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Introduction

Disturbances of energy metabolism contribute to the clinical manifestations of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). Previously, we found that B cells from ME/CFS patients have an increased expression of CD24, a modulator of many cellular functions including those of cell stress. The relative ability of B cells from ME/CFS patients and healthy controls (HC) to respond to rapid changes in energy demand was compared.





Methods

CD24, the ectonucleotidases CD39 and CD73, the NAD-degrading enzyme CD38, and mitochondrial mass (MM) were measured following cross-linking of the B cell receptor and costimulation with either T-cell-dependent or Toll-like-receptor-9-dependent agonists. The levels of metabolites consumed/produced were measured using 1H-NMR spectroscopy and analyzed in relation to cell growth and immunophenotype.





Results

Proliferating B cells from patients with ME/CFS showed a lower mitochondrial mass and a significantly increased usage of essential amino acids compared with those from HC, with a significantly delayed loss of CD24 and an increased expression of CD38 following stimulation.





Discussion

The immunophenotype results suggested the triggering of a stress response in ME/CFS B cells associated with the increased usage of additional substrates to maintain necessary ATP levels. Disturbances in energy metabolism in ME/CFS B cells were thus confirmed in a dynamic in vitro model, providing the basis for further mechanistic investigations.
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Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a poorly understood chronic disease despite a prevalence of approximately 0.9% and an often debilitating course (1–3). Fatigue, post-exertional malaise, brain fog, and unrefreshing sleep are hallmark symptoms of the disease that are required to meet the diagnostic criteria. The reliance on symptom-based diagnosis is due to the absence of objective biomarkers, which has contributed to our gap in disease knowledge (4). Disruptions within the nervous, neuroendocrine, and immune systems, consequent to an infection or other environmental triggers, are generally thought to underlie ME/CFS, but precise mechanistic pathways resulting in the apparent dysregulation of multiple homeostatic pathways are not yet known (5–8).

The most consistent evidence for a biomedical basis for ME/CFS comes from studies of energy metabolism with metabolomic studies of the blood, urine, and feces of patients with ME/CFS describing clear alterations in lipid, urea, and glycolytic cycles (7, 9–13). The involvement of the immune system is also strongly suspected (14). The results of investigations of immune system parameters such as immunophenotype of T and B cells differ widely, but minor alterations in both T (MAIT cells) and B cell subpopulations have been described (15, 16). Some reports also suggest a pro-inflammatory profile in blood and CSF cytokines, which may be linked with metabolic activity (17, 18), whereas other investigations have proved negative (19). Overall, however, there is no clear or consistent body of evidence for specific abnormalities of immune functionality in patient cohorts as a whole, although it remains likely that immune system homeostasis is disturbed (14).

Previously, we reported that the expression of the glycoprotein CD24 (heat-stable antigen or nectadrin) was increased (both frequency and expression) on IgD+ naïve and memory B cell subsets in ME/CFS peripheral blood compared with age-matched healthy controls (20). Using B cells from healthy donors, we further demonstrated a novel association between CD24 positivity and energy metabolism, namely, phosphorylation of AMP-activated protein kinase (AMPK) in unswitched memory (IgD+IgM+CD27+) B cells.

The discovery of a possible link between the expression of CD24 on B cells with utilization of alternate pathways of ATP generation prompted us to investigate the B cell metabolic function in ME/CFS patients. Here we report differences in metabolic function of purified B cells from patients with ME/CFS and healthy controls. We used flow cytometry to analyze the CD24 expression as well as extracellular purinergic signaling (including the ectonucleotidases CD39 and CD73 and the NAD degrading enzyme CD38) throughout in response to cross-linking of the B cell receptor (BCR) and co-stimulation with either T-cell-dependent (TD) or Toll-like-receptor-9-dependent (TLR9D) ligands. The relative mitochondrial mass over consecutive cycles of proliferation was also calculated using flow cytometry. Levels of selected metabolites consumed/produced were measured using 1H nuclear magnetic resonance (NMR) spectroscopy and analyzed in relation to cell growth and immunophenotype.





Materials and methods




Patients and controls

Patients diagnosed with ME/CFS fulfilling the International (based on Canadian) Consensus Criteria (21) were selected for the study at an ME/CFS referral center, namely, the Royal London Hospital of Integrated Medicine, UCLH NHS Foundation Trust (under the care of Dr. S. Berkovitz). A total of eight ME/CFS patients (six female (F) and two male (M); median age, 33 years; range, 22–52 years) and seven healthy controls (HC) (five F and two M; median age, 33 years; range, 23–63) were included. Patients with a confirmed history of autoimmune disease or receiving immunosuppression were excluded, as well as those who had a history of depression (HADS >10/21). All were Caucasian, and the patients completed VAS scores at the time of blood taking (where 0 is no symptoms and 10 is most severe). The median scores were 7.3 for fatigue, 4.3 for cognitive impairment, and 4.0 for pain. This study has been approved by the NRES Committee London-City Road and Hampstead Research Ethics Committee (REC reference: 14/LO/0388).





Purification and culture of B cells from peripheral blood samples

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole-blood samples by centrifugation over Lymphoprep (Stemcell™ Technologies, Vancouver BC). The B cells were enriched by negative selection using the EasySep™ Human B cell isolation kit (Stemcell™ Technologies, Vancouver, BC, Canada). The negatively isolated B cells were cultured in the presence of TD stimulus comprising anti-CD40 (LEAF™ Purified anti-human, Biolegend, San Diego, CA, USA), anti-IgM (AffiniPure F(ab’)2 Fragment Goat Anti-Human IgM, Fc5μ fragment specific, West Grove, PA, USA), and IL2 (Human, PeproTech EC Ltd., Rocky Hill, NJ, USA) or through TLR9D with CpG oligodeoxynucleotides (ODN 2006, InVivogen, San Diego, CA, USA) + anti-IgM and IL2. The unstimulated wells were cultured in complete medium alone.





In vitro assay conditions and sampling following stimulation with T-cell-dependent and TLR9-dependent agonists

Purified B cells (2 × 105/well in triplicate in 96-well culture plates) from HC (N = 7) and ME/CFS patients (N = 6) were cultured in 1.5-mL complete medium (RPMI-1640; Sigma-Aldrich, St. Louis, MO, USA, supplemented with 10% fetal bovine serum (FBS); Labtech International, Heathfield, UK) for up to 6 days in 24-well culture plates with transwell inserts (Corning, New York, NY, USA) plus TD or TLR9D stimulation in triplicate. Supernatants were collected on days 1, 3, and 6. Due to the low numbers of isolated B cells in some HC and ME/CFS samples, TLR9D stimulation was used for all individuals, with negative controls (in the absence of stimulation), and B cells stimulated by the TD pathway were included when the cell number allowed.





Proliferation and staining of mitochondrial mass in B cell cultures from HC and ME/CFS patients

To confirm proliferation following stimulation, isolated B cells were stained with carboxyfluorescein succinimidyl ester (CFSE) (Biolegend, San Diego, CA, USA) and cultured for 6 days. Briefly, the cells were incubated with CFSE for 10 min at 37°C, quenched with cold complete medium, and washed for 5 min at 300 × g. CFSE-stained PBMCs/B cells were cultured in the presence of TD and TLR9D or with culture medium. Flow cytometry was then used to distinguish B cell subsets (CD19, CD27, and IgD) and cycles of proliferation.

To measure the mitochondrial mass, cultured B cells were incubated with 22 nM MitoTracker™ Red FM (ThermoFisher Scientific, Waltham, MA, USA) in preheated (37°C) RPMI medium 1640 without serum for 30 min at 37°C. The cells were then washed (5 min 300 × g at RT) with RPMI, resuspended in PBS, and stained for 20 min with anti-CD19-Alexa Fluor 700, anti-IgDBV421, and anti-CD27-APC. LIVE/DEAD® Fixable Aqua Dead Cell Stain (ThermoFisher Scientific, Waltham, MA, USA) was used to gate out dead cells.





Immunophenotype analysis

Flow cytometry was used to follow changes in classical B cell immunophenotype markers (CD19, IgD, IgM, and CD27) as well as those involved in energy pathways including CD24, CD39, CD73, and CD38 throughout in vitro culture. B cell numbers, B cell growth (total mass), and viability were also calculated using flow cytometry. Briefly, PBMCs or B cells were stained for 20 min with fluorescent conjugates of monoclonal antibodies to CD19-Alexa Fluor 700, IgD-BV421, and IgM-BV605 (BD Biosciences, San Jose, CA, USA), CD27-APC and CD24-APC eFluor780 (eBioscience, San Diego, CA, USA), CD39-FITC, CD73-PE, and CD38-PerCP.Cy5.5 (Biolegend, San Diego, CA, USA), and a viability marker (LIVE/DEAD™ Fixable aqua dead cell stain, ThermoFisher Scientific, Waltham, MA, USA). The cells were washed and resuspended in PBS and acquired within 24 h on a BD LSR FortessaTMX-20. Total mass was calculated by combining the mass of debris, dead cells, and live cells in each culture well using the following formula: (FSC × mean number viable + FSC × mean number dead + FSC × mean number debris). Compensation beads (BD, Biosciences, San Jose, CA, USA) were used to optimize the fluorescence compensation settings for multicolor flow cytometric analysis. A minimum of 100,000 events in the lymphocyte gate was collected.





Determination of metabolites during in vitro culture using 1H nuclear magnetic resonance

In total, 500 µL of culture supernatants was sampled at days 1, 3, and 6, of which 200 µL was combined with 200 µL of ice-cold methanol-d4 (Sigma-Aldrich, St. Louis, MO, USA) and allowed to rest for 3 min; then, 200 μL ice-cold deuterated chloroform-d (Sigma-Aldrich, St. Louis, MO, USA) was added and mixed by vortexing. The samples were then centrifuged at 4°C to produce a biphasic mixture with a hydrophilic phase of water/deuterated methanol and a lipophilic phase of deuterated chloroform. A 300-μL sample of the top hydrophilic layer was added to 300 µL of 200 mM sodium phosphate in D2O (pH 7) containing 2 mM DSS and 0.2% (w/v) sodium azide. Then, 550 μL of supernatant was transferred to a 7-inch 5-mm 507-grade NMR tube and run on 700 MHz (Bruker Avance IIIHD 700) for NMR analysis. The metabolites in samples from cultures were analyzed as previously described (22). Fold changes in metabolites were calculated between days 1 and 3 and between days 3 and 6. Day 1 results were expressed as concentrations (in mM).






Results




Kinetics of CD24 on purified B cells after culture with TD and TLR9D agonists

In our initial studies of B cells from patients with ME/CFS and HC, the frequency of CD24+ cells and CD24 expression was higher on peripheral blood B cells bearing IgD in the patient group (16). As shown in Figure 1, even in this small group pf patients, prior to culture the frequency of CD24 was significantly higher (p < 0.01) on B cells from ME/CFS patients compared to HC, confirming our previous studies of circulating B cells in peripheral blood. CD24 is rapidly lost after successful entrance into cycles of proliferation, and by day 3 of culture the percentage of CD24+ B cells from HC had reduced significantly in response to both stimuli. The higher percentage of CD24+ B cells in cultures from ME/CFS patients persisted, being evident in TD-stimulated cultures at days 1 and 3 (Figure 1A) and in TLR9D-stimulated wells (Figure 1B) at 3 days of culture. By day 6 of culture, the percentage of CD24+ B cells in cultures from ME/CFS patients was similar to that of HC (Figure 1). The mean levels of CD24 expression (MFI) decreased rapidly following stimulation but were similar between the patient and control groups (data not shown). The in vitro experiments support our previous findings of a higher CD24 frequency in peripheral blood B cells from ME/CFS patients. The lag in loss of CD24 from a high percentage of ME/CFS B cells may reflect their relatively slower rate of entry into the cell cycle compared with B cells from HC.




Figure 1 | Percentage of B cells positive for CD24 after in vitro stimulation. %CD24+ B cells are shown at baseline, day 1, day 3, and day 6 after T-cell-dependent (TD) (A) or Toll-like-receptor-9-dependent (TI) ligands (B). The box and whiskers show median, maximum, and minimum values for healthy controls (gray bars, N = 6) and myalgic encephalomyelitis/chronic fatigue syndrome patients (blue bars, N = 7); *p < 0.05, **p < 0.01 (Mann–Whitney U-test).







Frequencies and expression of purinergic pathway markers on B cells from HC and ME/CFS patients

A series of ectoenzymes regulate the extracellular purinergic signaling pathways through their ability to modulate the levels of ATP and adenosine. Degradation to adenosine is associated with the activation of anti-inflammatory pathways. We therefore followed the frequencies and MFI (expression) of the ectonucleotidases CD39 and CD73 and of the NAD-degrading enzyme cyclic ADP ribose hydrolase (CD38) on live B cells cultured from HC and ME/CFS patients (Figure 2). The results from each stimulus were combined due to low cell numbers. At baseline, these three surface markers were found in similar frequencies in both HC and ME/CFS patients with no differences in expression. During culture, however, the frequencies (%) of both CD38+ and CD73+ B cells were significantly higher in ME/CFS compared with HC cultures (Figures 2A, C). The mean expression (MFI) of CD38, but not CD73, was found to be significantly increased in cultures from ME/CFS patients compared with HC at days 1 and 3, which corresponds with the period of most proliferation (Figures 2D, F). The expression (MFI) of CD39 was not different between patients and controls (Figure 2E).




Figure 2 | Percentage and MFI of live B cells positive for CD38, CD39, and CD73 following in vitro stimulation. The percentages of live B cells positive for CD38 (A), CD39 (B), CD73 (C), and MFI (D–F) are shown at baseline (0) and days 1, 3, and 6 for healthy controls (HC; gray bars) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; red bars). The results from both T-cell-dependent and Toll-like-receptor-9-dependent stimuli were combined. The box and whiskers show median, maximum, and minimum values for HC (N = 6) and ME/CFS patients (N = 7). The exact p-values, as shown, were calculated using Mann–Whitney U-test.







Mitochondrial mass of B cells from HC compared with ME/CFS following TD and TLR9D stimulation

Mitochondrial biogenesis (increase in volume or number of mitochondria) occurs as a response to stress and thus thought to be protective for the cell in the face of potential reactive oxygen species (ROS)-mediated damage. In murine B cells, mitochondrial mass (MM) has been shown to be associated with the fate of B cells following BCR crosslinking, with differentiation to class switch and entry to germinal centers associated with higher mitochondrial mass compared with T-independent second signaling which shows more proliferation and differentiation to (IgM+) plasma cells (23–25). In accord with these findings, the results described here show the greatest increase in MM associated with T-dependent signaling. TLR9D stimulation resulted in B cells attaining a relatively lower MM which was associated with more cycles of proliferation (Supplementary Figure S1). Therefore, to take into account the differences in B cell kinetics following stimulation with TD and TLR9D agonists, we measured MM in relation to each cycle of proliferation in the transwell B cell cultures over four proliferation cycles in B cells from six HC and eight ME/CFS patients (Figure 3). At baseline and over each cycle, MM was found to be significantly lower in ME/CFS compared to HC B cells, in most cycles following TD stimulation and all cultures following TLR9D stimulation. Differences in MitoTracker Red MFI between TD and TLR9D reflect higher MM following TD, as previously discussed.




Figure 3 | Mitochondrial mass (MFI of MitoTracker™ Red) of CD19+B cells over sequential cycles of proliferation. Purified B cells were stimulated with T-cell-dependent (A) or Toll-like-receptor-9-dependent agonists (B). The results for healthy controls (HC) (gray bars, N = 6) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) (blue bars, N = 8) are shown. The comparison between HC and ME/CFS patients’ results was performed using Mann–Whitney U-test; *p < 0.05.







Comparison of glucose uptake and lactate production in B cell cultures: Relationship with immunophenotype

Glucose consumption and lactate production are important components in ATP generation through (anaerobic) glycolysis. Glucose and lactate concentrations (mM) were measured at days 1, 3, and 6 in the supernatant of purified B cell cultures from six HC using 1H NMR spectroscopy (Figure 4A). There was a clear decrease of glucose levels in conjunction with an increase of lactate concentrations between days 1 and 3 and days 3 and 6 of culture following TLR9D stimulation. The relationship between a direct measure of glucose and lactate throughout B cell maturation was also tested against changes in B cell phenotypic markers. CD markers previously measured at baseline (as shown in Figure 2) were analyzed in relation with glucose usage and lactate production. It was found that only fractions of viable CD24+ B cells, but none of the other CD markers tested, correlated strongly with glucose (Figure 4B) and lactate (Figure 4C) concentrations in both HC and ME/CFS patients irrespective of time of sampling (data not shown). There was no difference between the results for HC and ME/CFS patients.




Figure 4 | Relationship between glucose and lactate concentrations and %CD24+ B cells after the in vitro culture of purified B cells. Median ( ± IQR) of glucose and lactate concentrations (mM) measured at days 1, 3, and 6 in the supernatant of purified B cell cultures from six healthy controls following Toll-like-receptor-9-dependent (TLR9D) stimulation (A). The proportion of CD24+B cells in live cell gates was plotted against the concentrations of glucose (B) and lactate (C) in the culture supernatants of 42 cultures from HC and 48 from myalgic encephalomyelitis/chronic fatigue syndrome patients. The results for cultures of B cells incubated with medium alone and T-cell-dependent and TLR9D stimulations were pooled. Statistical significance was calculated using linear regression and Pearson’s correlation coefficient as shown.







Culture conditions and measurement of cell growth

To compare the metabolomic analysis of culture supernatants of patient and control cultures, it was necessary to take account of the proportions of live cells, dead cells, and debris within the culture milieux as differences may influence the results. The fold changes in all three parameters and total growth of HC and ME/CFS B cell cultures were compared over time. Representative plots of the gating strategy used in a day 6 B cell culture from a healthy control are shown in Figure 5. In Figure 5A, lymphocyte and debris gates are shown, and in Figure 5B dead cells were distinguished from live cells using LIVE/DEAD fixable stain. Growth, irrespective of TD or TI stimulation, was measured, and only positive cultures were included. Figures 5C, D show the fold change in mass for cultures from HC and ME/CFS patients for all three parameters between days 1–3 and days 3–6. The fold change in total mass was also calculated (Figure 5E). There was no significant difference between any of the parameters in HC vs. ME/CFS patients.




Figure 5 | Representative plots and fold change in culture components and fold change in total growth. Representative dot plots show the gating strategy for lymphocytes and debris (A) and live and dead B cells (B) after 6 days of culture with T-cell-dependent and Toll-like-receptor-9-dependent stimulations (combined). Fold change differences in growth are shown for live B cells, dead B cells, and debris between days 1–3 (C) and days 3–6 (D). The three populations were also combined and shown as fold change of total growth in mass between days 1–3 and days 3–6 (E). The box and whiskers show median, maximum, and minimum values for a total of eight healthy controls and five myalgic encephalomyelitis/chronic fatigue syndrome patients.







Measurement of metabolites in culture supernatants of proliferating B cells from HC and patients with ME/CFS

Changes in metabolites (concentrations and fold changes over time) in cultured B cells from HC and ME/CFS patients were measured with respect to B cell growth. As shown in a representative experiment using B cells from a HC sample (Supplementary Data S2), B cells increased their cell size (forward scatter) at day 3 compared with day 1, while at 6 days the cell size decreased compared with that on day 3. Side scatter (internal granularity/complexity) was shown to be the highest at day 6, compared to days 1 and 3, reflecting differentiation to plasmablasts. Changes in CD markers and metabolites were therefore measured in relation to B cell growth in cultures during the critical growth phase of days 1 to 3 and then days 3 to 6. As both TD and TLR9D stimulation induced B cell growth, the results from supernatants were combined as the numbers were small.

In Table 1, the significant differences between ME/CFS and HC are summarized for metabolites present in the culture medium in relation to CD markers and cell mass. Of note is the significant elevation of CD38 on live ME/CFS B cells and the reduced fold change of CD38 markers on dying ME/CFS B cells. CD38 thus appears to be linked with B cell survival in ME/CFS patients. Finally, the proportion of live B cells in ME/CFS as measured by live cell mass appears to decrease less rapidly than in healthy controls.


Table 1 | The significant differences (shown in p-values) between proliferating B cells from myalgic encephalomyelitis/chronic fatigue syndrome and healthy controls are summarized.



Changes in metabolites (concentrations and fold changes over time) in cultured B cells from HC and ME/CFS patients were measured in cultures with largely B cell growth and also in cultures with largely B cell decay. In Table 2, the proliferating and non-proliferating cultures were compared within HC and within the ME/CFS subjects. The clear finding from Table 2 is the decreased amino acids in the media of proliferating ME/CFS B cells that does not occur in the media of proliferating HC B cells. As there was no increase of total matter created, we surmise that the increased usage of amino acids from the media is for ATP production via the mitochondria. The amino acids depleted were essential amino acids, which cannot be created by the cells, so the reduction of essential amino acids may indicate that all amino acids are being used more rapidly in ME/CFS but that the non-essential are being replenished. There is also a significant elevation of lactate in the media of proliferating ME/CFS cells that is not present in HC cells, suggesting the heightened use of glycolysis in ME/CFS. Taken together, it appears that ME/CFS B cells are using media substrates for energy production at a faster rate than HC B cells.


Table 2 | The significant differences (shown in p-values) between proliferating B cell experiments and non-proliferating B cell experiments from both myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) patients and healthy controls are summarized.








Discussion

Our initial study of B cell immunophenotype in patients with ME/CFS compared to age-matched controls revealed the unexpected finding of a significantly higher frequency (% positive B cells) and expression (MFI) of the GPI-linked surface receptor CD24 on IgD+ B cell sub-populations (16). Although without linkage to the signaling machinery, the widely distributed CD24 molecule has the ability to influence a number of important cellular functions through partnerships with many different signaling molecules, resulting in cell-specific and context-dependent consequences (26). In our previous study, using B cells from healthy individuals, we found that CD24 expression on IgD+ memory but not IgD+ naïve B cells was associated with the phosphorylation of AMPK (20). CD24 appeared to be also closely linked with B cell energy metabolism in that the total CD24 expression had a strong negative correlation with surrogate measures of glycolysis, namely, glucose consumption and lactate production. We have now extended these studies using in vitro stimulation of purified B cells from patients with ME/CFS by following changes in B cell immunophenotype, notably CD24 expression and that of the ectonucleotidases CD38, CD39, and CD73. Metabolite fluctuations during culture and changes in mitochondrial mass were also measured in order to explore the aspects of B cell energy metabolism.

Mitochondrial biogenesis is the process whereby mitochondrial mass (MM) is increased due to growth and division and occurs as a result of higher cellular energy demands. It is thus associated with greater glucose uptake and, ultimately, increased ATP production (27, 28). The overall consumption/production of glucose and lactate in cultures from ME/CFS patients and HC was found to be similar over the culture period. Following an initial increase in MM (Figure 3), relative MM did not increase or decrease over sequential cycles of proliferation in either ME/CFS and HC B cell cultures. This lack of change in MM indicates that continual usage of aerobic glycolysis was being used more than that of oxidative phosphorylation and electron transport within the mitochondria of B cells from both patient and control sources. This phenomenon has been described as a hallmark for proliferating immune cells, known as the Warburg effect (29–31), where there is a preferred pathway to produce energy rapidly via aerobic glycolysis, with increased glucose utilization and lactate production. However, MM within in vitro-stimulated B cells from ME/CFS patients was significantly lower compared to age-matched controls throughout multiple cycles, indicative of a decreased utilization of mitochondria for energy production in ME/CFS B cell cultures compared with those from HC. Previous observations in metabolomic studies suggested an aerobic condition but with the minimal utilization of mitochondria for efficient energy production in patients with ME/CFS (11, 32). Proteomic analysis has recently also confirmed a deficiency in ATP production in PBMC from ME/CFS patients, associated with the upregulation of pathways upstream of ATP-synthase (Complex V) which may reflect increased levels of oxidative (increased ROS) stress (33). Our observations using B cell cultures and MitoTracker Red showed less mitochondria in ME/CFS B cells in comparison with those from HC.

We also confirmed the dysregulation of CD24 expression on B cells from ME/CFS patients. Purified B cells from healthy donors exposed to agonists in transwell cultures showed a sharp decrease (~50%) of CD24+ B cells during the first 3 days of culture, but loss of CD24 from cultured B cells from ME/CFS patients was significantly “delayed” following stimulation, with a high proportion of cultured B cells from ME/CFS patients showing a continued expression of CD24 compared with B cells from healthy donors. Loss of CD24 from the naïve B cell surface coincides with B cells entering the cell cycle (16). Despite lacking an intracellular domain, CD24 can access a variety of signaling pathways through its ability to specifically target and regulate the oligomerization of selected cell membrane molecules into lipid rafts (26). In particular, it has been shown that CD24 can alter the localization of the BCR within lipid rafts, thereby affecting intracellular signaling (34, 35). Ligation of the BCR results in a rise in intracellular Ca2+ levels leading to the activation of the Ca2+/calmodulin-dependent Ser/Thr-specific phosphatase calcineurin and downstream transcription factors, leading to various differentiation pathways (36). Whether intracellular Ca2+ levels rose following BCR crosslinking in ME/CFS B cells retaining CD24 or whether the triggering of more downstream signaling pathways was disrupted has not yet been determined. The mechanism of CD24 loss from the cell surface of immature murine B cells and the WEHI-231 cell line in response to antibody-mediated crosslinking of CD24 is mediated via the formation and release of CD24+ plasma membrane-derived exosomes (microvesicles) enriched in mitochondrial and metabolism-related products, but whether this occurs following BCR ligation is not known (35).

In our previous study, we showed the dysregulation of CD24 on peripheral blood B cells from ME/CFS patients and that the expression of CD24 on certain (pre- or unswitched) memory subpopulations of human B cells from healthy donors was associated with the phosphorylation of AMPK. The analysis of metabolic profiles using metabolomics has additionally related the metabolic anomalies described in sera from patients with ME/CFS with increased AMPK phosphorylation (37). AMPK phosphorylation is triggered as a response to cell stress to maintain appropriate intracellular ATP generation. It is possible that the use of such catabolic pathways of energy production by B cells in response to stimulation through the BCR, for example, may be necessary to assist/promote cell survival at this critical stage. The links between CD24 expression and different downstream metabolic actions in ME/CFS patients were indeed confirmed by our metabolomic analysis of B cell culture supernatants. We showed, firstly, a clear correlation between CD24 and glucose consumption and lactate production in vitro in both HC and ME/CFS patients and, secondly, differences in uptake of metabolites between HC and ME/CFS patients. The increased uptake of amino acids in the ME/CFS cultures during the period of maximum cell growth suggested an increased usage of nitrogen-containing sources for energy production. The particular changes in the metabolites in B cell culture supernatants were remarkably similar to what has previously been published from the metabolomic analysis of serum and urine samples from these patients (5).

Other novel observations involved differences in the relationship between the frequency and expression of CD38+ B cells and the frequency of CD73+ B cells, but not of the other adenosine pathway-linked ectonucleotidase CD39 between cultured ME/CFS and HC B cells. CD38 is widely distributed in the immune system and is often used as an activation marker. It has multiple functions and can act as both a cell adhesion molecule where it is involved in signal transduction and as the enzyme ADP-ribose cyclase which is able to recycle extracellular nucleotides as well as generate cyclic ADP-ribose (cADPR), a potent Ca2+-mobilizing second messenger (38, 39). Upon BCR ligation, increased intracellular Ca2+ levels are key to controlling effector functions and the fate of B cell immune response (40, 41). We found a significantly increased frequency (%) and expression of CD38 on ME/CFS B cells during the active growth phase of the culture. CD38 expression increases following stimulation in response to the increased need to liberate intracellular Ca2+. The reason for a higher percentage (and MFI) of CD38+ B cells in MECFS cultures may possibly reflect a survival advantage, if Ca2+ release within ME/CFS B cells is compromised in some way. The liberation of Ca2+ through ryanodine receptors from the endoplasmic reticulum is also one of the key regulators of mitochondrial functioning, culminating ultimately in the generation of ATP (42). Some studies have indeed suggested a role for mitochondrial dysfunction or mitochondrial damage as an explanation for changes in energy metabolism in these patients (43). CD38 uses NAD+ for signaling and reduces the cellular availability of NAD+ for important molecules for ATP production.

For cells to survive and grow, an increase of the use of energy substrates to yield a baseline level of ATP is required. These substrates may be glucose, free fatty acids, and amino acids, all of which have been described to be reduced compared to healthy controls in biological fluids from ME/CFS patients (9). The metabolite concentrations in supernatants were measured and used to follow distinct biochemical pathways after the in vitro stimulation of B cells. Glucose uptake and lactate production were confirmed as indicators of healthy cell growth during in vitro B cell stimulation with no discernible difference in kinetics between patients and controls. The key finding was that increased amino acid consumption occurred in ME/CFS over healthy B cells without a significant difference in B cell quantity or mass. Furthermore, by observing the metabolites consumed by proliferating and non-proliferating B cell cultures from both ME/CFS and HC, we were able to show that the elevated essential amino acid consumption appeared to be necessary for cell growth and the survival of ME/CFS B cells. The use of amino acids as an additional energy source has also been suggested by metabolomic studies of serum from ME/CFS patients and associated with a possible increased degradation of nucleotides to AMP (5). Other authors have proposed that constant depletion of cellular ATP may result in a “Dauer-like” hypometabolic state in these patients (11).

This paper details a deep characterization of B cell behavior in vitro comparing ME/CFS patients and healthy controls. The main limitation from this work is the sample size. We present statistically significant findings from this sample size but recommend further validation studies and follow-up work that will utilize this workflow. We are particularly interested in the roles of CD24 and CD38 and the increased substrate usage for B cell proliferation experiments from ME/CFS patients. We unfortunately neglected to identify the morphology and general integrity of the mitochondria, which would have provided more insight into the impact of the mitochondria on substrate consumption from the media. A larger and more comprehensive study of B cells in ME/CFS is recommended in the future.

Many aspects of the dynamic life cycle of human B cells can be readily reproduced in vitro using appropriate culture conditions as we have utilized for the studies presented here. From the naïve state following exit from the bone marrow to immunoglobulin production, B cells undergo proliferation, differentiation, and maturation, which involve a complexity of changing energy-producing requirements and mechanisms to limit stress-induced damage. The use of metabolomics to study B cell culture supernatants from ME/CFS patients also revealed shifts in energy homeostasis which paralleled those previously described in their sera. Finally, the anomalies of CD24 and CD38 expression on B cells cultured from ME/CFS patients and their links with metabolic reprogramming and MM may serve as an ideal model for the study of disruption of normal pathways for energy production in patients with ME/CFS.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.





Ethics statement

The studies involving humans were approved by the NRES Committee London City Road and Hampstead Research Ethics Committee (REC reference: 14/LO/0388). 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. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

CA and FM designed and conducted experiments and acquired data. CA and PG analyzed metabolomics data. FM analyzed and interpreted immunophenotype data which was then discussed with GC, ML, and VR. SB supplied clinical data and provided all clinical material. GC, CA, and FM wrote the draft manuscript and ML, VR, PG, and SB contributed to the composition/interpretations of results for the completed manuscript. GC was responsible for final layout, and, with CA, the final text of the manuscript. All authors contributed to the article and approved the submitted version.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by Ramsey/Solve ME, Open Medicine Foundation, and the Invest in ME charity (registered UK charity number: 1114035).





Conflict of interest

The 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1178882/full#supplementary-material




References

1. Estevez-Lopez, F, Castro-Marrero, J, Wang, X, Bakken, IJ, Ivanovs, A, Nacul, L, et al. Prevalence and incidence of myalgic encephalomyelitis/chronic fatigue syndrome in Europe-the Euro-epiME study from the European network EUROMENE: a protocol for a systematic review. BMJ Open (2018) 8:e020817. doi: 10.1136/bmjopen-2017-020817

2. Kingdon, CC, Bowman, EW, Curran, H, Nacul, L, and Lacerda, EM. Functional status and well-being in people with myalgic encephalomyelitis/chronic fatigue syndrome compared with people with multiple sclerosis and healthy controls. Pharmacoecon Open (2018) 2:381–92. doi: 10.1007/s41669-018-0071-6

3. Lim, EJ, Ahn, YC, Jang, ES, Lee, SW, Lee, SH, and Son, CG. Systematic review and meta-analysis of the prevalence of chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME). J Transl Med (2020) 18:100. doi: 10.1186/s12967-020-02269-0

4. Nacul, L, Kingdon, CC, Bowman, EW, Curran, H, and Lacerda, EM. Differing case definitions point to the need for an accurate diagnosis of myalgic encephalomyelitis/chronic fatigue syndrome. Fatigue (2017) 5:1–4. doi: 10.1080/21641846.2017.1273863

5. Armstrong, CW, McGregor, NR, Sheedy, JR, Buttfield, I, Butt, HL, and Gooley, PR. NMR metabolic profiling of serum identifies amino acid disturbances in chronic fatigue syndrome. Clin Chim Acta (2012) 413:1525–31. doi: 10.1016/j.cca.2012.06.022

6. Missailidis, D, Annesley, SJ, and Fisher, PR. Pathological mechanisms underlying myalgic encephalomyelitis/chronic fatigue syndrome. Diagnostics (Basel) (2019) 9:80. doi: 10.20944/preprints201907.0196.v1

7. Germain, A, Ruppert, D, Levine, SM, and Hanson, MR. Prospective biomarkers from plasma metabolomics of myalgic encephalomyelitis/chronic fatigue syndrome implicate redox imbalance in disease symptomatology. Metabolites (2018) 8:90. doi: 10.3390/metabo8040090

8. Anderson, G, and Maes, M. Mitochondria and immunity in chronic fatigue syndrome. Prog Neuropsychopharmacol Biol Psychiatry (2020) 103:109976. doi: 10.1016/j.pnpbp.2020.109976

9. Armstrong, CW, McGregor, NR, Butt, HL, and Gooley, PR. Metabolism in chronic fatigue syndrome. Adv Clin Chem (2014) 66:121–72. doi: 10.1016/B978-0-12-801401-1.00005-0

10. Naviaux, RK, Naviaux, JC, Li, K, Bright, AT, Alaynick, WA, Wang, L, et al. Metabolic features of chronic fatigue syndrome. Proc Natl Acad Sci U.S.A. (2016) 113:E5472–80. doi: 10.1073/pnas.1607571113

11. McGregor, NR, Armstrong, CW, Lewis, DP, and Gooley, PR. Post-exertional malaise is associated with hypermetabolism, hypoacetylation and purine metabolism deregulation in ME/CFS cases. Diagnostics (Basel) (2019) 9:70. doi: 10.3390/diagnostics9030070

12. Germain, A, Barupal, DK, Levine, SM, and Hanson, MR. Comprehensive circulatory metabolomics in ME/CFS reveals disrupted metabolism of acyl lipids and steroids. Metabolites (2020) 10:34. doi: 10.3390/metabo10010034

13. Mensah, FKF, Bansal, AS, Ford, B, and Cambridge, G. Chronic fatigue syndrome and the immune system: Where are we now? Neurophysiol Clin (2017) 47:131–8. doi: 10.1016/j.neucli.2017.02.002

14. Cliff, JM, King, EC, Lee, JS, Sepulveda, N, Wolf, AS, and Kingdon et al, C. Cellular immune function in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). Front Immunol (2019) 10:796. doi: 10.3389/fimmu.2019.00796

15. Mensah, F, Bansal, A, Berkovitz, S, Sharma, A, Reddy, V, Leandro, MJ, et al. Extended B cell phenotype in patients with myalgic encephalomyelitis/chronic fatigue syndrome: a cross-sectional study. Clin Exp Immunol (2016) 184:237–47. doi: 10.1111/cei.12749

16. Mandarano, AH, Maya, J, Giloteaux, L, Peterson, DL, Maynard, M, Gottschalk, CG, et al. Myalgic encephalomyelitis/chronic fatigue syndrome patients exhibit altered T cell metabolism and cytokine associations. J Clin Invest (2020) 130:14911505. doi: 10.1172/JCI132185

17. Hornig, M, Gottschalk, CG, Eddy, ML, Che, X, Ukaigwe, JE, Peterson, DL, et al. Immune network analysis of cerebrospinal fluid in myalgic encephalomyelitis/chronic fatigue syndrome with atypical and classical presentations. Transl Psychiatry (2017) 7:e1080. doi: 10.1038/tp.2017.44

18. VanElzakker, MB, Brumfield, SA, and Lara Mejia, PS. Neuroinflammation and cytokines in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS): A critical review of research methods. Front Neurol (2018) 9:1033. doi: 10.3389/fneur.2018.01033

19. Mensah, FFK, Armstrong, CW, Reddy, V, Bansal, AS, Berkovitz, S, Leandro, MJ, et al. CD24 Expression and B Cell Maturation shows a novel link with energy metabolism: Potential implications for patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome. Front Immunol (2018) 9:2421. doi: 10.3389/fimmu.2018.02421

20. Carruthers, BM, Sande, MIvd, Meirleir, KLD, Klimas, NG, Broderick, G, Mitchell, T, et al. Myalgic encephalomyelitis: international consensus criteria. J Intern Med (2011) 270:327–38. doi: 10.1111/j.1365-2796.2011.02428.x

21. Armstrong, CW, McGregor, NR, Lewis, DP, Butt, HL, and Gooley, PR. Metabolic profiling reveals anomalous energy metabolism and oxidative stress pathways in chronic fatigue syndrome patients. Metabolomics (2015) 11:1626–39. doi: 10.1007/s11306-015-0816-5

22. Jang, KJ, Mano, H, Aoki, K, Hayashi, T, Muto, A, Nambu, Y, et al. Mitochondrial function provides instructive signals for activation-induced B-cell fates. Nat Commun (2015) 6:6750. doi: 10.1038/ncomms7750

23. Akkaya, M, Traba, J, Roesler, AS, Miozzo, P, Akkaya, B, Theall, BP, et al. Second signals rescue B cells from activation-induced mitochondrial dysfunction and death. Nat Immunol (2018) 19:871–84. doi: 10.1038/s41590-018-0156-5

24. Guerrier, T, Youinou, P, Pers, JO, and Jamin, C. TLR9 drives the development of transitional B cells towards the marginal zone pathway and promotes autoimmunity. J Autoimmun (2012) 39:173–9. doi: 10.1016/j.jaut.2012.05.012

25. Ayre, DC, and Christian, SL. CD24: A rheostat that modulates cell surface receptor signaling of diverse receptors. Front Cell Dev Biol (2016) 4:146. doi: 10.3389/fcell.2016.00146

26. Sanchis-Gomar, F, Garcia-Gimenez, JL, Gomez-Cabrera, MC, and Pallardo, FV. Mitochondrial biogenesis in health and disease. Mol Ther approaches. Curr Pharm Des (2014) 20:5619–33. doi: 10.2174/1381612820666140306095106

27. Jornayvaz, FR, and Shulman, GI. Regulation of mitochondrial biogenesis. Essays Biochem (2010) 47:69–84. doi: 10.1042/bse0470069

28. van der Windt, GJ, and Pearce, EL. Metabolic switching and fuel choice during T-cell differentiation and memory development. Immunol Rev (2012) 249:27–42. doi: 10.1111/j.1600-065X.2012.01150.x

29. Abdel-Haleem, AM, Lewis, NE, Jamshidi, N, Mineta, K, Gao, X, and Gojobori, T. The emerging facets of non-cancerous warburg effect. Front Endocrinol (Lausanne) (2017) 8:279. doi: 10.3389/fendo.2017.00279

30. Pearce, EL, and Pearce, EJ. Metabolic pathways in immune cell activation and quiescence. Immunity (2013) 38:633–43. doi: 10.1016/j.immuni.2013.04.005

31. Myhill, S, Booth, NE, and McLaren-Howard, J. Chronic fatigue syndrome and mitochondrial dysfunction. Int J Clin Exp Med (2009) 2:1–16.

32. Sweetman, E, Kleffmann, T, Edgar, C, de Lange, M, Vallings, R, and Tate, W. A SWATHMS analysis of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome peripheral blood mononuclear cell proteomes reveals mitochondrial dysfunction. J Transl Med (2020) 18:365. doi: 10.1186/s12967-020-02533-3

33. Suzuki, T, Kiyokawa, N, Taguchi, T, Sekino, T, Katagiri, YU, and Fujimoto, J. CD24 induces apoptosis in human B cells via the glycolipid-enriched membrane domains/rafts-mediated signaling system. J Immunol (2001) 166:5567–77. doi: 10.4049/jimmunol.166.9.5567

34. Ayre, DC, Chute, IC, Joy, AP, Barnett, DA, Hogan, AM, Grull, MP, et al. CD24 induces changes to the surface receptors of B cell microvesicles with variable effects on their RNA and protein cargo. Sci Rep (2017) 7:8642. doi: 10.1038/s41598-017-08094-8

35. Seda, V, and Mraz, M. B-cell receptor signalling and its crosstalk with other pathways in normal and Malignant cells. Eur J Haematol (2015) 94:193–205. doi: 10.1111/ejh.12427

36. Armstrong, CW, McGregor, NR, Lewis, DP, Butt, HL, and Gooley, PR. The association of fecal microbiota and fecal, blood serum and urine metabolites in myalgic encephalomyelitis/chronic fatigue syndrome. Metabolomics (2017) 13:8. doi: 10.1007/s11306-016-1145-z

37. Funaro, A, and Malavasi, F. Human CD38, a surface receptor, an enzyme, an adhesion molecule and not a simple marker. J Biol Regul Homeost Agents (1999) 13:54–61.

38. Howard, M, Grimaldi, JC, Bazan, JF, Lund, FE, Santos-Argumedo, L, Parkhouse, RM, et al. Formation and hydrolysis of cyclic ADP-ribose catalyzed by lymphocyte antigen CD38. Science (1993) 262:1056–9. doi: 10.1126/science.8235624

39. Baba, Y, and Kurosaki, T. Role of calcium signaling in B cell activation and biology. Curr Top Microbiol Immunol (2016) 393:143–74.

40. Malavasi, F, Deaglio, S, Funaro, A, Ferrero, E, Horenstein, AL, Ortolan, E, et al. Evolution and function of the ADP ribosyl cyclase/CD38 gene family in physiology and pathology. Physiol Rev (2008) 88:841–86. doi: 10.1152/physrev.00035.2007

41. Gunter, TE, Buntinas, L, Sparagna, G, Eliseev, R, and Gunter, K. Mitochondrial calcium transport: mechanisms and functions. Cell Calcium (2000) 28:285–96. doi: 10.1054/ceca.2000.0168

42. Meeus, M, Nijs, J, Hermans, L, Goubert, D, and Calders, P. The role of mitochondrial dysfunctions due to oxidative and nitrosative stress in the chronic pain or chronic fatigue syndromes and fibromyalgia patients: peripheral and central mechanisms as therapeutic targets? Expert Opin Ther Targets (2013) 17:1081–9. doi: 10.1517/14728222.2013.818657

43. Lee, JS, Kim, HG, Lee, DS, and Son, CG. Oxidative stress is a convincing contributor to idiopathic chronic fatigue. Sci Rep (2018) 8:12890. doi: 10.1038/s41598-018-31270-3




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 © 2024 Armstrong, Mensah, Leandro, Reddy, Gooley, Berkovitz and Cambridge. 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.2023.1178882_cover.jpg
’ frontiers | Frontiers in Immunology

In vitro B cell experiments explore the role
of CD24, CD38, and energy metabolism in
ME/CFS





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        In vitro B cell experiments explore the role of CD24, CD38, and energy metabolism in ME/CFS

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Patients and controls

          



          		

            Purification and culture of B cells from peripheral blood samples

          



          		

            In vitro assay conditions and sampling following stimulation with T-cell-dependent and TLR9-dependent agonists

          



          		

            Proliferation and staining of mitochondrial mass in B cell cultures from HC and ME/CFS patients

          



          		

            Immunophenotype analysis

          



          		

            Determination of metabolites during in vitro culture using 1H nuclear magnetic resonance

          



        



        



        		

          Results

        

          		

            Kinetics of CD24 on purified B cells after culture with TD and TLR9D agonists

          



          		

            Frequencies and expression of purinergic pathway markers on B cells from HC and ME/CFS patients

          



          		

            Mitochondrial mass of B cells from HC compared with ME/CFS following TD and TLR9D stimulation

          



          		

            Comparison of glucose uptake and lactate production in B cell cultures: Relationship with immunophenotype

          



          		

            Culture conditions and measurement of cell growth

          



          		

            Measurement of metabolites in culture supernatants of proliferating B cells from HC and patients with ME/CFS

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Acetate

Healthy control

FC of %

Alanine

09

08

02

ME/CFS

08

Arginine

0.7

04

0.1

0.1

Aspartate

Creatine

0.8

08

0.6

08

0.7

03

0.6

0.2

Creatinine

0.8

1.0

0.1

0.1

Formate

Glucose

Glutamate

Glycine

Histidine

Isoleucine

Lactate

Leucine

Lysine

Phenylalanine

Proline

Threonine

Tryptophan

Tyrosine

Valine

Hydroxyproline

Total metabolite

CD24 on living cells

CD27 on living cells

IgM on living cells

Living cell mass

Dead cell mass

Cell debris mass

Total cell mass

The metabolites listed are measured in the culture medium. The italicized numbers are p < 0.05.

Blue cells, decreased in proliferating B cell experiments compared to non-proliferati

CD38 on living cells
CD39 on living cells 10 0.8 0.9 0.4
CD73 on living cells 0.8 0.2 04 0.2

; red cells, increased in proliferating B cell experiments compared to non-proliferating; FC, fold change.






OEBPS/Images/fimmu-14-1178882-g002.jpg
0 1 3 6
Day of culture

Wlve/ces [T He

CD73
g0, =002
1
= 60
R 40
20
0
1 ) 6
Day of culture





OEBPS/Images/fimmu-14-1178882-g004.jpg
e
b

S S S S
180 § +$200 e Wjoesy

Lactate (mM)
o~

-

b

4, OGlucose [Lactate

™«

~
(Ww) ascon|o





OEBPS/Images/fimmu-14-1178882-g001.jpg
Tl

TD

o O o
© < «

o O O O O
S O © < «

T s)190 g +7200 %

o

Day of culture

Day of culture





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





OEBPS/Images/table1.jpg
FC

Acetate 0.1 0.1 0.4 1.0
Alanine 0.88 0.8 0.3 0.9
Arginine 0.2 0.1 0.2 0.9
Aspartate 0.7 08 04 0.9
Creatine 0.2 0.1 0.2 0.9
Creatinine 02 0.1 04 1.0
Formate 0.7 08 0.7 1.0
Glucose 0.8 09 04 0.9
Glutamate 0.4 04 0.1 1.0
Glycine 02 0.1 03 1.0
Histidine 0.3 04 0.4 1.0
Isoleucine 0.7 0.8 0.3 0.9
Lactate 0.7 0.7 0.5 0.9
Leucine 0.2 0.1 0.2 0.9
Lysine 0.1 0.1 0.4 1.0
Phenylalanine 02 0.3 02 1.0
Proline 038 038 09 1.0
Threonine 0.6 0.7 04 0.9
Tryptophan 04 0.5 0.1 0.9
Tyrosine 0.2 0.2 0.1 1.0
Valine 02 02 0.1 1.0
Hydroxyproline 02 02 06 1.0
Total metabolite 0.7 04
CD24 on living cells 03 0.5 0.4 0.9
CD27 on living cells 0.5 0.4 0.2 0.7
CD38 on living cells 03 _ 08 0.8
CD39 on living cells 0.7 0.7 0.8 1.0
[ CD73 on living cells 0.3 0.3 04 1.0
IgM on living cells 0.6 0.4 04 0.8
Living cell mass 1.0 1.0 03 _
Dead cell mass 0.6 1.0 1.0 1.0
Cell debris mass 09 1.0 1.0 0.8
Total cell mass 0.9 1.0

The metabolites listed are measured in the culture medium. The italicized numbers are p < 0.05.
Colour highlighted numbers are p<0.05. Blue, decreased in ME/CES compared to HC; Red, increased in ME/CFS compared to HC; FC, fold change; Conc, concentration.






OEBPS/Images/fimmu-14-1178882-g005.jpg
fHC PME/CFS

[>2] o < (] (=

S o o o
<t & N o~ >

€-1 Ae( 23w plog e 9-¢ Ae d3uep plog

Live B cells

FSC

250K
200K
150K
100K
50K

)

0

0

]

)

9SS 2 urels [[3D pedd
. enby 9[qex1] @AVAA/AAIT





OEBPS/Images/fimmu-14-1178882-g003.jpg
MFI MitoTracker Red

100000

10000

1000

100

cﬁ

Q)\ \Q’:» \Q:\)

@ 0
d s ¥ d

MFI MitoTracker Red






