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Layman summary

This review will discuss the origins of long COVID, a syndrome that can affect individuals
following SARS-CoV-2 infection. Typically, it is described as the continuation, worsening or
even presentation of new symptoms that remain at least 3 months after the initial
infection. Symptoms which cannot be explained by any other underlying disease in the
affected individual. Long COVID can present with many different symptoms in multiple
organ systems, however, the most common symptoms include fatigue, general
incapability of brain and muscle functions, exercise intolerance, elevated heart rate after a
postural change and mood affectations like depression or anxiety. As there is a broad
presentation of symptoms, itis also thought that multiple organ systems can be affected in
long COVID, where research currently focusses on muscle, vascular and nervous system
tissues. Researchers and clinicians made compelling efforts to understand the syndrome
and have identified multiple systems to act differently in long COVID patients versus non-
long COVID patients. Research showed difference in blood components and how these
clot together, immune reactions that target the patient itself, and dysfunctionality in the
mitochondria, which are smaller parts of a human cell mostly responsible for energy
production and the cell’s metabolism. It is not unthinkable that these affected systems
can lead to the observed symptoms in patients, but researchers are still uncertain on how
these differences are established and can continue in the long COVID patient population.
Therefore, this review will summarize and explain in detail what these systems are and how
these are impacted during long COVID. Furthermore, it will be discussed how the SARS-
CoV-2 spike protein, which is possibly present in many sick individuals, may lead to these
dysfunctionalities in long COVID patients. This protein is found on the outside layer of the
virus and is important for the virus to infect human cells. Finally, a scheme will illustrate
how an individual goes from initial infection with SARS-CoV-2 to the most common
symptoms observed in long COVID (Figure 1).



Abstract

Globally, it is estimated that over 400 million people suffer from Long COVID, a syndrome
that originates from an earlier experienced SARS-CoV-2 infection. This syndrome presents
with symptoms such as fatigue, post-exertional malaise, postural orthostatic tachycardia
syndrome and mood disorders, persisting for months or years after initial infection.
Although research is progressing, the syndrome pathogenesis remains to be fully
understood, resulting in inadequate diagnostic tools and treatment strategies, and
ultimately insufficient patient care. Investigations have provided evidence that patients
with long COVID can exhibit multiple affected physiological systems. However, an
explanatory mechanism resulting in these pathophysiological processes is lacking and, in
addition, it remains unclear how these processes invoke the broad symptomology
observed. In this review, these pathophysiological processes will be discussed and how
they could originate from persistent presence of SARS-CoV-2 spike protein. Moreover, a
schematic structure will be presented to illustrate the causality and chronology of events,
and how these eventually could result in the observed symptoms in long COVID (Figure 1).

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) global pandemic greatly
impacted the modern-day society by halting economic growth, severely straining health-
care infrastructures and dysregulating communitive interactions, resulting in a substantial
disturbance peoples standard of living'. This virus, in its many variant forms, induced
coronavirus disease 2019 (COVID-19), which differently affected human hosts from
asymptomatic infection to severe respiratory disease, even with fatal outcome?.
Currently, years after the pandemic onset, a subset of people infected with SARS-CoV-2
suffer from heterogenous, multisystemic manifestations of disease that can affect many
organ systems. Commonly reported symptoms include general neurocognitive impairment
(also described as ‘brain fog’), fatigue, post-exertional malaise (PEM), and postural
orthostatic tachycardia syndrome (POTS)3. PEM is the worsening of symptoms in patients
after physical or mental exertion and POTS is characterized by abnormal increase in heart
rate after postural changes like standing up, where this elevated heart rate could lead to
many symptoms such as dizziness, fatigue and shortness of breath. Many of the long COVID
symptoms seemingly resemble the symptomology of other known syndromes following
infection, which are termed as post-acute infection syndromes (PAIS)*. These include, for
example, post-treatment Lyme disease syndrome (PTLDS)® and Q fever fatigue syndrome
(QFS).. Moreover, there seems to be considerable overlap of long COVID with myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS)’.



Post-COVID manifestations are diversly defined across literature, with descriptions as post-
COVID-19 syndrome/conditions, post-acute sequalae of SARS-CoV-2 (PASC) and long
COVID®®. This complicates direct literature comparisons, however, an overarching feature
between the definitions is that it describes persistent (multisystem) symptoms following
SARS-CoV-2 infection, after a minimum of 4- to 12-weeks following infection™. This review
will focus on and adopt the term ‘long COVID’ described by Peluso et al.’. Itis described as
‘new or worsened symptoms following SARS-CoV-2 infection that cannot be explained by a
known medical condition’. By following this definition, this review excludes the patients with
exacerbated symptoms of previous comorbidities and hospitalized patients due to severe
COVID-19 disease, two groups that are also subject to continued affectations following
SARS-CoV-2 infection. However, when these groups are included in the mentioned articles,
as there is overlap between these patient groups, it will be specifically annotated.

Although risk of long COVID can increase with severe COVID-19, the majority of affected
patients (90%) presented with mild-to-moderate COVID-19 symptoms'"'?, as this group
represents a much bigger proportion of the total infected population. This review will
emphasize this subset of patients. Prevalence of long COVID varies and one nationwide
survey estimated between 6.6-10.3% of the population to be affected’. Globally, the
predictions amount to at least 400 million people suffering from this syndrome’?. The actual
number can be higher, as there might be underrepresentation of people reporting their
symptoms following asymptomatic COVID-19 or of people without access to adequate
health care. As mentioned, the incidence of long COVID, after SARS-CoV-2 infection, is
dependent on the severity of COVID-19. One study showed that 6.2% of people, after
symptomatic SARS-CoV-2 infection, exhibit at least one symptom associated with long
COVID (fatigue, cognitive problems, ongoing respiratory problems)'. Important risk factors
contributing to long COVID development are age, the female sex and severity of COVID-19
disease™'s.

Long COVID can drastically impact the individual. Large proportions report severe impact
on mental health and well-being, with patients being bedridden and unable to continue
working, having combined results as social- and communitive seclusion of these patients’®.
Moreover, the complex, heterogenous clinical course of long COVID often requires medical
care with multiple specialists involved, straining health-care infrastructures that are without
clear treatment strategies to tackle this syndrome. Due to the combination of health care
expenses and the negative impact of long COVID on the available workforce, a conservative
estimate has been made that long COVID annually burdens the ‘global’ economy
approximately 1 trillion US dollars or 1% of worldwide GDP 2024'2. An important
consideration is that, so far, research has shown that full recovery of long COVID is low at 7-



10% after 2 years of syndrome onset'?, where parallels with other syndromes as ME/CFS
could indicate long COVID to have chronic tendencies.

Combining the patients’ well-being and substantial societal implications originating from
this condition, long COVID could be deemed as a major health crisis. Research is
progressing towards elucidating underlying biological mechanisms, however, the
multisystem complexity of this syndrome and heterogenous presentation of symptoms
complicate uniform syndrome definition and diagnosis. Insufficient knowledge on long
COVID pathogenesis and a diverse clinical presentation have resulted in a lack of a
treatment/ intervention strategies to help patients, as there are currently no proven
treatments for long COVID and management of it can vary widely on the between clinical
practitioners''. There are signs that individual symptoms could improve with proper
guidance, such as pacing protocols for PEM'8, but, overall, a clear treatment strategy is
lacking which results in continued debilitation for long COVID patients. Therefore, when
combining the impact on patients and the consequential ramifications on society, there is
need for a better understanding of the pathogenesis of this syndrome towards adequate
diagnosis and new treatment strategies.

This review will summarize the pathophysiological processes thought to be of importance in
the development of long COVID. A more in-depth focus will be applied to describe how the
processes in this pathophysiology are connected through the spike (S) protein and might
result in the observed syndrome phenotype and symptom aggravation. Finally, a
hypothetical, chronological structure of initial infection towards symptomology will be
suggested as an explanatory biological cascade for long COVID patients.

Current understanding of the long COVID pathophysiology

The clinical pathophysiology in long COVID patients can vary between patients, with
multiple affected systems. Currently, a large collective of symptoms/biomedical findings
have been noted which can be broadly divided in the following categories with exemplary
conditions: organ/tissue damage'®'®? (pulmonary fibrosis, cardiac impairments, other
organ damage), vascular dysfunction?'?? (thromboinflammation, endotheliopathy, tissue
hypoxia), immune system dysregulation?*-2, neurological and cognitive impairment?’-28
(motor- and sensory symptoms, dysautonomia, depression), musculoskeletal sequelae®®
(fatigue, myalgia, PEM), gastrointestinal (Gl) sequelae'2%3° (gut-brain axis dysfunction). As
this diversity of symptoms progressed, the question was raised whether long COVID
patients could truly be defined by a shared underlying biological mechanism that could
provide an explanation for a multitude of these symptoms. Or, if research and diagnosis
should develop strategies to stratify patients in subcategories, each perhaps in need of a
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different diagnostic tool and treatment regimen. The answer remains unknown, although
research has started to elucidate on the possibility of multiple biological mechanisms that
could be linked to the origin and progression of long COVID. The following section will cover
the most common hypothesized biological mechanisms though to relate to long COVID
emergence.

Acute SARS-CoV-2 infection, a persistent viral reservoir and herpesvirus reactivation

SARS-CoV-2 entry into host cells is predominantly mediated by the binding of the S protein
to its receptor, angiotensin-converting enzyme 2 (ACE2)*', which is thought to initially occur
in the human airway epithelial cells®. After binding, SARS-CoV-2 can enter via cell surface
membrane fusion, mediated by cleavage into the S2 subunit of S protein by transmembrane
protease, serine 2 (TMPRSS2)33. Another route is via membrane fusion, after internalization
in the endosome, mediated by cathepsin L. Subsequent viral replication can result in major
infection of lung tissue cells and severe respiratory disease.

Although COVID-19 is typically presented as a respiratory-related disease, research
suggests SARS-CoV-2 can infect a much wider spectrum of host cells. Studies investigating
virus tropism and capacity for replication found SARS-CoV-2 RNA in 84 distinct anatomical
tissues in a cohort of 44 autopsy patients with acute or persistent COVID-19%. Tissues
included the vasculature, lymphoid tissue, the Gl-tract, and the central nervous system
(CNS). These findings could indicate a relation between acute/persistent SARS-CoV-2
infection in multiple organ systems, subsequent tissue damage, possibly correlating to a
wide variety of the observed symptoms. The presence of viral components in the CNS** even
suggests the possibility of SARS-CoV-2 crossing of the blood-brain barrier (BBB). Stool
samples were collected from participants with confirmed SARS-CoV-2 infection®. From
participants with resolved SARS-CoV-2 oropharyngeal shedding, 12.7% still showed SARS-
CoV-2 RNA in feces 4 months after infection and 3.8% at 7-month time point, percentages
that closely overlay with estimates of prevalence of long COVID in the general population
(see introduction). Moreover, in participants with exclusive fecal SARS-CoV-2 RNA
shedding, many associations were found between fecal shedding and persistent Gl-tract
symptoms, which could be interpreted as sighs of a continued infection in the Gl-tract.
Others showed continued presence of SARS-CoV-2 S protein in 60% of plasma samples
from long COVID up to 12 months post infection, while this was not observed in COVID-19
resolved patient group®. However, it should be noted that the time-points of measurement
(range of 12 months post infection) between these patients differed, making direct
comparison more difficult. Another investigation also found presence of S1 protein in a
specific CD16+ monocyte subset in the blood up to 15 months post infection®.
Whether there is active virus replication of SARS-CoV-2 in long COVID or for instance
abrogated replication with circulating viral remnants remains elusive. A recent trial, where
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patients with long COVID were administered with antivirals Nirmatrelvir and Ritonavir,
showed no improvement of symptoms in the treatment group versus placebo group?:. This
could suggest symptomology of long COVID not to be due to persistent SARS-CoV-2.
However, this might also indicate the SARS-CoV-2 reservoir localized where these antivirals
could not penetrate the tissue.

Not only does it seem that components of SARS-CoV-2 can persist for longer time periods,
but research has found evidence for the reactivation of other latent viruses after SARS-CoV-
2 infection. A great majority of the population is infected with latent herpesviruses, for
instance, >90% of the population exhibit Eppstein-Barr virus (EBV) infection'®. These viruses
are known to reactivate in immunocompromised conditions or during stress reactions as
other active viral infections™. Multiple reports have found signs of herpesvirus reactivation
associated with SARS-CoV-2 infection. One study, using rapid extra-cellular antigen
profiling observed increased scores against the EBV antigen gp23, gp42, and the varicella
zoster virus (VZV) glycoprotein®. Others also found elevated antibodies against EBV and
cytomegalovirus (CMV) components*’, suggesting a reactivation after SARS-CoV-2 infection.
To investigate whether these reactivations influence long COVID development, a cohort of
280 patients was analyzed for associations between reactivation and symptoms*'. They
identified a strong association between EBV-reactivation and reported fatigue in patients.
Interestingly, they identified a negative association between CMV seroprevalence
(indicative of reactivation) and the development of long COVID. The study confirmed long
COVID patients without viral reactivation, suggesting it not to be the sole component driving
symptoms. Connections to the other observed biological mechanisms driving long COVID
might reveal a role for herpesvirus reactivation in the development and continuation of long
COVID symptomology.

Research into the presence of SARS-CoV-2 after infection should determine whether these
virus particles can persist and replicate in the host or show other signs of latency. Similarly,
how SARS-CoV-2 triggers other latent viruses and their involvement in long COVID
development should be explored further. If viral components themselves, such as the S
protein, could trigger multisystemic manifestations, more investigations into the origins and
survival times of these persistent antigens could reveal links to long COVID pathophysiology.

Autoimmunity

Evidence is coming up for abnormality in B cell populations after SARS-CoV-2 infection. One
of the earlier reports, in a cohort of hospitalized patients with active COVID-19, observed
naive B cell dysregulation to result in autoreactivity, with findings of antinuclear antibodies
(ANAs) and anticarbamylated protein responses found 100 days after symptom onset of
long COVID*2. Others found certain immune pathways, such as type 1 interferons (IFNs), to
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be targeted by autoantibodies in patients with COVID-19%, possibly mitigating adequate
immune response and viral clearing during active infection. Another study included healthy
controls, recovered COVID-19 patients, and a stratified cohort of long COVID into 3 groups
with mild-moderate acute disease, hospitalized and intensive care patients*’. They
observed no difference in number of ANAs between recovered and healthy controls, but a
significant increase when compared to the individual long COVID groups. Moreover, they
found total ANAs to increase with severity of COVID-19 and that the total ANAs in all long
COVID groups showed decline over 12-months. From these ANAs, they found Anti-U1-
snRNP and anti-SS-B/La to correlate with long COVID symptoms fatigue and dyspnea.
Another study did not observe differences in ANA titers based on severity of acute disease®.
Interestingly, they observed thatin females, and not in males, patients with higher ANA titers
(=1:160) to have significantly higher symptom frequency than in lower ANA titer group
(£1:160). This might link to the overrepresentation of females among long COVID patients.
One investigation, in patients selected with higher B2-adrenergic receptor autoantibodies,
performed immunoadsorption to remove immunoglobulins®. They observed improvement
of SARS-CoV-2-triggered ME/CFS symptoms assessed with short-form 36 physicalfunction,
although they did not identify correlation between decrease in autoantibodies with increase
in symptom relieve. To infer on the possibility of autoantibodies instigating long COVID
symptoms, a group transferred whole human immunoglobulin (Ig) G from patients with long
COVID into mice ¥’. They subdivided the long COVID cohort into three groups, one group
showing elevated markers of neuronal damage and the other two groups characterized by
discordance in type-1 IFNs. Interestingly, the transfer seemed to induce a mimicking of
symptoms in the mice also observed in patients, suggesting that distinctive targeting of
autoantibodies might provoke different symptoms. Similar findings were reported by others,
where human IgG (autoantibodies) crossed the murine BBB, binding to tissues of the CNS
and eliciting symptomology in the mice similar to the patients where the IgGs originated
from*,

In contrast to the findings above, a study on immune profiling did not observe significant
differences in total number of autoreactivity reactions between COVID-19 recovered and
long COVID patients, nor did there be a trend in specific autoantibodies more presentin the
long COVID patients®. Of importance, this investigation did not make subdivision in the long
COVID cohort, also including a small percentage of hospitalized patients (13%). Another
study found no difference in autoantibody seroprevalence between patients who developed
and patients who did not develop long COVID in a cohort of 161 patients following SARS-
CoV-2 infection®. It is entirely possible that only a subset of patients suffers from
(exacerbated) symptomology originating from autoantibodies and that it is not the
seroprevalence but unique autoantibodies to long COVID that elicit symptoms. In that sense,



use of more general long COVID cohorts in studies could skew results as non-significant,
although a subset of patients might profit from drugs targeting autoimmunity. Discrepancies
between literature entails the need for more research, as signs of autoimmunity are
increasingly more reported related to long COVID.

Endothelial inflammation and microclots

Endothelial cells (ECs) can express ACE2, and studies have found SARS-CoV-2 viral
particles in these cells®, suggesting a mechanism of infection able to incur direct damage
or by redirecting immune response towards the endothelium. Other studies found more
indirect mechanisms of SARS-CoV-2 to affect the endothelium. For instance, elevated
levels of complement factor C5bC6 and decrease of soluble complement factor C7 in long
COVID patients*®, where this imbalance could be suggestive of increased presence of the
terminal complement complex able to insert into cell membranes of ECs. Pathological
responses of the complement system have been associated with endothelial activation and
thromboinflammation“°.

The vascular abnormalities in long COVID are not exclusively retained to endothelial
disruption, more research depicts irregularities in the coagulation system of patients.
During active COVID-19, intensive care patients were discovered with fibrin clots denser,
stiffer and more resistant to fibrinolysis than those of healthy donors®'. Investigation into the
mechanics revealed a central role for SARS-CoV-2 S protein, which seemed to be able to
bind fibrinogen and fibrin, forming microclots®. This was corroborated by data, where
addition of S protein added to healthy donor platelet poor plasma induced microclot
formation more resistant to fibrinolysis®®. These signs of microclot formation of fibrin and
the changed kinetics of fibrinolysis were also confirmed in patients with long COVID®*. In
addition, research showed that these microclots are not exclusively polymerized structures
of S protein and fibrin but are capable of entrapping other molecules®. They found,
comparing deposits from long COVID versus healthy controls, enriched entrapment of
molecules modulating coagulation as von Willebrand factor and platelet factor 4, pro-
inflammatory molecules as galactin-3 binding protein, molecules involved in lipid
metabolism and enrichment of certain immunoglobulins that could be related to
autoimmunity. A recent study showed that increase in microclots in platelet poor plasma
was associated with long COVID and recent COVID-19 infection®®. Furthermore, the mean
microclot count seemed significantly higher in females, who are at higher risk of developing
long COVID after mild-moderate COVID-19, while there was no significant difference in
mean microclot count between the male control and long COVID group.

There is plausibility for a role of microclots in developing long COVID. However, there is
discussionin the scientific community about the validity of some of the data and importance
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of microclots in the long COVID pathophysiology®”*8. Furthermore, some research seems to
lack important control groups, e.g. the paper describing protein entrapment did not
compare long COVID patients to recovered, but to healthy controls, which could lead to an
exaggeration of proteins entrapped which have clinical relevance®®. With the knowledge that
microclots are not exclusive to long COVID, as forinstance in males there was no significant
increase in microclots comparing long COVID to healthy controls®®, the use of proper control
groups and experimental read-outs seem increasingly important. Perhaps this latter notion
suggests that not only the amount or presence of microclots plays a role in long COVID, but
more importantly the content trapped withing these.

Altogether, it seems that long COVID patients experience irregularities in complement
activation, endothelial damage and microclot formation. These abnormalities could have
widespread effects on the body. For example, vascular obstruction due to microclots could
resultin hypoxia and damage across organ systems. Entrapment of inflammatory molecules
in microclots could induce local and systemic inflammation. Furthermore, microclot
components and endothelial activation permeabilize the BBB, possibly granting
accessibility to the CNS for toxins, autoantibodies and immune cells. For better
understanding of the role of these microclots in long COVID, there should be more research
into the circulating levels and persistence of microclots, and how these result in
downstream manifestations.

Mitochondrial dysfunction

The high prevalence of exercise intolerance and fatigue in long COVID patients is suggestive
of pathophysiology in muscle tissue. A study observed long COVID patients, in whom PEM
was induced through exercise, to have a lower oxidative phosphorylation capacity in skeletal
muscle?®®. They also found lower concentration of tricarboxylic acid (TCA) cycle metabolites
in long COVID patients at baseline, although these did not change after PEM induction. In
contrast, venous blood glycolytic metabolites were elevated at baseline and during PEM but
decreased a week after PEM induction. Another long COVID cohort, with patients who had
mild-moderate-severe COVID-19, showed an increase in blood lactate levels and a
decreased rate of B-oxidation of fatty acids during exercise compared to control cohorts®.
These changes in metabolism suggested SARS-CoV-2 infection to inflict abnormal
functioning of the mitochondria that could persist beyond active infection.

During active COVID-19, SARS-CoV-2 dsRNA was found to localize in mitochondria,
indicating the possibility of direct replication sites in these mitochondria®. Furthermore,
SARS-CoV-2 seemed to disrupt mitochondrial membrane potential, resulting in an opened
conformation of the mitochondrial permeability transition pore, which was observed to be
beneficial for SARS-CoV-2 replication. Another study investigated the concentration of five
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neuronal mitochondrial proteins, involved in Ca++ homeostasis, in patients with long COVID
who had mild-moderate-severe COVID-195'. These mitochondrial proteins were at
significantly lower levels in plasma neuron-derived extracellular vesicles in long COVID
versus healthy control, suggesting possible mitochondrial dysfunction in neuronal tissue.
Furthermore, morphological examination of the mitochondria in long COVID patients
revealed dilated and washed-out cristae and enlarged mitochondria, demonstrating
mitochondrial deformations induced by SARS-CoV-2%2,

Considering the evidence of mitochondrial dysfunction in long COVID, a recent phase 2a
pilot study enrolled patients with fatigue-dominant long COVID for possible treatment
testing. They received AXA1125, an endogenous metabolic modulator that increases
mitochondrial B-oxidation®3. No observed improvement was found in post-exercise skeletal
muscle recovery rate time when comparing treatment versus placebo, although there was
significant improvement in the phosphocreatine response within the treatment group’s
responders versus non-responders. Additionally, relief of physical and mental physique,
assessed by the Chalder Fatigue Questionnaire, was reported by a subset of patients in the
treatment group. This could indicate that targeting mitochondrial improvement could help
a subset of patients. However, as this trial illustrated, proper assessment of physical
improvement in long COVID patients requires more tools suited for the heterogenous
patient population.

More research showed abnormalities in the concentrations of downstream metabolites of
tryptophan in long COVID patients. One group discovered indoleamine 2,3-dioxygenase-2
(IDO2) expression, normally low or not expressed, in PBMCs and brain tissue in long COVID
patients®. In these patients, PBMCs had enhanced concentration of kynurenine
metabolites and lower tryptophan levels. Another study found serotonin levels in long
COVID patients to be lower compared to healthy controls®®. They observed abrogated
intestinal absorption of tryptophan, serotonin storage impacted by platelet hyperactivation,
and enhanced serotonin turnover through increased expression of MAO genes. Serotonin is
another downstream product of tryptophan, where synthesis is mediated by other enzymes
than IDO2. Both of these studies indicate a shift in the presence of certain metabolites,
where long COVID patients have increased kynurenine metabolites and decreased
serotonin.

Overall, the research shows that SARS-CoV-2 infection can lead to disturbances in
mitochondrial functioning. This results in changed tissue metabolic states and energy
production impairment that could be ground for observed symptoms such as fatigue and
PEM. Moreover, the changes in downstream tryptophan products, such as lower levels of
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neurotransmitter serotonin, could be explanations for more neurological impairments and
mood changes such as depression and anxiety.

SARS-CoV-2 spike protein connects the pathophysiological processes in
long COVID

Allthe pathophysiological processes discussed could have arole in the development of long
COVID. Although these processes are often investigated and mentioned separately in
literature, there remains the possibility of interactions between the affected systems or a
commonality leading to multisystemic dysregulation. While this shared origin remains to be
elucidated in long COVID, | suspect a bridging role in the persistent presence of SARS-CoV-
2 S protein.

As discussed previously, the presence of S protein was detected in plasma, stool samples
and in the CNS long after the initial SARS-CoV-2 infection. A study that found persistence of
circulating S protein in patient plasma, also found S protein in the membrane of circulating
extracellular vesicles, although a limitation is the inclusion of hospitalized patients and
patients with co-morbidities in their long COVID cohort®. Others found circulating
antibodies targeting S protein to decrease less than antibodies targeting nucleocapsid
protein, adjusted for time since vaccination®. A recent study investigated the presence of S
protein in skull and brain tissues®’. They discovered presence of S protein in 10/34 autopsy
skull samples from patients who had died due to non-COVID-19 related causes, suggesting
the S protein to persist in CNS niches long after initial infection, also in non-long COVID
patients. Continuing these findings, they demonstrated that the S protein, with the N501Y
mutation, had a multi-organ dissemination and could even cross the BBB in mice models,
whereas original Wuhan strain S protein retained mostly in the mice liver. This mutation was
first found in the SARS-CoV-2 alpha strain, where it was observed to significantly increase
binding affinity to ACE2%. Due to this, the mutation has been described as a major factor for
increased SARS-CoV-2 transmission through ACE2 and is present in most prominent strains
as alpha, beta, gamma and omicron®®°, Although they found N501Y S protein crossing over
the BBB, the S protein seemed to colocalize with pericytes and not neurons. Anin vitro study
showed that presence of S protein resulted in pericyte activation in human pancreatic islets,
where the loss of ACE2 activity, through S protein binding and internalization, resulted in
vasoconstriction of the cappilaries’. These results could indicate that the neurovascularity
might be targeted and affected more by S protein than neuronal tissue itself. These studies
all indicate a possible role for S protein presence in the persistent pathophysiology of long
COvVID.
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The origins of persistent S protein remain unclear. Suggestions that have been made consist
of a lingering SARS-CoV-2 infection or to S protein to remain present in immune-secluded
tissues evading proper clearance. It should also be noted that most of the vaccines,
including the newer mRNA vaccines, include or produce the full-sequence S protein, which
could add to the effect of persistent S protein. In this line of thought, it seems to occur, albeit
less prevalent than long COVID, that people can suffer from a similar syndrome as long
COVID after vaccination’"”2, This might serve as a sign of S protein involvement into
pathophysiology of long COVID. However, the role of vaccines on long COVID development
and progression requires more research. It is known that vaccination has a protective effect
of developing long COVID, irrespective of the SARS-CoV-2 variant’®. As severe COVID-19
patients have higher risk of developing long COVID, preventing this with vaccination could
directly result in this protective effect. However, a mouse vaccination model administering
BioNTech/Pfizer (Comirnaty), an mRNA vaccine based on S protein sequence, tested S
protein dissemination after SARS-CoV-2 omicron variant infection®’. They observed less
accumulation of S protein, also into CNS areas, in vaccinated versus unvaccinated mice,
possibly suggesting that vaccination prevents the wide spread of S protein throughout the
body. Interestingly, a systematic review found lowering of odds ratio of having long COVID
when getting vaccination after being diagnosed with long COVID, suggestive of vaccination
as a possible treatment strategy for long COVID’*. However, there is more research needed
to depict the exact risks of vaccination and/or SARS-CoV-2 reinfection after long COVID
diagnosis.

There are also signs of original antigenic sin during SARS-CoV-2 infection’. This
phenomenon is described as an inadequate immune response towards a pathogen, due to
the recalling of a memory response that cannot sufficiently clear the infection. Forinstance,
an early-pandemic SARS-CoV-2 strain generates a specific immune response against S
protein. This memory response is triggered by re-infection; however, clearance is
insufficient as S protein has mutated beyond adequate binding capacity of the antibodies.
A study showed that vaccination resulted in an impaired capability of the immune system to
generate de novo response against SARS-CoV-2 omicron variant’®. Others found an
association between having humoral immunity generated against certain seasonal
alphacoronaviruses and worse clinical outcome of COVID-19, suggestive of original
antigenic sin”’. Original antigenic sin could interfere in proper viral clearance. However, it is
not unthinkable for this phenomenon to also contribute to improper response against S
protein and subsequent clearance of viral components as S protein.

The mechanisms surrounding S protein persistence and how this is influenced by
vaccination or original antigenic sin is not completely clear. There are signs of S protein
involvement in the dysregulated systems during active SARS-CoV-2 infection and in long
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COVID patients. This chapter will expand on how the S protein might persist. Additionally, S
protein will be linked to the previously described pathophysiological processes, including
possible feedback between systems and how this links to the symptoms observed in long
COVID patients.

Spike protein induces microclot formation and subsequent effects on endothelial and neuronal
tissues

One of the potential mechanisms for persistence of S proteinis in an entrapped/coagulated
state with microclots. As described before, these microclots are deposits of fibrin which
seemed to have formed under the influence of S protein. These microclots have been found
to be increasingly resistant to fibrinolysis and, therefore, could lead to the inability of
physiological clearance of S protein in the body. Furthermore, the possibility of microclot
entrapment of proteins, including S protein, autoantibodies and inflammatory molecules,
could form a link to the observed persistence of symptoms and multiple affected organ
systems in long COVID. For instance, it has been demonstrated that S protein can induce
endothelial inflammation via ACE2 binding, independent of continued viral replication’®.
Earlier 2- and 3D in vitro models also showed S protein addition to result in loss of integrity
of the endothelial layer, resembling a leaky BBB’°. Therefore, S protein itself (or in complex)
seems capable of activating the endothelium, including subsequent BBB permeabilization.

Research focused on combinatorial effects of S protein and fibrin, identified that S protein
in clot with fibrin increased fibrin-induced release of ROS in bone-marrow-derived
macrophages, where the S protein alone did not amount to a similar effect®. Additionally,
they found S protein with fibrin to increase fibrin-induced microglial reactivity in a mouse
model of fibrinogen-induced encephalomyelitis, suggesting these microclots to affect
neuronal tissue. A mouse model, infected with HIV virions pseudotyped with an S protein
incapable of binding to mouse ACE2, still observed extensive fibrin deposition (microclot
formation) in the lungs accompanied by oxidative stress, where antibody targeting of the
fibrin partially resolved inflammation and oxidative stress®2. This suggests microclot
formation to be possible solely with S protein, however, that ACE2 binding could be
important for downstream endothelial and neuronal manifestations. More research has
found links between long COVID (and S protein presence), BBB permeabilization and
resulting neuroinflammation, suggestive for the symptoms of brain fog and other cognitive
impairments®:8%81_ Interestingly, pre-COVID-era research already observed fibrinogen
injection into the CNS white matter in mice to result in demyelination, microglial activation
with possible promotion of T-cell mediated autoimmunity®?, suggesting that more
components of the microclots can affect neuronal tissue.
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Although the microclots are small in nature (1-200 ym), an opinion article proposed these
could potentially clog microcapillaries®®. They suggested that clogging-induced tissue
hypoxia, which would be sensed by the body, resulted in tachycardia. Consequently, this
tachycardia would explain POTS and the fatigue observed in long COVID patients.

By deeming long COVID as a syndrome with dysfunctional coagulation, clinicians have tried

multiple ways to treat patients for this clinical phenotype. For instance, by using heparin-
induced extracorporeal LDL/fibrinogen precipitation apheresis, which can bind and remove
both S protein and fibrinogen from the circulation®:. The authors state this technique has
helped hundreds of patients, although patient data is not publicly available. A cohort of 91

patients with long COVID were treated with ‘triple’ therapy, including an anticoagulant
regime of DAPT-Clopidogrel and a DOAC-Apixaban combined with a proton pump inhibitor
pantoprazole®. Based on self-reporting of patients, the majority had symptom improvement.
The patients were also presented with microclots in platelet poor plasma, and treatment
seemed to remove these deposits from their plasma. It should be noted that this study
lacked a control placebo group for comparison, which makes the real observed effect of this
treatment less interpretable.

To conclude, it seems that S protein in microclot formation with fibrin is capable of inducing
endothelial inflammation and subsequent leakiness. Moreover, this loss of endothelial
integrity has resulted in BBB permeabilization, making the CNS accessible to targeting.
Although microclots have not been confirmed to enter the neuronal compartment by
biopsy/autopsy, the individual components of S protein and fibrinogen driving the formation
have both been found in the CNS. Therefore, it is not unthinkable that formation can still
occur past the BBB, where these components can inflict damage on the tissue. Moreover,
these microclots potentially hold more molecules able to induce inflammatory responses.
More intervention studies, in properly controlled clinical trials, on apheresis and
anticoagulant therapy could help long COVID patients.

Autoantibody formation through molecular mimicry of spike protein capable of targeting the
central nervous system

As discussed in the section autoimmunity, there has been inconsistency in the reports on
whether autoantibodies are relevant for long COVID development. However, the two
independent studies of IgG transfer into mice*”*¢, which resulted in mimicking of symptoms
of long COVID patients by the mice, are suggestive of autoantibody capability of (in)directly
inducing pathophysiology. The studies that did not observe involvement of autoantibodies
in long COVID were predominantly focused on total autoantibodies or looked at trends in
presence of a specific autoantibody in long COVID versus recovered controls, which did not
yield results in favor of autoimmunity®**®. However, when taking in the half-life of
autoantibody producing plasma cells?, it might not be an unexpected discovery that there
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is little change in the autoimmune signature between long COVID and recovered individuals,
when there is no ongoing infection to trigger new autoimmunity. Instead, | hypothesize that
not solely the autoantibody signature of long COVID patients, but, more importantly, the
accessibility of their target autoantigens is required to induce the symptoms observed in
long COVID. To clarify, the distinguishment between recovered and long COVID individuals
might not result from a change in autoantibody production, but by possible restoration of
the endothelial lining of the BBB in recovered patients, removing CNS tissues from
autoantibody targeting.

A possible mechanism for inducing autoimmunity is by molecular mimicry between host
and pathogen proteins. Studies found homology between SARS-CoV-2 S protein and
proteins of the human CNS® and other tissues®®. Following this, multiple studies have
identified autoantibody production against targets in the CNS during COVID-19 and long
COVID#4748  These studies suggest a possible mechanism of induced autoimmunity by
molecular mimicry to S protein, capable of targeting host CNS proteins. This autoimmune
signature might be exacerbated by S protein in microclot formation, resulting in continued
immune stimulation of self- and non-self-antigens in close proximity.

As mentioned in the previous section (Spike protein induces microclot formation and
subsequent effects on endothelial and neuronal tissues), it seems that there is evidence
of loss of integrity of the BBB and EC activation in long COVID patients. This could pose as
an initial step in CNS exposure to autoantibodies produced due to SARS-CoV-2 infection.
Similarly, the mice model studies with IgG transfer, found the human IgGs to cross the BBB
and targets several CNS compartments*’“8. Another study observed cognitive impairment,
as measured by Montreal Cognitive Assessment, to be worse in long COVID patients with
presence of ANAs in their cerebrospinal fluid compared to patients with either presence or
absence of ANAs in their serum®'. It should be noted that this study did not have a healthy
control group due to invasiveness of lumbar punction to retrieve cerebrospinal fluid.
Moreover, a recent study found, in a long COVID cohort (including 2/12 hospitalized),
significant increase of neuroinflammation in long COVID patients across a variety of brain
regions®. Interestingly, they found significant positive correlations between
neuroinflammation, and the concentration of different plasma analytes involved in vascular
hemostasis, where the strongest correlation was with analyte fibrinogen. These findings
strengthen that dysfunctionality in the vascularity, perhaps by S protein interference, can
aid in autoreactivity towards the CNS.

An important question that remains is how these autoantibodies can elicit the effector
mechanisms resulting in observed long COVID symptoms. A direct mechanism would
involve the antibody targeting a receptor and activating it or by blocking its function due to
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interrupted ligand-receptor binding. However, indirect effector functions through Fc-tail
mediated mechanisms are perhaps more evident in long COVID. During severe, active
COVID-19, there was evidence of immune complexes of IgG, IgM and complement
components on ECs, platelets, glial cells and neurons®. Whether this can happen in long
COVID remains unclear, but a recent investigation reported on persistent complement
dysregulation to result in neurovascular injury in long COVID*. Another study found
autoantibodies from long COVID patients to target atypical chemokine receptor 1 on ECs,
where addition of patient peripheral blood mononuclear cells (PBMCs) and purified patient
IgG resulted in significantly increased antibody-dependent cellular cytotoxicity towards
ECs®. One limitation in the two recently mentioned studies is that these effects were not
observed across the whole cohort and the cohorts included hospitalized patients, where
autoimmunity might have a more significant role in severe COVID-19 survivors. Another
study, only including long COVID patients that experienced mild COVID-19, observed
increase of adherence of patient PBMCs to brain ECs®°. They also found both patient serum
and recombinant S protein to induce upregulation of ICAM1, VCAM1 and TNF mRNA in ECs,
which are important for leukocyte adherence and extravasation.

To conclude, | propose that there could be a role for autoantibodies in long COVID
development through (in)direct mechanisms as complement docking with membrane
insertion and cellular cytotoxicity. This autoimmunity could potentially be induced through
S protein molecular mimicry. The most notable autoantigens are localized in vicinity of the
neurovascularity, including both CNS and endothelial targets. The availability of targets on
the CNS should be preceded by loss of BBB integrity by S protein induced mechanisms. This
combination of endotheliopathy and neuroinflammation could support many of the
symptoms observed in long COVID patients as general neuronal and cognitive impairment
(brain fog), depression/anxiety, fatigue and tissue damage resulting from localinflammatory
response.

Spike protein results in structural changes in mitochondrial functioning with subsequent affected
cell metabolism in musculoskeletal tissue

The previous sections primarily focused on the longer persistence of extracellular S protein
(in complex) and how this can induce a variety of responses, mainly affecting CNS and
endothelium. However, after initial binding to ACE2, SARS-CoV-2 (and S protein) enter the
intracellular compartment. As previously described in the section mitochondrial
dysfunction, there was evidence of SARS-CoV-2 infection to induce structural changes in
morphology and important mitochondrial processes such as mitophagy, membrane
potential and an altered metabolic state. Theoretically, many different cell types expressing
ACE2 might bind and internalize S protein, possibly resulting in changes in mitochondrial
functions across multiple tissues. However, this would require S protein to have effector
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mechanisms after lysosomal degradation or evade this process completely. One study into
cardiomyocytes in vitro, which have relatively high ACE2 expression®®, showed that S1
subunit treatment resulted in mitochondrial dysfunction, disrupted mitochondrial
membrane potential, and lowered expression of translocase of the outer membrane 20%%.
The subsequently observed increase in ROS production could have the potential to evoke
cellular damage and apoptosis. This seemingly resembles the mitochondrial dysfunction
occurring during active SARS-CoV-2 infection and long COVID. Stable S protein expression
in a neuroblastoma cell line yielded similar results in impaired mitochondrial systems,
where they found S protein to interact and enhance activity of MAO-B, a protein that can
enhance mitochondrial dysfunction through ROS production®. As previously mentioned,
SARS-CoV-2 infection also increased MAO mRNA expression, which is important in
serotonin production®.

Although long COVID patients could suffer from mitochondrial dysfunction and metabolic
changes, it remains unknown whether these changes persist solely due to structural
changes after initial SARS-CoV-2 infection or, if persistent S protein can result in this
continued disbalance. As ACE2 is widely expressed in human tissues®, it might be of equal
importance to find out in which organs these mitochondrial dysfunctions persist.
Mitochondria are not only important in cell energy production but also occupy a role in
inducing cellular inflammation and apoptosis®, where dysfunction might have damaging
effects on the specific cell and its surroundings. Myalgia, PEM and fatigue are often reported
in long COVID, which could suggest general metabolic disbalance in skeletal muscle related
to mitochondrial dysfunction. The study, where PEM was induced long COVID patients?,
showed lowered mitochondrial function, metabolic dysfunction and even tissue necrosis in
muscle biopsies after exercise. Interestingly, they found microclots (potentially harboring S
protein) to be more abundantly present in muscle biopsies in long COVID patients
compared to healthy control. They identified these deposits to be localized in the
extracellular matrix in muscles and not in the capillaries, suggesting that PEM could not be
explained by tissue hypoxia due to capillary blood flow obstruction. S protein presence in
the microclots might have induced structural changes in muscle cell mitochondria resulting
in dysfunction, ROS production, inflammation and subsequent tissue damage. Additionally,
they found SARS-CoV-2 nucleocapsid protein in the extracellular matrix in both healthy
controls and long COVID patients with unchanged concentration after PEM induction. This
is suggestive of a low possibility of local active SARS-CoV-2 replication and no influence of
nucleocapsid protein presence on PEM. Muscle biopsies showed, in long COVID patients
with fatigue and myalgia, mild histopathological changes ranging from fiber
atrophy/damage, mitochondrial pathology, inflammation and cell damage®. In another
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cohort it was observed that, not only muscle fiber, but also the terminal nerves and the
motor endplate in the muscle tissue to be damaged in long COVID patients'®. Together, this
data suggests general myopathy to have a role in long COVID observed symptoms such as
fatigue, myalgia and PEM. Where research also implies a prominent role for mitochondrial/
metabolic dysfunction in long COVID patient musculoskeletal tissues.

There is evidence for mitochondrial dysfunction and consequent altered cell metabolism in
long COVID patients. However, the exact mechanisms leading to this persistent phenotype
are uncertain. Some research provides a context for the S protein capable of inducing these
dysfunctions, but more studies should validate these results. Although muscle tissue is
emphasized in this section, this dysfunction also occurs in the other SARS-CoV-2/ S protein
host cells/tissues such as ECs and CNS tissue. Here, mitochondrial dysfunction was linked
to symptoms such as PEM, fatigue and myalgia. Most likely, there are more factors that play
a role. For example, interrupted/changed neurotransmission of nerve endings into muscle
tissue, due to ongoing neuroinflammation and lower serotonin levels, could also affect
muscle tissue. The disbalance in metabolite production due to mitochondrial dysfunction
could have many affectations, including the many observed psychological manifestations.

Conclusion

S protein presence seems to persist throughout a substantial number of long COVID
patients. Whether this persistence is due to continued infection, microclot formation,
vaccination or general incapability of S protein clearance by the immune system should be
investigated. The pathophysiological processes discussed can all be linked, at leastin initial
state, to the presence of S protein. Although this review focused on the commonality of S
protein in the pathophysiology, the many resulting imbalances in signaling cascades, with
varying effector mechanisms in different tissues, can also result in exacerbation of
symptoms. There is also the possibility of interplay between these pathophysiological
processes, therefore, a schematic representation is given to elucidate on how S protein
persistence might lead to the most prevalent observed symptoms in long COVID patients
through the multiple pathophysiological processes (Figure 1).

In future research, it might be worthwhile for studies to assess persistence of S protein in
the patient cohorts, although this could prove difficult and inconsistent. To elaborate, S
protein presence could for instance be determined by presence in the plasma of patients.
However, it has been observed that not all long COVID patients have S protein in plasma
samples®®. Furthermore, S protein might be opsonized in microclots, which should be
accounted for in the used detection methods for assessing presence. For instance, one
study observed immunoadsorption of IgG to almost diminish circulating S protein in long
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COVID patients, suggesting most S protein to be in opsonized form with antibodies and
possibly in microclot formation''. Notably, this also demonstrated the incapability of
physiological clearing of S protein by patients. In addition, they did not observe improvement
of their patients after diminished circulating S protein. This could indicate thatitis not solely
the presence of S protein, but also the tissue where S protein persists to be important for
factor to result in long COVID symptomology. A recent study demonstrated this in a mice
model, where S protein injection into the brain resulting in long-term cognitive dysfunction,
suggestive of long COVID™. As discussed extensively, many of the symptoms observed
could result from damaged neuronal and neurovascular tissue, where S protein also has
been observed to persist in many patients. Therefore, it could be that S protein persistence
in CNS areas is a prominent indicator for long COVID development and continuation. This
could pose difficulties in future research, diagnosis and treatment strategies. Investigation
into these tissues by biopsies in living patients or healthy controls is ethically complicated
and can pose risk to the subjects involved. Moreover, treatments to remove S protein
presence in the CNS can come with challenges such as accessibility to these regions and to
not invoke more damage than the syndrome itself. More preliminary research should
elucidate on the role of S protein persistence in these regions in long COVID. After S protein
is more evidently linked to long COVID pathogenesis, there should be a focus on safe and
effective diagnostic and treatment strategies for these patients.

Limitations

This review posed as an overarching hypothesis for the development of long COVID.
However, there are several limitations. The broad definition of long COVID makes
comparison difficult between literature. Symptoms could be more prominent in
hospitalized patients during COVID-19, where inclusion into cohorts might skew results
towards these patients. Moreover, the wide variety in symptoms observed might require the
need for further stratification of long COVID patients into more than hospitalized versus non-
hospitalized, e.g. based on the long COVID clinical presentation. Lastly, this review did not
include all affected tissues and possible links to long COVID development. For instance,
there has also been research focused on the gut'®, also expressing ACE2%, where gut-brain
axis distortions might also partially explain long COVID symptoms.
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Figure 1: the chronology of the driving processes resulting in long COVID

Schematic representation of the hypothesis of S protein to induce various systemic dysfunctions leading to the broadly observed symptomology of long COVID. Colored
paths and blocks resemble the color of the initial physiological dysfunction, where causality of symptoms shared between multiple physiological dysfunctions can be
recognized by a multi-color gradient in the blocks.

BBB: Blood-brain-barrier; EC: Endothelial cell; IDO2: Indoleamine 2,3-dioxygenase-2; IgG: Immunoglobulin G; PEM: Post-exertional malaise; POTS: Postural orthostatic
tachycardia syndrome; ROS: Reactive oxygen species; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; TCA: Tricarboxylic acid
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Abbreviation list

ACE2
ANA
CMV
CNS
COVID-19
EBV

EC

GenAl

Gl

IDO2

IFN

Ig
ME/CFS
PAIS
PASC
PBMC
PEM
POTS
PTLDS
QFS

S protein
SARS-CoV-2
TCA
TMPRSS2
VWEF

vzv

Angiotensin-converting enzyme 2
Antinuclear antibody

Cytomegalovirus

Central nervous system

Coronavirus disease 2019

Eppstein-Barr virus

Endothelial cell

Generative artificial intelligence
Gastrointestinal

Indoleamine 2,3-dioxygenase-2

Interferon

Immunoglobulin

Myalgic encephalomyelitis/chronic fatigue syndrome
Post-acute infection syndromes
Post-acute sequalae of SARS-CoV-2
Peripheral blood mononuclear cell
Post-exertional malaise

Postural orthostatic tachycardia syndrome
Post-treatment Lyme disease syndrome

Q fever fatigue syndrome

Spike protein

Severe acute respiratory syndrome coronavirus 2
Tricarboxylic acid

Transmembrane protease, serine 2

Von Willebrand factor

Varicella zoster virus

Generative artificial intelligence disclosure

During this project, generative artificial intelligence (GenAl) was used in the primary stages

for literature search. This was performed by using prompts including content-related

search terms, e.g. long COVID, microclots, in the Perplexity GenAl.

No written content or illustrations were made using GenAl.

24



References

1.

10.

11.

12.

Mishra, N. P. et al. Global impacts of pre- and post-COVID-19 pandemic: Focus on
socio-economic consequences. Sensors International 1, 100042 (2020).

Sagoschen, |., Keller, K., Wild, J., Minzel, T. & Hobohm, L. Case Fatality of
Hospitalized Patients with COVID-19 Infection Suffering from Acute Respiratory
Distress Syndrome in Germany. Viruses 14, 2515 (2022).

Greenhalgh, T., Sivan, M., Perlowski, A. & Nikolich, J. Long COVID: a clinical update.
The Lancet 404, 707-724 (2024).

Choutka, J., Jansari, V., Hornig, M. & lwasaki, A. Unexplained post-acute infection
syndromes. Nat Med 28, 911-923 (2022).

Maksimyan, S., Syed, M. S. & Soti, V. Post-Treatment Lyme Disease Syndrome: Need
for Diagnosis and Treatment. Cureus 13, (2021).

Morroy, G. et al. Fatigue following Acute Q-Fever: A Systematic Literature Review.
PLoS One 11, (2016).

Annesley, S. J., Missailidis, D., Heng, B., Josey, E. K. & Armstrong, C. W. Unravelling
shared mechanisms: insights from recent ME/CFS research to illuminate long
COVID pathologies. Trends Mol Med 30, 443-458 (2024).

Kerkhoff, T. J., Charlton, B. T., Appelman, B., van Vugt, M. & Wust, R. C. |. Post
COVID-19 condition: critical need for a clear definition and detailed
pathophysiology. Journal of Cachexia, Sarcopenia and Muscle vol. 13 2754-2756
Preprint at https://doi.org/10.1002/jcsm.13108 (2022).

Thaweethai, T. et al. Development of a Definition of Postacute Sequelae of SARS-
CoV-2 Infection. JAMA 329, 1934-1946 (2023).

Peluso, M. J. & Deeks, S. G. Leading Edge Mechanisms of long COVID and the path
toward therapeutics. Cell 187, 5500-5529 (2024).

Davis, H. E., Mccorkell, L., Vogel, J. M. & Topol, E. J. Long COVID: major findings,
mechanisms and recommendations. Nature Reviews Microbiology | 21, 133-146
(2023).

Al-Aly, Z. et al. Long COVID science, research and policy. Nat Med 30, 2148-2164
(2024).

25



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hastie, C. E. et al. True prevalence of long-COVID in a nationwide, population cohort
study. Nature Communications 2023 14:1 14, 1-6 (2023).

Vos, T. et al. Estimated Global Proportions of Individuals With Persistent Fatigue,
Cognitive, and Respiratory Symptom Clusters Following Symptomatic COVID-19 in
2020 and 2021. JAMA 328, 1604-1615 (2022).

Shah, D. P. et al. Sex Differences in Long COVID. JAMA Netw Open 8, e2455430-
2455430 (2025).

Samper-Pardo, M. et al. The emotional well-being of Long COVID patients in relation
to their symptoms, social support and stigmatization in social and health services: a
qualitative study. BMC Psychiatry 23, 1-13 (2023).

Koc, H. C., Xiao, J., Liu, W., Li, Y. & Chen, G. Long COVID and its Management. Int J
Biol Sci18, 4768-4780 (2022).

Parker, M. et al. Effect of using a structured pacing protocol on post-exertional
symptom exacerbation and health status in a longitudinal cohort with the post-
COVID-19 syndrome. J Med Virol 95, €28373 (2022).

Parotto, M. et al. Post-acute sequelae of COVID-19: understanding and addressing
the burden of multisystem manifestations. The Lancet Respiratory Medicine vol. 11
739-754 Preprint at https://doi.org/10.1016/52213-2600(23)00239-4 (2023).

Nalbandian, A. et al. Post-acute COVID-19 syndrome. doi:10.1038/s41591-021-
01283-z.

Wou, X. et al. Damage to endothelial barriers and its contribution to long COVID.
Angiogenesis 27, 5-22 (2024).

Kell, D. B., Laubscher, G. J. & Pretorius, E. A central role for amyloid fibrin microclots
in long COVID/PASC: origins and therapeutic implications. Biochem J 479, 537-559
(2022).

Yin, K. et al. Long COVID manifests with T cell dysregulation, inflammation and an
uncoordinated adaptive immune response to SARS-CoV-2. Nat Immunol 25, 218-
225 (2024).

Eaton-Fitch, N. et al. Immune exhaustion in ME/CFS and long COVID. JCI Insight 9,
(2024).

Ceglarek, L. & Boyman, O. Immune dysregulation in long COVID. Nature Immunology
2024 25:4 25, 587-589 (2024).

26



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Phetsouphanh, C. et al. Immunological dysfunction persists for 8 months following
initial mild-to-moderate SARS-CoV-2 infection. Nature Immunology 2022 23:2 23,
210-216 (2022).

Varatharaj, A. et al. Neurological and neuropsychiatric complications of COVID-19in
153 patients: a UK-wide surveillance study. Lancet Psychiatry 7, 875 (2020).

Monje, M. & Iwasaki, A. The neurobiology of long COVID. Neuron vol. 110 3484-3496
Preprint at https://doi.org/10.1016/j.neuron.2022.10.006 (2022).

Appelman, B. et al. Muscle abnormalities worsen after post-exertional malaise in
long COVID. Nat Commun 15, (2024).

Mehandru, S. & Merad, M. Pathological sequelae of long-haul COVID. Nat Immunol
23, 194-202 (2022).

Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to
the ACE2 receptor. Nature 581, 215-220 (2020).

Ziegler, C. G. K. et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene
in Human Airway Epithelial Cells and Is Detected in Specific Cell Subsets across
Tissues. Cell 181, 1016-1035.e19 (2020).

Jackson, C. B., Farzan, M., Chen, B. & Choe, H. Mechanisms of SARS-CoV-2 entry
into cells. Nature Reviews Molecular Cell Biology 2021 23:1 23, 3-20 (2021).

Stein, S. R. et al. SARS-CoV-2 infection and persistence in the human body and brain
at autopsy. | Nature | 612, (2022).

Natarajan, A. et al. Gastrointestinal symptoms and fecal shedding of SARS-CoV-2
RNA suggest prolonged gastrointestinal infection. Med (N Y) 3, 371-387.e9 (2022).

Swank, Z. et al. Persistent Circulating Severe Acute Respiratory Syndrome
Coronavirus 2 Spike Is Associated With Post-acute Coronavirus Disease 2019
Sequelae. Clinical Infectious Diseases 76, (2022).

Patterson, B. K. et al. Persistence of SARS CoV-2 S1 Protein in CD16+ Monocytes in
Post-Acute Sequelae of COVID-19 (PASC) up to 15 Months Post-Infection. Front
Immunol 12, (2022).

Geng, L. N. et al. Nirmatrelvir-Ritonavir and Symptoms in Adults With Postacute
Sequelae of SARS-CoV-2 Infection: The STOP-PASC Randomized Clinical Trial. JAMA
Intern Med 184, 1024-1034 (2024).

27



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Klein, J. et al. Distinguishing features of long COVID identified through immune
profiling. Nature 623, 11 (2023).

Cervia-Hasler, C. et al. Persistent complement dysregulation with signs of
thromboinflammation in active Long Covid. Science (1979) 383, (2024).

Peluso, M. J. et al. Chronic viral coinfections differentially affect the likelihood of
developing long COVID. J Clin Invest 133, €163669 (2023).

Woodruff, M. C. et al. Dysregulated naive B cells and de novo autoreactivity in severe
COVID-19. Nature | 611, 139 (2022).

Wang, E. Y. et al. Diverse functional autoantibodies in patients with COVID-19.
Nature | 595, (2021).

Son, K. et al. Circulating anti-nuclear autoantibodies in COVID-19 survivors predict
long COVID symptoms. European Respiratory Journal 61, (2023).

Seeble, J. et al. Persistent Symptoms in Adult Patients 1 Year after Coronavirus
Disease 2019 (COVID-19): A Prospective Cohort Study. Clinical Infectious Diseases
74, 1191-1198 (2022).

Stein, E. et al. Observational Study of Repeat Immunoadsorption (RIA) in Post-
COVID ME/CFS Patients with Elevated B2-Adrenergic Receptor Autoantibodies-An
Interim Report. J Clin Med 12, (2023).

Chen, H.-J. et al. Transfer of IgG from Long COVID patients induces symptomology in
mice. bioRxiv (2024) doi:10.1101/2024.05.30.596590.

Santos Guedes de Sa, K. et al. A causal link between autoantibodies and
neurological symptoms in long COVID. Preprint at
https://doi.org/10.1101/2024.06.18.24309100 (2024).

SchultheiB, C. et al. The IL-1B, IL-6, and TNF cytokine triad is associated with post-
acute sequelae of COVID-19. Cell Rep Med 3, 100663 (2022).

Varga, Z. et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet 395,
1417-1418 (2020).

Moiseiwitsch, N., Zwennes, N., Szlam, F., Sniecinski, R. & Brown, A. COVID-19
patient fibrinogen produces dense clots with altered polymerization kinetics,
partially explained by increased sialic acid. Journal of Thrombosis and Haemostasis
20, 2909 (2022).

28



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ryu, J. K. et al. Fibrin drives thromboinflammation and neuropathology in COVID-19.
Nature 633, 905-913 (2024).

Grobbelaar, L. M. et al. SARS-CoV-2 spike protein S1 induces fibrin(ogen) resistant to
fibrinolysis: implications for microclot formation in COVID-19. Biosci Rep 20210611
(2021) doi:10.1042/BSR20210611.

Pretorius, E. 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 20, (2021).

Kruger, A. et al. Proteomics of fibrin amyloid microclots in long COVID/post-acute
sequelae of COVID-19 (PASC) shows many entrapped pro-inflammatory molecules
that may also contribute to a failed fibrinolytic system. Cardiovascular Diabetology
2022 21:1 21, 1-23 (2022).

Dalton, C. F. et al. Increased fibrinaloid microclot counts in platelet-poor plasma are
associated with Long COVID. medRxiv 2024.04.04.24305318 (2024)
do0i:10.1101/2024.04.04.24305318.

Connors, J. M. & Ariéns, R. A. S. Uncertainties about the roles of anticoagulation and
microclots in postacute sequelae of severe acute respiratory syndrome coronavirus
2 infection. J Thromb Haemost 21, 2697-2701 (2023).

Hunt, B. J. et al. Challenging the current hypothesis that thrombosis is responsible
for the post-COVID-19 condition. Res Pract Thromb Haemost 8, (2024).

de Boer, E. et al. Decreased Fatty Acid Oxidation and Altered Lactate Production
during Exercise in Patients with Post-acute COVID-19 Syndrome. Am J Respir Crit
Care Med 205, 126-129 (2022).

Shang, C. et al. SARS-CoV-2 Causes Mitochondrial Dysfunction and Mitophagy
Impairment. Front Microbiol 12, 780768 (2022).

Peluso, M. J. et al. SARS-CoV-2 and Mitochondrial Proteins in Neural-Derived
Exosomes of COVID-19. Ann Neurol 91, 772-781 (2022).

Szogi, T. et al. Novel biomarkers of mitochondrial dysfunction in Long COVID
patients. GeroScience 2024 1-17 (2024) doi:10.1007/S11357-024-01398-4.

Finnigan, L. E. M. et al. Efficacy and tolerability of an endogenous metabolic
modulator (AXA1125) in fatigue-predominant long COVID: a single-centre, double-
blind, randomised controlled phase 2a pilot study. EClinicalMedicine 59, (2023).

29



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Guo, L. etal. Prolonged indoleamine 2,3-dioxygenase-2 activity and associated
cellular stress in post-acute sequelae of SARS-CoV-2 infection. EBioMedicine 94,
104729 (2023).

Wong, A. C. et al. Serotonin reduction in post-acute sequelae of viral infection. Cell
186, 4851-4867.e20 (2023).

Craddock, V. et al. Persistent circulation of soluble and extracellular vesicle-linked
Spike protein in individuals with postacute sequelae of COVID-19. J Med Virol 95,
€28568 (2023).

Rong, Z. et al. Persistence of spike protein at the skull-meninges-brain axis may
contribute to the neurological sequelae of COVID-19. Cell Host Microbe (2024)
doi:10.1016/j.chom.2024.11.007.

Tian, F. et al. N501Y mutation of spike protein in SARS-CoV-2 strengthens its binding
to receptor ACE2. Elife 10, e69091 (2021).

Chatterjee, S., Bhattacharya, M., Nag, S., Dhama, K. & Chakraborty, C. A Detailed
Overview of SARS-CoV-2 Omicron: Its Sub-Variants, Mutations and Pathophysiology,
Clinical Characteristics, Immunological Landscape, Immune Escape, and
Therapies. Viruses 15, 167 (2023).

Barboza, C. A. et al. SARS-CoV-2 Spike S1 subunit triggers pericyte and
microvascular dysfunction in human pancreatic islets. Diabetes (2024)
do0i:10.2337/DB24-0816.

Mundorf, A. K. et al. Clinical and Diagnostic Features of Post-Acute COVID-19
Vaccination Syndrome (PACVS). Vaccines (Basel) 12, 790 (2024).

Scholkmann, F. & May, C. A. COVID-19, post-acute COVID-19 syndrome (PACS,
“long COVID”) and post-COVID-19 vaccination syndrome (PCVS, “post-COVIDvac-
syndrome”): Similarities and differences. Pathology Research and Practice vol. 246
Preprint at https://doi.org/10.1016/j.prp.2023.154497 (2023).

Xie, Y., Choi, T. & Al-Aly, Z. Postacute Sequelae of SARS-CoV-2 Infection in the Pre-
Delta, Delta, and Omicron Eras. N EnglJ Med 391, 515-525 (2024).

Ceban, F. et al. COVID-19 vaccination for the prevention and treatment of long
COVID: A systematic review and meta-analysis. Brain BehavImmun 111, 211 (2023).

Aguilar-Bretones, M., Fouchier, R. A. M., Koopmans, M. P. G. & van Nierop, G. P.
Impact of antigenic evolution and original antigenic sin on SARS-CoV-2 immunity. J
Clin Invest 133, 162192 (2023).

30



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Pusnik, J. et al. Vaccination impairs de novo immune response to omicron
breakthrough infection, a precondition for the original antigenic sin. Nature
Communications 2024 15:1 15, 1-13 (2024).

Focosi, D. et al. Previous Humoral Immunity to the Endemic Seasonal
Alphacoronaviruses NL63 and 229E Is Associated with Worse Clinical Outcome in
COVID-19 and Suggests Original Antigenic Sin. Life 11, 298 (2021).

Montezano, A. C. et al. SARS-CoV-2 spike protein induces endothelial inflammation
via ACE2 independently of viral replication. Scientific Reports 2023 13:113, 1-13
(2023).

Buzhdygan, T. P. et al. The SARS-CoV-2 spike protein alters barrier function in 2D
static and 3D microfluidic in-vitro models of the human blood-brain barrier.
Neurobiol Dis 146, (2020).

Greene, C. et al. Blood-brain barrier disruption and sustained systemic inflammation
in individuals with long COVID-associated cognitive impairment. Nature
Neuroscience | 27, 421-432 (2024).

Boluda, S. et al. Golgi localization of SARS-CoV-2 spike protein and interaction with
furin in cerebral COVID-19 microangiopathy: a clue to the central nervous system
involvement? Free Neuropathol 4, (2023).

Ryu, J. K. et al. Blood coagulation protein fibrinogen promotes autoimmunity and
demyelination via chemokine release and antigen presentation. Nat Commun (2015)
do0i:10.1038/ncomms9164.

El-Rhermoul, F. Z. et al. Autoimmunity in Long Covid and POTS. Oxf Open Immunol
4,igad002 (2023).

Jaeger, B. R., Arron, H. E., Kalka-Moll, W. M. & Seidel, D. The potential of heparin-
induced extracorporeal LDL/fibrinogen precipitation (H.E.L.P.)-apheresis for patients
with severe acute or chronic COVID-19. Front Cardiovasc Med 9, 1007636 (2022).

Laubscher, G. J. et al. Treatment of Long COVID symptoms with triple anticoagulant
therapy. (2023) doi:10.21203/RS.3.RS-2697680/V1.

Bodansky, A. et al. Autoantigen profiling reveals a shared post-covid signature in
fully recovered and long covid patients. JC/ Insight 8, (2023).

Khodadadi, L., Cheng, Q., Radbruch, A. & Hiepe, F. The Maintenance of Memory
Plasma Cells. Front Immunol 10, 721 (2019).

31



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Felipe Cuspoca, A., Isaac Estrada, P. & Velez-van-Meerbeke, A. Molecular Mimicry of
SARS-CoV-2 Spike Protein in the Nervous System: A Bioinformatics Approach.
Comput Struct Biotechnol J 20, 6041-6054 (2022).

Nunez-Castilla, J. et al. Potential Autoimmunity Resulting from Molecular Mimicry
between SARS-CoV-2 Spike and Human Proteins. Viruses 14, (2022).

Arévalo-Cortés, A., Rodriguez-Pinto, D. & Aguilar-Ayala, L. Evidence for Molecular
Mimicry between SARS-CoV-2 and Human Antigens: Implications for Autoimmunity
in COVID-19. Autoimmune Diseases vol. 2024 Preprint at
https://doi.org/10.1155/2024/8359683 (2024).

Franke, C. et al. Association of cerebrospinal fluid brain-binding autoantibodies with
cognitive impairment in post-COVID-19 syndrome. Brain BehavImmun 109, 139-143
(2023).

VanElzakker, M. B. et al. Neuroinflammation in post-acute sequelae of COVID-19
(PASC) as assessed by [11C]PBR28 PET correlates with vascular disease measures.
Brain Behav Immun 119, 713-723 (2024).

Lee, M. H. et al. Neurovascular injury with complement activation and inflammation
in COVID-19. Brain 145, 2555-2568 (2022).

Lee, E. S. et al. Inflammatory risk contributes to post-COVID endothelial dysfunction
through anti-ACKR1 autoantibody. Life Sci Alliance 7, (2024).

Hikmet, F. et al. The protein expression profile of ACE2 in human tissues. Mol Syst
Biol16, €9610 (2020).

Huynh, T. Van et al. Spike Protein Impairs Mitochondrial Function in Human
Cardiomyocytes: Mechanisms Underlying Cardiac Injury in COVID-19. Cells 12, 877
(2023).

Pileggi, C. A. et al. The SARS-CoV-2 spike glycoprotein interacts with MAO-B and
impairs mitochondrial energetics. Current Research in Neurobiology 5, 100112
(2023).

Marchi, S., Guilbaud, E., Tait, S. W. G., Yamazaki, T. & Galluzzi, L. Mitochondrial
control of inflammation. Nature Reviews Immunology 2022 23:3 23, 159-173 (2022).

Hejbgl, E. K. et al. Myopathy as a cause of fatigue in long-term post-COVID-19
symptoms: Evidence of skeletal muscle histopathology. EurJ Neurol 29, 2832-2841
(2022).

32



100. Agergaard, J. et al. Myopathy as a cause of Long COVID fatigue: Evidence from

101.

102.

quantitative and single fiber EMG and muscle histopathology. Clin Neurophysiol
148, 65-75 (2023).

Fehrer, A. et al. Long-term serum spike protein persistence but no correlation with
post-COVID syndrome. Preprint at https://doi.org/10.1101/2024.11.11.24317084
(2024).

Fontes-Dantas, F. L. et al. SARS-CoV-2 Spike protein induces TLR4-mediated long-
term cognitive dysfunction recapitulating post-COVID-19 syndrome in mice. Cell
Rep 42, (2023).

33



