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ABSTRACT

Post-COVID-19 condition, such as Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and Fibro-
myalgia (FM), are characterized by fatigue, pain, shortness of breath, sleep disturbances, cognitive dysfunction
and other symptoms, heavily impacting on patients daily functioning. Moreover, over half of patients end up
fulfilling ME/CFS and/or FM clinical criteria after a few months of SARS-CoV-2 infection. Expression of the toxic
human endogenous retrovirus (HERV)-W ENV protein can be induced by viral infection and HERV-W detection
was correlated with acute COVID-19 severity and found significantly expressed in post-COVID-19 condition. This
study shows that HERV-W ENV may also be present in prepandemic cases of ME/CFS, FM or co-diagnosed with
both clinical criteria, suggesting viral participation in these chronic diseases. To learn whether associated
antiviral mechanisms may also show differing patterns of immunological responses, we measured IgM, IgG, IgA
and IgE antibody isotypes against SARS-CoV-2 spike and nucleocapsid antigens, the levels of IL-6, IL-8, IL-10,
IFNy and TNFa cytokines, the level of NfL, a neural damage biomarker, as well as some blood cell markers
potentially related with fatigue. Importantly, some of the measured variables showed a capacity to discriminate
post-COVID-19 condition cases from all other participants, with 100 % sensitivity and up to 71.9 % specificity
providing a new tool for a differential diagnosis between diseases or syndromes with so many overlapping
clinical symptoms. Interestingly, the detected markers showed moderate-to-strong correlations with patient
symptoms pointing at novel therapeutic opportunities.

1. Introduction

Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) (ICD-11, code
8E49) (Sukocheva et al., 2022; Unger et al., 2024) and Fibromyalgia

Post-COVID-19 condition (ICD-11 code RA02), also known as Long
COVID, is a post-viral syndrome first described by Soriano et al., in
September 2020 (Soriano et al., 2022). It is characterized by a wide
range of debilitating symptoms, including fatigue, pain, shortness of
breath, sleep disturbances, and cognitive dysfunction, significantly
impairing patients’ daily functioning (Venkatesan, 2021). This chronic
idiopathic condition triggered by SARS-CoV-2 infection lacks diagnostic
biomarkers and current treatments are palliative and focused on alle-
viating  symptoms, resembling the scenario of Myalgic
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(FM) (ICD-11, code MG30.01) (Khoja et al., 2024). In fact, over 50 % of
patients diagnosed with post-COVID-19 condition eventually meet the
diagnostic criteria for ME/CFS (Dehlia and Guthridge, 2024) and/or FM
(Khoja et al., 2024) after several months of illness progression. An
additional aspect that further complicates the diagnosis of these patients
is the frequent co-appearance of ME/CFS and FM, with co-diagnosis
rates reaching at or over 50 % of the cases (Giménez-Orenga et al.,
2022; Natelson, 2019) posing significant challenges for healthcare
systems.
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Prior to the COVID-19 pandemic, the estimated prevalence of ME/
CFS ranged from 0.17 to 0.89 % of the general population (Lim et al.,
2020), and it was over 2 % for FM (Clauw, 2014; Lim et al., 2020),
affecting preferentially women by at least 1.5 (female/male ratio) (Chen
et al., 2022; Clauw, 2014; Fors et al., 2024; Lim et al., 2020). In the
aftermath of the widespread global infection by SARS-CoV-2 and with
estimates of 10 % or more of infected individuals that will develop
chronic symptoms (Chen et al., 2022), the future epidemiological
landscape of these chronic conditions remains uncertain. Furthermore,
the continuous appearance of novel SARS-CoV-2 variants, the estab-
lished presence of flu-seasonal viruses, and the increased exposure of the
population to other infectious agents due to globalization, highlights the
urgency to understand why and how some individuals fail to fully
recover following infection.

Similar to other viral-triggered diseases such as Multiple Sclerosis
(MS), patients with post-COVID-19 express the toxic envelope protein of
the human endogenous retrovirus (HERV-W ENV) (Bjornevik et al.,
2022; Charvet et al., 2023; Giménez-Orenga et al., 2022). Moreover,
SARS-CoV-2 has been shown to activate HERV expression (Marston
et al., 2021) and HERV-W ENV levels correlated with patient severity in
the acute phase (Balestrieri et al., 2021; Petrone et al., 2023), suggesting
a detrimental contribution to the response in certain individuals. Beyond
SARS-CoV-2 and the MS-associated Epstein-Barr virus, other viral in-
fections have also been linked to aberrant HERV expression (Macchietto
et al., 2020) by mechanisms affecting, at least partly, epigenetic ho-
meostasis (Chen et al., 2023; Giménez-Orenga and Oltra, 2021), which,
if unreversed, may lead to a chronic state of the host (Giménez-Orenga
and Oltra, 2021; Ovejero et al., 2020).

Upregulation of HERV expression for the Long COVID-related ME/
CFS and FM diseases had also been reported at the transcriptional level
(Ovejero et al., 2020; Rodrigues et al., 2019; Giménez-Orenga et al.,
2025). Furthermore, preliminary findings by our group showed that
HERV-W ENV is also overexpressed in some pre-pandemic cases of
ME/CFS at the protein level (Giménez-Orenga et al., 2022) raising the
possibility of a common mechanism triggered by viral infections in
susceptible individuals, leaving the host in a prolonged state of immune
activation while driving multi-symptom illness, name it post-COVID-19
condition, ME/CFS or FM.

To further investigate molecular similarities and/or differences that
that could aid in the subtyping or stratification of patients affected by
one or more of these three diseases, we extended our studies to the
analysis of HERV-W ENV soluble oligomeric protein circulating in the
serum of 193 post-pandemic females. This included 147 patients either
diagnosed with post-COVID-19 condition (n = 33), ME/CFS (n = 12),
FM (n = 42), or co-diagnosed with MECFS and FM (n = 60); and 46
matched healthy female controls. In this same cohort we measured
SARS-CoV-2 antigenemia (IgM, IgG, IgA and IgE), circulating levels of
selected cytokines (IL-6, IL-8, IL-10, IFNy and TNFa) and concentration
of neurofilament light chain (NFL), a marker of neural damage. All
potentially relevant factors to characterize a chronic post-viral status. In
addition, we measured red blood cell markers, previously reported as
altered in some COVID-19 cases (Lechuga et al., 2023) to explore
possible correlations with infection-associated molecular markers.

The results confirmed detection of HERV-W ENV antigenemia in
subgroups of patients across all four patient study groups (post-COVID-
19 condition, ME/CFS, FM and co-diagnosis) with the highest expression
observed in post-COVID-19 condition. Importantly some of the
measured variables showed ability to discriminate post-COVID-19 con-
dition cases from all other participants, achieving 100 % sensitivity and
up to 71.9 % specificity thereby providing utility for its differential
diagnosis. Interestingly, the detected markers showed moderate-to-
strong correlations with patient symptoms supporting their relevance
to disease mechanisms.
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2. Materials and Methods
2.1. Study design

This cross-sectional observational study involves the analysis of
platelet-poor plasma from 193 post-pandemic adult female donors to
measure HERV-W ENV protein levels and assess their association with
SARS-CoV-2 serology, cytokine levels, and neurofilament light chain
(NFL), as well as their correlation with associated clinical data. Partic-
ipant study groups consisted of post-COVID-19 condition cases (n = 33),
patients having received diagnosis of ME/CFS (n = 12), FM (n = 42), or
both (n = 60), in addition to matched healthy controls (n = 46). Clinical
diagnosis for ME/CFS and FM preceded COVID-19 pandemia and com-
plied Canadian (Carruthers et al., 2003) and/or International criteria
(Carruthers et al., 2011), and/or American College of Rheumatology
(ACR) 2011 criteria (Wolfe et al., 2010), respectively. It must be high-
lighted that all ME/CFS, FM and co-diagnosed cases had received clin-
ical diagnosis before pandemia even though all samples were collected
post-pandemia. Each participant donated about 10 ml of blood under
fasting conditions, having dropped all medication or supplements at
least 12 h before venipuncture. Reasons for exclusion included preg-
nancy, diagnosis of autoimmune disease, or receiving chronic treatment
with monoclonal or immunomodulatory or immunosuppressive drugs,
including systemic corticosteroids. Patients filled standard validated
questionnaires including FIQ (Fibromyalgia Impact Questionnaire)
(Burckhardt et al., 1991; Rivera and Gonzalez, 2004), MFI (Multi Fa-
tigue Inventory) (Smets et al., 1995), for assessment of pain and fatigue
related domains, SF-36 (McHorney, Ware and Raczek. 1993) for quality
of life, and COMPASS-31 (Sletten et al., 2012) for evaluation of dysau-
tonomia. In addition, a small aliquot of patient donations was subjected
to routine clinical blood analytics for a fine phenotyping of participants
(Supplementary Table S1).

The study was approved by the Public Health Research Ethics
Committee DGSP-CSISP of Valencia, Valencia, Spain, ref. 20220128/
05/02. All samples and data from patients included in this study were
provided by the Biobank IBSP-CV, integrated in the ISCIII Biobanks and
Biomodels Platform and in the Valencian Biobanking Network and they
were processed following standard operating procedures with the
appropriate approval of the Ethics and Scientific Committees. All par-
ticipants signed the corresponding informed consent.

2.2. Blood collection and poor-platelet plasma isolation

Blood, obtained by standard phlebotomy in K2EDTA tubes (BD cat.
366643 or Vacuette cat. 455045), was kept at RT and processed within 4
h. First it was centrifuged at 500xg for 15 min to separate plasma from
the remaining components. Then, the upper phase was transferred to
another tube and re-centrifuged at 8000xg for 10 min to remove
contaminating platelets and other debris, and aliquoted in cryovials
(0.5-1 ml) and kept frozen at —80 °C until use, as previously described
(Ovejero et al., 2020).

2.3. Detection of HERV-W envelope protein and SARS-CoV-2 antigen
serology

For the detection of HERV-W ENV antigen in plasma and the quan-
tification of its circulating soluble form, all analyses were performed
according to the conditions provided in the patent published under
ref. WO2019201908 (A1) and entitled “Method for the detection of the
soluble hydrophilic oligomeric form of HERV-W envelope protein”, as
previously described (Tamouza et al., 2021). The specific signal was
expressed as the signal to noise (S/N) ratio, where the noise represents
the mean+2SD of the background signals yielded by a panel of healthy
control samples. Both HERV-W ENV antigenemia and SARS-CoV-2
serology were performed by Simple Western technology according to
immunoglobulin class. Specific antibodies against SARS-CoV-2 in
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plasma were detected using recombinant nucleocapsid and spike pro-
teins as target antigens. All samples were stored in freezers at —80 °C for
less than a year. All samples were kept frozen at all times after their
initial freezing until use (single freeze/thaw cycle before the
immunoassay).

2.4. Cytokine and NFL levels

Levels of cytokines and NFL were quantified using the fully auto-
mated immunoassay platform, Ella (ProteinSimple/Bio-techne, San
Jose, CA, USA) (Rodrigues et al., 2019; Lechuga et al., 2023). All pro-
teins were quantified using a single disposable microfluidic Simple-
Plex™ cartridge, which holds up to 32 serum samples per assay. The
serum samples were thawed on ice and diluted in sample according to
manufacturer’s instructions. Within the cartridge, each serum sample
gets further divided into four unique microfluidic parallel channels that
are specific for each of the four proteins being analyzed. Each protein
channel contains three analyte-specific glass nanoreactors (GNRs),
which allows for each serum sample to be run in triplicate for each of the
four protein samples. The obtained data were displayed as pg/mL and
automatically calculated by Explorer Ella software.

2.5. Statistical analysis and plotting

All statistical analysis and plots were performed with RStudio soft-
ware version 4.2.1. Continuous data are expressed as means + SD, as
indicated. Normal data distribution was assessed using the Shapiro-Wilk
test. Statistical differences were determined using two-tailed unpaired
Student’s t-tests or Mann-Whitney—Wilcoxon tests, depending on
whether the data followed or not normal distribution, respectively.
Variable plots were drawn with ggplot2 v 3.5.1. Correlation analysis was
performed with the package Hmisc v5.1. and plotted with ggpubr
v0.6.0.999. Response operating characteristic (ROC) analysis with area
under curve (AUC) were used to assess the discriminating capacity of the
variable or set of variables and were performed with the R package
pROC version 1.18.5.

3. Results
3.1. Demographics and clinical characteristics of patient cohorts

A total of 193 female subjects were evaluated in this study corre-
sponding to 33 post COVID-19 condition cases; 12 ME/CFS cases, not
fulfilling FM ACR criteria (Wolfe et al., 2010); 42 FM cases, not fulfilling
ME/CFS criteria (Carruthers et al., 2003; Carruthers et al., 2010); 60
cases fulfilling both, ME/CFS and FM criteria (Carruthers et al., 2003;
Wolfe et al., 2010), which from now on will be called “co-diagnosis”
study group; and 46 healthy matched subjects. Mean age by group in
years + SD [range], were 49.3 £+ 6.2 [40-63], 47.8 + 13.7 [20-64],
55.1 + 9.0 [36-72], and 53.1 + 9.7 [26-71] respectively, for the four
patient groups, and 54 + 9.5 [39-69] for the healthy control group
(Supplementary Table S1).

Patient phenotyping using validated standard questionnaires to
assess pain impact, fatigue, quality of life and dysautonomia is illus-
trated on Table 1. The highest total FIQ scores were observed in the co-
diagnosed group, followed by those with FM, ME/CFS and Post-COVID-
19. Based on established thresholds (FIQ scores <39 indicating mild
impact, 39-59 moderate, and >59 severe (Rivera and Gonzalez. 2004)
approximately 82 % of cases in the cohort fell into the severe category,
with 12 % classified as moderate (Supplementary Table S1). According
to MFI and SF-36 scores, the ME/CFS and co-diagnosed study groups
seem the most affected. In contrast, the highest COMPASS31 scores were
associated with FM and co-diagnosed study groups, suggesting a higher
degree of dysautonomia in these populations. Statistical analysis
revealed significant differences across several subdomains of these in-
struments, particularly between the post-COVID-19 condition and the
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co-diagnosed groups. Notably, differences were found in 6 out of 8 SF-36
subdomains and 6 out of 7 COMPASS-31 subdomains (Supplementary
Fig. S1). In contrast, fewer differences were observed in pain using the
FIQ (3 out of 4 subdomains) and in fatigue assessment via the MFI,
where only the ‘General Fatigue’ subdomain (1 out of 5) showed sig-
nificant variation.

3.2. Increased HERV-W ENV expression in all patient groups

Building on previous findings that demonstrated expression of the
HERV-W ENV protein in acute COVID-19 patients with severe disease
(Balestrieri et al., 2021; Petrone et al., 2023) and in post-COVID-19
individuals (Charvet et al., 2023; Giménez-Orenga et al., 2022), along
with literature suggesting a potential progression from post-COVID-19
conditions to ME/CFS and/or FM (Khoja et al., 2024; Sukocheva et al.,
2022; Unger et al., 2024), this study aimed to compare HERV-W ENV
levels and their associations with additional variables—including
SARS-CoV-2 serology, circulating cytokines, clinical red blood cell pa-
rameters, and patient-reported symptoms—between post-COVID-19
cases and patients diagnosed with ME/CFS, FM, or both. The goal was
to explore potential molecular relationships that could inform diag-
nostic differentiation.

For this, circulating levels of HERV-W ENV protein were measured in
our four study groups described above by Simple Western technology
(see Methods section, and (Giménez-Orenga et al., 2022) for details). As
shown in Fig. 1, almost half of post COVID-19 cases presented HERV-W
ENV antigenemia (48.8 %) (16/33), compared to only 8.9 % (4/45) in
the healthy control group. However, HERV-W ENV detection in plasma
did not seem to be an exclusive feature of the post-COVID-19 group, as
30.7 % of the compared cases (35/114) also showed detection of this
toxic protein. In particular, the prevalence of HERV-W ENV protein for
each of the compared subgroups was 25 % (3/12) in ME/CFS cases, 33.3
% (14/42) in the FM group, and 30 % (18/60) in the co-diagnosed group
(Fig. 1), clearly showing detectable antigenemia in all patient groups,
with higher prevalence in the post-COVID-19 condition. Overall, this
indicates that the expression of HERV-W ENV is not specific to one of
these conditions only but may affect a sub-group in each one. This likely
reflects HERV-W activation triggered by infectious agents, identified or
not, in susceptible individuals.

3.3. SARS-CoV-2 serology according to immunoglobulin class

To explore the potential relationship between HERV-W ENV protein
expression and the immune response to SARS-CoV-2, we measured
circulating levels of IgG, IgM, IgA and IgE anti-SARS-CoV-2 immuno-
globulins in post-COVID-19 condition cases and compared them to those
of patients with ME/CFS, FM, co-diagnosed, and healthy controls
(Fig. 2).

Patient study groups showed alterations across all immunoglobulin
types. The differences observed were modest for IgG and IgA types
(Fig. 2A and C) as compared to IgM and IgE differences (Fig. 2B and D),
with significance for increased anti-spike IgG in the post-COVID-19
condition and IgA in the co-diagnosed group, suggesting a more sus-
tained class-specific response in these patients.

Interestingly, total IgM antigenemia was detected in all disease
groups, with prominent values for anti-spike IgM levels in post-COVID-
19 condition (Fig. 2B), which could relate to the potential SARS-CoV-2
reservoirs pointed by some authors (Proal et al., 2025).

With respect to total and anti-spike IgE antigenemia, both appeared
significantly increased in the post-COVID-19 condition compared to
healthy subjects, with significant differences across all other study
groups for total IgE antigenemia. However, the small ME/CFS study
group showed only a tendency (p < 0.1) (Fig. 2D). This suggests a po-
tential specific participation of IgE antigenemia in the post-COVID-19
condition, further supporting our previous findings (Giménez-Orenga
et al., 2022).



Table 1
Patient health status assessment with FIQ, MFI, SF-6 and COMPASS31questionnaires (Burckhardt, Clark, and Bennett, 1991; McHorney, Ware and Raczek, 1993; Rivera and Gonzalez, 2004; Sletten et al., 2012; Smets
et al., 1995), by study group.

Post-COVID-19 (n = 33) ME/CFS (n = 12) FM (n = 42) Co-diagnosis (n = 60)
Questionnaire Mean SD + SE Range Mean SD + SE Range Mean SD + SE Range Mean SD + SE Range
FIQ
Total FIQ* 60.55 21.15 + 3.8 (7.09 - 88.54) 67.24 12.31 + 3.55 (48.85 - 87.51) 71.90 18.64 + 2.88 (9.86 - 97.5) 76.41 16.05 + 2.11 (14.61 - 97.5)
Function*® 4.61 2.33 + 0.42 (0-8.25) 6.71 2.07 + 0.60 (1.65 - 8.58) 5.52 2.74 + 0.42 (0-9.9 6.79 1.98 + 0.26 (1.32-10.56)
Overall* 6.14 2.51 + 0.45 (0-8.58) 7.51 1.94 £+ 0.56 (2.86 - 8.58) 6.98 2.26 + 0.35 (0-8.58) 7.79 1.4 +0.18 (1.43 - 8.58)
Symptoms 5.67 3.17 £ 0.57 (1.43-10.01) 8.10 2.68 + 0.77 (1.43-10.01) 5.99 3.02 + 0.47 (1.43-10.01) 7.17 2.51 +0.33 (1.43-10.01)
MFI
General Fatigue* 17.29 2.77 £ 0.5 (11 - 20) 18.17 2.62 + 0.76 (12 - 20) 16.69 3.77 + 0.58 (8-20) 18.52 2.67 +0.35 (8-20)
Physical Fatigue 17.48 2.9 £+ 0.52 (8-20) 18.33 2.39 + 0.69 (13- 20) 16.26 4.42 +£ 0.68 (5-20) 18.28 2.8 +£0.37 (4-20)
Reduced Activity 15.39 3.67 £+ 0.66 (8-20) 17.83 2.95 +0.85 (12 - 20) 15.79 4.56 + 0.7 (4-20) 16.72 3.78 £ 0.5 (4-20)
Reduced Motivation 12.94 4.11 + 0.74 (4 -20) 13.17 3.07 + 0.89 (8-18) 13.05 4.4 + 0.68 (4 -20) 14.67 4.22 + 0.55 (5-20)
Mental Fatigue 14.77 4.94 + 0.89 (4 -20) 16.50 3.63 +1.05 (10 - 20) 15.38 4.71 £ 0.73 (4 -20) 16.24 4.17 £ 0.55 (4-20)
SF-36
Physical Functioning* 48.55 23.1 +4.15 (5-90) 31.25 16.94 + 4.89 (0-50) 33.1 22.82 + 3.52 (0-85) 24.48 11.95 + 1.57 (0-50)
Role Physical 2.14 1.09 £ 0.2 (1-4.5) 1.41 0.63 + 0.18 1-3) 1.96 1.01 £ 0.16 (1-4.75) 1.47 0.6 + 0.08 (1-3.25)
Bodily Pain* 44.03 27.79 £ 4.99 (10 - 100) 63.12 27.57 £7.96 (10 - 100) 30.6 18.84 +2.91 (10 - 80) 29.78 19.5 + 2.56 (10 - 100)
General Health* 29.84 12.81 £ 2.3 (10 - 70) 25.83 13.29 + 3.84 (0-50) 26.31 15.1 +£2.33 (0-75) 18.88 14.11 +£1.85 (0-55)
Vitality* 30.48 15.94 + 2.86 (10 - 65) 25.42 13.73 £+ 3.96 (10 - 50) 23.93 16.17 + 2.5 (10 - 70) 18.28 11.64 + 1.53 (10 - 50)
Social Functioning 36.37 23.21 +4.17 (0-90) 22.92 18.85 + 5.44 (0-57.5) 30.83 24.97 + 3.85 (0-90) 24.01 21.14 + 2.78 (0-90)
Role Emotional* 3.59 1.11 £ 0.2 (1-5) 3.75 1.16 + 0.33 (2-5) 2.87 1.28 £ 0.2 (1-5) 2.91 1.28 +£0.17 (1-5)
Mental Health 51.61 16.28 + 2.92 (8-84) 54.67 19.69 + 5.69 (28 - 84) 42.29 16.44 + 2.54 (8-76) 43.86 20.1 + 2.64 (8-84)
COMPASS-31
OI score* 17.81 8.25 + 1.48 (0-32) 22.00 10.58 + 3.06 (0-36) 24.86 9.25 +1.43 (4 - 40) 29.79 7.76 £ 1.02 (0 -40)
Vasomotor 0.67 1.32 + 0.24 (0-4.17) 0.56 1.03 + 0.30 (0-2.5) 0.83 1.34 £ 0.21 (0-4.17) 0.98 1.44 +0.19 (0-4.17)
Secretomotor* 5.6 3.57 + 0.64 (0-10.71) 5.90 4.68 +1.35 (0-12.9) 9.4 4.09 + 0.63 (0-15) 9.95 3.14 + 0.41 (0-12.9)
GI* 8.09 3.31 £ 0.59 (1.79 - 14.29) 9.38 3.91 +1.13 (0-13.39) 10.8 4.38 + 0.68 (1.79 - 21.43) 12.04 3.57 +£ 0.47 (1.79-17.86)
Bladder* 1.15 1.33 +£ 0.24 (0 -5.56) 2.58 2.85 + 0.82 (0-10) 3.35 2.95 + 0.45 (0-10) 4.17 2.71 £ 0.36 (0-10)
Pupillomotor* 2.14 1.05 £+ 0.19 (0-3.67) 2.11 1.43 £ 0.41 0-4) 3.02 0.84 + 0.13 0-4) 3.07 0.83 +0.11 0.3-4
Total COMPASS-31* 35.46 12.56 + 2.26 (7.12 - 56.86) 42.33 17.87 +£5.16 (0-69) 52.31 16.07 + 2.48 (12 - 86) 59.98 12.68 + 1.67 (18 -88)

(*) indicate statistical differences (p < 0.05) between groups, as detailed on Supplementary Table S1.
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HERV-W  HERV-W .
ENV(+) ENv() Ratio (%)
o Control 4 s 445 89
Post-COVID-19 16 17 16/33 485
ME/CFS 3 9 312 25
M 14 28 14/42 333
Co-diagnosis 18 42 18/60 30.0

Fig. 1. HERV-W envelope (ENV) expression in post-pandemic subjects (n = 193), healthy controls (HC) (n = 46); post-COVID-19 (n = 33); ME/CFS (n = 12); FM (n
= 42); and co-diagnosed (n = 60). (A) for HERV-W ENV protein antigenemia are labeled in red, defined as those values above the mean-+ 2SD of the background
signals yielded by a panel of healthy control samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 according to T-Test. (B) Summary table displaying number of
cases expressing HERV-W-ENV (+) or with normal levels (), ratios and percentages of HERV-W-ENV detection by study group.

As an overall, these results highlight that a subgroup of post-COVID-
19 condition patients present a sustained immune response against
SARS-CoV-2 antigens, with increased IgM and IgE levels.

To determine whether HERV-W ENV presence was related to anti-
SARS-CoV-2 antigenemia, we stratified participants according to
HERV-W ENV levels and then evaluated possible differences between
anti-SARS-CoV-2 immunoglobulin levels. No such relationship could be
identified for any of the immunoglobulin isotypes (Supplementary Fig.
S2), concluding that SARS-CoV-2 humoral response is unrelated to
HERV-W ENV levels.

3.4. Cytokine and NFL differences across patient groups

Given that cytokine levels can reflect immune disturbances poten-
tially linked to the observed skewed anti-SARS-CoV-2 humoral response
in some patients, we next assessed circulating levels of IL-6, IL-8, IL-10,
IFNy, and TNFa in these same cohort. In addition, NFL plasma levels
were measured to evaluate potential neuronal damage and peripheral
neuropathy, which are frequently reported in these patient populations
(Maalmi et al., 2023). The results revealed elevated IL-6 levels in all
patient groups except those with post-COVID-19 condition as compared
to healthy controls. IL-8 levels were significantly increased in FM and
co-diagnosis groups relative to ME/CFS; while IL-10 levels were elevated
in all groups except ME/CFS. Notably IFNy levels were reduced in the
post-COVID-19 condition group. No significant differences were detec-
ted in circulating levels of NFL and TNFa.

Overall, these results indicate altered immune function, with a
distinct reduction of INFy levels in the post-COVID condition group.
Cytokine profiles also revealed differences between diagnostic groups,
although FM and co-diagnosed patients could not be distinguished based
on these markers.

To determine whether cytokine or NFL concentration are influenced
by HERV-W ENV expression levels, samples were first stratified by
HERV-W ENV expression levels and then reanalyzed. However, no sig-
nificant differences with HERV-W ENV expression could be detected for
any of the measured variables (Supplementary Fig. S3).

3.5. Blood analytics across patient groups

To further search for potential disease-associated factors, we studied
patient hemograms by study group in reference to normal population
levels (Fig. 4). Normal range values are indicated by horizontal dotted
lines. A limitation encountered was that among the biobanked post-
COVID-19 condition samples, this information was available from only

14 out of the 33 participants (Supplementary Table S1). As shown on
Fig. 4, patients in the post-COVID-19 condition group had significantly
lower ferritin levels and significantly higher mean corpuscular hemo-
globin concentration (MCHC) compared to all other patient groups
(Supplementary Table S1).

Once again, stratification of samples by HERV-W ENV levels did not
reveal any significant differences in hemogram parameters or platelet
counts (Supplementary Fig. S4).

3.6. Potential diagnostic value of findings for the post-COVID-19
condition group

Since the post-COVID-19 condition group exhibited distinct differ-
ences, not only compared to healthy subjects, but also with respect to the
other patient groups, we sought to evaluate the potential diagnostic
value of these differences using Receiver Operating Characteristic (ROC)
curve analysis.

To this end, we selected combinations of two, three or four variables
most specifically associated with the post-COVID-19 condition, namely
SARS-CoV-2 IgE antigenemia, IFN-y, Ferritin and MCHC, hereafter
referred to as post-COVID-19 condition diagnostic variables. Individu-
ally, Ferritin, MCHC (Fig. 4), INFy (Fig. 3) and anti-SARS-CoV-2 IgE
antigenemia (Fig. 2) effectively distinguished post-COVID-19 condition
cases from both, healthy individuals and patients with ME/CFS, FM and
co-diagnoses.

Fig. 5 presents the ROC curve built with just 2 variables yielding the
highest AUC value. Notably Ferritin and MCHC alone already provided a
robust diagnostic tool (Fig. 5A), achieving high sensitivity (92.3 %) and
acceptable specificity (74.8 %). Surprisingly, these two red blood
cells-related parameters outperformed IFN-y and IgE antigenemia in
differentiating post-COVID-19 condition cases from other patient
groups. Furthermore, when IgE and IFNy values were added to the
model, sensitivity increased to 100 %, ensuring no true positive cases
were missed. However, this came at the expense of a reduced specificity
of 70.8 % (Fig. 5B) indicating a higher risk of false positives. Additional
ROC curves exploring various combinations of these biomarker candi-
dates are shown on Supplementary Fig. S5.

3.7. Correlation of HERV-W ENV expression with post-COVID-19
diagnostic variables (SARS-CoV-2 IgE antigenemia, IFN-y, Ferritin and
MCHC)

Since the highest proportion of HERV-W ENV-positive individuals
was observed in the post-COVID-19 condition group (48 %, Fig. 1), we
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Fig. 2. Anti-SARS-CoV-2 multi-isotype serology of healthy controls (n = 46), in comparison to post-COVID-19 condition (n = 33), ME/CFS (n = 12), FM (n = 42),
and co-diagnosed (n = 60) cases. Levels of IgG (A), IgM (B), IgA (C) and IgE (D) against the SARS-CoV-2 nucleocapsid, spike or the combination of both (total) are
shown as the mean of the area under the curve (AUC) according to electropherograms. Cut-off for each isotype was calculated as the mean of pre-pandemic controls

+3 standard deviations (SD). Samples positive for HERV-W ENV protein antigenemia are labeled in red. **p < 0.01, ***p < 0.001, ****p < 0.0001 according to
Mann-Whitney Test.
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Fig. 3. Circulating IL-6, IL-8, IL-10, IFNy, NFL and TNF« levels (pg/ml) in healthy controls (n = 46), in comparison to post-COVID-19 condition (n = 33), ME/CFS (n
= 12), FM (n = 42), and co-diagnosed (n = 60) cases. Samples positive for HERV-W ENV protein antigenemia are labeled in red. Group differences statistical
significance is indicated with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 according to Mann-Whitney Test.

next investigated potential correlations of HERV-W ENV expression
levels and the four post-COVID-19 diagnostic variables. As shown in
Fig. 6A, moderate to strong negative correlations (R > 0.5, p < 0.05)
were identified between HERV-W ENV levels and both MHCH and INFy
in the post-COVID-19 condition group. No such correlations were
identified in any of the other patient groups (Supplementary Table S2).
Moreover, the diagnostic performance of the ROC curve based on the
four post-COVID-19 diagnostic variables (SARS-CoV-2 IgE antigenemia,
IFN-y, Ferritin and MCHC) showed a modest improvement when HERV-
W ENV was included as an additional variable. The AUC increased from
from 88.4 to 89.3 %, accompanied by a slight reduction in the false
positive rate from 29.2 % to 28.1 % (Fig. 6B).

3.8. Correlations of post-COVID-19 diagnostic variables and HERV-W
ENV levels with patient symptoms

Finally, to identify potential connections between post COVID-19
condition diagnostic variables and HERV-W ENV values with patient
symptoms, we assessed their statistical associations with subdomains
from the four-health assessment and phenotyping instruments (FIQ,
MFI, SF-36, and COMPASS-31). Fig. 7 displays a heatmap summarizing
moderate to strong correlations (Spearman R > 0.3, p < 0.05, n = 14)
between the five diagnostic variables (SARS-CoV-2 IgE antigenemia,
IFN-y, Ferritin, MCHC and HERV-W ENV) and each of the symptom
subdomains. Strikingly, MHCH showed the strongest associations with
symptom severity. Lower hemoglobin concentration values correlated
with higher “Total FIQ” (R = —0.51) and MFI “Reduced Activity” (R =
—0.77) scores, indicating poorer health status. Additionally, it also
associated with lower SF-36, “Role Physical” domain (R = 0.63) score,
where lower scores represent poorer quality of life. IFNy also showed a

consistent, though moderate trend (R < 0.4, p < 0.1). Lower IFNy levels
were associated with worse scores in FIQ subdomains (“Overall” and
“Symptoms”), and MFI (“Physical Fatigue” and “Reduced Activity”)
subdomains, and positively correlated with the SF-36 ‘Vitality’ domain,
suggesting a link between reduced IFN-y and poorer health status.

In contrast, HERV-W ENV levels, SARS-CoV-2 IgE antigenemia and
Ferritin showed fewer significant associations. Notably, ferritin levels
strongly correlated with the COMPASS-31 ‘Secretomotor’ subdomain.
(R = 0.62), suggesting increased dysautonomia symptoms on the
secretomotor system (sweat and salivary glands leading to hyperhidrosis
or anhidrosis) in patients with elevated ferritin levels.

Interestingly, high HERV-W ENV levels negatively correlated with
the “Pupillomotor” domain of the COMPASS-31 questionnaire suggest-
ing vision problems and/or signs of neurodegeneration), although to a
moderate extent. Also moderate were the correlations between SARS-
CoV-2 IgE antigenemia and SF-36 “Bodily Pain” and “Mental Health”
subdomains, suggesting worse health status with higher levels of this
antibody. No significant correlations were observed between these five
diagnostic variables and symptom subdomains in the ME/CFS, FM, or
co-diagnosed groups (Supplementary Table S3).

4. Discussion

Motivated by the need to better understand the potential relation-
ships between post-COVID-19 condition, ME/CFS and FM, and sup-
ported by preliminary evidence of increased HERV-W ENV expression in
these conditions (Charvet et al., 2023; Giménez-Orenga et al., 2022;
Ovejero et al., 2020; Rodrigues et al., 2019), this study aimed to measure
and compare circulating levels of HERV-W ENV among female patients
from a single geographic region (n = 147), alongside matched healthy
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Samples positive for HERV-W ENV protein antigenemia are labeled in red. Group differences statistical significance is indicated with **p < 0.01, ***p < 0.001,

< 0.0001 according to Mann-Whitney Test.

female controls (n = 46). The objective was to identify potential dif-
ferences in the expression of this toxic protein in relation to SARS-CoV-2
antigenemia, blood parameters, and patient symptoms. Male exclusion
seemed justified in favor of minimizing sex-associated confounding
factors (Athnaiel et al., 2023; Gamer et al., 2023; Kitselman et al., 2024).

Our initial findings showed HERV-W activation in subsets of in-
dividuals for each compared group, with highest prevalence in the post-
COVID-19 condition group (48.5 %). This was notably higher than in the
ME/CFS (25 %), FM (33.3 %), and the co-diagnosis group (30 %), all of
which exceeded the prevalence observed in healthy controls (8.9 %).
These results suggest a widespread biological process possibly driven by

p

post-infectious or inflammatory cues, as proposed in the context of other
neurological, psychiatric and autoimmune diseases (Tamouza et al.,
2021; Rangel et al., 2024), and/or other yet unknown mechanisms
perpetuating or fueling chronicity in a sub-group of patients.

Whether inflammation leads to HERV-W ENV expression, or vice
versa, may be context dependent. In vitro controlled experiments repli-
cating acute SARS-CoV-2, or the related Middle East respiratory syn-
drome coronavirus (MERS), or influenza A virus (IAV) infections have
shown viral-specific induction of HERV expression profiles. These pat-
terns were partially overlapping and largely independent of the host cell
line (Marston et al., 2021), supporting the idea of a general viral-driven
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mechanism. They also suggest that blood-based detection of HERVs may
serve as a viable “liquid biopsy” approach. The study also showed that
the elements becoming activated were enriched in binding sites for
transcription factors involved in immune responses. How exactly is the
HERV epigenetic silencing machinery controlled by SARS-CoV-2, or
other viral agents, in acute vs. chronic stages, remains to be defined. A
comprehensive analysis of SARS-CoV-2 antigenemia, by immunoglob-
ulin type (IgG, IgM, IgA and IgE) and antigen (nucleocapsid and spike)
after stratification by HERV-W ENV levels, was conducted in search of
potential links between SARS-CoV-2 antigenemia and HERV-W ENV
activation. However, no significant intragroup differences were found
for any immunoglobulin or the rest of variables measured with HERV-W
ENV levels. Samples with elevated HERV-W ENV expression were
marked with red dots across figures to facilitate visual tracking of these
analysis.

Interestingly our findings reaffirmed previous observations of
elevated IgE responses against SARS-CoV-2 (Giménez-Orenga et al.,
2022) predominantly in the long COVID-19 group. IgEs are capable of
activating mast cells and basophils, degranulating, and thus signaling
inflammation (Collins and Jackson, 2013). They are strong effectors of
humoral responses against parasitic infections (Hadadianpour et al.,
2022), associated with allergies (Alexiou et al., 2022). Prolonged
exposure to antigens, typical of parasite infection or sustained presence
of allergens, can induce IgE class switching.

Although inclusion/exclusion criteria ruled out individuals present-
ing symptoms for ongoing acute infections, or those who had received a
vaccine within the previous month, an interval chosen due to concerns
about potential anaphylactic reactions to PEG or other (Khalid and
Frischmeyer-Guerrerio, 2023), the possibility of an unnoticed ongoing
infection cannot be entirely discarded.

Despite uncommon, certain viral protein antigens, such as those from
the RSV (respiratory syncytial virus) (Tesari Crnkovic et al., 2023), or
varicella zoster (Smith-Norowitz et al., 2009) have been shown to elicit
IgE responses. In the context of SARS-CoV-2, our previous findings
(Giménez-Orenga et al., 2022), along with two additional studies sup-
port the occurrence of increased IgE antigenemia following SARS-CoV-2
infection (Plume et al., 2022; Portilho et al., 2024). However, to the best
of our knowledge, our studies are the only demonstrating perpetuation
of these antibodies with long COVID-19. SARS-CoV-2 serology for other
Ig types appeared less relevant in distinguishing patient groups, with the
exception of total IgM, which appears to discern all patient groups from
controls. As mentioned, vaccination cannot explain this difference, and
the likelihood of ongoing recent SARS-CoV-2 infections in all patient
groups, but not in the healthy control group, seems less plausible than
the alternative explanation of viral reactivation or persistent viral pro-
tein presence in our chronic patient groups.

Transient hematological alterations with SARS-CoV-2 infection as
with any other virus were expected, however, numerous studies have
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reported that such changes may persist in individuals with post-COVID-
19 condition, sometimes with contradictory findings (Lechuga et al.,
2023). In this study, the most notable result from cytokine profiling was
the low levels of IFNy in the post-COVID-19 condition group with
respect to all other groups (the three patient groups as well as the
healthy control). This reduction, alongside elevated IgE levels, suggests
potential differential diagnostic value across patient groups, an aspect
pursued by this study. Our IFNy findings are in good agreement with
those by (Williams et al., 2022), but not with those by (Queiroz et al.,
2022), who did not detect changes in the levels of this cytokine.
Additional cytokine differences were observed in IL-10 and IL-6
levels. IL-10, an anti-inflammatory cytokine, was elevated in all pa-
tient groups, except ME/CFS. In contrast, ME/CFS patients exhibited
increased levels of the proinflammatory IL-6, a pattern also seen in the
FM and co-diagnosed group but not in post-COVID-19 condition. Our IL-
10 findings in post-COVID-19 condition contradict the two previously
cited studies (Queiroz et al., 2022; Williams et al., 2022) who report

10

decreased and unchanged levels, respectively. This disagreement also
includes IL-6 and IL-8 levels, found significantly decreased by Williams
et al. in long COVID-19 patients, which did not show significant dif-
ferences in our group. The significance of these disagreements is un-
known at present. However, both studies coincide with our results in
reporting unchanged TNFu levels in the post-COVID condition group.
According to unchanged NFL levels, none of the patient groups seem to
hold major neurologic damage (Maalmi et al., 2023).

Given previous reports of altered red blood cell (RBC) characteristics,
including smaller red blood cell membrane rigidity, smaller size and
increased MCHC, as well as hyperferritinemia in long COVID (Lechuga
et al., 2023), we included selected RBC parameters in our analysis. Our
findings revealed significantly lower ferritin levels and increased MCHC
values in the post-COVID-19 condition group, distinguishing it from the
ME/CFS, FM, and co-diagnosed groups. The results contrast with those
of (Alfadda et al., 2022) regarding MCHC, and with six other studies on
ferritin levels, which themselves reported inconsistent findings (Lechuga
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et al., 2023). Despite these discrepancies, our data strongly support the
potential of ferritin and MCHC as distinguishing biomarkers. When
combined with IgE anti-spike antigenemia and IFN-y, these variables
demonstrated high diagnostic potential for post-COVID-19 condition.
ROC curve analysis confirmed this, with certain combinations achieving
100 % sensitivity and up to 74.8 % specificity, suggesting a promising
tool for stratifying post-COVID-19 patients in individualized medicine
programs.

In a final effort to understand potential connections between the high
prevalence of HERV-W ENV levels in the post-COVID-19 condition
group and these four markers found to hold differential diagnostic value
(IgE anti-spike antigenemia, IFN-y, ferritin, and MCHC), with the highly
related ME/CFS and FM syndromes, we analyzed their correlations with
HERV-W ENV expression. Interestingly, moderate-to-strong negative
correlations were observed for IFNy (R = —0.5, p = 0.0047) and MCHC
(R = —0.58, p = 0.024). Furthermore, incorporating HERV-W ENV into
the diagnostic model modestly improved the AUC and increased speci-
ficity by approximately 1 %, reinforcing its potential as a complemen-
tary biomarker.

A limitation of this study was the restricted availability of complete
questionnaire data and red blood cell analytics for the post-COVID-19
condition group (n = 14 out of 33 cases). Despite this reduced statisti-
cal power for two of the five diagnostic variables, the analysis still
identified a robust combination of markers capable of distinguishing
post-COVID-19 condition from ME/CFS and FM, with an AUC of 89.3 %.
This finding is highly relevant for improving diagnostic accuracy,
reducing misdiagnosis, and advancing the development of individual-
ized treatment strategies for post-COVID-19 patients.

Our detailed patient phenotyping, using four validated question-
naires to assess different aspects of health status, revealed a range of
positive and negative correlations in different subdomains. We focused
our analysis on moderate-to-strong correlations to identify the most
meaningful associations. Among all correlations stand out those of
ferritin levels with secretomotor dysfunction (e.g. sweat and salivary
glands leading to hyperhidrosis or anhidrosis), a hallmark of dysauto-
nomia (Larsen et al., 2022). MHCH levels also stood out with lower
hemoglobin concentration values associating with poorer health status,
particularly increased pain and reduced physical activity. While hemo-
globin itself is not directly linked to pain, its reduction can lead to
hypoxia, fatigue, and inactivity, which in turn may contribute to chronic
pain (Rodriguez-Sanchez-Laulhé et al., 2024). Similarly, elevated IgE
anti-spike antigenemia was associated with increased bodily pain,
further supporting its relevance as a biomarker. The key remaining
question for all this work is how the identified biomarkers reflect patient
status as the ultimate goal is to uncover therapeutic targets that corre-
spond to an upstream driver of the disease. This may then allow healing
toward the pre-infectious health status of the patient.
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