Endoplasmic reticulum stress in Fabry, ME/CFS and long COVID

In our last video, Fabrienne explored protein misfolding and endoplasmic reticulum stress
as a cause of Fabry disease. As a reminder, Fabry disease results from genetic mutations
that affect a gene for a specific protein. This protein, an enzyme called a-galactosidase A, is
necessary for the breakdown of a specific fatty substance called Gb3 or GL-3. When this
enzyme doesn’t work, this fatty substance accumulates in a cell organelle called lysosome.
However, many Fabry mutations do not cause a complete loss of function of this enzyme,
but still allow for the production of deficient enzymes. These mutations often belong to a
mutation type called missense mutation, as explained in an earlier video. The production of
these deficient enzymes, however, comes at a cost: it may cause a disruption of the protein
production organelle of a cell, the endoplasmic reticulum. This affects a large part of a
cell's protein production, not just the enzyme in question. This endoplasmic reticulum
stress, abbreviated ER stress, is a secondary cause of Fabry disease, that is independent
from lysosomal storage of Gb3.

Fabrienne's genetic variant does not cause lysosomal storage, but only ER stress. Other
patients with her variant who received chaperone therapy, which aims at restoring correct
protein production, and thus is proven to reduce ER stress, have reported that this
approach is very effective. Therefore, it only makes sense that Fabrienne’s symptoms stem
from ER stress, not from Gb3 accumulation. Some of those symptoms are: exhaustion,
neuropathic pain, gastrointestinal problems, vertigo, tinnitus. Fabrienne has long noted
that there is an overlap between her non-specific Fabry symptoms and other disorders like
ME/CFS and long COVID."*? In this, she is not alone. So in this video, we are going to
explore if ER stress might also explain some of the characteristics of these disorders. Of
course, we cannot do experimental research, so we'll have to rely on literature research. So
in this video, we will try to answer to question if ER stress can explain the similar problems
that occur in non-classical Fabry disease, ME/CFS and long COVID. Of course, much has
been written about the term ME/CFS and its shortcomings. The CFS part is without doubt
problematic?, but ME isn't a perfect description either. For now, we'll stick with the name
ME/CFS, but please regard this video as a contribution to finding an appropriate name for
this condition.

Can long COVID and ME/CFS be lumped together? There is research showing that these
two entities represent two examples of a broader illness.? Additionally, the association
between ME/CFS and virus outbreaks is not new. There have historically been reports of
outbreaks of ME/CFS associated with virus epidemics. However, it has been difficult to link
these outbreaks to specific viruses, with associations with polio, Epstein-Barr virus,
influenza and Ross River virus having been reported.” One explanation is ruling out some of
these associations; for example, norwegian researchers established a twofold increase in
ME/CFS risk during an influenza epidemic, without actually verifying that all the affected
patients really had influenza.* But it is likely that people with influenza-like symptoms
during an influenza epidemic have in fact influenza. So is there a way to reconcile these
findings?

First, what do viruses do? A virus is incomplete life; it's genetic material wrapped in a small

packet of proteins. A virus has no ability to reproduce by itself, it needs to hijack a cell and
trick it into copying the virus's genetic material and producing the proteins needed to form
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new virus particles.® As such, viruses are known to cause ER stress, and in consequence,
viruses have developed different ways of interacting with ER stress. Many viruses are
known to cause ER-stress, including Epstein-Barr virus, several different coronaviruses and
alphaviruses, to which Ross River virus belongs.” It has been demonstrated for a member
of the picornavirus family, to which polio belongs.” The Epstein-Barr virus is particularly
interesting. It is a very common virus, but many people, especially children, do not develop
severe symptoms. Still, the virus often persists in the body, in a latent state.” Now, ER
stress can trigger a transition of EBV from a latent to an active state.” So maybe, EBV
infections don't simply cause ME/CFS, but people with a predispostion for ME/CFS may
have a higher risk of symptomatic EBV infections to begin with.

And what about Q fever? Q fever is also associated with a post-acute infection syndrome
that is similar to ME/CFS, however, Q fever is caused by bacteria called Coxiella burnetii.
How does that fit? Well, Q fever, too, has been demostrated to cause ER stress.® There are
more bacteria that are known to cause ER stress’, and as a little test of the predictive value
of our theory, we took a closer look, starting with Legionella pneumophila, which causes
Legionnaires' disease. And indeed, this disease, too, is associated with long-term fatigue.®
Another example: Brucella bacteria, too, may cause chronic brucellosis.’ These three types
of bacteria have one thing in common: they are intracellular bacteria, directly interfering
with the metabolism of the cells they reside in. As is the case with Epstein-Barr virus, some
of these bacteria may remain in the patient's body for prolonged periods of time.

Recurrent infections with these kinds of pathogens may occur, and persistent enterovirus
infections have been suggested as a cause for ME/CFS*, but this does not explain why
some people recover quickly, others slowly, and some never. Now, let's consider what we
discussed in our last video about ER stress in Fabry disease: different missense mutations
can cause different levels of ER stress.™ It might well be that some missense mutations
cause a level of ER stress that is by itself problematic, and other mutations are harmless on
their own, but together with other mutations, can cause a cumulative effect. That raises
two questions: what is the cutoff value where ER stress becomes problematic, and what
causes the worsening of symptoms over time. From what we know about Fabry patients,
we would like to suggest the accumulation of misfolded proteins as an answer to both
questions. ER stress becomes problematic when protein accumulation exceeds
degradation, and this accumulation of proteins is what causes a worsening over time. We
have no data to back this up, it's just inductive reasoning. This accumulation may occur
slower or faster, depending on the number and severity of missense mutations in a patient.
The rate of recovery from viral infections may then be described as a factor of the baseline
of ER stress caused by a patient's missense mutations and the severity of the viral
infection.

In this way, ER stress bridges the gap to genetic risk factors. Viruses and bacteria don't run
in families, ME/CFS does, even though the exact genetic causes remain elusive.” Not even a
predictable inheritance pattern can be established.” In some families, missense mutations
may be more common than in other families, but the severity and number of these
missense mutations can differ between family members in countless different
combinations. Some of these variants might be associated with monogenic diseases, but
the detrimental effects of these variants may not be severe enough to cause symptoms
that allow for a clear diagnosis of this monogenic disease, and so they remain undetected.
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Please note that different mutations may affect different types of tissue, and virus
infections do the same. In this way, cumulative effects of missense mutations in numerous
different combinations, plus potential infections with different types of viruses and
bacteria, might lead to phenotypes that are different in detail between any two patients.

Thus, the endoplasmatic reticulum is a physiological system that is relevant in viral
infections, specific bacterial infections and in genetic disorders. ER stress can explain the
unpredictable inheritance patterns that are observed in families, why no single gene can be
associated with ME/CFS and why such different virus infections and even bacterial
infections can all cause similar consequences. But is there a link between ER stress and
other phenomena that are associated with ME/CFS?

One symptom that is often associated with ME/CFS is post exertional malaise, feeling
excessively tired even after mild physical or mental exercise.” At least physical exercise is
directly linked to an increase in protein output.” So if the endoplasmatic reticulum has
difficulty keeping up with the normal protein demand, this difficulty will be even greater
when protein demand increases during exercise. The accumulation of misfolded proteins
appears to be associated with physical fatigue." Another bit of data we found: ME/CFS
patients showed higher levels of reactive oxygen species after exercise', something which
demonstratably may be caused by ER stress.” It would be interesting to know if the overall
decrease in protein production due to ER stress also decreases the overall ability to
function. Another open question: Cells types that have a high requirement regarding
protein production are muscle cells, nerve cells and glandular cells. These appear to be
particularly affected by ME/CFS. So, how does a cell's metabolic rate affect its response to
ER stress?

Inflammation is a part of ME/CFS™®, and the links between ER stress and inflammation are
many. ER stress causes inflammation, and inflammation worsens ER stress. It is well
established that ER stress triggers an inflammatory response."”

Sleep, too, is linked to ER stress. Protein folding is an error-prone process™™, so even in
healthy people, misfolded proteins accumulate with extended periods of activity. One
theory is that sleep is necessary for the degradation of such misfolded proteins.? It
appears possible that sleep feels unrefreshing when protein misfolding exceeds protein
degradation even during sleep because of missense mutations that cause ER stress. Poor
sleep quality is a characteristic of neurodegenerative diseases that are associated with
protein misfolding like Alzheimer's disease and Parkinson's disease?®, although the
direction of causality remains unknown.

It is well-established that ME/CFS is more common among women than men.” Some data
suggest that women have a higher baseline protein production than men.? Because
women do not, on average, have more muscles than men, breakdown of proteins must
also occur at a higher rate in women.” We couldn't find any data if this makes women
more susceptible to protein misfolding and ER stress. ME/CFS is also associated with
mitochondrial dysfunction?, and this, too, may be caused by ER stress.? Protein folding
usually becomes more difficult with age.?® In this sense, long-term ER stress due to
infectious diseases or missense mutations would represent an early partial aging process.
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In summary, literature points towards chronic ER stress as a new disease entity. Such a
chronic ER stress disorder may occur as part of a monogenic disease like Fabry disease, as
a post-acute infection syndrome after a viral or specific bacterial infections or as a
consequence of the cumulative effect of missense mutations that, when studied
individually, may appear benign. Different combinations of missense mutations might lead
to a wide spectrum of individual manifestations. Chronic ER stress may also play arole in
disorders like hypermobile Ehlers-Danlos syndrome, fibromyalgia, dysautonomia,
endometriosis and post-acute COVID-19 vaccination syndrome, and possibly even in
diagnoses like autism spectrum, attention deficit disorder and somatic symptom disorder.

There are genetic factors that are associated with ME/CFS, but even a large scale screening
with fifteen thousand patients failed to find a definite genetic cause.” That's not because
the methods aren’t good enough; genetic testing is sufficiently well developed. So the
problem must be in the way we analyze the data. We are getting no further because we are
looking for relationships between ME/CFS and single genes. This points towards a
fundamental misunderstanding of the nature of mutations in genes associated with
monogenic diseases: benign polymorphisms might matter, as is the case in cancer
research. For the last ten years, the ACMG guideline for the interpretation of genetic
mutations has done much to spread the notion that genetic variants that are not severe
enough to cause a monogenic disease are therefore benign and can be disregarded.” But
studying genetic variants in isolation is not representative of the situation in actual
humans, where genetic variants interact with countless other variants in unforeseeable
ways. In cancer research, it's well established that benign polymorphisms might have
disastrous consequences when they appear in specific combinations.?® The ACMG
approach creates a blind spot for potential cumulative effects. Genetic research has only
existed for a few decades; it's too early to designate variants as definitely benign. In Fabry
research, the ACMG definition of ,benign” is even actively misused to write off certain
variants, hampering research in general and directly harming individual patients.

Whatever their nature, genetic factors have been firmly established as a part of ME/CFS. Of
course, that is a frustrating conclusion, but unfortunately, ME/CFS and long covid are not
conditions that can soon be resolved within the snap of a finger.

One thing that is certain after reviewing scientific literature is that both ME/CFS and long
covid are very real physical problems. Don't let anyone tell you it's just in your head. As for
the different causes of ME/CFS that have been proposed, they all point to a common
physiological system, and that system is the endoplasmic reticulum.

How about treatment prospects? Fabrienne always tries to remain positive, and never to
think anything bad about anyone without due cause. However, we suspect that at the
moment the pharmaceutical industry and some of the other interested parties are not
trying to figure out how to cure ME/CFS, but how to monetize it. Apart from that, there
have been experiments in cell cultures and animal models with chaperones to restore
proper protein folding. The viability of these approaches in humans is unproven. ER stress
exists for a reason; it's part of the human immune response. Interfering may cause long-
term adverse effects, in which case pros and cons would have to be weighed. We expect
that chaperones that are specific for affected proteins are the best option, but in many
cases, those might be far away.
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Is there anything patients can do? There is no quick and simple ER stress test available at
your family doctor. Fabrienne's theory cannot be verified without laboratory analysis. At
the moment, our best option may be a statistical analysis of genetic variants and
associated symptoms, with a special focus on supposedly benign variants. But all of this is
something for the future, maybe even a future video, whenever we have new information.
For this video, it's time to wrap things up. If you have any questions, feel free to write, and
have a wonderful day.
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