%). It was found that the gut microbiota of the patients with LC did not fully

recover when compared to the healthy control group (no COVID-19 diagnosis) at one year in patients

with LC.166 Metabolic pathways accompanying the generation of proinflammatory molecules were abun-

dantly increased. In contrast, anti-inflammatory pathways were downregulated, which may be one of the

main attributes underlying the persistence of LC and associated symptoms.167 Whether and to what extent
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the microbiome dysregulation may further be potentiated by an infection- or inflammation-mediated in-

crease in gut permeability (’leaky gut’’) remains to be evaluated. A clinical trial investigating the role of fecal

microbiota transplantation in the treatment of LC is underway (NCT05556733).

Amyloidogenesis is a speculative mechanism for LC.168 Persistent LC symptoms, including cognitive,

behavioral, and psychiatric symptoms, resemble those seen in neurodegenerative disorders. Many neuro-

degenerative diseases such as Parkinson and Alzheimer are distinguished by the abundance of amyloid or

amyloid plaque.169 Spike protein amyloid fibrils are known to localize in nerve tissues and to undergo het-

erologous seeding to promote accumulation and aggregation of endogenous proteins, which may lead to

neurodegeneration. In patients with COVID-19, blood clotting is related to extracellular amyloidotic

fibrillar assemblages. This was experimentally proven by demonstrating hypercoagulation and impaired

fibrinolysis in the plasma from healthy donors when incubated with the viral spike protein. Previous studies

have linked amyloidosis to thromboinflammation, activation of surface-activated coagulation system (FXII

Kallikrein/Kinin), disruption of the fibrinolytic system, dysregulation of blood coagulation, and cerebral am-

yloid angiopathy, collectively, suggesting budding associations between COVID-19 phenotypes and

S-protein amyloidogenesis. A study conducted by Nystrom and Hammarstrom (2022) found amyloidal se-

quences in SARS-CoV-2 spike protein and that endoproteolytic cleavage of the protein resulted in amyloid

formation.170 Amyloidosis, resulting from the systemic deposition of amyloid proteins, may present as

localized or systemic conditions with many phenotypes overlapping with the reported LC clinical

phenotypes.170

Some symptoms observed in patients with LC suggest immune or virus-induced autonomic nervous system

(ANS) disruption, resulting in temporary or possibly long-term orthostatic intolerance. Many have hypoth-

esized that COVID-19 infection affects the ANS and that the SARS-CoV-2 virus itself may mediate the resul-

tant autonomic dysfunction. Postural orthostatic tachycardia syndrome (POTS) involves many symptoms

such as nausea, heart palpitations, blurry vision, headaches, tiredness, cognitive impairments, and light-

headedness. The exact cause underlying the development of POTS in LC remains unknown, but dysauto-

nomia has been commonly implicated. Autonomic disorders like POTS are often associated with abnormal

activity of muscarinic receptors and alpha and beta (a/b) adrenoreceptors. Usually, when a healthy individ-

ual stands, blood accumulates in the pelvis and limbs, which causes a reduction in venous return to the

heart. Cardiac baroreceptors, sensing the volume change, stimulate an increase in sympathetic adrenergic

and neural tone modulated by epinephrine and norepinephrine, respectively. Consequently, these events

lead to tachycardia and splanchnic vascular bed vasoconstriction for elevated venous cardiac return. Dur-

ing orthostatic intolerance, norepinephrine and epinephrine release induces distinct tachycardia, mani-

festing as chest pain, shortness of breath, and palpitations, symptoms frequently associated with LC.

Extremely high catecholamine levels can cause inconsistent vasodilatation, withdrawal of sympathetic ac-

tivity, and vagus nerve activation which may compound the symptoms.171–173

In a study on the neuropathology in the brain and brainstem of SARS-CoV-2-infected nonhuman primates,

Rutkai et al. found neuroinflammation, micro-hemorrhages, signs of brain hypoxia, and a neuropathology

that would be consistent with hypoxic-ischemic injury in SARS-CoV-2, including evidence of neuron degen-

eration and apoptosis.174 This was primarily seen in the cerebellum, brainstem, and basal ganglia. Impor-

tantly, this was seen among infected animals that did not develop severe respiratory disease, and therefore

could provide insight into neurological symptoms associated with the brain fog seen in LC. Sparse virus

antigen or RNA was detected in brain endothelial cells but did not associate with the severity of central

nervous system injury. Several interventions aimed at improving cerebral blood flow and oxygenation,

reducing neuroinflammation, restoring neurotransmitter activity, and enhancing cognitive performance

are under investigation in clinical trials (NCT04997395, NCT05531019, NCT04809974, NCT04604704,

NCT05311852, NCT05074888, NCT05507372, NCT05430152, NL9742).
Conclusions and translational perspectives

Post-acute sequelae of viral infections are common, often leading to significant damage and loss of func-

tion in a subset of the infected population. COVID-19 and subsequent LC have taken the human population

by storm, with SARS-CoV-2 infecting a significant portion of the world population in less than three years

since its appearance. As COVID-19 transitions from a pandemic to an endemic disease, there is no doubt

that cases of LC will continue to occur for years to come. Thus, there is an urgency to fully understand the

cause(s) of LC and post-viral syndromes. From our discussion, and from the heterogeneity of LC
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presentations, consequently, there probably is no single pathogenic mechanism of LC but rather a com-

plex interplay between virus and host, which may determine the extent and severity of the sequelae in

different ways in different patients. Therefore, clinicians will have to arm themselves with knowledge of

the multifactorial nature of LC and perform detailed clinical phenotyping while studying diagnostic tools

and biomarkers that can guide their understanding of the driving mechanisms of pathology in the different

manifestations of the sequelae. Biomedical scientists will, conversely, have to team up with clinicians to

simultaneously apply comprehensive, unbiased multidimensional molecular analyses to elucidate the na-

ture of LC and eventually provide themost effective treatment to each patient. While more effective COVID

vaccines may become available and protect more individuals from infection, in the short-medium term, we

must be focused on understanding the mechanisms underlying the symptoms of Long COVID to inform

effective treatment approaches.

In that regard, and in the absence of clear ‘‘smoking guns’’ and ‘‘silver bullets’’, a special role in understand-

ing LC will belong to pragmatic, small, and deeply studied clinical trials. In other words, as the clinical trials

are initiated, there is utmost urgency to make sure that biomedical samples are collected throughout, and

that funding be provided for their deep molecular analysis and cross-correlation with clinical endotypes

and analyses to understand success, partial success, as well as failure of treatments in different populations

of patients with LC. Only then will we be able to reap the most benefit from the trials themselves, and to

rapidly and nimbly improve ineffective or partially effective treatments, and to combine best treatments

to achieve improved results.

Clinical trials directed at some of the putative biological mechanisms underpinning Long COVID are

planned or underway, but there are still many missed opportunities. The roles of vaccination, antiviral ther-

apy, anticoagulation, and immunomodulation in treating Long COVID need urgent evaluation in appropri-

ately designed clinical trials. Other candidate interventions will emerge in parallel from strong basic sci-

ence research on LC, and we strongly recommend that they be translated through small, flexible, and

pragmatic trials in comprehensively phenotyped participants to help many patients suffering from LC,

and to simultaneously help illuminate the path ahead.

ACKNOWLEDGMENTS

We wish to thank Chris Bohnsack for assistance with the illustration in this manuscript.

AUTHOR CONTRIBUTIONS

R.P. and K.N. conceptualized the manuscript. R.P., J.N., A.V., A.G.D., and L.S. conducted the literature re-

view and produced the original draft. K.N., D.W., and C.B. reviewed the original draft and contributed to

the final version. All authors contributed to the synthesis, write-up, and review of the final version of the

manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.
REFERENCES

1. Estrada, L.v., Levasseur, J.L., Maxim, A.,

Benavidez, G.A., and Porter, K.M.P. (2022).
Structural racism, place, and COVID-19: a
narrative review describing how we prepare
for an endemic COVID-19 future. Health
Equity 6, 356–366. https://doi.org/10.1089/
HEQ.2021.0190.

2. Cabore, J.W., Karamagi, H.C., Kipruto, H.K.,
Mungatu, J.K., Asamani, J.A., Droti, B., Titi-
ofei, R., Seydi, A.B.W., Kidane, S.N., Balde,
T., et al. (2022). COVID-19 in the 47 countries
of the WHO African region: a modelling
analysis of past trends and future patterns.
12 iScience 26, 106935, June 16, 2023
Lancet Glob Health 10, e1099. https://doi.
org/10.1016/S2214-109X(22)00233-9.

3. Reese, H., Iuliano, A.D., Patel, N.N., Garg,
S., Kim, L., Silk, B.J., Hall, A.J., Fry, A., and
Reed, C. (2021). Estimated incidence of
coronavirus disease 2019 (COVID-19) illness
and hospitalization—United States,
February–September 2020. Clin. Infect. Dis.
72, e1010–e1017. https://doi.org/10.1093/
CID/CIAA1780.

4. Katsoularis, I., Fonseca-Rodrı́guez, O.,
Farrington, P., Jerndal, H., Lundevaller, E.H.,
Sund, M., Lindmark, K., and Fors Connolly,
A.M. (2022). Risks of deep vein thrombosis,
pulmonary embolism, and bleeding after
covid-19: nationwide self-controlled cases
series and matched cohort study. BMJ 377,
e069590. https://doi.org/10.1136/BMJ-
2021-069590.

5. Dennis, A., Wamil, M., Alberts, J., Oben, J.,
Cuthbertson, D.J., Wootton, D., Crooks, M.,
Gabbay, M., Brady, M., Hishmeh, L., et al.
(2021). Original research: multiorgan
impairment in low-risk individuals with post-
COVID-19 syndrome: a prospective,

https://doi.org/10.1089/HEQ.2021.0190
https://doi.org/10.1089/HEQ.2021.0190
https://doi.org/10.1016/S2214-109X(22)00233-9
https://doi.org/10.1016/S2214-109X(22)00233-9
https://doi.org/10.1093/CID/CIAA1780
https://doi.org/10.1093/CID/CIAA1780
https://doi.org/10.1136/BMJ-2021-069590
https://doi.org/10.1136/BMJ-2021-069590


ll
OPEN ACCESS

iScience
Review
community-based study. BMJ Open 11,
48391. https://doi.org/10.1136/BMJOPEN-
2020-048391.

6. Xie, Y., Xu, E., Bowe, B., and Al-Aly, Z. (2022).
Long-term cardiovascular outcomes of
COVID-19. Nat. Med. 28, 583–590. https://
doi.org/10.1038/s41591-022-01689-3.

7. Bhaskaran, K., Rentsch, C.T., Hickman, G.,
Hulme,W.J., Schultze, A., Curtis, H.J., Wing,
K., Warren-Gash, C., Tomlinson, L., Bates,
C.J., et al. (2022). Overall and cause-specific
hospitalisation and death after COVID-19
hospitalisation in England: a cohort study
using linked primary care, secondary care,
and death registration data in the
OpenSAFELY platform. PLoS Med. 19,
e1003871. https://doi.org/10.1371/
JOURNAL.PMED.1003871.

8. Roca-Fernandez, A., Wamil, M., Telford, A.,
Carapella, V., Borlotti, A., Monteiro, D.,
Thomaides-Brears, H., Dennis, A., Banerjee,
R., Robson, M.D., et al. (2022). Cardiac
impairment in Long Covid 1-year post
SARS-CoV-2 infection. Eur. Heart J. 43.
ehac544.219. https://doi.org/10.1093/
EURHEARTJ/EHAC544.

9. Malkova, A., Kudryavtsev, I., Starshinova, A.,
Kudlay, D., Zinchenko, Y., Glushkova, A.,
Yablonskiy, P., and Shoenfeld, Y. (2021).
Post COVID-19 syndrome in patients with
asymptomatic/mild form. Pathogens 10,
1408. https://doi.org/10.3390/
PATHOGENS10111408.

10. Wanga, V., Chevinsky, J.R., Dimitrov, L.v.,
Gerdes, M.E., Whitfield, G.P., Bonacci, R.A.,
Nji, M.A.M., Hernandez-Romieu, A.C.,
Rogers-Brown, J.S., McLeod, T., et al. (2021).
Long-term symptoms among adults tested
for SARS-CoV-2 — United States, January
2020–April 2021. MMWR Morb. Mortal.
Wkly. Rep. 70, 1235–1241. https://doi.org/
10.15585/MMWR.MM7036A1.

11. Groff, D., Sun, A., Ssentongo, A.E., Ba, D.M.,
Parsons, N., Poudel, G.R., Lekoubou, A., Oh,
J.S., Ericson, J.E., Ssentongo, P., et al.
(2021). Short-term and long-term rates of
postacute sequelae of SARS-CoV-2
infection: a systematic review. JAMA Netw.
Open 4, e2128568. https://doi.org/10.1001/
JAMANETWORKOPEN.2021.28568.

12. Huang, L., Yao, Q., Gu, X., Wang, Q., Ren, L.,
Wang, Y., Hu, P., Guo, L., Liu, M., Xu, J., et al.
(2021). 1-year outcomes in hospital survivors
with COVID-19: a longitudinal cohort study.
Lancet 398, 747–758. https://doi.org/10.
1016/S0140-6736(21)01755-4.

13. Ayoubkhani, D., Khunti, K., Nafilyan, V.,
Maddox, T., Humberstone, B., Diamond, I.,
and Banerjee, A. (2021). Post-covid
syndrome in individuals admitted to
hospital with covid-19: retrospective cohort
study. BMJ 372, n693. https://doi.org/10.
1136/BMJ.N693.

14. Ayoubkhani,D., Pawelek, P., andGaughan,C.
(2021). Technical article: updatedestimatesof
the prevalence of post-acute symptoms
among people with coronavirus (COVID-19)
in the UK - office for National Statistics.
https://www.ons.gov.uk/peoplepopulation
andcommunity/healthandsocialcare/
conditionsanddiseases/articles/technical
articleupdatedestimatesoftheprevalence
ofpostacutesymptomsamongpeoplewith
coronaviruscovid19intheuk/26april2020to1
august2021.

15. Ballering, A.v., van Zon, S.K.R., olde
Hartman, T.C., and Rosmalen, J.G.M. (2022).
Persistence of somatic symptoms after
COVID-19 in The Netherlands: an
observational cohort study. Lancet 400,
452–461. https://doi.org/10.1016/S0140-
6736(22)01214-4.

16. Mantovani, A., Morrone, M.C., Patrono, C.,
Santoro, M.G., Schiaffino, S., Remuzzi, G.,
Bussolati, G., Cappuccinelli, P., Fitzgerald,
G., Bacci, M.L., et al. (2022). Long Covid:
where we stand and challenges ahead. Cell
Death Differ. 29, 1891. https://doi.org/10.
1038/S41418-022-01052-6.

17. Ruffieux, H., Hanson, A.L., Lodge, S., Lawler,
N.G., Whiley, L., Gray, N., Nolan, T.H.,
Bergamaschi, L., Mescia, F., Turner, L., et al.
(2023). A patient-centric modeling
framework captures recovery from SARS-
CoV-2 infection. Nat. Immunol. 24, 349.
https://doi.org/10.1038/S41590-022-
01380-2.

18. Nalbandian, A., Sehgal, K., Gupta, A.,
Madhavan, M.V., McGroder, C., Stevens,
J.S., Cook, J.R., Nordvig, A.S., Shalev, D.,
Sehrawat, T.S., et al. (2021). Post-acute
COVID-19 syndrome. Nat. Med. 27, 601.
https://doi.org/10.1038/S41591-021-
01283-Z.

19. Davis, H.E., McCorkell, L., Vogel, J.M., and
Topol, E.J. (2023). Long COVID: major
findings, mechanisms and
recommendations. Nat. Rev. Microbiol. 21,
133–146. https://doi.org/10.1038/s41579-
022-00846-2.

20. Lee, J.H., Koepke, L., Kirchhoff, F., and
Sparrer, K.M.J. (2022). Interferon
antagonists encoded by SARS-CoV-2 at a
glance. Med. Microbiol. Immunol. 212,
125–131. https://doi.org/10.1007/S00430-
022-00734-9/FIGURES/1.

21. Lokugamage, K.G., Hage, A., de Vries, M.,
Valero-Jimenez, A.M., Schindewolf, C.,
Dittmann,M., Rajsbaum, R., andMenachery,
V.D. (2020). Type I interferon susceptibility
distinguishes SARS-CoV-2 from SARS-CoV.
J. Virol. 94, e01410-20. https://doi.org/10.
1128/JVI.01410-20.

22. Essaidi-Laziosi, M., Alvarez, C., Puhach, O.,
Sattonnet-Roche, P., Torriani, G., Tapparel,
C., Kaiser, L., and Eckerle, I. (2022).
Sequential infections with rhinovirus and
influenza modulate the replicative capacity
of SARS-CoV-2 in the upper respiratory
tract. Emerg. Microb. Infect. 11, 412–423.
https://doi.org/10.1080/22221751.2021.
2021806.

23. Bastard, P., Zhang, Q., Zhang, S.Y.,
Jouanguy, E., and Casanova, J.L. (2022).
Type I interferons and SARS-CoV-2: from
cells to organisms. Curr. Opin. Immunol. 74,
172–182. https://doi.org/10.1016/J.COI.
2022.01.003.
24. Galani, I.E., Rovina, N., Lampropoulou, V.,
Triantafyllia, V., Manioudaki, M., Pavlos, E.,
Koukaki, E., Fragkou, P.C., Panou, V., Rapti,
V., et al. (2021). Untuned antiviral immunity
in COVID-19 revealed by temporal type I/III
interferon patterns and flu comparison. Nat.
Immunol. 22, 32–40. https://doi.org/10.
1038/S41590-020-00840-X.

25. Galbraith, M.D., Kinning, K.T., Sullivan, K.D.,
Araya, P., Smith, K.P., Granrath, R.E., Shaw,
J.R., Baxter, R., Jordan, K.R., Russell, S., et al.
(2022). Specialized interferon action in
COVID-19. Proc. Natl. Acad. Sci. USA 119.
e2116730119. https://doi.org/10.1073/
PNAS.2116730119.

26. Brodin, P., Casari, G., Townsend, L.,
O’Farrelly, C., Tancevski, I., Löffler-Ragg, J.,
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