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Abstract: Even after recovering from coronavirus disease 2019 (COVID-19), patients can experience prolonged
complaints, referred to as "long COVID". Similar to reports in Caucasians, a follow-up study in Japan revealed
that fatigue, dyspnea, cough, anosmia/dysgeusia, and dyssomnia are common symptoms. Although the precise
mode of long COVID remains elusive, multiple etiologies such as direct organ damage by infection with severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), autoimmunity, prolonged inflammatory reactions, and
psychiatric impairment seem to be involved. Notably, SARS-CoV-2 is neurotropic, and viral RNA and proteins
are continuously detectable in multiple organs, including the brain. Viral proteins exert a number of different toxic
effects on cells, suggesting that persistent infection is a key element for understanding long COVID. Here, we first
reviewed the current status of long COVID in Japan, and then summarized literature that help us understand the
molecular background of the symptoms. Finally, we discuss the feasibility of vaccination as a treatment for patients
with long COVID.
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Introduction summarize the current status of long COVID in Japan
and discuss its possible modes and management by

Approximately 2 years have passed since severe acute highlighting the persistence of viral infection.

respiratory syndrome coronavirus 2 (SARS-CoV-2)

was first reported in China in December 2019. Since Long COVID in Japan and knowledge about its

then, more than 400 million people have been infected main symptoms

and approximately 6 million people have died from

coronavirus disease 2019 (COVID-19) worldwide. Some individuals who were discharged from the
After the acute phase of infection, patients can continue National Center for Global Health and Medicine
to suffer from various clinical symptoms that impair Hospital in Japan after recovery from COVID-19 have

their quality of life, which is called "long COVID" experienced long COVID symptoms for more than 60
or "long-haul COVID" (/,2). The World Health days from initial symptom onset (5) (Table 1). Chronic
Organization recently defined this post-COVID status manifestations of COVID-19 have been reported in
as "a clinical condition that occurs after 3 months of several countries, including Spain (6), Norway (7),
viral infection with symptoms that last for at least and Israel (8). Graded common symptoms are fatigue,
2 months and cannot be explained by an alternative dyspnea, dyssomnia, cough, chest pain, headache, and
diagnosis" (3). A recent meta-analysis revealed that anosmia/dysgeusia. Most symptoms are prolonged
more than 50 symptoms have been identified in long from the acute phase of COVID-19 infection, although
COVID patients, approximately 80% of whom suffer dyssomnia is a late-onset symptom that appears at least

from one or more symptoms (4). As possible causes 30 days after initial symptom onset (5). Additionally,
of long COVID symptoms, multiple etiologies such alopecia, fulminant myocarditis, and multi-system
as direct organ damage, constitutive inflammatory inflammatory syndrome can be observed at 6 weeks
responses including autoimmunity, and psychiatric after symptom onset (9,/0). Even after | year, a sizeable
impairment seem to be involved. proportion of recovered COVID-19 patients still have

A number of excellent reviews on the clinical most symptoms such as fatigue, dyspnea, arthralgia,
symptoms of long COVID are available (/,2). Here, we memory loss, and concentration difficulties (/7).

(83)
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Table 1. Prevalence of long COVID symptoms

Variables Japan Spain Norway Israel
Number of patients 63 1969 312 544
Female (%) 333 46.4 51.3 56.4
Age, years, mean (SD) 48.1 (18.5) 61.1(16.3) 46 (33-58)" 46.4 (15.5)
BMI, mean (SD) 23.7 (4.0) - 24.6 (22.8-27.3)' 27.6 (5.6)
Comorbidity (%)
Asthma/COPD 1.6 10.3 12.2 6.4
Hypertension 25.4 26.1 11.2 16.4
Chronic heart disease 1.6 11.9 7.1 -
Diabetes 14.3 12.0 42 8.3
Symptoms (%)
Days from symptom onset at the time of observation 60 days 8.4 months (1.5) 6 months 123 days (80-204)"
Fatigue 15.9 61.3 29.9 75.6
Dyspnea 17.5 233 15.4 50.9
Cough 7.9 - 6.1 19.9
Chest pain - 451" - 30.5
Palpitations - 7.1 6.1 12.3
Myalgia - 451" - 37.5
Arthralgia - 45.17 - 9.4
Paresthesia - 12.0 3.6 24
Dyssomnia 16.1 342 53 37.5
Headache - 45.1° 11.3 12.7
Memory loss - 17.3 18.2 36.9
Concentration problems - 7.1 19.0 39.0
Anosmia/dysgeusia 4.8 6.8 2.7 29.4
Worse physical activity status - - - 26.1
Reference (DOI) 10.1093/ofid/ 10.3390/ 10.1038/s41591- 10.3390/

ofaa507

jem11020413 021-01433-3 jem11040898

"median (interquartile range); ‘pain symptoms (%) including chest pain, myalgia, arthralgia, and headache. SD, standard deviation; BMI, body

mass index; COPD, chronic obstructive pulmonary disease.

Fatigue

Fatigue is the most common complaint of long COVID.
However, it is observed as a postinfectious syndrome
not only in long COVID but also in various viral
infections such as SARS-CoV-1, Middle East respiratory
syndrome (/2), Epstein-Barr (EB) virus, Q fever, and
Ebola virus, showing a common symptom that resembles
myalgia encephalomyelitis/chronic fatigue syndrome
and fibromyalgia (/3). A number of follow-up studies
have identified fatigue and/or dyspnea in patients with
long COVID, and approximately 70% of hospitalized
COVID-19 survivors feel fatigue, but the symptoms
improve continuously (/4,15). Female sex has been
identified as a risk factor for fatigue (/4). Pre-existing
comorbidities, symptoms at hospitalization, and severity
during hospitalization have also been suggested as risk
factors (/4).

To assess physical condition, diffusion capacity
for carbon monoxide and the 6-min walk test with
lung computed tomography (CT) scans are commonly
utilized. Abnormalities of diffusion capacity for carbon
monoxide, chest X-rays, and reduced distance in the
6-min walk test are observed frequently in patients
who received invasive mechanical ventilation (/6). CT
scans have detected persistent lung pathology in 63% of
patients at 3 months, with findings of bilateral ground-
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glass opacities and/or reticulation in the lower lung lobes,
but without radiological signs of pulmonary fibrosis.
Although sequential follow-up evaluations revealed an
improvement of symptoms and CT abnormalities (/6),
it was noted that respiratory changes persist in a non-
negligible number of patients (approximately one-third)
who require prolonged follow-up (/5). Curiously, there
is no difference in lowest oxygen saturation among
patients with normal and reduced 6-min walk test
distance, suggesting that the difference in walk distance
is not directly related to physical abnormalities, but is
associated with subjective factors. These observations
imply the importance of comprehensive mental and
physical care for patients with fatigue (/7).

Observation that there is also a non-negligible
number of patients with persistent respiratory changes
(15) suggests that it is important to understand how
lung damage occurs after viral infection. To identify
the early events of lung injury during acute viral
infection, Melms et al. performed single-nucleus RNA-
sequencing analysis on snap-frozen lung tissues from
individuals with COVID-19. They found nine major cell
types (i.e., epithelial cells, myeloid cells, fibroblasts,
endothelial cells, T and natural killer lymphocytes, B
lymphocytes and plasma cells, neuronal cells, mast cells,
and antigen-presenting cells) in total 41 different cell
types (/8). Among these, alveolar type 1 (AT1) and type
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2 (AT2) epithelial cells are involved in lung epithelial
regeneration. AT2 cells express angiotensin converting
enzyme 2 (ACE2), a receptor for SARS-CoV-2, and
function as progenitors to AT1 cells. In COVID-19
lung samples, AT2 cells have decreased expression of a
gene related to regeneration, whereas AT1 cells have no
increased expression of a marker of late AT1 maturation.
Data suggests that the regeneration program of the lung
epithelium is impaired in the infected lung. Moreover,
fibroblasts with high expression of the gene encoding
collagen triple helix repeat containing-1, which was
recently proposed as a marker of pathological fibroblasts,
were identified (/8).

Alopecia

Hair loss after viral infection was also reported as post-
influenza alopecia in 1919, indicating that it is not
specific to long COVID (/9). Excessive hair loss occurs
within 2-3 months after SARS-CoV-2 infection (20),
and is mainly diagnosed as telogen effluvium. Telogen
effluvium can be divided into acute or chronic when
it continues for more than 6 months, which resolves
at 6-12 months after removal of the activating factor.
Proinflammatory cytokines including interleukin (IL)-
1B, IL-6, tumor necrosis factor (TNF)-a, and interferon
type I and II (IFN-I/IT) are proposed as activating
factors of telogen effluvium. As a therapeutic approach,
hydroxychloroquine and glucocorticoids as anti-
inflammatory agents have been tried (21).

Anosmia and dysgeusia

Viral load during infection is significantly associated
with anosmia/dysgeusia (22). Consistent with the
original report that ACE2 and transmembrane protease,
serine 2 (TMPRSS2), a protease of the viral spike
protein facilitating viral infection, are not expressed by
olfactory neurons (23), single-cell RNA-sequencing
analysis of cells derived from mouse nasal tissues
revealed that ACE2 is expressed in dorsally located
olfactory epithelial sustentacular cells and mouse
olfactory bulb pericytes (24). Recently, a novel
candidate receptor for SARS-CoV-2, neuropilin-1
(NRP1), has been reported. NRP1 binds to the Arg-
Arg-Ala-Arg (RRAR) motif, which is located on the
carboxy-terminal end of the S1 subunit of the viral
spike protein (hereafter S1 protein) (25), and facilitates
the cell entry of SARS-CoV-2. Different from ACE2,
NRP1 is expressed in nasal epithelial cells and is
responsible for infection of the nasal epithelium.
Autopsy of two patients with anosmia revealed that
SARS-CoV-2 infection induced axonal damage (26).
Analysis of an experimental mouse model of human
ACE2 driven by the keratin 18 (K18-hACE2) promoter
(27) demonstrated that SARS-CoV-2 infection impaired
the ability to smell. Immunohistochemical analysis after
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viral infection revealed the nucleocapsid (N) protein
of SARS-CoV-2 was expressed by sustentacular cells
in the olfactory epithelium. Data strongly suggested
that the mice were susceptible to anosmia after
viral infection (28). If infection causes a functional
abnormality of sustentacular cells, it is plausible that
anosmia is reversible.

Analysis of three postmortem samples of the 1Xth
(glossopharyngeal) and Xth (vagal) cranial nerves
demonstrated the expression of ACE2, NRP1, and
TMPRSS2, suggesting that SARS-CoV-2 can also
infect these cranial nerves and induce dysgeusia by
direct tissue damage (29).

Miscellaneous symptoms

In addition to these common complaints, patients
with long COVID exhibit a variety of symptoms
possibly related to psychiatric disorders that include
attention disorder, post-activity polypnea, nausea or
vomiting, memory loss, and paresthesia (4). To provide
appropriate care to patients, it is necessary to exclude
organic disorders in the central nervous system (CNS),
further indicating the importance of identifying the
tropism of SARS-CoV-2 in the CNS.

Policy for managing long COVID patients

At present, no solid clinical management approach
has been established for long COVID. However, it is
recommended that all patients with persistent symptoms,
particularly those with multisystem complaints or
symptoms lasting beyond 12 weeks, should be referred
to a specialized outpatient COVID-19 recovery clinic,
if available, or a subspecialty clinic relevant to the
patient's specific symptoms (30).

The need for laboratory testing in patients with
long COVID might be determined by the severity of
symptoms and abnormal test results during the acute
phase and current symptoms. For most patients who
have recovered from mild acute COVID-19, routine
laboratory testing is not conducted (30). In contrast,
for patients recovering from more severe illness, it
is reasonable to obtain complete blood counts; blood
chemistry, including electrolytes, blood urea nitrogen,
and serum creatinine. Liver function studies, including
serum albumin should also be included. We generally
do not monitor coagulation parameters and re-test
serology. This approach is supported by the World
Health Organization and the Centers for Disease
Control and Prevention (31,32).

As for the treatment of long COVID, we often
deal with each symptom individually. For instance,
The American Academy of Physical Medicine and
Rehabilitation has developed a multidisciplinary
collaborative consensus guidance statement on the
assessment and management of fatigue following
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COVID-19 (33). Nevertheless, there is no established
drug therapy for fatigue and non-pharmaceutical
approaches such as "4-P" (Planning, Pacing,
Prioritizing, and Positioning) are often recommended
(34).

With regard to dysosmia and dysgeusia, there is
scarce evidence for the use of specific pharmacologic
agents. However, patients with persistent gustatory and/
or olfactory dysfunction may benefit from olfactory
training and self-guided programs. In a 2020 meta-
analysis of four studies (two randomized controlled
trials and two prospective cohort studies), 286 patients
with pulmonary veno-occlusive disease received
olfactory training and treatment protocols lasting from 4
to 9 months (35). Olfactory training was associated with
an increased chance of a clinically important olfactory
improvement (odds ratio 2.77, 95% confidence interval
1.67-4.58) compared with patients who did not receive
such therapy. If the symptoms fail to resolve, further
evaluation by an otolaryngologist may be needed,
particularly in the setting of accompanying upper
airway symptoms.

In other words, most symptoms caused by long
COVID might not be critical; however, they may be
difficult to resolve at the same time. The characteristics
of patients who should be treated and how long
they should be followed up for after the acute phase
of COVID-19 are currently unknown. Given the
circumstances, the clinical management of long COVID
becomes inevitably vague and complicated.

Knowledge about molecular background of long
COVID

Neurotropism of SARS-CoV-2

To understand the underlying mode of long COVID,
especially related to psychological and/or autonomous
function, it is important to know whether SARS-
CoV-2 can infect the CNS. Generally, coronaviruses
are neurotropic (36), and human CoV-229E and -OC43,
which cause the common cold, are known to infect
CNS tissues (37). Notably, reverse transcription-PCR
analysis of cerebrospinal fluid of patients infected
with SARS-CoV-1 detected the virus (38), and
immunohistochemical analysis identified viral proteins
in brain tissues (39). Additionally, infectious virus was
isolated from autopsied brain tissue of a patient infected
with SARS-CoV-1 (39). Moreover, evidence showing
the ability of SARS-CoV-2 to infect the CNS was
obtained by analysis of postmortem samples (40,41).
Matschke et al. found SARS-CoV-2 viral proteins in
cranial nerves originating from the lower brainstem
and in isolated cells of the brainstem (4/), whereas
Meinhardt et al. detected RNA and the spike protein
of SARS-CoV-2 in the medulla oblongata where the
primary respiratory and cardiovascular control center
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is located (40). SARS-CoV-2 can enter the nervous
system by crossing the neural-mucosal interface in the
olfactory mucosa. Immunohistochemical analysis with
anti-spike protein antibodies identified positive staining
in cortical neurons (28).

The transmission of viral infection from the nasal
cavity to the CNS was confirmed in transgenic K18-
hACE2 mice (28,42,43). As reported for SARS-CoV-1,
SARS-CoV-2 infection was detected in disconnected
regions after nasal infection, implying the possibility
that the virus may enter the CNS by different routes
(27). It has been proposed that S1 protein internalizes
the virus through ACE2 and affects blood-brain barrier
integrity, resulting in SARS-CoV-2 invasion into the
CNS (44). As an alternative route via a "Trojan horse"
model, infected macrophages can possibly enter the
CNS and form an infectious focus (45).

Risk factors for long COVID

Recently, a longitudinal multi-omics study identified
several risk factors associated with long COVID that
are measured at the initial point of COVID-19 diagnosis
(22). These risk factors are as follows: i) SARS-CoV-2
RNA level in the blood early in infection, an indicator
of viral load; ii) the existence of certain autoantibodies;
iii) type 2 diabetes; and iv) reactivation of the EB virus.
Among these, the presence of type 2 diabetes has been
postulated as a risk factor for the severity of COVID-19
(46). 1t is plausible that the severity of tissue damage
caused by viral infection influences the development of
long COVID. In contrast, the EB virus, which infects
individuals at a young age and becomes dormant in
most people, is a well-known risk factor for systemic
lupus erythematosus (47). An important next step is
to determine how the level of viral RNA in the blood
and the presence of autoantibodies are linked to the
development of long COVID.

Viral proteins

In the acute phase of infection, host tissues are exposed
to viral proteins, according to the severity of viral
infection. The N protein of SARS-CoV-2 promotes
IFN-I signaling and the production of inflammatory
cytokines (48), leading to systemic inflammation and
multi-organ damage (49). Notably, N protein is detected
in serum during active viral replication (50), suggesting
that circulating N protein causes symptoms related to
long COVID through tissue damage.

In contrast, the spike protein has a variety of
activities in several types of cells. In human monocytes/
macrophages, it induces proinflammatory responses
with an increase in the expression of TNF-o, major
histocompatibility complex class 1I, nuclear factor-
kappa B, and c-Jun N-terminal kinase (5/,52). In
pulmonary vascular cells, it activates cell growth
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signaling with mitogen-activated protein kinase kinase
phosphorylation and participates in cardiovascular/
pulmonary abnormalities by thickening the pulmonary
vascular wall (53). In microglia, the S1 subunit
stimulates neuroinflammation through activation of
nuclear factor-kappa B and p38 mitogen-activated
protein kinase, resulting in neurological, cognitive, and
neuropsychiatric symptoms (54). These observations
indicate that S1 protein, which circulates in the blood
(Matsunaga et al. unpublished data), could directly
injure blood, vascular, and neuronal components and
induce multiple symptoms of long COVID.

The potent inflammatory activity of S1 protein can
be explained by the properties of an amino acid stretch
homologous to superantigens. Cheng et al. found that
the 678 TNSPRRARSVASQ690 motif was homologous
to the superantigenic 150TN-KKKATVQELDI161
peptide of staphylococcal enterotoxin B (SEB) (55,56).
SEB was first found as a superantigen with the ability
to hyper-stimulate T cells expressing the VB T cell
receptor gene (55). Such skewing of Vb2+ T cells was
reported in severe/hyperinflammatory SARS-CoV-2
patients (57). Moreover, an anti-SEB monoclonal
antibody (6D3) blocks SARS-CoV-2 infection (57).
It was noted that the structural motif formed by three
positively charged residues (R682, R683, and R685)
in the spike protein was similar to the motif formed
by K152, K153, and K154 in SEB (Figure 1, left
panel, circle). The Omicron variant has mutations
of two amino acids in the corresponding stretch
(678TKSHRRAR RSVASQ690; mutated amino acids
are underlined), but simulation of its three-dimensional

Spike protein

structure suggested similar structural properties (Figure
1, right panel). It is necessary to observe whether
infection with the Omicron variant also induces long
COVID symptoms.

Autoimmunity in COVID-19

Autoantibodies have been proposed as a risk factor for
long COVID (22), and several potential mechanisms
linking autoimmunity and COVID-19 have been
postulated: cross-reactivity between viral proteins and
autoantigens (58), molecular mimicry (59), bystander
activation (60), anti-idiotypic antibodies to antiviral
antibodies (67), transient immune-suppression (62),
and relaxed peripheral immune-tolerance for antibody
screening (63). Among these, molecular mimicry by viral
proteins of host molecules has been well characterized
in a number of viruses including hepatitis B virus,
hepatitis C virus, EB virus, cytomegalovirus, human T
lymphotropic virus type-1, and Dengue virus (64-67).

Antibodies to viral proteins

In SARS-CoV-2 proteins, six amino acid sequences
similar to host proteins (DAB adaptor protein 1,
apoptosis-inducing factor mitochondria associated 1,
and surfeit locus protein 1) that are expressed in the
brainstem respiratory pacemaker have been identified
(68). SARS-CoV-2 proteins also share five amino acid
peptides with pulmonary surfactant and related proteins
(69). Recently, it was reported that anti-spike protein
antibodies cross-react with tissue proteins, including

Delta Spike

Figure 1. Putative three-dimensional structures of the spike proteins of the Delta and Omicron variants. Structural data were
derived from the protein data bank (PDB) database (Delta variant, PDB ID: 7w92, PDB DOI: 10.2210/pdb7W92/pdb; Omicron
variant (BA.1), PDB ID: 7wk4, PDB DOI: 10.2210/pdb7WK4/pdb). Simulation was originally performed for this article using the
open access software myPresto version 5.0. The left panel, the structure corresponding to the proposed superantigen is highlighted
using a circle. The upper and lower right panels show the superantigen structures (enlarged) of the Delta and Omicron (BA.1) variants,

respectively.

(87)
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Table 2. Autoimmune diseases accompanying SARS-CoV-2 infection

Target of autoantibody Disease

Common symptom

Reference (DOI)

Severe inflammation
Systemic lupus erythematosus

Angiotensin II receptor I
Double-stranded DNA

Endothelial damage, coagulopathy
Immune dysregulation

Neurological manifestation

Red blood cell Autoimmune hemolytic anemia Anemia
Platelet Autoimmune thrombocytopenia Purpura
Glycolipid Guillain-Barré syndrome
Nucleus Kikuchi-Fujimoto disease

Autoimmune vasculitis
Multiple sclerosis

Neutrophil cytoplasm
Central nervous system

La/SSB Multisystem inflammatory
syndrome in children
Phospholipid Antiphospholipid syndrome
ACE2 Prothrombotic phenotype
Jo-1 Anti-synthetase syndrome

Cervical lymphadenopathy mild fever
Purpura
Chronic inflammation, demyelination
Inflammation in endothelial,
gastrointestinal, and immune cells
Thrombosis

Pulmonary hypertension, vasculopathy
Myopathy, arthritis

10.1371/journal.pone.0259902
10.1007/s10067-020-05310-1
10.1111/trf.16226
10.1056/NEJMc2010472
10.1016/S1474-4422(20)30109-5
10.1111/bjh.17292
10.1007/s11239-020-02230-4
10.1016/j.msard.2020.102377
10.3389/fped.2021.702318

10.1016/j.medcli.2021.09.021
10.1371/journal.pone.0257016
10.1186/s12890-020-01388-0

transglutaminase 3, transglutaminase 2, anti-extractable
nuclear antigen, myelin basic protein, mitochondria,
nuclear antigen, alpha-myosin, thyroid peroxidase,
collagen, claudin 5 and 6, and S100 calcium-
binding protein B (70). Loss of immune tolerance
for eliminating cells with autoantibody production is
likely due to transient immunosuppression after viral
infection and following immune reconstitution. In
COVID-19 patients, there are marked changes in various
subpopulations of immune cells, including CD4+ and
CD8+ T-lymphocytes (77), memory B-lymphocytes (72),
monocytes/macrophages, and dendritic cells (73).

Autoantibodies to host molecules

In long COVID patients, a variety of autoantibodies
have been identified (74,75) (Table 2). Both pre-
existing and infection-induced autoantibodies are
related to the severity, clinical symptoms, and post-
acute symptoms including autoimmune conditions of
COVID-19. Patients with anti-ACE2 autoantibodies
have suppressed soluble ACE2 activity in plasma and
symptoms associated with vasculopathies including
pulmonary hypertension (76). The reduction or loss
of ACE2 activity may lead to the increased activity of
angiotensin II through angiotensin II receptor type 1 in
the lung, heart, and kidney, which express ACE2 at high
levels, resulting in enhanced inflammation (77) and
prothrombotic phenotypes (78,79). The inflammatory
stimuli triggered by autoantibodies may lead to the
atypical phenotypes observed in long COVID (80).

Possible involvement of viral persistence

The number of clinical reports on recurrent infections
with COVID-19 has been increasing (87), explained
by viral relapse/reactivation in patients with persistent
infection (82,83). Consistently, analysis using autopsy
samples has detected persistent SARS-CoV-2 infection
in multiple sites including the trachea, heart, lymph
nodes, intestine, kidney, skeletal muscle, and brain.

(88)

Strikingly, infection in the brain, including the cerebral
cortex, brainstem, cerebellum, thalamus, hypothalamus,
corpus callosum, and basilar artery regions, was
detected for up to 230 days from initial symptom onset
(84). This observation is consistent with reports on
recurrent shedding of SARS-CoV-2 RNA in various
body fluids such as urine, feces, and nasal mucous,
implying the possibility that the viral genome remains
transcriptionally active for a long time (45).

The persistence of SARS-CoV-2 is not surprising
because RNA-sequencing analysis of 51 tissue types
collected from healthy individuals at autopsy identified
human CoV-229E transcripts in various tissues such as
the brain, skin, and blood (85). Moreover, a number of
RNA viruses, including hepatitis C virus, Ebola virus,
Zika virus, respiratory syncytial virus, and measles
virus, can establish persistent infections (45,86). As
the most striking example, measles virus retained in
the CNS causes sclerosing subacute panencephalitis
(87). A link between persistent infection and fatigue-
related symptoms has also been proposed because
enteroviruses and their proteins are found in tissue
samples obtained from patients with myalgia/chronic
fatigue syndrome (88).

In the innate immune system, mammalian cells
are equipped with pattern-recognition receptors for
sensing viral RNA, which depend on endosomal Toll-
like receptors and cytosolic retinoic acid-inducible
gene | (RIG-I)-like receptors (89). Upon pattern-
recognition receptor activation, downstream signaling
cascades trigger the secretion of IFN-I/III, TNF-a, IL-
1, and IL-6 (90). Recently, stimulator of interferon
genes (STING), which was originally identified as a
molecule that recognizes cytoplasmic DNA (89), was
reported to function as an RNA-sensing molecule (97).
STING cooperates with cyclic GMP-AMP synthase
(cGAS), and the cGAS-STING pathway induces
IFN-I production (91). Similar to SARS-CoV-1,
multiple proteins of SARS-CoV-2 differentially block
the pattern-recognition receptor pathway (92). Rui et
al. demonstrated that protease 3CL of SARS-CoV-2
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blocks the immune responses induced by the RIG-I-like
receptor and cGAS-STING pathways (92). Furthermore,
N protein antagonizes RIG-I-like receptor innate
immune activation, whilst SARS-CoV-2 open reading
frame (ORF) 3a specifically antagonizes the immune
activation induced by cGAS-STING. It remains elusive
how the inhibitory activity of viral proteins contributes to
persistent transcription of viral RNA (91).

As an alternative mechanism for viral persistence,
Zhang et al. reported that viral RNA is reverse-
transcribed and integrated into the genome (93). In
human cells, endogenous reverse transcriptase is
derived from long interspersed element-1 (L1), an
endogenous retroelement (94). L1 makes up about 17%
of the human genome, and approximately 100 of the
5.0 x 10° copies present in a single cell are active for
retrotransposition. L1 encodes ORF1 as well as ORF2,
which has reverse transcriptase activity. It has been
proposed that SARS-CoV-2 integrated into the genome
is responsible for the continuous shedding of viral
RNA. However, further study is required because the
integration of viral DNA into the human genome was
not reproducibly identified (95).

Although it remains elusive how viral proteins
contribute to viral persistence, newly synthesized
viral RNA and proteins will repetitively induce tissue
inflammation and enhance the host immune reaction.

Therapeutic approaches for long COVID

As autoimmunity and persistent inflammatory
conditions are likely to underlie the pathophysiological
conditions of long COVID, Goel ef al. investigated
the effects of immunosuppressive agents on long
COVID. Based on a 3-month follow-up analysis of
24 patients with long COVID who were administered
glucocorticoid, they proposed that systemic steroids
are helpful for recovery from long COVID. However,
the number of enrolled patients was too small to draw a
reliable conclusion (96).

There is an increasing number of reports examining
the effectiveness of SARS-CoV-2 vaccination for the
treatment of long COVID. Nehme ef al. investigated the
possible link between the improvement of long COVID
after vaccination by analyzing its impact on the six main
complaints (i.e., fatigue, difficulty concentrating or
memory loss, impaired sense of smell or taste, shortness
of breath, and headache) (97). Out of 1,596 participants
with symptoms developing after SARS-CoV-2 infection,
47.1% were vaccinated once or twice, while 65.3% of
228 participants without symptoms were vaccinated.
Notably, the symptoms disappeared or improved in
35.5% of the vaccinated participants, while the symptoms
were stable in 28.7% and worsened in 3.3%. Vaccination
with two doses was associated with a decreased
prevalence of dyspnea and change in the ability to taste.
Additionally, Arnold et al. studied changes of symptoms
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after COVID-19 vaccination (98). Out of 78 participants,
44 had received vaccination, and at least one symptom
was observed in 36 of the 44 vaccinated participants.
A follow-up study was conducted for 8 months after
vaccination to assess its effects on 159 symptoms. Out of
these symptoms, 37 (23.2%) had improved, 9 (5.6%) had
worsened, and 113 (71.1%) were unchanged. The Pfizer-
BioNTech and Oxford-AstraZeneca vaccines had similar
effects on the symptoms. In addition to these two peer-
reviewed reports on the effectiveness of vaccination on
long COVID, three additional non-peer-reviewed studies
reported the favorable effects of COVID-19 vaccination.
In contrast, Scherlinger et al. reported that COVID-19
vaccination was tolerable, because it was not linked
with severe side effects, however it was not effective
for long COVID (99). An improvement of symptoms
was observed in 21.8% of participants, whereas they
worsened in 31%. In their study, approximately one-
third of participants did not receive vaccination due
to expectations that it was a contraindication for long
COVID and would worsen symptoms.

Intravenous immunoglobulin therapy (IVIg) has been
used for patients in the acute phase of SARS-CoV-2
infection (/00). Notably, IVIg has been used to treat
patients with Guillain-Barré syndrome with favorable
outcomes. Although the precise mechanism underlying
Guillain-Barré syndrome is unknown, it is suggested that
antibodies against surface glycoproteins of the pathogen
cross-react with peripheral nerves through similar native
proteins and damage cellular function. Among various
functions, IVIg can neutralize autoantibodies and control
cell-cell interactions by blocking Fc gamma receptors
on immune cells. Moreover, IVIg, when prepared from
convalescent SARS-CoV-2 patients, can neutralize
viral proteins, suggesting that IVIg may be effective for
long COVID patients, thus warranting its evaluation in
clinical trials.

Conclusion

Direct tissue damage by SARS-CoV-2 infection,
constitutive inflammatory responses including
autoimmunity, and psychiatric impairment have been
suggested as underlying etiologies of long COVID.
Although it is unclear how constitutive inflammatory
responses are induced, lines of evidence support the
hypothesis that persistent infection is a putative cause of
continuous inflammation. Additionally, clinical trials of
the effects of COVID vaccination on long COVID patients
have produced favorable outcomes, further implying that
a persistent viral infection is involved in long COVID.
Beside vaccination, it might be worthwhile to perform
clinical trials using anti-viral compounds to see whether
the symptoms of long COVID can be improved.
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