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Significance

 Myalgic encephalomyelitis/chronic 
fatigue syndrome (ME) is a serious 
disabling chronic illness that lacks 
FDA-approved therapies. 
Comprehensive transcriptomic, 
epigenomic, and flow cytometric 
profiles of primary CD8+ T cell 
subsets implicate T cell exhaustion 
in pathophysiology. We show that 
T cells in ME cases are 
epigenetically predisposed toward 
terminal exhaustion and that 
exhaustion markers are 
upregulated following exercise 
challenge. Using single-cell 
genomics, we provide important 
information about the role of 
CD8+ T cell exhaustion 
development and progression. 
Our findings are consistent with 
the hypothesis that chronic viral 
infection is a factor in ME; by 
dissecting the molecular basis of T 
cell dysfunction in ME, we offer 
potential avenues for treatment.
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Myalgic encephalomyelitis/chronic fatigue syndrome (ME) is a severe, debilitating dis-
ease, with substantial evidence pointing to immune dysregulation as a key contributor 
to pathophysiology. To characterize the gene regulatory state underlying T cell dys-
regulation in ME, we performed multiomic analysis across T cell subsets by integrat-
ing single-cell RNA-seq, RNA-seq, and ATAC-seq and further analyzed CD8+ T cell 
subpopulations following symptom provocation. Specific subsets of CD8+ T cells, as 
well as certain innate T cells, displayed the most pronounced dysregulation in ME. We 
observed upregulation of key transcription factors associated with T cell exhaustion in 
CD8+ T cell effector memory subsets, as well as an altered chromatin landscape and 
metabolic reprogramming consistent with an exhausted immune cell state. To validate 
these observations, we analyzed expression of exhaustion markers using flow cytome-
try, detecting a higher frequency of exhaustion-associated factors. Together, these data 
identify T cell exhaustion as a component of ME, a finding which may provide a basis 
for future therapies, such as checkpoint blockade, metabolic interventions, or drugs that 
target chronic viral infections.

single-cell RNAseq | ATACseq | T cell exhaustion | flow cytometry | ME/CFS

 Myalgic encephalomyelitis (ME), also known as chronic fatigue syndrome (CFS), is a 
devastating disease that afflicts millions of people globally ( 1 ,  2 ). Patients suffer from 
exhaustion, cognitive deficits, flu-like symptoms, gastrointestinal issues, muscular pain, 
orthostatic intolerance, and post-exertional malaise (PEM), a hallmark trait in which 
symptoms are exacerbated following exertion. Studies undertaken during past outbreaks 
of ME suggest that one or more viruses may act as the trigger for ME, but the causative 
agent(s) has not been identified ( 3 ,  4 ). Our study focuses on ME cases that were triggered 
before the emergence of SARS-CoV-2. While some individuals with Long COVID (LC) 
fulfill the phenotypic diagnostic criteria for ME, it is presently unknown how similar ME 
and LC are at the molecular level.

 Although the etiology of ME remains unknown, it is clear that immune system dys­
regulation plays a critical role in the development and/or progression of ME, including 
alterations in the frequencies of effector CD8+ T cells (Teff ) and regulatory T cells (Treg), 
decreased cytotoxicity in natural killer (NK) cells and CD8+ T cells, as well as decreased 
proliferation and IFN- γ production in CD4+ T cells ( 5       – 9 ). Nonetheless, it is not clear 
which T cell subset abnormalities are most associated with ME.

 While alterations in gene expression likely contribute to T cell dysregulation in ME, 
little is known regarding the nature of such dysregulation, nor are the identities of the 
underlying regulatory factors known. We recently reported a single-cell RNA sequencing 
(scRNA-seq) transcriptomic atlas of ME leukocytes in a large cohort of patients and 
sedentary controls ( 10 ). Although we found the strongest dysregulation in classical mono­
cytes in ME, we also uncovered substantial dysregulation in T cells, including increased 
cytokine and chemokine signaling from classical monocytes to Teff  in ME. These findings 
suggest that ME T cells may exhibit aberrant activation due to an inflammatory milieu.

 As CD8+ T cells differentiate and acquire effector or memory fates, they undergo 
transcriptional and epigenetic reprogramming to elicit changes in their metabolic program 
and responsivity ( 11 ). In contrast, following prolonged antigen exposure or inflammatory 
cues, such as in chronic infections or cancer, CD8+ T cells enter exhaustion, a dysfunc­
tional state where metabolic requirements are permanently altered to favor a suppressed 
immune response ( 12 ,  13 ). Exhaustion follows a trajectory progressively controlled by 
multiple transcriptional and epigenetic checkpoints, including CD69 and the transcription 
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factors (TFs) TCF1, T-BET, EOMES, and TOX ( 14 ,  15 ). 
Exhausted cells are also characterized by increased expression of 
PD-1 and other inhibitory receptors (IRs), resulting in reduced 
proliferation, survival, and impaired effector function ( 16 ).

 Several pieces of evidence are consistent with exhaustion as a 
potential mode of T cell dysfunction in ME. CD8+ T cells in ME 
exhibit higher fatty acid oxidation rates, lower glycolytic rates, and 
decreased mitochondrial membrane potential ( 17 ,  18 ), observa­
tions consistent with metabolic reprogramming under T cell 
exhaustion. Despite inconsistencies across cytokine studies, there 
is strong evidence that cytokine networks are altered in ME pro­
gression, exhibiting both upregulated proinflammatory cytokines 
and certain immunosuppressive signatures ( 19   – 21 ). Importantly, 
a recent report found reduced production of TNF- α and IFN- γ 
by CD8+ T cells, indicative of a hypofunctional state ( 22 ). 
Furthermore, analysis of ME CD8+ T cells in cerebrospinal fluid 
revealed increased expression of PD-1 ( 23 ), while increased plasma 
levels of TIM-3, an IR expressed by exhausted cells, have also been 
reported in ME ( 24 ). Collectively, these findings hint at the 
involvement of T cell exhaustion in ME, but this theory remains 
inconclusive due to the overlapping nature of the various types of 
dysfunctional states.

 To systematically interrogate the transcriptional and epigenetic 
states of T cells in ME, and to investigate whether T cell exhaus­
tion occurs in ME, we analyzed scRNA-seq data ( 10 ), focusing 
on T lymphoid cells. Our initial goal was to identify the cell 
subsets most dysregulated in ME. To validate and extend obser­
vations made using the scRNA-seq data, we generated transcrip­
tome and accessible chromatin profiles for purified subsets of 
interest. Using this integrated approach, we found that ME effec­
tor CD8+ T cells upregulate key exhaustion factors and display 
epigenetic signatures indicative of exhaustion. To validate these 
observations, we performed flow cytometry of circulating CD8+ 
subpopulations in an expanded cohort.

 As key players in viral clearance and autoimmunity, and with 
mounting support for their role in ME pathology, T cells present 
an attractive yet underexplored target for therapeutics. This study 
provides a more definitive understanding of ME T cell dysfunction 
and identifies T cell exhaustion as a possible mechanism of ME 
development and progression, thus providing a potential treat­
ment approach via reversal of this pathway. 

Results

Gene Expression Across T and NK Cell Subsets in ME. To examine 
gene dysregulation in T and NK cells, we extracted and analyzed 
336,269 T lymphoid and related cells from the ME scRNA-
seq atlas, consisting of 28 patients and 30 sedentary controls at 
baseline and after symptom provocation (10). We performed high-
resolution reclustering of these data, yielding 21 clusters (Fig. 1A; 
and SI  Appendix, Fig.  S1A). Evaluating the expression profiles 
of each cluster using known markers, we assigned cell identities 
to almost all clusters, including CD8+ T cells across distinct 
stages of differentiation (Fig. 1A; and SI Appendix, Fig. S1B). We 
observed a slight decrease in the number of early and intermediate 
effector memory cells (Teff; clusters 16 and 12, respectively) in ME 
patients at baseline, while proportions of all other cell subsets were 
minimally altered either at baseline or after symptom provocation 
(SI Appendix, Fig. S1C).

 We sought to interrogate the transcriptional programs of case 
and control lymphocytes at the single cell level at baseline. We 
identified dysregulation across multiple clusters, with the greatest 
signal in CD8+ T cell subsets and γδT cells ( Fig. 1B   and 
﻿Dataset S1 ). We detected only subtle shifts in the transcriptome 

of NK and CD4+ T cell subsets, and virtually no differential 
expression in Treg cells. ME γδT cells exhibited decreased expres­
sion of effector genes, including GZMB , FCGR3A , and KLRF1  
( Fig. 1C  ). However, these cells also exhibited divergent patterns 
of expression in genes associated with chemokine and inflamma­
tory signaling, with monocyte-attracting chemokines CCL3  and 
﻿CCL3L1  downregulated in ME despite the upregulation of proin­
flammatory TFs such as FOSB  ( Fig. 1D  ). Gene set enrichment 
analysis (GSEA) of γδT cells also revealed enrichment for activat­
ing pathways like TNFα signaling via NF- κB and IL-6 signaling, 
with positive trends for TGF- β signaling and IFNγ response in 
ME ( Fig. 1D  ). Thus, dysregulation of γδT cells is likely a compo­
nent of ME pathophysiology.

 To survey signaling irregularities in ME γδT cells, we used 
CellChat ( 25 ) to infer intercellular communication networks 
between γδT cells and other lymphocytes and compared the inter­
action strengths between cases and controls. We focused on the 
female-only cohort, representing the majority of the data and 
allowing us to control for sex-dependent differences. In ME 
patients, we observed increased interactions in IL-2, TGF- β, and 
IL-16 signaling pathways, similar to our findings in GSEA 
(SI Appendix, Fig. S1 D  and E ). We detected elevated CCL5  
(SI Appendix, Fig. S1E﻿ ), another chemokine responsible for local­
ization of lymphocytes to inflamed tissues ( 26 ) and previously 
implicated in ME pathology ( 10 ).

 Given that ME γδT cells exhibit increased outgoing signaling 
of cytokines known to activate CD4+ T cells ( 27 ), we examined 
the transcriptional programs of memory CD4+ T cell subtypes. 
We used an established single-cell effector potential index that 
reflects T cell activation and cytokine response ( 28 ). As expected, 
naïve CD4+ T cells (cluster 5) have the lowest effector index. We 
found that Th1 and Th17 CD4+ T cells (clusters 7 and 9, respec­
tively) have modestly elevated effector indices in ME patients 
( Fig. 1E  ), with no differences in other CD4+ subsets. In summary, 
although ME results in dysregulation in γδT cells and to a lesser 
extent in certain CD4+ T cell subsets, the strongest signal is found 
in CD8+ T cell subsets.  

Antigen-Experienced CD8+ T Cell Subsets Are Impaired in 
ME. Given that CD8+ T cells exhibit the most pronounced 
dysregulation in ME across T lymphoid cells (Fig. 1B), and also 
exhibit altered metabolic states (17, 18), we focused on these cells. 
To account for the complex nature of CD8+ T cell populations, 
we extracted the 88,052 CD8+ T cells in the scRNA-seq data 
and reclustered these cells at higher resolution, yielding 9 clusters 
(Fig.  1F). By examining established naïve, effector, memory, 
and exhaustion markers (29), we assigned identities to clusters, 
including a naïve subset (TN; cluster 2), early effector memory 
(TEM

early; 3 and 5), intermediate effector memory (TEM
int; 1 and 

4), late effector memory subsets (TEM
late; 0, 6, and 7), which 

differ in IL7R and CD16 expression, and a cluster of TIM-3+ 
effector memory T cells (TIM-3+ TEM; 8; Fig. 1F and SI Appendix, 
Fig. S2A).

 Using pseudotime analysis to generate a developmental trajec­
tory across the subsets, we established a framework of CD8+ T 
cells in different developmental states, facilitating analyses to 
determine the subsets whose dysregulation is most prevalent in 
ME (SI Appendix, Fig. S2B﻿ ). We then interrogated the transcrip­
tional programs of case and control CD8+ T cells at the single-cell 
level across each subset. We identified the most dysregulation in 
TEM﻿late  cells (clusters 0 and 6;  Fig. 1G  ), with modest signal in 
TEM﻿int  (cluster 4) and TN . In ME, cluster 0 demonstrated marked 
downregulation of many genes related to effector function, includ­
ing GNLY , encoding a cytotoxic peptide ( 30 ), IKZF2  (HELIOS), 
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Fig. 1.   scRNA-seq analysis of T cells in ME. (A) scRNA-seq of T lymphoid cells from 28 cases and 30 controls, depicted by uniform manifold approximation and 
projection (UMAP). Cluster numbers assigned independent of cluster size. (B) Number of differentially expressed genes (y-axis) per cluster (x-axis), as log2 fold 
change > 0.25, adjusted P-value < 0.05 (FDR). (C) Volcano plot of differentially expressed genes in γδT cells (cluster 11). Colored dots indicate increased expression 
in case (blue) or control (red; P ≤ 0.05, log2 fold change > 0.25). (D) GSEA dot plot of γδT cells against hallmark pathways from Molecular Signature Database. Size 
indicates number of leading-edge genes; color indicates adjusted P-value (FDR). (E) Violin plot showing the distribution of effector index per cell in CD4+ T cell 
clusters and biological condition (control, ME). (F) scRNA-seq analysis of CD8+ T cells from 28 cases and 30 matched controls, depicted by UMAP. (G) Number of 
differentially expressed genes per CD8+ T cell cluster, defined as log2 fold change > 0.4 and adjusted P-value < 0.05 (FDR). (H) Violin plots showing differential 
expression between case and control in each cluster for two exhaustion-associated TFs—TCF7 and TBX21. (I) GSEA of cluster 6 against gene ontology: biological 
processes terms. Positive values (x-axis) indicate enrichment in cases and vice versa. Dot size and color indicate number of genes in the leading edge, and 
adjusted P-values (FDR), respectively.
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a TF required for T cell activation ( 31 ), and IL18R1 , a receptor 
downregulated in chronic infections, which normally interacts 
with IL-18 to activate downstream effectors ( 32 ; SI Appendix, 
Fig. S2C ). Meanwhile, KLRB1 , an IR with antagonistic roles in 
cytotoxic programs ( 33 ), is upregulated in case samples 
(SI Appendix, Fig. S1C﻿ ), along with TBX21  (T-BET;  Fig. 1H  ). 
Cluster 6 exhibited similar patterns of downregulation in ME T 
cells, including downregulation of GNLY , and additional repres­
sion of TFs related to T cell activation or effector function, includ­
ing ID2 , JUNB , FOS , and IRF1  (SI Appendix, Fig. S2D﻿ ). 
Interestingly, ID2  functions to restrain Teff  differentiation into 
﻿TCF7-  and EOMES﻿-expressing memory cells ( 34 ), perhaps con­
tributing to the retention of TCF7  expression in cluster 6 despite 
its late effector identity ( Fig. 1H  ). GSEA of clusters 0 and 6 
revealed downregulation of gene sets related to regulation of 
immune responses in cases ( Fig. 1I  ; and SI Appendix, Fig. S2E﻿ ), 
suggesting functional impairment. Although we did not detect 
substantial upregulation of PD-1 (PDCD1 ), more cells express 
this IR in TEM﻿late  cells (cluster 0; SI Appendix, Fig. S2F﻿ ). These 
data suggest that ME TEM﻿late  have impaired effector function, with 
cells exhibiting signs concordant with exhaustion.  

ME CD8+ Memory T Cells Exhibit Higher Expression of Exhaustion 
Markers. To examine the gene expression program of CD8+ T 
cells in ME more comprehensively, we isolated naïve (TN) and 
memory (TM) CD8+ T cells from 7 female patients and 7 age- 
and BMI-matched sedentary healthy controls (Fig. 2A). The ME 
cohort, all diagnosed prepandemic, reported lower Bell Activity 
Scale and physical health scores in the SF-36 survey (Fig. 2A and 
SI Appendix, Table S1), indicating more severe physical debility 
in patients. From these new cohorts, we performed RNA-seq and 
ATAC-seq (assay for transposase accessible chromatin) to assess 
their transcriptomes and chromatin landscapes, respectively.

 Principal component analysis (PCA) demonstrated clear sepa­
ration between TN  and TM  populations along PC1, and separation 
of case and control TM  along PC2 by RNA-seq ( Fig. 2B  ). 
Consistent with the PCA, we detected 71 differentially expressed 
genes in TM  between case and control cohorts, and only 34 in TN , 
indicating more extensive changes in the ME effector populations 
( Fig. 2C  ). Nevertheless, in TN , we observed higher expression of 
﻿GNLY  and TNFRSF1A  in ME samples, suggesting that these cells 
may adopt a more effector-like transcriptional program (SI Appendix, 
Fig. S3A﻿ ). Indeed, GSEA revealed that ME TN  trended toward 
increased expression for gene modules associated with loss of the 
naïve state ( 35 ; SI Appendix, Fig. S3B﻿ ). Thus, one aspect of CD8+ 
T cell abnormalities in ME involves perturbations to antigen- 
inexperienced cells.

 In ME TM , we observed increased expression of multiple key 
regulators of T cell exhaustion, including the TF EOMES,  and 
the IRs SLAMF6  and SLAMF7  ( Fig. 2 D  and E  ), although we did 
not observe significant upregulation of PDCD1  (SI Appendix, 
Fig. S3C﻿ ). EOMES has dual roles in CD8+ T cells, enabling mem­
ory formation and also contributing to establishment of the 
exhaustion expression program ( 36 ). Concurrent upregulation of 
﻿SLAMF6  and SLAMF7  indicates that ME TM  are likely biased 
toward adopting a progenitor exhausted state ( 37 ). Importantly, 
we did not detect upregulation of genes indicative of T cell anergy 
(SI Appendix, Fig. S3D﻿ ), and found little evidence of 
exhaustion-independent senescence ( 38 ,  39 , SI Appendix, 
Fig. S3E﻿ ), indicating that the dysfunctional state in ME TM  is 
likely exhaustion, rather than other programs of suppression. 
Moreover, GSEA demonstrated that the transcriptional program 
in ME TM  aligns closely with RNA-seq and ATAC-seq data on 
exhausted T cells (Tex ) in a chronic infection ( Fig. 2F  ;  40  and 

﻿SI Appendix, Fig. S3F﻿ ). Comparing genes with increased expres­
sion in both Tex  and ME TM  via leading edge analysis, we found 
enrichment for many genes associated with exhaustion, including 
﻿EOMES  and CD244 ; meanwhile, genes negatively enriched in 
both Tex  and ME TM  included effector genes, such as IL17RA , as 
well as multiple genes related to metabolic regulation.

 Induction of T cell exhaustion in ME TM  may lead to alterations 
in phenotype and function, including metabolic reprogramming 
and response to cytokine signaling. This possibility is supported 
by lower expression of HK1  (hexokinase) and higher expression 
of SLC2A1  (a glucose transporter) in ME TM  ( Fig. 2G  ). These 
alterations suggest impaired glycolytic potential, a phenomenon 
found in exhausted T cells ( 41 ), and is consistent with previous 
findings regarding T cell metabolism in ME. Meanwhile, pathways 
related to oxidative phosphorylation and MYC signaling were 
repressed, indicating reduction of metabolic activity and prolifer­
ative potential (SI Appendix, Fig. S3G﻿ ). Finally, we observed sig­
nificant downregulation of the chemokine receptor CCR4  in ME 
TM  ( Fig. 2D  ), indicating that these cells may become intransigent 
to tissue homing signals via chemokines ( 42 ). Overall, these find­
ings support that ME TM  undergo transcriptional reprogramming 
consistent with establishment of an exhausted state.  

ME TM Develop Epigenetic Signatures of Exhaustion. Estab­
lishment of the exhaustion transcriptional program entails 
rewiring of gene regulatory circuits. These epigenetic changes at 
cis-regulatory elements across the genome underlie the long-term 
nature of exhaustion (43). In cases of chronic antigen stimulation 
or sustained inflammatory milieu, epigenomic aberrations, or scars, 
persist after the initial stimulatory environment subsides (44, 45). 
We hypothesized that ME CD8+ T cells could be epigenetically 
scarred due to exhaustion, leading to the dysfunctional state 
observed via transcriptomics. Thus, we used ATAC-seq to compare 
chromatin accessibilities of TM (and TN) cells in the same cohort 
of patients and healthy controls profiled by RNA-seq, identifying 
67,189 consensus chromatin-accessible regions (ChARs) across 
all conditions. Accessible regions were enriched at transcriptional 
start sites, as expected for reliable ATAC-seq profiles (SI Appendix, 
Fig. S4A).

 Differential accessibility analysis found 471 upregulated and 
1,477 downregulated ChARs in ME TM  cells ( Fig. 3A  ). We asso­
ciated ChARs with their nearest genes and aggregated them to 
generate gene-level analyses. Using this approach, we found 43 
upregulated genes and 192 downregulated genes between the two 
cohorts ( Fig. 3A  ). ME TM  cells exhibited decreased accessibility 
at genes associated with chemokine and cytokine signaling (CCR4, 
CCL2, CSF2 , IL3 ;  Fig. 3B  ), and decreased accessibility for genes 
involved in NF- κB/TNFα signaling and KRAS signaling ( Fig. 3C  ), 
suggesting that ME TM  cells are refractory to activation to facilitate 
peripheral tolerance ( 46 ). Alternatively, due to downregulation of 
NF- κB/TNFα signaling, the long-term ability of ME TM  cells to 
survive in circulation may be impaired ( 47 ).        

 ME TN  cells also exhibited differentially accessible ChARs, 
showing reduced accessibility at genes associated with cell–cell 
communication pathways (CCR5, CLEC12A, IL17RB, CD93 ; 
﻿SI Appendix, Fig. S4B﻿ ). However, we also observed increased acces­
sibility for CX3CR1 , which is involved in inflammatory signaling, 
suggesting that intercellular signaling homeostasis in ME TN  may 
be disrupted.

 We compared our ME TM  gene-level accessibility profiles against 
published RNA-seq and ATAC-seq datasets in Tex  via GSEA 
(SI Appendix, Fig. S4C﻿ ), which revealed enrichment for genes upreg­
ulated in Tex , demonstrating that epigenetic reprogramming in ME 
TM  is concordant with that observed in an established T cell 
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exhaustion paradigm. Notably, ME TM  showed higher accessibility 
for TOX  ( Fig. 3 D  and E  ), the key TF controlling an epigenetic 
checkpoint that governs progression into circulating progenitor and 
terminal Tex  subsets ( 48 ). Given a lack of a corresponding significant 
change in TOX  transcription ( Fig. 3D  ), these data suggest that ME 

TM  are differentially primed toward an exhausted T cell state. As 
exhausted T cells become epigenetically “scarred” long after induc­
tion, and enhancers proximal to TOX  are known to exhibit such 
scarring, remaining more accessible ( 45 ); we asked whether changes 
in accessibility at TOX  enhancers reflected wider epigenetic scarring 
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Fig. 2.   Higher expression of key exhaustion markers in ME TM. (A) Comparisons of cohorts and schematic of the experimental approach, including sample size, 
age (P = 0.95), BMI (P = 0.38), and SF-36 results, including box plots of physical (PCS, P = 0.0006) and mental component scores (MCS, P = 0.26). Comparisons 
performed with the Wilcoxon rank-sum test (n=7 controls; n = 7 ME samples) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (PF = physical functioning, RP = role: physical, 
BP = bodily pain, GH = general health, V = vitality, SF = social functioning, RE = role: emotional, MH = mental health). (B) PCA of RNA-seq of TN and TM from case 
(ME) and control (HC). (C) Bar plot of number of differentially expressed genes (y-axis) per cell type (x-axis). (D) Volcano plot highlighting differentially expressed 
genes in TM (P ≤ 0.05, colored dots). (E) Box plot of normalized counts of SLAMF6 (P = 5.7 × 10–4), SLAMF7 (P = 8.8 × 10–5), and EOMES (P = 8.2 × 10–7) in TM, comparing 
between case and control. *P ≤ 0.05 and **P ≤ 0.01 (F) GSEA enrichment plot of TM against genes differentially expressed in Tex. Positive values indicate enrichment 
in ME and vice versa. ME TM exhibited negative enrichment for genes downregulated in Tex (P = 1.1 × 10–12) and positive enrichment for genes upregulated in 
Tex (P = 8.7 × 10–3). Bottom: individual bars indicate a gene in the specific gene set; color shading indicates distribution of genes within each gene set, separated 
into 8 bins. (G) Box plot of normalized counts of HK1 (P = 0.024) and SLC2A1 (P = 0.017) in TM, comparing between case and control.
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Fig. 3.   ME TM develop epigenetic signatures of exhaustion. (A) Bar plot of number of differentially accessible ChARs (right y-axis) and genes (left y-axis) per 
cell type, differentiating between down- and upregulated in ME (color). (B) Volcano plot highlighting differentially accessible genes identified by ATAC-seq in TM  
(P ≤ 0.05, colored dots, denoting direction of change as per panel A). (C) GSEA dot plot showing enrichment for hallmark pathway gene sets in TM. Dot size and 
color represent the number of core enrichment genes and log10 P-value, respectively. Positive NES values indicate enrichment in ME and vice versa. (D) Genome 
browser view of the TOX locus with RNA-seq and ATAC-seq tracks from TM. Numbered and highlighted regions denote relevant ChARs of interest. (E) Box plot of 
normalized counts at ChARs highlighted in panel (D), comparing between case and control. (F) Overrepresentation analysis of genes showing lower accessibility 
but no significant changes in expression level in ME TM against Gene Ontology: Biological Process pathways. Color indicates P-value and x-axis represents degree 
of enrichment (log10 gene-to-background ratio). (G) Heatmap of TF binding motifs significantly enriched in at least one bin of ChARs in TM. ChARs were grouped 
into five bins by differential accessibility in cases versus controls: significantly decreased (dark red), decreased (light red), unchanged (white), increased (light 
blue), and significantly increased (dark blue) accessibility in ME vs. controls. Color of each cell corresponds to log2 enrichment score of a motif in the respective 
bin, where positive values (orange) indicate enrichment and negative values (purple) indicate depletion. Significance of motif binding defined as q ≤ 0.0001. 
Enrichment scores normalized row-wise. (H) Distribution of peak accessibility z-scores in TM across peaks with at least one EOMES (Top) or T-BET (Bottom) motif.
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in ME TM . Indeed, when we compared ChARs upregulated in our 
ME cohort to those found to be epigenetically scarred in exhaustion 
( 45 ), we found significant overlap between the two sets of ChARs 
(SI Appendix, Fig. S4D﻿ ). Thus, epigenetic hallmarks characteristic 
of exhaustion are evident in ME TM .

 To examine genes with altered accessibility but without a cor­
responding change in expression, such as TOX , we collated expres­
sion levels of genes with altered accessibility in ME TM . In 
functional TM , many effector genes are situated in accessible chro­
matin, albeit with little transcriptional activity; such genes are 
poised for rapid upregulation upon activation ( 49 ). We identified 
251 genes in ME TM  associated with downregulated ChARs with­
out concordant changes in transcript levels, indicating a loss of 
regulatory poising in these genes (Dataset S2 ). Overrepresentation 
analysis revealed that these genes were associated with effector 
pathways, such as response to cytokine, leukocyte differentiation, 
and natural killer cell-mediated immunity ( Fig. 3F  ). These data 
indicate that the chromatin landscape in TM  in ME is characterized 
by impairments in genes associated with T cell activation and 
survival ( 50 ), observations consistent with T cell exhaustion.

 Progression of CD8+ T cells into an exhausted state is regulated 
by multiple TFs, whose activities specify gene expression programs 
that underlie exhaustion. To investigate how the altered epigenetic 
landscape in ME T cells may affect TF binding, we performed TF 
motif enrichment analysis in ChARs across bins grouped by dif­
ferential accessibility. ChARs with significantly higher accessibil­
ity in ME TM  exhibited strong enrichment for IRF7 ( Fig. 3G  ), 
which activates interferon-alpha-inducible genes and facilitates 
viral latency in Epstein–Barr virus infections ( 51 ,  52 ). The more 
accessible ChARs were enriched for additional TFs, including 
EOMES and T-BET (TBX21 ;  Fig. 3 G  and H  ), suggesting that 
ME TM  may be driven toward late-stage exhaustion. On the other 
hand, ChARs with lower accessibility in ME TM  were enriched 
for TCF1 (TCF7 ) and TCF4 (TCF7L2 ), whose activities are asso­
ciated with early exhaustion progression ( 53 ). Interestingly, immu­
nomodulatory TFs such as those in the ROR family (RORA, 
RORB, RORC), as well as FOXP3, were also enriched in ChARs 
downregulated in ME TM . Though not commonly associated with 
exhaustion, repression of ROR family TFs in CD8+ T cells has 
been shown to attenuate activation and alter metabolic pathways, 
potentially contributing to functional impairment ( 54 ). These 
observations suggest that despite the multiple hallmarks of exhaus­
tion in TM  ( Figs. 2 E –G   and  3 B –F  ), an additional possibility exists 
where alterations could derive from a sustained inflammatory 
milieu. Indeed, it is possible that T cell dysregulation in ME 
derives from a composite of both antigen-specific exhaustion as 
well as from increased proinflammatory signals.

 When we examined ME TN﻿-upregulated ChARs, we found 
strong enrichment for NF- κB family TFs (REL, RELA, RELB, 
NFKB1, NFKB2; SI Appendix, Fig. S4 E  and F ), a family with 
well-established roles in TN  survival, T cell activation, and effector 
function ( 47 ). Hence, ME TN  may be primed toward increased 
activation and/or differentiation, a result that reinforces our obser­
vation that the transcriptomes of ME TN  exhibit a partial loss of 
naïve identity. Collectively, our epigenomics data strongly suggest 
that ME TM  are epigenetically predisposed to developing an 
exhaustion-associated gene regulatory program, while ME TN  
exhibit a regulatory program consistent with aberrantly increased 
activation. Potentially, alterations to both TN  and TM  share a com­
mon source.  

Elevated Levels of SLAMF6 Expression in ME CD8+ T Cells. Our 
multiomics data indicate that the transcriptome and chromatin 
landscape of ME TM exhibit multiple hallmarks of exhaustion, 

both in terms of individual relevant genes and the overall gene 
expression program. To validate these observations and investigate 
ME T cell exhaustion phenotypes in peripheral cells, we performed 
flow cytometric analysis of isolated circulating CD8+ T cells to 
assess cell surface markers and TFs that delineate exhausted T 
cell states. We performed these experiments on prepandemic 
samples obtained following an exercise challenge, to provoke PEM 
and potentially enhance detection of exhausted phenotypes in 
peripheral T cells. Onset of PEM following an exercise challenge 
induces oxidative stress in patients (55, 56), which, in chronic 
viral infections, promotes terminal CD8+ T cell exhaustion 
(57, 58). We extended our cohort to include 15 patients and 11 
controls, all females and matched for age and BMI (SI Appendix, 
Fig. S5A). This ME cohort exhibited phenotypes consistent with 
our sequencing cohort, with significantly lower Bell Activity 
Score and SF-36 physical health scores (SI Appendix, Table S1). 
Following a maximal-effort CPET (cardio-pulmonary exercise 
test) to induce PEM, blood was drawn for PBMC isolation and 
subsequent T cell separation. After gating for single live CD8+ 
T cells, the frequency of PD-1, CD69, SLAMF6, and TOX-
expressing cells was assessed using flow cytometry (SI Appendix, 
Fig. S5B). PD-1 and CD69 are markers of Tex subsets; exhausted 
cells express PD-1, whereas PD-1+CD69− cells correspond to a 
circulating progenitor exhausted state (15).

 In total CD8+ T cells, we did not observe any significant 
changes in the frequency of PD-1+ T cells between case and con­
trol cohorts, although we observed a trend of increased PD-1 
expression in the case cohort ( Fig. 4A   and SI Appendix, Fig. S5C﻿ ). 
Similarly, abundance of the IR SLAMF6 in total, PD-1+, and 
PD-1+CD69− CD8+ T cells was slightly greater in the patient 
cohort compared to the healthy controls ( Fig. 4B   and SI Appendix, 
Fig. S5D﻿ ). A subpopulation of SLAMF6+ T cells was detected in 
our cell populations, noted as SLAMF6hi  T cells; this subset was 
present at significantly higher frequencies in ME ( Fig. 4C   and 
﻿SI Appendix, Fig. S5E﻿ ). This trend was also observed in PD-1+ 
CD8+ and PD-1+CD69-CD8+ T cells, indicating a higher pro­
portion of cells with this IR present ( Fig. 4D   and SI Appendix, 
Fig. S5E﻿ ). We saw no differences in TOX expression or TOX+ fre­
quency between our two cohorts in total CD8+ T cells (SI Appendix, 
Fig. S6 ). Nonetheless, our observations of elevated PD-1 and 
SLAMF6 expression in total ME CD8+ T cells agree with our 
findings of increased IR expression at the transcript level.          

TOX and SLAMF6 are Elevated in Differentiated CD8+ T Cell 
Subsets. To investigate Tex populations with more precision, 
we expanded our flow cytometric analysis to assay exhaustion 
phenotypes between different TM subsets, as analyzing T cells 
partitioned by differentiation status improves detection of 
exhausted phenotypes (59). We began by examining CD8+ T cell 
subpopulation frequencies, assessing naïve (TN), central and early 
effector memory (M), early intermediate (EM2), intermediate 
effector memory (EM4), late effector memory (EM3), effector 
memory reexpressing CD45RA (TEMRA

pE1, TEMRA
pE2) and 

terminally differentiated effector memory (Eff) populations 
(SI Appendix, Fig. S7). Subset frequencies were not significantly 
different compared between cohorts (SI Appendix, Fig. S8A). In 
each subset, we then analyzed the frequency and abundance of 
TOX, SLAMF6, and PD-1, as well as the presence of TOX and 
SLAMF6 within PD-1+ and PD-1+CD69– populations (Fig. 4 
D−H and SI Appendix, Fig. S8, B–J).

 Unexpectedly, in ME TN , we observed significantly higher 
abundances of TOX and frequencies of TOXhi  populations com­
pared to controls (SI Appendix, Fig. S9 ; A and B), with no signif­
icant differences seen in SLAMF6 measures ( SI Appendix, Fig. S9 

http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415119121#supplementary-materials


8 of 12   https://doi.org/10.1073/pnas.2415119121� pnas.org

﻿C  and D ). As TOX is normally repressed in TN  and TOX expres­
sion negatively correlates with naïve-related genes ( 48 ,  60 ), ele­
vated TOX in ME TN  may underlie the loss of naïve identity we 
observed by transcriptomics (SI Appendix, Fig. S3B﻿ ). There are 

few studies investigating TOX in naïve T cells, although TOX+ 
TN  have been identified in HBV and EBV, two chronic viral infec­
tions, and at higher frequencies compared to TN  in acute viral 
infection paradigms such as influenza ( 61 ). Thus, elevated TOX 
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Fig. 4.   TOX and SLAMF6 are elevated in differentiated CD8+ T cell subsets. (A) Left: PD-1+ frequency (P = 0.92) in total CD8+ T cells. Right: gMFI expression 
levels of PD-1 (P = 0.055) in CD8+ T cells, compared between HC and ME. gMFI = geometric mean fluorescence intensity, FMO = fluorescent minus one negative 
control. (B) SLAMF6 expression levels in total CD8+ (P = 0.14), CD8+PD-1+ (P = 0.16), and CD8+PD-1+CD69− (P = 0.16) T cell subsets, compared between HC and 
ME. (C) SLAMF6hi frequencies in total CD8+ (P = 0.04), CD8+PD-1+ (P = 0.15), and CD69-SLAMF6hi frequency in CD8+PD-1+ (P = 0.055) T cell subsets, compared 
between HC and ME. (D) Spider plots of T cell subsets depicting PD-1+ frequency, (E) SLAMF6hi frequency, (F) SLAMF6 gMFI, (G) TOXhi frequency, and (H) TOX 
gMFI between HC and ME. Each red (HC) or blue (ME) line represents the mean percentage or gMFI per T cell subset (y axis). (I) Representative scatter plots of 
SLAMF6hi populations in EM4 T cells, and box plot of SLAMF6hi frequency in EM4 T cells (P = 0.02, n = 10/13), compared between HC and ME. (J) Representative 
histogram and box plot of SLAMF6 expression in PD-1+CD69− EM4 T cells (P = 0.049, n = 10/13), compared between HC and ME. (K) Representative scatter plots 
of SLAMF6hi populations in PD-1+CD69− EM3 T cells, and box plot of SLAMF6hi frequency in EM3 T cells (P = 0.036, n = 10/12), compared between HC and ME. (L) 
Representative histogram and box plot of SLAMF6 expression in PD-1+ CD69− EM3 T cells (P = 0.05, n = 10/12), compared between HC and ME. (M) Representative 
histogram and box plot of SLAMF6 expression in Eff (P = 0.046, n = 9/11), compared between HC and ME. (N) TOX expression levels in pE1 (P = 0.072, n = 7/7), 
and of (O) TOX expression in pE2 (P = 0.057, n = 7/9), compared between HC and ME.
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in ME TN  may result from chronic viral infection, a possibility 
that is consistent and supportive of T cell exhaustion in ME.

 In ME effector memory populations, we detected significantly 
elevated frequencies of SLAMF6hi  populations in EM4 and 
PD-1+CD69-EM3 T cells ( Fig. 4 E , I  and K   and SI Appendix, 
Fig. S8F﻿ ), with higher expression of SLAMF6 in PD-1+CD69- 
subsets of EM4 and EM3 ( Fig. 4 F , J , and L  ; and SI Appendix, 
Fig. S8E﻿ ) compared to controls. Moreover, SLAMF6 abundance 
was significantly higher in ME Eff T cell populations, ( Fig. 4 F  
and M   and SI Appendix, Figs. S8, C  and E and S10 A  and B ). 
These changes in SLAMF6 expression were not observed in most 
early or late effector memory populations (M, pE1, and pE2 
CD8+ T cells; SI Appendix, Fig. S10, C –H ), suggesting that inter­
mediate effector memory T cells are more likely to enter a pro­
genitor exhausted state and drive SLAMF6 differences observed 
in total ME CD8+ T cells.

 In TEMRA  subsets (TEMRA﻿pE1  and TEMRA﻿pE2 ), which are terminally 
differentiated, we observed a trend toward higher TOX expression 
in cases ( Fig. 4 H , N , and O  ). These results suggest a differentiation 
trajectory where intermediate effector memory T cells express 
precursor exhaustion markers such as SLAMF6, while the more 
differentiated TEMRA  subsets displayed higher propensity for ter­
minal exhaustion markers like TOX. Indeed, we did not observe 
any substantial difference in TOX expression or TOXhi  frequency 
in M, EM4, or EM3 subsets ( Fig. 4 G  and H   and SI Appendix, 
Figs. S8 G –J and S10 I –L ). Considering these results together 
with our genomic data, these findings support a model where ME 
effector memory CD8+ T cells adopt a progenitor exhaustion 
program, characterized by upregulation of IRs such as SLAMF6. 
This dysregulation appears to be most pronounced in intermediate 
effector memory cells, which are poised to become terminally 
exhausted through increased chromatin accessibility of TOX. 
Meanwhile, we observed elevated TOX expression in more differ­
entiated T cell subsets. Strikingly, this pattern mirrors findings in 
chronic viral infections, where immune activation drives cells 
toward terminal differentiation, ultimately resulting in exhaustion 
and depletion of these cells ( 62 ). Collectively, our results support 
a hypothesis that the poised regulatory state of ME TM  drives 
transition into exhausted phenotypes.   

Discussion

 There is growing appreciation for the role of T cell dysfunction in 
ME, as evidenced by immunometabolism studies, functional 
assays, and cytokine profiling ( 17 ,  20 ,  22 ). However, the T cell 
compartment includes multiple different subsets, with specialized 

functions, and the identities of the cell types most relevant to ME 
pathobiology have not been systematically determined. Moreover, 
the regulatory mechanisms that contribute to T cell dysfunction 
in ME and how these dysregulated states could be reversed remain 
unknown. Here, we combined transcriptional, epigenetic, cell 
surface receptor, and marker gene analyses to comprehensively 
analyze CD8+ T cell subsets in ME. As a major study profiling 
the epigenetic landscape of purified ME T cell subsets, we provide 
a critical resource not only to understand immune dysfunction in 
ME, but to inform comparative studies on other infection-
associated chronic conditions (IACC), including LC.

 Our epigenomic profiling of ME CD8+ T cells revealed mul­
tiple lines of converging evidence indicative of T cell exhaustion 
in ME. Analysis of scRNA-seq and RNA-seq on purified subsets 
revealed upregulation of exhaustion-associated TFs in patient 
effector memory populations. Moreover, we show that the epige­
nome of these cells is rewired toward an exhaustion program ( 15 ). 
Integrating expression profiles and chromatin accessibility land­
scapes revealed a loss of regulatory poising in genes involved in 
cytokine signaling, proliferation, and cytotoxicity, indicating a 
hypofunctional state—exhaustion. Our flow cytometry and tran­
scriptome analysis revealed elevated expression of SLAMF6, a key 
IR expressed by Tex . After symptom provocation, we observed 
elevated populations of exhausted T cells across various subsets, 
with TOX expressed at higher levels in these cells, implicating a 
progression into later Tex  states ( 15 ). Of note, oxidative stress, 
observed in ME ( 56 ,  63 ,  64 ) can lead to reactive oxygen species 
accumulation, which exacerbates T cell exhaustion ( 57 ). Taken 
together, these results suggest that ME leaves epigenetic scars on 
TM , which are primed for progression into late exhaustion states. 
We propose that following induction by further stimuli such as 
an exercise challenge, these cells fail to upregulate effector pro­
grams, and instead become terminally exhausted, potentially con­
tributing to inflammation and PEM ( Fig. 5 ).        

 While TM  cells exhibited the most prominent dysfunction in 
ME, our analyses revealed additional T cell populations with nota­
ble regulatory and phenotypic distinctions between ME and 
healthy controls. Single-cell surveillance of intercellular commu­
nications revealed substantial dysregulation in γδT cells, which 
may contribute to an inflammatory milieu by producing 
tissue-homing signals such as CCL5 in ME. As major producers 
of cytokines and chemokines, γδT cell dysregulation may lead to 
improper crosstalk within the adaptive immune system, which 
has been recently characterized in LC ( 65 ) and implicated in our 
data, where some CD4+ T cell subsets have elevated expression 
of effector genes.

Fig. 5.   Model of proposed ME T cell mechanism of action via exhaustion.
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 Notably, we observed disrupted gene regulatory states in CD8+ 
TN , which are directed toward a more activated transcriptional 
program. Thus, the dysfunctional state of immune cells in ME 
may derive from an environment conducive for ectopic activation, 
where excessive inflammatory signaling enhances the sensitivity 
of TN  and thus prime them toward such a fate ( 66 ). Alternatively, 
when provoked by persistent stimulation and/or systemic inflam­
mation, immune homeostasis could be disrupted, potentially 
leading to impairment of negative selection in the thymus ( 67 ). 
Thus, the transcriptional loss of naïve identity we observed in ME 
TN  may be an indirect effect of the same chronic stimulatory 
environment that drives exhaustion in ME TM  ( 68 ).

 Our single-cell RNA-seq datasets include females and males at 
a 2:1 ratio, reflecting the increased incidence of ME in women 
( 69 ). In order not to lose statistical power, we analyzed the RNA-seq 
data from both sexes together. All of our downstream analyses 
utilized female subjects only, given that sex differences in PBMC 
gene expression have been reported, including in a recent study 
that examined total PBMC RNA-seq before a maximal exercise 
test and 4 h later ( 70 ). Additionally, a prior gene expression study, 
using microarray technology, also reported sex differences in ME/
CFS gene expression at baseline ( 71 ). Also, studies have demon­
strated sex difference in the immune system across the general 
human population, noting variations in immune responses and 
peripheral immune cell characteristics between males and females, 
independent of specific diseases or contexts ( 72 ).

 Although we gathered strong evidence for increased T cell 
exhaustion in ME, it remains unknown whether this state is a 
driver of pathology, or a consequence of prior triggering events. 
Thus, it is important to acknowledge that it is currently unclear 
whether the T cell dysregulation we observed derives from a 
chronic infection, such as a virus that triggered or is reactivated 
in ME, or alternatively, as a result of an inflammatory environment 
in lieu of antigen-specific stimulation. The induction of T cell 
exhaustion is a multifaceted process with various triggers. Chronic 
infections leave epigenetic scars on CD8+ T cells even after the 
initial infection has been eliminated ( 45 ,  61 ). Exhaustion may 
also be induced and maintained by stress responses or an inflam­
matory milieu ( 73   – 75 ). Recent findings have suggested links 
between the autonomous nervous system and exhaustion mediated 
by beta-adrenergic signaling ( 73 ), with important implications 
for understanding how mental or physical exertion may drive 
PEM, and how this can be prevented. Additional support for this 
notion comes from recent findings of disrupted catecholamine 
biosynthesis in the ME central nervous system ( 23 ), and similar 
findings of decreased serum catechols and their metabolites 
reported in LC ( 76 ). Additionally, monocytes, which have been 
shown to exhibit hallmarks of increased tissue homing in ME ( 10 ), 
can upregulate the coinhibitory PD-L1/2 and CD86-CTLA-4 
pathways to suppress CD8+ T cell cytotoxicity ( 77 ). Future studies 
on T cell dysfunction in ME should also consider any crosstalk 
between the adaptive immune system and other compartments.

 Much like ME, certain immunological signatures of LC point 
toward T cell exhaustion—SARS-CoV-2-reactive CD8+ T cells 
display features of exhaustion in severely ill patients ( 65 ,  78 ), and 
persistence of SARS-CoV-2 antigens has been observed in LC 
after the acute infection ( 79 ). LC patients also had higher levels 
of antibodies against SARS-CoV-2 spike proteins and latent 
viruses ( 80 ). Both viral persistence and latent virus reactivation 
could lead to exhaustion and functional impairment of T cells. 
Critically, however, while it is known that SARS-CoV-2 infection 
initiates LC, the infectious agent that ME patients report preceded 
their illness is usually unknown, a crucial distinction which means 
that not all interventions will be applicable to both conditions. 

Although our findings suggest the existence of a viral or infectious 
component that initiates or maintains ME, many open questions 
remain: What are the pathogens causing the initial priming event, 
and are patient T cell clonotypes altered in ME? Are members of 
a single pathogen family responsible for the onset of ME, or can 
multiple pathogens incite the illness? Is there a role of reactivation 
of herpesvirus infections or altered activity of endogenous retro­
viruses? What conditions lead to long-term scarring of CD8+ T 
cells and subsequently contribute to ME pathogenesis, and do 
different pathogens employ varying mechanisms, thereby influ­
encing their propensity to induce T cell dysfunction? Future 
research in ME should continue to search for the specific virus­
es(es) involved in the disease, which will facilitate the analysis of 
virus-specific CD8+ T cells and improve the characterization of 
exhausted T cells. This includes testing for the presence of Tex  
within lymphoid tissues, where terminally exhausted T cells pref­
erentially reside ( 81 ).

 In conclusion, this study provides insight into a state of immune 
cell dysfunction in ME. Our high-resolution data encompass both 
the transcriptomes and epigenomes of diseased CD8+ T cells, 
serving as a critical resource for comparison studies to offer insights 
into the pathophysiological mechanisms underlying other IACCs. 
Crucially, our observations open numerous avenues for developing 
potential treatment options targeting T cell exhaustion and asso­
ciated metabolic alterations, offering promising prospects for 
future research and, ultimately, therapeutic interventions in ME.  

Materials and Methods

The experimental procedures and reagents utilized in this study are detailed in 
SI Appendix.

Study design. Our goal was to identify T cell populations that may underlie 
ME pathology, characterize the epigenetic landscape of ME T cells, and establish 
whether T cell exhaustion is a feature of ME. To explore the heterogeneity of ME 
T cells, we first analyzed the scRNA-seq atlas of ME leukocytes, applying a combi-
nation of single-cell level differential gene expression, intercellular communica-
tion, and gene module analyses. We then comprehensively profiled purified TM 
and TN using RNA-seq and ATAC-seq. To validate our findings, we expanded our 
cohort for flow cytometric analysis, following symptom provocation. To remove 
confounding factors, cases and controls are matched for activity level, and par-
ticipants who reported recent infectious events were excluded. Survey data were 
compared to ensure comparability between the genomics and flow cytometry 
cohorts. Importantly, all subjects included in this study were diagnosed prior to 
the 2020 SARS-CoV-2 pandemic.

The study populations for the scRNA-seq atlas and this project were collected 
as part of the NIH-funded Cornell Collaborative ME/CFS Center, as previously 
described (10). ME and healthy sedentary control participants were identified by 
experienced medical doctors, and all ME subjects fulfilled the IOM and Canadian 
Consensus Criteria for diagnosis (82). 70% of those ME cases reported sudden 
onset of illness. Onset of the illness occurred before the emergence of LC, and 
thus was not initiated by SARS-CoV-2. This cohort completed approved question-
naires to characterize their current health condition and medical history. Other 
information about the subjects can be found in SI Appendix, Table S1.

Study Approval. All human subject protocols were approved by the Institutional 
Review Boards of Weill Cornell Medical College (Protocol 1708018518) and 
Ithaca College (IRB 1017-12Dx2). Written informed consent was received prior 
to sample collection.

Data, Materials, and Software Availability. Sequence data have been depos-
ited in GEO (GSE268212 (83) and GSE268223 (84)).
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