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ABSTRACT: Here we report preliminary data demonstrating that some patients with
myalgic encephalomyelitis/chronic fatiguesyndrome (ME/CFS) may have catalytic
autoantibodies that cause the breakdown of myelin basic protein (MBP). We propose
that these MBP-degradative antibodies are important to the pathophysiology of ME/
CFS, particularly in the occurrence of white matter disease/demyelination. This is
supported by magnetic resonance imagining studies that show these findings in patients
with ME/CFS and could explain symptoms of nerve pain and muscle weakness. In this
work, we performed a series of experiments on patient plasma samples where we
isolated and characterized substrate-specific antibodies that digest MBP. We also tested
glatiramer acetate (copaxone), an FDA approved immunomodulator to treat multiple
sclerosis, and found that it inhibits ME/CFS antibody digestion of MBP. Furthermore,
we found that aprotinin, which is a specific serine protease inhibitor, specifically
prevents breakdown of MBP while the other classes of protease inhibitors had no effect.
This coincides with the published literature describing catalytic antibodies as having
serine protease-like activity. Postpandemic research has also provided several reports of
demyelination in COVID-19. Because COVID-19 has been described as a trigger for
ME/CFS, demyelination could play a bigger role in patient symptoms for those
recently diagnosed with ME/CFS. Therefore, by studying proteolytic antibodies in ME/CFS, their target substrates, and inhibitors, a
new mechanism of action could lead to better treatment and a possible cure for the disease.

■ INTRODUCTION
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS) is a complex, multisystem disease that is often
characterized by postexertional malaise (PEM);1,2 even
minor activity can cause the patient to experience a 'crash' in
physical and/or mental energy. However, symptoms experi-
enced by these patients fall along a broad spectrum ranging
from mild to severe (e.g., bedridden). Therefore, to properly
diagnose the patient as having ME/CFS, a clinician refers to a
checklist of conditions specific to the disease such as those
outlined in the Canadian Consensus Criteria (CCC).3 For
example, the CCC considers a patient to have ME/CFS if they
present with symptoms of reduced energy levels, PEM,
interrupted sleep patterns, muscle pain and weakness, as well
as two or more autonomic, neuroendocrine, and immune
manifestations.
Since the 1980s, there has been considerable research

comparing healthy controls and patients with ME/CFS where
several abnormalities of the autonomic and central nervous
system (CNS) have been correlated with positron emission
tomography studies, revealing vast neuroinflammation.4

Oxidative stress has also been linked to ME/CFS,5 which

may negatively impact the metabolic and immune systems, as
well as contribute to increased blood−brain barrier (BBB)
permeability6 allowing the passage of larger blood components
including antibodies (Abs) and other immune cells into the
CNS.7

Autoimmunity, which has been reported in people with ME/
CFS,8 results from diminished self-tolerance where more self-
antigens are seen as foreign substrates. For example, fatigue,
which is correlated with PEM in ME/CFS, occurs as a major
symptom in other autoimmune, mitochondrial, and infectious
diseases;9,10 therefore, PEM in ME/CFS may be the result of
poor self-tolerance combined with microbial exposure
involving molecular mimicry.11−13

Symptoms of ME/CFS also overlap with those of other
autoimmune diseases, in particular, multiple sclerosis (MS).14
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MS is an inflammatory disease of the CNS primarily
characterized by demyelination, which is the breakdown of
the myelin sheath, leading to impaired signal transmission
along the axon.15 Here, myelin basic protein (MBP), which
maintains the integrity of the myelin sheath in the healthy
CNS, dissociates from the membrane during citrullination.16

As a consequence, MBP and its fragments are then free to
enter the cytoplasm, general blood supply,17 and cerebral
spinal fluid where they can trigger an autoimmune response.
Demyelination may also be a common denominator with

ME/CFS where some patients experience symptoms of muscle
pain and weakness as a results of diminished nerve function.18

To strengthen this idea, there are several reports of abnormal
brain magnetic resonance imagining (MRI) studies in patients
with ME/CFS.19−25 Based on images with white/gray matter
hyperintensities and cerebral atrophy, Cook et al. found that
ME/CFS patients had a higher level of physical impairment
(motor and cognitive functions) compared to patients with
normal MRI scans.26,27 Furthermore, there is a growing body
of literature on COVID-related research postpandemic (e.g.,
Long-COVID) that makes a strong connection to ME/CFS;28

this suggests that COVID-19 infection may act as a precursor/
trigger for ME/CFS. Demyelination in particular, which has
been reported numerous times in cases of COVID-19,29−32

may play a larger role in neurological-related symptoms in
patients recently diagnosed with ME/CFS.
One contributing factor to demyelination may be catalytic

Abs, also called abzymes (antibody + enzyme), that specifically
target and digest MBP.33 While abzymes (Abzs) are nearly
indistinguishable from the typical Ab structure, they exhibit
protease-like activity, which can be naturally or artificially
induced. For example, Jencks pioneered an engineered
antibody to have catalytic properties through binding to a
stable transition-state analogue (TSA),34 and then Schultz and
Lerner further developed this research and became leaders in
this specialty area of enzymology.35 Catalytic Abs can also be
synthesized using the TSA to perform specific functions. In
one such case, Landry et al. demonstrated the production of
anticocaine Ab conjugates, which exhibit cocaine benzoyl ester
hydrolysis to reduce drug addiction.36,37 Furthermore, catalytic
Abs have been developed for therapeutic purposes,38 including
selective catalytic cleavage by IgM Ab of the HIV coat protein
gp120.39,40

Naturally occurring Abzs, on the other hand, were
discovered by Paul in 1989.41 Since then, many catalytic Ab
types have been identified, including those that target MBP in
MS42 and the neuropeptide vasoactive intestinal peptide in
pregnant women with asthma.43 In addition to peptides and
proteins, Abzs have been shown to hydrolyze other substrates
including polysaccharides, DNA, and RNA.44,45 While a low
catalytic rate and high substrate affinity have proved a
challenge for chemists to design function-specific TSA Abzs,
these properties have given clinical researchers the unique
perspective of how certain autoimmune pathologies could
result from long-term tissue damage as in the case of
demyelination. One way catalytic MBP-Abs may cause damage
is by directly binding to the neuronal tissue and hydrolyzing
basic protein in situ; evidence supporting this has been
provided by immunocytochemical studies showing that MBP-
specific Abs were localized on the axon during active
demyelination.46

In this report, we demonstrate Abs isolated from ME/CFS
blood plasma appear to have proteolytic activity that targets

the breakdown of MBP. Given the overlap with long COVID/
MS neuropathies, catalytic MBP-Abs may contribute to
symptoms of muscle weakness and nerve pain in some patients
with ME/CFS, which could be the result of demyelination.

■ MATERIALS AND METHODS
Patient Samples. ME/CFS patient blood was collected at

the Stanford Genome Technology Center (SGTC) in a
Vacutainer K2 EDTA tube (BD) and then centrifuged at
1200g. The plasma was aspirated from the top layer,
transferred to a 1.2 mL cryovial (Nunc) and flash frozen in
liquid nitrogen and stored at −80 °C. MS samples were also
provided by the Department of Neurology and Neurological
Sciences at Stanford. All ME/CFS patients were diagnosed by
licensed clinicians using CCC. We collected total plasma Abs
from 19 ME/CFS, 19 HC, and 3 MS patients (male and
female), whose ages ranged from 18 to 69 years.
Sample Preparation. Patient plasma samples stored at

−80 °C were slowly thawed to room temperature (RT) and
then kept at 4 °C during Ab (immunoglobulin (IgG))
collection. Total Abs were isolated by protein-A Sepharose
beads, which preferentially capture human IgG1, 2, 4, and
IgM/A (Thermo Fisher Scientific, Cat. 101041). Samples were
collected with glycine IgG elution buffer (Thermo Fisher
Scientific, Cat: 21004); 100 μL of protein-A beads was washed
with 25 mM tris-HCL, pH 7.4. The beads were combined with
100 μL of plasma and 300 μL of 25 mM tris-HCL, incubated
for 30 min at 4 °C (20 rotations per minute (RPM)), and then
washed 5× with 25 mM tris-HCL, pH 7.4; this was followed by
2× collections with 250 μL of elution glycine IgG elution
buffer (5 min at 4 °C). Samples were immediately neutralized
to ∼pH 7 with 1 M tris, pH 9, followed by 2 buffer exchanges
with 25 mM tris-HCL, pH 7.4. Samples were then
concentrated using 0.5 mL of 50k molecular weight cutoff
(MWCO) Pierce protein concentrators PES (Thermo Fisher
Scientific, Cat. 88512). Finally, total Ab yield was determined
for each sample with the Nanodrop OneC (Thermo Fisher
Scientific) and then normalized to ∼1.5 μg/μL using 25 mM
tris-HCL. Some sample aliquots were kept at 4 °C during
initial testing, while backup aliquots were stored at −20 °C (in
50% glycerol).
Digest Assays. For all digest assays, 3 μg of each ME/CFS

total Abs was added to 25 mM tris-HCL, pH 7.4, to a final
volume of 12.5 μL. We used 1 μg of bovine brain (Thermo
Fisher Scientific, Cat. 13228010, lot: 2397969) as the substrate
(Note: bovine MBP is 93% homologous with human MBP,47

and only two amino acids differ between the four
immunodominant MBP-derived peptides [12−31, 82−98,
110−128 and 144−169]);48 the encephalitogenic peptide
region (86−98), however, is conserved between the two
species. Bovine brain MBP has been used as a substrate for
other catalytic Ab studies49 and for inducing experimental
autoimmune encephalitis (EAE) for the study of MS in
humans.50 Digest reactions were incubated in a Veriti thermal
cycler (96-well) for 24 h at 37 °C and then cooled to 4 °C.
Twenty-four hours was chosen as the incubation period based
on previous literature studying Abz digest activity.42 All MBP
controls were treated under the same conditions as those of the
Ab test samples.
High-Performance Liquid Chromatography (HPLC)

Analysis, Copaxone Fractionation, and Ab Purification.
Size-exclusion HPLC was used to further purify Abs after
collection by protein-A Sepharose beads. The key system
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modules used included: Agilent 1200 Fraction collector
(G1364C), Agilent 1100 HiP well plate autosampler
(G1367A), Agilent 1100 diode array detector (G1315B), and
Chemstation software for sample processing and chromato-
gram analysis. Abs were fraction-collected using the Superdex-
200 Increase 10/300 GL (Cytiva, 28990944) at the flow rate
of 0.7 mL/min with running buffer: 50 mM sodium
dihydrogen phosphate and 150 mM sodium chloride, pH
7.4. Glatiramer acetate (GA) was also fractionated using size-
exclusion chromatography with a YARRA SEC-2000 column
(Phenomenex, Cat. 00H-4512-E0). Samples were processed at
1 mL/min with the running buffer: 100 mM potassium
phosphate and 200 mM potassium chloride at pH 6.8, RT. For
Ab fractionation, we used a protein standard mix as a reference
chromatogram with samples ranging in size from 15k to 600k
Da (Sigma Aldrich, Cat. 69385). In addition, we used a
standard polyclonal Ab as a control (Thermo Fisher Scientific,
Cat. PA1−10008) to match the chromatogram peak data with
our test Ab samples.
Polyacrylamide Gel Electrophoresis (PAGE). Postdi-

gest/inhibition assay samples (12.5 μL) for PAGE analysis
were mixed with 7.5 μL of Novex tricine SDS sample buffer
(2×) (Thermo Fisher Scientific, Cat. No. LC1676) and then
loaded into the wells of a Novex 16% tricine gel (Thermo
Fisher Scientific, Cat. EC66952BOX); each gel was run in
XCell SureLock mini cell (Invitrogen) for 45 V 30 min, 90−
128 V 2 h. For gels stained with coomassie blue, we followed
the manufacturer’s recommended protocol (Invitrogen, Cat.
LC6025). All destained gels (24−48 h in deionized water) and
fluorescence images with FITC-labeled MBP (495, 519 nm)
were scanned using Go Gel Imaging System with Image Lab
Touch (Bio-Rad).
MBP FITC Labeling (Copaxone Study). Fluorescein

isothiocyanate (FITC) (Thermo Fisher Scientific, Cat. F1906)
was dissolved in dimethyl sulfoxide to yield 5 μg/μL; 1 μL of
FITC (5 μg/μL) was added to 99 μL of MBP solution (2.5
μg/μL) plus 18.8 μL of 0.67 M borate and 31.2 μL of RNase/
DNase-free ultrapure water for a total volume of 150 μL and a
final pH of 8.5. The light-sensitive solution was added to a
black 1.5 mL Eppendorf tube, mixed, and rotated at 20 rpm at
RT for 60 min (minute). The reaction was then purified 2×
using 7k MWCO Zeba protein spin desalting columns
(Thermo Fisher Scientific, Cat. 89882) at 300g at RT using
an Eppendorf centrifuge 5420 for 2 min to remove
unincorporated FITC.
Miscellaneous Substrate Digest. To test whether Ab-

substrate proteolysis was specific for MBP, we compared digest
assays using the following substrates: casein (Thermo Fisher
Scientific, Cat. AAJ6421422), MBP (Thermo Fisher Scientific,
Cat. 13228010), α-lactalbumin (Sigma Aldrich, Cat. L5385),
and lysozyme from chicken egg white (Sigma Aldrich, Cat.
L6876); 1 μL (1 μg/μL) each was added to 9.5 μL 25 mM
Tris-HCL (pH 7.4) and 2 μL (1.5 μg/μL) plasma Ab and
incubated at 37 °C for 24 h, and 7.5 μL sample buffer was
added and then run on PAGE.
Relative Activity Assays. To measure percent relative

activity (dependence of the relative MBP-hydrolyzing activity
of ME/CFS Abs based on their concentration), we tested Abs
from various ME/CFS patients and healthy controls (HC) at
0, 0.5, 1, 1.5, and 2 μg total Ab with 1 μg MBP; 25 mM Tris-
HCL (pH 7.4) was added to each for a final volume of 12.5
μL, incubated for 24 h at 37 °C, then run on 16% tricine SDS-
PAGE, and stained with coomassie blue. Gels were imaged

using the Go Gel Imaging System, and band intensities were
analyzed using the Gel Analyzer software. Only the top bands
at ∼18,400 Da were measured for disappearance relative to the
control MBP substrate (no Ab addition). All assays were done
in duplicate, and their results averaged.
Determination of Ab Purity after Elution from

Protein-A Beads. To show purity of Ab mix after collection
from protein-A Sepharose beads, we ran Ab preparations (5 μg
each) on PAGE under reducing and nonreducing conditions.
Here we used Novex 4−12% tris-glycine mini gels (Thermo
Fisher Scientific, Cat. XP04120BOX) along with SDS-glycine
running buffer and 4× glycine SDS sample buffer (Thermo
Fisher Scientific, Cat. LC2672); 10× NuPAGE sample
reducing agent was purchased from Invitrogen (NP0009).
Abzyme Inhibition Assays by Glatiramer Acetate

(GA) and Its Fractions. GA (pharmaceutical brand name,
copaxone) was purchased from Best of Chemical Sciences
(molar ratio E(0.14), K(0.34), A(0.43), Y(0.09), average
molecular weight (Mw) 9161 Da, Cat. 147245−92−9) and
concentrated according to each assay parameter starting at 100
μM in water. Random peptides were also tested in the digest/
inhibition assay to determine if GA was specific for inhibiting
Abz activity. These included human YY peptide (IKPEAPGE-
DASPEELNRYYASLRHYLNLVTRQRY-NH2, Sigma Aldrich,
Cat. P1306) at 4310 Da, human gastrin releasing peptide
(VPLPAGGGTVLTKMYPRGNHWAVGHLM-NH2, Sigma
Aldrich, Cat. G8022) at 2860 Da, and human influenza
hemagglutinin peptide (YPYDVPDYA-NH2, Sigma Aldrich,
Cat. I2149) at 1102 Da. Each was added to the assay at a 30
μM final concentration.
Affinity Purification. CNBr-activated Sepharose 4 Fast

Flow (Cytiva 17-0981-01) was used to conjugate bovine brain
MBP to the resin (following the manufacturer’s protocol).
Total ME/CFS Ab samples were added to the column,
incubated for 1 h at RT, and then washed. The supernatant
(random Abs that did not bind to MBP on column) was first
collected, and then Abs captured on the column were eluted
with glycine buffer (pH 3.0); because low pH can potentially
damage the Ab function, samples were immediately neutralized
to ∼7 by adding 1 M tris-HCL pH 9, normalized to ∼1.5 μg/
μL, and then stored at 4 °C for renaturation.
Protease Inhibitor Test. To determine if catalytic Abs in

ME/CFS belonged to a specific class of proteases, we
compared four protease inhibitors, (1) aprotinin (Sigma
Aldrich, Cat. A6106), which is a serine protease inhibitor,
(2) bestatin (Sigma Aldrich, Cat. B8385), which is an amino
peptidase inhibitor, (3) E-64 (Sigma Aldrich, Cat. 324890),
which is a cysteine protease inhibitor, and (4) pepstatin
(Sigma Aldrich, Cat. 11359053001), which inhibits aspartic
acid proteases; each was added at 0.1 and 0.01 μg/μL final
concentration to the digest assays (3 μg of Ab and, 1 μg of
MBP in, and 25 mM tris-HCL, pH 7.4) where ME/CFS
patient Ab samples previously showed break down of MBP.

■ RESULTS AND DISCUSSION
Given the vast overlap in symptoms with MS14 along with
increasing reports of abnormal brain MRIs suggesting white
matter disease in ME/CFS,23 muscle weakness and nerve pain
as experienced by some patients may be the result of
demyelination. With numerous studies of catalytic Abs in
MS and other autoimmune diseases, we decided to isolate Abs
from ME/CFS plasma to determine whether they too showed
proteolytic activity toward MBP.
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For this study, we compared 19 ME/CFS and 19 healthy
control plasma samples. Abs were also collected from MS
patients for method development and as a metric for expected
digestion of MBP (Figure 1, “MS”, 39−41). Here, we
performed digest assays with Abs purified from plasma in
addition to MBP as the target substrate (Figure 1). The level of
MBP digested (disappearance of the target band “MBP” at
∼18,400 daltons) was compared to the control MBP with no
Ab. Within the ME/CFS samples tested for this particular set,
47% showed to digest MBP (e.g., Figure 1, 'ME/CFS' samples
11−19), while in the healthy control group, 5% of the samples

also showed digestion of MBP (e.g., Figure 1, 'HC' sample 30).
Though other reports have found catalytic Abs in healthy
individuals, the extent of activity is believed to be limited or
below the threshold of causing pathology.51 In addition, we
suggest a few possible clinical explanations for the HC Ab
digestion of MBP in this study: HC donor (1) may show digest
of MBP only with in vitro conditions, but actual Abz levels, if
active in vivo, were below threshold of disease (though, a
clinical threshold has not been defined for catalytic Abs), (2) is
at the beginning stages of demyelination, or (3) has a viral
infection (asymptomatic) or was vaccinated around the time

Figure 1. PAGE image comparing digestion of MBP by Abs collected from 19 myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), 19
healthy control (HC), and 3 multiple sclerosis (MS) patients. Numbers at the bottom are assigned to each donor sample ('C' is control (only MBP,
no Ab)). Samples where Abs were further fractionated using HPLC then tested again in a separate digest assay are denoted with 'f'.

Figure 2. (A) Digest assay comparison between MBP and random substrates: (1) casein, (2) MBP, (3) α-lactalbumin, and (4) lysozyme; each set
shows +/− Abs from ME/CFS_11 patient, (B) kinetics of ME/CFS_11 Abs showing correlation/percent relative activity (% RA) of MBP
breakdown with increasing Ab concentration, and (C) PAGE image of ME/CFS_11 Ab with (I) nonreducing and (II) reducing conditions after
protein-A purification to demonstrate Ab purity; first lane is a protein ladder. Further densitometry analysis of the digest assay (A) comparing the
MBP bands +/− Ab showed the target full-length product (∼18,400 Da) for each to be 687 and 1305 (dpi), respectively. All substrates (+/− Ab)
were incubated at 37 °C for 24 h.
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blood was collected (a recent report showed high cross-
reactivity between SARS-CoV-2 and human tissue, in
particular, MBP52). Furthermore, those ME/CFS patients
whose plasma Ab samples did not breakdown MBP (Figure 1,
'ME/CFS' samples 1−10) may have symptoms unrelated to
demyelination. For example, they may be experiencing
symptoms more related to general malaise and fatigue as
might be caused by poor energy levels due to oxidative stress
and mitochondrial dysfunction.5 More extensive demographics
at the initial patient blood draw including a current list of
specific symptoms, their relative severity, and whether they are
acute, chronic, or relapse-remitting, would also help with the
interpretation of these results.
It is interesting to note as well that the MBP digest band

patterns between ME/CFS and HC/MS as shown in Figure 1
appear to be different but consistent within each group.
Additional studies including sequence analysis of the digest
fragments are required to determine the exact substrate
cleavage sites. This information could help further validate/
characterize Abz properties found in ME/CFS compared to
those in healthy controls and MS patient plasma samples.
We next tested three additional substrates to determine if

the breakdown of MBP was more substrate-specific or the
result of random proteolysis. As shown in Figure 2A, Abs from
ME/CFS_11 only digested MBP and not the other substrates
tested (casein, α-lactalbumin, and lysozyme). Both casein and
MBP are considered unstructured proteins because they do not
contain disulfide bridges; as such, the peptide sequences of
both substrates are highly exposed in an aqueous medium.
Furthermore, casein is a very common substrate used for
standard digest assays and is particularly susceptible to
hydrolysis by trypsin (serine protease). Though we tested
only three substrates that were not digested, there could be
others with equal or greater Abz specificity than what was
found for MBP in this study. For example, there are reports of
substrate-specific Abs in ME/CFS with affinity to human
insulin, collagen type IV, γ-interferon, pulmonary elastin, S100

protein, and DNA.53 In addition to MBP, Vojdani and
Kharrazian showed that several substrates were also cross-
reactive to SARS-CoV-2, including alpha-myosin and actin.52

When we tested ME/CFS_11 for the percent relative digest
activity of MBP (% RA) (Figure 2B), we found a strong
correlation between catalytic activity and Ab concentration,
which is expected in a typical protease kinetics assay.
Additionally, Figure 2C demonstrates general ME/CFS, HC,
and MS Ab purity following protein-A purification. Under
nonreducing conditions, the intact Ab migrates to ∼ 150k Da
on PAGE, while under reducing conditions, the same Ab is
separated into heavy and light chains (∼55k and 25k Da,
respectively). These results show that (1) the Ab structure is
maintained during collection and (2) no other bands are
visible on the gel that would suggest benon-Abz protease
contamination is responsible for the breakdown of MBP during
the digest assays.
To further purify the Ab samples, we help rule out help rule

out possible protease involvement, we ran them through a
Superdex-200 column using HPLC size-exclusion chromatog-
raphy following protein-A purification. For example, in Figure
3A, six fractions were collected from patient ME/CFS_11’s
total Ab plasma sample based on time points of a reference
chromatogram (corresponding PAGE image above shows the
post-digest assay with each fraction). Here, breakdown of MBP
was observed only with the intact Ab in fraction 2 (major peak
at 7.185 min). If any proteases were present, digest products
would have been expected in fractions 4 or 5 (e.g., cysteine,
serine, aspartyl, and aminopeptidase proteases range between
23 and 34k Da).
In Figure 3B, MBP was conjugated to CNBr-activated

Sepharose 4B resin in a column (affinity precipitation (ppt)),
which was used to capture only Abs from ME/CFS_15 plasma
that had affinity for MBP. Here, we compared the wash
solution (random Abs that did not bind to the resin) with the
captured Abs (bound to the resin). It is clear in the PAGE
image (Figure 3B, lane 1) that none of the Abs from the wash

Figure 3. (A) Digest assay with ME/CFS_11 after HPLC fraction-collection of intact Ab using the Superdex-200 column. After protein-A
purification, the sample was processed with HPLC and fraction-collected in six fragments (the chromatogram of Ab sample shows vertical bars
separating each fraction corresponding to PAGE image of the postdigest assays above). (B) Digest assay following affinity purification of total Abs
collected from ME/CFS_15 plasma sample; lane 1 shows unbound nonspecific Abs from the wash step, and lane 2 shows MBP-specific Abs
captured and eluted from the resin conjugated with MBP.
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solution digested MBP. However, MBP-specific Abs from ME/
CFS_15 eluted from the resin showed a significant breakdown
of MBP (Figure 3B, lane 2).
While Ab binding to the MBP-conjugated resin in our study

was expected to be very strong (high affinity/low Kd, which is a
characteristic property of Abzs), we first attempted mild
elution conditions to recover the Abs/Abz from the resin (e.g.,
gentle elution (pH 6.8), 1 M KCL, 1 M NaCl); however, only
glycine (pH 3) was effective. Recovery yields (nonbinding,
MBP-binding Abs) ranged from 4.7, 0.303 to 1.1, 0.147 μg/μL,
respectively. For each digest assay, we used 3 μg of nonbinding
Ab (from wash step) and 4 μL of eluted Ab and 1 μg MBP (24
h, 37 °C).
Because affinity elution is a very delicate process for standard

substrate-specific Ab collection, recovery of Abs with catalytic
activity is even more challenging. Abs are very sensitive to
extreme pH changes, especially those with enzymatic proper-
ties, which could be irreversibly damaged.44 Though Abs/Abzs
may be renatured to some degree by dialysis/pH adjustment to
∼7, followed by refrigeration (4 °C), incubation times are
sample-dependent.
Next, we tested whether glatiramer acetate (GA), which is

an immunomodulator drug (pharmaceutical brand name
copaxone) used to treat MS patients,54 also inhibited catalytic
Abs isolated from ME/CFS plasma that breakdown MBP. In
Figure 4A, the first bar in the graph shows the MBP control at
100%; when antibodies from patient sample ME/CFS_11 were
added, 68% of MBP was digested (second bar). With the

addition of glatiramer acetate, a majority of the MBP remained
intact (80%). We believe that peptides from the drug acted as
pseudo-MBP substrates that helped block catalytic ME/
CFS_11 Abs from digesting MBP. Due to the molecular
weight similarities between peptides from GA and MBP and its
fragments, MBP was FITC-labeled to distinguish the two
during fluorescence imaging. We also processed samples with a
HC sample + GA, MBP + GA, and GA only, and the results
showed no change in band intensity between HC and MBP,
and GA alone was not visible with fluorescence (data not
shown). To further validate the specificity of GA to prevent
ME/CFS Abz breakdown of MBP, we found that the drug
does not inhibit the general proteolytic activity of trypsin (data
not shown).
GA, which is a complex mixture of peptides (∼1036) that

share physical properties with the MBP structure,55 has three
proposed mechanisms of action against neuroinflammation in
vivo. Peptides from GA may (1) directly compete with
fragments of MBP at the junction between the antigen
presenting cell’s major histocompatible complex II and the T-
cell receptor; this in turn down-regulates T-cell activation and
polyclonal expansion of MBP-specific Abs,56 (2) act as a
competitive ligand, which inhibits MBP from binding to the
αMβ2 integrin,57 and (3) compete with Abzs in proximity to
intact axonal MBP.46 It is worth noting here as well, though the
BBB is highly substrate-selective with a small number of
sequence-specific peptide transporters,58 systemic inflamma-
tion, as in MS and ME/CFS, may cause increased BBB

Figure 4. (A) Digest assay with ME/CFS_11 (Figure 1) before and after addition of whole glatiramer acetate (GA), 30 μM final; (B) GA
fractionated using size-exclusion chromatography (top chromatogram with fraction demarcations (vertical lines)) corresponding to degree of
inhibition in the bar graph directly below for sample ME/CFS_11; (C) comparison of four class-specific protease inhibitors on preventing ME/
CFS_12 Ab digest of MBP; each inhibitor was tested at 0.1 and 0.01 μg (1.22 and 0.122 μM final, respectively); and (D) digest assay comparing
inhibition by GA and three random peptides: (1) MBP only, (2) ME/CFS_12 Ab + MBP, (3) GA (30 μM), (4) peptide YY, (5) gastrin releasing
peptide, and (6) influenza hemagglutinin peptide (each at 30 μM final concentration with 3 μg Ab and 1 μg MBP).
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permeability allowing leakage of GA; animal studies monitor-
ing radio-labeled peptides of GA after injection showed some
fragments actually reached the CNS.59 Furthermore, Nevinsky
et al., demonstrated proteolytic activity of MBP-Abs collected
from MS plasma and cerebral spinal fluid (CSF) was also
inhibited by GA in vitro.44

Next, we fractionated GA into four equal subsets (25% each
of the peptide mix) based on HPLC size-exclusion
chromatography. We used ME/CFS_11 in a separate digest
assay (Figure 4B), which was shown to break down 70% of the
MBP substrate (second bar); and when total GA was included,
none of the substrate was digested. However, when we added
the individual fractions to separate digest assays, fractions 3
and 4 (lower Mw peptides < 9161 Da) were not as potent as
fractions 1 and 2 (higher Mw > 9161 Da) in preventing
digestion of MBP. As a control, we tested three random
peptides with varying Mws (peptide YY, 4310 Da; gastrin
releasing peptide, 2860 Da; and influenza hemagglutinin
peptide, 1102 Da) and found none had any inhibitory effect
(Figure 4D). These results also coincide with those in Figure
4B where the lower Mw peptides appeared to have less potency
in protecting MBP from being digested. However, a more
extensive study of GA and its fractions might help determine if
higher molecular weight peptides in general prevent break-
down of MBP in patients with ME/CFS. We also note here
that 30 μM GA in our digest assays (24 h at 37 °C) is
significantly more than what is initially administered by
injection to a patient (e.g., 20 or 40 mg GA/dose); typically,
injections are given every 3 days for an indefinite period of
time, and often it can take between 6 and 9 months before the
patient reports whether any symptoms have been alleviated.60

From our preliminary results exploring inhibitory effects of GA
on the Abz activity, this superdose of the drug in vitro may
represent to some degree the cumulative effect of long-term
treatment of GA in vivo. Nevertheless, a more extensive look at
the pharmacokinetics of GA as an inhibitor to Abz activity is
recommended.
We also tested whether catalytic Abs in ME/CFS (i.e., ME/

CFS_12) that digested MBP were of a particular class of
protease (i.e., serine, cysteine, aspartic acid, or amino
peptidase). In Figure 4C, aprotinin (serine protease inhibitor)
showed the greatest potency at 0.1 μg (1.22 μM, 100%
inhibition) and 0.01 μg (0.122 μM, 74% inhibition), while the
other 3 inhibitors averaged 16% inhibition at the same
concentrations each. These results coincide with other
published results describing catalytic Abs/Abzs as being serine
protease-like.61

In many autoimmune disorders, particularly MS, it has been
suggested that abzymes may contribute to direct tissue
damage.51 Further evidence for this has been provided by
immunocytochemical studies showing MBP-specific Abs are
localized to the axon during active demyelination.46 Effects of
the Abz breakdown of MBP at the neuron, which can take
months for disease symptoms to manifest, may be explained by
the extremely slow turnover rate of the catalytic Ab. For
example, one report showed the catalytic rate of an Abz (4 kcat
(S1−)) to be >10-fold slower than trypsin (48−55 (kcat
(S1−)).61 Low Abz kcat may be explained by high-affinity
binding (low Kd) through the Ab FAB (fragment antigen
binding) region and/or increased spacing between the three
amino acids that make up a catalytic triad of traditional serine
proteases, which includes serine, histidine, and aspartic acid.62

It has also been proposed that only two amino acids in the

catalytic site, histidine and serine, are involved in peptide
hydrolysis.61 Furthermore, the kcat of Abzs isolated from
cerebral spinal fluid (CSF) of MS patients was found to be
significantly higher compared to plasma (0.0067 and 0.000123
S1−, respectively).63 Also, binding capacity and degree of
catalysis may be contingent on other factors such as the ratio of
Abz to Ab in the total Ab population and the conformation/
modification(s) of the substrate.
While natural Abz production in vivo may be the result of

random mutation in the Ab FAB region,63 there are many
factors that could influence the configuration of MBP in both
the healthy and disease states, which can also elicit Abz
development. Truscott and Friedrich mentioned that long-
lived proteins, in particular MBP, go through posttranslational
modifications (PTM) in human adults.64 For example, in the
cerebellum, three primary covalent modifications were found:
(1) deamidation of asparagine and glutamine, (2) isomer-
ization of aspartic acid, which leads to protein cross-linking and
aggregation, and (3) deimination of arginine to citrulline,
which is irreversibly catalyzed by the epigenetically controlled
peptidylarginine deiminase (PAD);65 this is an especially
important modification because citrulline, which has zero
charge and is not a natural component of the MBP sequence,
causes profound changes to the protein structure. Without the
positive charge of arginine to keep it anchored to the
phospholipid bilayer in the major dense line of the myelin
sheath, MBP becomes unfolded in the cytoplasm making it a
prime target for immunogenic attack.66,67 Moreover, antici-
trullinated protein autoantibodies have been found to be highly
specific in several autoimmune diseases, including rheumatoid
arthritis, where inhibition of PAD shows therapeutic
potential.65,68

Patients with ME/CFS may also present with fluctuations in
severity of the disease akin to MS where symptoms rise and fall
through cycles of relapse and remission.69 Onset or
exacerbation of ME/CFS symptoms may be triggered as well
by factors including (1) infection28 (viral and bacterial),70 (2)
diet, (3) hormonal changes,71 (4) age, (5) environment,72 and
(6) drug induction.73,74 Molecular mimicry has also been
proposed to induce autoimmunity in ME/CFS where viruses
present infectious material such as peptides that have similar
residue sequences as the host antigen(s); these foreign agents,
which may cause an autoimmune response, include, for
example, herpes 6, Epstein-Bar, and corona virus 229E.11−13

■ CONCLUSIONS
As this research contributes only one small piece to a much
larger, intricate composition of ME/CFS, we have presented
evidence that autoantibodies with enzymatic properties
(abzymes) may cause demyelination in some patients
diagnosed with ME/CFS; and given the broad spectrum of
overlapping pathologies with MS and other autoimmune
diseases including long COVID, demyelination should be
considered a possibility in ME/CFS as well, especially for
patients experiencing nerve pain and muscle weakness.
Moving forward with this research, we believe that there are

additional steps and considerations worth noting. For example,
the MBP substrate used to test proteolytic Ab hydrolysis
should closely simulate in vivo conditions; to accomplish this,
certain modifications to the substrate could be made in vitro
(e.g., methylation/citrullination) or the target substrate can be
extracted/isolated from diseased tissue obtained through an
ME/CFS patient biobank.75
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It is possible too that ME/CFS patient symptoms may be
relapsing-remitting as in MS. Therefore, a study should be
conducted to examine the catalytic activity of a patient’s
plasma Abs over time. In addition to MRI data, this may be a
useful diagnostic tool for tracking disease severity with
corresponding levels of proteolysis. Also, we have not tested
CSF, which may have a higher concentration/more active
catalytic Abs (>kcat), as has been shown for MS patient samples
in previous reports.42 Further assessment of the CSF Abz
content compared with peripheral blood may help generate a
more complete profile of the ME/CFS patient’s demographics,
which could prove to be an accurate metric in identifying and
characterizing disease symptoms and severity.
Finally, there is currently no diagnostic tool or assay that

definitively states whether a patient has ME/CFS or is likely to
contract the disease; however, there are metrics available that
look for commonalities among patients, for example, the use of
nanoelectronics in blood-based diagnostics.76 Catalytic Abs
have also been used in clinical settings to monitor autoimmune
disease progression. For example, Kalinina et al. found that the
degree of cardiac myosin (CM) hydrolysis in autoimmune
myocarditis (AM) was strongly correlated not only with anti-
CM autoantibody serum levels but also with AM disease
manifestations and symptom severity.77 In addition to
MBP,78,79 there are many substrate-specific Abs (antiprotein
and anti-DNA) that have been previously identified,53 which
could be of clinical significance if they too cause tissue damage.
Therefore, we propose an assay for MBP hydrolysis by catalytic
Abs in ME/CFS patients may provide information to better
diagnose and treat patients in the early stages of demyelination.
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