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Introduction

Symptoms resembling myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) frequently affect patients with rheumatic diseases, but little is known about their frequency and disease manifestations, particularly in systemic sclerosis (SSc) patients. We sought to determine if severe fatigue in SSc patients with early disease (< 7 years) is associated with increased disability, inflammation and fibrosis.





Methods

In this exploratory cross-sectional study, 51 SSc patients were recruited locally (UofA cohort). Disability, disease damage accrual, inflammatory markers and, indicators of fibrotic and vascular complications (e.g. lung function, nailfold capillaroscopy) were compared between patients with and without severe fatigue. Fatigue was assessed using validated questionnaires (e.g. FACIT, MFI) and ME/CFS criteria. Findings were further corroborated in the national CSRG (Canadian Scleroderma Research Group) SSc cohort (n=126).





Results

SSc patients with severe fatigue had significantly increased disability, reduced lung function capacity, and elevated Galectin-9 levels when compared to patients without fatigue. Galectin-9 levels correlated with reduced pulmonary function, and increased disease damage accrual. Further analysis in the UofA cohort suggested that indictors associated with disease progression such as reduced nailfold capillary density, and elevated VEGF, LTα and IL-16 were present in severely fatigued patients.





Discussion

Severe fatigue in SSc patients is associated with increased disability, reduced pulmonary function and increased vascular remodeling. We propose that ME/CFS-like symptoms in patients with SSc may be indicative of sub-clinical inflammation and fibrosis. Further studies are required to determine whether Gal-9,may be a useful tool for the stratification of SSc patients - particularly those with severe fatigue resembling ME/CFS.
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1 Introduction

Systemic sclerosis (SSc) is a life-threatening disease of unclear etiology characterized by immune dysregulation, vasculopathy, and fibrosis of the skin and internal organs (1). Among the various contributors to disability in SSc, we have come to learn that non-specific symptoms such as fatigue have a profound effect on quality of life and loss of income (2). Fatigue in SSc is common, with rates ranging between 48-79% (2); however, it is still largely ignored in the clinic as its mechanisms are poorly understood, and treatment options are lacking.

The knowledge gap related to fatigue stems from inconsistent use of objective patient reported outcomes which only span a short period of time (1 week, e.g. multifunctional fatigue inventory (MFI), functional assessment of chronic illness therapy (FACIT), short form 36 (SF36)). In many patients with SSc, severe fatigue is long lasting and is associated with other symptoms (e.g. widespread pain, post-exertional malaise and cognitive dysfunction), which often antecede a diagnosis of SSc (2). Hence, a more consistent definition of severe fatigue that is more applicable to SSc is needed, particularly in translational research studies. To address this, we applied the international consensus criteria for myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) to patients with SSc (3). In these criteria, severe fatigue must be present for at least six (6) months. In addition, non-refreshing sleep and post exertional malaise is present accompanied with other symptoms such as brain fog (or cognitive dysfunction), and diffuse body pain resembling fibromyalgia. Although the ME/CFS criteria have not been validated in SSc, many patients (40-60%) with various inflammatory diseases (e.g. ANCA-associated vasculitis, SSc and post-acute COVID syndrome (PACS)) a large proportion of patients (40-60%) met them (4–7). Further to this, our approach in these studies allowed us to uncover numerous biological differences between fatigued and non-fatigued patients with underlying chronic inflammatory diseases (4–7).

Previous studies have suggested that fatigue in SSc may be associated with interstitial lung disease (ILD) – although little granularity related to the potential associated mechanisms have been proposed (2, 8). SSc-ILD is present in a large proportion of both diffuse cutaneous SSc (dcSSc) and limited cutaneous (lcSSc) patients and is associated with significantly lower survival rates at 10 years (9). In patients with SSc-ILD, several biomarkers (e.g. anti-topoisomerase 1, C-reactive protein (CRP), Interferon gamma induced protein 10 (IP-10, CXCL10) Interleuken-23 (IL-23), and Interleukin-6 (IL-6)) have been suggested to be linked with disease progression in both dcSSc and lcSSc (9–12). Of these markers, CRP, CXCL10 and IL-6, have also been shown to be associated with ME/CFS in other inflammatory conditions such as post-acute covid syndrome (PACS) (5). Cytokines are however, ubiquitous in nature, with variations in expression being affected by factors such as diet, environment, time of day, and other factors related to sample processing (13, 14). Hence, more stable biomarkers that are linked to associated mechanisms are optimal. Galectin-9 (Gal-9), an integral immunomodulatory protein expressed in most cell types, may be more suitable (15). Gal-9 has been linked to increased organ involvement and mortality in both lcSSc and dcSSc patients (16, 17), rapidly progressive ILD in dermatomyositis patients (18), and has been proposed as a biomarker in patients with PACS complicated by ME/CFS (5).

In this study, we aimed to determine if severe fatigue resembling ME/CFS is associated with ILD in SSc patients, with the ultimate goal of linking our clinical observations with previously identified markers of diminished lung function in SSc patients. Together, our approach may provide a platform for future studies which could provide additional mechanistic insights related to how fatigue may be linked with fibrotic complications of SSc. To achieve this, we utilized two independent SSc cohorts, including both lcSSc and dcSSc patients with a < 7-year disease duration from the onset of non-Raynaud symptoms.




2 Materials and methods



2.1 University of Alberta cohort

SSc patients over the age of 18 years referred to the SSc Clinic at the University of Alberta between June 2019 and April 2024, were asked to participate. All patients met the 2013 European Alliance of Associations for Rheumatology/American College of Rheumatology (ACR/EULAR) classification criteria (19), for SSc. Patients with a hemoglobin <100 g/L, or iron levels and/or thyroid hormone levels outside the normal reference ranges and those requiring supplemental oxygen were excluded. Patients were sequentially recruited for this study. We selected only patients with a disease duration of less than 7 years. The study was approved by the University of Alberta Research Ethics Board (Pro00085583, Pro00090050), and all research was performed in accordance with the recommended guidelines. Written informed consent was obtained from all the study participants. Patients were excluded if they were treated with an autologous stem cell transplant, had a history of cancer, SLE/SSc overlap, autoimmune thyroid disease or diabetes.

All patients were tested for anti-nuclear and SSc-specific autoantibodies (20) (as summarized in Supplementary Table 1) by Mitogen Diagnostics Corp., (Calgary, Canada). Laboratory parameters such as complete blood cell counts, C-reactive protein (CRP), vitamin B12 and thyroid-stimulating hormone (TSH), direct antiglobulin test (DAT) and anti-tissue transglutaminase antibodies (ATTG) levels were measured by Alberta Precision Laboratories (Edmonton, Canada). The presence of ILD was determined via high resolution chest tomography (HRCT), based on the presence of patterns as described in patients with SSc, including: non-specific interstitial pneumonia (NSIP), ground glass opacities (GGO) and usual interstitial pneumonia (UIP). The severity of ILD was estimated using pulmonary function test (PFT) parameters. All patients were screened for pulmonary arterial hypertension PAH) and left ventricular dysfunction using transthoracic echocardiography. Patients with suspected PAH, subsequently had a confirmatory right heart catheterization.

Patients underwent contemporaneous clinical and NVC assessments at the time of enrolment. All images were captured using a 200X Video Capillaroscope (DS Medica, Milan, Italy). Collected NVC parameters included: mean capillary density (number of capillaries per mm averaged over 8 digits), apical capillary diameter (µm), and microhemorrhages (number of hemorrhages per digit, averaged over the 8 digits), as previously described (21, 22). Plasma samples (EDTA) were collected, processed within 3 hours and stored at -80 °C until use.




2.2 CSRG cohort

The CSRG registry is an ongoing longitudinal study of adult (>18 years) scleroderma patients recruited by rheumatologists from 14 sites across Canada and 1 in Mexico. All sites have the approval of their institutional review boards and patients provide written consent. The study was approved by the ethics committee at the Jewish General Hospital in Montreal, Canada. Data is collected at yearly visits using a standardized data collection protocol which includes clinical (both patient and physician reported) and laboratory data and is recorded in a customized database. We included 126 unique patients, all of whom fulfilled the 2013 ACR/EULAR criteria for SSc. These patients were selected based on their disease duration (< 7 years). Patients were excluded if they had cancer, SLE/SSc overlap, autoimmune thyroid disease, diabetes, or a hemoglobin <100 g/L. ILD and lung function screening for the CSRG have been previously described (23). Serum was collected at the baseline registry visit and sent to a central laboratory at the University of Calgary, where samples were aliquoted and stored at −80°C.




2.3 Patient involvement

Patients were not involved in designing the research question or outcome measures of this study. Results from the study, will be made available to all participants, and will be disseminated at both scientific and patient-based meetings, to facilitate increased patient and public involvement in future studies.




2.4 Questionnaires

Diagnosis of ME/CFS was based on the Canadian Consensus Criteria (24) where PEM and non-refreshing sleep are a required feature and the duration of fatigue is ≥ 6 months. Enrolled patients were assessed for the presence of fatigue and disability using previously validated questionnaires (DePaul symptom questionnaire (DSQ-2), the functional assessment of chronic illness therapy (FACIT), multidimensional fatigue inventory (25), health assessment questionnaire (HAQ) disability index (DI), and the 36-Item Short Form Survey (SF-36) (Supplementary Table 2). Comorbidities (e.g., anxiety, sleep disturbances, and depression) were also assessed using validated questionnaires (Supplementary Table 2).

In the CSRG cohort data related to the FACIT-fatigue scale was collected. We assessed the relationship between FACIT scores and the presence of ME/CFS in the UofA cohort, and found good accuracy, sensitivity and specificity and an accuracy of 90%, using the FACIT fatigue cutoff of <30 for the identification of ME/CFS (Supplementary Figure 1).




2.5 Cytokine, chemokine and growth factor panels

Biomarkers were measured using the V-Plex proinflammatory panel 1, cytokine panel 1, chemokine panel 1, Th17 panel 1, Angiogenesis Panel 1, and Vascular panel injury 2 (Meso Scale Discovery) (MSD, Rockville, MD, USA), according to the manufacturer’s instructions. The plasma samples were centrifuged at 2,000 × g for 10 minutes and then appropriately diluted according to the specific guidelines provided for each assay. Samples were run in duplicate.




2.6 Gal-9 ELISA

The Gal-9 ELISA (DuoSet Human Galectin-9 DY2045) was performed according to manufacturer’s instructions, using the recommended Ancillary Reagent Kit (DY008B) (R&D Systems, Minneapolis, MN, USA). Due to sample availability, plasma samples were used for the UofA cohort and serum samples for the CSRG comparison cohort. In house testing showed that the use of both serum and plasma resulted in similar Gal-9 levels being detected using the aforementioned ELISA kit (Supplementary Figure 2). Samples were run in duplicate.




2.7 Statistical analysis

All statistical analyses were completed using Stata 18 (StataCorp) (26). For univariate analysis: continuous variables, median and interquartile range are indicated with the exact p-value as determined by the Wilcoxon Rank Sum Test; for categorical variables, chi-square analysis was carried out with Fisher’s exact test. Variables are indicated as the total number positive responses and the percentage of positive responses within the population. Spearman’s rank-order was used for correlation coefficient analysis, with Bonferroni correction. Individual correlations were visualized using linear prediction plots with confidence intervals and overlaid scatterplot.

This was an exploratory study, and as such no formal sample size was calculated. The sample size for both cohorts was dependent on the availability of both blood samples and fatigue data in patients whom met the inclusion criteria.




2.8 Role of the funding source

The funders had no involvement in the study design, or the collection, analysis and interpretation of the data.





3 Results



3.1 Characteristics of the SSc UofA cohort

This cross-sectional study included 51 SSc patients from the UofA cohort; 45 lcSSc and 6 dcSSc. Using ME/CFS classification criteria 25 patients were classified as fatigued (SSc-F) and 26 non-fatigued (SSc-NF). Comparably, FACIT (<30) classified 22 patients as fatigued and 28 as non-fatigued. As the ME/CFS classification criteria account for symptoms over a period of six months or more, compared to only a week for the FACIT. Fatigue grouping in the UofA cohort was based on ME/CFS criteria to allow a more robust and homogeneous comparison of factors associated with fatigue that may be linked with potential mechanisms.

Disease duration was similar between both groups, with the median duration being 1–2 years from first non-Raynaud manifestation (Supplementary Table 3). Age and sex did not substantially differ between the groups (Supplementary Table 3). Importantly, disease-associated damage parameters including indicators of skin fibrosis, digital ulcers, joint contractures, puffy fingers, and organ and gastrointestinal involvement were similar. (Supplementary Tables 3, 4). The frequency of PAH and ILD did not differ between SSc-F and SSc-NF patients. A trend, however, was evident for increased disease damage accrual (Scleroderma Clinical Trials Consortium Damage Index (SCTC-DI)), in SSc-F patients, when compared to SSc-NF patients (p=0.050). Autoantibodies, CRP, TSH, markers of autoimmune anemia (e.g. DAT) and diabetes (hemoglobin A1c) and vitamin B12 levels were also similar between the two groups (Supplementary Tables 3, 4). In addition, use of immunomodulatory and vasodilator medication classes did not differ between groups. (Supplementary Table 3).




3.2 Characteristics of the SSc CSRG cohort

126 patients in the CSRG cohort met our inclusion criteria: 81 patients with lcSSc and 45 with dcSSc (Supplementary Table 5). Median disease duration was 2.8 years for lcSSc patients and 1.5 years for dcSSc patients. Among them, 45/126 (35.7%) patients were classified as having ME/CFS based on a FACIT fatigue score of <30 (CSRG-F), whereas, 81/126 (64.2%) were non fatigued (CSRG-NF). There were significantly more females in the CSRG-F group (93.3%) than in the CSRG-NF group (76.4%) (p=0.017) (Supplementary Table 5). There were no differences between CSRG-F and CSRG-NF patients with regards to age, BMI, skin involvement (modified Rodnan skin score (mRSS)), ILD, digital ulcers, medication use, disease duration or SSc disease type (Supplementary Table 5). CRP levels were however higher in CSRG-F patients (p=0.043).




3.3 Severe fatigue is strongly associated with disability in systemic sclerosis

In the UofA cohort, the incidence of cognitive failure (CFQ) (p=0.004), anxiety (HADS) (p=0.047) and depression (HADS) (p=0.010) were higher in SSc-F patients (Supplementary Table 3). Both the SF-36 physical component score (PCS) and the mental component score (MCS) were significantly lower in the SSc-F group (p<0.001) (Supplementary Table 3). Disability scores (HAQ-DI) were significantly higher in SSc-F patients (0 vs 0.75; p<0.001) (Supplementary Table 3). In addition, there was a significant difference in the employment status of SSc-F patients with 32.0% being on disability welfare, compared to none in the SSc-NF group (p=0.010) (Supplementary Table 4). Correlate analysis showed that fatigue (FACIT) was the strongest correlate of disability (HAQ-DI) (rho:0.634, p<0.001) in the UofA cohort, even when controlling for SSc disease-specific indices (Figure 1A, Supplementary Figure 3A). DLCO SB (% Predicted) was also correlated with disability (rho:0.542, p=0.008).

[image: Bar charts show Spearman's rho correlations for UofA and CSRG. Positive correlations are solid blue; negative are blue striped. Both charts highlight strong negative correlations for FACIT and moderate positive correlations for SCTC-DI, mRSS, FVC, DLCO SB, and TLC, with varying significance indicated by asterisks.]
Figure 1 | Correlates of disability (HAQ-DI) in systemic sclerosis patients. Bonferroni corrected Spearman correlations showing the relationship between disability and disease associated parameters in both the (A) UofA (n=49) and (B) CSRG (n=126) cohorts. In both the UofA and CSRG cohorts, fatigue (FACIT) was the strongest correlate of disability. DLCO SB (% Pred) also correlated with disability in both cohorts. In the CSRG cohort, disability also correlated with disease accrual (SCTC-DI), skin involvement (mRSS), TLC (% Pred), and FVC (% Pred). * p <0.05, ** p <0.01, *** p <0.001.

Patient reported co-morbidities were assessed in the CSRG cohort. Quality of life (SF-36) was significantly reduced in CSRG-F patients (p<0.001), and disability (HAQ-DI) was significantly higher (p<0.001) (Supplementary Table 5). Correlate analysis showed that fatigue (FACIT) outweighed measures of SSc disease with regards to patient disability (HAQ-DI) (rho:0.64, p<0.001) (Figure 1B, Supplementary Figure 3B). The CSRG cohort included more dcSSc patients (35.7%) than the UofA cohort (11.7%), and thus unsurprisingly significant correlations with disability, were also observed for skin involvement (p=0.002), damage accrual (p=0.049), as well as lung function (p<0.05), though rho values were moderate (<0.4) (Figure 1B, Supplementary Figure 3B).




3.4 Systemic sclerosis patients with severe fatigue have diminished lung function indices

Most lung function indices were within normal ranges in the UofA cohort with 86.3% of patients having % predicted values over 70% in FVC, TLC and DLCO SB. Median % predicted DLCO SB values were significantly lower (73vs 89, p=0.028) in SSc-F patients, % predicted TLC was also markedly lower, though not significant (85 vs 93.5, p=0.105) (Supplementary Table 4, Figure 2A). Actual DLCO SB values were lower in SSc-F patients (15.37 vs 19.18, p=0.046), with a trend evident for lower TLC values (4.78 vs 5.01, p=0.077). When controlling for age, disease duration and disease damage accrual, no significant correlates were observed for fatigue (FACIT) in the UofA cohort (Figure 2C, Supplementary Figure 4A).
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Figure 2 | Lung function parameters associated with severe fatigue systemic sclerosis patients. (A) In the UofA cohort, DLCO SB (p=0.028) was significantly reduced in SSc-F (n=25) compared to SSc-NF (n=25) patients. P-values determined by Wilcoxon rank-sum test. (B) Severe fatigue is associated with diminished lung function in the CSRG comparison cohort, both FVC (p=0.039) and TLC (p=0.034) were significantly lower in CSRG-F group (n=40), compared to CSRG-NF (n=72) patients. A trend was also seen for DLCO SB (p=0.063). P-values determined by Wilcoxon rank-sum test. (C) No significant correlations of fatigue were found in the UofA cohort. (D) FACIT fatigue scores were found to significantly correlate with all lung function measures and disease damage accrual (SCTC-DI), using Spearman’s rho, Bonferroni corrected.

In the CSRG cohort, 89.6% of patients had TLC and FVC % predicted values over 70%, however only 65% had DLCO SB values over 70%. Median values for FVC (% Pred) (92 vs 98.5, p=0.039) and TLC (% Pred) (92 vs 99, p=0.034) were significantly lower in CSRG-F patients with a trend was also evident for decreased DLCO SB (% Pred) (71 vs 76, p=0.063) (Supplementary Table 6, Figure 2B). TLC values were also lower in SSc-F patients (4.32 vs 5.02, p=0.026). When controlling for age, disease duration and damage accrual, FVC (% Pred) was found to moderately correlate with fatigue (FACIT) (rho:0.362, p=0.004). DLCO SB (% Pred) (rho:0.307, p=0.036) and disease damage accrual (SCTC-DI) (rho: -0.300, p=0.046) also weakly correlated with fatigue (Figure 2D, Supplementary Figure 4).




3.5 Microvascular changes associated with pulmonary involvement are more common in SSc patients with severe fatigue

Patients in the UofA cohort were examined using nailfold video capillaroscopy (NVC), and as previously noted, all patients had a SSc specific NVC pattern (Figure 3). We utilized our NVC data to determine if there were changes present in the SSc-F group that may reflect systemic vascular remodeling. Notably, capillary density was found to be significantly lower in the SSc-F group (6.1 vs 7.45, p=0.018) (Figure 3, Supplementary Table 3). Capillary dropout, giant loops, enlarged loops and microhemorrhages per digit were however similar between SSc-F and SSc-NF patients. (Figure 3, Supplementary Table 4).

[image: (A) Three scatter plots comparing lcSSc-NF and lcSSc-F for capillary density, microhemorrhages, and enlarged loops. Capillary density shows significant difference (p=0.018), while microhemorrhages (p=0.767) and enlarged loops (p=0.173) do not. (B) Six micrographs showing capillary structures: two from healthy controls and four from SSc patients. Differences in capillary morphology are visible between healthy controls and SSc patients.]
Figure 3 | Nailfold capillaroscopy findings associated with severe fatigue in systemic sclerosis patients. (A) In the UofA cohort (n=42), SSc-F patients were found to have significantly lower capillary density (p=0.018) than SSc-NF patients. Though not significant, the number of enlarged loops was also higher in SSc-F patients. All values are the average number of observations per digit across eight digits. P-values determined by Wilcoxon rank-sum test. (B) Representative images of healthy control, SSc-NF and SSc-F patients. Abnormal features including the presence of dilated capillaries, microhemorrhages, and decreased capillary density are evident in both SSc patient groups.




3.6 Gal-9 is elevated in SSc patients with severe fatigue and diminished lung function

In the UofA SSc cohort, Gal-9 levels were elevated in SSc-F patients (2303.91 pg/ml) when compared to SSc-NF patients (1654.10 pg/ml) (p=0.042) (Supplementary Table 4). Similarly, serum Gal-9 levels in the CSRG cohort also differed significantly between CSRG-F (4834.47 pg/ml) and CSRG-NF (3594.01pg/ml) patients (p=0.046) (Supplementary Table 6). We grouped both cohorts and determined the 75th percentile for Gal-9 (5583.394), we used this as a cut-off and split the patients into a group below the 75th percentile (<P75) and one above or equal to the 75th percentile (>P75). We then determined the association between Gal-9 levels and changes associated with lung fibrosis and disease-associated damage accrual. We found that SSc patients with Gal-9 levels >P75, had lower FVC (% Pred) (p<0.001), TLC (% Pred) (p<0.001), and DLCO SB (% Pred) (p=0.001) (Figures 4A–C). These patients also had elevated skin involvement (mRSS) (p=0.027), disease accrual (SCTC-DI) (p<0.001), and lower FACIT fatigue scores (p=0.010) (Figures 4D–F) – highlighting the potential relationship between elevated Gal-9, SSc-associated damage indices, and fatigue.

[image: Scatter plots comparing Gal9 levels in two groups (Gal9 < P75 and Gal9 > P75) across six measurement types: (A) FVC, (B) TLC, (C) DLCO SB, (D) FACIT, (E) SCTC-DI, and (F) mRSS. Each plot shows significant p-values indicating statistical differences between the groups.]
Figure 4 | Galectin-9 and its association with fatigue and disease measures in systemic sclerosis. Patients from the UofA and CSRG groups were combined (n=174) and the 75th percentile (P75) Gal-9 level used to separate patients, to determine associations with disease measures. (A) FVC (% Pred) was lower in patients with >P75 Gal-9 levels (p<0.001). (B) TLCC (% Pred) was lower in patients with >P75 Gal-9 levels (p<0.001). (C) DLCO SB (% Pred) was lower in patients with >P75 Gal-9 levels (p=0.001). (D) Fatigue (FACIT) were lower in patients with >P75 Gal-9 levels (p=0.010), indicating a greater level of fatigue. (E) Disease damage accrual (SCTC-DI) was higher in patients with >P75 Gal-9 levels (p<0.001). (F) Skin involvement was higher in patients with >P75 Gal-9 levels (p<0.027). p-values determined by Wilcoxon rank-sum test.




3.7 Cytokines associated with fibrosis and vascular remodeling are elevated in SSc-F patients, and correlate with Gal-9

We screened plasma samples from the UofA cohort for changes in cytokines, chemokines, and growth factors associated with fibrosis (e.g. interleukin 6, C-reactive protein), and vascular changes (e.g. IL-16, VEGF, LT-α) (Supplementary Figure 5, Supplementary Table 7). Elevations in LT-α (p=0.008), IL-16 (p=0.006), PIGF (p=0.015), and VEGF (p=0.011) were observed in SSc-F patients (Supplementary Figure 5). As Gal-9 has been linked with various cytokines that promote, severe fatigue and cognitive dysfunction in other forms of inflammatory ME/CFS, we aimed to further determine which cytokines positively correlated with Gal-9 values in the UofA cohort. CRP (rho:0.449, p=0.009), LTα (rho:0.487, p=0.004), and IL-6 (rho: 0.400, p=0.021), all of which are associated with lung fibrosis were found to correlate with Gal9 levels (Supplementary Figures 5, 6).





4 Discussion

Although fatigue is a common complaint in many systemic autoimmune rheumatic disease (27) patients, it is rarely given appropriate (if any) attention in the clinical setting (2). The severity of fatigue and its association with symptoms such as PEM, non-refreshing sleep, and cognitive failure, as found in ME/CFS, is bothersome – particularly when there is no active inflammatory component present in early SSc patients that requires augmented immunomodulation (28). We have previously shown that subgroups of SARD patients have symptoms severe enough to meet the diagnostic criteria for ME/CFS (6, 7). In our current study, we have shown that severe fatigue outweighed all other variables, including factors associated with SSc-related damage accrual in its association with disability scores (HAQ-DI). Notably, nearly a third of the SSc patients we identified that suffered from severe fatigue were unemployed and/or were on disability welfare, a finding that underscores the impact of severe fatigue on SSc patients’, physical, social, mental and financial well-being.

Our study explores the hypothesis that severe fatigue in early SSc patients, may be indicative of increased fibrotic disease. Direct comparison of fatigued and non-fatigued patients did not find any differences in disease indicators, such as, skin involvement, disease damage accrual, or disease subtype. Subclinical findings however, indicated that pulmonary function test (PFT) values were diminished in patients with severe fatigue from both cohorts. As this was a cross-sectional study, we did not assess longitudinal changes in lung function (29).

Microvascular damage is an early event in the pathogenesis of SSc, with digital vasculopathy and the preceding manifestation of Raynaud’s phenomenon being evident early in disease progression (30). NVC is known to predict visceral involvement – particularly SSc-PAH (31), and SSc-ILD (32, 33), which stems from progressive and obliterative vascular remodeling in the pulmonary circulation. In particular, SSc patients with a loss in capillary density were shown to present with worse FVC and DLCO values (32). Our findings are in keeping with this, as SSc-F patients were found to have decreased nailfold capillary density. Dysregulated angiogenesis and endothelial dysfunction play a significant role in the progression of vascular injury and fibrosis in SSc (30). These results may also suggest that SSc patients (in general) may harbor defects in their oxygen transport cascade; with fatigued patients carrying a higher risk of this as they may also have added reduced lung diffusion capacity/total lung capacity and mitochondrial dysfunction, as we have previously suggested (7). The mechanism(s) related to this are largely unexplored.

Our results linking diminished lung function and vasculopathy with severe fatigue in patients with SSc, inspired us to explore the possibility of Gal-9 elevation as a potential indicator of disease-associated damage accrual in both the UofA and CSRG cohorts. Gal-9 has been suggested to be a promoter of vascular remodeling (34), and is associated with increased disease severity in SSc patients (16, 17). We found that elevated Gal-9 levels in SSc patients with severe fatigue, was associated with reduced lung function (DLCO SB, FVC, TLC), and increased disease indicators (SCTC-DI, mRSS). TLC is seldom used in the prediction of SSc disease activity, although recently, a large French cohort study suggested that TLC is an earlier predictive marker for ILD and lung fibrosis than FVC (35).

Soluble Gal-9 acts as a damage-associated molecular pattern (PAMP) and is associated with cytokine release syndrome, and immune cell activation (36, 37). Hence, the elevation of Gal-9 in SSc patients, could exacerbate vascular remodeling promoted by immune cells, which is central to the pathogenesis of SSc (34, 38–40). Gal-9 is also a known promoter of mitochondrial dysfunction (41, 42), which we have previously shown in SSc (7). Numerous cytokines have been linked to SSc disease outcomes (10, 11, 30, 43–49), though findings are often discordant (13, 30, 43, 49), suggesting that multiple cytokines would likely need to be evaluated to discern patients which may be at a higher risk for pulmonary and vascular involvement. Our finding that Gal-9 correlates with some of these cytokines (IL-16, VEGF, LTα), as well as with lung function parameters and disease accrual, suggests that it may be a good candidate for patient stratification. Although it is tempting to speculate that Gal-9 dysregulation may directly contribute to defects related to oxygen consumption (41, 50), future studies assessing this are required.

There are several limitations to this study. First, the UofA cohort was of single-centered cross-sectional design, with a relatively small sample size without serial follow-up measurements. Larger sized multi-centered studies are currently underway, as changes in lung function may require longer periods (29). Second, our study focused on Gal-9 as an indicator of hypoxic vascular remodeling due to its link with increased organ fibrosis and mortality in SSc patients. Other indicators linked with the biology of fibrosis in SSc (e.g. interferon score) may be associated with Gal-9 as suggested in other similar disease states (51), and may thus be the focus of future research related to SSc. Third, SSc is more prevalent in females, and in both our cohorts they accounted for over 8o% of participants. Thus, sex-based analyses were not conducted. Lastly, though race was captured, both cohorts were comprised of mostly white study subjects (>80%), which may make our observations less generalizable to other diverse populations.

In conclusion, we propose that physicians should determine the presence of severe fatigue in all SSc patients, as these symptoms may possibly reflect sub-clinical disease associated complications even early in their disease journey. We suspect that patients with SSc (in general) may be at increased risk for developing ME/CFS-like symptoms, which may reflect defects in their oxygen transport cascade (e.g. ILD and mitochondrial dysfunction) (Figure 5). Further to this, elevated Gal-9 values may prove helpful in the stratification of these patients. Understanding the mechanisms governing severe fatigue in SSc patients may be key to the reduction of poor outcomes and improved quality of life in SSc and other rheumatic disease patients.

[image: Comparison infographic of systemic sclerosis without and with ME/CFS. The left panel shows reduced immune dysregulation, hypoxia, and stress mediators, resulting in vascular remodeling, mitochondrial dysregulation, inflammatory angiogenesis, exercise intolerance, and severe fatigue. The right panel shows increased immune dysregulation, hypoxia, and stress mediators (GAL-9, IL-6, VEGF), leading to the same conditions with icons representing each symptom.]
Figure 5 | Schematic representation of factors associated with ME/CFS in SSc. Levels of subacute hypoxia (reduced capillary density, reduced lung function parameters) and hypoxic stress mediators (ie. Gal-9, IL-6, VEGF) are elevated in SSc-CFS patients, which culminate in vascular remodeling, inflammatory angiogenesis, mitochondrial dysregulation and the development of reduced exercise tolerance and sever fatigue.







Data availability statement

Data collected for this study, including individual participant data, will not be made available to others to minimize breeches in confidentiality as per our REB requirements. Requests to access the datasets should be directed to mosman@ualberta.ca.





Ethics statement

The studies involving humans were approved by the University of Alberta Research Ethics Board (Pro00085583, Pro00090050), and for the CSRG cohort, the study was approved by the ethics committee at the Jewish General Hospital in Montreal, Canada. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

CV: Formal analysis, Writing – original draft, Data curation, Funding acquisition, Validation, Writing – review & editing, Conceptualization. MR: Data curation, Writing – original draft, Writing – review & editing. ME: Writing – original draft, Data curation, Writing – review & editing. DR: Data curation, Writing – original draft, Writing – review & editing. RG: Writing – original draft, Writing – review & editing. AA: Writing – original draft, Data curation, Writing – review & editing. ER: Data curation, Writing – original draft, Writing – review & editing. DS: Writing – review & editing, Writing – original draft. SS: Data curation, Writing – review & editing, Writing – original draft. SE: Writing – original draft, Writing – review & editing. LK: Writing – review & editing, Writing – original draft. AM: Writing – review & editing, Writing – original draft. MF: Writing – original draft, Writing – review & editing. DM: Writing – review & editing, Writing – original draft. MB: Data curation, Writing – review & editing, Writing – original draft. ML: Data curation, Funding acquisition, Writing – review & editing, Writing – original draft. JP: Writing – review & editing, Writing – original draft, Data curation. MC: Writing – review & editing, Writing – original draft, Data curation. SH: Writing – review & editing, Writing – original draft, Data curation. CT: Writing – review & editing, Writing – original draft, Data curation. EN: Writing – original draft, Writing – review & editing, Data curation. JC: Writing – review & editing, Writing – original draft, Funding acquisition, Conceptualization. MO: Conceptualization, Writing – review & editing, Funding acquisition, Writing – original draft, Data curation, Validation.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by an unrestricted research grant from Boehringer Ingelheim (BI), Canada (IIS 1199-0431, MO) through an unrestricted investigator-initiated study. BI had no role in the design, analysis or interpretation of the results of this study; BI was given the opportunity to review the manuscript for medical and scientific accuracy as well as intellectual property considerations. Additional funding was provided by the University Hospital Foundation (Kaye Grant, 2024, MO), Scleroderma Canada (MO and ML (2022)), by the Arthritis Society (IMHA/STAR award 00049, MO), Dutch Kidney Foundation (17PhD01, JC) and by Thermo Fisher Scientific (MAI Award 2024, CV).




Acknowledgments

We are grateful to the patients of the UofA and CSRG Rheumatology Clinics who took part in this study.





Conflict of interest

MO received speaker honoraria from Boehringer Ingelheim and Therakos, Inc. MO is also an executive member of the Canadian Scleroderma Research Group. MF is Medical Director of Mitogen Diagnostics Corporation. MF received speaker honoraria from Werfen and the University of Mexico. ML is a Director of the Canadian Scleroderma Research Group. ML received speaker honoraria from Boehringer Ingelheim. MC is Associate Director at MitogenDx. MC is a consultant for AstraZeneca, GSK, Mallinckrodt Pharmaceuticals, MitogenDx, Werfen, Celltrion, Organon.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1655414/full#supplementary-material




References

	 Minier T, Guiducci S, Bellando-Randone S, Bruni C, Lepri G, Czirjak L, et al. Preliminary analysis of the very early diagnosis of systemic sclerosis (VEDOSS) EUSTAR multicenter study: evidence for puffy fingers as a pivotal sign for suspicion of systemic sclerosis. Ann Rheum Dis. (2014) 73:2087–93. doi: 10.1136/annrheumdis-2013-203716, PMID: 23940211


	 van Eeden C, Osman MS, Cohen Tervaert JW. Fatigue in ANCA-associated vasculitis and systemic sclerosis (SSc): similarities with Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). A Crit Rev literature. Expert Rev Clin Immunol. (2022) 18:1049–70. doi: 10.1080/1744666X.2022.2116002, PMID: 36045606


	 Kim DY, Lee JS, Son CG. Systematic review of primary outcome measurements for chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) in randomized controlled trials. J Clin Med. (2020) 9. doi: 10.3390/jcm9113463, PMID: 33126460


	 Saito S, Shahbaz S, Luo X, Osman M, Redmond D, Cohen Tervaert JW, et al. Metabolomic and immune alterations in long COVID patients with chronic fatigue syndrome. Front Immunol. (2024) 15:1341843. doi: 10.3389/fimmu.2024.1341843, PMID: 38304426


	 Saito S, Shahbaz S, Osman M, Redmond D, Bozorgmehr N, Rosychuk R, et al. Diverse immunological dysregulation, chronic inflammation, and impaired erythropoiesis in long COVID patients with chronic fatigue syndrome. J Autoimmun. (2024) 147:103267. doi: 10.1016/j.jaut.2024.103267, PMID: 38797051


	 van Eeden C, Mohazab N, Redmond D, Yacyshyn E, Clifford A, Russell AS, et al. Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and fibromyalgia: PR3-versus MPO-ANCA-associated vasculitis, an exploratory cross-sectional study. Lancet Reg Health Am. (2023) 20:100460. doi: 10.1016/j.lana.2023.100460, PMID: 36890852


	 van Eeden C, Redmond D, Mohazab N, Larche MJ, Mason AL, Cohen Tervaert JW, et al. Evidence of a novel mitochondrial signature in systemic sclerosis patients with chronic fatigue syndrome. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241512057, PMID: 37569433


	 Basta F, Afeltra A, Margiotta DPE. Fatigue in systemic sclerosis: a systematic review. Clin Exp Rheumatol. (2018) 36 Suppl 113:150–60., PMID: 29303706


	 Distler O, Assassi S, Cottin V, Cutolo M, Danoff SK, Denton CP, et al. Predictors of progression in systemic sclerosis patients with interstitial lung disease. Eur Respir J. (2020) 55. doi: 10.1183/13993003.02026-2019, PMID: 32079645


	 Al-Adwi Y, Atzeni IM, Doornbos-van der Meer B, van der Leij MJ, Varkevisser RDM, Kroesen BJ, et al. High serum C-X-C motif chemokine ligand 10 (CXCL10) levels may be associated with new onset interstitial lung disease in patients with systemic sclerosis: evidence from observational, clinical, transcriptomic and in vitro studies. EBioMedicine. (2023) 98:104883. doi: 10.1016/j.ebiom.2023.104883, PMID: 37995465


	 Di Donato S, Ross R, Karanth R, Kakkar V, De Lorenzis E, Bissell LA, et al. Serum Type I Interferon Score predicts clinically meaningful disease progression in limited cutaneous Systemic Sclerosis. Arthritis Rheumatol. (2025) 77(7):929–41. doi: 10.1002/art.43120, PMID: 39887650


	 Hammad GA, Eltanawy RM, Fawzy RM, Gouda TMA, Eltohamy MA. Serum interleukin 23 and its associations with interstitial lung disease and clinical manifestations of scleroderma. Egyptian J Bronchology. (2018) 12):69–75. doi: 10.4103/ejb.ejb_22_17


	 Monastero RN, Pentyala S. Cytokines as biomarkers and their respective clinical cutoff levels. Int J Inflam. (2017) 2017:4309485. doi: 10.1155/2017/4309485, PMID: 28487810


	 Lui Q, Tabrez S, Niekamp P, Kim CH. Circadian-clock-controlled endocrine and cytokine signals regulate multipotential innate lymphoid cell progenitors in the bone marrow. Cell Rep. (2024) 43:114200. doi: 10.1016/j.celrep.2024.114200, PMID: 38717905


	 Liu FT, Stowell SR. The role of galectins in immunity and infection. Nat Rev Immunol. (2023) 23:479–94. doi: 10.1038/s41577-022-00829-7, PMID: 36646848


	 Chihara M, Kurita M, Yoshihara Y, Asahina A, Yanaba K. Clinical significance of serum galectin-9 and soluble CD155 levels in patients with systemic sclerosis. J Immunol Res. (2018) 2018:9473243. doi: 10.1155/2018/9473243, PMID: 30599005


	 Saigusa R, Asano Y, Nakamura K, Hirabayashi M, Miura S, Yamashita T, et al. Systemic Sclerosis Dermal Fibroblasts Suppress Th1 Cytokine Production via Galectin-9 Overproduction due to Fli1 Deficiency. J Invest Dermatol. (2017) 137:1850–9. doi: 10.1016/j.jid.2017.04.035, PMID: 28528914


	 Liang L, Zhang YM, Shen YW, Song AP, Li WL, Ye LF, et al. Aberrantly expressed galectin-9 is involved in the immunopathogenesis of anti-MDA5-positive dermatomyositis-associated interstitial lung disease. Front Cell Dev Biol. (2021) 9:628128. doi: 10.3389/fcell.2021.628128, PMID: 33842457


	 van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A, et al. classification criteria for systemic sclerosis: an American College of Rheumatology/European League against Rheumatism collaborative initiative. Arthritis Rheum. (2013) 65:2737–47. doi: 10.1136/annrheumdis-2013-204424, PMID: 24092682


	 Mehra S, Walker J, Patterson K, Fritzler MJ. Autoantibodies in systemic sclerosis. Autoimmun Rev. (2013) 12:340–54. doi: 10.1016/j.autrev.2012.05.011, PMID: 22743034


	 Koenig M, Joyal F, Fritzler MJ, Roussin A, Abrahamowicz M, Boire G, et al. Autoantibodies and microvascular damage are independent predictive factors for the progression of Raynaud's phenomenon to systemic sclerosis: a twenty-year prospective study of 586 patients, with validation of proposed criteria for early systemic sclerosis. Arthritis Rheum. (2008) 58:3902–12. doi: 10.1002/art.24038, PMID: 19035499


	 Johnson D, van Eeden C, Moazab N, Redmond D, Phan C, Keeling S, et al. Nailfold capillaroscopy abnormalities correlate with disease activity in adult dermatomyositis. Front Med (Lausanne). (2021) 8:708432. doi: 10.3389/fmed.2021.708432, PMID: 34447769


	 Hoa S, Berger C, Lahmek N, Larche M, Osman M, Choi M, et al. Characterization of incident interstitial lung disease in late systemic sclerosis. Arthritis Rheumatol. (2024) 77(4):450–7. doi: 10.1002/art.43051, PMID: 39492683


	 Carruthers BM, Jain AK, De Meirleir KL, Peterson DL, Klimas NG, Lerner AM, et al. Myalgic encephalomyelitis/chronic fatigue syndrome. J Chronic Fatigue Syndrome. (2003) 11:7–115. doi: 10.1300/J092v11n01_02


	 van Elzakker MB, Brumfield SA, Lara Mejia PS. Neuroinflammation and cytokines in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS): A critical review of research methods. Front Neurol. (1033) 2019:9. doi: 10.3389/fneur.201801033


	 StataCorp. Stata statistical software: release 18. StataCorp LLC: College Station, Texas, United States (2023).


	 Rodriguez-Martin E, Picon C, Costa-Frossard L, Alenda R, Sainz de la Maza S, Roldan E, et al. Natural killer cell subsets in cerebrospinal fluid of patients with multiple sclerosis. Clin Exp Immunol. (2015) 180:243–9. doi: 10.1111/cei.12580, PMID: 25565222


	 Jason LA. Measuring post-exertional malaise with dePaul symptom questionnaires: challenges and opportunities. OBM Neurobiol. (2025) 9:267. doi: 10.21926/obm.neurobiol.2501267


	 Johnson SR, Bernstein EJ, Bolster MB, Chung JH, Danoff SK, George MD, et al. American college of rheumatology (ACR)/American college of chest physicians (CHEST) guideline for the screening and monitoring of interstitial lung disease in people with systemic autoimmune rheumatic diseases. Arthritis Care Res (Hoboken). (2023) 76:1070–82. doi: 10.1002/art42861


	 Raja J, Denton CP. Cytokines in the immunopathology of systemic sclerosis. Semin Immunopathol. (2015) 37:543–57. doi: 10.1007/s00281-015-0511-7, PMID: 26152640


	 Avouac J, Lepri G, Smith V, Toniolo E, Hurabielle C, Vallet A, et al. Sequential nailfold videocapillaroscopy examinations have responsiveness to detect organ progression in systemic sclerosis. Semin Arthritis Rheum. (2017) 47:86–94. doi: 10.1016/j.semarthrit.2017.02.006, PMID: 28291582


	 Castellvi I, Simeon-Aznar CP, Sarmiento M, Fortuna A, Mayos M, Geli C, et al. Association between nailfold capillaroscopy findings and pulmonary function tests in patients with systemic sclerosis. J Rheumatol. (2015) 42:222–7. doi: 10.3899/jrheum.140276, PMID: 25399393


	 Guillen-Del-Castillo A, Simeon-Aznar CP, Callejas-Moraga EL, Tolosa-Vilella C, Alonso-Vila S, Fonollosa-Pla V, et al. Quantitative videocapillaroscopy correlates with functional respiratory parameters: a clue for vasculopathy as a pathogenic mechanism for lung injury in systemic sclerosis. Arthritis Res Ther. (2018) 20:281. doi: 10.1186/s13075-018-1775-9, PMID: 30567570


	 O'Brien MJ, Shu Q, Stinson WA, Tsou PS, Ruth JH, Isozaki T, et al. A unique role for galectin-9 in angiogenesis and inflammatory arthritis. Arthritis Res Ther. (2018) 20:31. doi: 10.1186/s13075-018-1519-x, PMID: 29433546


	 Chaigne B, Bense A, Aubourg F, Agard C, Allanore Y, Berezne A, et al. Total lung capacity is predictive of disease severity and survival in systemic sclerosis: A longitudinal analysis in 2347 patients from the French National Cohort Study. J Autoimmun. (2025) 152:103391. doi: 10.1016/j.jaut.2025.103391, PMID: 40037002


	 Bozorgmehr N, Mashhouri S, Perez Rosero E, Xu L, Shahbaz S, Sligl W, et al. Galectin-9, a player in cytokine release syndrome and a surrogate diagnostic biomarker in SARS-coV-2 infection. mBio. (2021) 12. doi: 10.1128/mBio.00384-21, PMID: 33947753


	 Dunsmore G, Rosero EP, Shahbaz S, Santer DM, Jovel J, Lacy P, et al. Neutrophils promote T-cell activation through the regulated release of CD44-bound Galectin-9 from the cell surface during HIV infection. PloS Biol. (2021) 19:e3001387. doi: 10.1371/journal.pbio.3001387, PMID: 34411088


	 Fioretto BS, Rosa I, Matucci-Cerinic M, Romano E, Manetti M. Current trends in vascular biomarkers for systemic sclerosis: A narrative review. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms24044097, PMID: 36835506


	 Matucci-Cerinic M, Manetti M, Bruni C, Chora I, Bellando-Randone S, Lepri G, et al. The "myth" of loss of angiogenesis in systemic sclerosis: a pivotal early pathogenetic process or just a late unavoidable event? Arthritis Res Ther. (2017) 19:162. doi: 10.1186/s13075-017-1370-5, PMID: 28683836


	 Wang Y, Song L, Sun J, Sui Y, Li D, Li G, et al. Expression of Galectin-9 and correlation with disease activity and vascular endothelial growth factor in rheumatoid arthritis. Clin Exp Rheumatol. (2020) 38:654–61., PMID: 31820713


	 Chiyo T, Fujita K, Iwama H, Fujihara S, Tadokoro T, Ohura K, et al. Galectin-9 induces mitochondria-mediated apoptosis of esophageal cancer in vitro and in vivo in a xenograft mouse model. Int J Mol Sci. (2019) 20. doi: 10.3390/ijms20112634, PMID: 31146370


	 Lu LH, Nakagawa R, Kashio Y, Ito A, Shoji H, Nishi N, et al. Characterization of galectin-9-induced death of Jurkat T cells. J Biochem. (2007) 141:157–72. doi: 10.1093/jb/mvm019, PMID: 17167046


	 Balanescu P, Ladaru A, Balanescu E, Nicolau A, Baicus C, Dan GA. IL-17, IL-6 and IFN-gamma in systemic sclerosis patients. Rom J Intern Med. (2015) 53:44–9. doi: 10.1515/rjim-2015-0006, PMID: 26076560


	 Gourh P, Arnett FC, Assassi S, Tan FK, Huang M, Diekman L, et al. Plasma cytokine profiles in systemic sclerosis: associations with autoantibody subsets and clinical manifestations. Arthritis Res Ther. (2009) 11:R147. doi: 10.1186/ar2821, PMID: 19799786


	 Kawabata K, Makino T, Makino K, Kajihara I, Fukushima S, Ihn H. IL-16 expression is increased in the skin and sera of patients with systemic sclerosis. Rheumatol (Oxford). (2020) 59:519–23. doi: 10.1093/rheumatology/kez318, PMID: 31377804


	 Komura K, Fujimoto M, Hasegawa M, Ogawa F, Hara T, Muroi E, et al. Increased serum interleukin 23 in patients with systemic sclerosis. J Rheumatol. (2008) 35:120–5. doi: 10.3899/jrheum.080120, PMID: 18085738


	 Scala E, Pallotta S, Frezzolini A, Abeni D, Barbieri C, Sampogna F, et al. Cytokine and chemokine levels in systemic sclerosis: relationship with cutaneous and internal organ involvement. Clin Exp Immunol. (2004) 138:540–6. doi: 10.1111/j.1365-2249.2004.02642.x, PMID: 15544634


	 Yago T, Nanke Y, Kawamoto M, Kobashigawa T, Yamanaka H, Kotake S. IL-23 and th17 disease in inflammatory arthritis. J Clin Med. (2017) 6. doi: 10.3390/jcm6090081, PMID: 28850053


	 Zheng B, Keen KJ, Fritzler MJ, Ryerson CJ, Wilcox P, Whalen BA, et al. Circulating cytokine levels in systemic sclerosis related interstitial lung disease and idiopathic pulmonary fibrosis. Sci Rep. (2023) 13:6647. doi: 10.1038/s41598-023-31232-4, PMID: 37095095


	 Shan B, Vazquez E, Lewis JA. Interferon selectively inhibits the expression of mitochondrial genes: a novel pathway for interferon-mediated responses. EMBO J. (1990) 9:4307–14. doi: 10.1002/j.1460-2075.1990.tb07879.x, PMID: 2176148


	 van den Hoogen LL, van Roon JAG, Mertens JS, Wienke J, Lopes AP, de Jager W, et al. Galectin-9 is an easy to measure biomarker for the interferon signature in systemic lupus erythematosus and antiphospholipid syndrome. Ann Rheum Dis. (2018) 77:1810–4. doi: 10.1136/annrheumdis-2018-213497, PMID: 30185417







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 van Eeden, Rezaeifar, Elezzabi, Redmond, Gniadecki, Abey, Reynolds, Sholter, Shahbaz, Elahi, Khan, Mason, Fritzler, Mulder, Baron, Larché, Pope, Choi, Hoa, Thorne, Nethchiporouk, Cohen Tervaert and Osman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2025.1655414_cover.jpg
& frontiers | Frontiers in Immunology

Severe fatigue is associated with diminished
lung function and elevated Galectin-9 levels
in early systemic sclerosis





OEBPS/Images/fimmu-16-1655414-g001.jpg
(8)

(A)

csre

Uofa

Baan

o

oyss ueusseads

L7 II

5
o

oyssewseads

I positive Correlatons.

NN Negative Correlations





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1655414-g005.jpg
Systemic Sclerosis
without ME/CFS

Systemic Sclerosis
with ME/CFS

o
Less Immune
Dysregulation
Less (Subacute )
HYPOXIA 5
L o8
~

N

Less hypoxic
stress mediators

lx

Vascular remodelling
Mitochondrial dysregulation
Inflammatory angiogenesis
Exercise intolerance
Severe fatigue

v
o

Vascular remodelling
Inflammatory angiogenesis

t Immune
Dysregulation
(Sub)acute Gal 9
HYPOXIA

t Hypoxic stress
mediators

)fl. 7

Exercise intolerance

% Severe fatigue

Mitochondrial
dysregulation





OEBPS/Images/fimmu-16-1655414-g003.jpg
(A)

=0.767 p=0.173
R s =
"
z g ¢ "
4w  Eh
§ vE g:
§s 2 £ ; i g
H H 5 s 5,
; £
3 H H
o 0 0
e seer
(8)
Healthy Control 1 $SC-NF (Patient 1) $Sc-F (Patient 1)
Healthy Control 2 $Sc-NF (Patient 2) $Sc-F (Patient 2)

|






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1655414-g002.jpg
D)

peozss

o ond

o suewieads





OEBPS/Images/fimmu-16-1655414-g004.jpg
p<0.001

p<0.001

Gal9 >P75

Gal9 <P75

Gal9 >P75

Gal9 <P75

g g
g
anfeiie BabA > .. ® o o]
2 3
S o ¢ 5
g g
5 4 e 4
£ b
o .._______;.______._..... § i1 - 5.......;;!.._____
3 8
g g 2 8 @ ¢ 2 ¢ 8 &8 ¢ ° $ 8§ & ¢ @
(pa1d %) 0L ova S
@ 8 =
o ©
b g
2 §oeemtatetebe o w =TT N R |
8 o - —
g g
bt b
M 3 iE m
4 ...."..Anmwm e ¥ .._.__ 11
3 ¥ E 3
8 g 2 s ) B 3 S
(Poid %) ONd (po3d %) 85 0010 2108

©
(E)





