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healthy controls, while C-reactive protein (CRP), and advanced oxidation protein products (AOPP) in asso-
ciation with affective and CFS ratings were additionally assessed in a subgroup thereof.
Results: Long COVID is associated with significant increases in IgG directed at tubulin (IgG-tubulin), MBP,

MOG and synapsin; IgM-MBP, MOG, CP2, synapsin and BBD; and IgA-CP2 and synapsin. [gM-SARS-CoV-2
and IgM-HHV-6 antibody titers were significantly correlated with IgA/IgG/IgM-tubulin and -CP2, IgG/
IgM-BBD, IgM-MOG, IgA/IgM-NFP, and IgG/IgM-synapsin. Binary logistic regression analysis shows that
[gM-MBP and IgG-MBP are the best predictors of Long COVID. Multiple regression analysis shows that
IgG-MOG, CRP and AOPP explain together 41.7 % of the variance in the severity of CFS. Neural network
analysis shows that IgM-synapsin, IgA-MBP, IgG-MOG, IgA-synapsin, IgA-CP2, IgG-MBP and CRP are
the most important predictors of affective symptoms due to Long COVID with a predictive accuracy of

r=0.801.

Conclusion: Brain-targeted autoimmunity contributes significantly to the pathogenesis of Long COVID
and the severity of its physio-affective phenome.
© 2024 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Ongoing neuro-psychiatric symptoms have been reported in a
substantial percentage of coronavirus disease (COVID) survivors
[1]. These symptoms encompass chronic fatigue syndrome (CFS),
depression, and anxiety persisting for up to 12 months post-
recovery, commonly known as “Long COVID disease” [2-4]. Recent
data reveal that globally, at least 65 million individuals suffer from
Long COVID disease [1].

In a recent previous article co-authored by some of the present’s
study collaborators, it was observed that CFS and affective symp-
toms due to Long COVID are predicted by elevated peak body tem-
perature (PBT) and decreased oxygen saturation (Sp02) during the
acute phase of illness [5]. Both PBT and lower SpO2 are indices of
the severity of the immune-inflammatory response during acute
infection [6]. In another article by some of this study’s authors, a
validated latent vector could be extracted from the CFS, fibromyal-
gia, depressive and anxiety symptoms due to acute and Long
COVID and this latent construct was named the “physio-affective
phenome” of acute COVID-19 [6] or Long COVID [5,7-9].

However, there is still much debate on what causes Long COVID
disease and the severity of CFS, depression and anxiety symptoms
due to Long COVID. In this context, in yet another study, some of
the same authors have identified molecular pathways implicated
in the onset of symptoms in individuals with Long COVID disease,
including activation of immune-inflammatory processes with
oxidative and nitrosative stress reactions [7,8], increased insulin
resistance [10,11], decreased tryptophan levels and increased tryp-
tophan catabolites, such as kynurenine [12-14]. Moreover, a recent
meta-analysis reported that Long COVID disease is accompanied by
increased C-reactive protein (CRP), D-dimer, lactate dehydroge-
nase, leukocytes, lymphocytes, and interleukin (IL)-6 [15].

Recently, Vojdani et al. discovered that Long COVID patients
show elevated levels of immunoglobulins (Ig) IgG/IgM directed
against Severe Acute Respiratory Syndrome Coronavirus 2 (IgG/
IgM-SARS-CoV-2), human Herpesvirus type 6 (HHV-6) and its
deoxyuridine 5’-triphosphate nucleotidohydrolase (HHV-6-
duTPase) along with IgA/IgM at activin-A (a self-antigen) [16].
These findings confirmed previous studies which indicated that
Long COVID disease is accompanied by persistence of SARS-CoV-
2, reactivation of dormant viruses, and autoimmune reactions
against self-proteins [17-20]. Importantly, Vojdani et al. were able
to predict the Long COVID diagnosis with high sensitivity (78.9 %)
and specificity (81.8 %) based on elevated levels of IgA-activin-A,
IgG-HHV-6, IgM-HHV-6-duTPase, IgG-SARS-CoV-2, and IgM-HHV-
6, and a factor extracted from all IgA levels to all viral antigens [16].

Neurological disease, which involves both the central and
peripheral nervous systems, is observed in more than one-third
of patients with COVID-19 and long COVID [21]. The entry of

SARS-CoV-2 into central nervous system (CNS) cells is facilitated
via the engagement of the virus with the angiotensin-converting
enzyme (ACE) receptor on the surface of neurons, endothelial
and smooth muscle cells of the cerebral blood vessels [21]. This
entry of the virus, and the entry of T helper (Th)-1 and Th-17 cells,
as well M1 macrophage cytokines into the CNS may result in acti-
vation of microglia, resulting in neuronal cell damage, the release
of neuronal cell antigens, and antibody production [21,22].

Autoantibodies that are directed to endogenous proteins have
been observed in several neuro-psychiatric illnesses which show
clinical and pathophysiological features like Long COVID [23-25].
For example, antibodies against synapsin in psychiatric patients
are detected in association with increased agitation [26]. Increased
neurofilament light and P-tau concentrations were established in
patients with depression [27]. Increased levels of IgG directed at
myelin basic protein (MBP, essential for the myelin sheath in brain
oligodendrocytes) have been identified in bipolar patients [28]. CFS
patients display increased antibodies against a multitude of neu-
ronal proteins including microtubulin-related protein-2, a compo-
nent of the cytoskeleton in eukaryotic cells [29,30].

Numerous studies reported that individuals recovered from
COVID-19 (3-12 months after infection) show significant eleva-
tions of specific autoantibodies including those against calpro-
tectin, nucleoprotein, whole spike, and spike subunits [31], ACE2
[32], and apolipoprotein A-1 (Apo-A1) [33]. Additionally IgG/IgM
against cardiolipin and beta 2 glycoprotein I [34], cyclic citrulli-
nated peptide (CCP) and tissue transglutaminase [35] along with
IgG against interferon (IgG-IFN), histone and centromere protein
were also detected [19]. There is also evidence that the blood-
brain-barrier (BBB) is dysfunctional in Long COVID [36,37].
Increased autoantibody titers to BBB proteins such as claudin are
observed in Long COVID patients [38]. In the latter, the severity
of illness is associated with increased serum levels of S100B, a
danger-associated molecular pattern (DAMP) molecule, suggesting
increased BBB permeability and brain damage [39].

However, it is largely unknown whether autoimmune reactions
directed against neuronal proteins are a feature of Long COVID dis-
ease. Hence, the aim of this study is to examine autoantibodies
(IgA/1gM/IgG) directed at MBP, myelin oligodendrocyte glycopro-
tein (MOG), cerebellar-protein-2, synapsin, tubulin, neurofilament
protein (NFP), and BBB-brain damage (BBD) proteins (claudin-5
and S100B) in Long COVID disease. In addition, we employ the pre-
cision medicine method [40,41] to delineate whether these anti-
bodies can predict CFS and affective symptoms due to Long
COVID disease. The precision medicine method is designed to iden-
tify biomarkers for various facets of the phenome of mental disor-
ders in Long COVID, such as the severity of depression by interview
and self-rating, anxiety, and CFS symptoms. Additionally, the
objective of this method is to enhance the prediction of quantita-
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tive severity scores by combining multiple biomarkers and the
diagnosis of Long-COVID versus controls through the use of
machine learning techniques. Moreover, these methods enable
the estimation of the predictive diagnostic performance of multiple
variables for the diagnosis of Long COVID.

Participants and methods
Participants

The World Health Organization (WHO) criteria for Long COVID
disease [42] were followed by experienced clinicians when recruit-
ing patients in the present study. Based on these criteria, patients
with long COVID are those who suffered from a verified COVID-
19 infection and experienced at least two of the following symp-
toms for at least two months after the initial infection: fatigue,
memory or concentration difficulties, muscle discomfort, loss of
olfactory or gustatory senses, emotional distress, and cognitive
dysfunction. These symptoms may persist beyond the initial acute
phase of the illness or become apparent 2-3 months following the
initial infection. Subsequently, we recruited 90 patients with Long
COVID and 90 healthy controls. Two distinct research methodolo-
gies and study samples were applied in the study. The first part
(Part 1) is a retrospective case-control study design encompassing
58 Long COVID patients and 14 normal controls to delineate the
impact of PBT and SpO2 during the acute phase of illness on the
autoimmune biomarkers and the associations between the latter
and neuropsychiatric rating scales. In addition, the duration of
the acute infectious phase on the biomarkers and their effect on
the symptoms of Long COVID were examined. To investigate the
relationship between biomarkers and diagnosis (long COVID ver-
sus healthy controls), a second case-control study (Part 2) was car-
ried out with a sample size of 180 (90 Long COVID and 90 controls).

Part 1 of the study included Iraqi participants whose acute
COVID-19 stage was diagnosed by professional virologists and clin-
icians. Those participants sought medical care from various health-
care facilities, including Imam Sajjad Hospital, Hassan Halos Al-
Hatmy Hospital for Infectious Diseases, Middle Euphrates Oncol-
ogy Center, Al-Najaf Educational Hospital, and Al-Sader Medical
City, all located in Najaf, Iraq. The Long COVID patients included
here showed persistent characteristics of Long COVID symptoms
extending for 12-16 weeks or more and suffered before from acute
infection as diagnosed using the presence of fever, cough, respira-
tory distress, and anosmia or ageusia, an affirmative reverse tran-
scription real-time polymerase chain reaction (rRT-PCR) test, and
the detection of IgM antibodies against SARS-CoV-2 during the ini-
tial phase of the disease. Control participation was not accepted if
controls showed a) indications reminiscent of COVID-19 or any
other infectious ailment, b) a confirmatory rRT-PCR test result, or
heightened levels of IgM antibodies against SARS-CoV-2. Moreover,
we excluded all subjects who reported a lifetime history (previous
to COVID-19 infection) of major depressive episodes, bipolar disor-
der, dysthymia, generalized anxiety disorder, panic disorder,
schizo-affective disorder, schizophrenia, psycho-organic syn-
dromes, substance use disorders (except nicotine dependence)
and CFS. Additionally, patients and controls with neuro-immune,
autoimmune, and immune-related conditions, encompassing
Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, stroke,
psoriasis, chronic kidney disease, Chronic obstructive pulmonary
disease (COPD), and scleroderma were not eligible to participate.
Lactating or pregnant women were also not considered for
inclusion.

Fifty-four COVID patients who were investigated in Cyrex Lab-
oratory in California were recruited for part 2 of this study. Those
patients were primarily admitted with symptoms of fatigue, cogni-
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tive impairment, neurocognitive deterioration, dyspnea, headache
or vertigo, sleep disturbances, persistent cough, thoracic discom-
fort, musculoskeletal pain, gastrointestinal complications, and
menstrual irregularities that minimally lasted for 3 months beyond
their acute COVID-19 stage. Everyone was tested for elevated
levels of IgG antibodies against the spike protein and nucleoprotein
of SARS-CoV-2. Furthermore, Innovative Research, located in Novi,
Michigan, provided 76 control sera samples from pre-COVID indi-
viduals free of known health conditions. Additionally, it has been
confirmed that they weren’t infected with human immunodefi-
ciency virus (HIV) and hepatitis C. SARS-CoV-2 IgG antibody
obtained from Zeus Scientific was employed to verify that all con-
trol samples show negative tests. All serum samples were pre-
served at —20 °C pending their utilization in the antibody tests.

The Islamic University of Najaf in Iraq’s College of Medical Tech-
nology Ethics Committee gave its consent for this research to be
conducted (Document No: 34/2023). All participants, or their legal
representatives, gave written informed consent prior to being
included in the study. The study’s design and implementation
adhered to the International Conference on Harmonization of Good
Clinical Practice standards, the Belmont Report, the Council of
International Organizations of Medicine (CIOMS) Guideline, and
Iraqi and global ethical and privacy regulations. The institutional
review board of our institution aligns with the International Guide-
lines for the Conduct of Safe Human Research (ICH-GCP).

Clinical measurements

A professional psychiatrist interviewed all participants in study
1 around 3-4 months after recovery from the acute phase of SARS-
CoV-2 infection. Data, including socio-demographic and clinical
features, were obtained in this interview from individuals who par-
ticipated in this study. The same psychiatrist employed the Fibro-
Fatigue scale to assess the severity of CSF [43]. The severity of
depressive symptoms was evaluated utilizing two established
measures, namely the Hamilton Depression Rating Scale [44] and
the Beck Depression Inventory-II (BDI) [45]. The Hamilton Anxiety
Rating Scale (HAMA) [46] was employed to examine severity of
anxiety symptoms. The severity of the Long COVID phenome was
ascertained by deriving a z unit-based composite score, formulated
as z HAMD + z HAMA + z BDI, denoted as Comp_affective. Diagnos-
tic criteria for Tobacco Use Disorder (TUD) were obtained from the
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5). The body mass index (BMI) was calculated by taking an
individual’s weight (expressed in kilograms) and dividing it by
the square of their height (measured in meters). Medical records
were examined by clinicians to retrieve SpO2, PBT, and duration
of illness of patients. Using a digital sublingual thermometer with
an audible signal and an electronic oximeter, both manufactured
by Shenzhen Jumper Medical Equipment Co. Ltd., a skilled
paramedical specialist recorded these readings. The was estimated
from their medical records.

Assays

Early in the morning (7:30-9:00 a.m.), five mL of venous blood
samples were taken from fasting participants, which were then
transferred into clear, sterile serum tubes while omitting any
hemolyzed sample. Following a ten-minute clotting period, the
samples underwent centrifugation for five minutes at a rotational
speed of 3000 revolutions per minute (rpm). Subsequently, the
resultant serum was meticulously transferred into multiple new
Eppendorf tubes. The CRP latex slide test, a product manufactured
by Spinreact® in Barcelona, Spain, was utilized to conduct mea-
surements of CRP in human serum. The advanced oxidation protein
products (AOPP) in serum were quantified using enzyme-linked
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immunosorbent assay (ELISA) kits from Nanjing Pars Biochem Co.,
Ltd. in Nanjing, China. The computation of the Homeostatic Model
Assessment for Insulin Resistance (HOMA2-IR) was carried out by
HOMA?2 calculator accessible at https://www.dtu.ox.ac.uk/
homacalculator, which serves as a metric for evaluating insulin
resistance, involved the utilization of fasting insulin and serum
glucose levels.

Antigens

MBP was purchased from Sigma-Aldrich (St. Louis, MO, USA),
while Bio-Synthesis (Lewisville, TX, USA) synthesized the MOG
peptide. Additionally, NFP and synapsin were obtained from Bio-
Techne R & D Systems (Minneapolis, MN, USA) and Antibodies
(Limerick, PA, USA), respectively. Cerebellar protein-2 (CP2) was
purchased from CUSABIO (Houston, TX, USA) and o and B tubulin
from Abcam (Cambridge, MA, USA). The two major BBD proteins,
claudin-5 and S100B, were synthesized by Bio-Synthesis® (Lewis-
ville, TX, USA).

Antibody measurements

ELISA was employed to detect serum antibodies directed
against neuronal antigens, including tubulin, BBD, cerebellar-
protein-2, MBP, MOG, NFP, and synapsin. A multiple step proce-
dure was used: a) proteins and peptides were solubilized using a
Tris buffer with a pH of 7.2. Subsequently, 100 ml of each solution
was allocated to microwell plates in concentrations varying
between 0.5 and 1 pg, using a 0.1 M carbonate buffer with a pH
of 9.6; b) these plates were subjected to incubation at ambient
temperature (25 °C) for 16 h, followed by a cooling period of 8 h;
c) post removal of the plate contents, a triple wash was conducted
using a 250 ml solution consisting of (0.01 M PBS with a pH of 7.4
and 0.05 % Tween 20); d) to counteract the non-specific adherence
of serum immunoglobulins, the plates were re-incubated post the
addition of 250 ml of a solution, which comprised 2 % bovine
serum albumin (BSA) and 2 % dry milk in the PBS buffer to each
well; e) following washing the microtiter plates four times with
PBS buffer, we added serum dilutions of 1:100 for IgG and IgM
antibodies and 1:50 for IgA antibodies to duplicate wells; f) after
a one-hour incubation at 25 °C, the ELISA plates underwent a quin-
tuple wash with PBS buffer. Alkaline phosphatase-labeled anti-
human IgG (diluted 1:800), anti-human IgM (diluted 1:600), and
anti-human IgA (diluted 1:200) antibodies were then diluted and
100 ml of each were introduced to the pertinent plate sets; g) fol-
lowing additional washing, 100 ml of the substrate was added, and
the color development was arrested using 50 ml of 1 N NaOH. A
designated ELISA reader, calibrated to 405 nm, read the color
intensity. Sera from Long COVID patients with recognized antibody
titers were employed as positive controls. At the same time, wells
coated with BSA, human serum albumin (HAS), and fetal bovine
serum functioned as negative controls or blanks. The ELISA optical
density (OD)s was translated to indices after the deduction of the
background OD from both the sample and calibrator ODs, utilizing
a specific formula outlined below:

OD of sample — OD of negative control

Antibody ELISA index = OD of calibrator — OD of negative control

As described by Vojdani et al. [16] we assayed IgA/IgM/IgG
levels to the SARS-CoV-2, HHV-6, HHV-6-duTPAse, Epstein-Barr
Virus (EBV), and activin-A. In the current study, we used the most
important predictors, which were established by Vojdani et al.
(2023), in order to improve the prediction of Long COVID and its
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phenome based on the neuronal biomarkers measured in the cur-
rent study, namely IgG-SARS-CoV-2, IgG-HHVG6, IgA-Activin A and a
principal component extracted from IgA directed to SARS-CoV-2,
HHV-6, HHV6-duTPase, EBV, and EBV- duTPase. The latter index
of IgA protection against viral infections is significantly decreased
in Long COVID [16].

Statistical analysis

In the current study, we conducted an analysis of variance
(ANOVA) to compare continuous variables among study groups,
while a contingency table analysis compared category variables.
Pearson’s correlation coefficients were used to analyze the rela-
tionships between IgA/IgM/IgG and neuro-psychiatric symptoms
scales, PBT and AOPP. Our study employed binary logistic regres-
sion analysis to assess the relationship between IgA/IgG/IgM
responses and Long COVID diagnosis, using healthy controls as
the reference category. In these analyses, we have adjusted for
potential confounders such as age, sex, and study location. We
computed B (standard error, SE), Wald statistics with p-values,
the Odds ratio with 95 % confidence intervals (CI), the classification
table, and Nagelkerke pseudo-R square (used for estimating the
effect size). The continuous data from the rating scale scores were
predicted using neural networks with the biomarkers as indepen-
dent variables. To determine the primary predictors of CFS and
affective symptoms in Long COVID, we conducted multivariate
regression analyses while adjusting for age, gender, and BMI. A
stepwise automated approach was employed, with p-values of
0.05 and 0.10 serving as entry and exclusion criteria, respectively.
Key model metrics, such as F, df, and p-values, along with the total
variance (R?) and standardized beta coefficients, were calculated.
We evaluated the variance inflation factor (VIF) and tolerance to
address potential collinearity issues. To evaluate heteroskedastic-
ity, we utilized the White and modified Breusch-Pagan tests. All
tests adopted a significance threshold set at a p-value of 0.05 and
were conducted in a two-tailed manner.

Our multilayer perceptron neural network models used the
most important IgG, IgM, and IgA responses to the antigens,
together with age, gender, education level, AOPP, HOMA2-IR, and
CRP values as input variables. Up to eight nodes were used in an
automated feedforward network model with one or two hidden
layers. The models were trained using a maximum of 250 epochs
in a batch-type training session. The termination criterion was
established based on a consecutive step failing to reduce the error
term further. The error, relative error, and the proportion of mis-
classifications were computed, or we computed the models’ pre-
dictive precision through the coefficient of determination (R?)
comparing predicted versus observed values. The significance
and relative prominence of the input variables were evaluated
and represented in an importance chart.

For feature reduction purposes, Principal Component Analysis
(PCA) was applied. A Principal Component (PC) was deemed vali-
dated when the explained variance (EV) reached or exceeded
50 %, the anti-image correlation matrix was satisfactory, factorabil-
ity indicators were appropriate with a Kaiser-Meyer-Olkin (KMO)
value surpassing 0.65, Bartlett’s test of sphericity was significant,
and all PC loadings exceeded 0.7. The latest Windows version of
IBM'’s SPSS program (SPSS 29) was used for all statistical tests.

G*Power 3.1.9.7 was used to perform an a priori power analysis,
which shows that 126 subjects are needed as a minimum sample
size to detect differences in a chi-square test, assuming an effect
size of 0.25, a significance level (p) of 0.05, a power of 0.8, and
degrees of freedom (df) of 1.
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Results
Socio-demographic and clinical characteristics of Long COVID

Table 1 in our study delineates the socio-demographic details,
PBT, Sp0O2, and the duration of the acute COVID phase in patients
with Long COVID versus controls. Additionally, it presents scores
from diverse psychiatric evaluations and biomarker assessments,
encompassing FF, HAMA, HAMD, BDI, CRP, AOPP, and HOMA2-IR
index. Except for residence, there were no statistically significant
differences in the social-demographic features across the research
groups. In their acute infection stage, patients exhibited a signifi-
cant increase in PBT and a marked decrease in SpO2 compared to
the control group. In the Long COVID cohort, the mean duration
of the acute infectious phase was 14.1 days (standard deviation,
5.6 days). Individuals diagnosed with Long COVID exhibited signif-
icantly elevated mean scores on the FF, HAMA, BDI, and HAMD
scales. Additionally, those patients demonstrated increased CRP,
AOPP, and HOMAZ2IR concentrations compared to the healthy con-
trol group.

Association between Long COVID disease and autoimmune mediators

We utilized binary logistic regression analysis to determine the
most prominent variables in predicting the occurrence of Long
COVID disease. Our study’s dependent variable was Long COVID
diagnosis, with the control group as the reference group. The inde-
pendent variables included in this study were the IgA, 1gG, and IgM
responses to the neuronal antigens. Statistical adjustments were
performed to account for age, sex, and research site, as outlined
in Table 2. Regression #1 shows that IgG-Tubulin is significantly
and positively associated with Long COVID disease with an effect
size of 0.064. IgM-BBD (regression #2) has a significant positive
association with Long COVID disease with an effect size of 0.085.
Regression #3 and #4 reveal that Long COVID showed significant
and positive associations with IgA and IgM against CP2, and the
effect sizes were 0.049 and 0.028, respectively. Long COVID disease
is significantly and positively associated with IgG and IgM against
MBP, as shown in regression #5 and #6 with effect sizes of 0.152
and 0.216, respectively. Regressions #7 and #8 show that IgG
and IgM (with effect sizes 0.143 and 0.061, respectively) directed
at MOG have positive significant associations with Long COVID dis-
ease. Our results (regression #9, #10 and #11) indicate that IgA,
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IgM, and IgG at synapsin have positive and significant associations
with Long COVID disease, with effect sizes of 0.073, 0.080 and
0.049, respectively. Fig. 1 shows the significant increases in IgA,
IgM, and IgG towards synapsin in patients with Long COVID versus
healthy controls. We have computed the sum of all IgA and IgG OD
values to neuronal antigens and used these as an overall index of
brain reactive autoantibodies (IgA-BRA and IgG-BRA). IgG-BRA in
regression #12 was significantly and positively associated with
Long COVID disease, with 0.080 as the effect size.

Multivariate binary regression analysis (regression #13) shows
that IgG and IgM against MBP are the best predictors of Long
COVID with an overall effect size of 0.303. Furthermore, another
multivariate binary regression analysis which includes all IgG/
IgM/IgA levels measured in our previous study [16] (regression
#14) indicates that a model encompassing 1gG-MBP, IgM-MBP,
IgG-SARS-CoV-2, 1gG-HHV6 and IgA-Activin A (all positively asso-
ciated), combined with IgA to viral antigens (negative association)
was the most robust predictor for Long COVID disease, exhibiting a
substantial effect size of 0.646. Age, sex, and research site were not
significant in any of the above regression analyses.

Intercorrelations between neuronal autoantibodies and the Long
COVID phenome

Table 3 displays that PBT has significant and positive correla-
tions with IgA-tubulin, IgA-BBD, IgA-CP2, IgA-MBP, IgG-MBP, IgA-
MOG, IgG-MOG, IgA-NFP, IgA-synapsin, and IgA-BRA. We found
that IgG-MBP and IgG-MOG showed significant positive correla-
tions with the total BDI, HAMD and HAMA and FF scores. Addition-
ally, IgA-MBP showed significant positive correlations with BDI,
HAMD, and HAMA. Moreover, there are significant and positive
correlations between IgA-CP2 and BDI and HAMA. 1gG-BRA showed
positive and significant correlations with HAMA and FF, while IgG-
synapsin displayed a significant positive correlation with the
HAMA score. We also detected that the IgM-SARS-CoV-2 and
IgM-HHV-6 antibodies were significantly correlated (p < 0.05) with
IgA, 1gG and IgM directed at tubulin, IgG/IgM-BBD, IgA/IgG/IgM-
CP2, IgM-MOG, IgA/IgM-NFP, IgG/IgM-synapsin, and IgG-BRA.

Neuronal autoimmune responses predict the phenome of Long COVID

Table 4 presents the results of multiple regression analyses with
FF, BDI, HAMD and HAMA scores as the dependent variables and

Table 1
Socio-demographic and clinical data, body temperature, oxygen saturation (Sp02), and neuro-psychiatric rating scales in healthy controls (HC) and Long COVID patients.
Variables HC (n = 90) Long COVID (n = 90) F/X2 df p-value
Age (Years) 38.24(13.02) 34.67(14.53) 3.005 1/178 0.085
Gender (M/F) 52/38 40/50 3.20 1 0.074
BMI (m?/Kg) 25.36(2.41) 25.54(3.40) 0.035 1/70 0.852
Marital state (Y/N) 8/6 25/33 0.895 1 0.344
Smoking (N/Y) 9/5 40/18 0.114 1 0.483
Residency (R/U) 0/14 15/43 4.57 1 0.032
Education (years) 15.6(1.6) 15.7(1.5) 0.089 1/70 0.767
Peak body temperature (‘C) 36.87(0.11) 38.05(0.82) 28.67 1/70 <0.001
Oxygen saturation, SpO2 (%) 96.28(1.20) 91.05(3.35) 32.68 1/70 <0.001
FF-Total 8.9(3.1) 26.1(11.9) 28.22 1/70 <0.001
Comp_affective (z score) —1.083(0.241) 0.262(0.935) 28.23 1/70 <0.001
HAMA-Total 6.9(3.5) 15.0(8.0) 13.90 1/70 <0.001
BDI-Total 11.1(4.1) 24.7(7.3) 45.10 1/70 <0.001
HAMD-Total 7.9(3.2) 17.2(5.0) 43.86 1/70 <0.001
CRP (mg/L) 5.07(0.27) 7.25(3.83) 4.50 1/70 0.037
AOPP (uM) 0.82(0.22) 1.64(1.16) 6.81 1/70 0.011
HOMA2-IR 1.28(0.23) 1.67(0.57) 6.34 1/70 0.014

Results are shown as mean (SD). R: Rural, U: Urban, SpO2: Oxygen saturation, FF: Fibro Fatigue scale, Comp_affective: composite reflecting severity of affective symptoms due
to Long COVID, HAMA: Hamilton anxiety rating scale, BDI: Beck Depression Inventory, HAMD: Hamilton Depression rating scale, CRP: C-reactive protein, AOPP: advanced
oxidation protein products, HOMA2-IR: Homeostatic Model Assessment for Insulin Resistance.
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Table 2
Results of binary logistic regression analysis with the diagnosis Long COVID as dependent variable (heathy controls as reference group).

Regression Number Explanatory Variables B SE Wald P OR 95 % CI

1 IgG-Tubulin 0.384 0.138 7.758 0.005 1.468 1.121; 1.924

2 IgM-BBD 0.477 0.140 11.570 <0.001 1.611 1.224; 2.121

3 IgA- Cerebellar-protein-2 0.319 0.146 4775 0.029 1.375 1.033; 1.830

4 IgM-Cerebellar-protein-2 0.413 0.142 8.476 0.004 1.512 1.145; 1.997

5 1gG-MBP 0.855 0.193 19.563 <0.001 2.351 1.610; 3.433

6 IgM-MBP 1.022 0.189 29.385 <0.001 2.778 1.920; 4.020

7 1gG-MOG 0.764 0.170 20.144 <0.001 2.147 1.538; 2.998

8 IgM-MOG 0.370 0.137 7.293 0.007 1.447 1.107; 1.893

9 IgA-Synapsin 0.495 0.166 8.905 0.003 1.640 1.185; 2.271

10 IgG-Synapsin 0.278 0.131 4.487 0.034 1.321 1.021; 1.708

11 IgM-Synapsin 0.303 0.134 5.084 0.024 1.354 1.040; 1.762

12 IgG-BRA 0.475 0.148 10.323 0.001 1.608 1.203; 2.148

BEST PREDICTION USING ALL IgA/IgG/IgM data at neuronal proteins

13 IgG-MBP 0.798 0.198 16.171 <0.001 2.221 1.505; 3.277
IgM-MBP 1.035 0.199 27.072 <0.001 2.815 1.906; 4.157

BEST PREDICTION USING ALL IgA/IgG/IgM data at neuronal proteins and other

14 IgG-MBP 0.782 0.287 7.445 0.006 2.186 1.246; 3.833
IgM-MBP 1.501 0.284 27.865 <0.001 4.487 2.570; 7.836
IgG-SARS-CoV-2 0.899 0.229 15.402 <0.001 2.457 1.568; 3.848
IgG-HHV6 0.537 0.252 4.543 0.033 1.712 1.044; 2.805
IgA-Activin A 1.869 0.312 35.773 <0.001 6.480 3.513; 11.956
IgA to viral antigens —2.282 0.340 44,954 <0.001 0.102 0.052; 0.199

OR: Odd’s ratio, 95 CI: 95 % confidence intervals, Ig: Immunoglobulin.

BBD: blood-brain-barrier and brain damage; MBP: myelin basic protein; MOG: myelin oligodendrocyte glycoprotein; BRA: overall index of brain reactive autoantibodies;

HHV-6: Human Herpervirus-6.
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Fig. 1. Differences in immunoglobulins IgM, IgA and IgG levels directed against synapsin between Long COVID disease patients and healthy controls.

immunological markers, AOPP, CRP, HOMAZIR, age, seX, and educa-
tional level as the independent variables. Regression #1 shows that
a large proportion of variance (41.7 %) in FF scores could be pre-
dicted by CRP, IgG-MOG and AOPP (all positively associated).
Fig. 2 shows the partial regression of the FF score on IgG-MOG. A
significant part of the variance in BDI scores (37.4 %) could be pre-
dicted by CRP, IgA-MBP, education and IgG-MOG (all were posi-
tively associated), as shown in regression #2. We also found in
regression #3 that both CRP and IgG-MOG, which are positively
associated, could significantly predict 36.6 % of the variance in
HAMD scores. Regression #4 reveals that IgA-MBP, CRP and educa-

tion could predict a part of the variance in HAMA scores (30.4 %).
Fig. 3 shows the partial regression of the total HAMA score on
IgA-MBP.

Results of neural network analysis

We also examined the influence of the neuronal autoimmune
responses, inflammatory and oxidative stress biomarkers, age,
seX, and education on the CFS and affective symptoms of Long
COVID using neural network analysis. Table 5 (NN#1) utilizes the
FF score as the dependent variable. In this model, both the hidden
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Table 3

Intercorrelation matrix between brain reactive autoimmunity and peak body temperature (PBT) and neuro-psychiatric rating scales.
Biomarkers PBT BDI HAMD HAMA FF
IgA-tubulin 0.247* 0.144 0.071 0.117 0.101
IgA-BBD 0.309" 0.142 0.036 0.162 —0.059
IgA-cerebellar-protein-2 0.391" 0344 0.221 0.263* 0.075
IgA-MBP 0.470" 0.395" 0.262* 0.375" 0.197
IgG-MBP 0.240" 0316 0.282* 0.278* 0.262"
IgA-MOG 0330 0.188 0.055 0.174 -0.024
1gG-MOG 0.253* 0.340" 0.362" 0.363" 0.367"
IgA-NFP 0337 0.194 0.046 0.093 -0.023
IgA-synapsin 0.336 0.185 0.046 0.074 0.030
IgG-synapsin 0.073 0.057 0.095 0.246" 0.085
IgG-BRA 0.121 0.202 0.183 0.255* 0.234"
IgA-BRA 0378~ 0.221 0.080 0.151 0.035

PBT: Peak body temperature, Ig: Immunoglobulin, MOG: Myelin oligodendrocyte glycoprotein, MBP: Myelin basic protein, BBD: blood-brain-barrier and brain damage, NFP:

neurofilament protein, BRA: composite of brain reactive autoantibodies.
" Correlation significant at p < 0.01 (2-tailed).
" Correlation significant at p < 0.05 (2-tailed).

Table 4

Results of multiple regression analysis with the Fibro-Fatigue (FF), Beck Depression Inventory (BDI), Hamilton Depression (HAMD) and Hamilton Anxiety (HAMA) Rating Scale
scores as dependent variables, and Immunoglobulins (Ig) directed at neuronal proteins, C-reactive protein (CRP), and advanced oxidative protein products (AOPP) as explanatory

variables.
Dependent Variables Explanatory Variables Coefficients of input variables Model statistics
B t p R? F df P

#1. FF_Total Model 0417 16.221 3/68 <0.001
CRP 0.364 3.756 <0.001
1gG_MOG 0.341 3.632 <0.001
AOPP 0.293 3.051 0.003

#2. BDI_Total Model 0.374 10.009 4/67 <0.001
CRP 0.387 3.777 <0.001
IgA_MBP 0.254 2.468 0.016
Education 0.218 2.161 0.034
1gG_MOG 0.216 2.092 0.040

#3. HAMD Model 0.363 19.657 2/69 <0.001
CRP 0.499 5.141 <0.001
1gG_MOG 0.274 2.824 0.006

#4. HAMA Model 0.304 9.896 3/68 <0.001
IgA_MBP 0.338 3.268 0.002
CRP 0.363 3.408 0.001
Education 0.221 2.113 0.038

MOG: Myelin oligodendrocyte glycoprotein, MBP: Myelin basic protein

and output layers adopted the hyperbolic tangent as their activa-
tion functions, and the training was conducted with two hidden
layers, each containing one unit. During the training phase, the
error term was reduced, suggesting enhanced trend generalization
by the neural network model. Given the consistent relative error
terms across training, testing, and holdout samples, the model
appears to have minimized overfitting. The cross validated preci-
sion of the model (predicted versus observed value) was 0.721.
Fig. 4 illustrates the importance indicating the importances of each
input variable. The model predominantly identified IgG-MBP, CRP,
AOPP, IgA-synapsin, IgM-synapsin, and IgG-BRA as having the
strongest predictive capacities, while variables like sex, education,
and IgA-CP2 were less influential.

NN#2 shows another neural network with the Comp_affective
score (z scores based on HAMD, HAMA and BDI) as dependent vari-
able. The activation functions utilized for the hidden and output
layers in this model were hyperbolic tangent. The model was
trained using a configuration consisting of two hidden layers, each
containing 2 units. The cross-validated precision (correlation coef-
ficient indicating the relationship between the predicted and

observed values) was 0.801. Fig. 5 is a relevance chart showing
the input variables’ normalized importance. The model assigned
the most predictive power to CRP, IgM-synapsin, education, IgA-
MBP, IgG-MOG, IgA-synapsin, IgA-CP2, and IgG-MBP. On the other
hand, IgG-BRA, sex, and age showed a less significant predictive
power.

Discussion

Activated immune system and increased autoimmunity in Long COVID
disease

In the present study, the first significant finding is that Long
COVID disease is accompanied by substantial upregulated autoim-
mune, inflammatory, and oxidative processes as indicated by high
levels of autoimmune responses directed at diverse neuronal anti-
gens along with increased CRP and AOPP in patients compared to
healthy controls. These findings confirm our earlier studies that
autoantibodies against Activin A are highly elevated in Long COVID
patients, and that immune-inflammatory and oxidative/nitrosative
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Fig. 3. Partial regression of the total Hamilton Anxiety Rating Scale (HAMA) score on IgA directed at myelin basic protein (OD values).

stress pathways are also activated in these individuals
[7,8,10,12,13,16,47].

Some prior studies have reported that autoimmune reactions
targeting peripheral proteins and nucleic acids may play a role in
Long COVID [16,19,48,49]. Many patients recovering from COVID
exhibit increased IgG levels directed against several self-proteins,
notably IFN-a, histone, and centromere protein [19]. A high per-
centage of Long COVID patients have latent autoimmunity and
poly-autoimmunity [19]. Moreover, Lui et al, detected that Long
COVID patients have significantly increased antibodies against thy-
roid peroxidase [49]. Additionally, Son et al. found that 33 % of
patients had developed autoreactive IgG antibodies three months
after infection, and that over 40 % of these are anti-ds DNA and
anti-SS-B/La [48]. Autoantibodies to G protein-coupled receptors
(GPCRs) (such as alphal- and alpha2-adrenoceptors, the angioten-
sin receptor, the nociception-like opioid receptor, and the mus-
carinic M2-receptor) are detected in Long COVID disease [50].

The detection of GPCR autoantibodies is associated with decreased

peripapillary vessel density in the eye, a known indicator of micro-
circulatory health [51]. The highest autoantibody levels were seen
in patients treated in intensive care units, followed by those admit-
ted to medical wards, and finally, those who recuperated at home
[52].

Nevertheless, the current study refers explicitly to increased
autoantibodies to neuronal antigens in association with neuro-
psychiatric symptoms as clinical manifestations of Long COVID.

Prediction of Long COVID by brain reactive autoimmune responses

The second significant finding in the current study is that the
diagnosis of Long COVID disease could be externally validated by
autoimmune biomarkers (IgA/IgM/IgG) directed to different CNS
proteins and that addition of antibody levels directed to SARS-
CoV-2 (IgG and IgM), HHV-6 (IgM and IgG), and IgA to Activin A
further improve this prediction. These results indicate that the
clinical diagnosis of Long COVID could be externally validated
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Table 5
Results of neural networks (NN) with the chronic fatigue and affective symptoms of
the Long COVID as output variables and immunological parameters as input data.

Models NN#1 NN#2
Hidden Number of hidden layers 2 2
layers Activation function Hyperbolic Hyperbolic
tangent tangent
Number of units in hidden 1 2
layer 1
Number of units in hidden 1 2
layer 2
Output Dependent variable Total FF score ~ Comp_affective
layer Number of units 1 1
Activation function Hyperbolic Hyperbolic
tangent tangent
Training Error term (sum of 2.801 1.221
squares)
relative error 0.481 0.340
Testing Sum of Squares error 1.404 0.778
relative error 0.526 0.507
Holdout relative error 0.821 0.694
r value (predicted vs 0.721 0.801
observed)

FF: Fibro-Fatigue score; Comp_affective: a composite extracted from depression
and anxiety rating scale scores.

when we combine biomarkers of autoimmunity targeting CNS pro-
teins, viral persistence, and viral reactivation. These findings con-
firm the hypothesis that the pathophysiology of Long COVID
disease involves the persistence of SARS-CoV-2 infection, reactiva-
tion of dominant viruses, and autoimmunity [18]. In this study, we
employed neural network analysis and regression analysis as key
precision methodologies [40,41]. The application of neural net-
works allowed for the identification of complex, non-linear pat-
terns, while regression analysis provided insight into the
cumulative effects of biomarkers predicting different aspects of
the phenome of Long COVID. This approach not only enhanced

Journal of Advanced Research xxx (xXxx) xxXx

the robustness of our predictive modeling but also reinforced the
reliability and depth of our findings.

Moreover, we detected that many of the autoantibody levels
towards neuronal proteins were significantly predicted by the
PBT obtained during the acute infection phase. Thus, increased
PBT significantly predicted IgA levels directed at tubulin, CP2,
MBP, MOG, NFP, and synapsin, and additionally IgG directed at
MBP and MOG. Phrased differently, the severity of the inflamma-
tion during the acute phase appears to play a role in the onset of
autoimmune responses to neuronal antigens which are associated
with Long COVID disease. In this respect, it is worth mentioning
that PBT values also predict the severity of the physio-affective
phenome of Long COVID, as has been shown previously [5]. Fur-
thermore, the activated immune-inflammatory and oxidative
pathways seen in long-term COVID-19 are predicted by elevated
PBT and decreased SpO2 [8].

Moreover, we found significant correlations between increased
IgM levels to SARS-CoV-2, HHV-6 and HHV-6-duTPase (which are
all increased in Long COVID) and diverse IgM and IgG autoantibod-
ies directed to neuronal antigens. As such, our results show that
the severity of the acute phase, SARS-CoV-2 persistence and
HHV-6 reactivation all play a part in the autoimmune pathophys-
iology of Long COVID.

Autoimmune antibodies to neuronal proteins in Long COVID

MBP, integral to myelin sheaths, is pivotal in myelin develop-
ment and is often termed the “chief protein of the myelin
sheath.”[53]. Following a brain injury, MBP is liberated from the
plasma membrane and enters the extracellular matrix. Here, it
functions as an antigen and triggers inflammatory and immunolog-
ical reactions [53]. Furthermore, MBP has the potential to attach to
the outer layer of neuronal plasma membranes, leading to neuro-
toxic effects by destabilizing lipid bilayers and enhancing mem-
brane permeability. Consequently, MBP might contribute to
demyelination in post-brain injury and associated inflammatory
responses and cellular death [53]. IgG antibodies targeting MBP
exhibit hydrolytic, proteolytic, or abzyme actions against MBP,
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consequently resulting in the breakdown of the myelin sheath and
triggering immune-inflammatory responses [54,55]. Elevated
levels of autoantibodies against MOG have been detected in vari-
ous demyelinating conditions, encompassing optic neuritis, trans-
verse myelitis, acute disseminated encephalomyelitis, and
cerebral cortical encephalitis. These conditions are now collec-
tively acknowledged under the umbrella term MOG antibody-
associated diseases (MOGAD) [56]. Therefore, the current results
suggest that some subgroups of Long COVID patients may perhaps
be considered as MOGADs.

Synapsin I autoantibodies, previously identified in individuals
with neurological disorders, have been demonstrated to modulate
synaptic transmission and influence neuronal synaptic density
[57]. It has been reported that motor impairment, intellectual inca-
pacity, and epilepsy are the principal clinical signs of a wide range
of brain abnormalities caused by mutations in tubulin genes. These
disorders manifest as aberrant neuronal migration, structure, dif-
ferentiation, and axon guidance [58].

Autoimmune-inflammatory responses predict the phenome of Long
CovID

The third significant finding of this study is that the severity of
the physio-affective phenome of Long COVID disease, as defined by
CFS, depression, and anxiety symptoms, could be significantly pre-
dicted by IgA/IgG/IgM responses against neuronal proteins, and
increased serum CRP and AOPP levels. Increased CRP, IgA-MBP,
and IgG-MOG explain a large part of the variance in the physio-
affective phenome of Long COVID, 3-6 months after COVID
recovery.

Previous papers have observed the presence of autoimmunity in
CFS, depression, and anxiety [59-63]. More importantly, damage to
neuronal antigens has been established in major depression [27]
and ME/CFS [25], two major dimensions of Long COVID. Alterations
in oB-tubulin dimers and y-tubulin have been implicated in brain
malformations and are recognized contributors to cognitive dys-
functions [64,65], which are other features of depression and ME/
CES (brain fog). Individuals with longstanding CFS have signifi-
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cantly higher levels of antibodies directed at microtubulin-
associated protein-2 [29]. In MDD and schizophrenia, the observed
interruption of physiological connections within the brain result-
ing from obligatory anomalous cytoskeletal organization was
attributed to post-translational modification alterations of tubulin
[66]. Interestingly, neuropsychiatric systemic lupus erythematosus
patients show significantly elevated antibodies against a-tubulin
[67].

In summary, the physio-affective phenome of Long COVID dis-
ease is accompanied by activation of immune-inflammatory
responses, SARS-CoV-2 persistence, HHV-6 reactivation which
together may lead to the formation of autoantibodies targeting
neuronal proteins [18].

These findings indicate that patients with Long COVID disease
are prone to increased neurotoxicity, as indicated by increased
autoimmune responses to CNS antigens, probably as a conse-
quence of infection (either persistence or reactivation), increased
inflammation, and oxidative stress toxicity [8]. As such the devel-
opment of neurodegenerative disease in people with Long COVID
[22] may be explained, in part, by the increased autoantibodies
directed to numerous CNS regions. In this respect, a recent meta-
analysis discovered a link between SARS-CoV-2 infection and the
onset of dementia, Parkinson’s disease, and Alzheimer’s disease
in people who have recovered [68].

Numerous studies have shown that various routine pathological
biomarkers are notably elevated in patients with Long COVID.
These include hematological indicators such as an increased
neutrophil-to-lymphocyte ratio and higher counts of leukocytes,
neutrophils, monocytes, basophils, and platelets [69]. Moreover,
coagulation markers, such as elevated fibrinogen levels, D-dimer,
and prolonged prothrombin time, have been frequently reported
[69-71]. Evidence also points to markers of liver damage [71],
alongside increased CRP levels and imbalances in the IRS/CIRS ratio
[72]. Elevated troponin levels [ 73], abnormal lipid profiles [74], and
markers indicative of insulin resistance and hyperglycemia [11,75]
further highlight the extensive range of pathological abnormalities
observed in LC. Future research should investigate whether these
biomarkers significantly enhance the prediction of a Long COVID
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diagnosis or the various aspects of the phenome as defined by the
autoimmune biomarkers included in this study.

Limitations

When evaluating the present findings, it’s essential to recognize
specific constraints. It would be more essential to follow up the
patients to examine the possible consequences of the autoimmune
responses. Future studies should examine other autoantibodies to
neuronal self-antigens in Long COVID and the same panel in the
acute stage of COVID illness. Given that autoimmune reactions
against lipid-derived neoepitopes (oxidatively modified neoepi-
topes) resulting from oxidative stress were recently reported in
affective disorders and ME/CFS [63,76], studies addressing this
kind of autoimmune responses would be highly significant. While
physical symptoms such as dyspnea, chest discomfort, palpita-
tions, and gastrointestinal disturbances are frequently reported
among Long COVID patients [77], the current study did not explore
the potential associations between these symptoms and autoim-
mune biomarkers. Nevertheless, in a new prospective cohort study
performed in patients who suffered from acute COVID-19 infection
(Maes et al., to be submitted), we detected that, six months after
the acute infection, the severity of affective and CFS symptoms
was strongly related (r = 0.8) to physical symptoms including dys-
pnea and chest discomfort.

Conclusions

The current study provides the first evidence indicating that
autoimmune responses directed at neuronal proteins play a key
role in Long COVID disease. Brain reactive autoantibodies directed
at MBP, MOG, tubulin, CP2, and synapsin are elevated in patients
with Long COVID disease indicating a neuro-autoimmune patho-
physiology of this condition. The severity of the physio-affective
phenome (CFS, depressive and anxiety dimensions), which repre-
sents a major dimension of Long COVID, is significantly predicted
by increased IgM/IgA-synapsin, IgA/IgG-MBP, IgG-MOG, and CRP
and AOPP levels. The current study is a proof of concept and mech-
anism study that autoimmune, inflammatory, and oxidative
responses play a significant role in the pathophysiology of Long
COVID disease, and in the CFS and affective symptoms (the
physio-affective phenome) due to Long COVID.

Our findings highlight the pivotal role of immune-inflammatory
responses in LC and align with evidence-based psychiatry’s focus
on integrating biological markers for guiding diagnosis and treat-
ment [78]. By addressing the fundamental pathways that connect
immunological dysregulation to psychiatric disorders, such inte-
gration enhances clinical practice.
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