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Abstract

Patients with oxidative phosphorylation (OxPhos) defects causing mitochondrial diseases appear particularly vulnerable
to infections. Although OxPhos defects modulate cytokine production in vitro and in animal models, little is known about
how circulating leukocytes of patients with inherited mitochondrial DNA (mtDNA) defects respond to acute immune chal-
lenges. In a small cohort of healthy controls (n=21) and patients (n=12) with either the m.3243A > G mutation or single,
large-scale mtDNA deletions, we examined (i) cytokine responses (IL-6, TNF-a, IL-1p) in response to acute lipopolysac-
charide (LPS) exposure and (ii) sensitivity to the immunosuppressive effects of glucocorticoid signaling (dexamethasone)
on cytokine production. In dose-response experiments to determine the half-maximal effective LPS concentration (ECs),
relative to controls, leukocytes from patients with mtDNA deletions showed 74-79% lower responses for IL-6 and IL-1§
(Pr6=0.031, pyy _;5=0.009). Moreover, whole blood from patients with mtDNA deletions (py; s =0.006), but not patients
with the m.3243A > G mutation, showed greater sensitivity to the immunosuppressive effects of dexamethasone. Together,
these ex vivo data provide preliminary evidence that some systemic OxPhos defects may compromise immune cytokine
responses and increase the sensitivity to immune cytokine suppression by glucocorticoids. Further work in larger cohorts is
needed to define the nature of immune dysregulation in patients with mitochondrial disease, and their potential implications
for disease phenotypes.

Key messages e Leukocytes of patients with mtDNA deletions are more
sensitive to glucocorticoid-mediated IL-6 suppression.
e Little is known about leukocyte cytokine responses in ~ ® Work in larger cohorts is needed to delineate potential
patients with mitochondrial diseases. immune alterations in mitochondrial diseases.
e Leukocytes of patients with mtDNA deletions show
blunted LPS sensitivity and cytokine responses.
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Introduction

Mitochondria regulate innate and adaptive immune
responses by orchestrating metabolic signals required
for immune cell activation, differentiation, and survival
[1]. During infections, host immunometabolic responses
contribute to normal leukocyte activation [2, 3], such as
monocyte polarization into pro- and anti-inflammatory
states linked to distinct cytokine secretory profiles [4].
T lymphocyte activation also depends on major bioener-
getic recalibrations [5]. Furthermore, we and others have
shown that during a targeted pro-inflammatory challenge
with the bacterial cell wall molecule lipopolysaccharide
(LPS), acutely perturbing mitochondrial oxidative phos-
phorylation (OxPhos) with pharmacological inhibitors
alters cytokine production [6, 7]. This demonstrated in
healthy individuals that OxPhos function modulates leu-
kocyte cytokine responses.

In patients with mtDNA disorders, infections are fre-
quent causes of death [8—10]. This could arise from the
deleterious effects of immune processes on metabolic
capacity, or the effects of metabolic capacity on immune
regulation [11]. One potential factor that may contribute to
increased vulnerability to infections is an impaired ability
of circulating leukocytes to effectively mount the required
innate and adaptive immune responses. During pathogen
exposure, the robust activation of immune cells requires
effective cell-cell signaling via cytokines [12]. Therefore,
cytokine responses represent a critical aspect of normal
immune function. A systematic review of the literature
on mitochondrial diseases confirmed that little is known
about cytokine production in affected patients, and that
no study has thus far characterized the leukocyte cytokine
responses to targeted immune challenges in patients with
mtDNA defects.

In vitro, LPS triggers inflammatory cascades that lead
to the production of multiple cytokines [13, 14] (reviewed
in [15]). This includes the pro-inflammatory cytokines
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a),
and interleukin 1 beta (IL-1pB), which are also physiologi-
cally induced by acute physical [16, 17] and psychological
stress [18, 19], indicating their broad physiological sig-
nificance and relative lack of specificity. Moreover, we
note that cytokine responses are physiologically regulated
by glucocorticoid signaling, which, at nanomolar concen-
tration, potently suppresses pro-inflammatory cytokines,
particularly IL-6 [20-22]. Experimentally, applying the
glucocorticoid mimetic dexamethasone (Dex) in paral-
lel with LPS to human blood leukocytes therefore allows
quantitative assessment of glucocorticoid sensitivity.

Here, we report LPS-induced pro-inflammatory
cytokine responses in blood from patients with a
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pathogenic mtDNA point mutation (m.3243A > G, here-
after “mutation”), or with a single, large-scale mtDNA
deletion (hereafter “deletion”). We also quantify leukocyte
glucocorticoid sensitivity, providing converging prelimi-
nary evidence for potential immune alterations in mito-
chondrial disorders.

Methods
Participant recruitment

Informed consent was obtained in compliance with guide-
lines of the Institutional Review Board of the New York
State Psychiatric Institute IRB#7424. All participants pro-
vided informed consent for the study procedures and pub-
lication of data. Participants between the ages of 18 and
55 years were recruited between June 2018 and March
2020 as part of the larger Mitochondrial Stress, Brain Imag-
ing, and Epigenetics (MiSBIE) study cohort. The first 21
healthy controls and 12 patients with mitochondrial diseases
(Table 1) were included in this sub-study of whole blood
cytokine responses.

Participants were recruited from our local clinic at the
Columbia University Irving Medical Center and nationally
in the USA and Canada. Patients with a genetic diagnosis
of mitochondrial disease were eligible for inclusion if they
have a molecularly defined genetic diagnosis for either (i) the
m.3243A > G point mutation, with or without mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS), or (ii) a single, large-scale mtDNA deletion-
associated chronic progressive external ophthalmoplegia
(CPEO) or Kearns-Sayre syndrome (KSS). Exclusion criteria
were severe cognitive deficit or inability to provide informed
consent, neoplastic disease, symptoms of flu or other seasonal
infection (acute febrile or infectious disease) 4 weeks preceding
the study visit, Raynaud’s syndrome, involvement in any
therapeutic or exercise trial listed on ClinicalTrials.gov, steroid
therapy (e.g., oral dexamethasone, prednisone, or similar), other
immunosuppressive treatment, and metal inside or outside the
body or claustrophobia precluding magnetic resonance imaging
(MRI). All participants completed a brief questionnaire to collect
information on their sex, age, ethnicity, health condition, and
medication use. Overall disease severity and symptomatology
was measured using the Newcastle Mitochondrial Disease Adult
Scale (NMDAS) administered by a clinician [23].

Differential blood counts
Complete blood counts (CBCs) were performed on all

participants and included proportions of white blood cells
(WBCs), red blood cells, platelets, and differential WBC
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Table 1 Participant

O Variable® Controls m.3243A > G carriers Single, large-
characteristics scale deletion
N 21 7 5
Age, years 32.9(9.5) 32.1 (9.5) 33.1(9.9)
Sex, female 15 (72%) 3 (42%) 4 (80%)
BMI 25.8 (6.9) 24.2 (5.0) 26.1 (4.1)
Race/ethnicity
White 15 (71.4%) 7 (100%) 5 (100%)
Black 4 (19%) - -
Asian 1(4.7%) - -
Hispanic or Latino 14.7%) - -
Multiple - - -
MELAS diagnosis - -
CPEO diagnosis - 1 2
CPEO “Plus” diagnosis 2
Multi-systemic syndrome 1 1
NMDAS score 1.71 2.7) 4.14 (4.0) 24 (10.8)
CNS score 72 (2.1) 70.2 (1.3) 62.25 (7.6)

BMI body mass index, CNS Columbia Neurological Scale, NMDAS Newcastle Mitochondrial Disease
Assessment Scale, MELAS Mitochondrial Encephalopathy, Lactic Acidosis, Stroke-like Episodes, CPEO
Chronic Progressive External Opthalmoplegia

“Data presented as means (standard deviation) or n (%)

counts using an automated hematologic analyzer (XN-9000
Sysmex systems). This yielded absolute cell counts and pro-
portions (%) of total WBC that are neutrophils, lymphocytes,
monocytes, eosinophils, and basophils.

Whole blood LPS-stimulation and glucocorticoid
suppression

Fasting whole blood was collected between 9 and 10 a.m. in
heparin vacutainer tubes (BD #367,878). Blood was diluted
with phenol red-free 1 Xx RPMI without serum or glutamine
(Thermofisher #11,835,055) in a 1:1 ratio, and 200 pL
of RPMI-diluted blood was incubated with the bacterial
endotoxin lipopolysaccharide (LPS) from Escherichia coli
(Sigma-Aldrich #1.2880) at increasing concentrations rang-
ing from 3.2 pg/mL to 50 ng/mL, in 96-well tissue culture
plates (Eppendorf #30,730,127) at 37 °C with 5% CO, for
6 h, as described in [7]. LPS is a potent toll-like receptor
(TLR) 4 agonist derived from outer membrane of Gram-
negative bacteria [24, 25]. Relative to isolated cell prepara-
tions, the whole blood preparation imposes less stress on
leukocytes, preserves physiologically relevant interactions
between circulating leukocytes, and preserves the influ-
ence of potential circulating humoral factors on immune
responses [26].

In glucocorticoid suppression experiments, the cortisol-
mimetic dexamethasone (Dex, Sigma-Aldrich #D4902) was
added at a final concentration of 100 nM [27] to all LPS
concentrations (3.2 pg/mL—-50 ng/mL). Each plate contained

an untreated ‘blood-only’ control sample for baseline meas-
ures. Plasma was collected from each well of the plate by
centrifuging the plate, first at 1000 g for 5 min. The plasma
was then centrifuged at 2000 g for 10 min at 4 °C to obtain
clean, cell-free plasma. Plasma was stored at —80 °C for
cytokine measures.

Three plasma cytokines: interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), and interleukin-1beta (IL-
1P), were measured using a broad-range fluorescence-based
detection method (Human Catchpoint Simple Step ELISA
kits, Abcam #ab229434, ab229399, and ab229384), follow-
ing the manufacturer’s instructions. Briefly, standards were
prepared by serial dilutions to generate 12—14-point standard
curves. Plasma samples were diluted to 1:4 ratio using a
diluent reagent for all cytokine measures. Fifty microliters
of standards and samples were added to appropriate wells in
the 96-well strip plate followed by the addition of 50 pL of
capture- and detection Ab cocktail to all the wells which was
then incubated on a shaker at RT for 1 h. Post incubation,
the wells were aspirated and washed 3 X times with 1 X wash
buffer. After the final wash, 100 pL of prepared CatchPoint
HRP Development Solution was added to the wells and
incubated for 10 min at RT. The plates were read for fluo-
rescence per well at an Ex/Cutoff/Em 530/570/590 nm in
in a micro-plate reader (Molecular Devices, SpectraMax
M2). Two plasma samples with known cytokine levels were
used as internal standards per plate to account for inter-assay
variations. A background correction was applied to all RFU
values in a run based on ‘no-sample’ blank values. The
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cytokine concentrations were interpolated from respective
standard curves, and the final concentration was obtained
after correcting for dilution factor.

LPS-induced cytokine sensitivity

To determine cytokine sensitivity of each participant, a
4-parameter (bottom plateau, top plateau, the ECs,, and
the slope factor) logistic regression was fitted to the lev-
els of IL-6, TNF-«, and IL-1f increasing LPS concen-
trations (3.2 pg/mL-50 ng/mL). Half-maximal effective
concentrations of LPS (ECs) for each cytokine response
were derived for each participant using best-fit regression
values on the dose-response curve. The maximal cytokine
response was obtained at 50 ng/mL of LPS (EC,,,,) for all
participants. Mean EC5, and mean max cytokine responses
were obtained for both control and disease (mutation and
deletion) groups for downstream statistical analyses.

Statistical analyses

One-way ANOVAs with Dunnett’s multiple comparisons
were used to test group differences in LPS- and LPS + Dex-
treated cytokine responses. Paired t-tests were used to
examine intra-individual differences from pre- to post-Dex
treatment. The effect size estimate Hedge’s g [28], which
is derived from the variance within groups relative to the
group differences, and includes a correction to guard against
inflation from small sample sizes, was calculated to obtain
a standardized estimate of the magnitude of the effect inde-
pendent of sample size. Spearman rank correlations were
used to quantify the strength of the association between
cytokine responses and leukocyte cell counts. All statisti-
cal analyses were performed using GraphPad Prism v8.2.
p <0.05 was considered statistically significant.

Results
LPS-stimulated cytokine responses

A total of 21 healthy controls and 12 patients (7 3243A> G
mutation, 5 single, large-scale deletion) were recruited
for this project (see participant characteristics in Table 1).
The mutation group generally presented with mild disease
severity (NMDAS score =4.1+4.0 (SD)) whereas patients
with deletions were more severely affected (NMDAS
score=24.0+10.8: Table 1). Cytokine responses were quan-
tified as (i) cytokine levels at maximal LPS concentration
(EC,,.x) and (ii) the sensitivity of cytokine responses, cal-
culated as the half-maximal effective concentration of LPS
required to elicit 50% of the maximal response (ECs) for
each cytokine (Fig. 1c).

@ Springer

Maximal responses As expected across all groups, LPS
substantially increased IL-6, TNF-a and IL-1p cytokine levels
(range 30 to 4190-fold, ps <0.0001: Fig. 1b, c). There was no
significant difference between control and disease groups in
the mean IL-6 levels at EC,,, (one-way ANOVA, p=0.94).
However, though not significant due to high variance, relative
to healthy controls, deletion patients tended to produce 45%
less TNF-a (p=0.35, Hedge’s g= —0.79) and 21% less
IL-1B (p=0.78, Hedge’s g= —0.42) at EC,,, (Supplemental
Fig. S1). The cytokine responses were not associated with
the proportions of lymphocytes, monocytes, or neutrophils
(Supplemental Fig. S2). The deletion group had similar absolute
blood counts as the controls for lymphocytes, monocytes, and
neutrophils. However, the mutation group had a higher number
of circulating lymphocytes (2.18 x 10° cells/mL, p=0.047) and
monocytes (0.89x 10° cells/mL, p=0.002) relative to controls
(1.72x 10° lymphocytes/mL, 0.47 x 10° monocytes/mL).

LPS sensitivity Patients with mitochondrial disease showed
a 2.8-fold higher ECs, for IL-6 response relative to con-
trols (Hedge’s g=0.71) translating to 79% reduction in IL-6
response. Consistent with the trend towards reduced peak
responses, relative to controls, deletion patients exhibited
1.5- and 2.7-fold higher ECs, for TNF-a and IL-1p, respec-
tively (Fig. 1d). This translates into 48% and 74% lower
sensitivities for TNF-a and IL-1f, respectively, meaning
that deletion patients required higher LPS doses to elicit
comparable TNF-a and IL-1p responses as controls. The
diverging cytokine response phenotypes among groups are
illustrated in bi-variate plots in Fig. le.

Because the small sample sizes increase the probability
that a true difference may be missed (i.e., false negatives), we
also computed standardized effect sizes (Hedges’ g) [28] of
the maximal responses and ECy,-based sensitivity (Fig. 1f).
These results indicate that blood leukocytes from deletion
patients when compared with the control group exhibit
blunted sensitivity of moderate (g > 0.5) to large (g>0.8)
effect sizes, whereas potential alterations in mutations patients
are generally in the same direction but are small-to-moderate
in magnitude.

Glucocorticoid sensitivity

Resistance to glucocorticoid-mediated cytokine suppression
indicates impaired immune regulation (reviewed in [22, 29]).
To examine glucocorticoid sensitivity in mitochondrial diseases,
we repeated the LPS dose—response curves in the presence of
the glucocorticoid receptor agonist dexamethasone (Dex,
100 nM) (Fig. 2a). All study groups showed the expected anti-
inflammatory response to GC administration, illustrated by
decreased IL-6, TNF-a, and IL-1p responses at EC,,, (Fig. 2b).
Supplementary Fig. S3 shows the paired pre- and post-Dex
individual-level cytokine levels.
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Fig. 1 Inter-individual differences in stimulated cytokine responses
in patients with mitochondrial disease. a Schematic of study groups
included in whole blood LPS experiments. b Pro-inflammatory
cytokine (IL-6, TNF-a, and IL-1P) levels from healthy controls,
patients with 3243A>G mutation and single deletions after 6 h
of exposure to increasing concentrations of LPS. The grey boxes
indicate missing/undetermined data. ¢ Dose-dependent cytokine
responses and fitted models used to determine the maximal (ECmax)
and half maximal concentration of LPS (ECsy) in controls (grey)
and in patients with mitochondrial disease (green=mutation,
orange =deletion). d Inter-individual differences in cytokine sensitiv-
ity among patients with mitochondrial diseases and healthy controls.

e Cytokine sensitivity bi-plots based on LPS ECs, values. The dotted
line crosses the origin and average of the control group. f Standard-
ized effect sizes (Hedge’s g) of cytokine response (ECs, left; max
response, right) in mitochondrial disease groups relative to healthy
controls. g>0.5 is a medium effect size, and g>0.8 is a large effect
size. Non-linear regression analysis was used in dose-response curves
presented in ¢, and one-way ANOVA with Dunnett’s multiple com-
parison post hoc analysis was used in d. *p <0.05; **p <0.01; ns not
significant. Assays were performed once in technical duplicates. Error
bars indicate SEM in all panels. Controls n=21, Mutation n=7,
Deletion n=5
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Fig.2 Glucocorticoid sensitivity to LPS-stimulated cytokine sitivity (greater dose required to elicit half of the maximal cytokine

responses in mitochondrial diseases. a Overview of the dexametha-
sone (Dex) sensitivity assay in whole blood. b LPS dose-response
curves for IL-6, TNF-a, and IL-1f without Dex (fop traces, same
as in Fig. 1) and with Dex (bottom traces). The dotted lines mark
the maximal cytokine responses (EC,,) in healthy participants
(grey) and patients with the m.3243A >G mutation (green) and sin-
gle, large-scale mtDNA deletions (orange). ¢ Effect of Dex on ECs,
LPS sensitivity; note that higher EC50 values represent lower sen-

Compared to controls, the leukocytes of deletion patients
were more sensitive to the glucocorticoid suppression of IL-6.
Compared to the 3.8-fold increase in ECy, with Dex in con-
trols, Dex increased ECs, by 6.6-fold in the deletion group
(p=0.006: Fig. 2c). Dex did not significantly alter ECs, for
TNF-a or IL-1, indicating that the sensitization to glucocor-
ticoid signaling was cytokine specific. The effect sizes for Dex-
induced cytokine suppression (Fig. 2d) were small (g>0.1)
to moderate (g>0.5) in the deletion group and mostly small
(g>0.2) in mutation group. Furthermore, relative to controls,
the Dex-induced suppression of EC,,, IL-6 levels was 12.7%
more potent in deletion patients (p =0.026) (Supplemental
Fig. S3c), again indicating that leukocyte IL-6 production
is more easily suppressed (i.e., less robust) in the blood of
deletion patients. No significant effects were observed in the
3243 A > G mutation group.

Discussion
In this study, we have quantified LPS-induced leukocyte

cytokine responses and glucocorticoid sensitivity in the
blood of patients with two different primary mitochondrial
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response). d Summary of effect sizes (Hedge’g) for deletion and
mutation groups relative to control. g>0.5 is a medium effect size,
g>0.8 is a large effect size. One-way ANOVA with Dunnett’s multi-
ple comparison test was used in ¢ to test for group differences. Pre- to
post-Dex differences were tested with paired #-tests. *p <0.05. Assays
were performed once in technical duplicates. Error bars indicate
SEM. Controls n=21, mutation n="7, deletion n=>5

DNA defects. Patients with single, large-scale mtDNA
deletions showed significantly reduced pro-inflammatory
IL-6 and IL-1p responses to LPS, along with an exagger-
ated glucocorticoid-mediated IL-6 suppression, indicating a
less robust cytokine production capacity. These preliminary
results in a small patient cohort converge to suggest that sub-
groups of patients with mtDNA defects may exhibit deficient
cytokine production capacity and regulation. If confirmed in
larger studies, the blunted leukocyte cytokine responses to
an acute immune agonist could contribute to poor immune
responses, and thus to the vulnerability of patients with
mitochondrial diseases to infectious conditions [8, 30].
The mechanism for the blunted cytokine response remains
unclear. Using blood from healthy individuals, we previously
showed that acutely inhibiting individual OxPhos complexes
reduced both maximal cytokine levels and sensitivity (ECs)
to LPS [7]. These pharmacological findings align with our
current results in genetically defined mitochondrial diseases.
Moreover, our previous acute pharmacological design where
OxPhos inhibition was initiated at the same time as the LPS
challenge implicates direct intracellular processes in this
response, such as energy deficiency, redox alterations, or
other intracellular signal. However, in patient leukocytes
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where the mtDNA defect exists since conception or during
development, or where mtDNA defects trigger systemic, cell
non-autonomous effects that influence leukocytes, we can-
not rule out other potential factors such as reduced receptor
expression (i.e., toll-like receptor 4, for LPS), variable kinet-
ics of cytokine production, or other humoral factors that may
exert secondary effects on immune cells [31, 32].

Our report adds to recent preclinical studies implicating
immune dysregulation in the pathogenesis of mitochondrial
disorders. Compared to wild-type mice, Polg mutator mice
(with increased somatic mtDNA mutation burden) injected
intraperitoneally with LPS exhibited exaggerated TNF-a
and IL-6 responses and increased mortality [33]. In the
Ndusf4~"~ mouse model of Leigh syndrome, a study noted
leukocyte hyperproliferation, while experimentally deplet-
ing leukocytes markedly improved survival, suggesting an
immune contribution to disease progression [34]. Loss of
Ndusf4 in the mouse model of optic neuropathy also ele-
vated innate immune response causing retinal ganglion cell
death concurrent with vision loss suggesting mitochondrial
complex I (CI) as a modulator of immune signaling in retina
[35]. Moreover, global Ndusf4 deletion in mice was asso-
ciated with systemic inflammation and osteoporosis [36],
consistent with a role of mitochondrial OxPhos regulation
of inflammatory pathways either in immune or non-immune
cells. Additionally, mice lacking a cytochrome c¢ oxidase
subtype (Cox10) in T lymphocytes also demonstrated
immunodeficiency due to compromised T cell proliferation
and apoptotic phenotype [37]. Thus, available data in ani-
mal models converge on a general role of mitochondria on
immune regulation, and cytokine production, although the
specific manifestations and magnitude of the reported effects
vary between studies and models. Considering potential dis-
crepancies between rodent and human immune characteris-
tics and regulatory features [38], our data add to these and
other studies to document abnormal cytokine responses in
human mitochondrial diseases. Additional work in affected
patients is necessary to understand the basis for these effects.

An essential aspect of immune function is the regulation
of cytokines by secondary neuroendocrine factors, such as
glucocorticoids [39]. Natural differences in GC-sensitivity
attributable to glucocorticoid receptor subtypes have
been previously documented [40] and clinically may
underlie the resistance to anti-inflammatory glucocorticoid
treatment, i.e., glucocorticoid resistance [41]. To our
knowledge, immune glucocorticoid sensitivity has not
previously been investigated in mitochondrial diseases.
Our finding that deletion patients are more sensitive
to GC-induced IL-6 suppression suggests the opposite
to glucocorticoid resistance, possibly representing a
form of glucocorticoid “hypersensitivity” as it relates
to IL-6 cytokine downregulation. One study showed
that the immunosuppressed phenotype of mice with

high corticosterone was partially rescued by pyruvate
supplementation [42], suggesting that mitochondrial
metabolism may directly contribute to leukocyte
glucocorticoid sensitivity. This mitochondrial regulation
of glucocorticoid sensitivity is also in line with previous
work where we showed in the context of whole blood LPS
stimulation that inhibiting complex I increased leukocyte
GC sensitivity, or Dex-mediated IL-6 suppression, by
12.3% [7]. Thus, in the absence of a normal OxPhos
system, or possibly to secondary systemic signals of OxPhos
dysfunction, stimulated leukocyte cytokine production is
less robust, and more easily suppressed. If these effects
are confirmed, increased glucocorticoid sensitivity in
subgroups of patients with mitochondrial diseases could
have implications for their clinical care, possibly warranting
additional caution for the use of steroid therapy in this
population. We also note that the immunosuppressive
glucocorticoid hormone cortisol is endogenously produced
by the hypothalamic—pituitary—adrenal (HPA) axis in
response to physiological and psychosocial stressors [43].
Animal studies have shown that mitochondrial OxPhos
and redox defects can influence HPA axis function [44,
45]. If also present in patients with mtDNA defects,
neuroendocrine dysregulations could interact with immune
cytokine production and possibly influence both the immune
phenotype and psychophysiological resilience of patients
with mitochondrial diseases.

Some limitation of this study should be noted. First, the
sample size is small, which precludes generalization to other
patient groups, and calls for replication. Nevertheless, a strength
of our study is the homogeneity of our disease groups, which
either harbor the same mtDNA point mutation (m.3243A > G)
or a single, large-scale mtDNA deletion, established by clinical
genetic testing. Leukocyte heteroplasmy could not be determined
in this study and represents a major factor that future adequately
powered studies need to address, in multiple tissues other than
blood. Large-scale mtDNA deletions are depleted from immune
cell lineages, and thus are rarely detectable in blood [46—48]
possibly due to purifying selection in blood leukocytes and bone
marrow [49]. In comparison, the m.3243A > G mutation and
other point mutations are typically present in immune cells and
may segregate between different immune lineages [50]. Hence,
our main observation regarding blunted cytokine response
in circulating leukocytes of deletion patients is particularly
intriguing. The specificity of this finding for deletion, but not
3243A> G carriers, could suggest cell non-autonomous effects
mediated by unknown humoral factors arising from somatic
tissues harboring mtDNA deletions [46, 51-53]. We also note
that the greater disease severity of the deletion group could
contribute to explain the group differences, independently
from the specific genetic defects. Although no patient was on
steroid hormone, we also cannot rule out the possibility that
medications may non-specifically influence cytokine responses,
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which our sample did not allow to control. Finally, extracellular
cytokine levels were measured at a single time-point (6 h post-
stimulation) which may limit the detection of cytokines peaking
at earlier or later time-points. Further time-resolved data could
refine our understanding of the dynamics and magnitude of
cytokine response mitochondrial diseases.

In summary, our ex vivo results in a small cohort of
patients with two different mtDNA defects provide pre-
liminary evidence that immune sensitivity and cytokine
responses are blunted in patients with single, large-scale
mtDNA deletions. Thus, this work provides initial evidence
in need of validation in larger studies, and if confirmed could
help to understand why adult patients with mitochondrial
diseases are at increased risk to die of infectious conditions.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00109-022-02206-2.
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