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Abstract

Background Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating but poorly-understood
disease. ME/CFS symptoms include immune system effects alongside incapacitating fatigue and post-exertional
disease exacerbation. Symptom severity can range from mild to severe and whilst symptoms can fluctuate, few
people fully recover.

Methods Immunological profiles of people living with ME/CFS were analysed by flow cytometry, focusing on
cytotoxic cells, to determine whether people with mild/moderate (n=43) or severe ME/CFS (n=53) expressed
different immunological markers. Flow cytometry data were tested for normality and the two clinical groups were
compared by t-test or Mann-Whitney U-test as appropriate.

Results People with mild/moderate ME/CFS had increased expression of cytotoxic effector molecules alongside
enhanced proportions of early-immunosenescence cells, determined by the CD28CD57" phenotype, indicative of
persistent viral infection. In contrast, people with severe ME/CFS had higher proportions of activated circulating
lymphocytes, determined by CD69" and CD38" expression, and expressed more pro-inflammatory cytokines,
including interferon-y, tumour necrosis factor and interleukin-17, following stimulation in vitro, indicative of
prolonged non-specific inflammation. These changes were consistent across different cell types including CD8* T
cells, mucosal associated invariant T cells and Natural Killer cells, indicating generalised altered cytotoxic responses
across the innate and adaptive immune system.

Conclusions These immunological differences likely reflect different disease pathogenesis mechanisms occurring

in the two clinical groups, opening up opportunities for the development of prognostic markers and stratified
treatments.
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Background

Myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CES) is a debilitating disease with a prevalence
of 0.1 to 2.2% in Europe [1]. It is characterized by pro-
found fatigue and post-exertional malaise (PEM), along
with sleep, neurocognition, immune and autonomic ner-
vous system dysfunctions which significantly impact on
quality of daily life [2, 3]. ME/CES affects all age groups,
including children and adolescents, and is more common
in women than men [4]. The symptom pattern is het-
erogeneous between individuals and can change within
individuals through time [5], the majority of people living
with ME/CFS (PWME) do not fully recover [6, 7]. People
with mild/moderate ME/CEFS can often engage in some
daily activities albeit with limitations, but those who are
severely affected are usually housebound, and in some
cases bedbound [8]. Disease time-course patterns are
diverse: more than half the PWME experience fluctuat-
ing (relapsing/remitting) symptom severity, particularly
those with more mild/moderate disease; some have a
gradual improvement in symptoms while others deterio-
rate long-term. As the pathophysiological mechanisms of
this disease are still to be determined, diagnosis of ME/
CES is still based on clinical features [9], and the degree
of disease severity has been classified by Carruthers et
al. into mild, moderate, severe, and very severe groups
[10]. The aetiology of ME/CES is not fully understood; its
onset often follows acute infections, but we know little
about the triggering events for symptom fluctuation and
the regulatory events which enable remission. We also do
not know whether mild, moderate and severe ME/CES
are caused by the same disease mechanisms, or whether
different symptom manifestations represent different
underlying causal events. Better understanding of these
differences would enable stratification of PWME, the
development of personalised treatments and the possibil-
ity of elusive diagnostic biomarkers.

Immune system abnormalities have been investigated
in PWME, to attempt to understand the disease aetiology.
Altered T cell phenotype and activation, and impaired
natural killer (NK) cell cytotoxicity have been reported
[11-15], suggesting an increased susceptibility to infec-
tions, including reactivation or persistency of human
herpesviruses [16, 17], or gut microbiome dysbiosis.
However, recent reports showed no association or incon-
sistent results of the immune cell phenotype and function
[18-20]: most studies have analysed small cohorts, often
with diverse clinical presentations, and clear identifica-
tion of immune alterations in ME/CFS remains elusive.
Overlapping symptom and laboratory results have been
described between people with long COVID following
SARS-CoV-2 infection and PWME, suggesting mecha-
nistic similarity between the conditions [21, 22].
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Clinical and immunological parameters have been
shown to be associated with disease severity in ME/
CFS. In clinical analyses, we previously reported hand-
grip strength as a potential diagnostic biomarker for ME/
CFS [23], while blood creatine phosphokinase concentra-
tion was able to discriminate between people with mild/
moderate and severe ME/CFS [24]. Immunological stud-
ies have sought to determine serum cytokine signatures
in ME/CES associated with disease severity and disease
duration. Montoya et al. reported 13 inflammatory cyto-
kines levels in serum were correlated with severity of
disease [25], while people with recent onset of ME/CFS
had prominent elevation of serum proinflammatory and
anti-inflammatory cytokines which were not present in
people with longer-term ME/CES [26]. Recently, natural
regulatory autoantibodies were reported to be associated
with symptom severity in people with ME/CFES which
was triggered by infection [27]. Further, an abnormal
increase of intracellular giant lipid organelles in periph-
eral immune cells has been reported in people severely
affected with ME/CFS [28]. From these studies it can be
inferred that investigation of immunological parameters
which distinguish between people with mild/moder-
ate (ME-MM) or severe (ME-SA) ME/CES will help our
understanding of ME/CFS pathomechanisms. In our pre-
vious study, in a large cohort of ~ 250 well-characterised
PWME, we found alterations in the phenotype of CD8"
T cells, with an increase in effector memory cell and
decrease in terminally differentiated cell proportions,
alongside an elevated frequency of mucosal associated
invariant T cells (MAITs) and of CD8" MAITs, in peo-
ple severely affected with ME/CFS:® this reported study
did not include a full analysis of cytotoxic cells, nor their
functional capacity to produce cytokines or cytotoxic
mediators such as perforin or granzymes, nor how the
leukocyte subsets related to each other, nor whether the
differences observed between clinical groups remain sta-
ble through time, potentially indicating different disease
pathogenesis mechanisms.

Here, we aimed to determine how immunological
parameters, particularly MAIT and CD8" T cell pheno-
type and function, were associated with clinical symp-
tom scores in PWME, to identify prognostic biomarkers
and to facilitate better understanding of complex disease
pathogenesis. To achieve this, we analysed samples from
a cohort of people with ME-MM or ME-SA which were
collected longitudinally (2 to 5 times at approximately
6-month intervals), and compared the flow cytometry
data generated with eleven clinical parameters which
were adapted for assessment of disease severity in
PWME.
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Methods

Study approval

This study was conducted according to the principles of
the Declaration of Helsinki. Study approval was obtained
from the London School of Hygiene & Tropical Medi-
cine (LSHTM) Research Ethics Committee 16 January
2012 (Ref.6123) and the National Research Ethics Service
(NRES) London: Bloomsbury Research Ethics Commit-
tee 22 December 2011 (REC ref.11/10/1760, IRAS ID:
77,765). Written informed consent was obtained from all
study participants prior to inclusion in the study.

Participant enrolment

A total of 96 participants were enrolled in the study. All
participants with ME/CES had a formal diagnosis and
met either the Canadian Consensus Criteria [9] or CDC-
1994 criteria [29]; many fulfilled both [30]. Exclusion
criteria were: taken antiviral medication or drugs known
to alter immune function or any vaccinations in the pre-
ceding 3 months; a history of acute or chronic infectious
diseases such as hepatitis B or C, tuberculosis, HIV (but
not herpes virus or other retrovirus infection); another
chronic disease such as cancer, coronary heart disease
or uncontrolled diabetes; a severe mood disorder; being
pregnant or breastfeeding in the preceding 12months;
morbid obesity (BMI > 40). Symptom questionnaires
and clinical appointments were used to assess the sever-
ity of disease, with participants characterised as having
mild/moderate ME/CFS (ME-MM) or being severely
affected (ME-SA) [8]. Severely affected study partici-
pants were visited at home by the clinical team. The
study was designed as a longitudinal study, with blood
samples collected five times with at least six month gaps
between time points. However, the COVID-19 pandemic

Table 1 Demographic characteristics of the study population at

baseline
Variables Mild/Moder- Severe Pvalue
ate(n=43) (n=53)

Sex Male 8 12 0.235
Female 35 41

Age, yr (mean)  Male 451 428 0.287
Female 36.2 395

BMI, Kg/m2 Male 282 220 0.001

(mean) Female 252 20.1

Handgrip Male 30.8 29.6 0.115

strength (mean)  Female 19.7 15.5

PCS (mean) Male 26.0 20.2 <0.0001
Female 314 19.2

MCS (mean) Male 440 425 0.039
Female 420 45.8

Note: BMI - Body Mass Index, PCS - Physical Component Summary (from
SF-36v%p,), MCS - Mental Component Summary (from SF-36v?y,). * P-value
was calculated for the comparison between the mild/moderate group and the
severely affected group
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negatively affected both recruitment and follow-up, so
participants were variously sampled 2, 3, 4 or 5 times.
Both female and male participants were included in the
study. ME/CES predominantly affects women, and our
study cohort of 96 individuals included 76 women (79%)
and 20 men (21%) which reflects this difference in sus-
ceptibility. The participants’ demographic information
is shown in Table 1. The sample size was based on our
previous report [18]. Venous blood from participants was
collected into heparinized vacutainers, and transferred
to the UCL/RFH Biobank at the Royal Free Hospital
London for isolation and cryopreservation of peripheral
blood mononuclear cells (PBMCs).

Flow cytometry

Cryopreserved PBMCs were transferred to LSHTM
for analysis, where they were stored in liquid nitrogen
until use. Samples from different time-points from one
individual were processed together, whereas partici-
pants’ samples were randomly selected for processing
in batches. For processing, PBMC vials were defrosted
in a 37 °C water bath for 1min, then the contents were
transferred to 12 ml warm RPMI 1640 including 10% foe-
tal bovine serum (RPMI/FBS) and centrifuged at 650¢g
for 15mins. After 2 washes with RPMI/EBS, cells were
rested at 37°C/5% CO, for 30 mins. Cells were then pel-
leted by centrifugation and re-suspended in RPMI/FBS,
after which cells were counted and viability ascertained
using the Countess3 automated cell counter (Invitrogen,
MA, USA). One million cells were added to wells of a 96
well V-bottom plate for “ex vivo” staining, where extra-
and intra-cellular staining processes with target antibod-
ies were performed: antibodies used, including Research
Resource Identifiers, are shown in Supplementary Table
S1. Another one million cells/sample were incubated
overnight in RPMI/FBS at 37°C/5% CO, in prepara-
tion for “In vitro stimulation” the next day. A total of six
staining panels were used for flow cytometric analysis of
each sample, including five ex vivo and one in vitro panel
(Supplementary Table S2).

For extracellular staining, cell suspensions were centri-
fuged at 750g for 5mins, supernatants were removed by
flicking, and cell pellets were loosened by gentle vortex.
Cells were washed with FACS buffer containing bovine
calf serum and sodium azide (Cell Staining Buffer, Bio-
Legend, CA, USA) and centrifuged. Cells were first incu-
bated with 1:200 prediluted MR1 tetramer in 20 pl FACS
buffer (loaded with 5-OP-RU and 6-FP as a negative con-
trol) obtained from the NIH Tetramer Core Facility [31],
for 40 mins at room temperature in the dark. Cells were
then washed and stained with the appropriate cocktail
of antibodies and live/dead stain in FACS buffer at 4 °C
for 20 min: these antibody staining panels included anti-
human CD3/CD4/CD8/CD56/CD161/TCR Va7.2 for T
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cell, MAIT and NK cell phenotyping throughout, along
with “activation/exhaustion” and “memory/differen-
tiation” specific marker staining panels (Supplementary
Table S2). After incubation, 200ul of FACS buffer was
added, and cells pelleted by centrifugation.

For the “function” panel, for both ex vivo and in vitro
stimulated cells, following the extracellular staining 75 pl
of cell fixation and permeabilization solution (BD biosci-
ences, NJ, USA) was added to each well, and incubated
for 15mins at room temperature in the dark. Then, using
Perm/Wash buffer (BD biosciences), cells were washed
and stained with anti-cytokine/cytotoxic granule anti-
bodies for 30 mins at room temperature in the dark. Simi-
larly, for the “Transcription factor” panel, cells were fixed
and permeabilized using the FOXP3 Transcription factor
staining buffer set (eBioscience, CA, USA) for 30 mins at
room temperature in the dark, then stained with anti-
human transcription factor antibodies for 1hour at room
temperature in the dark, in permeabilization buffer. After
intracellular or intranuclear staining, cells were centri-
fuged at 930 g for 5 mins, then suspended with FACS buf-
fer, and analysed by flow cytometry the following day.

For the in vitro stimulation, following the over-
night incubation, “cell stimulation cocktail” (phorbol
12-myristate 13-acetate (PMA) and ionomycin, eBiosci-
ence) was added to the cells in the 24-well plate. After
lhour, protein transport inhibitor cocktail (brefeldin
A and monensin, eBioscience) was added to each well,
then incubated for 4hours more. After incubation, the
supernatant was removed by pipetting, and all cells were
transferred to a 96 well V-bottom plate, and stained as
described above.

To validate the multiparametric flow cytometry panels,
they were first optimised on samples from healthy con-
trol donors. To monitor the consistency of flow cytom-
etry across different batches of experiments, we included
PBMC:s from healthy controls in all experiments. FMOs
(fluorescence minus one) and isotype controls were
included for the gating strategy in all experiments.

An LSRII cytometer (BD) was used for cell data acqui-
sition. We aimed to acquire 2x10° CD3* T cells in the
LSRII to facilitate analysis of the MAIT cells which are
a minor cell population: only populations containing >
20 events are reported due to technical limitation. Flow
cytometry data analysis was done using Flow]Jo software
version 10.8.1 (Tree star Inc. Ashland, USA).

Cytomegalovirus IgG measurement

Serological assay of anti-CMV IgG in plasma was per-
formed using a quantitative ELISA kit (Demeditec Diag-
nostics (Kiel, Germany) following the manufacturer’s
protocol. The antibody concentration (Unit, U) was cal-
culated using sample observance value and cut-off value,
as instructed in the protocol. For a qualitative evaluation
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of IgG antibody to CMYV, the concentration was inter-
preted as follows: concentration < 9U as a negative,
concentration > 11U as a positive, and concentration
between 9U and 11 U as equivocal.

Statistics

Presented values (cell frequency or Median Fluorescence
Intensity (MFI)) were calculated as the mean value of
repeated measures from those acquired at different time-
points (either 2,3,4,5 measures/participant). Datasets
were tested for normality using the Shapiro-Wilk test.
For two group comparisons, the unpaired t-test or Mann-
Whitney U-test were used for normal or non-normal
distribution data respectively. For paired sample com-
parisons, the paired t-test for parametric data or Wil-
coxon matched-pairs test for non-parametric data were
used. Multiple testing corrections were not applied due
to the interdependent nature of the variables quantified.
Spearman correlation tests were conducted to determine
the association between two variables. p <0.05 was con-
sidered statistically significant, and tests were 2-sided.
P-values are shown as exact numeric value, except when
p<0.001. Gender differences between clinical groups
were analysed by Chi-squared test. All flow cytometry
data analyses were performed using GraphPad Prism ver-
sion 10.0.2.

Results

Study participants

The study population consisted of ninety-six individu-
als with ME/CFS, who were blood donors for the UK
ME/CEFS Biobank [30] (Table 1). All participants had a
medically confirmed ME/CES diagnosis from the UK
National Health Service, and were rigorously assessed by
the study clinicians to assure compliance with the Cen-
ters for Disease Control (CDC-94) [29] and/or Canadian
Consensus Criteria [9]. Participants were extensively
clinically assessed, including measurement of creatinine
phosphokinase in blood and handgrip strength reading
by dynamometer [23]. Clinical scores were calculated for
each of the following seven domains based on the Cana-
dian Consensus Criteria: post-exertional malaise, sleep
dysfunction, pain, neurological/cognitive dysfunction,
autonomic dysfunction, neurocognitive dysfunction and
immune system manifestations. Forty-three (44.8%) of
those research participants were classified at recruitment
as having mild/moderate symptoms and were ambulatory
(ME-MM), whereas 53 (55.2%) had severe symptoms and
were house- or bed-bound (ME-SA).

Repeated blood samples were taken from each par-
ticipant, to remove day-to-day fluctuations in cell num-
ber and function, and the average of these taken as the
data point in the flow cytometric analysis. Participants
were reassessed at each study visit: while there was some
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degree of fluctuation in disease severity at different time-
points, particularly within the ME-MM group, this was
not of a sufficient degree to lead to changes in severity
classification.

Mucosal-associated invariant T cell frequency is elevated

in ME-SA

Cryopreserved peripheral blood mononuclear cells
(PBMCs) were thawed and analysed by flow cytome-
try: the gating strategy is shown in Supplementary Fig-
ure S1. Initially, we sought to confirm whether PWME
had altered frequencies of T cell subsets and NK cells,
depending on the severity of their symptoms, in this
robust repeated-measures analysis. Firstly, we com-
pared the frequencies of T cells (identified as CD3") and
T cell subsets (CD4* T cells, CD8" T cells, CD4CD8
Double Negative (DN) T cells, CD4*CD8" Double Posi-
tive (DP) T cells, CD3*CD56" NKT-like cells), as well as
NK cells (identified as CD3"CD56%) and CD8*CD56"NK
cells (“NK8 cells”) in ex vivo PBMCs from people with
ME-MM or ME-SA, and found there were no differ-
ences between the two clinical groups (Supplementary
Figure S2a-2h). In a previous study [18], we found that
the frequency of circulating total MAIT cells (pheno-
type: CD3*TCR Va7.2*CD161**) was elevated in ME-SA,
compared to healthy controls, multiple sclerosis and
ME-MM, and also that the frequency of CD8" MAITs
within total MAITs was significantly elevated in ME-SA
compared to ME-MM and healthy controls. In this study,
we included fluorescently labelled MHC related pro-
tein-1 (MR-1) tetramer staining for better identification
of the MAIT subset within the CD3* T cell population
[31]. As shown in Fig. 1, we confirmed the trend that the
ME-SA group had elevated frequencies of CD3* MAIT
cells and of CD8" MAITs, which is a major subset of total
MAITs, compared to those in the ME-MM group. These
patterns were reproducible through four different flow
cytometry staining panels utilised, although statistical
significance varied by staining methods such that p <0.05
in three of four panels in each case: the differences
became more apparent after overnight resting in culture
medium as part of the “in vitro stimulation” methodol-
ogy. Interestingly, the frequency of CD4* MAIT cells was
significantly higher in the ME-MM group (Fig. 1c) in all
the flow cytometry staining panels. We also confirmed
that the frequencies of NK cells and the minor DN T
cell subsets were reproducible across the different stain-
ing methods, including extracellular-only and additional
intracellular staining: there was a slight increase in fre-
quencies detected with the ‘function’ staining panel, but
the pattern between the two clinical groups was highly
similar across all staining methods (Supplementary Fig-
ure S2i). Interestingly, we observed significantly dimin-
ished expression of CD8, based on MFI, on CD8" T cells
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in the ME-MM group compared with the ME-SA group
(Supplementary Figure S3b). In some samples, a distinct
CDgintermediate o]l population could be observed. We
analysed the CD8"PP®" population and the CDgintermediate
populations separately, to check whether the frequency
or CD8 expression level in those populations could
underlie the decreased CD8 expression level overall in
ME-MM group. The frequency and CD8 expression in
the CDgntermediate 1yohylation were significantly higher
in ME-MM, while those in the CD8"PP*" population were
significantly higher in ME-SA (Supplementary Figure
S3c-d).

T cell and MAIT memory subsets show signs of early
senescence in ME-MM

We next investigated whether there were differ-
ences in the memory and differentiation states of T
cells and MAITs from people within the ME-MM
and ME-SA groups, by measuring naive and mem-
ory cell markers (CD45RA, CCR7) and differentiation
markers (CD28, CD57). Naive cells were defined as
CCR7*CD45RA*, CCR7*CD45RA™ as central memory
(CM), CCR7 CD45RA" as effector memory (EM) and
CCR7'CD45RA" as terminally re-expressing CD45RA
effector cells (TEMRA). There were no significant dif-
ferences in frequencies of naive/memory subsets in
CD4" or CD8" T cells between the ME-MM and ME-SA
groups, nor were there any differences in the frequen-
cies of CD57°CD28*, CD57CD28, CD57*CD28 or
CD57*CD28" subsets (Supplementary Figure S4). Next,
we analysed each CD4" and CD8'T cell naive/mem-
ory subset by CD57 and CD28 expression. In CD4* T
cells, >95% of the naive cells were CD57°CD28*, and the
frequency of this phenotype reduced through the Naive,
CM, EM then TEMRA cell compartments, whereas the
frequency of the CD57"CD28 subset, which associated
with senescence [32-34], gradually increased from the
Naive cells through CM then EM to TEMRA, although
there were no significant differences between two clini-
cal groups (Supplementary Figure S5). However, the fre-
quency of the CD57CD28" subset, which is considered
a marker of early senescence alongside highly differenti-
ated phenotype [33], was significantly higher in the CD4*
CM T cell subset in the ME-MM group compared to the
ME-SA group, with a non-significant trend (p=0.0899)
towards higher frequency also in the CD4" EM T cells
in the ME-MM group (Fig. 2a). Moreover, a similar pat-
tern was also seen in CD8" T cells, with the frequency of
CD57°CD28 cells in the CD8* EM and CD8" TEMRA
T cell subsets being significantly elevated in ME-MM
compared to ME-SA (p=0.012 in CD8" EM, p=0.0598
in CD8" TEMRA) (Fig. 2b). CD3* MAIT cells report-
edly display an effector memory cell phenotype [35, 36].
Here, we found MAIT cells expressed CD28, but not



Lee et al. Journal of Translational Medicine

(2026) 24:68

Page 6 of 22

Panel AE FUNC TF FUNCin_gm
Staining
method  extracellular intracellular intranuclear intracellular
a 0.1048 0.0830 0.0411 0.0035
151 201 157 ol 151 1 .
® o CD3™ MAIT %
K2} o © [ 2 ¢ =
3 ° 8 8 8 ®
& o S 15 o o
= 107 ° = 4 = 104 o = 104
) e H *» o ™ ° ™ . 8
a o a b Q R a
@) ° O 104 . (@) H (é °
£ £ =
g 5{ = g : g 5{ 3 . S s ¢
N P R 51 e BN B % ©
.1. 5 b
0- 0- B oA
0.0021
0.0469 0.0451 0.2207
b
1001 1007 100+ 100+ |
° ‘ ° ° * CD8"MAIT %
[ ] Py Py
= ~ 804 :..o° ~ 801 g‘.‘ — 80-
< °6; < ; < o <
s g.a" < .::v g ofon® % < .
+8 o +8 60 1 =: +8 60 1 +8 60 1 °
o 907 | © o & o K R o oge MM-Female
b 5 401 | | ; %5 401 5 401 . O MM-Male
® = = =
201 201 201 @ SA-Female
O sA-Male
0 0 0 0
c 0.0093 0.0027
0.0050
201 201 201 20 -
. . CD4* MAIT %
0.0002
= 4 |- 4 ° |- i i i
£ 15 £ 15 £ 15 £ 15
= = = =
+ + + + o
8§ 104 e 8 109 . 2 101 2 40- .
(@] &) O ° I3 .
G o G o k] o 5
x 51 x 51 2 51 ® 5l Y o
oﬁ & P e
01 01 e 0+—* ol

Fig. 1 Differential frequencies of mucosal-associated invariant T cell subsets in mild/moderate (n=43) and severe ME/CFS (n=53). PBMC from people
with mild/moderate (mm) or severe (SA) ME/CFS symptoms were analysed by flow cytometry, to determine the proportions of (a) total MAIT cells within
the CD3* T cell compartment, (b) CD8" T cells within the CD3* MAITs and (c) CD4" T cells within the CD3" MAIT compartment. PBMC samples were
analysed by four separate flow cytometry staining panels: in common, PBMCs were stained extracellularly for immune cell profiles, then specific stain
methods were engaged.“ae”: Activation/Exhaustion markers;“func”: functional markers;“TF": transcription factor markers; “FUNCin_gm”: functional marker
staining following incubation overnight in culture medium. Each dot represents the average value across all the samples collected at different time points
for one individual study participant. Mean values and sd were plotted in graphs. The data for CD8*MAIT (% in ‘FUNC, ‘TF'in figure 1b) cells were normally
distributed and analysed by an unpaired t-test; all other datasets were not normal and were analysed by the mann-whitney test. Statistical significance

was set at p<0.05

CD57 on their surface. Interestingly, the frequency of
CD28" MAIT cells was reduced in ME-MM with a non-
significant trend (p=0.0559) towards higher frequency,
compared to the ME-SA group (Fig. 2c left). The major-
ity of CD8" MAITs expressed CD28, without no signifi-
cant difference between the two clinical groups; however,
CD4°CD8 MAIT cells had reduced frequency of CD28

expression in the ME-MM group compared to those
from people with ME-SA (p =0.010) (Fig. 2c right).

We then performed correlation analyses which showed
differences between the ME-MM and ME-SA groups in
the association between the frequency of CD28" MAIT
cells and of T cell CD57"CD28" subsets: there was a nega-
tive correlation in the ME-MM group for both CD4*
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Fig. 3 Ex vivo and in vitro analysis of expression of cytotoxic mediators in cytotoxic cells (NK cells, CD8*T cells and MAITs) from people with mild/
moderate (n=43) and severe ME/CFS (n=53). Thawed PBMC samples were stained for intracellular granzyme B (GrzB) and perforin (prf). The cytotoxic
molecule-expressing cell population was analysed by frequency (upper) and median fluorescence intensity (MFI, lower) of GrzB (left) and prf (right) in
CD56" NK cells (@) and CD8*T cells (b). (c) The frequencies of GrzB-expressing CD3* MAITs were compared between ME-MM and ME-SA in ex vivo PBMC
directly after thawing (left), resting overnight in culture medium (middle) and following 5 hours of stimulation with PMA and ionomycin after incubation
overnight (right). (d) The data used in (c) were reanalysed by paired sample comparison (ex vivo vs GM or GM vs PMA+IM). (e) Prf expression in CD3*MAITs
was compared between ME-MM and ME-SA groups in thawed PBMC (left), and the main source of the prf expression in CD3+MAIT cells was analysed in
CD8* MAITs cells and CD4'CD8” DN MAITs in the ME-MM (middle) and ME-SA (right) groups. Each dot represents the average value across all the samples
collected at different time points for one individual. Mean values and sd are shown. The data for prf (*%_CD56"NK) (panel 3a right) were normally
distributed and analysed by an unpaired t-test; all other datasets were not normal and were therefore analysed by the Mann-Whitney test. The dataset
with p<0.05 was deemed significant. For the paired sample comparison in (d), the Wilcoxon matched-pairs test was used for non-parametric data, with

p <0.05 deemed significant. GM: growth medium, PMA; phorbol 12-myristate 13-acetate, IM; ionomycin

(r=-0.751, p<0.0001) and CD8"* (r=-0.545, p<0.0001)
CD57'CD28 T cells and CD28" MAITs (Fig. 2d). These
observations were not observed in people with ME-SA.
As MAITs cells act as innate-like T cells in response to
microbial infection, we performed a correlation analy-
sis between the frequency of NK cells, another innate
immune cell type, and MAITs to determine whether
these innate immune cells’ appearance together would
affect the first line of defence in microbial infection, and
found that the frequency of CD28* MAITs was moder-
ately correlated with the frequency of NK cells (r=0.569,
p<0.0001) in ME-MM. Overall, this may indicate
that reduced frequency of CD28 expression in MAITSs
from ME-MM is associated with higher frequency of
CD57°CD28 T cell subsets and lower frequency of NK
cells.

Granzyme and/or perforin expressing CD8" T cells and
MAITs are reduced in people with ME-SA, ex vivo and
following stimulation

To determine the functional capacity of lymphocytes in
people with ME-MM or ME-SA, we measured intracel-
lular cytotoxic molecules (granzyme B and perforin)
and cytokines (Interferon-y (IFN-y) and interleukin-17
(IL-17)) in T cells and NK cells. Intracellular cytokines
were not detectable in ex vivo T cells (data not shown).
Most NK cells contained granzyme B and perforin
(granzyme B: mean 75.4% in ME-MM, 73.9% in ME-SA;
perforin: 75.3% in ME-MM, 74.4% in ME-SA) (Fig. 3a,
upper). Although there was no difference in the fre-
quency of cytotoxic NK cells between the ME-MM and
ME-SA groups, there was a reduced amount of gran-
zyme B in NK cells in the ME-SA group, measured by
MEF]I, although not of perforin (p=0.025 in granzyme B
expression, p=0.340 in perforin) (Fig. 3a, lower). There
were no differences in the frequencies of granzyme B
and perforin expressing cytotoxic CD8* T cells and CD4*
T cells between the ME-MM and ME-SA groups (Fig.
3b,upper for CD8" T cells and Supplementary Figure S6
for CD4" T cells). However, the MFI of both granzyme
B and perforin in CD8" T cells was significantly reduced
in the ME-SA group (p=0.021 in granzyme B expression,

p=0.023 in perforin) (Fig. 3b, lower). Granzyme B was
detected at low frequencies in MAITs in ex vivo PBMC
samples, although significantly more highly in the ME-SA
than ME-MM group (mean 0.46% in ME-MM, mean
1.25% in ME-SA) (Fig. 3c, left, Fig. 3d, “ex vivo”). How-
ever, the granzyme B-positive frequency was significantly
increased after incubation for 18hr in growth medium
alone in ME-MM, but not in ME-SA (ME-MM; 2.10%,
ME-SA; 1.46%, p=0.002) (Fig. 3c,middle, Fig. 3d, “GM”).
After in vitro culture with the stimulation cocktail com-
prised of PMA and ionomycin, the frequencies of intra-
cellular granzyme B-expressing MAITs were significantly
increased in both groups (p<0.0001 for both), with a
significantly greater up-regulation in the ME-MM group
(mean 14.94%) compared to the ME-SA group (11.73%)
(p=0.047) (Fig. 3c, right, Fig. 3d, “PMA+IM”). A mod-
erate proportion of MAITs expressed perforin ex vivo:
the frequency of perforin-expressing MAITs was signifi-
cantly lower in the ME-SA group (17.80% in ME-MM,
12.72% in ME-SA) (p=0.001) (Fig. 3e, left). Furthermore,
we investigated the main source of MAIT subsets which
expressed perforin, and identified the CD4°CD8" double
negative MAIT subset as the major contributor, rather
than the expected CD8* MAIT subset, in both clinical
groups (p<0.001 in MM, p=0.038 in SA) (Fig. 3e, middle
and right). Together, these data show that CD8* T cells
and MAITs from people with ME-SA had a reduced
capacity to express the cytotoxic mediators perforin and
granzyme.

People with ME-MM exhibited stronger correlation
between cytotoxic marker expression and senescent T cells
and DN MAITs

To explore the potential interaction between the fre-
quencies of cytotoxic T cell subsets and the various
T cell differentiation subsets, especially the senescent
CD57*CD28" subsets, we next performed correlation
analyses between the frequencies of different cell popu-
lations on all the samples (7 =335) or by the two clini-
cal groups separately (n=132 for ME-MM, n=203 for
ME-SA). Using the data acquired using the ‘memory/
differentiation’ and ‘function’ flow cytometry staining
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Fig. 5 Frequencies of activation/exhaustion marker expression in T cells and NK cells from people with mild/moderate (n=43) and severe ME/CFS
(n=53). Ex vivo PBMC were stained for surface CD69, CD38 (both as activation markers) and PD-1 (as an exhaustion marker). (@) Correlation analysis was
performed between CD69* MAITs cells and other cell types (CD69* NK cells, CD69CD4*T cells, CD697CD8*T cells). A total of 335 samples (n=132 for
ME-MM, n=203 for ME-SA) were analysed using the spearman correlation test. (b) The frequencies of CD69* T cell subsets (CD4™ T cells, CD8* T cells and
MAITs) and NK cells were compared between ME-MM and ME-SA groups. (c) Comparison of CD38*CD69™ frequency in T cells (CD4* T cells, CD8* T cells
and MAITs) and NK cells between ME-MM and ME-SA groups. (d) Comparison of PD-1 frequency in T cells and NK cells (upper) and PD-1 expression in
PD-1" subsets in T cells (CD4* T cells, CD8* T cells and MAITs) and NK cells (lower). (e) Representative pseudocolour plots of HLA-DR*CD38" staining, and
comparison of the frequency of HLA-DR*CD38* T cell subsets between ME-MM (n=41) and ME-SA (n=29) in CD4™T cells (left) and CD8*T cells (right).
Each dot represents the average value across all the samples collected at different time points for one individual. Mean values and sd are shown. The data
for CD69 cells (*%_CD4*, CD8* T cells and CD56+ NK cells in the first, second and fourth figures in (b) and CD38*CD69* in CD56" NK (fourth figure in €)
were normally distributed and analysed by an unpaired t-test; all other datasets were not normal and were analysed by the mann-whitney test. A p-value

of <0.05 was considered statistically significant

panels, we found that the frequency of cytotoxic marker-
positive CD8* T cells was strongly correlated with the
frequency of CD57*CD28 CD8" T cells (r=0.939 for
GrzB, r=0.684 for Prf, Fig. 4a). The correlation strengths
were similar in the two clinical groups. This pattern
was also observed in CD4" T cells, although cytotoxic
effector molecules were less frequent in CD4* T cells,
as expected (Fig. 4b). The correlation analysis showed
that samples with a lower CD28" frequency in MAITs
cells had a higher perforin-positive MAIT frequency
(r=-0.209, p=0.0001; Fig. 4c); furthermore, the extent
of correlation was much stronger in the ME-MM group
compared to the ME-SA group (r=-0.429, p <0.0001 for
MM, r=-0.044, p=0.529 for SA; Fig. 4c). There was an
even stronger association in the DN MAIT subset: the
frequency of DN MAITs was positively correlated with
the frequency of perforint MAIT cells across all the
samples (r=0.393, p<0.0001 for the total sample set),
while the ME-MM clinical group had higher correla-
tion coefficients than the ME-SA (r=0.612, p<0.0001
for ME-MM,; r=0.234, p=0.0008 for ME-SA; Fig. 4d). In
agreement with these results, there was a negative cor-
relation between the frequencies of CD28" MAITs and
DN MAITs (Fig. 4e). These findings may suggest that the
samples with a higher frequency of DN MAIT cells have
more cytotoxic capacity, with a more frequent appear-
ance of the CD28" population in MAITs: this is in accor-
dance with our finding that the ME-MM group showed
a non-significant trend towards higher frequency of DN
MAITs (Supplementary Figure S7) as well as increased
cytotoxic marker expression in MAITs and downregula-
tion of the CD28" MAIT subset.

T cells and NK cells from people with severe ME/CFS exhibit
enhanced activation status

Next, we investigated the expression of the activa-
tion markers CD69 and CD38, as well as the exhaus-
tion marker, programmed death-1 (PD-1), in ex vivo
PBMCs. First, we examined the association between
CD69 expression on different cell types. We found a
moderate and highly significant (p<0.0001) correla-
tion between the frequency of MAITs expressing CD69

and the frequency of NK cells, CD4" T cells and CD8" T
cells expressing CD69 across all the samples (Spearman
r=0.697 for CD69*NK cells, r=0.508 for CD69*CD4* T
cells, r=0.649 for CD69*CD8" T cells, Fig. 5a). Compar-
ing the two groups, we found people with ME-SA had
an elevated frequency of CD69 expression on T cell sub-
sets, including CD4" and CD8" T cells and MAITs cells,
compared to people with ME-MM (p=0.019 in CD4* T
cell, p=0.010 in CD8" T cells, p=0.023 in MAIT cells)
(Fig. 5b). Moreover, the frequency of CD38*CD69* cells
within the CD4" and CD8" T cells and in MAITs was also
significantly increased in ME-SA (p=0.007 in CD4" T
cells, p=0.005 in CD8" T cells, p=0.001 in MAIT cells)
(Fig. 5¢c). Together, these data reveal a global increased
activation status of lymphocytes in severe ME/CFS com-
pared to mild/moderate illness. We also found the PD-1
expression level (MFI) from the PD-1* subsets of CD4*
T cells, CD8" T cells, MAITs and NK cells was lower in
ME-SA (p=0.020 in CD4* T cells, p=0.030 in CD8* T
cells, p=0.0004 in MAITs, p=0.0004 in NK cells) (Fig.
5d, lower), although there was no significant difference in
frequency of PD-1 expressing T cells and NK cells Fig. 5d,
upper. Furthermore, we also analysed another activation
indicator, the co-expression of human leukocyte antigen
(HLA)-DR and CD38 in CD4* T cells and CD8" T cells,
which are considered to be expressed during viral infec-
tion [37-39]. As shown in Fig. 5e, there was a signifi-
cantly higher frequency of co-expression of HLA-DR and
CD38 on CD4* and CD8" T cells in ME-MM compared
to the ME-SA group (p=0.018 in CD4" T cell, p=0.021 in
CD8" T cells).

Proinflammatory cytokine production after stimulation is
elevated in ME-SA

We then examined the frequency of intracellular cyto-
kine expression tumour necrosis factor (TNF), IFNy and
IL-17), along with CD69, in T cells following stimula-
tion with PMA and ionomycin for 5hours. As shown
in Fig. 6a, most T cell subsets expressed CD69 after in
vitro stimulation. The frequencies of CD69*CD4" T cells
and CD69" MAITs were significantly higher in ME-SA
(p=0.046 in CD4" T cells, p=0.004 in MAITs) (Fig. 6a),
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Fig. 6 In vitro stimulation of PBMC and functional analysis of T cells from people with mild/moderate (n=43) and severe ME/CFS (n=53). Thawed PBMCs
were incubated overnight and then stimulated with PMA and ionomycin (im) for 5hours. Then the stimulated cells were stained for surface T cell mark-
ers (CD4, CD8, MAIT) along with the activation marker CD69, then intracellular cytokines (TNF, IFNy and IL-17). The unstimulated cells were stained in
parallel. (@) The CD69 expression after stimulation with PMA and IM was compared between two groups in three T cell subsets. (b-d) The frequencies of
CD4* T cells, CD8" T cells and MAITs expressing IL-17 (b), TNF (c) and IFNy (d) Were compared between the ME-MM and ME-SA groups. (e) TNF and IFNy
co-expressing CD69" MAITs (left) and TNF™ and IFNy” non-expressing CD69* MAITs were compared between the clinical groups. Each dot represents the
average value across all the samples collected at different time points for one individual. Mean values and sd are shown. The data for TNF expressing
(*%_CD4™ T cell, first figure in ) cells were normally distributed and analysed by an unpaired t-test; all other datasets were not normal and were analysed
by the mann-whitney test. The dataset with p <0.05 was deemed significant

consistent with the ex vivo PBMC result. Overall, IL-17
was rarely detected (Fig. 6b), however, TNF was produced
by CD4* T cells (48.7% in ME-MM, 53.8% in ME-SA,
p=0.061), CD8" T cells (30.0% in ME-MM, 35.5% in
ME-SA, p=0.104) and MAITs (66.4% in ME-MM, 79.0%
in ME-SA, p<0.0001) with higher frequencies in ME-SA
(Fig. 6¢). The frequencies of IFNy-producing CD8" T cells
and MAITs were elevated in people with ME-SA com-
pared to ME-MM (p=0.026 in CD8" T cells, p=0.002 in
MAIT cells) (Fig. 6d). Moreover, CD8"* T cells from peo-
ple with ME-SA had elevated frequencies of TNF, IFNy
and IL-17 production (p =0.104 in TNF, p =0.026 in IFNy,
p=0.012 in IL-17), and MAITs from people with ME-SA
had significantly elevated frequencies of TNF (p <0.0001)
and IFNy (p=0.002) production. Furthermore, IFNy and
TNF co-producing bifunctional MAIT cell frequency
was significantly elevated in the ME-SA group (56.1%)
compared to the ME-MM group (48.4%) (p=0.048) (Fig.
6e), whereas the proportion of IFNy” TNF~ double nega-
tive MAITs was reduced (p=0.001). We also found that
MAIT cell activation by PMA and ionomycin changed
the proportion of subsets compared to the non-stimu-
lated condition, with an increase of DN MAITs (from
33.1% to 43.9% in ME-MM and from 23.9% to 35.1% in
ME-SA) and a reduction of CD8" MAITSs (from 63.8% to
46.5% in ME-MM and from 74.3% to 58.9% in ME-SA) in
both groups (Supplementary Figure S8).

To investigate the intranuclear mechanism driving
higher cytokine production in the ME-SA group, we
examined the expression of transcription factors eome-
sodermin (EOMES) and T-box transcription factor
(T-bet) in T cell subsets and NK cells in ex vivo PBMCs
following intranuclear staining. EOMES and T-bet are
known to drive a type 1 response, and T-bet is an essen-
tial transcription factor for optimal IFNy production
as well as NK cell maturation [40, 41]. We observed the
ME-SA group had a non-significant trend towards a
higher frequency of EOMES-expressing CD8*T cells
(p=0.089) and no difference in the frequency of T-bet
expressing CD8" T cells compared to the ME-MM
group (Fig. 7a). Both the frequency and MFI of T-bet
expression in MAITs were significantly increased in the
ME-SA (p=0.003 in frequency of T-bet, p=0.0.0003
in MFI of T-bet) whereas there was no difference in
EOMES expression (Fig. 7b—c). These results indicate

that elevated T-bet expression in MAITs cells and more
frequent EOMES expressing CD8" T cells in circulating
PBMC from ME-SA may play a boosting role to produce
more proinflammatory cytokines after in vitro stimula-
tion. In addition, T-bet expression level (MFI) in T-bet”
NK cells was significantly elevated in ME-SA (p =0.044),
although there was no significant difference in the fre-
quency of T-bet* NK cells because T-bet was commonly
detectable in NK cells in both groups (Supplementary
Figure S9).

Cytomegalovirus seropositivity and association with
cytotoxicity and senescent T cell subsets

Cytomegalovirus (CMV) latency is considered an
immune confounder, affecting its host immune response
in multiple ways. Therefore we measured anti-CMV
immunoglobulin G (IgG) plasma concentrations to deter-
mine whether CMV seropositivity was associated with
immune cell subsets. The prevalence of CMV seroposi-
tivity was similar between the two groups (MM; 30.23%,
SA; 23.08%), and there was no significant difference in
anti-CMV IgG concentration between the two groups
although there was a wide range in both groups (Table 2).
We then performed correlation analyses between CMV
IgG concentration and immune cell subsets (Table 3).
Notably, there was a moderate correlation between CMV
IgG concentration and the frequencies of cytotoxic T
cells and CD57*CD28" subsets in CD4*T cells and CD8*
T cells in both the ME-MM and ME-SA groups, with the
correlation strength higher in CD4*T cells than CD8"T
cells. There was no correlation between CMV IgG con-
centration and cytotoxic MAIT cells or NK cells.

T cell activation, cytotoxicity and senescence phenotypes
can discriminate mild/moderate and severe ME/CFS

As there were significant differences observed in the
expression of activation markers, proinflammatory cyto-
kines, cytotoxicity effector molecules and immunose-
nescence markers between people with ME-MM and
ME-SA, we next sought to determine whether combina-
tions of these markers could be used to predict the dis-
ease severity classification. The majority of the ME-MM
participants were separated from the majority of the
ME-SA participants in principal component analyses
based on combinations of cell markers in CD8" T cells or
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Fig. 7 Eomes and T-bet expression in CD8'T and MAIT cells from people with mild/moderate (n=43) and severe ME/CFS (n=53). The frequency of
expression of the EOMES and T-bet transcription factors was quantified by intranuclear staining after the cell phenotype extracellular staining, for CD8*
T cells (a), along with the frequency and median fluorescence intensity (MFI) in MAITs (b,c). Each dot represents the average value across all the samples
collected at different time points for one individual. Mean values and sd are shown. The data for EOMES*(% in CD8 T cells and CD3* MAIT cells, left figures
in 7a and b) cells and EOMES and T-bet MFI (in CD3* MAIT cells, in 7¢) were normally distributed and analysed by an unpaired t-test; all other datasets were
not normal and were analysed by the mann-whitney test. The dataset with p < 0.05 was deemed significant
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Table 2 Prevalence and concentration of CMV IgG in people

with ME/CFS
Seropositivity CMV IgG antibody (U)
of CMV-IgG
n % Average Range P-

(min-max) value
3.16-12390  0.9985
291-137.90

ME-MM (n=43) 13 3023 3263
ME-SA (n=52) 12 2308 3223

in MAITs separately, with enhanced separation evident
when the expression profiles of both CD8" T cells and
MAITs were combined (Fig. 8). These cell markers had
moderate capacity to discriminate between the ME-MM
and ME-SA clinical groups in Receiver Operating Char-
acteristic curve analyses, with an Area Under the Curve
(AUC) of 0.7141 (p=0.0007) for the CD8'T cell mark-
ers and 0.758 (p<0.0001) for the MAITs. The combi-
nation of the CD8" and MAIT markers had an AUC of
0.7843 (p<0.0001) (Fig. 8f), indicating that the activa-
tion, inflammation, cytotoxicity and immunosenescence
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markers have the capability to discriminate between peo-
ple with mild/moderate or severe ME/CES disease.

Discussion

In this study we have demonstrated clear differences exist
in immune cells in people with mild/moderate compared
with severe ME/CFS, and that these differences remain
over years of longitudinal sampling. It is a matter of
debate whether different ME/CES clinical severities exist
on a continuum of disease progression [5, 7] or whether
there are sub-groups of people with ME/CFS whose dis-
ease aetiologies and pathophysiological processes vary.
There is increasing evidence of ME/CEFS disease clusters,
which can be derived from clinical characteristics [42, 43]
or biological measurements [44]: this has implications
for treatment development and personalised medicine.
Our data support the existence of at least two distinct
subgroups, with the sustained immunological differences
suggesting different pathophysiological processes occur
in mild/moderate and severe clinical groups, and that

Table 3 Relationship between CMV IgG concentration and cytotoxic/senescence immune subsets

Spearman R 95% confidence interval p-value
ME-MM (n=43) Correlation with CMV IgG level (Units)
GrzB*CD4™ T cell % 0.4047 0.1097 to 0.6341 0.0071
Prf*CD4" T cell % 0.5915 0.3461t0 0.7612 <0.0001
GrzB*CD8" T cell % 0.4730 0.1924 to 0.6821 0.0014
Prf*CD8" T cell % 0.4928 0.2171 10 0.6956 0.0008
GrzB* MAIT cell % 0.0171 —0.2930 to 0.3241 09129
Prf* MAIT cell % 0.0193 —0.2911 t0 0.3260 0.9021
GrzB*CD56" NK cell % 0.0838 —0.2308 t0 0.3826 0.5931
Prf*CD56" NK cell % 0.1619 —0.1545 to 0.4481 0.2997
CD57*CD28 CD4™ T cell % 0.4825 0.2042 to 0.6886 0.0011
CD57*CD28 CD8* T cell % 0.4063 0.1117t0 0.6353 0.0069
CD57CD28 CD4* CM cell % —0.0490 -0.3523t0 0.2636 0.7550
CD57CD28 CD4™ EM cell % 0.1630 —0.1534 t0 0.4490 0.2965
CD57CD28 CD8" EM cell % 0.1338 —0.1824 to 0.4249 03923
CD57CD28  CD8" TEMRA cell % —0.0689 —0.3697 to 0.2449 0.6605
ME-SA (n=52) Correlation with CMV IgG level (Units)

GrzB*CD4™ T cell % 0.4870 0.2392t0 0.6753 0.0003
Prf*CD4* T cell % 0.6281 0421910 0.7725 <0.0001
GrzB*CD8* T cell % 0.4885 0.2409 to 0.6763 0.0002
Prf*CD8* T cell % 0.3724 0.1026 t0 0.5912 0.0066
GrzB* MAIT cell % 0.2498 —0.03302 to 0.4956 0.0741
Prf* MAIT cell % -0.09746 -0.36791t00.1882 04919
GrzB*CD56* NK cell % —0.01656 —0.2957 t0 0.2652 0.9072
PrffCD56" NK cell % -0.1723 —-04319t00.1138 0.2221
CD57*CD28 CD4™ T cell % 0.5990 0.3828 t0 0.7530 <0.0001
CD577CD28 CD8* T cell % 0.4903 0.2432t00.6777 0.0002
CD57CD28 CD4*™ CM cell % 0.04893 —-0.2348 t0 0.3250 0.7305
CD57CD28 CD4™ EM cell % 0.2744 —0.006694 to 0.5152 0.0490
CD57CD28 CD8" EM cell % 0.2230 —0.06134 t0 0.4739 0.1120
CD57°CD28 CD8" TEMRA cell % 0.1242 —0.1620 t0 0.3911 0.3802

Spearman'’s rank-order correlation test was used for significant correlations between two parameters of interest
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Fig.8 Discrimination between people with mild/moderate or severe ME/CFS based on differential expression of markers in CD8* T cellsand MAITs. Principal
component analysis (PCA) plots of ME-MM and ME-SA study participants, based on the expression of subsets of markers in CD8* T cells (@), MAITs (c) or both
CD8" and MAITs (e). Receiver operating characteristic curve analysis of ratios of activation/senescence-cytotoxicity markers in ME-SA vs ME-MM study par-
ticipants in (b) CD8" T cells (evCD69" +ivIFNy*)/(CD28 CD57°CD8 "y, + CD28 CD57°CD8 ™ rypa)), (d) MAITs (%CD8MAITs + ivINF)/(evPrf* +ivGzBY) or (f)
both CD8* and MAITs (((evCD69* +ivIFNy*)/(CD28 CD57 CD8* g, + CD28'CD57 CD8 1gyupa)) X ((BCD8*MAITs +ivINF)/(evPrf" +ivGzB™)). Parameters used
in PCA analyses: CD8" T cells (a & €): %CD28'CD57 CD8*yy %CD28 CD57 CD8* 1pprar MFI-Prf evCD8*, MFI-GzB evCD8*, MFI-PD1 evCD8*, %evCD69CDS",
%evCD69"CD38"CD8*, % iviL-17+ CD8", %iVINFCD8*, %ivIFNy* CD8*; MAITs (c & e): %MAITs, %CD8*MAITs, %evCD69*MAITs, %evCD69*CD38*MAITS,
%ivCD69 MAITS, %iIVINF MAITs %ivIFNy*"MAITs, %ivINFIFNy MAITs, %evT-bet™MAITs, %evCD28"MAITs, %ivGzB*MAITs, %evPrf*MAITs, MFI-PD1 evMaits.
Rings in the PCA plots contain 80% of the corresponding participants. ev: ex vivo; iv: following stimulation in vitro with PMA and ionomycin

previously described differences in cross-sectional stud-
ies were not due to disease duration.

We focused on cytotoxic cell phenotype and function,
including NK cells, CD8" T cells and MAITs, as they have
all previously been implicated in ME/CES [12, 15, 45—
48]: we addressed knowledge gaps around the functional
capacity of these cells and how the cell phenotypes inter-
relate. We found that people with mild to moderate ME/
CFES symptoms had more evidence of early-senescence
in their memory T cell subsets and MAITs, based on the
loss of CD28 expression but absence of CD57 expression,
within central memory CD4* T cells, effector memory
and TEMRA CD8"* T cells and lower frequencies of the
CD28" subset in MAITs. CD28 is a necessary costimula-
tory molecule for T cell activation, and the CD28™ T cell
population is regarded as having a cytotoxic or regula-
tory phenotype [49]: the CD28" subset in CD8'T cells is
expanded by chronic viral infection such as human cyto-
megalovirus, Epstein-Barr virus and human parvovirus
B19 which have been implicated in ME/CFES pathogen-
esis [34, 50, 51]. Using microarray analysis, Pangrazzi et
al. reported that CD28°CD57  CD8" T cells showed early
senescence characteristics with reduced production of
IFNy and TNF production [33]. We also observed sig-
nificantly diminished CD8 staining on CD8" T cells in
ME-MM compared with ME-SA. CD8 down-regulation
occurs transitorily in bacterial and viral infection [52]
and is accompanied by enhanced cytotoxic effector func-
tion [53]. We also observed an increase in granzyme B
and perforin expression in CD8" T cells and NK cells in
ME-MM. Taken together, these findings may suggest that
the appearance of senescent and highly differentiated
subsets in T cells and increased cytotoxicity as well as
CD8 down-regulation could be caused by frequent expo-
sure to antigens. In this regard, we have recently reported
that human herpesviruses 6B and 7 DNA in saliva cor-
relates with symptom severity in ME/CFS,"” and it is
plausible that herpes virus reactivation stimulates T
cells, driving them to cytotoxicity and senescence. This
hypothesis should be tested, by assessment of viral reac-
tivation and analysis of antigen-specific T cell responses.

In contrast, the early leukocyte activation marker
CD69 was more highly expressed in the ME-SA group,
on ex vivo CD4" and CD8"* T cells and on MAITs, and
was also more upregulated by stimulation with PMA

and ionomycin in people with ME-SA than ME-MM.
Thus T cells from people severely affected with ME are
more readily activated both in the circulation and in
vitro. Upregulated CD69-expressing immune cells in
blood have been reported in autoimmune disorders,
such as psoriasis and Graves’ disease [54, 55], although
CD69-expressing cells have been suggested to either pro-
mote [56] or reduce disease progression [57] in models
of systemic lupus erythematosus. We also observed that
co-expression of another activation marker CD38 with
CD69 was increased on CD4" and CD8" T cells and
MAITs in ME-SA: a higher frequency of CD38*CD69"T
cells has also been reported in acute hepatitis E virus
infected patients, compared to those from resolving-
phase patients [58]. Notably, increased frequencies of
IFNy-expressing cells, either alone or in combination
with TNF production, were found in T cell subsets fol-
lowing in vitro stimulation in the ME-SA group As we
have described previously [18], the ME-SA group also
had elevated frequencies of circulating MAITs, more
of which were CD8" MAITs, whereas CD4" MAIT and
CD4-CD8- Double Negative (DN) MAITs were signifi-
cantly lower in frequency than in the ME-MM group.
MAITs are an innate-like T cell subset which play an
antimicrobial role by recognising microbe riboflavin deri-
vates presented in an MHC-related protein 1-dependent
manner, to produce proinflammatory cytokines as well as
cytotoxic molecules. MAIT subsets, determined by CD4
and CD8 coreceptor expression, are functionally dis-
tinct with CD8* MAITs reportedly more cytotoxic with
a stronger type 1 response phenotype compared to DN
MAITs [59] and CD4" MAITs [60]. Our data contrast
to existing non-ME/CES based literature [59], as MAITs
are generally significantly reduced or depleted in blood
in bacterial and viral infectious diseases, metabolic dis-
orders, and chronic inflammatory and autoimmune dis-
eases [61]: it is plausible that MAIT proliferative capacity
[62] is enhanced in ME-SA leading to the observed ele-
vation in blood. Alternatively, there could be dysregula-
tion of tissue-homing chemokine receptor and integrin
expression in ME-SA leading to disruption of MAIT
trafficking, particularly to the small intestine; the gut
microbiome composition is affected by ME/CES [63]
which may affect MAIT abundance [64]. The enhanced
frequency of IFNY'TNF'CD69" CD8" MAITs we
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discovered potentially indicates an ongoing pro-inflam-
matory response in ME-SA. Activated CD8" MAITs are
able to respond swiftly as polyfunctional effectors either
TCR dependently or independently [65]. Importantly,
strong correlations were observed across different cells
and cell subsets, for cytotoxic effector molecules, activa-
tion markers and immunosenescence markers, indicat-
ing a systemic T/NK cell/MAIT response rather than a
specific unique lymphocyte subset being affected in ME/
CFS. Within the two clinical groups, there was a corre-
lation between CMV immunoglobulin concentration
and CD4" and CD8" T-cell cytotoxicity frequency and
function: this is in accordance with the known impact of
CMV on T cell differentiation, memory cell expansion
and immunosuppression [66—68] which can confound
immunological studies. However in this study there was
no difference in CMV seropositivity or IgG concentration
between the two groups, suggesting that the differences
we have identified in leukocyte frequency and function
are independent of CMV infection. It is plausible that
another chronic viral infection, such as another member
of the herpesvirus family, is exerting a different immuno-
logical effect in the two groups, and this hypothesis war-
rants further research. During the conduct of this study,
the SARS-CoV-2 pandemic led to the emergence of
Long COVID, affecting an estimated 400 million people
Worldwide [69], with symptoms largely overlapping with
those of ME/CFS. Immunological disturbances have also
been observed in people with Long COVID [70], includ-
ing persistent inflammation and dysregulated T cell
responses [71], which may relate to chronic viral infec-
tion [72]. Evidence is emerging of overlapping immu-
nological changes in Long COVID and ME/CES [73],
although the heterogeneity amongst people diagnosed
with either condition means that a unifying mechanism
has not been identified. Future studies should include
analysis of our T cell phenotypes in sub-groups of people
with Long COVID.

The strengths of our study include our focus on a very
well characterised cohort. All participants completed
a Symptoms Assessment form to confirm case defini-
tion compliance and study eligibility before they were
accepted onto the study. Clinical assessment and addi-
tional validated questionnaires allowed further char-
acterisation of cases by clinical phenotype and disease
severity. Clinical assessment data were collected using
standard equipment by an experienced research nurse
trained in the study’s clinical assessment protocol. We
were also able to include severely affected individuals in
our study recruited using home visits: this group is often
excluded from research studies. The participants pro-
vided blood samples at repeated time points, enabling us
to find consistent trends between the clinical sub-groups.
The study was designed to determine the immunological
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differences between people who are mild-to-moderately
and those severely affected with ME/CFS, and a limi-
tation of the study was that no healthy controls were
included in the follow-up study. Further prospective lon-
gitudinal analyses with healthy controls will be required
to facilitate the development of new treatments and diag-
nostic signatures, and future larger scale studies should
include training, test and independent validation cohorts
for biomarker verification. First, laboratory assays must
be simplified and then standardised, to enable repro-
ducible analyte measurement in small samples of fresh
blood. Further characterisation will be required to deter-
mine whether measurement of cell-specific expression
is required. Combining biomarkers for disease severity
with other diagnostic ME/CFS biomarkers under devel-
opment [74, 75] would likely lead to improved test per-
formance, and these characteristics should be quantified
in prospective multi-centre clinical trials, ideally inter-
nationally to ensure reproducibility of findings: ensur-
ing that people with severe disease are included will be
vital. Our study recruitment excluded people who were
taking immunosuppressive drugs such as steroids: it is
possible that over-the-counter medications such as ibu-
profen could affect immune responses, and these should
be controlled for in future large-scale biomarker stud-
ies. Another potential limitation was the slight sex ratio
imbalance between the two clinical groups, due to the
impact of the Covid-19 pandemic on participant recruit-
ment and follow-up, which could potentially confound
the analyses: nevertheless, the results we have described
are consistent across both male and female participants.
In this study we used phorbol ester and calcium iono-
phores to test the maximal responsiveness of cells from
people in the two clinical groups: this might be affected
by prior in vivo activation and in future, more physi-
ologically relevant stimuli such as viral antigens should
be included to further characterise T cell responsiveness.

Conclusions

It is still not well established if mild/moderate and severe
cases of ME/CEFS represent a spectrum of clinical phe-
notypical expressions of the same pathophysiologi-
cal processes, or if they rather largely relate to distinct
processes. With a paucity of studies investigating more
severely affected people living with ME/CEFS, our study
adds important information on immunological differ-
ences between these groups indicative of different dis-
ease aetiology and pathogenesis mechanisms in the two
groups. These findings may suggest that people with
ME-MM have frequent antigen exposure, which might
be related to persistent viral infection and frequent reac-
tivation, leading to the appearance of early senescence
memory T cells and MAIT cells, and also the expression
of more cytotoxic effector molecules. In contrast, people
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with ME-SA had evidence of an ongoing uncontrolled
pro-inflammatory immune system activation, with more
activated T cells in blood, and higher cell activation and
pro-inflammatory cytokine production in response to
stimulation. The sustained activation and inflammatory
cytokine production in ME-SA may be a cause or result
of symptom exacerbation, and may contribute to symp-
tom severity. Our results also suggest that biomarkers can
be developed which classify to which sub-group a person
with ME/CES belongs, to be used to stratify patients for
prognosis and clinical management, and to aid treatment
choices when new therapies become available [76—80].
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