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Institute of Alberta, Edmonton, AB, Canada, 6Alberta Transplant Institute, Edmonton, AB, Canada,
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This study aimed to assess plasma galectin-9 (Gal-9) and artemin (ARTN)

concentrations as potential biomarkers to differentiate individuals with Long

COVID (LC) patients with myalgic encephalomyelitis/chronic fatigue syndrome

(ME/CFS) from SARS-CoV-2 recovered (R) and healthy controls (HCs). Receiver

operating characteristic (ROC) curve analysis determined a cut-off value of

plasma Gal-9 and ARTN to differentiate LC patients from the R group and HCs

in two independent cohorts. Positive correlations were observed between

elevated plasma Gal-9 levels and inflammatory markers (e.g. SAA and IP-10), as

well as sCD14 and I-FABP in LC patients. Gal-9 also exhibited a positive

correlation with cognitive failure scores, suggesting its potential role in

cognitive impairment in LC patients with ME/CFS. This study highlights plasma

Gal-9 and/or ARTN as sensitive screening biomarkers for discriminating LC

patients from controls. Notably, the elevation of LPS-binding protein in LC

patients, as has been observed in HIV infected individuals, suggests microbial

translocation. However, despite elevated Gal-9, we found a significant decline in

ARTN levels in the plasma of people living with HIV (PLWH). Our study provides a

novel and important role for Gal-9/ARTN in LC pathogenesis.
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Introduction

Long COVID (LC) is a major global health concern that has

impacted the quality of life of millions of individuals. It is a

multisystemic condition with incidence rates ranging from 10 to

70% depending on the studied cohorts and the time of screening

(1–3). LC can be observed in any age group, but it appears to be more

common between the ages of 30 and 50 years. Additionally, it is

frequent to observe more LC cases in those with mild acute COVID-

19 disease (1, 4). This suggests that LC can occur regardless of the

severity of acute disease and in the absence of other co-morbidities.

Notably, women are disproportionality impacted, with more severe

symptoms associated with LC and more frequently than men (4, 5).

While LC improves over time in some patients, others continue

to experience LC symptoms even for years. Unfortunately, a subset

of patients exhibits the most debilitating form of LC, myalgic

encephalomyelitis/chronic fatigue syndrome (ME/CFS), and this

might be lifelong in a subset of them (1, 6). LC patients experience a

wide range of symptoms, such as cardiovascular and thrombotic

diseases, cerebrovascular disease, ME/CFS, dysautonomia,

autoimmune conditions, cognitive impairment, etc.

Nevertheless, the molecular mechanism underlying the most

post-acute disease symptoms, including ME/CFS remains not fully

understood. Several potential mechanisms have been proposed,

including metabolomic and immune dysregulation, chronic

inflammation, dysregulated hematopoiesis, hypoxia, viral

persistence, autoimmunity, alteration of microbiota and

gastrointestinal inflammation, endothelial dysfunction, and

impaired signaling in the brainstem and/or vagus nerve (1, 4, 7–12).

Although fatigue is one of the main symptoms in this group, the

major symptom observed in a subset of LC patients is cognitive

impairment, or brain fog, which has been linked to autonomic

nervous system dysfunction (13). Given the blood-brain barrier

(BBB) disruption, neurological symptoms (e.g. brain fog) observed

in LC patients are likely due to sustained systemic inflammation and

BBB dysfunction (14). Indeed, a peripheral immune-mediated

response to viral antigens and neuroinflammation might indirectly

result in neurocognitive symptoms (15). Mechanistically, it is known

that in some cases circulating pathogen associated patterns (PAMPs)

can reach the CNS and choroid plexus (CP) and the circumventricular

reigns (16). For example, peripheral administration of LPS and/or

inflammatory cytokines are associated with impaired learning skills in

animal models (17, 18). Therefore, it is possible to speculate that an

unresolved localized or systemic pro-inflammatory state contributes

to CNS symptoms in LC patients. In this scenario, residential cells in

the CNS are exposed to systemically produced pro-inflammatory

cytokines, chemokines, and other damage-associated molecules

(DAMPs), ultimately resulting in neurological symptoms, fatigue,

and neurocognitive impairment in a subset of LC patients.

Galectin-9 (Gal-9) is a b-galactosidase binding lectin with diverse
immunomodulatory properties (19). It is widely abundant in

immune and non-immune cells and binds to different receptors,

such as TIM-3, PD-1, PDI, IgE, CD44, CD45, and CD3 among others

(20–24). The concentration of soluble Gal-9 is reported to be elevated

in the plasma, saliva, and synovial fluids in HIV and other

inflammatory conditions (25–27). Gal-9, as a DAMP, has been
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reported to play a predominant role in cytokine release storm in

the acute SARS-CoV-2 infection (28). Most recently, we reported

elevated levels of Gal-9 in the plasma of LC patients with ME/CFS

(29). In particular, our findings supported a positive correlation

between the plasma Gal-9 levels with CRP, MIP-1b, IL-10, and
VCAM-1 in these patients (29). Of note, persistent gastrointestinal

(GI) symptoms are reported in acute phase of COVID-19 disease and

LC patients (30, 31). This may, in part, suggest the presence of

compromised GI mucosal integrity in LC patients. Thus, plasma

soluble CD14 (sCD14) and intestinal fatty acid binding protein (I-

FABP) are considered reliable biomarkers for assessing GI

permeability and epithelial integrity (32, 33). However, the

association of these biomarkers with Gal-9 has not been

documented in LC. Moreover, elevated Gal-9 expression across

brain tissues is reported to be associated with neuropathology and

cognitive impairment in HIV-infected individuals (34).

Additionally, we have reported the elevation of artemin

(ARTN), a neurotrophic factor, in the plasma of LC patients with

ME/CFS (29). ARTN interacts with its receptor GFRa3 and its co-

receptor RET affecting cell growth and differentiation (35). Notably,

the role of ARTN in neuropathic pain has been the subject of debate

(35, 36). We previously reported that systemic ARTN levels were

positively correlated with the cognitive impairment and pain scores

in LC patients (29). Therefore, in the current study, we decided to

determine whether plasma Gal-9 levels have any association with

cognitive impairment scores in LC patients with ME/CFS, as

reported in people living with HIV (PLWH) (34, 37). Given that

compromised gut integrity and microbial translocation are

contributing factors to chronic inflammation commonly observed

in PLWH (32, 38), due to this similarity, we decided to examine

whether this is the case in LC patients by measuring LPS-binding

protein (LPS-BP). Finally, considering the association of plasma

ARTN levels with cognitive impairment scores in LC patients with

ME/CFS (29) and reported HIV-associated neurocognitive disorder

(34), we quantified this neurotrophic factor in the plasma of PLWH

and compared them with values of the other groups. Taken

together, our findings suggest that plasma Gal-9 and ARTN

levels, with high sensitivity and specificity, can differentiate LC

from the recovered group. Furthermore, we observed a positive

correlation between plasma Gal-9 with inflammatory biomarkers

such as sCD14, I-FABP, LPS-BP, serum amyloid A (SAA), and IP-

10 in LC patients. Notably, we found that Gal-9 was positively

correlated with cognitive failure score in LC patients as reported in

PLWH (37, 39). Despite the reported elevation of Gal-9 in the

plasma of PLWH, these individuals had significantly lower levels of

ARTN compared to healthy individuals and LC patients.
Methods

LC cohort

The first cohort (discovery) comprised 44 LC patients (median

age 51.5±13.1, 11males and 33 females) and 24 SARS-CoV-2 infected

individuals who had recovered (R) from the disease without any

obvious symptoms and complications (median age 50.5 ± 13.3, 6
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males and 18 females). All were infected with the original Wuhan

SARS-CoV-2 strain. All study subjects were recruited approximately

12 months (371±19 days LC vs. 368±6.2 days R) after the onset of

SARS-CoV-2 infection as reported elsewhere (29).We utilized a set of

well-defined validated clinical questionnaires developed by CDC and

WHO (40, 41) for the diagnostic of LC patients with ME/CFS. To

determine the applicability of our findings to another cohort, we

established a validating cohort. The validating cohort consisted of 34

LC patients (median age 48 ± 9.8, 9 males and 25 females) and 34

recovered individuals (median age 45 ± 11.39, 10 males and 24

females) from SARS-CoV-2 infection without any symptoms. The

infection was confirmed by PCR in both cohorts. This validating

cohort was infected mainly with the Delta/or Omicron variants.

Similar to the discovery cohort, they were recruited approximately 12

months (435±89 days LC vs. 415±40 days R) after the onset of acute

disease, as reported elsewhere (29).

Study participants were age-and sex-matched, and considering

that the majority of our patients had a mild acute infection,

confounding health conditions were not common. All study

subjects (LC and R) in the first cohort were SAS-CoV-2 vaccine-

naïve but 67.3% of LC and 73.5% of R were vaccinated in the

validating cohort. All of our LC patients in both cohorts met the

criteria for categories I, II, III, IV, V, and VI associated with ME/

CFS as we previously reported (29). Those LC patients who did not

meet the criteria established by CDC and WHO (40, 41) were

excluded from the study. Considering that a subset of PLWH

presents cognitive impairments, we decided to compare our

findings with a cohort of PLWH.
HIV cohort

Our HIV group comprised 63 individuals on antiretroviral

therapy (ART) form the Northern Alberta HIV cohort as

reported elsewhere (24, 42). We also recruited 25 healthy controls

who were serologically negative for HIV, hepatitis C virus (HCV),

and hepatitis B virus (HB) for comparison.
Ethics statement

The COVID-19-related study was approved by the Human

Research Ethics Board (HREB) at the University of Alberta

(protocol # Pro00099502). Similarly, the HIV-related study was

approved by the HREB (protocol # Pro00070528) and HCs

(protocol # Pro00063463). A written informed consent form was

obtained from all participants.
Cytokine and chemokine multiplex analysis
and ELISA assays

Frozen plasma samples stored at -20/80°C were thawed and

centrifuged for 15 min at 1500g followed by dilution in PBS for

quantifying cytokine/chemokine and other soluble analytes. The

concentration of cytokines and chemokines was quantified using
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the V-PLEX Neuroinflammation panel 1 kit (K15210D-1) from

Meso Scale Discovery (MSD) (28, 43). Additionally, the plasma was

subjected to ELISA assays for Gal-9 (R&D, DY 2045), ARTN (R&D,

DY 2589), LPS-Binding protein (DY870-05), FABP-1 (R&D, Z-001),

and sCD14 (DC140), as we have reported elsewhere (21, 28, 43).
Statistical analysis

Spearman correlation was used to measure association between

two variables. The non-parametric Mann-Whitney U test for two

groups or One-way ANNOVA was used when more than two

groups were compared. Measures are expressed as mean ± SEM,

and a P-value < 0.05 was considered to be statistically significant.
Results

Recently, we reported elevated levels of Gal-9 and ARTN in the

plasma of LC patients with ME/CFS (29). To further investigate

whether plasma Gal-9 and/or ARTN concentrations could serve as

surrogate biomarkers to differentiate LC patients from recovered

(R) and/or HCs, we conducted additional analysis. Using the

receiver operating characteristic (ROC) curve, we calculate the

optimal cut-off value of Gal-9 to distinguish LC patients from

HCs. The ROC curve point with the best sensitivity/specificity

indicated that a plasma Gal-9 level greater that 1725 pg/ml

separates LC from HCs with 97% sensitivity and 100% specificity

(Figure 1A). To identify LC patients from the R group, we

determined a Gal-9 cut-off value of greater than 2779 pg/ml,

achieving a sensitivity of 78.5% and specificity of 100%

(Figure 1B). This finding was confirmed in our validating cohort,

where a cut-off value of greater than 1702 pg/ml/ml differentiated

LC patients from the R group with 82.35% sensitivity and 95%

specificity (Figure 1C). These observations suggest that the plasma

Gal-9 is a sensitive screening biomarker for discriminating LC

patients with ME/CFS from both R and HCs.

In addition to our previous findings of a positive correlation

between plasma Gal-9 and CRP, VCAM-1, MIP-1b, and IL-10

(28, 44), we observed similar correlations between plasma Gal-9 and

SAA and IP-10 levels in our discovery (Figures 1D, E) and

validating LC cohorts, respectively (Figures 1F, G).

Activated innate immune cells (e.g. neutrophils and monocytes)

can shed Gal-9 (20, 28). Given the elevated sCD14 in the acute

phase of COVID-19 disease (44) and in LC patients (29), our

observations suggest that Gal-9 may contribute to the elevation of

sCD14 in the plasma of LC patients. As such, we found a moderate

positive correlation between plasma Gal-9 and sCD14

concentrations in LC patients across both discovery and

validating cohorts (Figures 2A, B). Furthermore, with the

elevation of the I-FABP in LC patients’ plasma (29), we observed

a positive correlation between I-FABP and Gal-9 levels in both

cohorts (Figures 2C, D). Measurement of LPS-binding protein

levels revealed a significant increase in LC patients compared to

the R group (Figure 2E). Given the association of Gal-9 with HIV

neuropathology and cognitive deficits (34, 37, 45), we explored
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whether plasma Gal-9 is linked to cognitive impairments in LC

patients. Our analyzes showed a positive correlation between Gal-9

levels and impaired cognitive function scores in both LC cohorts

with ME/CFS (Figures 2F, G). However, we did not find any

association between Gal-9 levels and other symptoms such as

pain severity or widespread pain scores in LC patients (data not

shown). Considering the elevated plasma ARTN levels in LC

patients (29), we evaluated the diagnostic value of ARTN

concentrations as a non-invasive biomarker in these patients. A

cut-off value of greater than 2813 pg/ml plasma ARTN

distinguished LC from HCs with 79% sensitivity and 82%

specificity in our discovery cohort (Figure 3A). Similarly, a cut-off

value of greater than 2780 pg/ml plasma ARTN differentiated LC

from R with 79% sensitivity and 83% specificity in the discovery

cohort (Figure 3B). Notably, in the validating cohort, a cut-off value

of greater than 2855 pg/ml ARTN reliably differentiated LC patients

from the R group with 100% sensitivity and 70% specificity

(Figure 3C). The diagnostic values of both Gal-9 and ARTN were

supported by a moderate and positive correlation between their

plasma concentrations in both LC cohorts (Figures 3D, E).
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Given the elevated plasma Gal-9 levels in PLWH (21, 24), we

examined whether ARTN levels were also increased in HIV infection.

Surprisingly, we found a significant reduction in ARTN levels in

PLWH compared to HCs (Figure 3F). Although ARTN is a member

of the TGF-b superfamily (46), its plasma levels were sharply elevated

in PLWH compared to HCs (Figure 3G). In contrast, TGF-b levels

were significantly reduced in LC patients (29). Despite the

commonality of chronic immune activation and immune

dysregulation in both HIV and LC subjects, ARTN levels were

substantially lower in PLWH compared to LC patients (Figure 3F).
Discussion

This study aimed to explore the potential of plasma Gal-9 and

ARTN levels as surrogate biomarkers for distinguishing LC patients

from HCs and R individuals. The ROC curve analysis revealed that

the plasma Gal-9 and ARTN serve as effective biomarkers with high

sensitivity and specificity in differentiating LC patients from Rs and

HCs. This suggests that Gal-9 and ARTN hold promise as non-
FIGURE 1

The diagnostic value of galectin-9 (Gal-9) in Long-COVID patients. (A) The receiver operating characteristic (ROC) curve for Gal-9 in LC versus
healthy controls (HC) in the discovery cohort. (B) The ROC curve for Gal-9 in LC versus recovered individuals (R) in the discovery cohort. (C) The
ROC curve for Gal-9 in LC versus R in the validating cohort. (D) The correlation between plasma Gal-9 and SAA, and (E) IP-10 levels in LC patients of
the discovery cohort. (F) The correlation between plasma Gal-9 and SAA, and (G) IP-10 levels in LC patients of the validating cohort.
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invasive screening biomarkers for identifying LC individuals

experiencing ME/CFS. Whether these biomarkers are associated

with idiopathic ME/CFS requires further investigation.

The reproducibility of our findings in a separate cohort

strengthens the evidence that plasma Gal-9/ARTN concentrations

could be valuable tools in distinguishing LC patients with ME/CFS.

The observed positive correlations between plasma Gal-9 levels

and inflammatory markers such as SAA and IP-10 are consistent

with our previous observations during acute SARS-CoV-2 infection

and in LC patients (28, 29, 44). This reaffirms the role of Gal-9 as a

potential indicator of immune dysregulation in both acute and

prolonged phases of COVID-19 disease. However, elevated plasma

Gal-9 levels have been reported in various pathological conditions

such as HIV infection, virus-associated solid tumors, chronic

lymphocytic leukemia, hepatitis C infection, autoimmune

hepatitis, influenza infection, and other inflammatory conditions

(21, 22, 25, 26, 47–49). Therefore, it is important to consider that

other chronic inflammatory conditions may also influence Gal-9

levels in plasma when evaluating this lectin in LC study subjects.
Frontiers in Immunology 05
Furthermore, it is important to note that Gal-9 interacts with

various receptors such as TIM-3, CD45, CD44, CD3, PDI, and

PD-1. The biological consequences of these interactions vary

significantly depending on the target cell, the expression level of

the corresponding receptor, and the microenvironment. For

instance, interactions of Gal-9:TIM-3 and Gal-9:PD-1 are

associated with CD8+ T cell exhaustion (22, 50, 51). In contrast,

Gal-9:CD3 interaction enhances TCR signaling in T cells (20, 52).

Similarly, while Gal-9:CD44 interaction promotes NK cell effector

functions under physiological conditions, it impairs their cytotoxic

capabilities in chronic conditions (23, 53).

Our investigation into potential sources of elevated Gal-9 in LC

patients revealed a positive and moderate correlation with plasma

sCD14 levels. This association with sCD14 implies that activated

innate immune cells (e.g. neutrophils and monocytes) likely

shedding this lectin (20, 28) may contribute to the elevated Gal-9

levels in LC patients. In agreement, blocking CD14 has resulted in a

substantial reduction in neutrophil abundance in the lung and

peripheral blood and subsequently reduced organ dysfunction due
FIGURE 2

The correlation of Gal-9 with inflammatory and cognitive impairment in LC patients. (A) The correlation between plasma sCD14 and Gal-9 in the
discovery, and (B) validating cohort. (C) The correlation between plasma I-FABP and Gal-9 in the discovery, and (D) validating cohort. (E) Detected
concentrations of LPS-binding protein (LPS-BP) in the plasma of LC versus R in both cohorts. (F) The correlation between plasma Gal-9 and
cognitive failure score in the discovery, and (G) validating cohort. The symbol **** shows a p value less than 0.0001 or P < 0.0001.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1443363
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Elahi et al. 10.3389/fimmu.2024.1443363
to inflammation in COVID-19 patients (54). Given the importance

of plasma concentrations of sCD14 in conjunction with I-FABP in

compromised intestinal permeability (33, 55), we found a

substantial correlation between Gal-9 with sCD14 and I-FABP in

LC patients. Moreover, the elevation of LPS-binding protein in the

plasma of LC patients further supports the complex interplay

between immune activation, compromised GI integrity, and

metabolic pathways in LC. The elevation of LPS in the plasma of

PLWH is considered as a marker of microbial translocation

associated with increased sCD14 and chronic immune activation

(56). These observations suggest that compromised intestinal

barrier integrity during the early phase of infection or persistent

SARS-CoV-2 replication in the GI tract contributes to sustained

immune activation and dysregulation in LC patients. This
Frontiers in Immunology 06
hypothesis is further supported by shedding of fecal SARS-CoV-2

RNA in patients up to 7 months post-acute disease (57).

Therefore, persistent residual viral replication in LC patients,

similar to HIV, or the presence of SARS-CoV-2 viral antigens in

tissues (e.g. gut) (12), can result in chronic immune activation.

Consequently, the pro-inflammatory response and metabolomic

alterations (4, 29) may promote the Warburg effect in LC patients.

We suggest that the chronic inflammatory state may promote

mitochondrial dysfunction in LC patients. The observed reduction

in ATP plasma levels in LC patients (4) suggests the potential effects

of persistent viral replication/innate immune activation on the

glycolytic and mitochondria pathway in LC. It is noteworthy that

the Warburg effect may subsequently downregulate T and B cell

effector functions, as reported in cancer patients (58). For example,
FIGURE 3

The diagnostic value of artemin (ARTN) in Long-COVID patients. (A) The ROC curve for ARTN in LC versus HCs in the discovery cohort. (B) The ROC
curve for ARTN in LC versus the R group in the discovery cohort. (C) The ROC curve for ARTN in LC versus R in the validating cohort. (D) The
correlation between plasma Gal-9 and ARTN in LC patients of the discovery, and (E) validating cohort. (F) Detected ARTN levels in plasma samples
from HIV-infected individuals, HCs and LC patients of both cohorts. (G) TGF-b levels in plasma samples from HIV-infected individual versus HCs.
The symbol **** shows a p value less than 0.0001 or P < 0.0001.
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enhanced tryptophan metabolism and increased kynurenine

metabolites can impair B cell effector functions (59) and also

contribute to musculoskeletal symptoms observed in LC patients

(60). Additionally, elevated Gal-9 may enhance SARS-CoV-2 entry in

a glycan-dependent manner, as reported via enhanced binding of the

spike protein with ACE2 (61). Likewise, enhanced SARS-CoV-2

infection by Gal-3, Gal-8, and Gal-9 has been reported (44).

However, the effect of Gal-9 on HIV infection is receptor-

dependent. For instance, Gal-9, via interaction with TIM-3, reduces

HIV infection, and via interaction with PDI enhances HIV infection

in CD4+ T cells (21, 62). Notably, our study unveils a potential link

between Gal-9 levels and cognitive function in LC patients as

documented in PLWH (37, 39). The positive correlation with

cognitive failure scores suggests that Gal-9 may contribute to

cognitive impairment in individuals with LC. Whether this effect is

indirect through the elevation of pro-inflammatory cytokines/

chemokines or direct needs to be determined. It has been reported

that Gal-9 acts as an astrocyte-microglia signaling molecule,

enhancing cytokine production (e.g. IL-6 and TNF-a) (63).
Frontiers in Immunology 07
Moreover, elevated levels of plasma and cerebrospinal fluids (CSF)

Gal-9 are correlated with cognitive impairments in PLWH (64),

further supporting its potential role in cognitive deficits in other viral

infections, such as LC. Of note, the potential impact of ART on Gal-9

and other inflammatory biomarkers in PLWH should be considered.

Therefore, further studies beyond HIV and LC are needed to evaluate

the potential impact of elevated plasma Gal-9 on cognitive functions

in other pathological conditions. Nevertheless, the source of Gal-9

needs to be determined, as immune and non-immune cells in the

periphery and CNS can express and secrete this lectin (20, 28, 63).

Although Gal-9 could originate from the periphery, diffusion between

the plasma and CNSmay occur due to the disruption of the BBB (65).

Furthermore, the positive correlation between Gal-9 with ARTN

concentrations, previously associated with cognitive failure and pain

symptoms (29), adds another layer to the intricate network of

molecular interactions in LC. GFRa3, the major ARTN receptor, is

highly expressed in sensory and sympathetic ganglia of the peripheral

nervous system (46) but not in immune cells (our unpublished

observations). Similarly, ARTN is observed in human tissues (e.g.
FIGURE 4

The proposed graphic summary. The gastrointestinal involvement during acute SARS-CoV-2 infection and the possible persistence of viral antigen/
replication beyond the acute phase result in compromised gut barrier integrity. This, subsequently, leads to the translocation of microbial by-
products (e.g. LPS) into the blood circulation. This leads to the activation of innate immune cells and the release of variety of pro-inflammatory
cytokines and chemokines. This inflammatory cascade may result in immune/non-immune cell apoptosis and the release of damage-associated
molecular patterns (e.g. Gal-9). Gal-9 may influence the activation/deactivation of different immune cells and ultimately may directly/indirectly
influence the effector functions of microglia and astrocytes.
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kidney and lung), Schwann cells, and upregulated after nerve injury,

which implies glia are the main source of this neurotrophic factor

(46). Therefore, it is so complex to delineate the role of ARTN in this

context. On one hand, we have shown that the plasma ARTN

concentrations are positively associated with cognitive impairments

and pain scores in LC patients (29). On the other hand, ARTNmight

function as a compensatory mechanism to repair neural damage in

LC patients by ongoing inflammation. Alternatively, we have

reported that the expanded CD71+ erythroid cells (CECs) (66, 67)

in the peripheral blood of LC patients by secretion of ARTNmay play

a role in this scenario (29), as reported by CECs in animal cancer

models (68). However, it is unclear whether Gal-9 directly or

indirectly influences ARTN expression in tissues. Therefore, the

correlation of Gal-9 with ARTN merits further investigations.

Despite a previous report that Gal-9 levels were elevated in the

plasma and CSF of PLWH (45), we found a significant reduction in

the plasma ARTN concentrations in PLWH compared to HCs and

LC patients. This observation indicates that Gal-9 does not have

ever an absolute control over ARTN in PLWH. The expansion of

CECs in the peripheral blood of PLWH (69) alongside the reduction

in ARTN, contradicts their role as a major source of this

neurotrophic factor. This discrepancy between SARS-CoV-2 and

HIV might be explained by differential viral pathogenicity,

chronicity, or other unknown mechanisms. Notably, recent

studies have indicated the persistent SARS-CoV-2 RNA in LC

patients up to several months post the onset of acute disease (12,

70). Nevertheless, our studies were performed 12 months after the

acute SARS-CoV-2 infection, and at this stage, we are unaware of

viral persistence in our LC cohort. Alternatively, the elevation of

ARTN levels likely reflects a response to chronic inflammation,

immune dysregulation, and nerve damage, as the body attempts to

repair neuronal damage in LC patients. In contrast, reduced ARTN

levels in HIV are likely due to the overall impaired neuroimmune

responses and potential direct effects of the virus or inflammation

on ARTN production. Therefore, further studies are required to

determine other ARTN sources, such as endothelial cells and

peripheral neurons, in LC patients with ME/CFS (64).

We propose that compromised gut barrier integrity occurs in a

subset of SAR-CoV-2 infected individuals at the onset of acute disease

or alternatively due to persistent viral replication and/or the presence

of viral antigens in the gut of LC patients (Figure 4). This leads to

microbial translocation to the periphery, which subsequently results

in the activation of innate immune cells. This is supported by the

elevation of LPS-BP, I-FABP, and sCD14 in the plasma of LC

patients. Activated innate immune cells secrete pro-inflammatory

cytokines and chemokines, contributing to systemic inflammation in

LC patients (Figure 4). Additionally, Gal-9, released by immune and

non-immune cells due to its immunomodulatory properties,

exacerbate immune dysregulation. Finally, elevated plasma Gal-9

and pro-inflammatory biomarkers may directly or indirectly

influence the CNS due to BBD disruption in LC patients (Figure 4).

In conclusion, our findings highlight the potential of plasma Gal-9

and/or ARTN as sensitive biomarkers for identifying and stratifying

LC individuals with ME/CFS. The correlations with inflammatory

markers, immune activation, and cognitive impairment underscore

the multifaceted nature of Gal-9 in LC, providing valuable insights for
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future research and potential therapeutic interventions. However, we

are aware of several study limitations. This is a descriptive study, and

further investigations are needed to understand how Gal-9 and/or

ARTN affect cognitive impairments. Additionally, similar studies in

larger cohorts, particularly, longitudinal studies are needed to confirm

our findings. The heterogeneity of LC patients in terms of clinical

presentations should be considered in future studies, given that the

majority of our LC patients had a mild acute infection. Considering

the differential immunological effects of SARS-CoV-2 strains, such as

the Wuhan strain compared to the Delta and Omicron variants (44),

it is important to examine how these variants might differentially

impact LC syndrome. Our discovery cohort consisted of individuals

infected with the Wuhan strain, while our validating cohort primarily

included subjects infected with the Delta and Omicron variants.

Therefore, future studies should account for the potential

differential effects of SARS-CoV-2 variants of concerns. Finally,

given the chronic systemic immune dysregulation/activation and

potential cross-talk between HIV and SARS-CoV-2 (71), it would

be informative to determine whether PLWH are more prone to have

worst outcome when they become infected by SARS-CoV-2 virus or

to developing LC syndrome.
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