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González PA and Kalergis AM (2024)
Pathophysiological, immunological, and
inflammatory features of long COVID.
Front. Immunol. 15:1341600.
doi: 10.3389/fimmu.2024.1341600

COPYRIGHT

© 2024 Bohmwald, Diethelm-Varela,
Rodrı́guez-Guilarte, Rivera, Riedel, González
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Universidad Católica de Chile, Santiago, Chile, 2Instituto de Ciencias Biomédicas, Facultad de Ciencias
de la Salud, Universidad Autónoma de Chile, Santiago, Chile, 3Millennium Institute on Immunology
and Immunotherapy, Departamento de Ciencias Biológicas, Facultad de Ciencias de la Vida,
Universidad Andrés Bello, Santiago, Chile, 4Departamento de Endocrinologı́a, Facultad de Medicina,
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The COVID-19 pandemic continues to cause severe global disruption, resulting

in significant excess mortality, overwhelming healthcare systems, and imposing

substantial social and economic burdens on nations. While most of the attention

and therapeutic efforts have concentrated on the acute phase of the disease, a

notable proportion of survivors experience persistent symptoms post-infection

clearance. This diverse set of symptoms, loosely categorized as long COVID,

presents a potential additional public health crisis. It is estimated that 1 in 5

COVID-19 survivors exhibit clinical manifestations consistent with long COVID.

Despite this prevalence, the mechanisms and pathophysiology of long COVID

remain poorly understood. Alarmingly, evidence suggests that a significant

proportion of cases within this clinical condition develop debilitating or

disabling symptoms. Hence, urgent priority should be given to further studies

on this condition to equip global public health systems for its management. This

review provides an overview of available information on this emerging clinical

condition, focusing on the affected individuals’ epidemiology, pathophysiological

mechanisms, and immunological and inflammatory profiles.
KEYWORDS
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immune response.
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1 Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic,

caused by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) (1), has resulted in over 771 million confirmed cases

and more than 6.9 million deaths globally (2). It has also led to

significant morbidity, adverse mental health outcomes (3–7), and

substantial socioeconomic disruption (8–11). While efforts have

primarily focused on the acute phase of the disease, emerging

evidence of significant and concerning post-acute effects on

COVID-19 survivors introduces an additional dimension to the

pandemic, potentially with long-term implications. These post-

acute effects are known as long COVID or by various other

names such as post-COVID conditions (PCC), post-acute

sequelae of COVID-19 (PASC), chronic COVID syndrome

(CCS), and long-haul COVID, and they define a broad spectrum

of lingering symptoms experienced by a proportion of COVID-19

survivors after clearing the acute SARS-CoV-2 infection (12).

According to the United States (US) Centers for Disease Control

and Prevention (CDC), post-COVID-19 conditions have various

health consequences four or more weeks after SARS-CoV-2

infection. The term is loosely defined due to the diverse and

heterogeneous nature of the long COVID symptoms. These may

include respiratory issues like persistent breathlessness, dyspnea,

tiredness, headache, fever, and multi-system complaints.

Additionally, these symptoms may occur concurrently or

intermittently (12, 13). Nevertheless, in certain instances, the

clinical manifestations observed almost four weeks following

SARS-CoV-2 infection might derive from persistent symptoms

originating in the acute phase of COVID-19 (14). In light of this,

the significance of defining long COVID symptoms to distinguish

between patients experiencing a gradual recovery and those

exhibiting symptoms that accurately align with their medical

condition, has been proposed (14).
Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2; CDC, Centers for Disease Control and

Prevention; SARS-CoV-1, severe acute respiratory syndrome coronavirus 1;

ACE2, angiotensin-converting enzyme-2; TMPRSS2, transmembrane serine

protease 2; MV, mechanical ventilation; COS, core outcome set; IL-6,

interleukin-6; IL-1a, interleukin-1a; TGF-b, transforming growth factor beta;

IFN-b, interferon (IFN)-beta; IFN-g, interferon (IFN)-gamma; GM-CSF,

granulocyte colony-stimulating factor; BBB, blood-brain barrier; CNS, central

nervous system; GBS, Guillain-Barré syndrome; ECG, electrocardiograms; EVs,

Extracellular vesicles; ICAM-1, intercellular adhesion molecule 1; VCAM-1,

vascular cell adhesion protein 1; PS, phosphatidylserine; MERS-CoV, Middle

East respiratory syndrome coronavirus; FABP2, fatty acid binding protein 2; LPS,

lipopolysaccharide; PGN, eptidoglycan; EBV, Epstein-Barr virus; HHV-6, human

herpesvirus 6; HCMV, human cytomegalovirus; EBNA, Epstein Barr virus

nuclear antigen; EBNA, Epstein Barr virus nuclear antigen; EA-D;early antigen

diffuse component; ME/CFS, myalgic encephalomyelitis/chronic fatigue

syndrome; NA, myalgic encephalomyelitis/chronic fatigue syndrome; IgG,

immunoglobulin G; TB, tuberculosis; Treg, T regulatory cells; TNF-a:tumor

necrosis factor-alpha.
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This review provides a comprehensive overview of long COVID’s

clinical and biological aspects. It emphasizes the epidemiology,

clinical presentation, and system-specific manifestations, focusing

on the immune response and inflammation.
2 Epidemiology of long COVID

Following the 2003 SARS epidemic caused by SARS-CoV-1,

some survivors experienced reduced functional capacity and could

not return to work (15, 16). The prevalence of long COVID in the

population remains uncertain, ranging from 10% to 60% for COVID-

19 survivors and potentially exceeding 90% for severe cases requiring

hospitalization (17–23). It is estimated that one-fifth to one-third of

survivors may experience activity-limiting symptoms for weeks after

the acute phase (20, 21, 24–28). Notably, post-COVID-19 persistent

symptoms appear more common than other respiratory infections

(19, 29). Studies in Italy found that most patients surviving COVID-

19-related hospitalizations faced impaired physical functioning after

discharge (19).

Furthermore, a case series of 143 COVID-19 survivors found

that only 12.6% were symptom-free after an average of 60 days from

disease onset (27). Additionally, 44.1% reported a declining quality

of life due to fatigue and dyspnea (27) (Figure 1). Long-term

COVID development can be influenced by different SARS-CoV-2

variants, the number of vaccine doses received, and the time elapsed

since vaccination (30). Studies indicate that Omicron cases were less

likely to experience long COVID (31, 32). For instance, a study in

China reported that 40.4% of patients with the Delta variants had

clinical sequelae 3 to 24 months after discharge, compared to only

8.89% who had Omicron (32). Similarly, a study in the United

Kingdom showed a reduction in long COVID cases from 10.8% for

the Delta variant to 4.5% for the Omicron variant (31). Moreover,

Omicron cases were less likely to experience long COVID regardless

of their vaccination regimen (31, 32). However, early studies on this

matter often had limited sample sizes and focused on specific

populations, so further research is needed to reach more

definitive conclusions.

The health agencies estimate that around 1 out of 5 COVID-19

survivors may develop long COVID, marking some of the most

robust evidence of its prevalence thus far (22). The CDC conducted

a multi-state telephone survey of symptomatic adult COVID-19

survivors in the US to assess the prevalence of disabling or activity-

limiting symptoms after COVID-19. The survey found that 35%

had not returned to their normal state of health after 2–3 weeks of

diagnosis. It has also been reported that one in five patients aged

18–34 with no chronic medical conditions after COVID-19 did not

return to their normal state of health (29). While information on the

duration of long COVID is limited, reported cases have extended

from weeks to over a year (18, 33). However, recent studies indicate

a decline in the incidence of long COVID cases post-pandemic, and

this reduction has been associated with the advancement of

vaccination (34, 35) Additionally, the Wuhan variant has been

associated with diverse physical symptoms and emotional and

behavioral changes, indicating a substantial impact on long-term

health outcomes (36). In contrast, the Omicron variant has shown
frontiersin.org
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fewer post-infection effects, resembling common seasonal viral

illnesses. These observations suggest that the Omicron and

subsequent variants may not have the same long-term health

consequences as earlier SARS-CoV-2 variants (36).

Certain risk factors, including age, gender, cardiovascular

disease, and diabetes, have been associated with long COVID

(37–43), which are also risk factors for severe acute COVID-19

(44, 45) Although some studies suggested that long COVID

incidence may correlate with COVID-19 disease severity, age, and

comorbidities (38, 46–48), others did not show such a relationship

(23, 49). Notably, long COVID can emerge after mild and even

asymptomatic COVID-19 cases (50). Observational evidence

indicates that the severity of long COVID symptoms does not

necessarily correlate with COVID-19 disease severity (50). This

insight is derived from a study utilizing data from the UK Biobank,

an extensive health database with measurements from thousands of

volunteers before and after the pandemic’s start (51). On the other

hand, an association between disease severity and the intensity of

lingering respiratory symptoms has also been reported (52).

Available information suggests a possible link between COVID-19

severity and long COVID incidence (53), although this association

may not be statistically significant in large-scale studies and thus

requires further investigation.

Female gender has been identified as a risk factor for developing

post-COVID-19 symptoms (54–58). Studies indicate that women

(<50 years old) were more likely to report fatigue and dyspnea after

acute infection compared to men of the same age (55, 56, 59).

Additionally, women may be up to three times more likely to be
Frontiers in Immunology 03
diagnosed with long COVID, regardless of age (60). This could be

attributed to biological differences in the expression of angiotensin-

converting enzyme-2 (ACE2) and transmembrane serine protease 2

(TMPRSS2) between genders (61), as well as immunological

variations (62).

The role of persistent infection in long COVID remains

uncertain. Various hypotheses regarding the mechanisms

involved in its pathogenesis have been proposed, including

circulating viral antigens or reservoirs in tissues (Figure 1) (30).

Clinical and epidemiological surveillance data show that individuals

may have detectable viral loads yielding positive PCR results for

three months or even longer after infection. Although these

individuals are usually non-infectious, their persistently detectable

SARS-CoV-2 genetic material may contribute to their long-term

symptoms (63–65). On the other hand, emerging research has

reported the detection of persistent circulating spike protein in

the bloodstream of some long COVID patients, even though they

have undetectable levels of viral genetic material after the acute

phase of COVID-19 (66). It has been suggested that the spike

protein may go across the blood-brain barrier, triggering

inflammation (67). Moreover, the persistence of nucleocapsid and

envelope proteins in the liver, gallbladder, lymph nodes, and

intestine has been associated with endothelial cell damage, leading

to cytokine release and immune response activation (68).

Although chronically SARS-CoV-2-positive patients are

generally considered non-infectious, persistent viral shedding has

been reported (24). This poses a concerning risk of potential new

variant emergence (69, 70). Chronic infections have led to
FIGURE 1

Possible mechanisms involved in the pathologies associated with long COVID. The figure summarizes the possible mechanisms involved in long
COVID pathology. Immune dysregulation, autoimmunity, endothelial dysfunction, and hidden viral persistence in various organs are possible
underlying pathophysiological mechanisms involved in long COVID. Viral persistence can lead to intestinal microbiota dysbiosis, which alters the
immune response. It has been reported that changes in the intestinal microbiota can lead to neurological alterations. On the other hand, the spike
protein could cross the blood-brain barrier, contributing to neurological sequelae. Additionally, nucleocapsid and envelope proteins can cause
damage to endothelial cells, which can induce cytokines and activate immune responses. In addition, immune dysregulation can reactivate other
viruses, such as EBV, HHV-6, and CMV, and bacterial diseases, such as TB. (Created with BioRender; License # IY26FE9X7C).
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mutations that could facilitate SARS-CoV-2 evolution and the

emergence of new variants (70–73). As a result, epidemiologists

and infectious disease specialists have hypothesized that SARS-

CoV-2 variants like Omicron may have originated through natural

selection in chronically infected hosts (69). Emerging observational

data suggests that vaccination against COVID-19 may help resolve

chronic infections, emphasizing the potential of vaccines in

preventing the emergence of new variants (72, 74). It is important

to note that while the quality of the evidence is somewhat limited, it

indicates a positive impact of vaccinations in mitigating the ongoing

emergence of variants.

Since the widespread availability of COVID-19 vaccines in early

2021, extensive scientific scrutiny of their impact on the risk of

developing long COVID and the immune profile following a post-

breakthrough SARS-CoV-2 infection (15, 54, 75–89). Studies have

also investigated the severity of symptoms in vaccinated individuals

who develop long COVID (82–86). Initial reports have suggested

that vaccination may confer protective effects against long COVID

incidences (83, 85, 90). However, recent extensive cohort studies

show that vaccines provide only partial protection in case of a

breakthrough infection (91, 92). One of these studies, conducted

using the US Department of Veteran Affairs healthcare database

with substantial sample size, provides robust evidence that

vaccination’s impact in reducing the incidence of long COVID is

partial (82). Available data conclusively demonstrate that vaccines

diminish the risk of long COVID by decreasing the likelihood of

experiencing a SARS-CoV-2 infection (84, 87, 90). Other studies

have shown an almost complete reduction of long COVID

symptoms after vaccination, mainly for severe manifestations like

fatigue (93, 94). In this context, booster doses may be considered a

preventive measure against long COVID, helping to maintain a

relatively low infection risk and providing protection against

concerning variants (86, 95, 96).

The FDA-approved antivirals Nirmatrelvir and Molnupiravir

effectively treat acute COVID-19 (97, 98). Nirmaterlvir targets the

SARS-CoV-2 type 3-chymotrypsin cysteine protease enzyme (99),

while Molnupiravir heightens the frequency of viral RNAmutations

(98), both leading to alterations in viral replication (41, 98).

Administering these antivirals during the acute phase is linked to

a reduced risk of at least eight of the thirteen post-acute sequelae,

including arrhythmia, pulmonary embolism, deep vein thrombosis,

fatigue and malaise, liver disease, acute kidney injury, muscle pain,

and neurocognitive impairment (100, 101). Their use is associated

with decreased risk of long COVID in unvaccinated individuals,

vaccinated individuals, and those with both a primary SARS-CoV-2

infection and reinfection (100, 101).

Immunocompromised individuals show a notably diminished

humoral immune response to vaccination, underscoring the

necessity of booster shots in averting COVID-19 and mitigating

the onset of long COVID within this group of patients (79). In

immunocompromised children, SARS-CoV-2 infection was

observed to be more asymptomatic than their immunocompetent

counterparts (102). Moreover, there was a lower reported frequency

of long COVID among immunocompromised children relative to

immunocompetent controls (102). This is crucial, especially given

the limited but strong evidence suggesting that persistent infection
Frontiers in Immunology 04
in these individuals may contribute to the emergence of new

variants, as discussed earlier (69–72). However, it is worth noting

that additional protection in the case of a breakthrough infection

remains a subject of scientific debate. Positively, evidence indicates

that vaccination may alleviate long COVID symptoms in previously

unvaccinated patients (74, 83, 93, 94, 103, 104).

Long COVID is not exclusive to adults, as it has also been

observed in the pediatric population (105). For example, a

retrospective cohort study found that 51% of pediatric patients

from a sample of children who recovered from COVID-19

experienced persistent symptoms 1-3 months after infection. The

most common manifestations in this study were fatigue, loss of taste

or smell, and headaches (106). Similarly, a small case report

involving Swedish children who experienced mild to moderate

COVID-19 without hospitalization revealed that all five children

had persistent symptoms after 6-8 months, significantly hindering

their daily activities and severely impacting their ability to attend

school (107).
3 Pathophysiology of long COVID

Long COVID presents a wide range of symptoms, as mentioned

before (Figure 2) (12, 13, 22, 108, 109). Despite its clinical

presentation, the precise pathophysiological mechanisms remain

unclear. Its involvement across multiple organs suggests potential

mechanisms, including direct viral tropism, cytotoxic viral proteins,

and immunopathology (Figure 2). Some studies propose that long

COVID symptoms may result from persistent effects of the acute

phase of COVID-19 and that different mechanisms may cause the

different symptoms described (14, 27, 66, 67). Additionally,

immune system activation can lead to an autoimmune response

or prolonged, nonspecific inflammation, causing further harm to

host cells (Figure 2) (24, 110–115).
3.1 Clinical presentation of the disease

The CDC lists common long COVID symptoms, including

dyspnea, fatigue, post-exertional malaise, cognitive impairment,

mood changes, cough, chest pain, headache, fever, lightheadedness,

anosmia, and dysgeusia (13). Like the acute phase, long COVID

exhibits a multi-systemic nature (108, 109, 116). Two primary

symptom patterns typically emerge in long COVID cases (1):

fatigue and upper respiratory symptoms and (2) multi-system

symptoms (28, 43). Due to the diverse presentation of this

condition, establishing precise, standardized symptoms remains

challenging. However, insights from patient follow-up studies have

been invaluable. An investigation revealed enduring manifestations,

primarily including breathing difficulties, fatigue, muscle weakness,

anxiety, and depression, with fatigue or muscle weakness affecting a

significant majority (63%) of survivors. However, respiratory and

multi-organ complications described in long COVID do not appear

to be linked to the need for mechanical ventilation (MV) during the

acute phase (117). Some authors even report complete patient

recovery one year after the acute phase, even in those patients with
frontiersin.org
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worse respiratory mechanics during invasive MV (117). However,

other studies have shown that 60 to 70% of neuropsychiatric

symptoms persisted between 3 and 6 months in patients who

received MV (118, 119). The emergence of psychiatric symptoms,

including psychological distress, anxiety, depression, sleep disorders,

and alterations, has been documented in survivors of severe illnesses

(120), including those recuperated from severe infections with other

coronaviruses (121, 122). These symptoms appear to be linked with

post-traumatic stress, potentially stemming from the isolation these

patients experienced (123). During SARS-COV-2 infection, patients

supported with MV may also experience paresthesia, neuropathies,

and mobility limitations, which could be connected to the loss of gray

matter during the acute phase (48). It is important to note that

factors, such as MV or the socioeconomic status of patients,

independent of viral infection, can contribute to symptoms like

anxiety and depression (124, 125).

Despite the challenges mentioned above, specific long COVID

symptoms correlate with measurable clinical indicators, including mild

multi-organ impairment, mainly affecting the heart, liver, and pancreas.

This discovery raises concerns about potential chronic organ damage,

emphasizing the need for preventive strategies and additional research

to mitigate such harm. Implementing grading scales and quantification

tools for evaluating long COVID symptoms in patients could offer a

potential solution to enhance follow-up and improve outcomes.
Frontiers in Immunology 05
Scientists have devised strategies to assess and categorize the

effects of long COVID. One such tool is the post-COVID-19

functional status (PCFS), an ordinal system that evaluates the

condition of COVID-19 survivors over time (126). It employs a 4-

grade scale based on functional limitations, ranging from grade 1

(indicating no limitations) to grade 4 (indicating dependence on

external care for survival). This tool has demonstrated reproducibility

in identifying patients needing support and rehabilitation (126). Since

its introduction, it has been utilized in clinical studies on long COVID

(127) and independently validated (128). A core outcome set (COS)

has been proposed as a clinical instrument to establish consistent

clinical outcomes (129). A multinational effort has created a COS for

long COVID using a systematic literature review and a modified

Delphi process. This COS is designed for adult patients in various

settings (129–131). It encompasses outcomes such as fatigue or

exhaustion, pain, post-exertion symptoms, work or occupational

and study changes, survival from acute disease, symptoms related

to physical functioning, cardiovascular and nervous system

symptoms or conditions, and mental and respiratory functioning

(130). Due to its global applicability and rigorous methodology (130),

this COS is strongly recommended for evaluating long COVID

patients in clinical and research settings.

Moreover, several studies have employed established grading

scales to assess quality of life, disability, and specific levels of
FIGURE 2

Main systems involved in long COVID. The figure summarizes common complications and some putative mechanisms involved in long COVID. It is
estimated that 1 in 5 COVID-19 survivors develop long-lasting symptoms compatible with long COVID, which are diverse and heterogeneous. These
complications can be classified into six main groups: cardiovascular, respiratory manifestations, neurological, alterations in immunity, gastrointestinal
manifestations, and others. The mechanisms underlying these complications related to long COVID are still poorly understood, and relevant findings
are summarized on the right side of the figure. (Created by BioRender; License # QU26HKW75S).
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impairment in various tissues and physiological systems among long

COVID patients (26). These tools include the EuroQol 5-Dimension

5-level (EQ5D-5L) instrument for assessing quality-of-life (132), the

Washington Disability Group (WG) Short Form (133), 6-minute

walking distance (127), and several clinical scales for dyspnea and

fatigue (127). It is relevant to mention that quantifying the severity of

long COVID is crucial for differentiating individuals experiencing

minor lingering symptoms from those significantly impaired. This

categorization aids in selecting participants for studies and

prioritizing medical interventions.

As the pandemic endures, we anticipate gaining more insights into

patient cases, providing a clearer understanding of this condition. For

example, a case series focusing on female patients with long COVID

symptoms revealed a notably high prevalence of orthostatic intolerance

syndrome. This prompted the authors to suggest that autonomic

nervous system dysfunction, potentially driven by autoimmune

inflammation or viral invasion, could be an underlying factor (134).

A 2020 cross-sectional study examined patients four to six weeks post-

discharge from the hospital following COVID-19. It documented

persistent respiratory symptoms and fatigue in many survivors

(135).Elevated levels of inflammation markers, including d-dimer

and C reactive protein, were also noted (135). The sustained

inflammation observed in long COVID patients may have broader

implications, given SARS-CoV-2’s capacity to activate inflammatory

responses and oncogenic pathways. There is speculation that

individuals with long COVID may face an increased risk of

developing cancer (136) .
3.2 Respiratory consequences associated
with long COVID

SARS-CoV-2 is linked to enduring respiratory issues, such as

pulmonary fibrosis, angiogenesis, and vessel remodeling (91, 137–

140). Interestingly, the seriousness of respiratory problems seems

connected to the neurological effects of COVID-19 (141). In long

COVID, common respiratory complications comprise breathlessness,

dyspnea, fatigue, and a lingering cough, most of them at four weeks

after diagnosis (26, 142). Estimates for the persistence of post-COVID-

19 cough vary in studies and meta-analyses, generally falling between

7% to 15% for non-hospitalized and hospitalized survivors, regardless

of whether they required MV (47, 143, 144). Breathlessness has been

observed more frequently in individuals hospitalized at least one year

after COVID-19, and these patients present lower forced expiratory

volume in 1s than long COVID patients without breathlessness (145,

146). The secondary inflammation caused by the viral infection

provokes a more significant overflow obstruction in these patients.

The lung injury observed in long COVID patients can be mediated by

an abnormal migration of monocytes, which, during the acute phase of

the infection, had increased expression of C-X-C chemokine receptor 6

(CXCR6) and remained long-term elevated (146).

On the other hand, the prevalence of fatigue can vary between

32-42% in the first six months after COVID-19. Meanwhile,

dyspnea has been reported between 12-26% of the long COVID

cases (147, 148). Notably, not all long COVID patients had these

symptoms during the acute phase of the disease. The risk factors
Frontiers in Immunology 06
associated with these symptoms are the female gender and having

them during the first infection (148).

Soluble markers of inflammation are elevated in long COVID

patients, which include general markers like C-reactive protein,

components of the complement complex, and inflammatory

cytokines such as interleukin-6 (IL-6), IL-1a, transforming growth

factor beta (TGF-b), chemokines, interferon (IFN)-b, IFN-g,
granulocyte colony-stimulating factor (GM-CSF), as well as

autoantibodies (40, 113, 138). These findings indicate that long

COVID may primarily involve inflammation. However, long

COVID patients with severe lung fibrosis have been found to have

lower IFN-b production compared to those without fibrosis (138).

Clinical studies consistently demonstrate increased local inflammation

markers aforementioned in both severe COVID-19 patients and long

COVID patients with lung fibrosis (138, 149). Another study found

elevated levels of several inflammatory cytokines, including TGF-b but

not IFN-b, in long COVID patients with lung complications like

pulmonary fibrosis (138). Similarly, an analysis of post-mortem

samples from COVID-19 cases indicated elevated type-I IFN

response in lung tissue due to SARS-CoV-2 infection (149).

Considering its potential link to inflammation, glucocorticoid

therapy could be beneficial for managing long COVID (135, 150).

Furthermore, prolonged inflammation may contribute to developing

long COVID, as shown by an upregulated cytokine secretome in post-

acute COVID-19 survivors (151). Another study reported similar

findings regarding the decline of IFN-g-producing CD8+ T

lymphocytes in long COVID patients (24). SARS-CoV-2 might

utilize mechanisms to suppress the host’s type-I IFN response, which

persists long after infection clearance, and this diminished type-I IFN

may play a role in the persistently exacerbated inflammation (24, 152).

Additionally, inflammasome activation is emerging as a critical driver

of chronic COVID-19 symptoms, affecting respiratory physiology. This

prompts further investigation into inflammasome modulation as a

potential intervention (153–156).

It is worth noting that mechanical ventilation (MV) in non-

COVID-19 pathologies has been reported to lead to respiratory

complications similar to those seen in long COVID, such as

barotrauma (damage to the body caused by air or water change),

volutrauma (lung injury caused by excessive stretching of the alveoli

due to high tidal volumes during MV), and pneumothorax

(presence of air or gas in the pleural cavity, leading to lung

collapse) (157–160). Mechanical ventilation-induced lung injury

can generate a systemic inflammatory response affecting other

organs, also reported in long COVID (161). Moreover, MV seems

to contribute to the development pulmonary fibrosis in elderly

patients who have recovered from COVID-19 (162). These reports

suggest that MV plays a role in the respiratory complications

observed in long COVID patients.
3.3 Findings related to
neurological alterations

COVID-19 can have lasting neurological effects in up to 30% of

hospitalized patients at 3 months post discharge (25), often marked

by “brain fog,” including disorientation, dizziness, and difficulty
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concentrating, sometimes leading to disability (Figure 2) (163).

Termed “neuro-COVID” by some experts (164, 165) SARS-CoV-2

joins a list of viruses linked to neuropsychological issues (166),

including the human respiratory syncytial virus (hRSV), human

immunodeficiency virus (HIV), other human coronaviruses, Zika

virus, herpes simplex virus (HSV), human cytomegalovirus

(HCMV) and influenza (166–169). There is concern about

potential neurological damage to offspring from infections in

pregnant women, possibly leading to future congenital “neuro-

COVID” manifestations (170). Neurological complications have

been tied to the severity of respiratory infections (16), hospital

stays (171) and exacerbated immune responses (172), potentially

contributing to some “neuro-COVID” symptoms (16, 166, 167,

173, 174).

Similar to acute COVID-19, sudden loss of smell and taste

(anosmia and ageusia) is prevalent in long COVID, initially

experienced by around 15% of COVID-19 patients (175). While

most recover these senses within weeks, these symptoms may

persist in long COVID cases (176). Persistent loss of smell and

taste has been linked to direct viral harm to olfactory receptor

neurons and immune system-induced damage (5).

To understand cognitive impairment in long COVID, examining

acute COVID-19 findings is relevant. A study of 81,337 volunteers

showed a significant association between symptomatic COVID-19

and reduced cognitive function, especially in cases involving MV

(141). MV alone, even without COVID-19, can cause neurological

complications, which may contribute to long COVID neurological

manifestations (119, 177). Even fully recovered individuals displayed

poorer cognitive performance than uninfected counterparts,

indicating a link between symptomatic COVID-19 and cognitive

impairment (141).

An extensive study utilizing the UK Biobank repository (50)

found significant correlations between COVID-19 infection and

brain imaging abnormalities, even in mild cases (48). A recent

cross-sectional study identified neurocognitive impairments in

COVID-19 survivors months after infection, impacting functioning

and quality of life and correlating with disease severity and

comorbidities (178).

The exact pathophysiological mechanisms behind SARS-CoV-

2-induced neurological alterations remain unclear. Nevertheless,

emerging evidence suggests the virus breaches the blood-brain

barrier (BBB) and directly damages the central nervous system

(CNS), possibly triggering neuropsychological effects as seen in

severe cases or post-mortem findings (179–182). Besides the

elevated local inflammation, the direct invasion potentially

accounts for the neuropsychological aftermath experienced by

numerous COVID-19 survivors (Figure 2). This phenomenon

could provoke a difunctional neurological signaling leading to the

symptoms observed in long COVID cases (Figure 1). Notably,

coronaviruses, including SARS-CoV-1, have been noted for their

neurotropic tendencies, supporting the plausibility of direct

neurological invasion by SARS-CoV-2 (142, 179, 181, 183).

SARS-CoV-2’s presence in the CNS, extracted from cerebrospinal

fluid during pandemic studies, might contribute to enduring

neuropsychiatric complications (184). Animal models indicate

that neurological coronavirus invasion could lead to long-lasting
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neurological repercussions in humans (185, 186). These models

could partially elucidate the lingering cognitive impairment in

many long COVID cases in humans.

An additional approach to elucidate the mechanism of SARS-

CoV-2-induced neurological damage lies in identifying cytotoxic

proteins expressed by the virus (5, 187). An analysis of SARS-CoV-2

proteins found some—specifically ORF6 and ORF10—possessed

amyloidogenic properties and highly cytotoxic effects in neurons,

potentially underpinning neurological alterations in long COVID

and posing a risk for neurodegenerative disease (188).

Recently reported cases following SARS-CoV-2 infections

include acute sensory and motor axonal neuropathy and acute

inflammatory demyelinating polyradiculoneuropathy (Figure 2)

(165, 189–191). These are subtypes of Guillain-Barré syndrome

(GBS), where exposure to foreign peptides resembling those in

peripheral nerves can lead to neuropathy (192, 193). Interestingly,

SARS-CoV-2 contains hexapeptides, rich in lysine (KDKKKK) and

glutamic acid (EIPKEE) amino acids, resembling human heat shock

proteins 60 and 90 (192), potentially triggering an autoimmune

response and neuropathy (5, 49, 141, 178, 194). It is important to

mention that it is possible that neurological manifestations can be

due to an immune pathology and not to CNS viral infection.
3.4 Cardiovascular complications found in
patients with long COVID

Cardiovascular issues are recognized among the potential

outcomes in long COVID cases (12, 13). Symptoms encompass chest

pain, postural tachycardia syndrome, and left or right ventricular

dysfunction, among other clinical signs (195). Additionally,

irregularities in electrocardiograms (ECG) and Holter-ECG,

temporary or lasting, have been observed in specific long COVID

individuals, occurring in 1% to 27.5% of patients hospitalized due to

cardiovascular problems (195). Another study revealed that the risks

and associated burdens were apparent, particularly among individuals

not hospitalized during the acute phase of the disease—this category

comprising most COVID-19 cases. Furthermore, it was noted that the

risks and associated burdens demonstrated a gradual escalation

across the severity spectrum of the acute phase of COVID-19,

ranging from non-hospitalized individuals to those requiring

hospitalization and eventually those admitted to intensive care (196).

Most cardiovascular issues noted in long COVID align with

observations from the acute phase, including myocardial injury

(Figure 2) (197, 198)), with cardiovascular disease emerging as a

severe disease risk factor. Research reveals that 24.4% of hospitalized

COVID-19 patients faced cardiac injury, which is strongly linked to

higher mortality rates (199). These cardiovascular complications might

persist in some patients post-recovery (198). Studies examining cardiac

impairment after COVID-19 recovery found that 78% of survivors

displayed cardiovascular magnetic resonance (CMR) abnormalities,

with 60% showing persistent myocardial inflammation (200). These

findings are noteworthy alongside evidence of COVID-19’s direct

invasion of heart tissue (201) and in vitro studies replicating

myocarditis (202). While mechanisms behind sustained heart

inflammation remain partly unknown, overactive innate immune
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responses, like those in COVID-19-related lung damage, are suggested

as plausible causes (156). The prevalence of these findings highlights

the likelihood of COVID-19 survivors coping with cardiovascular

issues, emphasizing the need for extended efforts in diagnosis and

tailored management.

Histological and molecular findings from severe COVID-19

cases indicate significant local heart inflammation, suggesting a

potentially similar condition in individuals with long COVID,

leading to lasting myocardial injury (149, 195, 203). Heart

inflammation has been linked to COVID-19 symptoms and

mortality (204, 205). However, not all data confirm a significant

prevalence of myocarditis in patients with sustained cardiovascular

symptoms post-COVID-19 (206).

While persistent myocardial inflammation indicates long

COVID, in some cases, comprehensive research is crucial to assess

this population’s underlying pathophysiological mechanisms and

cardiovascular risk profile. Investigations into post-COVID-19

cardiovascular damage remain crucial for a deeper understanding

of adverse cardiovascular outcomes among survivors. Additionally,

the vascular endothelium’s role in connecting inflammation and

coagulation contributes to a prothrombotic state and vascular

dysfunction in long COVID subjects (207).
3.5 Damage to endothelial barriers and
viral persistence

The endothelium, crucial in hemostasis, immune reactions, and

angiogenesis, plays a pivotal role in SARS-CoV-2 infection (208).

The virus’s persistence in tissues post-recovery indicates potential

reservoirs in extrapulmonary organs, as seen in adults and children

(209, 210). This persistence has been observed in extrapulmonary

organs, even in immunocompetent individuals and post-mortem

subjects, several weeks or months post-infection (211). In autopsies

of deceased individuals, the viral RNA was detected in various

tissues, including the CNS and endothelium, weeks or months after

infection despite being undetectable in plasma (212, 213). Even

patients diagnosed with long COVID months or years after the

initial infection exhibited lingering SARS-CoV-2 RNA in diverse

tissues like the breast, appendix, and skin (213). Furthermore, in

children, the virus or its remnants have been detected for weeks to

months after acute infection in tissues or biological fluids, including

postmortem detection of virus RNA (214). Evidence points to the

presence of SARS-CoV-2 RNA in tissues of pediatric patients

diagnosed with multisystem inflammatory syndrome and the

detection of viral proteins and fragments in the intestine, plasma,

palatine tonsils, and adenoids (215–217). It is important to note that

viral RNA contaminants may be present in the analyzed samples,

and their presence does not necessarily indicate persistence.

The diverse cells expressing the ACE-2 receptor can render

them vulnerable to SARS-CoV-2 infection. This broad viral target

might explain acute infection symptoms, yet the exact mechanism

leading to prolonged symptoms remains unclear (218, 219).

Although different cell targets of infection could elucidate acute

symptoms, the mechanism behind the transition from acute to

prolonged symptoms remains unclear (218). Extracellular vesicles
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(EVs) are suspected viral reservoirs, allowing SARS-CoV-2 to travel

through the circulatory system, affecting endothelial cells and

platelets, potentially triggering repeated immune responses and

persistent symptoms (220–222).

Viral persistence, even without replication, can damage

endothelial cells by inducing cytokine secretion and activating

unwanted immune responses. Besides, SARS-CoV-2 can disrupt

vascular homeostasis by directly infecting endothelial cells (212).

Additionally, direct endothelial cell infection disrupts vascular

homeostasis, impacting platelet function and promoting blood

clotting and microclot attachment to the endothelium (223, 224).

Furthermore, endothelial cell infection triggers increased expression

of cell adhesion molecules, such as intercellular adhesion molecule 1

(ICAM-1), vascular cell adhesion protein 1 (VCAM-1), selectins (E-

selectin and P-selectin), inflammatory mediators, and procoagulant

factors. Endothelial dysfunction and platelet hyperactivation can lead

to exposure to phosphatidylserine (PS) in the outer cell membrane.

PS exposure may directly promote some procoagulant factors within

the coagulation cascade and the formation of fibrinoid microclots

resistant to fibrinolysis (224, 225). Meanwhile, endothelial

dysfunction may increase cell permeability and leukocyte adhesion,

favoring thrombus formation (212, 226).

On the other hand, it has been documented that in SARS-CoV-

2 infection, mechanical damage to the microvascular glycocalyx is

induced by the direct impact of fibrinogen (207). Although most

recovered patients do not have detectable viral loads, the endothelial

damage might stem from residual effects, possibly due to

endothelial cells’ overactivation triggered by cytokine’s sustained

release (68). Elevated levels of IL-1, IL-6, IFN-b, myeloid cells, and

activated T cells in plasma and tissues from discharged patients are

strongly associated with long COVID (227). This condition often

persists with impaired oxygen exchange and tissue hypoxia,

potentially contributing to a prothrombotic state and multi-organ

failure in long COVID subjects (228). Moreover, hypoxia is likely to

contribute to the notable and enduring B-cell abnormalities seen in

cases of acute COVID-19 pneumonia (229).
3.6 Implications of intestinal barrier
alterations in long COVID

Long COVID, recognized as a multi-system ailment (22, 108,

109), extends its impact beyond the respiratory system, affecting

organs not traditionally associated with respiratory viruses. One of

them is the gastrointestinal complications, which include diarrhea,

vomiting, and abdominal pain (29, 230–234). Gastrointestinal

involvement by substantial clinical cohorts has been reported to

range from about 4% to nearly 13% in all acute COVID-19 cases

(235). Significantly, a thorough investigation reported a 3.8%

occurrence of viral RNA in fecal samples from patients seven

months after their initial COVID-19 diagnosis (236). This trend

is similarly observed in the persistent gastrointestinal complications

within the spectrum of long COVID symptoms (12, 13, 22, 108).

Evidence suggests that ACE2, present in gut epithelial cells, serves

as the entry point for the virus (235). The SARS-CoV-2 spike protein

targets this enzyme, a crucial receptor facilitating viral entry (228,
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237–240). This provides a plausible pathway for viral-induced

damage. Viral RNA has been detected in stool samples, and the

virus has been found to show tropism for intestinal epithelial cells, as

seen in SARS-CoV-1 and Middle East respiratory syndrome

coronavirus (MERS-CoV) infections (241–243). The structural

similarity between the spike proteins of SARS-CoV-1 and SARS-

CoV-2 and the presence of ACE2 in intestinal epithelial cells support

the hypothesis of direct viral infection followed by an immune-driven

inflammatory response, contributing to gastrointestinal

manifestations. Studies have shown the presence of the SARS-CoV-

2 nucleoprotein within the epithelial cells of hospitalized COVID-19

patients (235, 244). Another study demonstrates the presence of

viruses in upper and lower gastrointestinal biopsies, which implies

that gastrointestinal epithelium cells may be reservoirs of the virus

even after the acute phase (245). Additionally, viruses have been

identified in upper and lower gastrointestinal biopsies, indicating that

gastrointestinal epithelial cells may serve as reservoirs for the virus

even after the acute phase, with minimal inflammatory infiltrate

observed (236, 245, 246). However, the virus in the stool does not

appear to be linked to long-term COVID or the virus persistence in

intestinal cells (247).

Bidirectional communication exists between the intestine and the

lung (248). An intact intestinal barrier modulates pulmonary immune

responses and the lung microbiome (Figure 1) (249, 250). In cases of

acute SARS-CoV-2 infection, as in other respiratory infections,

intestinal changes may be triggered due to the virus’s impact on

intestinal permeability and promoting bacterial translocation (227,

248). Microbial translocation, defined as the migration of bacteria or

their byproducts from the gut to extraintestinal and systemic

circulation due to changes in gut mucosal integrity, can occur with

or without viral infection (251). This phenomenon may impact

systemic inflammation and, indirectly, affect the intestine by altering

products, metabolites, and lipids associated with the intestinal

microbiota (252). Numerous components of the immune system,

including antiviral peptides, inflammatory mediators, immune cell

chemotaxis, and secretory immunoglobulins, could be adversely

affected (253). Some members of the gut microbiome produce

enzymes that degrade glycans, and when these enzymes enter the

circulation, they can modify the glycosylation of plasma glycoproteins,

including antibodies. Glycosylation reactions regulate immune

responses, including complement activation (253). Systemic

inflammation, stemming from SARS-CoV-2 infection or direct viral

effects on intestinal cells, can lead to changes in intestinal structure and

the rupture of the epithelial barrier (250). Severely ill COVID-19

patients often display increased plasma levels of indicators of

intestinal permeability, such as zonulin, a mediator of tight junctions

in the digestive tract, fatty acid binding protein 2 (FABP2),

lipopolysaccharide (LPS), and peptidoglycan (PGN), indicating a

compromised intestinal barrier (251, 253).

Furthermore, patients with COVID-19 have consistently shown

elevated levels of gut permeability and intestinal damage compared

to healthy controls throughout the disease (251). The acute

exacerbated immune responses triggered by SARS-CoV-2 is

linked to a Th17 immune response, which leads to vascular

permeability and leakage, resembling the immune response

observed in cases of bacterial translocation (254). The available
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evidence suggests that the cytokine storm induced by SARS-CoV-2

is responsible for intestinal damage and may be connected to the

manifestations seen in long COVID.

Intestinal damage may have connections to the manifestations

observed in long COVID. Emerging evidence also hints at a potential

link between gut microbiota dysbiosis and the prolonged complications

of COVID‐19 (see Figure 1). Maintaining intestinal microbiota balance

is crucial for various functions, such as extracting substrates from the

diet for energy production, obtaining vitamins and short-chain fatty

acids, and regulating the balance of Th17 and T reg responses to prevent

intestinal inflammation (255, 256). Dysbiosis refers to significant

alterations in microbial diversity and relative abundance (256). In

individuals with severe SARS-CoV-2 infection, a relationship between

intestinal microflora and lung microorganisms has been established.

Opportunistic fungal and bacterial pathogens, including Aspergillus,

Candida, Actinomyces, Streptococcus, Veillonella, Rothia, and

Clostridium, have been found to replace commensal microbes like

Bifidobacterium romboutsia, Proteobacteria, Collinsella, Actinobacteria

and Bacteroides (257–259). Another study showed that changes in

microbial diversity induced by inflammation during viral infection can

persist for months, leading to alterations in the metabolomic profile

(260). These changes involve the suppression of anti-inflammatory

bacteria like Faecalibacterium prausnitzii, Eubacterium rectale, and

Bifidobacterium adolescentis, and the enrichment of pathogens,

including Rothia, Erysipelatoclostridium, Ruminococcus gnavus,

Ruminococcus torques, and Bacteroides dorei (260).

The persistence of microbiota dysbiosis in the gastrointestinal

tract after the resolution of the disease could contribute to the

prolonged symptoms, emphasizing the need to comprehend how

gut microorganisms are involved in inflammation and COVID-19.

Furthermore, exploring the involvement of dysbiosis in neurological

disorders is essential, given the previously reported relationship

between the human intestinal microbiome and the CNS (261).

Alternatively, SARS-CoV-2 might infect and replicate within

intestinal bacteria (262). This could lead to unique viral persistence

and contribute to intestinal dysbiosis in long COVID. The

bacteriological impact of SARS-CoV-2 might directly encourage the

proliferation of specific bacteria, upsetting the balance in the

intestinal microbiota (262).
3.7 Impact on the renal system

In terms of renal complications, many COVID-19 survivors,

particularly those with severe pneumonia, have experienced acute

kidney injury marked by a sudden decline in kidney function (263–

265). About 30% of patients following acute SARS-CoV-2 infection

experience renal dysfunction (266). This includes diverse conditions

such as acute tubular necrosis, glomerular lesions, focal and segmental

glomerulosclerosis, and renal infarction, some of which can lead to

fatal outcomes (267–269). A retrospective study in China even linked

kidney issues to fatal COVID-19 outcomes (244). Consequently,

kidney problems have become a significant aspect of long COVID,

characterized by recurrent episodes of acute kidney injury and an

increased risk of chronic kidney disease (82, 91, 108, 264),

as illustrated in Figure 2.
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While there is evidence of ACE2 expression in kidney tissue,

which hints at the possibility of direct viral infection (270–272),

there is no confirmed kidney tropism by SARS-CoV-2, and this

remains a hypothetical scenario. Other mechanisms, such as

respiratory complications leading to hypoxemia and immune-

driven inflammation, may contribute to kidney manifestations

(273, 274). It is important to note that just as kidney injury raises

the risk of fatal COVID-19 (38, 44, 275), the reverse relationship is

observed: COVID-19 heightens the risk of developing chronic

kidney disease (91). These findings underscore the importance of

preparing healthcare systems for potential increases in kidney

disease cases as long as COVID affects individuals in the

months ahead.
4 Reactivation of latent infections

Reactivation of latent viral infections, including Epstein-Barr virus

(EBV), human herpesvirus 6 (HHV-6), and human cytomegalovirus

(HCMV), is a common occurrence in states of compromised

immunity. Human herpesviruses like EBV and HHV-6 are prevalent

globally, with over 90% of adults carrying one or more of these viruses

(276, 277). Among the risk factors for viral reactivation are stress and

immunosuppression, and also this reactivation has been documented

in severe illness, particularly among ICU patients (278). Patients with

COVID-19, whether experiencing mild or severe cases, have reported

the reactivation of latent herpesviruses (279–282). However, the

reactivation tends to be more severe in individuals with a critical

illness and less pronounced in those with milder cases (279–282). The

stress and the notable increase in cytokines and other inflammatory

molecules is mainly caused by viral proteins, including ORF8, a unique

accessory protein specific of SARS-CoV-2 are believed to contribute to

the reactivation of these viruses (283, 284). Furthermore, this

reactivation may enhance SARS-CoV-2’s entry into cells, potentially

increasing viral load and symptom severity (285). While causal links

have not been definitively established, it has been speculated that

persistent EBV, HHV-6, and SARS-CoV-2 infections could fuel the

chronic inflammation associated with long COVID (281, 286, 287). A

study that compared patients with long COVID with 1 or more than 5

symptoms to those without long COVID found higher Epstein-Barr

virus nuclear antigen (EBNA) IgG levels. More specifically, these

patients have more neurocognitive symptoms (276). Interestingly,

long COVID patients who reported preexisting autoimmune diseases

like thyroiditis and have experienced fatigue showed higher levels of

early antigen diffuse component (EA-D) IgG (276).

Additionally, SARS-CoV-2 has been suggested as a risk factor

for various cancers (288), raising the possibility that latent

herpesvirus reactivation may play a role in these oncogenic

processes. This emphasizes the need to closely monitor

reactivated viral infections in patients with current or past SARS-

CoV-2 infections.

Moreover, the reactivation of infections has been associated

with neurological complications. Long COVID shares similarities

with myalgic encephalomyelitis/chronic fatigue syndrome (ME/

CFS) due to comparable manifestations (289). ME/CFS is

characterized by systemic exertion intolerance with neurological
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and immunological components, and viral infections can be a

trigger (289, 290). In survivors of SARS-CoV-1, 27% reported

ME/CFS symptoms four years after infection, a trend observed in

long COVID patients (290). Opportunistic viruses like EBV,

HHV-6, and HCMV have been linked to the development of ME/

CFS (291). Consequently, reactivation of these viruses has been

associated with long COVID symptoms (292, 293). A study found

that long COVID patients had higher EBV nuclear antigen (NA)

immunoglobulin G (IgG) levels compared to those without the

condition (293). Also, EBV early antigen-diffuse (EA-D) IgG was

correlated to long COVID manifestations, with fatigue and

insomnia being the most frequently reported (292). Furthermore,

the reactivation of EBV and HHV-6 was detected in long COVID

patients who reported symptoms like sleep disorders, persistent

cough, anosmia/ageusia, hair loss, shortness of breath, and chest

pain (294).

Reactivation of latent infections related to COVID-19 extends

beyond viral diseases. Notably, cases of tuberculosis (TB) reactivation

following SARS-CoV-2 infection have been documented (295–299).

The possible immunosuppressive effects of the disease, which

remains controversial, and the treatments may contribute to

infectious disease reactivation. Alarmingly, the WHO’s annual

tuberculosis report indicates an increase in TB incidence since the

beginning of the pandemic, exacerbating a condition that already

imposes a significant global healthcare and economic burden (300).
5 Immune response during
long COVID

Understanding the immune response to long COVID

necessitates insight into the acute phase of the disease. The host

immune reaction, encompassing innate and adaptive components,

plays a crucial role in COVID-19. This involves the release of

substantial quantities of pro-inflammatory cytokines and

inflammatory cells such as neutrophils and macrophages (155,

301, 302) along with the generation of virus-specific CD4+ T cells,

CD8+ T cells, and B cells (303–308). The impact of this immune

response on the clinical manifestations of COVID-19 has been

reported. Clinical research has indicated that in numerous severe

cases, immunopathology—organ and tissue damage resulting from

an imbalanced immune response—may be a primary factor in life-

threatening injuries for patients (150, 301, 309–314). Acute

exacerbated immune responses, mainly the self-sustaining

inflammatory chain reaction are commonly observed in critical

COVID-19 cases (301, 303, 309, 310). Additionally, markers of

inflammation in the blood linked to immunopathology and multi-

organ damage have been identified, including interferons,

neutrophil markers, and other inflammatory cytokines (314).

Immunopathology has also been demonstrated to play a

substantial role in severe acute pediatric cases, with a relatively

common manifestation being the severe, and at times fatal, systemic

inflammatory condition known as multi-system inflammation in

children (MIS-C). This syndrome involves exacerbated respiratory

and cardiovascular tissue inflammation accompanied by fever (264,

265, 270–274).
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Persistent immune dysregulation is suspected to play a role in

specific chronic manifestations of long COVID (Figure 2) (24).

Evidence indicates that patients exhibiting these manifestations

display altered immune mediators, both cellular and humoral, with

a notable focus on modified T-cell populations (21, 104, 108). It is

plausible to hypothesize that these altered populations may

contribute to persistent immunopathology, potentially accounting

for long-term symptoms characterized by inflammation, such as

chronic fever and muscle and joint pain (20, 164, 311, 312).

However, it is crucial to emphasize that the connection between

acute and chronic immune regulation post-SARS-CoV-2 infection is

not yet fully elucidated.

Clinical studies utilizing blood samples from COVID-19-

convalescent volunteers have demonstrated that SARS-CoV-2

infection strongly induces coronavirus-specific T lymphocytes and

memory B cells (315–319). Besides, evidence suggests that these

lymphocytes may remain persistently elevated, potentially explaining

at least some clinical manifestations of long COVID (113, 150).

Additionally, it has been observed that in COVID-19-convalescent

patients, there are broad alterations in the transcriptome of peripheral

blood mononuclear cells (PBMCs) in those with clinical presentation

compatible with long COVID (320). Significant differences in innate

and adaptive immune cell populations in COVID-19 convalescent

individuals compared to uninfected controls were observed (320).

Furthermore, a clinical study employing a high-dimensional

characterization of the lungs of COVID-19 convalescent subjects

found an enrichment of T and B cells in the respiratory tract

compared to blood levels (110). Additionally, it was observed that

the gastrointestinal manifestations of long COVID were linked to the

expansion of SARS-CoV-2-specific CD8+ and CD4+ T cell

populations (41).

Dysregulated tissue-resident T cells have been suggested as

potential drivers of chronic lung pathology post-respiratory

infections (321, 322), implying that long COVID pathology may

stem from a dysregulated cellular response (315). CD4+ T cell

responses during COVID-19 are correlated with disease severity,

suggesting that a more severe acute SARS-CoV-2 infection could

lead to a greater degree of T cell response dysregulation, potentially

explaining chronic manifestations (24). Conversely, there was no

correlation between immune dysregulation and persistent viral load

(24), indicating that COVID-19 induces alterations in cell

immunity regardless of chronic viral load, which could be a key

pathophysiological trigger of long COVID (320, 323).

On the other hand, studies have shown that COVID-19 can

induce significant decreases in several components of the cellular

immune response, including cytokines, complements, and immune

cells (303, 324, 325). Recent research showed marked reductions in

counts and percentages of total lymphocytes, total T cells, CD4+ T

cells, CD8+ T cells, B cells, and natural killer cells (NK) without

changes in the typical TCD4:TCD8 ratio of approximately 1:1 in

healthy subjects whether vaccinated or unvaccinated, who are

COVID-19 survivors (324) (Figure 1). Substantial dysregulations

in CD8+ T cells expressing degranulation markers have been

reported after SARS-CoV-2 infection (24). Furthermore, a

machine-learning-assisted clinical characterization of the immune

response of healthy volunteers, COVID-19 patients, and long
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COVID patients revealed significantly elevated B cell and CD14+

CD16+ CCR5+ monocyte levels, along with reduced T regulatory

cells (Treg) and programmed cell death protein 1(PD-1)-expressing

CD4+ and CD8+ T cells in the long COVID group compared to

healthy controls (325). Moreover, immunological characterization

of long COVID patients found a persistent increase of CD16+

monocyte levels and sustained expression of the SARS-CoV-2 S1

protein in CD14lo, CD16+ monocytes (326). While the precise role

of this expression remains uncertain, it is speculated that it could

contribute to chronic vascular inflammation (326). These

observations may suggest that if these alterations in cellular

immunity persist, they could at least partially contribute to the

symptoms present in long COVID. Consistent with this,

significantly higher SARS-CoV-2-specific IFN-g-producing CD4+

and CD8+ T cells were found in subjects with prior pulmonary

disease, indicating that this condition may lead to a higher

likelihood of future persistent cellular immune dysregulation after

experiencing COVID-19 (24). Furthermore, a study found

increased levels of activated CD4+ and CD8+ T-cells after 3

months of recovery from mild, moderate, and severe COVID-19.

Higher plasma levels of T-cell-related IL-4, IL-7, IL-17, and tumor

necrosis factor-alpha (TNF-a) were observed to compared mild and

moderate patients (327). Despite all this evidence, a study

evaluating SARS-CoV-2 cellular immunity in health workers with

confirmed infection, with or without persistent symptoms, found

no differences in viral neutralization or T-cell responses (328).

Recently, it was observed that T cells from COVID-19 patients

exhibited significantly elevated levels of IL-2 production in response

to stimulation with SARS-CoV-2 peptides compared to an

unexposed control group (329).

SARS-CoV-2 infection triggers a strong induction of virus-

specific B cells, resulting in abundant production of IgG antibodies

primarily targeting the receptor-binding domain of the spike protein

(S-RBD) and the nucleocapsid protein (NP) (308, 317, 330). Studies

of individuals recovering from COVID-19 consistently show elevated

IgG levels persisting for up to 24 weeks post-infection (315, 320).

These humoral responses correlated with disease severity and the

number of post-acute symptoms (20, 320, 331). Similar patterns

emerge in cellular immunity. However, the precise implications of the

upregulation of both humoral and cellular responses in the

pathogenesis of long COVID remain unclear. Notably, some

studies find no clear correlation between the humoral response and

the incidence and severity of long COVID manifestations (108, 328).

It is crucial to note that elevated antibody titers do not always indicate

the presence of symptoms. COVID-19 vaccinations have been

associated with a sustained upregulation of both humoral and

cellular immune responses, with a notable absence of chronic

adverse effects in most cases (54, 78, 80, 96, 332–338). Interestingly,

comorbidities, particularly diabetes, chronic heart disease, and

hypertension, correlate with higher convalescent antibody titers

after COVID-19 (20).

On the other hand, alterations have been observed in the

development of B cells, wherein antibody-secreting cells are

produced extrafollicularly (339, 340). This pathway has been

previously described in individuals with lupus (341). While

responses directed against the virus are initiated, they can also
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give rise to autoreactive humoral responses (autoantibodies), which

persist for months in individuals experiencing post-COVID-19

sequelae (339, 340). Autoantibodies have emerged as potentially

significant contributors to COVID-19 severity (41). Reports suggest

these molecules might be responsible for up to a fifth of COVID-19-

related deaths (342). Autoantibody concentrations have been

positively correlated with age and the male sex, potentially

explaining the higher severity and case-fatality ratio observed in
TABLE 1 Epidemiological, clinical, pathophysiological, and
immunological characteristics of long COVID.

Feature Available facts References

Diagnosis The US CDC defines long COVID as any
lingering COVID-19 symptom four weeks
after initial infection.

(12)

Incidence Estimates vary between 50 and 70% of
COVID-19 hospitalized cases, with 20%
being an increasingly accepted estimate (as
per the study by Bull-Otterson et al.).
Prevalence among non-hospitalized patients
has been reported to be 10-30% and only
10-12% of the vaccinated cases. The
incidence depends on whether the study
considers symptoms after 4 weeks after the
initial diagnosis.

(17–24, 27)

Effects
of vaccination

Vaccination provides only modest
protection against long COVID incidence in
case of breakthrough SARS-CoV-2 infection.
Limited case report data suggest vaccination
may improve symptoms of long COVID
patients and help clear chronic infections,
but some reports are conflicting.

(74, 82–84,
90, 92,
101, 104)

Duration Variable. Known case durations range from
weeks to months and possibly years, with
some cases that emerged early during the
pandemic still experiencing lingering
symptoms at this publication.

(17, 28, 32)

Risk factors Diabetes, cardiovascular disease,
inflammatory conditions, old age, and severe
COVID-19 have evidence of association, but
conflicting data exist.

(19, 21, 33,
37, 38, 40–
42, 46–49)

Viral
involvement in
the condition

The condition may occur regardless of
chronic infection with SARS-CoV-2, which
is defined as persistently detectable viral
genetic material. The latter is suspected of
facilitating the emergence of novel variants
of concern.

(12, 23, 63,
64, 66,
69–73)

Cardiovascular
complications

Myocardial inflammation and magnetic
resonance abnormalities are common
among COVID-19 survivors with lingering
symptoms.
SARS-CoV-2 invasion of cardiac tissue has
been described.

(149, 198,
200–
203, 349)

Respiratory
manifestations

Dyspnea and shortness of breath are the
most common symptoms in long COVID
patients.
Respiratory involvement seems to correlate
with neurological abnormalities.
The incidence of pulmonary fibrosis has
been described in several cases, and it
correlates with local upregulation of
inflammatory markers and
inflammasome activation.

(91, 137–
139, 141,
143, 144,
156,
314, 350)

Neurological
alterations

A wide array of neurological complications
is often called “neuro-COVID.” It is
characterized chiefly by brain fog.
SARS-CoV-2 interaction with the BBB and
invasion of the CNS have been described.
The emergence of GBS syndrome has been
associated with cases of SARS-CoV-
2 infection.

(5, 141, 165,
175, 176,
178, 179,
181, 182,
184, 189–
192, 324,
331, 351)

Damage to
endothelial
barriers

Endothelial damage can occur due to viral
persistence or due to the ability of SARS-
CoV-2 to infect endothelial cells.
The disturbance of homeostasis can affect

(212, 223,
224,
226, 228)

(Continued)
TABLE 1 Continued

Feature Available facts References

platelet function, blood coagulation, cell
permeability and leukocyte adhesion,
favoring the formation of thrombi. Which
may contribute to multiple organ failure in
subjects with long COVID.

Intestinal
barrier
alterations

ACE2 present in gut epithelial cells, could
serve as the entry point for the virus.
SARS-CoV-2 might infect and replicate
within intestinal bacteria.
The virus’s could impact on intestinal
permeability and promoting bacterial
translocation.
Changes in microbial diversity induced by
inflammation can lead to alterations in the
metabolic profile.
Changes in the microbiota could precede the
development of long COVID and exacerbate
inflammatory processes and precipitate
multiorgan alterations.

(45, 233,
235, 248,
264, 265)

Alterations in
other
body systems

Renal and hepatic manifestations have been
reported as significant sequelae of COVID-
19. Mechanisms for these complications are
unclear, but viral tropism has emerged as a
hypothesis due to the presence of ACE2 in
these tissues. Respiratory complications,
hypoxemia and immune-driven
inflammation may contribute to
kidney manifestations.

(264,
273, 352)

Reactivations
of
latent
infections

EBV, HHV-6, and HCMV reactivation have
been described in long COVID patients and
are associated with neurological
complications such as ME/CFS.
TB reactivation has been described in
patients who recovered from COVID-19.

(280, 282,
292, 294,
297,
299, 353)

Changes
in immunity

Natural infection may mediate some chronic
symptoms by strong induction of virus-
specific CD4+ and CD8+ T and B cells.
Significant alterations in T, B, and NK cell
quantities have been reported in COVID-19
survivors.
Consistently elevated IgGs have been
described in long-COVID patients.
Autoantibodies may mediate both severe
disease and chronic inflammation in some
long COVID cases.
Persistent circulation of the SARS-CoV-2
spike protein could be a putative antigen
mediating chronic manifestations.

(23, 67, 110,
150, 307,
315, 316,
318, 320,
342,
343, 354)

Changes
in
inflammation

A state of hyperinflammation has been
linked to the long COVID condition. This
condition may be partly due to mast cell
activation.
Hyperglycemia and new-onset diabetes have
been proposed as possible consequences of
excessive inflammation during a SARS-CoV-
2 infection.

(23, 38, 112,
135, 140,
151–153,
156, 203–
205, 274,
302, 348,
354–357)
f
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these (342, 343). Additionally, 10% of individuals with acute

COVID-19 infections had significant concentrations of

autoantibodies that directly inhibit type-I IFN (342), but these

antibodies were not found in significant concentrations in

asymptomatic COVID-19 patients (343).

Like in the acute phase of COVID-19, autoantibodies in long

COVID patients have been reported (344). A comprehensive multi-

omics study reported the presence of autoantibodies predate SARS-

CoV-2 infection and can be one of many factors predicting the

incidence of long COVID (Figure 1) (40). Recent multiparameter

analyses of long COVID highlight the significance of specific

autoantibody production as a predictor among various risk

factors for long COVID incidence (40). Furthermore, persistent

circulation of the SARS-CoV-2 spike protein has been reported,

potentially serving as a mechanistic link to long COVID symptoms

(65, 67). Another category of autoantibodies targets G-protein

coupled receptors (GPCRs), which have been implicated in

cardiovascular and neurological development (345). In long

COVID patients, a1 adrenergic receptor (a1 AdR), b1 AdR, and

b2 AdR and the muscarinic acetylcholine receptors M2 (M2 AChR),

M3 AChR, and M4 AChR were the most found and correlates with

the severity of the neurological symptoms (345–347).

Despite these findings, available data on the humoral response

during long COVID fail to provide conclusive evidence that can

significantly contribute to our understanding of the pathophysiological

mechanisms underlying this condition, underscoring the need for

further research.
6 Discussion

Long COVID is a newly recognized clinical condition, and

numerous uncertainties persist. Consequently, investigations into

this emerging condition are only beginning to uncover potential

underlying mechanisms (23, 24, 65, 67, 110, 112, 266, 302, 308, 315,

316, 323, 348). Public health authorities like the CDC actively

conduct short-term and multi-year studies to enhance our

understanding of this condition. Available data underscores that

this clinical phenomenon is intricate and diverse, affecting multiple

bodily systems and exhibiting persistence over months to years in

some instances, summarized in Table 1 (23, 49, 139, 151, 164, 320,

350). As mentioned earlier, the definition of persistent symptoms

for the post-COVID diagnosis is crucial in discerning whether they

are indicative of long COVID or if the recovery process is simply

slower than anticipated. Prolonged inflammation has been

proposed as a potential driver of long-term manifestations

following COVID-19. Indeed, the role of sustained inflammation

in developing cardiovascular, respiratory, immunological, and

neurological complications after COVID-19 has been elucidated

(23, 91, 110, 112, 155, 355). National healthcare systems should be

understanding the likelihood that some COVID-19 survivors may

transition into patients with chronic disabilities. Simultaneously,

the possibility of chronically ill COVID-19 survivors potentially

contributing to the emergence of novel variants of concern due to

persistent viral loads necessitates careful attention (66, 71). Current
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evidence on the existence of different subtypes of long COVID

remains inconclusive. However, two studies have progressed in

subtyping this condition (339, 358). Using semantic phenotypic

grouping, the first study successfully stratified the disease into six

distinct groups (358). These groups exhibit unique profiles of

phenotypic abnormalities, encompassing specific pulmonary,

neuropsychiatric, and cardiovascular manifestations, with one

group exhibiting extensive and severe symptoms correlated with

increased mortality (358). The second study, employing proteomic

techniques, further subclassifies long COVID into two conditions.

These conditions are characterized by the presence or absence of

broad inflammatory signatures indicating increased neutrophil

activity and qualitative changes in memory and B cell responses

(339). Characterizing and subclassifying long COVID can

potentially improve the diagnosis and treatment strategies for this

ailment. Therefore, long-term studies must delve into the

epidemiology, mechanisms, pathophysiology, and possible

management of long COVID to address this emerging crisis with

the utmost diligence from healthcare institutions. Concurrently,

public health organizations should formulate comprehensive

management strategies that recognize the diverse manifestations

characteristic of it and address its manifold consequences.
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86. Schultz BM, Melo-González F, Duarte LF, Gálvez NMS, Pacheco GA, Soto JA,
et al. A booster dose of coronaVac increases neutralizing antibodies and T cells that
recognize delta and omicron variants of concern. MBio. (2022) 13:e0142322.
doi: 10.1128/MBIO.01423-22

87. Reyes H, Diethelm-Varela B, Méndez C, Rebolledo-Zelada D, Lillo-Dapremont
B, Muñoz SR, et al. Contribution of two-dose vaccination toward the reduction of
COVID-19 cases, ICU hospitalizations and deaths in Chile assessed through
explanatory generalized additive models for location, scale, and shape. Front Public
Heal. (2022) 10:815036. doi: 10.3389/fpubh.2022.815036
frontiersin.org

https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1016/j.jiph.2022.04.006
https://doi.org/10.1080/23744235.2021.1924397
https://doi.org/10.1080/23744235.2021.1924397
https://doi.org/10.1371/journal.pone.0247461
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1111/ijcp.13746
https://doi.org/10.1136/thoraxjnl-2020-216377
https://doi.org/10.1038/s41467-021-26513-3
https://doi.org/10.1038/s41586-022-04569-5
https://doi.org/10.1002/npr2.12222
https://doi.org/10.1038/s41592-018-0245-2
https://doi.org/10.1038/s41592-018-0245-2
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.eclinm.2022.101762
https://doi.org/10.3390/vaccines10071082
https://doi.org/10.1016/J.CMI.2021.03.012
https://doi.org/10.1016/J.CMI.2021.05.033
https://doi.org/10.1016/J.CMI.2021.05.033
https://doi.org/10.1007/s00408-021-00423-z
https://doi.org/10.1016/J.CMI.2020.09.023
https://doi.org/10.3390/JCM11020413
https://doi.org/10.1016/J.CMI.2021.11.002
https://doi.org/10.1007/s42399-020-00341-w
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1016/j.ebiom.2020.102960
https://doi.org/10.1093/cid/ciaa1249
https://doi.org/10.3389/fmicb.2021.724654
https://doi.org/10.3389/fmicb.2021.724654
https://doi.org/10.1093/CID/CIAC722
https://doi.org/10.1038/d41586-022-01613-2
https://doi.org/10.1007/s12035-021-02696-0
https://doi.org/10.1007/s12035-021-02696-0
https://doi.org/10.1007/S10456-023-09878-5
https://doi.org/10.1007/S10456-023-09878-5
https://doi.org/10.1038/s41586-021-03291-y
https://doi.org/10.1056/NEJMc2031364
https://doi.org/10.1038/s41467-022-30163-4
https://doi.org/10.7554/eLife.69091
https://doi.org/10.1007/s10875-021-01158-5
https://doi.org/10.1007/s10875-021-01158-5
https://doi.org/10.1038/s41591-022-01840-0
https://doi.org/10.3389/FIMMU.2023.1135478
https://doi.org/10.1128/MBIO.01311-22
https://doi.org/10.3390/VACCINES11071193
https://doi.org/10.3389/fimmu.2021.747830
https://doi.org/10.1093/cid/ciac167
https://doi.org/10.1093/cid/ciab823
https://doi.org/10.1016/j.lana.2022.100371
https://doi.org/10.1038/d41586-021-03495-2
https://doi.org/10.3390/vaccines10050652
https://doi.org/10.3389/fimmu.2021.742914
https://doi.org/10.3389/fimmu.2021.742914
https://doi.org/10.1128/MBIO.01423-22
https://doi.org/10.3389/fpubh.2022.815036
https://doi.org/10.3389/fimmu.2024.1341600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bohmwald et al. 10.3389/fimmu.2024.1341600
88. Gálvez NMS, Pacheco GA, Schultz BM, Melo-González F, Soto JA, Duarte LF,
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M. Small extracellular vesicles and COVID19-using the “Trojan horse” to tackle the
giant. Cells. (2021) 10:3383. doi: 10.3390/CELLS10123383

222. Barberis E, Vanella VV, Falasca M, Caneapero V, Cappellano G, Raineri D,
et al. Circulating exosomes are strongly involved in SARS-coV-2 infection. Front Mol
Biosci. (2021) 8:632290. doi: 10.3389/FMOLB.2021.632290

223. Ali RA, Wuescher LM, Worth RG. Platelets: essential components of the
immune system. Curr Trends Immunol. (2015) 16:65.

224. Pretorius E, Vlok M, Venter C, Bezuidenhout JA, Laubscher GJ, Steenkamp J,
et al. Persistent clotting protein pathology in Long COVID/Post-Acute Sequelae of
COVID-19 (PASC) is accompanied by increased levels of antiplasmin. Cardiovasc
Diabetol. (2021) 20:172. doi: 10.1186/S12933-021-01359-7

225. Wang C, Yu C, Jing H, Wu X, Novakovic VA, Xie R, et al. Long COVID: the
nature of thrombotic sequelae determines the necessity of early anticoagulation. Front
Cell Infect Microbiol. (2022) 12:861703. doi: 10.3389/FCIMB.2022.861703

226. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, et al.
Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in covid-19. N Engl J
Med. (2020) 383:120–8. doi: 10.1056/NEJMoa2015432

227. Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, Patel SK,
et al. Immunological dysfunction persists for 8 months following initial mild-to-
moderate SARS-CoV-2 infection. Nat Immunol. (2022) 23:210–6. doi: 10.1038/s41590-
021-01113-x

228. Clausen TM, Sandoval DR, Spliid CB, Pihl J, Perrett HR, Painter CD, et al.
SARS-coV-2 infection depends on cellular heparan sulfate and ACE2. Cell. (2020)
183:1043–1057.e15. doi: 10.1016/j.cell.2020.09.033

229. Kotagiri P, Mescia F, Hanson AL, Turner L, Bergamaschi L, Peñalver A, et al.
The impact of hypoxia on B cells in COVID-19. EBioMedicine. (2022) 77:103878.
doi: 10.1016/J.EBIOM.2022.103878
frontiersin.org

https://doi.org/10.3201/eid1002.030638
https://doi.org/10.1016/j.ijid.2020.03.062
https://doi.org/10.1128/JVI.73.10.8771-8780.1999
https://doi.org/10.1002/rmv.2292
https://doi.org/10.1038/s41467-022-30932-1
https://doi.org/10.1007/s10072-020-04553-9
https://doi.org/10.1212/NXI.0000000000000785
https://doi.org/10.1007/s10072-020-04449-8
https://doi.org/10.1007/s10072-020-04449-8
https://doi.org/10.1007/s12192-020-01145-6
https://doi.org/10.1056/NEJMra1114525
https://doi.org/10.1186/s13578-021-00568-7
https://doi.org/10.1093/CVR/CVAC115
https://doi.org/10.1038/s41591-022-01689-3
https://doi.org/10.1038/s41371-020-0387-4
https://doi.org/10.1080/14787210.2020.1822737
https://doi.org/10.1016/j.cjco.2020.06.010
https://doi.org/10.1001/jamacardio.2020.3557
https://doi.org/10.1001/jamacardio.2020.3551
https://doi.org/10.1016/j.jacbts.2021.01.002
https://doi.org/10.1016/j.jacbts.2021.01.002
https://doi.org/10.1111/jth.15532
https://doi.org/10.1001/jamacardio.2020.1096
https://doi.org/10.1001/jamacardio.2020.0950
https://doi.org/10.1007/s00392-021-01929-5
https://doi.org/10.1007/s00392-021-01929-5
https://doi.org/10.1038/S41467-023-37269-3
https://doi.org/10.3390/IJMS24098237
https://doi.org/10.1136/GUTJNL-2021-324622
https://doi.org/10.1136/gutjnl-2021-324280corr1
https://doi.org/10.1016/S2666-5247(23)00115-5
https://doi.org/10.1016/S2666-5247(23)00115-5
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1038/s41586-022-05542-y
https://doi.org/10.1177/2329048X211022532
https://doi.org/10.1097/PG9.0000000000000152
https://doi.org/10.1097/PG9.0000000000000152
https://doi.org/10.1093/CID/CIAC160
https://doi.org/10.1038/s41590-022-01367-z
https://doi.org/10.7554/ELIFE.86015
https://doi.org/10.1016/J.PRP.2022.154106
https://doi.org/10.1016/J.TEM.2023.03.002
https://doi.org/10.3390/CELLS10123383
https://doi.org/10.3389/FMOLB.2021.632290
https://doi.org/10.1186/S12933-021-01359-7
https://doi.org/10.3389/FCIMB.2022.861703
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1016/J.EBIOM.2022.103878
https://doi.org/10.3389/fimmu.2024.1341600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bohmwald et al. 10.3389/fimmu.2024.1341600
230. Carvalho-Schneider C, Laurent E, Lemaignen A, Beaufils E, Bourbao-Tournois
C, Laribi S, et al. Follow-up of adults with noncritical COVID-19 two months after
symptom onset. Clin Microbiol Infect. (2021) 27:258–63. doi: 10.1016/j.cmi.2020.09.052

231. D’Cruz RF, Waller MD, Perrin F, Periselneris J, Norton S, Smith L-J, et al. Chest
radiography is a poor predictor of respiratory symptoms and functional impairment in
survivors of severe COVID-19 pneumonia. ERJ Open Res. (2021) 7:655–2020.
doi: 10.1183/23120541.00655-2020

232. Tomasoni D, Bai F, Castoldi R, Barbanotti D, Falcinella C, Mulè G, et al.
Anxiety and depression symptoms after virological clearance of COVID-19: A cross-
sectional study in Milan, Italy. J Med Virol. (2021) 93:1175–9. doi: 10.1002/jmv.26459

233. Wong SH, Lui RNS, Sung JJY. Covid-19 and the digestive system.
J Gastroenterol Hepatol. (2020) 35:744–8. doi: 10.1111/jgh.15047

234. Zhao Y, Shang Y, Song W, Li Q, Xie H, Xu Q, et al. Follow-up study of the
pulmonary function and related physiological characteristics of COVID-19 survivors
three months after recovery. EClinicalMedicine. (2020) 25:100463. doi: 10.1016/
j.eclinm.2020.100463

235. Xiao F, Tang M, Zheng X, Liu Y, Li X, Shan H. Evidence for gastrointestinal
infection of SARS-coV-2. Gastroenterology. (2020) 158:1831–1833.e3. doi: 10.1053/
j.gastro.2020.02.055

236. Natarajan A, Zlitni S, Brooks EF, Vance SE, Dahlen A, Hedlin H, et al.
Gastrointestinal symptoms and fecal shedding of SARS-CoV-2 RNA suggest
prolonged gastrointestinal infection. Med (New York NY). (2022) 3:371–387.e9.
doi: 10.1016/J.MEDJ.2022.04.001

237. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
et al. SARS-coV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell. (2020) 181:271–280.e8. doi: 10.1016/
j.cell.2020.02.052

238. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2 entry
into cells. Nat Rev Mol Cell Biol. (2022) 23:3–20. doi: 10.1038/s41580-021-00418-x

239. Lupala CS, Ye Y, Chen H, Su X-D, Liu H. Mutations on RBD of SARS-CoV-2
Omicron variant result in stronger binding to human ACE2 receptor. Biochem Biophys
Res Commun. (2022) 590:34–41. doi: 10.1016/j.bbrc.2021.12.079

240. Winkler ES, Chen RE, Alam F, Yildiz S, Case JB, Uccellini MB, et al. SARS-coV-
2 causes lung infection without severe disease in human ACE2 knock-in mice. J Virol.
(2022) 96:e0151121. doi: 10.1128/JVI.01511-21

241. Hung IFN, Cheng VCC, Wu AKL, Tang BSF, Chan KH, Chu CM, et al. Viral
loads in clinical specimens and SARS manifestations. Emerg Infect Dis. (2004) 10:1550–
7. doi: 10.3201/eid1009.040058

242. Leung WK, To K, Chan PKS, Chan HLY, Wu AKL, Lee N, et al. Enteric
involvement of severe acute respiratory syndrome-associated coronavirus infection.
Gastroenterology. (2003) 125:as0016508503012150. doi: 10.1016/S0016-5085(03)
01215-0

243. Zhou J, Li C, Zhao G, Chu H,Wang D, Yan HH-N, et al. Human intestinal tract
serves as an alternative infection route for Middle East respiratory syndrome
coronavirus. Sci Adv. (2017) 3:eaao4966. doi: 10.1126/sciadv.aao4966

244. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: implications for virus origins and receptor
binding. Lancet. (2020) 395:565–74. doi: 10.1016/S0140-6736(20)30251-8

245. Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, et al.
Evolution of antibody immunity to SARS-CoV-2. Nat. (2021) 591:639–44.
doi: 10.1038/s41586-021-03207-w

246. Morone G, Palomba A, Iosa M, Caporaso T, De Angelis D, Venturiero V, et al.
Incidence and persistence of viral shedding in COVID-19 post-acute patients with
negativized pharyngeal swab: A systematic review. Front Med. (2020) 7:562.
doi: 10.3389/FMED.2020.00562

247. Wu Y, Guo C, Tang L, Hong Z, Zhou J, Dong X, et al. Prolonged presence of
SARS-CoV-2 viral RNA in faecal samples. Lancet Gastroenterol Hepatol. (2020) 5:434–
5. doi: 10.1016/S2468-1253(20)30083-2

248. Sencio V, MaChado MG, Trottein F. The lung-gut axis during viral respiratory
infections: the impact of gut dysbiosis on secondary disease outcomes. Mucosal
Immunol. (2021) 14:296–304. doi: 10.1038/S41385-020-00361-8

249. Neag MA, Vulturar DM, Gherman D, Burlacu CC, Todea DA, Buzoianu AD.
Gastrointestinal microbiota: A predictor of COVID-19 severity?World J Gastroenterol.
(2022) 28:6328. doi: 10.3748/WJG.V28.I45.6328

250. Zhang H, Shao B, Dang Q, Chen Z, Zhou Q, Luo H, et al. Pathogenesis and
mechanism of gastrointestinal infection with COVID-19. Front Immunol. (2021)
12:674074. doi: 10.3389/FIMMU.2021.674074

251. Oliva A, Miele MC, Di Timoteo F, De Angelis M, Mauro V, Aronica R, et al.
Persistent systemic microbial translocation and intestinal damage during coronavirus
disease-19. Front Immunol. (2021) 12:708149. doi: 10.3389/fimmu.2021.708149.

252. George V, Harrison L, Roach M, Li XD, Tierney C, Fischl MA, et al.
Associations of plasma cytokine and microbial translocation biomarkers with
immune reconstitution inflammatory syndrome. J Infect Dis. (2017) 216:1159–63.
doi: 10.1093/INFDIS/JIX460

253. Giron LB, Dweep H, Yin X, Wang H, Damra M, Goldman AR, et al. Plasma
markers of disrupted gut permeability in severe COVID-19 patients. Front Immunol.
(2021) 12:686240. doi: 10.3389/fimmu.2021.779064
Frontiers in Immunology 19
254. Wu D, Yang XO. TH17 responses in cytokine storm of COVID-19: An
emerging target of JAK2 inhibitor Fedratinib. J Microbiol Immunol Infect. (2020)
53:368–70. doi: 10.1016/J.JMII.2020.03.005

255. Belizário JE, Faintuch J, Garay-Malpartida M. Gut microbiome dysbiosis and
immunometabolism: new frontiers for treatment of metabolic diseases. Mediators
Inflammation. (2018) 2018:2037838. doi: 10.1155/2018/2037838

256. Belizário JE, Faintuch J. Microbiome and gut dysbiosis. Exp Suppl. (2018)
109:459–76. doi: 10.1007/978-3-319-74932-7_13

257. Dickson RP, Schultz MJ, van der Poll T, Schouten LR, Falkowski NR, Luth JE,
et al. Lung microbiota predict clinical outcomes in critically ill patients. Am J Respir Crit
Care Med. (2020) 201:555–63. doi: 10.1164/rccm.201907-1487OC

258. Gu S, Chen Y, Wu Z, Chen Y, Gao H, Lv L, et al. Alterations of the gut
microbiota in patients with coronavirus disease 2019 or H1N1 influenza. Clin Infect
Dis. (2020) 71:2669–78. doi: 10.1093/CID/CIAA709

259. Xu R, Lu R, Zhang T, Wu Q, Cai W, Han X, et al. Temporal association between
human upper respiratory and gut bacterial microbiomes during the course of COVID-
19 in adults. Commun Biol. (2021) 4:1–11. doi: 10.1038/s42003-021-01796-w

260. Chen Y, Gu S, Chen Y, Lu H, Shi D, Guo J, et al. Six-month follow-up of gut
microbiota richness in patients with COVID-19. Gut. (2022) 71:222–5. doi: 10.1136/
GUTJNL-2021-324090

261. Irum N, Afzal T, Faraz MH, Aslam Z, Rasheed F. The role of gut microbiota in
depression: an analysis of the gut-brain axis. Front Behav Neurosci. (2023) 17:1185522/
BIBTEX. doi: 10.3389/fnbeh.2023.1185522

262. Brogna C, Brogna B, Bisaccia DR, Lauritano F, Marino G, Montano L, et al.
Could SARS-coV-2 have bacteriophage behavior or induce the activity of other
bacteriophages? Vaccines. (2022) 10:708. doi: 10.3390/VACCINES10050708

263. Palevsky PM. Endpoints for clinical trials of acute kidney injury. Nephron.
(2018) 140:111–5. doi: 10.1159/000493203

264. Yende S, Parikh CR. Long COVID and kidney disease. Nat Rev Nephrol. (2021)
17:792–3. doi: 10.1038/s41581-021-00487-3

265. Pei G, Zhang Z, Peng J, Liu L, Zhang C, Yu C, et al. Renal involvement and early
prognosis in patients with COVID-19 pneumonia. J Am Soc Nephrol. (2020) 31:1157–
65. doi: 10.1681/ASN.2020030276

266. Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: major findings,
mechanisms and recommendations. Nat Rev Microbiol. (2023) 21:133–46.
doi: 10.1038/s41579-022-00846-2

267. Kellum JA, Olivier van Till JW, Mulligan G. Targeting acute kidney injury in
COVID-19. Nephrol Dial Transplant. (2020) 35:1652–62. doi: 10.1093/NDT/GFAA231

268. Farkash EA, Wilson AM, Jentzen JM. Ultrastructural evidence for direct renal
infection with SARS-coV-2. J Am Soc Nephrol. (2020) 31:1683–7. doi: 10.1681/
ASN.2020040432

269. Chueh TI, Zheng CM, Hou YC, Lu KC. Novel evidence of acute kidney injury
in COVID-19. J Clin Med. (2020) 9:1–14. doi: 10.3390/JCM9113547

270. Ahmadian E, Khatibi SMH, Soofiyani SR, Abediazar S, Shoja MM, Ardalan M,
et al. Covid-19 and kidney injury: Pathophysiology and molecular mechanisms. Rev
Med Virol. (2021) 31:e2176. doi: 10.1002/rmv.2176

271. Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M, Stagliano N, et al. A
novel angiotensin-converting enzyme–related carboxypeptidase (ACE2) converts
angiotensin I to angiotensin 1-9. Circ Res. (2000) 87:e1–e9. doi: 10.1161/01.RES.87.5.e1

272. Lores E, Wysocki J, Batlle D. ACE2, the kidney and the emergence of COVID-19
two decades after ACE2 discovery. Clin Sci. (2020) 134:2791–805. doi: 10.1042/CS20200484

273. Crook H, Raza S, Nowell J, Young M, Edison P. Long covid—mechanisms, risk
factors, and management. BMJ. (2021) 374:n1648. doi: 10.1136/bmj.n1648

274. Danladi J, Sabir H. Innate immunity, inflammation activation and heat-shock
protein in COVID-19 pathogenesis. J Neuroimmunol. (2021) 358:577632. doi: 10.1016/
j.jneuroim.2021.577632

275. Gao Y, Ding M, Dong X, Zhang J, Azkur AK, Azkur D, et al. Risk factors for
severe and critically ill COVID-19 patients: A review. Allergy. (2021) 76:428–55.
doi: 10.1111/all.14657

276. Peluso MJ, Deveau TM, Munter SE, Ryder D, Buck A, Beck-Engeser G, et al.
Chronic viral coinfections differentially affect the likelihood of developing long COVID.
J Clin Invest. (2023) 133:e163669. doi: 10.1172/JCI163669

277. Lan K, Luo MH. Herpesviruses: epidemiology, pathogenesis, and interventions.
Virol Sin. (2017) 32:347. doi: 10.1007/S12250-017-4108-2

278. Mitchell BM, Bloom DC, Cohrs RJ, Gilden DH, Kennedy PGE. Herpes simplex
virus-1 and varicella-zoster virus latency in ganglia. J Neurovirol. (2003) 9:194–204.
doi: 10.1080/13550280390194000

279. Katz J, Yue S, Xue W. Herpes simplex and herpes zoster viruses in COVID-19
patients. Ir J Med Sci. (2022) 191:1093. doi: 10.1007/s11845-021-02714-z

280. Xu R, Zhou Y, Cai L, Wang L, Han J, Yang X, et al. Co-reactivation of the human
herpesvirus alpha subfamily (herpes simplex virus-1 and varicella zoster virus) in a critically
ill patient with COVID-19. Br J Dermatol. (2020) 183:1145–7. doi: 10.1111/BJD.19484

281. Kim JYH, Ragusa M, Tortosa F, Torres A, Gresh L, Méndez-Rico JA, et al. Viral
reactivations and co-infections in COVID-19 patients: a systematic review. BMC Infect
Dis. (2023) 23:1–25. doi: 10.1186/s12879-023-08117-y
frontiersin.org

https://doi.org/10.1016/j.cmi.2020.09.052
https://doi.org/10.1183/23120541.00655-2020
https://doi.org/10.1002/jmv.26459
https://doi.org/10.1111/jgh.15047
https://doi.org/10.1016/j.eclinm.2020.100463
https://doi.org/10.1016/j.eclinm.2020.100463
https://doi.org/10.1053/j.gastro.2020.02.055
https://doi.org/10.1053/j.gastro.2020.02.055
https://doi.org/10.1016/J.MEDJ.2022.04.001
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1016/j.bbrc.2021.12.079
https://doi.org/10.1128/JVI.01511-21
https://doi.org/10.3201/eid1009.040058
https://doi.org/10.1016/S0016-5085(03)01215-0
https://doi.org/10.1016/S0016-5085(03)01215-0
https://doi.org/10.1126/sciadv.aao4966
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.3389/FMED.2020.00562
https://doi.org/10.1016/S2468-1253(20)30083-2
https://doi.org/10.1038/S41385-020-00361-8
https://doi.org/10.3748/WJG.V28.I45.6328
https://doi.org/10.3389/FIMMU.2021.674074
https://doi.org/10.3389/fimmu.2021.708149
https://doi.org/10.1093/INFDIS/JIX460
https://doi.org/10.3389/fimmu.2021.779064
https://doi.org/10.1016/J.JMII.2020.03.005
https://doi.org/10.1155/2018/2037838
https://doi.org/10.1007/978-3-319-74932-7_13
https://doi.org/10.1164/rccm.201907-1487OC
https://doi.org/10.1093/CID/CIAA709
https://doi.org/10.1038/s42003-021-01796-w
https://doi.org/10.1136/GUTJNL-2021-324090
https://doi.org/10.1136/GUTJNL-2021-324090
https://doi.org/10.3389/fnbeh.2023.1185522
https://doi.org/10.3390/VACCINES10050708
https://doi.org/10.1159/000493203
https://doi.org/10.1038/s41581-021-00487-3
https://doi.org/10.1681/ASN.2020030276
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.1093/NDT/GFAA231
https://doi.org/10.1681/ASN.2020040432
https://doi.org/10.1681/ASN.2020040432
https://doi.org/10.3390/JCM9113547
https://doi.org/10.1002/rmv.2176
https://doi.org/10.1161/01.RES.87.5.e1
https://doi.org/10.1042/CS20200484
https://doi.org/10.1136/bmj.n1648
https://doi.org/10.1016/j.jneuroim.2021.577632
https://doi.org/10.1016/j.jneuroim.2021.577632
https://doi.org/10.1111/all.14657
https://doi.org/10.1172/JCI163669
https://doi.org/10.1007/S12250-017-4108-2
https://doi.org/10.1080/13550280390194000
https://doi.org/10.1007/s11845-021-02714-z
https://doi.org/10.1111/BJD.19484
https://doi.org/10.1186/s12879-023-08117-y
https://doi.org/10.3389/fimmu.2024.1341600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bohmwald et al. 10.3389/fimmu.2024.1341600
282. Simonnet A, Engelmann I, Moreau AS, Garcia B, Six S, El Kalioubie A, et al.
High incidence of Epstein-Barr virus, cytomegalovirus, and human-herpes virus-6
reactivations in critically ill patients with COVID-19. Infect Dis now. (2021) 51:296–9.
doi: 10.1016/J.IDNOW.2021.01.005

283. Pona A, Jiwani RA, Afriyie F, Labbe J, Cook PP, Mao Y. Herpes zoster as a
potential complication of coronavirus disease 2019. Dermatol Ther. (2020) 33:e13930.
doi: 10.1111/DTH.13930

284. Busani S, Bedini A, Biagioni E, Serio L, Tonelli R, Meschiari M, et al. Two fatal
cases of acute liver failure due to HSV-1 infection in COVID-19 patients following
immunomodulatory therapies. Clin Infect Dis. (2021) 73:E252–5. doi: 10.1093/CID/
CIAA1246

285. Perera MR, Greenwood EJD, Crozier TWM, Elder EG, Schmitt J, Crump CM,
et al. Human cytomegalovirus infection of epithelial cells increases SARS-coV-2
superinfection by upregulating the ACE2 receptor. J Infect Dis. (2023) 227:543–53.
doi: 10.1093/INFDIS/JIAC452

286. Vojdani A, Vojdani E, Saidara E, Maes M. Persistent SARS-coV-2 infection,
EBV, HHV-6 and other factors may contribute to inflammation and autoimmunity in
long COVID. Viruses. (2023) 15:400. doi: 10.3390/V15020400

287. Ahamed J, Laurence J. Long COVID endotheliopathy: hypothesized
mechanisms and potential therapeutic approaches. J Clin Invest. (2022) 132.
doi: 10.1172/JCI161167

288. Jafarzadeh A, Gosain R, Mortazavi SMJ, Nemati M, Jafarzadeh S, Ghaderi A.
SARS-coV-2 infection: A possible risk factor for incidence and recurrence of cancers.
Int J Hematol Stem Cell Res. (2022) 16:117–27. doi: 10.18502/IJHOSCR.V16I2.9205

289. Komaroff AL, Lipkin WI. ME/CFS and Long COVID share similar symptoms
and biological abnormalities: road map to the literature. Front Med. (2023) 10:1187163.
doi: 10.3389/FMED.2023.1187163

290. Lam MHB, Wing YK, Yu MWM, Leung CM, Ma RCW, Kong APS, et al.
Mental morbidities and chronic fatigue in severe acute respiratory syndrome survivors:
long-term follow-up. Arch Intern Med. (2009) 169:2142–7. doi: 10.1001/
ARCHINTERNMED.2009.384

291. Shikova E, Reshkova V, Kumanova А, Raleva S, Alexandrova D, Capo N, et al.
Cytomegalovirus, Epstein-Barr virus, and human herpesvirus-6 infections in patients
with myalgic еncephalomyelitis/chronic fatigue syndrome. J Med Virol. (2020)
92:3682–8. doi: 10.1002/JMV.25744

292. Peluso MJ, Deveau T-M, Munter SE, Ryder D, Buck A, Beck-Engeser G, et al.
Impact of pre-existing chronic viral infection and reactivation on the development of
long COVID. medRxiv. (2022). doi: 10.1101/2022.06.21.22276660

293. Gold JE, Okyay RA, Licht WE, Hurley DJ. Investigation of long COVID
prevalence and its relationship to epstein-barr virus reactivation. Pathog (Basel
Switzerland). (2021) 10:E1–9. doi: 10.3390/PATHOGENS10060763

294. Zubchenko S, Kril I, Nadizhko O, Matsyura O, Chopyak V. Herpesvirus
infections and post-COVID-19 manifestations: a pilot observational study.
Rheumatol Int. (2022) 42:1523–30. doi: 10.1007/S00296-022-05146-9

295. Leonso AA, Brown K, Prol R, Rawat S, Khunger A, Bromberg R. A rare case of
latent tuberculosis reactivation secondary to a COVID-19 infection. Infect Dis Rep.
(2022) 14:446. doi: 10.3390/IDR14030048

296. Tang W, Leonhardt L, Pervez A, Sarvepalli S. A case of pleural tuberculosis vs
latent tuberculosis reactivation as a result of COVID-19 infection and treatment.
J Community Hosp Intern Med Perspect. (2022) 12:90–4. doi: 10.55729/2000-9666.1078

297. Friedman A, Degeorge KC. Reactivation of latent tuberculosis in a COVID-19
patient on corticosteroid treatment. BMJ Case Rep. (2022) 15:e247562. doi: 10.1136/
BCR-2021-247562

298. Bardhan M, Hasan MM, Ray I, Sarkar A, Chahal P, Rackimuthu S, et al.
Tuberculosis amidst COVID-19 pandemic in India: unspoken challenges and the way
forward. Trop Med Health. (2021) 49:84. doi: 10.1186/S41182-021-00377-1

299. Alemu A, Bitew ZW, Seid G, Diriba G, Gashu E, Berhe N, et al. Tuberculosis in
individuals who recovered from COVID-19: A systematic review of case reports. PloS
One. (2022) 17:e0277807. doi: 10.1371/JOURNAL.PONE.0277807

300. WHO Global Tuberculosis Report 2022. 1. COVID-19 and TB. WHO rep (2022).
Available online at: https://www.who.int/teams/global-tuberculosis-programme/tb-reports/
global-tuberculosis-report-2022/covid-19-and-tb (Accessed October 24, 2023).

301. Ramasamy S, Subbian S. Critical determinants of cytokine storm and type I
interferon response in COVID-19 pathogenesis. Clin Microbiol Rev. (2021) 34:e00299–
20. doi: 10.1128/CMR.00299-20

302. Patterson BK, Guevara-Coto J, Yogendra R, Francisco EB, Long E, Pise A, et al.
Immune-based prediction of COVID-19 severity and chronicity decoded using
machine learning. Front Immunol. (2021) 12:700782. doi: 10.3389/fimmu.2021.700782
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