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ABSTRACT

Background: Long COVID (coronavirus disease 2019) syndrome includes a group of patients who, after infection with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), exhibit lingering mild-to-moderate symptoms and develop
medical complications that can have lasting health problems. In this report, we propose a model for the pathophysiology of the
long COVID presentation based on increased proinflammatory cytokine production that results from the persistence of the
SARS-CoV-2 virus or one of its molecular components. Associated with this hyperproduction of inflammatory cytokines is a heightened
activity of nuclear factor k B (NF-k B) and p38 mitogen-activated protein kinase signaling pathways that requlate cytokine production.

Obijective: The purpose of the present report was to review the causes of long COVID syndrome and suggest ways that
can provide a basis for a better understanding of the clinical symptomatology for the of improved diagnostic and therapeutic
procedures for the condition.

Methods: Extensive research was conducted in medical literature data bases by applying terms such as “long COVID”
associated with “persistence of the SARS-CoV-2 virus” “spike protein” “COVID-19" and “biologic therapies.”

Results and Conclusions: In this model of the long COVID syndrome, the persistence of SARS-CoV-2 is hypothesized to
trigger a dysrequlated immune system with subsequent heightened release of proinflammatory cytokines that lead to chronic
low-grade inflammation and multiorgan symptomatology. The condition seems to have a genetic basis, which predisposes indi-
viduals to have a diminished immunologic capacity to completely clear the virus, with residual parts of the virus persisting. This
persistence of virus and resultant hyperproduction of proinflammatory cytokines are proposed to form the basis of the syndrome.

(Allergy Asthma Proc 43:187-193, 2022; doi: 10.2500/aap.2022.43.220018)

fter infection with severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2), the majority of
patients generally show complete recovery within 34
weeks; however, as many as 30% continue to have at least
one symptom and lingering effects after 3 months, and
develop medical complications that can have lasting
health problems. The condition is referred to as “long-
haul COVID” (or “long COVID”) and has been desig-
nated as “our next public health disaster in the making.”"
Long COVID (coronavirus disease 2019), therefore, is a
form of chronic COVID characterized by persistent after-
effects of SARS-CoV-2 infection, which include fatigue,
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shortness of breath, cough, and joint and chest pain, in
addition to other symptoms that include problems with
thought processes, difficulty concentrating, forgetfulness,
depression, muscle pain, headache, rapid heartbeat, and
fever” Long COVID symptoms can last weeks and
months in some patients, who are also referred to as
“long haulers” or as having “chronic COVID.” The condi-
tion was originally described in adults® but is now being
identified in children.* The purpose of the present report
is to propose a hypothesis-driven model of viral persist-
ence for the pathophysiology of long COVID as a basis
for a better understanding of the clinical symptomatology
and for the development of improved diagnostic and
therapeutic procedures for the condition.

METHODS

This review examined the literature data published in
public data bases (PubMed, MEDLINE, U.S. National
Library of Medicine, Bethesda, MD) on long COVID
between 2019 and 2022. The following key terms were
used: “long COVID” associated with “persistence of the
SARS-CoV-2 virus” “spike protein” “COVID-19” and
“biologic therapies.” Original studies were selected in pri-
ority, followed by systematic reviews and meta-analyses.
Results were limited to publications in English. Preference
was given to articles published over the past 5 years.
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Table 1 Signs and symptoms of long COVID in adults and children*

Signs and Symptoms

System Adults Children
Generalized Fatigue, fever-like symptoms, muscular Fatigue, muscle weakness, muscular pain,
pain, joint pain joint pain
Cardiorespiratory Cough, chest pain Dyspnea, chest pain, palpitations, exertional
tachycardia
Gastrointestinal Nausea, vomiting Diarrhea, abdominal pain, nausea
Neuropsychological Headache, psychological symptoms, cogni-  Anxiety, mood changes, depression, diffi-
tive dysfunction culty concentrating, obsessive compulsive
disorder, insomnia, hypersomnia, head-
ache, memory loss, dizziness
Otolaryngologic Loss of taste and/or smell Sore throat, nasal obstruction
Dermatologic Skin eruptions Skin eruptions

COVID = Coronavirus disease.
*Reproduced with permission from Refs. 3 and 4.

CLINICAL ASPECTS

A recent systematic review and meta-analysis of long
COVID in adults identified > 50 of the most long-term
effects of COVID-19 infection, including fatigue, head-
ache, dyspnea, cognitive impairment, numbness,
depression, altered perception of smell and taste, poor
appetite, chronic cough, joint and chest pain, postural
orthostatic tachycardia, autonomic dysregulation, ther-
moregulation abnormalities, skin eruptions, and gastro-
intestinal disorders.” In another recent publication, the
epidemiology, etiopathogenesis, clinical manifesta-
tions, predictors, and management strategies in survi-
vors of COVID-19 in their convalescent and/or
recovery phase are comprehensively reviewed.® Shown
in Table 1 are the common signs and symptoms of long
COVID in adults® and in both children and adults.*”

These clinical manifestations are described as persis-
tent, with a frequency that ranges from 10% to 87% and
a strong female prevalence. Fatigue was the most com-
mon symptom and was consistent with its well-known
association after viral infection, including the postinfec-
tious syndromes that followed outbreaks of chikungu-
nya and Ebola viral infection.” Some symptoms overlap
with those of myalgic encephalomyelitis/chronic fa-
tigue syndrome, a disease that is often triggered by viral
infection and immune activation,” with dysregulation
of the autonomic and the immunologic systems.”

PREVALENCE

Currently, there is an abundance of accumulating liter-
ature that discusses long COVID, primarily in adults. A
recent editorial underscores the need for more research
of long COVID in children.” Preliminary data from the
English healthcare system suggest that 12% and 15% of
children, of primary school and secondary school age,
respectively, may have symptoms that last 5 weeks after
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an acute COVID-19 infection.'® In a study conducted on
510 children enrolled in different European countries,
higher percentages were described, ranging from 50% to
30%, 120-160 days from the onset of COVID-19. The
symptoms persisted for an average of 8 months, with
periods of apparent remission, followed by exacerba-
tions in half of the patients, and only 10% of the patients
were able to return to normal levels of physical activity.'!

RISK FACTORS

In adults, the current literature suggests that, in
addition to a female predominance,'? associated risk
factors include more than five early symptoms, which
consist of early dyspnea, previous psychiatric disor-
ders, and specific biomarkers (e.g., D-dimer, C-reactive
protein, and elevated lymphocyte counts), although
more research will be required to substantiate the
pathogenetic role of these risk factors.” Because there is
a paucity of information on predisposing factors in
children, risk factors for this group are usually extrap-
olated from those used in adults. Other risk factors,
which include increased body mass index, asthma, and
advanced age, are conditions associated with persis-
tent inflammation.”

The role of genetics on the susceptibility to COVID-19
has also been suggested from studies of polymorphisms
in genes encoding angiotensin-converting enzyme 2
(ACE2) and transmembrane protease serine 2.3 The dis-
tribution of ACE2 variants, as well as observed patterns
in gene expression, differs among ethnic populations
and may contribute to the variation of COVID-19 sever-
ity and susceptibility among ethnicities. The COVID-19
Host Genetics Initiative showed that a cluster of risk al-
leles at locus 3p21.31 confers the most significant risk to
severe disease after infection and hospitalization.'* This
locus, interestingly, also comprises six major candidate
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Figure 1. Schematic representation of the total immune capability
of the host based on efficiency of elimination of foreign matter.
Reproduced with permission from Ref. 23.

genes involved in normal immunity, ACE2 function, and
a LZTFL1 (leucine zipper transcription factor-like) gene.'*

LONG COVID: INCREASING EVIDENCE OF
PERSISTENCE OF SARS-COV-2

One of the most important considerations that sup-
ports the proposed pathogenesis model of long
COVID is driven by the striking pathologic inflamma-
tion that results from persistence of the virus, virus-
infected cells, or a component of the virus, e.g., the
spike protein described in recent publications.'”™"”
Preliminary evidence, however, suggests that patients
with long COVID may be helped by rehabilitation and
certain therapeutic drugs repurposed from other simi-
lar conditions, such as myalgic encephalomyelitis or
chronic fatigue syndrome, postural orthostatic tachy-
cardia syndrome, and mast cell activation syndrome."®
In support of this hypothesis-driven viral persistence
etiology are reports of patients with COVID-19 who
remain positive for SARS-CoV-2, by using reverse
transcription real-time polymerase chain reaction tests,
for extended periods of time.'”?' The presence of
SARS-CoV-2, e.g., has been detected in the cerebrospi-
nal fluid" and shedding of the virus in the feces of
patients with COVID-19 for months,* regardless of
gastrointestinal symptoms.

LONG COVID: AN IMMUNOLOGIC RESPONSE
TO PERSISTENCE OF SARS-CoV-2

In 1971, we put forth a hypothesis that describes immu-
nologic phenomena as an array of potential responses of
the host concerned with the recognition and elimination of
foreign substances and in which we postulated that immu-
nologic mechanisms that are stimulated are dependent on
both the degree and the persistence and efficiency of elimi-
nation of the foreign agent.”* This framework has provided
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both a foundation for a discussion and understanding not
only of several of the immunologically mediated clinical
disorders, including the allergic diseases, the autoimmune
disorders, cancer, and many chronic microbial infections,
but also, most recently, the innate and adaptive immune
responses to COVID-19. It also serves as a useful stratagem
for discussions of the immunologic basis for the pathoge-
nesis of long COVID as well as for potential strategies for
diagnosis and therapeutic intervention.

The primary response to counter the effects of a foreign
agent, including SARS-CoV-2, is performed by cells of
the innate immune system, which carry out the functions
of phagocytosis and inflammation (Fig. 1). Housed
within the innate immune system are macrophages, neu-
trophils, mast cells and basophils, natural killer cells,
innate lymphoid cells, and dendritic cells as well the bio-
logic amplification systems of complement and the coag-
ulation system.”® All of these components of the innate
immune system are activated as part of the host’s inflam-
matory response in COVID-19 and are responsible for
many of the clinical and laboratory findings seen during
the initial phases of infection (e.g., fever, anemia, throm-
bocytopenia, neutropenia, hyperferritinemia, hypercoa-
gulopathy, elevated fibrinogen and D-dimer levels).

During this initial phase of viral entry into and
attachment of the virus to ACE2 receptors of cells in
the host respiratory system, destruction of lung cells
triggers a local immune response, which recruits mac-
rophages and monocytes that respond to the infection,
release cytokines, and prime the immune system for
the encounter with the second phase of the adaptive
immune encounter with T and B cells (Fig. 1). Usually,
in the majority of patients, this encounter with cells of
the innate and immune system is capable of resolving
the infection. However, in some patients, a dysfunc-
tional immune response occurs, in which virus persist-
ence leads to the third phase of the immune response,
in which the encounter is no longer beneficial and is
associated with excessive release of proinflammatory
cytokines and local and systemic tissue injury, referred
to as the cytokine storm, the prime determinant of
COVID-19 activity.***

HOW CAN THE PERSISTENCE OF A
MICROBIAL ANTIGEN LEAD TO
IMMUNOPATHOLOGY?

For ease of discussion, the proposed pathogenic role
of viral persistence is shown schematically in Fig. 2.
It shows the immunologic response to a chronic micro-
bial infection in which there is failure of elimination
and persistence of the microbial antigen, which leads
to the immunopathologic sequelae of chronic microbial
infection and the proposed pathogenesis of the long
COVID 19 syndrome.
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Figure 2. Schematic representation of the innate and adaptive
immune responses after the encounter of a nonimmune host with a
chronic microbial pathogen, showing evasion of the immune
response and the persistence of the bacterial pathogen with immuno-
pathology. Reproduced and modified with permission from Ref. 23.

COVID-19, LONG COVID, AND THE ROLE OF
AUTOANTIBODIES

SARS-CoV-2 infection has been shown to induce the
development of several autoantibodies, which can per-
sist and explains why some patients develop persisting
symptoms.>**2® In a recent report by Gagiannis et al.,”
22 patients with RT-PCR-confirmed SARS-CoV-2 infec-
tion and 10 patients with non-COVID-19-associated
pneumonia were enrolled in a study to evaluate the role
of autoantibody (AAB) in SARS-CoV-2-associated respi-
ratory failure. Antinuclear antibody (ANA) and extracta-
ble nuclear antigen antibody (ENA) testing revealed
ANA titers =1:320 and/or positive ENA immunoblots
in 11/13 (84.6%) COVID-19 patients with ARDS, in 1/9
(11.1%) COVID-19 patients without ARDS (p = 0.002)
and in 4/10 (40%) patients with non-COVID-19-associ-
ated pneumonias (p = 0.039). Detection of AABs was sig-
nificantly associated with a need for intensive care
treatment (83.3 vs. 10%; p = 0.002) and occurrence of
severe complications (75 vs. 20%, p = 0.03). In a similar
type of retrospective study from China, of 21 patients
with critical SARS-CoV-2 pneumonia, the investigators
showed a prevalence of between 20% and 50% of autoim-
mune disease-related autoantibodies, which suggests a
causal relationship between SARS-CoV-2 infection and
autoimmune disease.*’

SUMMARY OF INNATE AND ADAPTIVE
IMMUNE RESPONSES TO A CHRONIC
MICROBIAL INFECTION

The initial innate and adaptive immune response
events that occur after the encounter of a nonimmune
and susceptible host with a chronic microbial infection
are similar to those seen in the primary encounter of a
host with an acute microbial pathogen, with the same
sequential appearance of T cells and production of
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immunoglobulin antibody-associated isotypes (Fig. 2).
However, in contrast to the primary encounter with an
acute microbial pathogen, in this scenario, the microbial
pathogen evades the host immune response and persists
in the host for extended periods of time. This continued
presence of microbial antigen that results from the per-
sistent infection drives continued stimulation of both the
innate and adaptive immune systems, which can result
in the deleterious expressions of the immune response
responsible for the development of the long COVID.

CLINICAL SEQUELAE OF LONG COVID

The consequences of the intense inflammation and
immune dysregulation associated with persistence of
SARS-CoV-2 or any of its structural proteins on disease
manifestations for patients with long COVID are pro-
found and are related to the diffuse endothelial damage
and microthrombosis, with consequent continuing
organ damage associated with this pathologic entity.*>"
The alteration of taste and smell, e.g., can be related to
damage of specific cortical structures® and arrhyth-
mias, and other cardiac signs and symptoms may be
linked to persistent myocardial inflammation.*

In children, the neuropsychological symptomatology
can be associated with neuroinflammatory processes™*
related to the lymphoproliferative responses known to be
heightened in the pediatric population as well as the sub-
sequent toxic buildup of inflammatory cytokines within
the central nervous system.” Also, the gender difference
observed in adults is consistent with an inflammatory
pathogenesis. It is known, e.g., that women respond to vi-
ral infections with greater type I interferon production,®
thought to be related to an enhanced activation of a Toll-
like receptor-7 encoded mechanism encoded by genes
present on the X chromosome.”” Although this heightened
gender-related immunologic response could be beneficial
to the female patient in viral elimination during the early
stages of infection, it would also expose the female patient
to a more persistent deleterious inflammatory state
known to occur in long COVID. This gender difference,
however, has not been observed in the pediatric popu-
lation®® and, therefore, hormonal phenomena related to
pubertal development could also come into play.

Intestinal dysbiosis, which, in patients with COVID-19
correlates with the severity of the disease, with the level of
inflammatory biomarkers, and with the prolonged fecal
excretion of SARS-CoV-2* could also play an important
pathogenetic role given the close relationships of the gut-
brain axis® in the control of central nervous system
inflammatory conditions.*! The reactivation of latent
Epstein-Barr virus infection in more than half of the
patients with long COVID* is yet another interesting
potential pathogenetic finding because Epstein-Barr vi-
rus reactivation has been associated with skin, cardio-
vascular, hematologic, and neurologic complications
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Figure 3. Schematic representation of the NF-« B signaling pathway during healthy and COVID-19 conditions in association with the pro-
duction of proinflammatory factors. (A) The NF-«kB signaling pathway during usual conditions, showing the sequential effects of phospho-

rylation and the usual production of proinflammatory cytokines. (B) The NF-« B signaling pathway during COVID-19 infection, showing

the effects of blockage by inhibitors that block the phosphorylation of IKK-B and inhibit production of proinflammatory cytokines. NF-kB =
nuclear factor k B; COVID-19 = coronavirus disease 2019; IKK-B = Ik B kinase- 3. Reproduced with permission from Ref. 53.

of other conditions,*> which may also occur in long
COVID.

In practice, long COVID could be induced, both in
adults and in children, by long-term damage in different
organs, such as lung, brain, kidney, and heart, by inflam-
mation due to viral persistence. In support of this hy-
pothesis-driven viral persistence etiology, a recent study
showed the presence of nucleic acids and SARS-CoV-2
proteins in the small intestine of 50% of patients with
asymptomatic cases of COVID-19 after 4 months from
the onset of the disease,* probably in relation to an
altered specific humoral and cell-mediated response,*
which can have both genetic and epigenetic implications,
which need to be studied. In relation to these pathoge-
netic mechanisms, it becomes essential to investigate the
possible deep roots of this new pandemic.

THE POSSIBLE DEEP ROOTS OF THE
SYNDROME AND THEIR BIOLOGICAL
PLAUSIBILITY

In addition to and supportive of the hypothesis-driven
viral persistence etiology is the role of dietary supple-
mentation and the immune response. A diet poor of anti-
inflammatory and/or antioxidant substances with poten-
tial immune-modulating and antiviral activity can be a
predisposing but preventable factor for more severe
SARS-CoV-2 and also for the development of persistent
long symptoms after the acute phase of the disease. This
proposition took its origins from epidemiologic studies
that demonstrated that large differences in COVID-19
death rates existed among countries and regions of the
world, which seemed to be related to dietary practices.*®

These large geographic variations are unlikely
totally due to reporting differences among countries,
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and a striking finding became evident that popula-
tions in some countries with very low death rate set-
tings were found to have an unusual common
feature of eating large quantities of fermented vege-
tables, including members of the cruciferous and
Brassicaceae family, and, in some continents, various
spices.*® At the beginning of the pandemic, treatment
with a wide range of existing host-directed therapies,
including nutrient supplements, was suggested to be
possibly beneficial in the care of SARS-CoV-2 infec-
tion.*” Furthermore, the central role of the nuclear
factor kappa B (NF-«B) signaling pathway was sug-
gested as one of the explanations concerning the
much lower infection rates and mortality reported,
generally in Africa.*®

THE ROLE OF THE NF-kB AND p38 MITOGEN-
ACTIVATED PROTEIN KINASE SIGNALING
PATHWAYS IN COVID-19 INFECTION

The proinflammatory cytokine storm represents a
dysregulated amplification of proinflammatory cyto-
kines and one of the hallmarks of severe coronavirus
infection (COVID-19). These uncontrolled inflammatory
responses in patients with severe COVID-19 lead to the
acute respiratory symptoms of infection with SARS-
CoV-2 as well as many of the manifestations of the long
COVID syndrome. Two of the most important signaling
pathways involved in the pathogenesis of these condi-
tions are the NF-xB**” and p38 mitogen-activated pro-
tein kinase signaling pathways.”'”* An understanding
of these signaling mechanisms underlying marked
proinflammatory mediator release is critical for the de-
velopment of new diagnostic and therapeutic proce-
dures for improved management of patients with
COVID-19 as well as for the long COVID syndrome.
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Figure 4. Schematic representation of the yin and yang inflamma-
tory response carried out by the NF-«B signaling pathway.
Intranuclear signal transduction can proceed via two pathways;
pathway NF-kB can progress to enhance and perpetuate the inflam-
matory response by triggering the expression of proinflammatory
cytokines, and pathway nuclear factor-erythroid factor 2—related fac-
tor 2 (Nrf2) activation through oxidation of Kelch-like ECH-associ-
ated protein 1 (Keap1) by peroxidases and other anti-inflammatory
proteins can dampens proinflammatory signaling. NF-« B = nuclear
factor k B. Reproduced with permission from Ref. 54.

The NF-«B pathway that mediates the release of pro-
inflammatory cytokines is a trimolecular complex called
inhibitor of NF-«B kinase (IKK). This complex is com-
posed of two catalytic subunits, IKK1 (also known as
IKKa) and IKK?2 (also known as IKKf), and a regula-
tory subunit, NF-«B essential modulator (NEMO) (also
known as IKK-7y). Among them, the phosphorylation of
IKK 3, followed by its degradation, plays a significant
role in the activation of NF-«B signaling pathways (Fig.
3).>° Thus, the prevention of phosphorylation of IKK-3
is a key step to inactivate NF-«B in providing therapeu-
tic benefit against many diseases that cause inflamma-
tion. A large number of pharmacologic inhibitors have
been identified to block the phosphorylation of IKK-23,
including PS-1145, SAR113945, IKK-16, TPCA-1,
BAY11-7082, BAY11-7085, SC-514, TBK-1, ML-120B,
BMS-345541, vinpocetine, and resveratrol.”®

Therapeutically, impeding NF-«B signaling pathway
during SARS-CoV-2 may help control the exaggerated
activation of these immune regulatory pathways dur-
ing a COVID-19 infection and thereby inhibit produc-
tion of the deleterious effects of the proinflammatory
cytokines. Also, NF-«B has been known to potentiate
the production of reactive oxygen species, which leads
to apoptosis in various tissues. Shown in Fig. 4 is a
schematic representation of the two yin and yang
opposing inflammatory pathways by which NF-«B
can proceed: one by promoting inflammation by trig-
gering the expression of proinflammatory cytokines,
the second by dampening proinflammatory signaling
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by nuclear factor-erythroid factor 2-related factor 2
activation through oxidation of Kelch-like ECH-asso-
ciated protein 1 (Keap1)oxidation by peroxidases.”*

CONCLUSION

It is clear that some individuals, including those
with mild initial symptoms of COVID-19, may have
variable and debilitating symptoms for many months
after the initial infection. In children, the signs and
symptoms reported by parents are similar to those
described in adults with long COVID. This report pro-
poses a hypothesis-driven model of viral persistence
for the pathophysiology of long COVID as a basis for
an understanding of the clinical symptomatology and
some guidelines for diagnosis and treatment of the
condition. The symptoms of long COVID are driven by
the excessive production of proinflammatory cyto-
kines, which are potentiated by the production of reac-
tive oxygen species through involvement of the NF-
kB and p38 mitogen-activated protein kinase signaling
pathways. The condition seems to have a genetic basis,
which predisposes individuals to have a diminished
immunologic capacity to completely clear the virus,
with residual parts of the virus persisting. This persist-
ence of virus and resultant hyperproduction of proin-
flammatory cytokines are the basis of the syndrome.
Prevention of the condition can be achieved by com-
prehensive vaccination and treatment of the condition
by antiviral and anti-inflammatory biologic medica-
tions, which are rapidly becoming available.
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