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What is causing the ‘long-hauler’
phenomenon after COVID-19?
has been with us for more than
C1OVID-19
year (our annus horribilis), and many

patients suffer long-term consequences. The
term for this in the United Kingdom and Italy
is long COVID; in Spain it is Covid persistente,
and in Germany it is mit Corona leben (living with coronavirus). In the United States,
it is commonly referred to as “long-hauler”
COVID-19.
See related article, page 267

“Brain fog,” tremors, limb stiffness, confusion, and signs and symptoms involving
cognitive functions are becoming apparent
in long-hauler patients with multiorgan complaints.1 The frequency and severity of these
features and of psychiatric findings are becoming clear.2 Some speculate that COVID-19
may exacerbate underlying neurodegenerative syndromes such as Alzheimer disease,
Parkinson disease, and multiple sclerosis.3
A study in London identified the following
risk factors for long COVID4:
• Age (particularly > 50)
• Sex (women are less likely to develop severe COVID-19 but more likely to develop
long-hauler COVID-19)
• Reporting more than 5 symptoms (ie,
more than cough, fatigue, headache, diarrhea, loss of sense of smell) in the first
week of infection
• Excess weight
• Asthma.
More risk factors are sure to be reported.5

doi:10.3949/ccjm.88a.21009

■ LONG-TERM NEUROLOGIC SEQUELAE
OF OTHER INFECTIONS
There is a long history of patients describing
chronic nonspecific symptoms after infection.
“Russian influenza,” so named because it
apparently began in St. Petersburg in November 1889, is perhaps the first such example.
This postinfluenza affliction, also called grippe
catalepsy, postgrippal numbness, psychosis, prostration, and inertia, affected many of the leaders of the United Kingdom, including the
prime minister. It kept coming back for over a
decade, with an initial epidemic in 1893, and
subsequent flares in 1893, 1895, 1898, and
1899–1900.6
Epstein-Barr virus infection is another infectious disease with varied long-term consequences. Some patients are ill for only a few
weeks, while others experience debility that
seems to know no end.
Lyme disease, due to infection with Borrelia burgdorferi, causes well-known clinical
manifestations and responds to antibiotics—
in most patients. A small proportion, however, report fatigue, brain fog, cognitive dysfunction, hallucinations, weakness, tachycardia,
numbness, tingling, shortness of breath, “rolling waves of symptoms,” and other nonspecific
symptoms that seem interminable. Given that
there may be up to 476,000 new cases of Lyme
disease per year in the United States,7 even a
small proportion is a large number.
Local outbreaks in which previously
healthy people experience chronic and unrelenting nonspecific complaints after infections
with B burgdorferi, Epstein-Barr virus, or other
pathogens have been ascribed, without definitive evidence, to persisting infection. Controversies about the cause may relate directly to
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All too often,
families
and clinicians
dismiss
or minimize
these chronic
symptoms

this lack of definitive evidence, with patients
and practitioners compelled to find a reason for
this suffering. All too often, families and clinicians dismiss or minimize these chronic symptoms; and all too often, misguided therapies
can lead to toxicity, frustration, and despair.
Similarly, for many years, researchers have
sought evidence of prior infection as the cause
of myalgic encephalopathy/chronic fatigue
syndrome. And many patients with fibromyalgia recount a prior viral illness.
An explanation for the persistence of nonspecific complaints, which often begin after
an infectious illness, is that these symptoms
are related to stress or anxiety, or both. In the
current era, this theory was probably aided,
if not initiated, by social media. Although
postpolio syndrome, chronic brucellosis, epidemic neurasthenia, and epidemic myalgic
encephalomyelitis were described long ago,
more recent outbreaks have occurred at a time
when respect for and trust in medical authority have waned, and many people place their
trust in social media, a source of much that
is inaccurate, unproven, and often harmful. If
the media can stoke anger and resentment to
the point of initiating insurrection, they can
certainly stir stress, fatigue, and achiness into
syndromic pots to serve many others.
Some have explained or dismissed these
chronic complaints as being the result of “affective disorders,” a verdict that essentially
precludes any further medical investigation as
to etiology and mechanism of persistence.8
■ HOW DOES INFECTION DAMAGE
THE CENTRAL NERVOUS SYSTEM?
How can an infection cause brain dysfunction, with long-term symptoms?
SARS-CoV-2 invades the host cell by first
binding to angiotensin-converting enzyme 2
(ACE2) on the cell membrane. Entry activates Toll-like receptors 3, 7, and 8; viral RNA
sensors in the endosome; and cytosolic receptors, including retinoic acid-inducible gene I,
melanoma differentiation-associated gene 5,
and nucleotidyl-transferase cyclic guanosine
monophosphate-adenosine monophosphate
synthase, which then induce secretion of interferons and other inflammatory cytokines.9
Then what happens?
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■ LOCAL INFECTION
Local inflammation related to the immune response to the organism can be indiscriminate,
both killing the organism and damaging cells
of the nervous system: neurons, endothelial
cells, or glial cells (from the Latin for “glue”)
including oligodendrocytes, microglia, and
astrocytes. Invasion of the brain by SARSCoV-2 has been established.10
Loss of sense of smell, which is common in
COVID-19 and occasionally its only clinically
apparent feature,11 may be due to local infection. The olfactory nerve may be an avenue of
entry for the virus. SARS-CoV-2 appears to
infect the olfactory ciliated cells of the nasal
epithelium, causing deciliation12 with subsequent loss of function.
Normal olfaction does not always return;
some patients are left with a perverted sense
of smell—eg, coffee smells like barbecue. Possibly, in the process of healing in the nasal epithelium, the rewiring goes awry. This problem
is sufficiently common and intrusive that it
was the subject of an article in the New York
Times Magazine.13
Other parts of the brain may also be susceptible to infection with SARS-CoV-2, although this is not yet proven. Postmortem
studies have found that the ACE2 receptor is
expressed broadly in blood vessels of a variety
of sizes in the frontal cortex; ACE2 expression
was upregulated in patients with hypertension
and dementia.
In vitro, the virus did not kill primary human brain microvascular endothelial cells,
but its spike protein altered the integrity of
the human blood-brain barrier.14 The spike
proteins may trigger inflammatory changes in
brain endothelium that alter blood-brain barrier function.15,16 Subsequent passage of serum
inflammatory proteins across the compromised blood-brain barrier may cause damage
to the brain.
Inflammatory cells are also found in the
brain in this setting.17 Some of these inflammatory cells may actually be carrying the
virus, a phenomenon known as a “Trojan
horse,” with infected macrophages spreading
the infection.18 This phenomenon was previously noted in the spread of human immunodeficiency virus.
In the lungs, viral entry through the ACE2
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receptor into type 2 pneumocytes leads to
cell damage and death. Local damage may be
spread by toxic effects of cytokines liberated in
the inflammatory response to the virus and to
these dying cells.19 A phenomenon of this sort
in the brain could cause widespread dysfunction even if the infectious load is minimal.
Local infection might also damage the
cells of the central nervous system by inducing
changes in local biochemistry. In myalgic encephalopathy/chronic fatigue syndrome, there
is evidence of brain inflammation (elevation
of lactate in a variety of regions, and of choline, notably in the left anterior cingulate);
this area plays an important role in cytokineinduced fatigue.20 Also in this syndrome, researchers have found elevated temperatures in
5 areas of the brain, suggesting an increase in
metabolism, perhaps related to local inflammation.20 These phenomena have not been
sought in COVID-19 long-hauler patients.
Brain damage due to changes in blood flow
with stroke and hemorrhage was found in a review of 125 patients in the United Kingdom,
as was encephalitis.2 Paterson et al21 reported
similar findings. The long-term consequences
of these phenomena are not yet clear.
■ AUTOIMMUNITY, MOLECULAR MIMICRY
Autoimmunity from SARS-CoV-2 infection is
suspected to be a major force driving many of
the features of COVID-19.22 A component of
the virus might resemble a component of human tissue, a phenomenon known as “molecular mimicry.” The immune response to the viral
component then cross-reacts with the human
tissue, resulting in a breakdown of tolerance,
with subsequent autoimmune damage. Examples of this phenomenon with other pathogens
include the following:
• Rheumatogenic Streptococcus pyogenes contains a component, M protein, that crossreacts with heart and brain antigens, causing pancarditis and Sydenham chorea
• Trypanosoma cruzi cross-reacts with components of human heart and nerve cells,
causing chagasic myocarditis and sensory
and autonomic neuropathy
• Campylobacter jejuni has been implicated
in some cases of the acute motor axonal
neuropathy variant of Guillain-Barré syn-

drome; infection with C jejuni can elicit
formation of antibodies to specific gangliosides, eg, GM1, GD1a, GalNac-GD1a, and
GD1b, which are strongly associated with
the acute motor axonal neuropathy.
The Miller-Fisher syndrome, a variant of
Guillain-Barré syndrome manifesting as ataxia, areflexia, and ophthalmoplegia, has been
reported following COVID-19. Immunoglobulin G antibodies to GD1b-IgG were detected
in 1 of 2 patients with post-COVID MillerFisher syndrome reported from Spain.23 It is
likely that the immunogenetic background of
an individual will determine if such autoimmunity occurs.
There are many possible examples of
clinically significant molecular mimicry in
COVID-19. Certain peptides of SARS-CoV-2
are similar to those of alveolar surfactant protein. SARS-CoV-1 also shares 6 minimal immune determinants with the Kawasaki antigen inositol triphosphate 3 kinase C,24 of note
because there have been reports of patients
with COVID-19 developing a syndrome similar to Kawasaki syndrome.25–27 Other human
proteins with sequences similar to those of
SARS-CoV-2 include interleukin 7 (a deficiency of which predisposes to severe lymphopenia) and histone-lysine N-methyl transferase C (linked to neurodevelopmental and
behavioral abnormalities and seizures).24
Infection with SARS-CoV-2 damages cells
as the virus replicates, having hijacked the
cell’s own mechanisms for protein synthesis.
The cell ultimately ruptures, disgorging the
new virus particles. During this cell lysis, cellular contents are released. In the correct immunogenetic background, these intracellular
molecules, previously shielded from immune
surveillance, could elicit an autoimmune response. A similar phenomenon occurs in
“sympathetic ophthalmia,” in which unilateral ophthalmic trauma can lead to bilateral
ophthalmic inflammation.28

Local infection
of the brain
may occur
and cause
damage or
dysfunction,
or both

Antibodies induce antibodies,
and so on ad infinitum: The id network
Another potential mechanism evolves from the
normal method of dampening a humoral immune response. Idiotypes (ids) are the antigenic
epitopes found in the antigen-binding portion of
immunoglobulin molecules. The id is unique to
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this newly produced antibody and, as a unique
and new protein, is immunogenic, eliciting an
antibody response, ie, anti-id antibodies. There
is, similarly, a series of anti-anti-id antibodies
and anti-anti-anti-id antibodies, each with a
lower peak, ultimately dampening the response
as a normal regulatory mechanism.
But what if the network that emanates includes an id reactive with human tissue? When
Escherichia coli dextrin was given to mice, the
anti-id network that emanated included an
antibody to the human acetylcholine receptor,29 an antibody linked to myasthenia gravis.
In the humoral immune response to SARSCoV-2, which binds to its ACE2 receptor, an
immune response to the virus might lead to
an anti-anti-id antibody that might mimic the
viral spike protein binding site that plugs into
the ACE2 molecule, thereby producing an antibody that binds to ACE2, thereby targeting
the cell and perhaps activating complement
that would then damage the targeted cells.
This is called the “internal image” suggested
in the initial development of the id-network
therapy and now being used therapeutically.30
There is as yet no evidence of this being relevant to COVID-19.
Cytokines,
It is currently strongly suspected that
COVID-19
induces autoimmunity in some
both local
patients, perhaps those with an underlying
and systemic, propensity for autoimmunity. There are now
reports, often posted electronically before peer
may cause
review, of patients having circulating antibodchanges in
ies to cells of the blood vessels, heart, and
central nervous brain, and also autoantibodies to annexin A2,
system function a molecule found in the small blood vessels of31
the lung, serving to stabilize cell membranes.
Immune cells such as B cells can also be targeted by autoantibodies,32 as can be platelets,
causing an autoimmune thrombocytopenia
complicating COVID-19.33 In one study,
about 10% of SARS-CoV-2-infected patients
had antibodies to type 1 interferon, a molecule
that usually enhances immune responses.34
Antiphospholipid antibodies and thrombosis
The thrombophlebitis that often complicates
COVID-19 and can cause serious morbidity
may be autoimmune as well.
Many patients produce autoantibodies to
phospholipids,35 and some develop what appears to be an antiphospholipid antibody syn-
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drome,36 long known to cause thrombophlebitis, pulmonary embolism, thrombocytopenia,
recurrent pregnancy loss, various neurologic
deficits, cardiac valvulitis (Libman-Sacks endocarditis), renal damage, and skin lesions,
notably livedo reticularis. Such antibodies
have also been found transiently after other
viral infections (eg, parvovirus B19, hepatitis C virus, human immunodeficiency virus,
varicella zoster infections), although in most
postinfectious cases these antibodies do not
result in thrombosis or inflammation.37 The
reason for the propensity to thrombosis in
COVID-19 infection is not yet clear.
In addition to autoantibodies, thrombosis
may be promoted by neutrophil extracellular
traps during COVID-19 infection.38
■ CYTOKINE STORM
Systemic (and possibly local), poorly modulated production of excess cytokines can
have an adverse effect on the brain. Alpha
interferon given for hepatitis C virus infection caused profound fatigue and often depression. Interleukin 6, a notable cytokine in
severe COVID-19, is produced by lymphocytes, monocytes, fibroblasts, and bronchial
epithelium. In severely ill patients, elevated
interleukin 6 levels cause an increase in levels
of C-reactive protein and ferritin, as well as
elevations of D-dimer. The cytokine pattern
seen in COVID-19 cytokine storm39 is similar to that seen in hemophagocytic lymphohistiocytosis.40 Elevated levels of interleukins
1, 4, 7, 10, 12, and 17, tumor necrosis factor,
granulocyte colony-stimulating factor, interferon gamma-inducible protein 10, monocyte
chemoattractant protein 1, and macrophage
inflammatory protein 1 alpha have also been
reported as part of this cytokine storm.41 Some
of these cytokines may be produced within the
central nervous system, but there is evidence
that the SARS-CoV-2 spike protein can alter
the blood-brain barrier.
There is evidence suggesting that interleukin 6 can regulate synaptic transmission
and plasticity as well as other neuronal functions; in animal models, interleukin 6 has
been found to influence cognitive function.42
High levels of interleukin 6 and of C-reactive
protein have each been found to be associated
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with changes in local blood flow in the brain.
■ COVID-19 AND BRAIN DAMAGE:
SUMMING UP
We are still early in our understanding of
COVID-19 and the full spectrum of its manifestations. Mechanisms whereby it could cause
brain dysfunction and damage include but are
not limited to the following:
• Local infection causing cell damage caused
by the virus or “innocent bystander” inflammatory damage
• Autoimmunity
• Persistence of dysfunction due to cellular
disarray and faulty regeneration
• Local production of cytokines with alteration of function
• Systemic cytokine effect through a dysfunctional blood-brain barrier
• Local tissue metabolic changes due to decreased blood flow
• Altered blood flow due to thrombotic occlusion.
An appreciation of these and other underlying causes of long-hauler COVID-19 may
lead to targeted therapies.
■ PEOPLE ARE SUFFERING
The current pandemic has been emotionally
draining and very traumatic to many people.
Long-term isolation, the constant worrying

about interactions and masks and hand sanitizers being sufficiently protective, the fear for
oneself and for one’s parents and children—
all certainly contribute to a heightened level
of anxiety that is immunologically and spiritually damaging. After a year on high alert,
people are experiencing an unparalleled combination of combat fatigue and posttraumatic
stress, and these may contribute to, but are
almost certainly not the entire cause of, the
persistence of symptoms.
The long-hauler phenomenon calls for
an enhanced and empathetic response to the
people experiencing these symptoms and to
their families. Simply because there is no specific test or finding to diagnose these patients
does not mean they are not suffering and certainly does not mean that their suffering is not
real. No mechanisms are yet proven, but recall
that in the past, miasmic air was thought to
be the cause of malaria, rheumatoid arthritis was thought to be due to tuberculosis or
gout, and scurvy due to “internal putrefaction” from faulty digestion related to the hardships of life at sea and the naval diet. With
further research, explanations for long-hauler
COVID-19 symptoms may become clearer.
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