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Abstract: Long COVID (LC) encompasses a constellation of long-term symptoms experienced by at
least 10% of people after the initial SARS-CoV-2 infection, and so far has affected about 65 million
people. The etiology of LC remains unclear; however, many pathophysiological pathways may be
involved, including viral persistence; chronic, low grade inflammatory response; immune
dysregulation and defective immune response; reactivation of latent viruses; autoimmunity;
persistent endothelial dysfunction and coagulopathy; gut dysbiosis; hormonal dysregulation,
mitochondrial dysfunction; and autonomic nervous system dysfunction. There are no specific tests
for the diagnosis of LC, and clinical features including laboratory findings and biomarkers may not
specifically relate to LC. Therefore, it is of paramount importance to develop and validate
biomarkers that can be employed for the prediction, diagnosis and prognosis of LC and its
therapeutic response. Promising candidate biomarkers that are found in some patients are markers
of systemic inflammation including acute phase proteins, cytokines and chemokines; biomarkers
reflecting SARS-CoV-2 persistence, reactivation of herpesviruses and immune dysregulation;
biomarkers of endotheliopathy, coagulation and fibrinolysis; microbiota alterations; diverse
proteins and metabolites; hormonal and metabolic biomarkers; as well as cerebrospinal fluid
biomarkers. At present, there are only two reviews summarizing relevant biomarkers; however,
they do not cover the entire umbrella of current biomarkers or their link to etiopathogenetic
mechanisms, and the diagnostic work-up in a comprehensive manner. Herein, we aim to appraise
and synopsize the available evidence on the typical laboratory manifestations and candidate
biomarkers of LC, their classification based on main LC symptomatology in the frame of the
epidemiological and pathogenetic aspects of the syndrome, and furthermore assess limitations and
challenges as well as potential implications in candidate therapeutic interventions.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

The World Health Organization (WHO) declared COVID-19 a pandemic about 3 years ago, on
March 11, 2020. As of May 17, 2023, an estimated 766,440,796 confirmed cases of COVID-19 have
occurred, which have resulted in 6,932,591 deaths [1]. Despite the great direct and indirect loss of life
[2], accompanied by considerable societal and financial detrimental consequences of COVID-19 [3],
cases of SARS-CoV-2 infection appear to gradually decline in severity at an individual patient level.
Accumulated knowledge regarding COVID-19 pathogenesis and clinical experience that has resulted
in improved patient care, increasing levels of collective immunity due to convalescence from natural
infection or vaccine coverage, and evolving SARS-CoV-2 variant characteristics may have
contributed to this phenomenon [4,5]. The predominance of the Omicron variant may be considered
a milestone in the course of the pandemic, due to the generally milder features of associated infection
in comparison to earlier strains [6]. The currently dominant Omicron XBB.1.5 subvariant appears to
also follow this trend [7,8].

With a steadily low mortality rate of SARS-CoV-2 infection, attention is shifted towards
survivors who exhibit durable symptoms following apparent clinical recovery [9]. The persistence of
clinical manifestations well after successful infection clearance has been described under the umbrella
term “long-COVID (LC)”, which covers a wide range of very heterogenous morbid conditions
following documented SARS-CoV-2 infection. Even though these disorders are rarely life
threatening, they are associated with a considerable detrimental impact on patient’s quality of life
[10], which combined with the high prevalence of LC, account for a large percentage of overall health
care and societal impact associated with the pandemic. According to modest estimates, LC affects at
least 10% of infected individuals, which currently translates into roughly 76 million cases globally
[11].

The term “long COVID” is used to describe the presence of clinical manifestations and/or
complications persisting or manifesting four weeks after initial SARS-CoV-2 infection. Two fairly
distinct conditions may be distinguished: “ongoing symptomatic COVID-19” denotes the presence
of symptoms and/or signs persisting over 4 to 12 weeks, while “post-COVID-19 condition” refers to
manifestations appearing during or after SARS-CoV-2 infection persisting for over 12 weeks and
cannot be attributed to a plausible alternative diagnosis [12,13].

Not surprisingly, this broad definition includes conditions with a great variety of clinical
manifestations ranging from constitutional, non-specific physical symptoms to signs of isolated
organ dysfunction, including neuropsychiatric disorders [11,14,15]. Likewise, many putative
mechanisms have been implicated in the pathogenesis of LC, including viral persistence, endothelial
dysfunction, coagulation disorders and microthrombotic manifestations, disruption of gut
microbiota, neuroinflammation, autoimmunity and mast cell activation, reactivation of dormant viral
pathogens and perturbations of brainstem and autonomic nervous signaling, among others [11,16-
18]. Accordingly, a wide range of non-specific laboratory findings have also been associated with LC,
albeit with few indexes showing promise as candidate biomarkers for identification of possible cases
[11,19].

There is an urgent need to pinpoint patient-level risk factors and characteristics in order to
successfully identify patients at a high risk of developing LC and to properly diagnose this syndrome.
At present, there are only two reviews (one scoping and one systematic) summarizing relevant
biomarkers; however, these reviews do not cover the entire current umbrella of biomarkers nor their
link to etiopathogenetic mechanisms, as well as the diagnostic work-up in a comprehensive manner
[20,21]. Herein, we aim to review the available evidence on the typical laboratory manifestations and
candidate biomarkers of LC, their classification based on main LC symptomatology in the frame of
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the epidemiological and pathogenetic aspects of the syndrome, and furthermore assess potential
implications in candidate therapeutic interventions.

2. Epidemiology of Long COVID and risk factors

The exact frequency of LC is challenging to determine, due to the non-specific nature of its
clinical manifestations, the absence of consequent screening and the lack of diagnostic markers which
likely result in under reporting. Furthermore, several reports are confounded by the absence of a
comparator control group free of recent SARS-CoV-2 infection, for a precise estimate of COVID-
attributable symptoms to be feasible. According to modest estimates, around 10% of non-hospitalized
survivors experience persistent symptoms [11], while percentages are considerably higher among
those hospitalized, with more than 70% reporting at least one compatible clinical manifestation [22].
These numbers may not reflect the true healthcare and societal impact of LC by themselves, if the
high incidence of SARS-CoV-2 infection on one hand, and the relative long duration (often, several
months) of postinfectious manifestations on the other [23], are not taken into account. This likely
results in a considerably higher overall true prevalence of LC-associated debilitating symptoms in
the general population [24]. Furthermore, although LC is often considered as a spectrum of chiefly
benign disorders with a principal impact on quality of life, rather than loss of life, conditions falling
into its spectrum contribute to a significant fraction of excess COVID-19-attributable death, mostly
indirectly [25].

It is noteworthy that the emergence of new variants and the subsequent evolution of the features
of individual infections as well as the pandemic itself as a whole, are accompanied by a shift in the
epidemiological features of LC [26]. With respect to the Omicron variant, the subvariants of which
are currently dominant on a worldwide scale, persistent symptoms following infection are likely of
lower severity and shorter duration compared with the earlier wildtype, alpha, beta and delta
variants [24,27], being also of lower overall relative prevalence compared with non-infected controls
[28]. A recent pooled analysis of two population-based cohorts has shown that the risk of LC is lower
after infection with the Omicron variant and following vaccination [29]. Interestingly, the incidence
and severity of the Multisystem Inflammatory Syndrome in Children (MIS-C) decreased during the
Omicron wave of the pandemic in comparison to earlier waves [30]. It is currently unclear if this
observation is primary a consequence of the altered natural course of infection caused by the omicron
variant or simply confounded by the effects of increasing vaccine coverage (see below) or the
increasing prevalence of reinfections and breakthrough infections in the Omicron era [31-34].

Although most epidemiological data have been collected from adult populations, children of all
ages and adolescents are considerably more likely to report chronic symptoms in the spectrum of LC
after documented SARS-CoV-2 infection compared with non-infected controls of similar age [35,36].
Of note, post-COVID neurodevelopmental sequelae may also be encountered in infants of mothers
infected during pregnancy in the first year of life [37]. Furthermore, certain pathogenetic features
(e.g., inflammatory, immunological, pertinent to endothelial dysfunction), as well as diverse clinical
manifestations of LC may overlap with those of the Multisystem Inflammatory Syndrome in Children
(MIS-C), which was originally described in pediatric populations in the early post-infection period
[38]. According to the case definition of MIS-C [39], it is certain that a proportion of affected patients
also fall into the category of LC, at least in the “ongoing symptomatic COVID-19” category. Semantics
aside, this may harbor implications for the better understanding not only of LC, but also of the
pathophysiology of MIS-C which remains largely elusive, while also guiding of potential therapeutic
interventions for both conditions [38].

Apart from the aforementioned impact of different viral variants, there are a number of patient-
level risk factors which have been demonstrated to confer a higher risk for LC. According to a recent
meta-analysis of 41 studies, among the population of COVID-19 survivors, older age (Odds Ratio-OR
1.21), female sex (OR 1.56), higher Body Mass Index (BMI, OR 1.15), smoking (OR 1.10), presence of
(physical as well as mental) co-morbidities (OR 2.48), hospitalization or admission in the intensive
care unit (ICU, OR 2.38) are associated with a higher risk of LC [40]. A longer hospital stay [41], black
or Hispanic ethnic background and a low socioeconomic status have also been associated with a
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higher risk [11,42]. In pediatric populations, age younger than 5 years, female sex, black or Hispanic
race and the presence of chronic co-morbidities have been implicated as risk factors [43]. Particularly,
children with LC were more likely to suffer from attention deficit hyperactivity disorder, chronic
urticaria and allergic rhinitis before SARS-CoV-2 infection [44].

Regarding the impact of prior immunization, and although relevant data from available studies
are not unequivocal, the risk for LC after infection following vaccination is likely lower than that of
unvaccinated individuals [31]. Analysis in a random sample of adults in the United Kingdom
revealed a 41% lower risk of LC following infection among those that had received two vaccine doses
(either mRNA-based, adenovirus vector, or combined), compared with those who received no
vaccination [45]. Data from the US Department of Veterans Affairs national healthcare database
demonstrated a more modest risk reduction of 15% [46]. When focusing on the prevention of specific
symptoms, such as brain fog or muscle pain, the observed effects may be of greater magnitude [47].
Interestingly, the effect of vaccination in individuals already diagnosed with LC is variable, with
61.9% reporting no change, 16.7% amelioration and 21.4% worsening in symptoms, suggesting that
active immunization following native infection may not be generalizable as a secondary prevention
strategy among affected individuals [48]. Regarding reinfections and severity of COVID-19, a recent
meta-analysis has found no significant difference in the clinical pattern and severity of infection
between primary infection and reinfection [49]. However, available data with respect to LC risk
following reinfection in both vaccinated and unvaccinated individuals are scarce, although existing
evidence points towards an increased risk for LC after repeated infection [50].

3. Clinical manifestations of long COVID

A wide range of non-specific clinical symptoms and manifestations from virtually every organ
and system have been reported as long-term sequelae of SARS-CoV-2 infection. General systemic
symptoms (chronic fatigue, arthralgia/myalgia, sleep disorders) are frequently reported. As COVID-
19 is primarily a respiratory infection, symptoms related to the respiratory system are common, such
as chronic cough, breathlessness, exertional dyspnea, and chest tightness, which occasionally -but not
always- reflect a chronic postinfectious respiratory pathology, with abnormal lung function tests
and/or radiological changes [51-53]. Upper airway-related symptoms (voice changes, hoarseness,
rhinorrhea, impaired hearing, loss of smell/taste) are also reported. Disorders related to the
cardiovascular system (exercise intolerance, chest pain, palpitations, thrombotic manifestations) are
also frequent and potentially pathogenetically related to the dysfunction of the cardiovascular
autonomic system (see below). Gastrointestinal manifestations (appetite loss, constipation, nausea,
abdominal pain, acid reflux) may parallel perturbations of the gut flora or be related to the prolonged
intestinal viral shedding. Most prominently, neuropsychiatric disorders are considered typical
features of the LC spectrum, ranging from mental fatigue, inability to concentrate and poor memory
(collectively referred to as “brain fog”) to major depression, anxiety and post-traumatic stress
disorder. Skin rashes and hair loss are frequently reported [11,54].

The variety and heterogeneity of LC clinical manifestations, as well as their non-specific nature
contribute to the challenge of the systematic study of LC as a uniform syndrome. Nonetheless, it is
likely that groups or clusters of symptoms exist (namely, central neurological, cardiorespiratory,
systemic/inflammatory and abdominal clusters), which are more likely to affect individuals as a
group rather than as a constellation of chaotic manifestations independently of each other [55].
Interestingly, specific symptom clusters appear to be associated with LC following infection by
different SARS-CoV-2 variants [55]. This observation may have important implications not only for
the identification of patient groups likely to benefit from specific therapeutic interventions, but also
for deciphering the underlying pathogenetic mechanisms that drive LC development.

The range of subjective symptoms reported in conjunction with LC may or may not be associated
with objectively proven underlying organ damage. This is an important consideration, since the latter
may constitute a significantly more objective prognosis-determining factor than the self-report of the
clinical symptom. Objective and lasting organ involvement is not uncommon in the context of LC,
with 69% and 59% of affected patients exhibiting dysfunction of at least one organ 6- and 12-months
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following SARS-CoV-2 infection, respectively, while the corresponding frequencies for multiorgan
involvement are 23% and 27%, respectively [56].

One of the earliest recognized features of LC is the dysfunction of the autonomic nervous system,
a condition with unknown pathogenesis, duration and prognosis, manifesting itself with signs of
dysregulated system functions, primarily of the cardiovascular autonomic nervous system, most
prominently postural orthostatic tachycardia, inappropriate resting sinus tachycardia and exercise
intolerance [57,58]. Before the COVID-19 era, the bulk of evidence linking cardiac autonomic
neuropathy with worse cardiovascular prognosis and propensity towards life-threatening cardiac
arrhythmias was derived from observations in patients with diabetes mellitus (DM) [59]. Likewise, it
would be plausible that autonomic dysfunction is a major driver of ongoing cardiovascular
symptoms in LC [60], contributing to the increased cardiovascular risk and worse prognosis of
affected patients [61].

COVID-19 shares a bidirectional relationship with type 1 and type 2 DM [62]; on one hand, pre-
existing DM predisposes to a more severe and complicated infection course [34,63-66]. On the other
hand, a higher risk of newly diagnosed type 1 or type 2 DM has been demonstrated among survivors
of SARS-CoV-2 infection [62,67]. It can be assumed that at least in the case of type 2 DM, a proportion
of new diagnoses may represent incidental discoveries of undiagnosed pre-existing DM cases
emerging through the contact of infected patients with healthcare services. However, the underlying
mechanisms driving the association between SARS-CoV-2 infection and the emergence of DM are
unclear. In the case of type 1 DM, triggering of an autoimmune process directed against pancreatic
beta cells may be assumed [68]; otherwise, there is evidence of a direct adipocyte viral infection and
subsequent adipose tissue dysfunction, resulting in insulin resistance (IR) and promotion of overt
hyperglycemia and type 2 DM [69].

4. Are clinical manifestations and pathogenesis unique to SARS-CoV-2 infection?

As the spectrum of LC manifestations is becoming increasingly understood among clinicians
and researchers, the question arises whether this is a unique feature of SARS-CoV-2 infection itself,
or whether it shares resemblance with similar syndromes observed following respiratory -or other-
viral illnesses. Undoubtedly, the magnitude and sheer number of cases during the last three years
allowed for the better study and characterization of this syndrome in conjunction with COVID-19.
Nevertheless, chronic post-viral syndromes have been described in conjunction with earlier
coronavirus outbreaks. Chronic fatigue was reported by 60% of SARS survivors 12 months post
recovery [70], and as many as 40% of survivors ~41 months following the acute infection [71]. Similar
symptoms were reported among 48% and 33% of Middle East Respiratory Syndrome (MERS)
survivors 12 and 18 months after the initial illness, respectively, in conjunction with depressive and
post-traumatic stress disorder features [72].

Many of those with post-SARS syndrome fulfilled the definition of International Chronic Fatigue
Syndrome Study Group for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CEFES)
[71,73,74]. Apart from chronic fatigue, poor cognitive function, shortness of breath, functional
gastrointestinal disorders and palpitations are other typical features [75]. Furthermore, features of
ME/CFS have been described in conjunction with other epidemic/pandemic (HIN1 influenza virus
[76], Ebola virus [77], West-Nile virus [78]) and non-epidemic (most commonly, by Herpesviridae:
EBV, CMV, VZV, HHV-6, HHV-7) [79] viral illnesses. Interestingly, the prevalence of ME/CSF
globally is approximately 1% (17 to 24 million affected individuals) [80]. It seems plausible that a
considerable proportion of individuals affected by LC would fulfill formal criteria for ME/CFS, and
furthermore that a certain fraction of LC cases corresponds to a post-viral syndrome not specific to
SARS-CoV-2 infection, although further research into the underlying mechanisms of this condition
is needed to support this hypothesis.
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5. Pathogenesis of Long COVID

The underlying pathogenetic mechanisms in LC are not fully elucidated; however, there are
several interacting pathways that may contribute to the symptomatology of LC, as summarized in
Figure 1. Overall, the following mechanisms are implicated in the pathobiology of LC:
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Figure 1. Potential pathophysiological mechanisms involved in the development of long COVID
following acute SARS-CoV-2 infection. (All images are constructed with the free medical site
http://smart.servier.com/ (accessed on May 15, 2023) by Servier licensed under a Creative Commons
Attribution 3.0 Unported License).

1) A chronic, low grade inflammatory response is associated in several cases with the severity of
ongoing symptoms particularly in patients who were hospitalized [81]. This hyperinflammatory
response may be facilitated partly by mast cell activation, attributed to the loss of genetic regulation
of mast cells by SARS-CoV-2 [82,83].

2) Immune dysregulation is linked to decreased B cell and T cell numbers, increased innate
immunity and persistent SARS-CoV-2 shedding, which further contribute to the chronic
inflammatory response and immune activation in LC [84,85].

3) SARS-CoV-2 (spike protein and viral mRNA) may persist in certain patients with LC in cryptic
tissue reservoirs following acute COVID-19, triggering repeated and sustained immune responses
leading to chronic symptoms [86,87]. The spike protein, which represents one of the main virulence
factors of SARS-CoV-2, is a significant viral protein for the attachment of the virus to target cells
bearing the angiotensin-converting 2 enzyme (ACE-2) surface receptors. Moreover, the spike protein
may be released by the host cell via extracellular vesicles (EVs) and reach distant tissues and organs
through the circulation [88].

Viral persistence is observed in certain viruses, such as herpesviruses (Herpes Simplex
Virus/HSV, Varicella-Zoster Virus/VZV, Epstein-Barr Virus/EBV, Cytomegalovirus/CMV), Human
Immunodeficiency Virus (HIV), hepatitis viruses (HBV and HCV), human papillomavirus (HPV),
which may not be cleared from the host after the initial phase remaining in a chronically lytic and/or
latent conformation in the host [88].
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4) Insufficient immune responses and antibody production against SARS-CoV-2 in the acute
phase of COVID-19 infection may be associated with viral persistence [89]. Interestingly,
immunologic imprinting, where pre-existing immune responses against related coronaviruses, such
as 229E, HKU1, NL63, and OC43, as well as defective immune responses against SARS-CoV2 in the
cerebrospinal fluid (CSF) may lead to incomplete virus clearance from the brain, persistent
neuroinflammation and neurological post-acute sequelae of COVID-19 [90].

5) The reactivation of latent viruses such as EBV, VZV, HSV, and HHV-6 during and after acute
COVID-19 infection in various organs may lead to a plethora of chronic symptoms after COVID-19
(e.g., fatigue, myalgia, cognitive disorders) [91]. These viruses have been implicated in several
disorders, including rheumatoid arthritis, multiple sclerosis, lymphomas and cancers [92-97].

6) SARS-CoV-2 may trigger autoimmunity via molecular mimicry, epitope spreading and
activation of antigen-presenting cells (APCs) following the example of other viruses and bacteria,
such as HCV, enteroviruses (coxsackievirus B), EBV, Helicobacter pylori, Yersinia enterocolitica, etc [98—
101]. Immunodominant epitopes of SARS-CoV-2 (e.g., nucleocapsid protein, spike protein) may share
homology with host proteins providing insight into viral pathogenesis following COVID-19
[102,103].

7) SARS-CoV-2 infection could cause gut dysbiosis altering the balance of gut microbiota, acting
also as a bacteriophage, causing epithelial permeability and translocation of pathogens into the
circulation [104,105]. Gut dysbiosis could additionally be implicated in viral persistence, chronic
inflammation, immune dysregulation and endothelial dysfunction [83,106-110].

8) LC is characterized by a persistent endothelial dysfunction and a hypercoagulable state [111].
SARS-CoV-2 may also affect the endothelial cells throughout a plethora of tissues, altering cell
morphology and leading to apoptosis of endothelial cells. For example, in the brain, the infection of
the microvascular endothelium in the subcortical white matter is documented by the presence of
microscopic hemorrhagic and ischemic lesions while, in the heart, there is edema of endothelial cells
in small arterioles, venules and capillaries as well as necrosis of individual myocytes [112,113]. The
attachment of activated neutrophils in capillaries and their subsequent obstruction in several organs
including the heart, brain and lungs in conjunction with the presence of fibrin amyloid microclots
which provoke tissue hypoxia and oxidative stress may be implicated in the symptomatology of LC
[83,114]. In turn, oxidative stress stimulates the generation of proinflammatory cytokines,
establishing a vicious cycle [115-118]. The presence of fibrin aggregates or microclots and activated
thrombocytes have also been documented in the blood of patients suffering from type 2 DM, acute
COVID-19 infection and ME/CFS contributing to the chronic inflammatory and thrombotic
phenomena of these entities [119-121].

9) LC is also associated with hormonal dysregulation, characterized by a dysfunction of the
hypothalamus—pituitary—adrenal axis [122]. This dysregulation may be caused by hypophysitis,
hypothalamic damage, neuroinflammation and molecular mimicry of some viral aminoacids that
mimic ACTH residues [122,123]. Moreover, IR in conjunction with activated immune-inflammatory,
oxidative, and nitrosative stress pathways may be implicated in neurotoxicity and depressive
symptoms observed in LC [124]. IR may be associated with lower metabolic activity in the medial
prefrontal cortex and hippocampal volume, neurocognitive impairments, defective synaptic
plasticity and neurodegeneration [125]. Interestingly, metabolic dysfunction (i.e., obesity,
IR, metabolic syndrome and type 2 DM) constitute predisposing risk factors for severe acute COVID-
19 while recent data have underscored that the combination of metabolic dysfunction, chronic
immune activation and viral persistence in adipose tissue could exacerbate or predispose to LC [126].
Finally, deficiency in melatonin, a sleep hormone with enhancing adaptive immune response
properties, has been associated with a higher risk for COVID-19 [127]. It could also be a predisposing
factor in LC as observed in other viral infections and chronic inflammatory disorders [128].

10) Cognitive impairment and neurological symptoms in LC may be attributed to delayed
clearance of SARS-CoV-2, endothelial dysfunction and microclot formation, neuronal injury,
neuroinflammation, blood brain barrier disruption with infiltrating polyreactive autoantibodies,
microglial reactivity and impaired neurogenesis [11,47,129-131]. Autonomic nervous system
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dysfunction and symptoms consistent with dysautonomia, such as orthostatic hypotension,
tachycardia, fatigue, temperature dysregulation, etc could be due to the dysfunctional signalling in
the brainstem and/or vagus nerve; the presence of autoantibodies against G protein-coupled
adrenergic receptor and muscarinic acetylcholine receptor; small fiber neuropathy;
neuroinflammation; the failure of peripheral vasoconstriction associated with relative hypovolemia;
and cerebral hypoperfusion [83,132].

11) Exercise intolerance and defective oxygen extraction in LC are associated with mitochondrial
dysfunction comprising loss of the mitochondrial membrane potential and dysfunctional
mitochondrial metabolism with altered lipid metabolism [133,134].

6. Laboratory findings and biomarkers in long COVID

The main laboratory findings and biomarkers in acute severe COVID-19 encompass biomarkers
of systemic inflammation including proinflammatory cytokines, chemokines and complement
proteins as well as biomarkers of endothelial injury and coagulation cascades including markers of
platelet activation and neutrophil extraction trap formation [111,135]. In particular, the cardinal
laboratory features with prognostic potential are: lymphopenia, either isolated or in parallel with an
increased absolute neutrophil count, elevated concentrations of C-reactive protein (CRP), interleukin
(IL)-6 and IL-2R, increased levels of lactate dehydrogenase (LDH), D-dimer, ferritin, hepatic function
markers and troponins [136-138]. Besides the elevation of D-dimer, other biomarkers of coagulation
abnormalities such as the prolongation of PT and aPTT, the presence of severe thrombocytopenia and
the elevation of fibrin degradation products, may reflect life-threatening disseminated intravascular
coagulation (DIC), which requires increased vigilance and prompt intervention [139-142]. All these
biomarkers are associated with an increased risk of disease worsening, including acute myocardial
infarction, venous thromboembolism and acute ischemic stroke [111,135]. On the contrary, venous
thromboembolic disorders, deep vein thrombosis and pulmonary embolism are not primary
characteristics of LC. Table 1 synopsizes the main differences in risk factors, clinical and laboratory
characteristics between acute severe COVID-19 and LC.

Table 1. Main risk factors, clinical and laboratory findings in acute severe COVID-19 and long

COVID.
Main Characteristics  Acute severe COVID-19 long COVID
Age Older age 1 % of diagnoses between the ages 36-50
years

More f ti 1

Gender ore trequent in males More frequent in females
-Older age, Obesity, T2DM, CVD, asthma -Obesity, T2DM, connective tissue
or chronic lung disease, sickle cell disease, disorders, allergic rhinitis, ADHD,
immunocompromised patients, -More frequent in Black and Hispanic
hematologic malignancies, chronic kidney Americans

Predisposing factors & disease, patients under -People with low income

Comorbidities immunosuppressive treatments -Poor rest in the early period after
-Racial and ethnic minority groups COVID-19
-People with low income -1 risk after severe COVID-19
-Unvaccinated individuals -Most cases involve non-hospitalized

patients with a mild acute COVID-19

In certain patients:

1 IL-6, 1 CRP, 1 D-dimer, detectable
SARS-CoV-2 RNA in stool or gut mucosa,
biomarkers of EBV reactivation, anti-IFN-
a2 or anti-IFN-AAbs, 1 ET-1 and |Ang-2,
| cortisol, metabolites of mitochondrial
dysfunction, 1% of CSF abnormalities
and 1 biomarkers of neuronal damage
(For more details see Table 3)

Lymphopenia, 1CRP,
Laboratory findings & 1 Neutrophils, 1 IL-6, 1 IL-10,
biomarkers 1 D-dimer, 1 LDH,

1 ferritin
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Pulmonary embolism, deep vein Chest pain, palpitations, myocarditis,
thrombosis, AMI, heart failure cardiac impairment, POTS

Brain fog, fatigue, musculoskeletal pain,
Headache, Ischemic stroke, ataxia, seizures, cognitive impairment, paresthesia, sleep

CVD features

Neurologic features . . . .
anosmia, ageusia disorder, dizziness, memory loss,

dysautonomia, tinnitus
Cough, dyspnea, hypoxia, bilateral lung ~ Cough, dyspnea, abnormal gas exchange,
infiltrates ground glass lung
Gastrointestinal Abdominal pain, nausea, vomiting,
features diarrhea, T1DM, 1 transaminases
1 TIDM, 1 T2DM
thyroiditis
Skin rashes (maculopapular, chilblain-like,
Dermatologic findings urticarial, vesicular, livedoid, and petechial
lesions), hair loss
Acute Kidney Injury
Acute Tubular Necrosis

Pulmonary features
Abdominal pain, nausea

Endocrine abnormalities Diabetes, hypocortisolism

Most common alopecia, various skin
rashes

Renal manifestations 1eGFR,

Menstrual irregularities
Manifestations from the Menstrual irregularities 1 premenstrual symptoms
reproductive system 1 urinary frequency and nocturia Erectile dysfunction

| sperm count
Abbreviations: ADHD: Attention Deficit Hyperactivity Disorder; AMI: Acute Myocardial Infraction; Ang;:
angiopoietin; CRP: C-Reactive Protein; CVD: cardiovascular disease; eGFR: estimated Glomerular Filtration
Rate; ET: endothelin; IFN: Interferon; IL: interleukin; POTS: Postural Orthostatic Tachycardia Syndrome; TIDM:
diabetes mellitus type 1; T2DM: diabetes mellitus type 2.

Regarding LC, it is important to mention that there are no specific tests that can be used for its
diagnosis. Likewise, clinical features as well as laboratory findings and biomarkers may not safely be
attributed to LC. Therefore, the diagnostic evaluation should be personalized, while reassuring at the
same time the patient that LC is a clinical entity with a broad spectrum of clinical manifestations and
not a psychological or psychiatric disorder. For example, some clinicians may misdiagnose POTS or
ME/CFS with mental health disorders, such as anxiety or depression disorders [11,143].

The initial diagnostic work-up should take into account that persisting clinical manifestations
belong to the spectrum of LC and not to an underlying disorder. Table 2 presents a general laboratory
and imaging diagnostic approach to help clarify symptom etiology, rule out other underlying
disorders and evaluate clinical manifestations and resolution of some features of LC.

Table 2. General clinical, laboratory and imaging diagnostic approach.

General laboratory work-up

Complete blood count
Erythrocyte sedimentation rate
General biochemical tests:
Glucose, HbAlc, urea, creatinine, electrolytes (sodium, potassium, calcium, phosphate)
Indices of hepatic function: AST, ALT, y-GT, ALP
CPK, ferritin, LDH
Indices of cardiac function: troponin, BNP or NT-proBNP
Indices of thyroid function: TSH, fT4
Indices of coagulation and fibrinolysis: D-dimer, fibrinogen, PT, aPTT
Indices of inflammation: CRP, IL-6
Vitamins: 25-OHD, B12
Autoantibodies and Complement: RF, anti-CCP, ANA, ACA, Cs, C4
Imaging and other function tests
High resolution Chest Computed Tomography
Computed Tomography Pulmonary Angiogram (CTPA)
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Pulmonary function tests (spirometry, diffusion capacity, lung volumes)
Pulse Oxymetry
Six minute walk test (6MWT)
Electrocardiogram
Cardiac ultrasound
Cardiac magnetic resonance
Cardiopulmonary exercise testing (CPET)
Brain magnetic resonance
Questionnaires and clinical tests
Tilt table test for POTS or 10-Minute NASA Lean Test for orthostatic intolerance
Dyspnea scales (mMRC, NYHA)
Questionnaire SBQ-LC
Questionnaires for anxiety: BAI, HAM-A, GAD-7
Questionnaires for depression: BDI, HAM-D, PHQ-2,-9
Some Promising tests
Cortisol/ four-point salivary cortisol test
IgG, IgA, IgM
Natural Killer cell function tests
Panels for reactivated herpesviruses (EBV, CMV, VZV, HHV-6)
SARS-CoV-2 RNA in stool or gut mucosa
Endothelin-1 and Angiopoietin-2
Hyperpolarized gas magnetic resonance of the lungs

Abbreviations: ACA: Anti-cardiolipin antibodies ; ALP: Alkaline phosphatase; ALT: alanine transaminase;
ANA: antinuclear antibodies; anti-CCP: anti-cyclic citrullinated peptide antibodies; AST: aspartate
aminotransferase; aPTT: activated Partial Thromboplastin Time; BAI: Beck’s Anxiety Inventory; BDI: Beck
Depression Inventory; BNP: B-type natriuretic peptide; CMV: Cytomegalovirus; CTPA: CT pulmonary
angiogram; CRP: C-Reactive Protein; CPK: Creatine Phosphokinase; DLCO: Diffusing Capacity of Carbon
monoxide; EBV: Epstein-Barr Virus; ECG: electrocardiogram; fT4: free thyroxine; GAD-7: Generalized Anxiety
Disorder scale; HAM-A: Hamilton Anxiety Scale; HAM-D: Hamilton Depression Scale; HHV-6: Human
HerpesVirus-6; Ig: Immunoglobulin; LDH: Lactate Dehydrogenase; NASA: National Aeronautics and Space
Administration; NT-proBNP: N-terminal pro b-type natriuretic peptide; PHQ-2,9: Patient Health Questionnaire;
POTS: Postural orthostatic tachycardia syndrome; PT: Prothrombin Time; RF: Rheumatoid Factor; SBQ-LC:
Symptom Burden Questionnaire for LC; TSH: Thyroid Stimulating Hormone; VZV: Varicella-Zoster Virus; y-
GT: gamma-Glutamyl Transferase; 25-OHD: 25-hydroxyvitamin D.

Besides the usual hematologic, biochemical, coagulation and inflammatory markers, including
CRP, serum ferritin, the diagnostic approach may comprise cardiac markers, hormonal and vitamin
markers, glycemic indices such as glucose or hemoglobin Alc and determination of autoantibodies.
These basic tests often return results within the normal reference range in patients with LC; however,
some inflammatory biomarkers may persist for longer [11,81]. The imaging diagnostic approach is
important for the evaluation of pulmonary fibrosis resolution with a repeated chest CT scan); cardiac
function with a cardiac ultrasound; neurologic and cognitive disorders with brain magnetic
resonance imaging, etc. [144]. It is important to mention that some diagnostic tools may be used for
the evaluation of features of LC, such as the validated “symptom burden questionnaire for LC” (SBQ-
LC), tests examining orthostatic intolerance for the postural orthostatic tachycardia syndrome
(POTS), cardiac magnetic resonance for cardiovascular abnormalities and residual pathology,
electrocardiogram depicting novel QRS fragmentation due to cardiac injury, pulmonary function
tests, etc [144-147]. Nevertheless, the majority of diagnostic tools for LC is under development such
as the use of hyperpolarized magnetic resonance to identify abnormalities of pulmonary gas
exchange, imaging to detect microclots or small fiber neuropathy [11,148], while some other tests
were also used in patients with ME/CFS and dysautonomia, such as the determination of serum or
salivary cortisol, antibodies against herpesviruses, total immunoglobulin concentrations (IgG, IgA,
IgM, 1gG3), test for Natural Killer Cell Function, tests for orthostatic intolerance, etc. [149]. It is of
paramount importance to develop and validate biomarkers for the prediction, diagnosis and
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prognosis of LC and its therapeutic response. In the following subsections and Table 3, we discuss
some promising biomarkers for the prediction, diagnosis and prognosis of LC as well as biomarkers
associated with clinical manifestations of LC.

Table 3. Major studies depicting potential predictive, diagnostic and prognostic biomarkers in long
COVID.

Study, year Study design/population Main Findings Utility
Biomarkers of systemic inflammation

-Diagnostic utility
in LC; however
small effects

-1 D-dimer, LDH,
and lymphocytes in
patients with organ
abnormalities

-1 IL-6 in patients

-1 CRP, D-dimer, LDH and .
with symptom

Meta-analysis of 23 studi
etaranalysis of & S lesleukocy’ces in LC patients than those

Yong SJetal., (14 prospgctlve and 9 without LC persistence
2023 [150] retrospective case control) . -1 LDH,
. -1 lymphocytes and IL-6 in LC
with 18 meta-analyzed . ) leucocytes, NT-pro-
. patients than those without LC . .
biomarkers . BNP in patients
-1 IL-8 in LC than healthy controls . .
with duration of
symptoms <6
months
-1 D-dimer in
patients with
duration of
symptoms >6
months
-1 IL-6 levels in LC patients than
controls -IL-6 may predict
YinJXetal,  Meta-analysis of 22 case- -1 IL-6levels in LC patients than ~ LC
2022 [151] control observational those with non-postacute sequelae -IL-6 may
studies of severe COVID-19 characterize early

-1 IL-6 levels in patients with acute stage of LC.
COVID-19 than patients with LC
-1 CRP in 8% of patients (95% CI:

5-12) Limited evidence
21 meta-analyses on the e . .
-1 ferritin in 8% of patients (95% CI: for systemic
Lopez-Leon S etprevalence of long-term . .
) . 4-14) inflammation after
al., 2021 [15] effects in LC, 15 studies, o .
. -1 procalcitonin in 4% of patients 4 months
47,910 patients (age: 17-87 .
ears) (95% CI: 2-9) approximately
y ' -1 IL-6 in 3% of patients (95% CI: 1- post-viral infection.
7)
Immune profiling in long COVID
LC is characterized by: Integration of
220 participants (101 LC, 1 non-classical monocytes, immune
KleinJetal, 41CC, 41 HC, and 37 1 activated B cells, phenotyping data
2022 [152] HCW) at >400 days post 1 double-negative B cells, into machine
infection 1 exhausted T cells, learning models

Cross-sectional study 1 IL-4/IL-6 secreting CD4 T cells, =~ may identify
| conventional DC1 distinguishing
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| central features in the
memory CD4 T cells classification of LC
-Galan M et al. [154]

2.5X 1Tregs in LC compared to
subjects that recovered completely

No fi
Haunhorst S et Scoping review of 3 -Utrero-Rico et al. [155] co(r)lci:zions can be
al.,, 2022 [153] studies examining Tregs in| Tregs in LC compared to subjects
drawn about Treg
LC that recovered completely

1 . inL
- | Tregs in LC compared to alterations in LC

seronegative controls

[156]
LC group (n=31)
asymptomatic matched 1 activated innate immune cells,
Phetsouphanh controls/MC (n=231) | naive T and B cells
Cetal, 2022 compared to individuals 1 expression of type I IFN (IFN-[3)
[85] infected with common and type III IFN (IFN-A1) that

cold coronavirus (HCoV) remained persistently high at 8

(n=25) and unexposed months after infection.

healthy donors (n=13)
-1 Inflammatory
monocytes and |
exhausted

Case-control & lymphocytes

longltudlna'l study -1 B-cells in L.C compared to HC detected in patients
121 cases with LC 1 inflammatory monocytes CD14+ who later
Patterson BK et 29 healthy controls CD16+ C CR5+};0m are}Z:I to HC " developed LC
al, 2021 [156] 26 cases with mild- ' P (predictive

-}CD4+ and CD8+ T-cells expressing
PD-1 (exhausted lymphocytes), and
T-reg in LC compared to HC

moderate COVID-19
48 cases with severe

biomarkers).
- 1 Inflammatory

COVID-19 monocytes and 1
exhausted
lymphocytes in the
convalescence
period of LC

Biomarkers reflecting SARS-CoV-2 persistence

63 individuals
Swank Z et al., previously infected with 1 circulating Spike proteinin LC ~ SARS-CoV-2 viral
2022 [157] SARS-CoV-2, cases, but not in convalescent reservoirs may

37 of whom were controls up to 12 months persist in the body

diagnosed with LC
GI symptoms

Natarajan A et 113 individuals with mild - SARS-CoV-2 BNA il:l the feces at 4 (abdominal Pa.in,
al., 2022 [158] to moderate COVID-19 months after diagnosis (12.7%) nausea, vomiting)

Longitudinal study - SARS-CoV-2 RNA in the feces at 7 are related with

months after diagnosis (3.8%) fecal shedding of

SARS-CoV-2 RNA
- Persistent SARS-CoV-2RNA in ~ SARS-CoV-2 can
multiple anatomic sites, including cause systemic
Autopsies on 44 patients throughout the brain, as late as 230 infection and
who died with COVID-19 day persist in the body
- 250% of late cases had persistent for months in
RNA in the myocardium, lymph  certain patients

Stein SR et al.,
2022 [87]
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nodes from the head and neck and

from the thorax, sciatic nerve, ocular

tissue, and in all sampled regions of

the CNS, except the dura mater.

- 45% had positive plasma RT-PCR Potential systemic

Cohort of 29 patients who . .
results viral persistence

Tejerina F et al., .
reported persistent

2022 [159] -51% were positive in at least one  associated with
symptoms at least 4w after RT-PCR sample (plasma, urine, or persistent
COVID-19 ’ ’
stool). symptoms
- SARS-CoV-2 RNA in the gut
mucosa ~7 months after mild acute
Cohort of 46 patients with COVID-19 in 69.5% -Viral persistence
Zollner A et al., . . ) . .
2022 [160] IBD 219 days ('range, 9%- - Nucleocgpmd.protem }?er31§ted in m:alrkers associated
257) after confirmed 52.2% patients in gut epithelium  with symptoms of
COVID-19 and CD8+ T cells. LC
-Not detectable viral antigens in
stool
-89% of cases with MIS-C had GI - Prolonged
symptoms versus 27% of children exposure to SARS-
with acute COVID-19 CoV-2in the GI
- Detectable viral loads in the stool tract of children
(1.5 x102 with MIS
Yonker LM et 19 children with MIS-C, 26 to 2.5 x 107 RNA copies/mL) in the -Loss of mucosal
al., 2021 [161] . . oo ,
with acute COVID-19, and majority of cases barrier integrity
55 controls. -1 plasma zonulin and LBP -SARS-CoV-2
compared to controls antigenemia may
- 1 SARS-CoV-2 spike, S1, and trigger the
nucleocapsid antigens compared to hyperinflammatory
controls responses defining
MISs-C

Humoral and cellular response against SARS-CoV-2 in long COVID
220 participants (101 LC,
KleinJetal, 41 CC, 41 HC, and 37 1 IgG against Spike and S1in LC ~ -Potential
2022 [152] HCW) at >400 days post compared to vaccination-matched predictive
infection controls biomarker of LC
Cross-sectional study
In patients with persistent
symptoms:
A longitudinal study of 50 -1 IgG avidity to SARS-CoV-2 spike

cases with COVID-19: protein I T cell response

Files JK et al, -20 with persistent - sustained T cell response .magn'ltude m .
2021 [162] ] individuals with
symptoms (30-208 days) magnitudes
. . . prolonged
-30 with symptom - 1 antigen-specific CD4+ T cell
. il . . symptoms
resolution within 20 days. responses against Spike (late phase)
- 1 antigen-specific CD8+ T cell
populations
Garcia-Abellan Prospective, longitudinal -Potential

| peak IgG against Spike associated

J et al., 2021 [89]study of 146 hospitalized with LC symptoms at 6 months

COVID-19 patients

predictive
biomarker of LC
| baseline levels of IgG against S1 ~ -Potential
domain of the spike associated with predictive
long-term symptoms biomarker of LC

Augustin M et

al, 2021 [163] * lonsitudinal prospective

cohort study of 958 non-
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hospitalized patients with
confirmed COVID-19
-1 IgG against spike protein and -1
A prospective cohort microneutralizing antibody titers  -Increased antibody
Blomberg B et . . -
al, 2021 [164] study 9f 312 patients (247 .detected after 2 monjchs ‘ t1.ters predictive
home-isolated and 65 independently associated with both biomarker of LC
hospitalized) persistent fatigue and total number symptoms

of symptoms at 6 months

- No significant differences in early
and late (1 and 4 months) antibody
levels (IgG against SARS-CoV-2
Spike, RBD, and two preparations of
the N protein) between cases with

Peluso MJ et al., A prospectiye (?ol.lort and wi.thout per:"?istent symptoms.
study of 70 individuals - No differences in T cell responses
2021 [165] . . NP .
with PCR-confirmed at initial time point between cases
COVID-19 with and without persistent
symptoms

-} CD8* T cells expressing CD107a
against N peptide in cases with LC
-} N-specific interferon-y-producing
CD8+ T cells in cases with LC
Biomarkers reflecting reactivation of latent viruses
-1 early antigen-diffuse EBV IgG
positivity associated with fatigue at Reactivation of EBV
Peluso M]J et al., 4m is associated with
2023 [166] wAitIClOI?z:)tr(g éf/()lg(zlrglts —T'IgG against EBNA associe.lt'ed fatigt'le' and
with fatigue and neurocognitive ~ cognitive
dysfunction, at 4 m after infection ~dysfunction in LC

Altered humoral
responses to
distinct
herpesviruses in LC
as predictive
biomarker
Reactivation was
associated with 1

220 participants (101 LC,
KleinJetal.,, 41 CC, 41 HC, and 37 1 titers of anti-EBV antibodies, even
2022 [152] HCW) at >400 days post  though overall seroprevalence is not
infection different from HC or CC
Cross-sectional study

slight fever
temperature,
headache, psycho-
Zubchenko S et - EBV reactiv.atio.n in. 42.6%0 n?urological
al, 2022 [167] 88 patients with LC -HHV6 reactivation in 250 %o ' disorders,
-EBV plus HHV6 reactivationin ~ pulmonary
32.4% abnormalities and

myalgia, liver
enzymes, CRP and
D-dimer, and |
cellular immune
response
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A cohort of 309 COVID-19
SuY et al., 2022 patients from initial

[168]
(2-3 months later)
457 HC
Gold JE et al, A cohort of randomly 185
2021 [169] suryeyed COVID-19
patients
-56 developed LC

Biomarkers reflecting autoimmunity

A cohort of 71 COVID-19

MuriJ etal, convalescent patients at
2023 [170] P
month 6 (on average) post
disease onset, 23 HC
A cohort of 121

Bodansky A et individuals with LC, 64

al.,, 2023 [171]  with prior COVID-19 and
full recovery, and 57 pre-
COVID controls.

A cohort of 106
convalescent COVID-19
patients with varying
acute phase severities at 3,
6 and 12 months post-
recovery, 22 HCs and 34
with other respiratory
infections

Son K et al.,
2023 [172]

Franke C et al., A prospective study of 50

2023 [173] patients with reported
cognitive problems
A prospective study of 215
participants with

Peluso M]J et al.,

2022 [174] convalescent COVID-19

tested over 394 time
points, including 121
people with LC

-EBV viremia at T1 was associated

diagnosis to convalescence with LC (fatigue and respiratory

symptoms) at 3m post-infection

-1 EBV early antigen-diffuse IgG or
TEBYV viral capsid antigen (VCA)
IgM in 66.7% of LC versus 10% of
controls

-IgG antibodies against chemokines
CCL21, CXCL13 and CXCL16 at
month 6 distinguished LC from no
LC groups

-EBV viremia may
be a predictive
biomarker of LC

-EBV reactivation
may be a predictive
biomarker of LC

-Ab against specific
chemokines were
associated with
favorable disease
outcome and

- Levels of CCL21, CXCL13 and negatively
CXCL16 predicted the absence of  correlated with the
persistent symptoms with 77.8%  development of LC
accuracy at 1 year post-
infection.
- Significant differences in
autoreactivity between COVID-19
patients and pre-COVID controls.  Absence of LC
-No patterns of autoreactivity that specific
separate individuals with LC to autoreactivities
individuals fully recovered from
COVID-19.
Persistently
positive ANAs at

-Abs to U1l-snRNP and anti-SS-B/La
were both positively associated with
persistent symptoms of fatigue and
dyspnea

- Pro-inflammatory cytokines such
as TNF-a and CRP predicted 1
ANAs at 12 months.

-92% had normal routine CSF
parameters

-52% had anti-neuronal Abs (n=9 in
serum only, n =3 in CSF only and n
=14 in both, including those against
myelin, Yo, Ma2/Ta, GAD65 and
NMDA receptor, but also a variety
of undetermined epitopes on brain
sections).

-2 out of 215 had IFN-a2-specific
autoantibodies across all sample
timepoints

12 months post-
COVID are
associated with
persisting
symptoms and
inflammation in a
subset of COVID-19
survivors

Abnormal cognitive
status is associated
with anti-neuronal
Abs in CSF

No detectable anti-
IFN-a2 antibodies
in LC
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No significant differences in the
total number of autoantibody
' 220 participants (101 LC, reactivitie?. per participant across  No specific
Klein ] et al., 41 CC. 41 HC. and 37 groups using autoAbs that could
2022 [152] u CW)’ ’ REAP, a high throughput method differentiate
. for the measurement of Ab participants with
Cross-sectional study . .
reactivity against >6,000 LC from controls
extracellular and secreted human
proteins
A coh £ ID-1
aiioen(;;tfsorioigniglv ’ - IFN-a2 autoAbs
p. . - Patients with autoAbs at uniquely associated
diagnosis to convalescence o . .
convalescence (44%) already with respiratory
(2-3 months later). o .
457 HC exhibited mature (class-switched) symptoms of LC
SuY etal., 2022 L. auto-Abs as early as at diagnosis - 1 multiple
Determination of an auto-
[168] . (56%). autoAbs at
Ab panel: anti-IFN-a2, and .
5 anticnuclear auto-Abs -Inverse correlations between SARS-convalescence are
(Ro/SS-A, La/SS-B, Ul- ;i):;—AZbI;gGs (class-switched) and zsicita;;i x;z;’jl GI
snRNP, Jo-1, and P1) at ‘ ymp .
- . . - sputum production
clinical diagnosis and
of LC
convalescence
-IgG anti-IFN-A
. o Abs were
-Latent autoimmunity in 83% of . .
. associated with the
Case-control study patients ersistence of
. 100 patients with LC -Polyautoimmunity in 62% of pers’
RojasMetal., . . . respiratory
2022 [175] with a median post- patients symptoms
COVID time: 219 (IQR: 143-anti-IFN autoAbs in 5-10% of —I}:atfnt '
to 258) days. patients autoimmuni
30 pre-pandemic HC -Anti-SARS-CoV-2 IgG correlated 'ty
. correlates with Ab
with autoAbs

Endothelial or vascular biomarkers

-Angiogenesis markers (ANG-1 and
P-SEL) had excellent sensitivity and

A case-control study of 23
LC patients, one to six
months post-infection, and

specificity for LC status
Patel MA et al., (AUC=1.00) among 16 blood

2022 [176] biomarkers of vascular

23 ward COVID patients, transformation
23 ICU COVID patients -ANG-1 levels were associated with
and 23 HCs

female sex and a lack of disease
interventions at follow-up

A case-control study of 30 -1 ET-1 concentration in

LC patients with persistentboth ME/CFS and LC patients
Haffke M et al., fatigue and exertion compared to HCs and post-
2022 [177] intolerance (14 with 14 convalescent controls

post-COVID ME/CFS) and -| Ang-2 in both LC

15 age- and sex matched patients and post-convalescent

seronegative HCs controls compared to HCs

response against
SARS-CoV-2

-Diagnostic utility
and classification of
LC status (accuracy
96%)

-LC patients with
fatigue present 1
ET-1and | Ang-2
- Ang-2 levels
exclusively in LC
could be a
differentiation

biomarker between

PCS and ME/CFS
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A cross-sectional study of -No significant differences in
Tong M etal., 345 COVID-19 (39% had vascular biomarkers (serum levels
2022 [178] LC symptoms) and 119  of VCAM-1, ICAM-1, P-selectin)

age and gender-matched between COVID-19 survivors and

HCWs controls
Biomarkers of coagulation and fibrinolysis

-Diagnostic utility

in LC; however
small effects
-1 D-dimer, CRP, LDH and -1 D-dimer, LDH,
leukocytes in LC patients than those and lymphocytes in
without LC patients with organ
-1 lymphocytes and IL-6 in LC abnormalities
patients than those without LC -1 D-dimer in
-1 IL-8 in LC than healthy controls patients with

Meta-analysis of 23 studies
(14 prospective and 9
retrospective case control)
with 18 meta-analyzed
biomarkers

Yong S] et al.,,
2023 [150]

duration of
symptoms =6

months
-1 platelet binding on both collagen
Constantinescu-A cohort of 21 patients ir(ljdc?)rrl:_;]r‘;v;vﬁi}iigr?:;zgsx;?h
Bercu A etal.,, with LC with a median P 4 -LCisa

positively correlated with VWF,
VWE(Ag):ADAMTSI3 ratio, and
inversely correlated with
ADAMTSI13 activity

-1 D-Dimer levels in LC children
compared to children that had fully
A case-control study of 75 recovered at the 8-12 weeks (p =
children with previously 0.04), and 12 week follow up or Abnormal D-dimer
confirmed COVID-19 ina more (p = 0.05), and in children withlevels in children
pediatric post-covid unit > three or more symptoms at 12 with LC and more

2023 [179] time of 23 months of

follow up and controls

prothrombotic state

Di Gennaro L et
al., 2022 [180]

8 weeks after the initial ~ weeks (p =0.002). symptoms
infection -No significant differences in other
coagulation factors between LC
children and controls
-1 platelet factor 4 (PF4), VWEF, and
fg;fg;? al, A case-control study of 99 ?‘fpaiziiga;r;ilgii_ﬁ? Cm Lc Failed fibrinolytic
LC patients and 29 HCs. system in LC

- Significant platelet hyperactivation
was noted in LC

- Microclots in both acute COVID-19
and LC plasma samples are
resistant to fibrinolysis (compared
to plasma from controls and T2DM)

A tional study of
€ross sectional stuey -1 SAA in LC than controls

Pretorius Eet 11 patients with LC, 13 Platelets from LC patients are Abnormal
al., 2021 [182] HCs, 15 with COVID-19 hvperactivated P fibrinolysis and
(before treatment), 10 with P coagulopathy in LC

T2DM

-in the digested clots T a2
antiplasmin, plasminogen,
coagulation factor XIII A chain,
vWE, fibrinogen alpha chain, C7,
CRP in LC than controls
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Hormonal and metabolic biomarkers
- LC is associated

ith -onset IR
Retrospective cohort study-1 HOMAZ2-IR, fasting blood Wi TIEWSonse

-1IR
Al-Hakeim HK with controls glucose, and insulin levels in LC sI niﬁvzzitl
et al., 2023 [124] 86 patients with LC -33.7% of patients vs 0% of controls asgsociate d v};ith
39 HC had HOMA-IR >1.8 .
depressive
symptoms
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Abbreviations: Ab: antibody; ANA: antinuclear antibodies; Ang-2: Angiopoietin-2; CC: Convalescent Control;
CD: Dendritic Cell; CI: Confidence Intervals; CNS: Central Nervous System; CSF: Cerebrospinal Fluid; EBV:
Epstein-Barr Virus; EBNA: EBV-encoded Nuclear Antigen; ET-1: Endothelin-1; HC: Healthy Control; FT4: Free
thyroxine; GH: Growth Hormone; GI: Gastrointestinal; HHV: Human Herpesvirus; HOMA-IR: Homeostasis
Model Assessment-Insulin Resistance; HW: Healthcare Worker; IBD: inflammatory bowel disease; ICAM-1:
Intercellular Adhesion Molecule-1; IFN: Interferon; IL: interleukin; IQR: Interquartile Range; LC: long COVID;
LDH: Lactate dehydrogenase; MIS-C: Multisystem Inflammatory Syndrome in children; NfL: neurofilament
light chain protein; NK: Natural Killer Cell; NT-Pro-BNP: N-terminal pro b-type natriuretic peptide; PASC: post-
acute sequelae SARS-CoV-2 infection; REAP: Rapid Extracellular Antigen Profiling; SCFAs: Short-chain fatty
acids; T2DM: diabetes mellitus type 2 VCA: Viral Capsid Antigen; VCAM: Vascular Cell Adhesion Molecule
1;VEGF: Vascular Endothelial Growth Factor; VWF: Von Willebrand factor.

6.1. Biomarkers of systemic inflammation

In response to a viral infection at the acute phase, the immune system activates several cells (T
cells, macrophages, etc.) releasing different inflammatory molecules including cytokines and
chemokines. SARS-CoV-2 infection may trigger a “cytokine storm” characterized by a moderate
proinflammatory cytokine release associated with severe monocyte dysregulation [192]. Acute
respiratory distress syndrome (ARDS), one of the leading causes of death in patients with COVID-
19, is mainly triggered by the cytokine storm [193]. Interestingly, varied and relapsing symptoms of
LC may be due to increased cytokines, released by an abnormal immune response [194].

In the past 2 years, there have been several case-control, prospective and retrospective studies
that have investigated inflammatory biomarkers in LC, yielding mixed results. An early meta-
analysis of 15 studies on the prevalence of long-term effects in LC including laboratory abnormalities
reported limited evidence for systemic inflammation after 4 months approximately post-infection
[15]. In particular, 8% of patients had elevated CRP and ferritin while 3% and 4% of patients had
increased levels of IL-6 and procalcitonin respectively [15]. However, this was an early meta-analysis
that included a very small number of studies examining laboratory abnormalities with a moderate
number of participants. In contrast, a very recent meta-analysis of 23 studies (14 prospective and 9
retrospective case-control) with 18 meta-analyzed biomarkers has found that survivors of LC
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presented higher levels of CRP, D-dimer, lactate dehydrogenase (LDH) and leukocytes than controls
without LC; however, the effect sizes were small [150]. After sensitivity analyses, lymphocytes and
IL-6 were also significantly elevated in cases with LC. In particular, differences in the levels of D-
dimer, LDH, and lymphocytes were prominent in the group of patients with organ abnormalities
assessed by imaging and functional studies while differences in levels of IL-6 were observed in the
group of patients with persistence of symptoms [150]. Furthermore, differences in the levels of LDH,
leukocytes, and N-terminal pro b-type natriuretic peptide (NT-Pro-BNP) were found in the group of
patients with symptoms less than 6 months, while differences in D-dimer levels were found in
patients with symptoms more than 6 months. IL-8, a chemokine activating neutrophils at the
inflammation site, was found elevated in LC patients compared to healthy controls based on only
two studies [150]. Finally, another meta-analysis of 22 case-control observational studies has found
that IL-6 were higher in patients with LC compared with healthy individuals and those without post-
acute sequelae of COVID-19 but lower than in patients during the acute phase of COVID-19 [151]. IL-
6, which is a practical biomarker of systemic inflammation and adverse outcomes of acute COVID-
19, may serve as a useful predictor of LC after a time window of 4 weeks post infection informing on
the “early stage” of LC [151]. In several studies, higher levels of IL-6 were sustained for up to 7
months in patients with LC [81,156,195,196]. Likewise, in some studies, CRP, the acute-phase protein
of hepatic origin that is elevated following the release of IL-6 by macrophages and T cells, is
persistently increased in LC patients from the early phase [197] and up to 7 months after [20,182].

Additional studies on cytokines and chemokines have shown an augmentation of IL-2 (which
stimulates the growth of helper, cytotoxic and regulatory T cells), IL-17 (which is associated with
inflammation and auto-immunity), interferon (IFN)-y (which is critical for innate and adaptive
immunity against viral infections), CCL3 and CCL5 in the early phase of LC [20,156,195,198,199].
Patients experiencing LC with cognitive symptoms have shown elevated CCL11, which is associated
with inhibition of neurogenesis, aging and cognitive function, compared to those with LC but without
cognitive symptoms [200,201]. Contradictory results were reported on anti-inflammatory cytokines
IL-4 and IL-10 which were found reduced or elevated in LC patients [156,199]. Compared to
recovered patients, IFN-y remained elevated at 2 months, tumor necrosis factor-a (TNF-a) at 4
months and IFN-3 and IFN-A1 at 11 months in LC patients [85,195]. Interestingly, the genotype AA
of the IFNG gene was more frequently found in LC patients [202]. Other acute phase proteins that
respond to proinflammatory cytokines and rise following inflammation and tissue injury such as
serum amyloid 1 (SAA1) and SAA4 were increased in the microclots of patients with LC at 3 months
[182].

Overall, certain phenotypes of LC are associated with increased biomarkers of systemic
inflammation; however, data are limited. These biomarkers may present a predictive value to detect
patients at risk of LC as well as a diagnostic value for certain LC phenotypes. Further longitudinal
studies are required to observe if the pattern of elevation of certain cytokines follows a similar pattern
seen in ME/CSF, where some cytokines decrease after being elevated in the first years of the disease
despite the persistence of symptoms [203].

6.2. Immune profiling in long COVID

Studies investigating immune dysregulation in patients with LC have found a plethora of
alterations in immune cells. Increased inflammatory monocytes (CD14+, CD16*, CCR5*) were found
in cases before the development of LC and in the convalescent chronic period [156] along with
elevated non-classical monocytes, which are also associated with various chronic inflammatory and
autoimmune conditions [152]. Studies have also documented increased Natural Killer (NK) cells
expressing markers of memory and activation, higher plasmacytoid dendritic cells exhibiting CD86
and CD38 markers, which play an important role in antiviral immunity and have been implicated in
the initiation and development of many autoimmune and inflammatory diseases, and decreases in
the numbers of conventional dendritic cells [85,152,154].

Interestingly, individuals with LC present B and T cell abnormalities persisting for at least one
year, including decreased naive B and T cells; increased B cells and double negative B cells, which
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expand in older individuals, but also accumulate prematurely in autoimmune and infectious
diseases; decreased CD4* and CD8* effector memory cells; increased or decreased SARS-CoV-2 CD8*
T cells expressing cytotoxic markers in patients with respiratory symptoms or gastrointestinal
symptoms respectively; reduced exhausted lymphocytes (CD4*/CD8* expressing PD1) before clinical
manifestations of LC; and increased exhausted lymphocytes in the convalescent period of LC
[20,85,152,154,168,204].

No firm conclusions can be drawn about T regulatory (Tregs) cells alterations in LC due to
inconclusive data [153]. After their initial infection with SARS-CoV-2, patients with LC manifest
dysregulation of Treg cell function. These cells play a crucial role in self-tolerance by inhibiting T cell
proliferation and cytokine production and preventing autoimmunity. However, there are
contradictory findings with higher and lower frequencies of Treg amid CD4+ cells in cases with LC
compared to recovered subjects [154,155] while a lower Treg proportion was found in 121 patients
with LC compared to controls [156].

Overall, although there is no specific immune signature due to the heterogeneity of LC; the
abnormalities in the immunophenotype of cases with LC underscore a prolonged antiviral immune
response which is common during chronic exposure to viral antigens and viral persistence.

6.3. Biomarkers reflecting SARS-CoV-2 persistence

Several studies with a small number of participants as well as case series and reports have found
components of viral persistence which may trigger symptoms of LC, particularly gastrointestinal
symptoms, such as viral proteins (spike and nucleocapsid) and/or SARS-CoV-2 RNA in feces, plasma,
urine, brain, muscles, eyes, lymph nodes, cardiovascular organs, liver and lung tissue [87,157-
159,161,205]. A histopathological study in infected tissues by performing autopsies on 44 COVID-19
cases has found SARS-CoV-2 RNA broadly distributed in 84 distinct anatomical sites up to 230 days
after infection. Interestingly, notwithstanding that viral RNA was indetectable in plasma amid all
deceased cases, viral persistence was identified throughout a plethora of tissues using high-
sensitivity droplet digital PCR, suggesting the sustained presence of low viral load in biospecimens
of COVID-19 patients [87]. Moreover, intestinal endoscopic studies particularly in patients with
inflammatory bowel disease (IBD) have shown SARS-CoV-2 presence in the gut epithelium or stools
even after 6 months post-infection, suggestive of a potential viral reservoir triggering sustained
inflammatory responses in some cases of LC [158,160,206]. Interestingly, detectable SARS-CoV-2
RNA in stool samples and increased circulating spike, S1, and nucleocapsid (N) antigens were found
in children with MIS-C compared to children with acute COVID-19 or controls, suggesting that viral
persistence may trigger the hyperinflammatory responses defining MIS-C [161]. Nonetheless, Sigal
et al. did not show any persistence of plasma spike antigen in a multicentric cohort study of children
with MIS-C employing an ultra-sensitive electro-chemiluminescent immunoassay [207].

Overall, current available evidence has highlighted that the duration of SARS-CoV-2 infection
in cases may persist longer than determined by PCR-negative tests on nasopharyngeal swabs or
bronchoalveolar lavage fluids. Sustained low grade multisystem inflammation in both adults and
children may be attributed to lingering SARS-CoV-2 infection or reinfection [208]. The use of anti-
viral agents against SARS-CoV2 such as nirmatrelvir with ritonavir could eradicate viral reservoirs
and attenuate symptoms of LC.

6.4. Humoral and cellular response against SARS-CoV-2 in long COVID

Adaptive immune responses are a key component for the control of viral infection, the severity
of the infection and the protection from reinfection. During acute infection, immune responses are
crucial for establishing the coordinated immune response required for the development of antibody
and memory B cells. Clinical trials have documented that neutralizing antibodies to SARS-CoV-2 may
decrease severity of disease, mortality and length of hospitalization [209].

Conlflicting results have been reported regarding anti-SARS-CoV-2 antibody response and the
occurrence of LC with both positive, neutral and negative associations of SARS-CoV-2-specific
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antibody titers against spike, S, the receptor-binding domain (RBD) domain of the spike protein or N
protein in both hospitalized and non-hospitalized patients [89,152,162-165].

T cells play a critical role in COVID-19 immunity, severity and mortality, yet relatively little is
known about their contribution to LC. A limited set of studies that have investigated SARS-CoV-2-
specific T cell responses have implicated T cells in LC, albeit with contradictory findings. While
certain studies have reported increased SARS-CoV-2-specific T cell responses in LC in comparison to
non-LC cases [162,196], a rapid decay of subsets of SARS-CoV-2-specific CD8+ T cells was observed
in the context of LC in another study [165]. Also, the kinetics of antigen-specific T cell responses
varied in LC, with individuals presenting similar antigen-specific T cell responses at the early and
intermediate phases of convalescence and even elevated responses at a later time point [162]. In one
study, a decreased proportion of CD8* T cells expressing CD107a, a marker of degranulation, in
response to the N peptide pool stimulation, and a faster decline in the frequency of N-specific
interferon-y-producing CD8* T cells were observed in patients with LC after 4 months of COVID-19
onset [165].

6.5. Biomarkers reflecting reactivation of latent viruses

Herpesviruses are ubiquitous and may establish lifelong latency following primary infection.
The inability of maintaining latency with short-term or long-term implications may be caused by
other infections. In a recent meta-analysis, the prevalence of active herpesviruses infections in
COVID-19 patients was 41% for EBV, 3% for HHV-6, 28% for HSV, 25% for CMV, 22% for HSV1, and
18% for VZV, while severe COVID-19 is associated with a 6-fold higher chance for active EBV
infection [210]. Interestingly, EBV reactivation in the acute phase of COVID-19 infection may be
associated with severe COVID-19 [211].

Reactivated herpesviruses, particularly EBV and HHV-6, were documented in patients with LC
[152,166-169]. Regarding EBV reactivation, EBV viremia or increased titers of anti-EBV antibodies
(IgM/IgG against Viral Capsid antigen/VCA and IgG against EBV-encoded nuclear antigen/EBNA)
may be early predictive biomarkers of LC. Reactivation may occur soon after or concurrently with
COVID-19 infection [152,166-169,210]. One study demonstrated that early EBV viremia may be
associated with fatigue and respiratory symptoms [168], while in two studies increased antibody
titers against EBV were associated with fatigue, cognitive dysfunction [166], headache, psycho-
neurological disorders, respiratory symptoms and myalgia, and increased liver enzymes, CRP and
D-dimer [167]. Reactivation of EBV infection has also been found amid patients with ME/CFS
suggesting that EBV is an important factor for the development of the disease [79,212]. Interestingly,
an altered and chronically aroused anti-viral profile against latent viruses (EBV, HHV6 and human
endogenous retrovirus K), particularly IgG against EBV-encoded nuclear antigen-1 (EBNA1), was
noted in patients with ME/CFES after mild/asymptomatic COVID-19 [213].

6.6. Biomarkers reflecting autoimmunity

Infections may trigger antibody polyreactivity and autoimmunity, which are generally
considered detrimental [214]. COVID-19 encompasses a broad spectrum of clinical phenotypes that
exhibit exaggerated and misdirected host immune responses [215]. Patients with COVID-19 show
marked elevations in autoantibody reactivities as compared to uninfected people, with an increased
prevalence of autoantibodies against immunomodulatory proteins (e.g., cytokines, chemokines,
complement components and cell-surface proteins) that may alter immune function and impede the
control of the virus [216]. Autoantibodies, particularly those that neutralize type I IFNs, have been
documented to be related with immune dysregulation and COVID-19 severity and death [217], and
have been proposed to be associated with LC.

To date, contradictory results have been reported for autoantibodies as a major component in
the pathogenesis of LC. In particular, there are studies that did not report a specific profile of
autoantibodies, including anti-IFN and anti-IFN-a2 autoantibodies or antinuclear (ANA) antibodies
[174,218], that could differentiate patients with LC from recovered patients or controls,
[152,171,174,218]. On the contrary, other studies have reported a plethora of autoantibodies in LC,
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including elevated ANA antibodies (e.g., anti-U1-snRNP and anti-SS-B/La), anti-neuronal antibodies,
anti-IFN antibodies, autoantibodies against ACE2, angiotensin II AT: receptor, angiotensin 1-7 MAS
receptor, [32-adrenoreceptor and muscarinic M2 receptor [168,172,173,175,219,220]. Interestingly, in
one cohort study, the presence of antibodies against specific chemokines (CCL21, CXCL13 and
CXCL16) was negatively associated with the development of LC at 1-year post-infection [170]. It is
possible that autoantibodies to certain chemokines may positively impact the long-term outcome of
COVID-19 by antagonizing or regulating the activation, recruitment and retention of activated T and
B cells in diverse anatomic sites [170]. Finally, in some studies, specific autoantibodies were
associated with clinical phenotypes of LC. ANAs were associated with persistent symptoms of
fatigue and dyspnea [172], antineuronal antibodies in CSF and serum with cognitive impairment
[173], and anti-IFN-a2 or anti-IFN-A autoantibodies with respiratory symptoms of LC [168,175].

6.7. Endothelial or vascular biomarkers

Recent data have shown that endothelial inflammation and damage in COVID-19 could lead to
long-term implications for vascular function [177,221]. Endotheliopathy is also observed in LC being
associated with the disease [83]. Furthermore, increased inflammatory mediators in LC may lead to
the upregulation of cell adhesion molecules and angiogenesis factors, and the shedding of the
protective glycocalyx matrix of the capillary endothelium with subsequent significant alterations in
microvascular resistance and hemodynamics [83,222]. The adhesion of hyperactivated neutrophils to
capillaries in the brain, lungs, heart and other tissues or organs may further be implicated in the
pathogenesis of LC [83,114]. In a recent observational study, elevated endothelin-1, a biomarker that
mediates vasoconstriction, and decreased angiopoietin-2, a biomarker of vascular angiogenesis, were
reported in patients with LC and fatigue [177]. Interestingly, decreased angiopoietin-2 was found
exclusively in LC and could be a differentiation biomarker between LC and ME/CFS [177]. In another
study, angiopoietin-1 and P-selectin, a protein synthesized by activated thrombocytes and
endothelial cells that acts as a cell adhesion molecule, presented excellent sensitivity and specificity
for predicting LC status among 16 blood biomarkers of vascular transformation [176]. However, a
larger cross-sectional study did not find significant differences in vascular biomarkers between
patients recovered from COVID-19 one year after hospital discharge and controls [178].

6.8. Biomarkers of coagulation and fibrinolysis

Endothelial dysfunction and hypercoagulability may present in some patients approximately 1
year after recovery from COVID-19 [223]. Interestingly, some patients with LC have a genetic
predisposition for thrombophilia based on the evaluation of related genetic polymorphisms [223].
Individuals with LC may present with anomalous fibrin amyloid microclots that block capillaries and
cause tissue hypoxia, dysfunction in oxygen exchange and tissue damage upon restoration of oxygen
supply (ischemia-reperfusion injury) [83,224]. These microclots which are resistant to fibrinolysis
may trigger oxidative stress and the secretion of proinflammatory cytokines, establishing a vicious
cycle that may be implicated in the plethora of clinical manifestations observed in LC [83,182,224].
Several studies have shown that microclots were identified in the plasma of patients with LC,
carrying altered levels of coagulation and fibrinolysis proteins, that are involved in endothelial injury,
platelet activation, coagulation and fibrinolysis, such as increased von Willebrand factor (vVWE),
platelet factor 4, fibrinogen chains a and {3, factor XIII, plasminogen and antiplasmin (a2AP), and
decreased plasma kallikrein [181,182]. Numerous proinflammatory molecules, such as SAA,
antibodies and complement components trapped inside microclots were also detected by proteomics
in LC [111,181,182,225]. Interestingly, ME/CEFS is also characterized by substantial and measurable
alterations in platelet hyperactivation, coagulability, and fibrinoid microclot formation; nevertheless,
the load of microclots is greater in LC [119].

A meta-analysis of 23 prospective and retrospective studies with 18 meta-analyzed biomarkers
has shown that elevated D-dimer presents a diagnostic utility in LC albeit of small effect, being
present in some patients with organ abnormalities and in patients with duration of symptoms more
than 6 months [150]. Concentrations of D-dimer have also been associated with severe COVID-19
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infection [226]. Interestingly, abnormal D-dimer levels were found in children with LC and more
symptoms at 12 weeks post-infection compared to children that had fully recovered at the 8-12 weeks
[180]. Collectively, these findings underscore the contribution of endotheliopathy, coagulopathy and
failed fibrinolysis in the pathogenesis of LC.

6.9. Hormonal and metabolic biomarkers

Endocrine dysfunction may also be implicated in LC pathogenesis. Two longitudinal multi-
omics studies have reported persistent low levels of cortisol as a robust distinctive characteristic
between patients with LC, convalescent individuals and healthy controls [152,168]. In the yet
unpublished, exploratory, cross-sectional and longitudinal study of 220 individuals, plasma cortisol
in patients with LC was half of that in age-, sex- and BMI-matched controls at 400 days post-infection,
while hypocortisolemia was the most significant predictor for LC occurrence based on machine
learning tools [152]. Moreover, a recent multi-omics, longitudinal study has shown that low plasma
cortisol in conjunction with the presence of anti-IFN autoantibodies were found in patients with LC
and respiratory symptoms 3 months later [168]. Intriguingly, low cortisol secretion by the adrenal
glands was not compensated by an increase in adrenocorticotropic hormone (ACTH), suggesting a
dysfunction in the hypothalamus-pituitary-adrenal (HPA) axis. This dysfunction is compatible with
clinical manifestations present in primary adrenal insufficiency (Addison’s disease), such as fatigue,
brain fog, muscle weakness, nausea, abdominal pain, body hair loss, anxiety or depression, etc. [227].
Interestingly, hypocortisolemia with hypo-responsiveness of the HPA axis and chronic fatigue are
observed in patients with ME/CFS, chronic stress disorders and fibromyalgia, and some post-viral
infection syndromes such as post-SARS and post-MERS [72,122,228-230]. Low cortisol has also been
documented in acute COVID-19 [231]. Notably, the triad of hypocortisolemia, reactivation of EBV
and T-cell exhaustion has also been reported in ME/CSF which accounts for a significant percentage
of LC patients [232,233].

Regarding other hormonal and metabolic alterations, in a retrospective analysis of 186 patients
with LC but without convalescent or control patients, low cortisol was associated with
dysosmia/dysgeusia. Low serum growth hormone and increased serum FT4 were linked to general
fatigue while higher thyrotropin (TSH) and a lower of FT4/TSH was found in the initially severe LC
cases [183]. In another retrospective cohort study, patients with LC presented increased new onset
IR, while increased IR was significantly linked to depressive symptoms [124]. Interestingly, lower
adiponectin, which is associated with obesity, metabolic syndrome and IR and cancer [234-244] was
detected in digested microclots of LC patients compared to the control group [181]. Finally, in a
randomized trial of 1,125 adults aged 30 to 85 with overweight or obesity in the US, there was a 42%
relative reduction in the incidence of LC in the metformin group compared to its blinded control
[245].

6.10. Various proteins as biomarkers

In a prospective longitudinal cohort study of 2,320 participants discharged from hospital,
plasma proteome data have shown that 13 inflammatory proteins were associated with the severe
group of LC [81]. The highest protein concentration was trefoil factor 2 (TFF2), a protein released with
mucin from mucosal epithelium comprising lung and gastric mucosa, suggesting persistent mucosal
epithelial abnormalities and inflammatory cell activation. Increased IL-6 and CD70 were associated
with cognitive impairment, highlighting the role of CD70 in neuroinflammation in the CNS.
Furthermore, higher serum agrin, which has been detected in older adults with sarcopenia, was
associated with physical impairment [81]. In another longitudinal proteomic case-control study of
156 healthcare workers, a plasma proteomic signature associated with lipid, atherosclerosis and
cholesterol metabolism pathways, complement and coagulation cascades, autophagy, and lysosomal
function at the time of seroconversion had the potential to predict patients who are more likely to
suffer from LC [184]. Finally, another proteomic study found evidence of a failed fibrinolytic system
in LC associated with the entrapment of many proinflammatory proteins, which may be important
for patients with pre-existing comorbidities, including cardiovascular disease and type 2 DM [181].
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6.11. Metabolites as biomarkers

Metabolomics could be a powerful tool for diagnostic, prognostic and drug intervention analysis
in COVID-19 as well as in LC [246]. Although there is no a characteristic metabolite signature
associated with LC, some studies have shown that LC may present: 1) an altered fatty acid
metabolism and dysfunctional mitochondria-dependent lipid catabolism consistent with previously
reported mitochondrial dysfunction during exercise [134]; 2) an activation of the kynurenine
pathway, and specifically the elevation of the metabolites quinolinic acid, 3-hydroxyanthranilic acid
and kynurenine is linked to cognitive impairment in LC [187]; 3) a dysregulation in the sphingolipid
metabolism that could be associated with fatigue and muscular pain in LC [185]. Overall, based on
metabolomics studies, mitochondrial dysfunction, impaired energy metabolism, altered lipid
metabolism and redox state imbalance are main hallmarks of LC.

6.12. Microbiota alterations in long COVID

Gut dysbiosis may contribute to the development of several metabolic, autoimmune and
inflammatory disorders, including ME/CFS [240,247-249]. Several lines of evidence have shown the
replication of SARS-CoV-2 in human enterocytes, its detection in stool samples as well as an altered
intestinal microbiota composition in patients with COVID-19, which correlate with disease severity
and inflammatory biomarkers [250]. Gut dysbiosis could persist after disease resolution and be
implicated in LC [251]. Indeed, based on some prospective follow-up studies in recovered COVID-
19 patients and controls, gut microbiota dysbiosis may be present at one-year after discharge in
recovered COVID-19 patients, being predictive of LC occurrence [188,189].

Patients with LC may present: 1) reduced bacterial diversities; 2) lower relative abundance of
Short-chain fatty acids (SCFA)-producing beneficial symbionts, such as Eubacterium_hallii_group,
Subdoligranulum, Ruminococcus, Dorea, Coprococcus, and Eubacterium_ventriosum [188,189]; 3) lower
levels of butyrate-producing bacteria that are associated with LC at 6 months [189]; 4) increased
abundance of Ruminococcus gnavus, Bacteroides vulgatus and decreased abundance of Faecalibacterium
prausnitzii [189]. Interestingly, microbiota transfer from individuals with LC provoked a decline in
brain cognitive properties and dysfunctional lung defense in mice, which was partially prevented by
the administration of the commensal probiotic Bifidobacterium longum [252]. Probiotics, prebiotics and
synbiotics, that have shown beneficial metabolic and immunologic properties [248,253-255], could be
used as adjunct therapeutic tools in LC in the future. Finally, although there are no data on mycobiota
alterations in LC, a study has found increased levels of fungal translocation from the gut and/or the
lung epithelia, determined by p-glucan, a fungal cell wall polysaccharide, in the plasma of
individuals of LC, suggesting the important role of fungal translocation in chronic immune activation
due to gut barrier permeability [256].

Overall, all these findings suggest that an individual’s intestinal microbiome configuration at
the time of SARS-CoV-2 infection may alter the susceptibility to long-term complications of COVID-
19. Nonetheless, these alterations may represent reactive changes to LC; therefore, future research
including prospective longitudinal studies with a multi-omics approach of non-hospitalized patients
followed from the time of infection until the development of persistent symptoms is required to
delineate the exact contribution of intestinal dysbiosis to LC.

6.13. Cerebrospinal fluid biomarkers

Cerebrospinal fluid (CSF) analysis is a diagnostic mainstay in neuroinflammatory disorders.
Nevertheless, limited information on CSF data in patients with LC is currently available [129]. In a
systematic review, non-specific inflammatory CSF abnormalities were frequently found in patients
with COVID-19 and neurological symptoms; however, the elevation of neurodegeneration
biomarkers could suggest that neuronal damage may present unknown long-term implications [257].
In a retrospective multicenter analysis of 150 lumbar punctures in 127 patients with PCR-proven
COVID-19 and neurological involvement, the CSF profile has shown markers of blood-brain barrier
disruption in the absence of intrathecal inflammation, which is compatible with cerebrospinal


https://doi.org/10.20944/preprints202305.1487.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2023 doi:10.20944/preprints202305.1487.v1

27

endotheliopathy [258]. This blood-brain barrier dysfunction as well as the increased levels of
cytokines and chemokines may be implicated in both acute neurologic symptoms as well as in LC.
Another study with a small sample size in patients with neuro-COVID, has shown an increase in CSF
biomarkers of neuroinflammation and neurofilament light chain, indicative of neuronal damage
[259]. In a cross-sectional and long-term longitudinal study with a multi-omics approach, the
prevailing signs of severe neuro-COVID were dysfunction of the blood-brain barrier, increased
microglia activation biomarkers and a polyclonal B cell response targeting self-antigens and non-self-
antigens [129]. Patients with neuro-COVID-19 presented with decreased regional brain volumes
related with specific CSF markers; nonetheless, COVID-19 patients with cytokine storm did not show
an inflammatory CSF profile [129].

LC is more prevalent in patients with severe neuro-COVID and is linked to specific plasma and
CSF biomarkers. In a long-term follow-up study, within CSF, low levels of the anti-inflammatory
protein TRANCE (RANKL) in conjunction with increased levels of the proinflammatory protein
TNFRSF9 and IFN-v levels were the best single protein predictors for LC [129]. Furthermore, the
upregulation of plasma CLM-6, monocyte chemotactic proteins (MCP)-3 and ST1A1, which are
involved in macrophage and monocyte activation and infiltration in the central nervous system
(CNS) and in autoimmune encephalitis, may predict LC [129,260]. After mild COVID-19, sustained
inflammatory response may not be a major component in the pathogenesis of LC with neurological
symptoms based on CSF findings in subjects with cognitive impairment developing one to six months
after recovery [190]. In this small case-control study within a prospective study evaluating recovery
from COVID-19, although the majority of participants presented normal values in CSF for many
parameters (white blood cells, glucose, CSF/serum albumin ratio, IgG index, etc), a higher proportion
of abnormal CSF findings and an abnormal oligoclonal banding pattern were detected in 77% and
69% of patients with LC and cognitive impairment versus 0% of controls, underscoring a potential
abnormal autoimmune response [190]. Finally, in a prospective case-control study of 60 hospitalized
neuro-COVID patients, only levels of protein 14-3-3 and neurofilament light chain (NfL) in the CSF,
which are biomarkers of neuroaxonal damage, were significantly associated with the degree of
neurologic disability in daily activities at 18 months follow-up [191].

Overall, all these biomarkers are associated with neuropathologic mechanisms including
peripherally induced cytokine alterations followed by blood-brain barrier dysfunction with intrusive
polyreactive autoantibodies, endothelial dysfunction and coagulopathy, increased reactivity of
microglia, neuroinflammation and neuronal damage.

7. Biomarkers classifying clinical manifestations in long COVID

LC represents a heterogeneous complex multi-system disorder with different clinical
manifestations; hence, it would be ideal to categorize it for diagnostic, prognostic and therapeutic
purposes. Notwithstanding that the majority of biomarkers analyzed in this review concerns the
totality of LC, candidate specific biomarkers for major distinctive clinical features of LC are classified
into the following groups: general symptoms including fatigue and muscle pain; respiratory
symptoms; neurologic symptoms; and gastrointestinal symptoms. Figure 2 depicts main candidate
biomarkers for symptom-distinctive features of LC.


https://doi.org/10.20944/preprints202305.1487.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2023

Candidate biomarkers for
pulmonary/respiratory
symptoms of LC

<

M cytotoxic T cells
expressing markers of
exhaustion & senescence
M NKcells & y8 T cells

J suppressive cells

EBV viremia

/M antibody titers against
EBV

N ANAs

A anti-IFN-a2 or anti-IFN-A
autoantibodies

J plasma cortisol

M S-sulfocysteine

M CRP

MIL-6

1 SARS-CoV-2-CD4+/CD8+
Tcells

NS NN N

S

Candidate biomarkers for
fatigue symptoms of LC

EBV viremia

/M antibody titers against EBV
M anti-Spike SARS-CoV-2 IgG
N ANAs

M endothelin-1, agrin & FT4
{ angiopoietin-2, cortisol

& GH

altered metabolites in the
sphingolipid metabolism

NN SN S

N

d0i:10.20944/preprints202305.1487.v1

BRSNS S SN

&

Candidate biomarkers for
neurologic symptoms of LC

A IL-6, MCP-1 & TNF-a
EBV viremia

1 cCL11,IL-6, CD70

& antineuronal antibodies
A S-sulfocysteine

M metabolites of the
kynurenine pathway

CSF abnormalities &
abnormal oligoclonal
banding

 proteins 14-3-3 & NfL
1 GFAP

1 B-glucan

2 HOMA-IR score

J serum cortisol

1 exosomes containing
SARS-CoV-2 proteins

J mitochondrial proteins

28

Candidate biomarkers for

gastrointestinal symptoms of LC

A NN N

SARS-CoV-2 RNA in stool

/ viral proteins (S, S1, N)

A zonulin

M LPB

1 B-glucan

 autoAb La/SS-B

1 CMV-specific CD8+ T cells
1 SARS-CoV-2-specific CD8+
T cells expressing cytotoxic
markers

Figure 2. Candidate biomarkers classifying clinical manifestations in long COVID (LC).
Abbreviations: ANAs: antinuclear antibodies; CMV: Cytomegalovirus; CRP: C-Reactive Protein; CSF:
Cerebrospinal fluid; EBV: Epstein-Barr Virus; GFAP: glial fibrillary acidic protein; GH: Growth
Hormone; HOMA-IR: Homeostatic Model Assessment for Insulin Resistance; IFN: Interferon; IL:

interleukin; LBP: Lipopolysaccharide Binding Protein; MCP: Monocyte Chemotactic Protein; NfL:

neurofilament light chain protein; NK: Natural Killer; SARS-CoV-2: Severe Acute Respiratory

Syndrome Coronavirus 2; TNF: tumor necrosis factor; , (All images are originated from the free

medical site http://smart.servier.com/ (accessed on May 15, 2023) by Servier licensed under a Creative

Commons Attribution 3.0 Unported License).


https://doi.org/10.20944/preprints202305.1487.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2023 doi:10.20944/preprints202305.1487.v1

29

7.1. Candidate biomarkers for general symptoms and fatigue

Overall, altered levels of D-dimer, LDH, and lymphocytes were characteristic of patients with
organ abnormalities evaluated by imaging and functional studies whilst increased levels of IL-6, D-
dimer and CRP were observed in some patients with persistence of symptoms (more than 6 months)
[20,81,150,156,182,195,196]. Interestingly, D-dimer was increased in children with LC and persistent
symptoms [180]. In some patients, increased concentrations of IL-6 and CRP are informative of the
early stage of LC [151,197]. Symptoms of fatigue and physical impairment are associated with early
EBV viremia; increased antibody titers against EBV, anti-Spike SARS-CoV-2 IgG at 2 months after
infection, and ANAs; higher serum endothelin-1, agrin and FT4; lower angiopoietin-2, cortisol and
growth hormone; as well as altered metabolites in the sphingolipid metabolism
[81,152,164,166,168,172,177,183,185]. More importantly, decreased angiopoietin-2 was reported
exclusively in LC differentiating LC from ME/CFS [177].

7.2. Candidate biomarkers for neurological symptoms

Neurological symptoms are common in LC [15] being associated with increased levels of
proinflammatory cytokines IL-6, MCP-1 and TNF-a in certain patients [261]. Cognitive dysfunction
was associated with reactivation of EBV; increased CCL11, IL-6, CD70 and antineuronal antibodies;
elevated concentrations of S-sulfocysteine; higher levels of metabolites of the kynurenine pathway
(quinolinic acid, 3-hydroxyanthranilic acid, and kynurenine) [124,166,173,187,201,256,262]. In CSF,
cognitive impairment was associated with a greater frequency of CSF abnormalities and abnormal
oligoclonal banding; a higher frequency of anti-neuronal antibodies; and increased levels of proteins
14-3-3 and NfL [173,190,191]. Elevated levels of cytoskeletal proteins NfL and glial fibrillary acidic
protein (GFAP), which maintain the stability of neuronal axons and astrocytes, and (3-glucan were
linked to worse headaches and persistent neuropathic pain in patients with LC [261,263]. Depressive
symptoms were linked to new onset IR, as expressed by an increased Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR) score [124] while dysosmia/dysgeusia was associated with low
serum cortisol [183]. Finally, elevated levels of exosomes containing SARS-CoV-2 proteins and lower
levels of mitochondrial proteins may be promising biomarkers for neuropsychiatric symptoms [264];
however, more studies are required to delineate their significance in neurological LC.

7.3. Candidate biomarkers for respiratory symptoms

Pulmonary lesions represent frequent sequelae of SARS-CoV-2 infection with a considerable
proportion of COVID-19 survivors from previous variants presenting residual lung lesions such as
ground-glass opacity and fiber streak shadow [265]. Cough and dyspnea are the most frequent and
persistent symptoms lasting more than 7 months in 20% and 40% of patients respectively [266]. In a
study with convalescent patients followed one year after discharge, patients with pulmonary
sequelae presented a prominent immunologic profiling characterized by the activation of cytotoxic T
cells expressing markers of exhaustion and senescence, NK cells, and yd T cells, as well as a deficit of
suppressive cells [265]. In other patients, respiratory symptoms were associated with early EBV
viremia and increased antibody titers against EBV [166,168], elevated ANAs and anti-IFN-a2 or anti-
IFN-A autoantibodies [168,172,175]; low plasma cortisol [168] and higher S-sulfocysteine [256].
Finally, another study has shown that patients with respiratory symptoms of LC exhibited higher
levels of CRP, IL-6 and SARS-CoV-2-CD4+/CD8+ T cells secreting IFN-y or TNF-a at 7 months post-
infection [196].

7.4. Candidate biomarkers for gastrointestinal and other specific symptoms

Promising biomarkers for gastrointestinal manifestations in LC and MIS-C include SARS-CoV-
2 RNA in stool and increased circulating viral proteins (S, 51, N); increased levels of zonulin, LPB, 3-
glucan, autoAb La/SS-B and CMV-specific CD8+ T cells as well as elevated SARS-CoV-2-specific
CD8+T cells expressing cytotoxic markers [20,158,161,168,256]. Finally, in a prospective observational
study one year after hospital discharge of 263 COVI-19 survivors of whom 26.2% had hair loss, lower
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levels of Growth Arrest-Specific 6 (Gas6) and its soluble receptor Axl (sAxl) were associated with a
history of alopecia [267].

8. Limitations of studies and challenges

In this review, we have appraised and summarized biomarkers related to LC. Nevertheless, no
specific biomarker and laboratory test or panel of biomarkers may differentiate LC from other disease
entities with adequate certainty. Previous data have shown that many phenotypes and distinct sub-
diagnoses could exist under the umbrella of LC; therefore, sequelae of COVID-19 may certainly not
be due to a unique pathogenetic pathway. Moreover, due to the heterogeneous and multifaceted
pathogenesis of LC, the diagnostic and predictive performance of the majority of biomarkers is
modest.

There are many methodological limitations in the studies evaluating laboratory findings and
biomarkers for the prediction, diagnosis and prognosis of LC. In the beginning, there was an absence
of a consensus disease definition for LC which led to misclassification of subjects. Misclassification
could arise when it is difficult to differentiate long-term symptoms potentially attributed to LC from
symptoms due to other conditions both related or unrelated to LC. Another significant shortcoming
was the reliance on self-reported information regarding LC status, which could lead to selection bias.
The timing of symptom onset is also subject to recall bias particularly when information is collected
many months after acute COVID. More importantly, some studies focused on hospitalized cohorts
which are not representative of the general population. Other issues include the false negative rate of
PCR tests which could classify participants as controls as well as the limited utility of antibody titers
to determine previous SARS-CoV-2 infection [11]. On the contrary, some studies did not stipulate
laboratory-confirmed diagnosis of COVID-19 and focused on most common symptoms and different
time periods with great variability [268].

Most studies were underpowered due to small sample sizes, particularly for control groups, and
included convenient cohorts with participants who were not lost in follow-up. Many studies had a
retrospective design where most of the biomarkers were determined after the onset of LC symptom:s;
hence, altered biomarkers could be an epiphenomenon of LC. Finally, the majority of studies were
conducted in the early phase of the pandemic examining a limited set of biomarkers; therefore, it is
not clear how these biomarkers are useful for LC due to omicron subvariants.

9. Therapeutic perspectives and challenges

Although most therapeutic approaches put to test against LC have targeted symptom alleviation
[269], a comprehensive evaluation of symptoms and clinical signs of affected patients is imperative,
in order to timely recognize “red flag” features pointing towards underlying objective systemic
disorders that are likely to have a decisive impact on patient prognosis. Likewise, meticulous
laboratory, radiological and other functional investigations should be reserved for patients exhibiting
such features, and not necessarily be broadly offered as a screening process in all cases of ongoing
symptoms following acute infection. Overall, in order to optimize patient access to adequate care and
reduce the burden on secondary and tertiary hospitals, evaluation and initial management ought to
be commissioned to primary care units, after adequate information and education of primary care
physicians. Ideally, primary patient care should be based on uniform evaluation algorithms and
standardized procedures. Regarding patients exhibiting “red flag” symptoms or manifestations of
debilitating magnitude, further referral to specialist care should be carried out through
interdisciplinary ambulatory COVID clinics, offering facilitated access to specialized personnel and
investigations, essentially acting as a link between primary and hospital care [270].

Not surprisingly for a constellation of symptoms and disorders as broad as those described
under the umbrella term “LC”, no single therapeutic intervention with proven benefit for all affected
patients exists. However, there exist certain candidate treatments which may be potentially effective
for specific patient groups or symptom clusters. Among those with chronic fatigue, interventions
with demonstrated benefit in ME/CFS may prove useful, most prominently lifestyle management
(pacing, optimization of energy management, regular rests, etc.) or even pharmacologic interventions
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such as naltrexone [11,270]. Similar to the management of other causes of dysautonomia with postural
hypotension, these findings in the context of LC may benefit from high salt and fluid intake, beta-
blockers, low-dose fludrocortisone, and desmopressin, among others, depending on clinical
presentation [271].

Among agents approved for the treatment of SARS-CoV-2 infection, the combination of
nirmatrelvir with ritonavir (marketed under the name Paxlovid) has shown potential effectiveness in
the mitigation of LC symptoms. Geng et al. reported a case of a patient with ongoing symptoms 6
months following breakthrough SARS-CoV-2 infection, which were alleviated after a 5-day Paxlovid
course [272]. Furthermore, in a recent study among 281,793 patients who had at least 1 risk factor for
progression to severe COVID-19, those who received Paxlovid for 5 days (n=35,717) had a 26% lower
risk of LC compared with those receiving no antiviral or monoclonal antibody treatment [273].
Nevertheless, other cohort studies have failed to demonstrate corresponding benefits on long term
COIVD sequalae by Paxlovid treatment [274,275].

By the lack of specific therapeutic agents to tackle LC, repurposing of drugs marketed for other
indications may show promise towards that end. Metformin, a first-line drug for the treatment of DM
type 2 with documented in vitro [276,277] and in vivo [277] activity against SARS-CoV-2 showed
effectiveness for LC prevention in a recent randomized, placebo-controlled clinical trial [245]. Using
a parallel-group design, 1,125 ambulatory individuals with overweight or obesity and documented
SARS-CoV-2 infection within three days prior to enrollment were randomized between rapidly
titrated metformin treatment and placebo, and additionally between ivermectin and/or fluvoxamine
treatment vs. placebo. The duration of all study intervention was 14 days. Diagnosis of LC 300 days
following randomization was a prespecified study outcome and occurred at a 42% lower rate among
those that received metformin vs. placebo. No additional effects were noted for ivermectin or
fluvoxamine [245]. An important implication of these findings is the need for interventions as early
as at first diagnosis of acute infection for LC prevention. Although the reported results are definitely
promising, more studies are needed in order to generalize these findings in population with
additional risk factors for LC other than overweight/obesity.

AXA1125 is a novel orally administered endogenous metabolic modulator structurally
consisting of five amino acids, which improves mitochondrial efficiency and promotes beta oxidation
[278]. In a recent randomized controlled trial, oral administration of AXA1125 twice daily for four
weeks to patients with fatigue-predominant LC resulted in greater symptomatic improvement vs.
placebo (assessed by the 28 Chalder Fatigue Questionnaire [CFQ-11] fatigue score). There were no
improvements in skeletal muscle mitochondrial function assessed by magnetic spectroscopy.
Although these findings are definitely promising, the relatively short follow-up duration of this study
should be taken into account [279].

To date, more than 36 randomized trials have been registered in ClinicalTrials.gov [280] which
include a mixture of dietary and herbal supplements, vitamins, cell-based treatments, anti-
inflammatory agents, steroids, anti-coagulants, anti-depressants, lifestyle intervention, etc. All these
heterogeneous trials are not generally focused on a cluster of LC while they are small in size not
corresponding to the millions of prevalent LC cases. Larger multi-center high-quality and
methodologically robust randomized placebo-controlled trials conducted with standardization of
outcomes are needed to confirm any benefit from treatments found in smaller trials [281].

10. Concluding remarks- Quo vadis?

The constellation of symptoms and disorders in the spectrum of LC, though seldom life-
threatening, have a significant negative impact on individual functional status and quality of life.
Given its high incidence and prevalence following acute infection, LC is a condition with a
considerable societal and health care impact. With rates of direct morbidity and mortality by acute
infection subsiding due to broad vaccination- and infection-related immunity as well as less virulent
SARS-CoV-2 strains, the relative impact of long-term sequelae associated with SARS-CoV-2 infection
is gaining on importance.
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There is an imperative need to determine the features of those at high risk for LC but also specific
characteristics within patient groups most likely to benefit from therapeutic interventions. Since
clinical risk factors themselves do not suffice for this task, focus has been set in the recognition of
sensitive and reliable diagnostic biomarkers. Unfortunately, this effort has yielded little robust results
to date, plagued among others by methodological issues pertinent to the available, mostly
retrospective, epidemiological studies. Future attempts should be focused on evaluating ideally
readily available serum, radiological or other biomarkers, which will additionally aid to shed more
light on the underlying mechanisms that drive LC development. In turn, these should be put to test
in the frame of randomized clinical trials of candidate therapeutic interventions, in order to promote
precision medicine in the management of affected patients.
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