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ARTICLE INFO ABSTRACT

Keywords: Myalgic Encephalomyelitis, also known as Chronic Fatigue Syndrome (ME/CFS), is a multisystem illness char-
ME/CFS acterized by extreme muscle fatigue associated with pain, neurocognitive impairment, and chronic inflamma-
Microglia: RAGE tion. Despite intense investigation, the molecular mechanism of this disease is still unknown. Here we
22213 demonstrate that autophagy-related protein ATG13 is strongly upregulated in the serum of ME/CFS patients,
NO indicative of impairment in the metabolic events of autophagy. A Thioflavin T-based protein aggregation assay,
Autophagy array screening for autophagy-related factors, densitometric analyses, and confirmation with ELISA revealed that

the level of ATG13 was strongly elevated in serum samples of ME/CFS patients compared to age-matched
controls. Moreover, our microglia-based oxidative stress response experiments indicated that serum samples of
ME/CFS patients evoke the production of reactive oxygen species (ROS) and nitric oxide in human HMC3
microglial cells, whereas neutralization of ATG13 strongly diminishes the production of ROS and NO, suggesting
that ATG13 plays a role in the observed stress response in microglial cells. Finally, an in vitro ligand binding
assay provided evidence that ATG13 employs the Receptor for Advanced Glycation End-products (RAGE) to
stimulate ROS in microglial cells. Collectively, our results suggest that an impairment of autophagy following the
release of ATG13 into serum could be a pathological signal in ME/CFS.

1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is
a chronic inflammatory disease characterized by muscle fatigue, pain,
dizziness, and brain fog. Despite intense investigation, the molecular
mechanism of this disease is not yet understood. When one group be-
lieves that the acute viral infection (Buchwald et al., 1992; Rasa et al.,
2018), viral reactivation (Josephs et al., 1991), and resultant dysregu-
lation of innate immune response (Mensah et al., 2017; Milivojevic
etal., 2020) could be the primary mechanism of chronic inflammation in
ME/CFS, another group emphasizes that the biochemical deficit of

mitochondrial energy metabolism (Armstrong et al., 2015; Filler et al.,
2014; Morris and Maes, 2014; Tomas et al., 2020) and impairment of ion
transport mechanism through p2 adrenergic receptors in skeletal muscle
(Wirth and Scheibenbogen, 2021) are more direct mechanisms for
muscle fatigue. Recently, a severe depolarization of mitochondrial
membrane potential that could affect mitochondrial function was
observed in immune cells such as T cells (Mandarano et al., 2020) and
NK cells (Silvestre et al., 2019) suggesting that altered mitochondrial
metabolism could be responsible for immune dysregulation in ME/CFS
patients. Therefore, defective mitochondrial energy metabolism could
be a critical molecular mechanism for both metabolic and

Abbreviations: ME/CFS, myalgic encephalomyelitis and chronic fatigue syndrome; ROS, reactive oxygen species; RAGE, receptor for advanced glycation end
products; ATG13, autophagy related protein 13. NO = Nitric Oxide (NO in a soluble form); mTOR, mammalian target of rapamycin; ME, myalgic encephalomyelitis;

HC, healthy control; r.t., room temperature; iNOS, inducible nitric oxide synthase.
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immunological dysregulation in ME/CFS patients. However, it is not
known if autophagy, the biochemical process that regulates mitochon-
drial quality control process, is impaired in ME/CFS patients.

Autophagy is a biochemical process in which metabolically inactive
proteins and defective mitochondria undergo hydrolysis in lysosomes
(Mizushima, 2007; Rabinowitz and White, 2010; Roy, 2016). In fact,
autophagy selectively targets depolarized mitochondria (Okamoto and
Kondo-Okamoto, 2012), maintains mitochondrial quality control
mechanism, and regulates mitochondrial homeostasis (Evans and
Holzbaur, 2020). During that process, dysfunctional cellular compo-
nents including defective mitochondria are enclosed in vesicular struc-
tures known as “autophagosomes” and then fused with lysosomes for
subsequent hydrolytic degradation. Formation of autophagosomes is a
complex process guided with synchronized actions of multiple proteins.
Proteins encoded by the Autophagy-related Gene (ATG) family (Miz-
ushima, 2020; Noda and Fujioka, 2015), the LC3/GABARAP family
(Tanida et al., 2008), p62 (Moscat and Diaz-Meco, 2009), beclin-1 (He
and Levine, 2010), and VPS-34 (Jaber et al., 2012) primarily regulate
the initiation, maturation, and lysosomal fusion of autophagosomes. On
the other hand, cathepsin D (Benes et al., 2008), cathepsin B (Mort and
Buttle, 1997), LAMP-1 (Eskelinen, 2006), and 50 different acid hydro-
lases (Saftig, 2006) are lysosome-resident factors that directly partici-
pate in the degradation of these inactive components. Accordingly,
impaired mechanisms of autophagy (Komatsu et al., 2006), coupled
with lysosomal dysfunction (Zhang et al., 2021) are responsible for the
cellular accumulation of depolarized mitochondria and aberrant protein
aggregates. Together, these factors are considered to be major contrib-
uting elements in the pathogenesis of many disorders, including Par-
kinson’s disease (PD) (Ahmed et al., 2012; Cerri and Blandini, 2019;
Lane et al., 2017), Alzheimer’s disease (AD) (Kragh et al., 2012; Nassif
and Hetz, 2012), stroke (Liu et al., 2010; Luo et al., 2013), and cancers
(Mathew et al., 2007; White, 2012). However, autophagy impairment
has not been studied in ME/CFS. Because autophagy impairment con-
tributes to the pathogenesis of many chronic inflammatory and cogni-
tive disorders, we considered it important to examine this phenomenon
in ME/CFS, given that inflammation and cognitive problems are well
known to occur in the disease (Anon, 2015).

Altered levels of autophagy-related proteins in plasma have been
directly correlated with the pathogenesis of many metabolic disorders.
Higher levels of lysosomal membrane protein LAMP-1 were detected in
lysosomal storage diseases (Meikle et al., 1997; Ranierri et al., 1999).
One report found that plasma ATGS5 level was elevated in Alzheimer’s
disease (AD) patients (Cho et al., 2019), while another observed lower
ATGS5 and mitophagy in serum from patients exhibiting mild cognitive
impairment, vascular dementia, and Alzheimer’s disease (Castellazzi
etal., 2019). Beclin-1 and LC3 are observed in the serum in patients with
acute ischemic stroke (Li et al., 2015). Levels of autophagic markers
might be associated with coronary total occlusion and childhood cere-
bral palsy (Demircan et al., 2018; Xu et al., 2017). Upregulation of a-syn
was demonstrated in plasma of PD patients (Bougea et al., 2019).
However, it is not known if the levels of these autophagy markers are
also altered in ME/CFS.

To explore the molecular regulation of autophagy proteins in ME/
CFS patients, double-blinded antibody array analyses of 20 autophagy-
related proteins were performed in the serum samples of two case-
control subjects that demonstrated strong elevation of ATG13. The
result was further validated with ELISA analyses in ME/CFS patients
(n=10). Moreover, our in vitro cell culture study clearly demonstrated
that the serum-derived ATG13 was metabolically toxic, resulting in an
induction of the oxidative stress response and nitric oxide (NO) pro-
duction in HMC3 human microglial cells via activation of RAGE.
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2. Materials and methods
2.1. Reagents

Human autophagy array kit (Cat # AAH-ATG-1-4) was purchased
from RayBiotech (Georgia, USA). Human p62/SQSTM1 ELISA kit (Cat#
MBS3801969), Autophagy protein 5 (ATG5) ELISA kit (Cat#
MBS7209535), ATG13 ELISA kit (Cat# MBS7239399), LC3A ELISA kit
(Cat# MBS7253712), and a-syn ELISA kit (Cat # MBS161176) were
purchased from My BioSource (San Diego, Southern California, USA).
IRDye800-conjugated anti-rabbit and anti-mouse antibodies was ob-
tained from LI-COR Biosciences (Lincoln, NE). IRDye800-conjugated
streptavidin (Cat# 926-32230) was also purchased from LI-COR for
the endpoint detection of human autophagy array in Odyssey SA
infrared imager. Thioflavin T (Cat # T3516) and ammonium sulphate
(Cat # A4418) came from Sigma. HMC3 human transformed microglial
cell lines (ATCC® CRL-3304™) was provided by the American Type
Culture Collection and maintained with complete DMEM media sup-
plemented with 10% FBS (Lot # 2346974RP; Gibco), 2 mM 1-glutamine
(Ref# 25030-081: Gibco) and antibiotic-antimycotic compounds. All
media supplements were purchased from ThermoFisher scientific. CO;
gas was supplied by Sheeley Service INC (Milwaukee, WI).

2.2. Acquisition of samples and handling patient record

Blood samples and questionnaire data were previously collected
under the supervision of Dr. Daniel Peterson (Sierra Internal Medicine,
Incline Village, NV) (Western IRB) #20201812. Blood samples were
centrifuged, and serum samples were aliquoted and then immediately
frozen at —80 °C. Each sample was given a unique identification number
and recorded both in a notebook and Microsoft Excel with date and
signature per the IRB-approved protocol. Samples were then delivered
to our research facility in Wisconsin on dry ice overnight. Upon receipt,
samples were processed and assayed immediately. Questionnaire and
de-identified clinical data are stored in a secure, limited access Redcap
sever database managed by the Research Staff and Clinical Fellow at
Sierra Internal Medicine. Patient records were maintained with was
privacy policy guidelines set by Sierra Internal Medicine.

2.3. Antibody array

The RayBio ® C-series Human Autophagy Array was performed as
described in THE manufacturer’s protocol. The array membrane was
engraved with 20 autophagy-related proteins in duplicate in 8 x 8
format. Briefly, each membrane was soaked with blocking buffer for 1 h,
incubated with 1:5 diluted serum samples (1.4 mg protein as measured
with Bradford protein detection method) for 5 h at 37 °C, washed 5 times
with 1x wash buffer, incubated with biotin-conjugated secondary
antibody for 2h at 37 °C followed by wash (5x) and detection with
IRDye800-conjugated streptavidin at Licor Odyssey Sa infrared scanner.
All necessary reagents and antibodies were supplied with the kit except
IRDye800-conjugated streptavidin because the application of strepta-
vidin conjugate was devised for the detection of membrane in Sa scan-
ner. The scanning process was done at resolution of 200 pm with focus
offset at 3.0 mm. The density of individual proteins was measured in
ImageJ software, subtracted from blank, normalized with the positive
control, and then plotted at GraphPad Prism 8 software.

2.4. Colorimetric competitive ELISA

Colorimetric ELISA was performed as per the manufacturer’s pro-
tocol supplied with kits from MyBioSource INC. (San Diego, CA). Briefly,
serum samples were diluted with assay diluent at a dilution of 1:4 (v/v)
and incubated on a 96 well strip plate with wells pre-coated with capture
antibodies followed by 30 min incubation at room temperature (r.t)
shaking. Then biotinylated assay conjugate was added and incubated for
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24 h at 4 °C. Subsequently, each well was aspirated, washed 3 times, and
then HRP-conjugated detection antibody was added, followed by incu-
bation for 2 h at r.t., shaking. After that, each well was aspirated, and
color was developed with TMB substrate. Optical density was measured
at 450 nm excitation filter in a Victor X3 multi-channel plate reader.
According to the competitive ELISA, more color indicates less abun-
dance of the target in serum, resulting a non-linear regression standard
curve with negative slope. The optical density (Y) was converted to
absolute amount (X) with following equation Y = Bottom + (Top-Bot-
tom) / [1 + (X/IC50)] using GraphPad Prism 8.

2.5. Near infra-red ELISA

After overnight incubation with sample in a pre-coated 96 well plate
probed with biotinylated secondary antibodies for 2 h. Biotin conjuga-
tion of polyclonal anti-ATG13 (Host; Rabbit; Cat# 18258-1-AP; Pro-
teintech), ATG5 (Host; Rabbit; Cat# 10181-2-AP; Proteintech), and
LC3a antibodies (Host; Rabbit; Cat# 18722-1-AP; Proteintech) were
performed with SiteClick™ Biotin Antibody Labeling Kit purchased from
ThermoFisher (Cat # S$20033). After that, IRDye800-conjugated
STREPTAVIDIN was probed for 2h, imaged in a LI-COR Odyssey SA
scanner, and finally analyzed with the integrated density measurement
tool in the Odyssey Sa imager.

2.6. Fluorometric Thioflavin T assay

Serum samples were centrifuged at 800 rpm to remove the macro-
molecular impurities Protein concentration was measured by the BCA
method. 5pL serum (~200 pg of protein) was then mixed with 4 M
ammonium sulfate (55 mg in 1 mL ddH0) solution and then plated in a
96 well plate (reaction volume is 100 pL). Diluted (1:5 in 1x PBS) Thi-
oflavin T (ThT) solution (stock: 8 mg of ThT in 1x PBS; kept in dark at
4°C) was dispensed via an auto-dispenser and plate reading was per-
formed immediately in a Victor X3 fluorescent plate-reader with 450 nm
excitation and 486nm emission wavelengths for 90 min at 3 min
intervals.

2.7. ATG13 neutralization and siRNA knock-down experiments

100 pL serum samples were diluted with 100 pL sterile DMEM sup-
plemented with protease inhibitors [2 pg/mL aprotinin (Cat # 78432;
Thermofisher), 1pg/mL leupeptin (Cat# 78435; Thermofisher), and
25 pg/mL PMSF (Cat# 36978; Thermofisher)] and then added on a 96-
well plate precoated with ATG13 capture antibody. After 30 mins of
incubation at 37 °C, the media was carefully harvested from the top and
used for subsequent experiments. The neutralization of ATG13 was
confirmed with ELISA analyses in serum before and after neutralization.
For siRNA experiments, HMC3 microglial cells (80% confluent) were
kept serum-free and then transfected with 0.5 pg siRNA via lipofect-
amine 3000 (Invitrogen; lot # 2381886). After 4 h, 20% FBS-containing
DMEM media (no antibiotic) was added. After another 18 h, cells were
infused with DCFDA and then measured for ROS after 30 min.

2.8. Microglial cell culture, fluorometric ROS assay, and microscopy

HMC3 human embryonic microglial cells were thawed from liquid
nitrogen, immediately poured in 15mL of fresh complete DMEM/F12
media kept in a 75 mm flat surface sterile tissue culture flask, and then
placed inside a temperature-controlled CO; incubator (37 °C/5% CO5).
After 2days, media was replaced with 15mL of fresh DMEM/F12
complete media. After 10 days, when cells were confluently growing,
passaging was performed. After 3 passages, cells were harvested and
plated in a 96-well-plate for ROS fluorometric and kinetic study. Cells
were allowed to grow to 75-80% confluency, incubated with DCFDA
probe (Cat# ab113851; Abcam) for 45 mins at 37 °C in dark, media were
replaced with 100 pL (1:2 dilution = 50 pL serum +50 pL media) serum-
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supplemented media, and then left for different time periods, starting
from 30 mins to 2h. At the end of an incubation period, media was
aspirated and then imaged under the FITC channel of a Hund fluores-
cence microscope. For kinetic assay, media was not aspirated. Media-
embedded cells were kept in a VictorX3 fluorimeter at different time
points and reading was recorded at 485 nm/53 m nm (Ex/Em) fluores-
cence reading protocol.

2.9. Nitric oxide assay

Serum-induced production of nitric oxide (NO) in HMC3 microglial
cells was evaluated via fluorimetric assay [Cat # 780051; Cayman
chemical]. The final products of NO are NO (NO3) and nitrate (NO3).
The fluorimetric assay quantified total NO production as a sum of both
NO3 and NO3. HMC3 microglial cells (50,000 cells/well in a 96-well
plate) were treated with 25uM of L-NIL (iNOS inhibitor) [Cat #
80310; Cayman Chemical] under serum free condition for 2 h (Roy et al.,
2006) followed by the treatment with ME serum (1:2 dilution). After
another 22 h, supernatants were harvested, diluted 4-times with assay
buffer, and then mixed with enzyme cofactor and nitrate reductase en-
zymes. After 1h of incubation, 10 pL of 2,3-diaminonapthalene (DAN)
was added in each well, incubated for 10 min, and then added with
NaOH. Plate reading was performed in Victor X3 plate reader [Ex:/
Em:355 nm/460 nm].

2.10. Binding and neutralization assay of ATG13 with RAGE

Biotinylated RAGE extracellular domain was purchased from Avis-
cera Bioscience (Cat # 00112-02-50B) and recombinant carrier-free
ATG13 protein (Cat # ab127606) was purchased from Abcam. ATG13
protein was suspended in carbonate coating buffer at a concentration
range from O to 10 ng and then plated in a 96 well plate overnight at
4°C. The next day, the remaining buffer was aspirated and then the
plates were incubated with Li-Cor blocking buffer for 30 mins. Subse-
quently, 2.5 ng of biotinylated-RAGE was added per well and incubated
at 37 °C for 1 h. After 2x washing with 1x PBS (2 mins each), 1:1000
diluted IRDye800-conjugated streptavidin was added to each well,
incubated for 1h at r.t., washed with 1x PBS three times, and then
imaged in a Li-Cor Odyssey Sa at an 800 nm wavelength (resolution 300
dpi and focus offset 7). In a neutralization experiment, 2.5 ng of bio-
tinylated RAGE was incubated with increasing doses of RAGE neutrali-
zation antibody and immediately added in ATG13 coated well.
Competitive inhibition of binding was evaluated with IRDye800-tagged
streptavidin.

2.11. Insilico homology modeling to dock ATG13 in RAGE extracellular
domain

PDB structures of ATG13 and RAGE were derived from structures
with PDB ID 4YK8 and 2M1K, respectively, followed by docking in the
PyDock server. The resultant structure with the most stable energy score
was selected and displayed in Chimera software. Predicted H-bonds
were derived from the intra-molecular H-bond prediction tool of
Chimera.

2.12. Double blinding and statistical analysis

All assays were performed with a double-blinded strategy, in which
researcher #1 (AR) was blinded by researcher # 2 (KK) with regard to
sample identification. Samples were tagged with a different color tag by
KK and given to AR. KK was not aware of disease status of the subject
(blinding #2). The unique color code was decoded once the assay
completed, and the result was disclosed in the presence of both re-
searchers, consultant, and physician. Finally, the data was plotted in
GraphPad Prism 8 software and significance of mean was tested with an
unpaired t-test at 95% significance interval and p < 0.05.
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Fig. 1. Thioflavin T assay to measure the protein aggregation tendency of serum proteins. Two-hundred pg protein containing serum samples were assayed for a
Thioflavin T(ThT)-based protein aggregation assay. (A) 74-year—old healthy control (HC) male (green) versus 71 years old male ME/CFS patient (ME) (red), (B) 68-
year-old HC female versus 67-year-old ME/CFS. The equation for the one-phase saturation non-liner fitted curve is Y = Y0 + (Plateau — Y0) x [1 — e Kxtime] yo =y
value when time is 0 min. Plateau is the Y value at infinite times, expressed in the same units as Y. K is the rate constant, expressed in reciprocal of the X axis time
unit. ThT Fluorescence absorbance [486/450 nm] was measured from O to 90 mins at 3min of interval after ThT addition through autoinjector. Results are
mean + SD of three independent experiments Comparison of slope values between healthy controls (green) and patients (red). (C) Slope value of ThT based protein
aggregation curve for n=7 HC and n—7 ME patients (two-tailed unpaired t-test; t=8.445, df =12; p < 0.0001). (D) No significant correlation between protein
aggregation slope and age as indicated with r2 =0.01378 and p = 0.8021 (n=7). (G) A dotted bar graph represents that slope value of (55% female and 14% male
are higher than median line. Results were confirmed after three independent experiments. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

2.13. Sample size determination

For 99% confidence interval and 0.05 significance, our sample size

22xp (1-p) _ 1.282x0.99 (1-0.99)
€2 = 0.052
is 1.28 for power 0.8; p is the population proportion. For 99% confi-

dence interval, p will be 0.99; ¢ is the margin of error = 0.05. Therefore,
throughout the study we selected at least n=7 per group when
comparing results between HC and ME groups.

calculationisn = =7.Zis the z score, which

3. Results

3.1. Clinical history of ME/CFS subjects displaying significant muscle and
cognitive impairments

We first performed a pilot study with two age-matched case-control
pairs and then validated the findings with 7 other pairs matched by age,
gender, ethnicity, and geographical location. Initially, we characterized
a serum sample of a 71-year- old white male ME/CFS patient. In 1988,
when the subject was 40 years old, he was initially diagnosed with acute

flu-like symptom. The disease eventually progressed with severe
symptomology of sore throat, acute joint pain, swollen cervical lymph
nodes, mental fog, memory impairment, extreme dizziness, and severe
fatigue, leaving the patient bedridden 90% of the time. Although the
underlying cause of these symptoms was not determined, subsequent
antigen testing detected positive titers for EBV, HSV1, and CMV infec-
tion. In 1991, the patient was admitted to a clinic in Incline Village,
Nevada, along with a cluster of patients with similar clinical symptoms.
Single-photon emission computerized tomography (SPECT) scan imag-
ing analyses revealed inflammation of the brain with bilateral
hypoperfusion.

Another patient in our pilot study is a 67-year-old female who had
similar initial flu-like symptoms in 1988, which rapidly progressed to
severe sinus infection with methicillin-resistant staphylococcus aureus
(MRSA) infection. Eventually the patient received 6 turbinate surgeries.
Although the subject did not have sinus problems prior to the flu-like
illness, she now has a history of depression, severe difficulty in
sleeping (specifically, staying asleep) and experiences fatigue, pain
(general), irritable bowel syndrome, severe memory impairment, and
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Fig. 2. Upregulation of autophagy markers in serum samples of ME/CFS patients: Two case-control pairs. Serum samples of (A) 74-year-old healthy male and (B) 71-
years-old male patient were assayed on an antibody array of autophagy biomarkers (RayBiotech; Cat # AAH-ATG-1-4). (Ci-Cvi) Densitometric analyses display strong
upregulations of autophagic markers. Dot intensities of (Ci) ATG5 [***p < 0.005(=0.000472)], (Cii) ATG7 [***p < 0.005(=0.00239), (Ciii) ATG13 [***p < 0.005
(=0.00109)], (Civ) p62 [***p < 0.005(=0.000293)], (Cv) Rheb [***p < 0.005(=0.00334)], and (Cvi) a-syn [***p < 0.005(=0.00172)] were measured in ImageJ
software (NIH, USA) after subtraction with blank followed by normalization with positive control. Results were mean + SD and confirmed after three independent
experiments. ELISA analyses of (D) ATG5 (**p < 0.001), (E) ATG13 (***p < 0.0001), (F) p62 (**p < 0.001), and (G) a-syn (**p < 0.001) were performed in healthy
(green) and patient (red). Results were confirmed and considered to be significant after 5 independent experiments and indicated with 5 dots in a dotted histogram.
Near -infrared ELISA assay for (H) ATGS5, (I) ATG13, (J) p62, (K) a-syn. A paired t-test was done to assess the significance of mean. An antibody control was per-
formed by omitting sample addition and then probing each well with only the 2° antibody. Albumin was run for both samples as a loading control. Similarly, an
antibody array of autophagy markers in serum samples of (L) 68-year-old HC female and (M) 67-year-old female ME/CFS case followed by densitometric analyses of
(Ni) LC3a, (Nii) LC3b, (Niii) ATG13, (Niv) p62, and (NVv) a-syn. Signal intensities were measured in ImageJ software, subtracted from blank, normalized with positive
control, and then plotted as a histogram in GraphPad Prism 8 software. Results are mean + SD of three different experiments. Significance of mean was tested by
unpaired t-test with p value given underneath. Quantitative ELISA analyses for (O) ATG13, (P) p62, (Q) a-syn, and (R) LC3a were performed in serum samples of HC
(green) and ME (red) (paired t-test). Near-infrared ELISA analyses for (S) LC3a, (T) ATG13, (U) p62, and (V) a-syn. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

major brain fog. Recently the patient has experienced extremely high
blood pressure, with no noted cardiac dysfunction.

We matched the first two cases with appropriate age- and sex-
matched healthy controls. We included seven more age-matched and
gender-balanced case-control pairs in our study (Supplementary Fig. 1).
These case-control pairs are 56-year-old female patients/58-year-old
female control (pair 3); 61-year-old female patient/60-year-old
healthy female (pair 4); 28-year-old female patient/44-year- old fe-
male healthy (pair 5); 33-year-old male patient/32-year-old female
control (pair 6); and 68-year-old male patient/67-year-old male control
(pair 7). All patients represent classic cases of ME/CFS with extreme
muscle fatigue and severe cognitive impairment. Patient #3 and 4
further display orthostatic intolerance (OI), whereas patient #5 and 7
exhibited peripheral small fiber polyneuropathy along with OI, both
frequent pathological findings in ME/CFS. The cohort was carefully
structured to minimize variability in terms of geographical location,
ethnicity, gender, age, disease onset, course of the disease, and timing of
blood collection. Blood collection was performed with appropriate pa-
tient consent and based on the guidelines of an approved IRB protocol.

3.2. Estimation of protein aggregation propensities in serum samples of
ME/CFS patients

Although autophagy is an intracellular mechanism and can be best
studied in cellular assays, the unavailability of post-mortem ME/CFS
tissue has limited such analyses. Nevertheless, severe impairment in
autophagy might also result the increased tendency of protein aggre-
gation in extracellular matrix such as serum and plasma (Giacomelli
etal., 2017; Magalhaes et al., 2020; Sharma, 2018). Aggregated proteins
such as amyloid-f and a-syn are often detected in serum samples of AD
and PD patients as a result of autophagy impairment. Thioflavin-T based
fluorometric assay is one of the most reliable strategies to study protein
aggregation. Although thioflavin-T based protein aggregation analysis
has been utilized in cell-free systems, until now such a method strategy
has not previously been brought to bear on serum samples. Here, we
used a thioflavin T (ThT)-based biochemical assay to evaluate whether
abnormal protein aggregation occurs in ME/CFS patient serum. The
method is a fluorometric tracking analysis that generates a sigmoidal
evolution of protein from its linear structure to aggregated morphology.

Serum samples of both a 74-year-old healthy control and a 71-year-
old male ME/CFS (Fig. 1A) patient displayed increasing but non-linear
pattern of aggregation as indicated with one-phase association non-
liner fitted curve of florescence intensities (486 nm/450 nm) with the
function of increasing time from 0 to 90 min of ThT addition. Interest-
ingly, we observed that serum proteins of the patient displayed a
significantly faster rate of protein aggregation compared to healthy
control, as indicated with steeper slope of 70.70 +1.956 in patient
compared to the relatively flat slope of 17.72 4+ 0.3806 in the control.
Moreover, the significance analysis revealed that there is a strong dif-
ference of protein aggregation rate in ME/CFS patient [Fag 29 =15.99

(***p < 0.0001)] compared to its sex-matched healthy control (Supple-
mentary Table 1). Next, we performed a similar comparison study be-
tween 68-years-old healthy female and 67-year-old female ME/CFS
patient (Fig. 1B), which resulted in a similar outcome of protein ag-
gregation upon ThT addition. In that case-control pair, we also observed
a significantly faster aggregation of serum proteins in the female patient
compared to the healthy control (Supplementary Table 1)
[F2g,29 =15.99 (***p < 0.0001)]. The non-linear fitted curve generated
a steeper slope of 59.68 + 3.005 in the patient vs. 19.36 & 1.599 in the
healthy control).

Furthermore. the data combined from n=7 case-control pairs
(Fig. 1C and Supplementary Table 1) indicated a strong tendency for
protein aggregation in ME/CFS patients compared to age-matched
healthy controls with a significantly high slope value (two-tailed
paired t-test; t = 8.445, df = 6; p < 0.0001). Moreover, correlation ana-
lyses between the age of ME patients and the protein aggregation pattern
did not display any strong relationship (Fig. 1D). Interestingly,
combining slope values from n =8 female and n =6 male subjects in a
scatter plot, we determined that 50% female and 20% male subjects
display higher protein aggregation propensities as indicated with their
distributions over median line (Fig. 1E). Taken together, these results
indicate there is an increased protein aggregation pattern in the serum of
ME/CFS patients compared to healthy controls.

3.3. Upregulation of autophagy markers in the serum of ME/CFS patients

Because increased protein aggregation might also indicate a defec-
tive autophagy proteome in serum (31856641), we performed a pilot
study to evaluate the expression of autophagy markers in the serum
samples of two ME/CFS patients. We carried out a human autophagy
antibody array analysis (Supplementary Fig. 1C) in the serum of two
case-control subjects. We observed that expression levels of ATG5,
ATG7, ATG13, p62, Rheb, and a-syn were strongly upregulated in the
serum sample of the 71-year-old ME/CFS patient (Fig. 2B; Supplemen-
tary Fig. 1B) compared to the age-matched healthy subject (Fig. 2A;
Supplementary Fig. 1A). The result was further confirmed with a
densitometric analyses (Fig. 2 Ci, Cii, Ciii, Civ, Cv, and Cvi are ATG 5, 7,
13, p62, Rheb, and a-syn respectively) with the significance of means
calculated based on three independent experiments at p < 0.0001. To
confirm the result, we performed ELISA analyses of ATG5, ATG13, p62
and a-syn in the serum sample of the male ME/CFS patient with
commercially available kits. The detection sensitivity of these ELISA kits
varies from lot to lot and is affected by the serum concentrations of
proteins. Therefore, to demonstrate the accurate detection of these
proteins, we adopted a dilution series of serum samples for ELISA-based
detection of ATG5, ATG13, p62, and a-syn. A dose responsive non-linear
fitting curve analysis followed by measuring the X intercept demon-
strates that a 1:4 dilution of serum provides most efficient detection of
these serum-derived factors (Supplementary Fig. 2A-C). Subsequent
ELISA analyses revealed that ATG5 (Fig. 2D), ATG13 (Fig. 2E), p62
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Fig. 3. Validating expression of auto-
phagy markers in serum samples of
n=11 ME/CFS patients. A cohort of 11
healthy controls and 11 ME/CFS pa-
tients were analyzed for the expression
of (A) ATG13, (B) ATGS, (C) LC3a, and
(D) p62 in serum samples. Results are
mean + SD of three independent exper-
iments. Significance of mean was tested
with an unpaired t-test and resultant p
values were presented underneath.
Serum samples were diluted 1:5 (v/v)
with assay diluent and then probed
against 34 different proteases in a
human protease profiler array (R& D
systems; Cat # ARY021) membrane.
Array analyses were performed in serum
samples of (E) 74 years HC male, (F)
71 years male ME, (G) 68 years HC fe-
male, and (H) 67years ME female.
Relative densities of two important
lysosomal enzymes (I) cathepsin A and
(J) cathepsin D were calculated with
respect to reference points and then
plotted. Results were mean+SD of
three independent experiments.
NS = not significant.
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Table 1
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Gender, ethnicity, age, disease status, and serum ATG13 (& SD) levels in a cohort of 24 subjects (12 healthy and 12 ME/
CFS). High or low was determined with reference to mean (=4.8030). Expression above mean is considered to be high and
below mean is considered to be low. Red = disease and Blue = control. OI = orthostatic intolerance; SFN = small fiber
polyneuropathy; POTS = Postural Orthostatic Tachycardia Syndrome.

S/N  Status Age Gender  Ethnicity Disease ATG13 ATG13
(Y/N) ng/mL  (High/low)
1 Control 58 F W N 5.2438 high
2 Control 60 F w N 3.8755 low
3 Control 44 F W N 1.3909 low
4 CFS+, Ol+, POTS+, 72 F W Y 11.299 high
SFN+
5 SFN+ only, no CFS 83 M W Y 1.6975 low
6 Control 66 F w N -4.298 low
7 CFS+, Ol+, POTS+ 40 F W Y 45.380 Very high
8 Control 25 M w N 3.933 low
9 CFS+, Ol+, SFN+ 66 F W Y 7.559 high
10 CFS+, Ol+, SFN+ 65 M W Y 4.999 high
11 Control 59 F W N 2.061 low
12 Control 59 F W N 22.547 high
13 Control 67 M W N -7.765 low
14 Control 55 M w N -2.682 Low
15 CFS+only 73 M W Y 15.436 high
16 Control 68 F w N -1.029 low
17 CFS+only 33 M w Y 13.490 high
18 Control 32 M w N -6.861 low
19 CFS+, Ol+, SFN+ 28 F W Y 7.8578 high
20 CFS+, Ol+, SFN+ 65 F W Y 16.087 high
21 Control 65 M W N -0.6706 low
22 CFS+, Ol+ 56 F W Y 6.51124 high
23 CFS+, Ol+ 61 F W Y -9.1545 low
24 CFS+only 72 F w Y 7.377 high

(Fig. 2F), and o-syn (Fig. 2G) were strongly upregulated in serum sam-
ples of the 71-year-old ME/CFS patient, with the most significant
elevation in ATG13 level, as evaluated with an unpaired t-test
(p <0.0005=0.0003 vs. healthy after 5 independent experiments).
Although, ELISA is the most reliable technology to quantify serum
proteins, sometimes a low signal-to-noise ratio in the HRP detection
method limits the accurate quantification (Motsenbocker, 1988). Here
we introduced a novel near infrared-based ELISA method, which pro-
duces extremely sensitive detection of low abundance proteins in serum
mainly due to the high signal-to-noise ratio of the near-infrared probe
(Jensen and Bak, 2002). Strong dark signals representing greater
abundance of ATG5 (Fig. 2H), p62 (Fig. 2I), ATG13 (Fig. 2J), and a-syn
(Fig. 2K) were observed in the serum sample of 71-year-old ME/CFS
male compared to weak signals indicative of low levels of these proteins
in the matched control. The specificity of the signal was validated by the
absence of signal in a 2° antibody control, whereas equal loading was
verified with total albumin. The result was further quantified with a
densitometric analysis relative to total albumin concentration (Supple-
mentary Fig. 3A). Collectively, these results indicate that the serum
sample of the 71-year-old male ME/CFS patient displayed higher
expression of ATG5, ATG13, p62, and a-syn, with the maximum dif-
ference in ATG13.

Next, we performed a similar antibody array analysis in the serum
sample of the 67-year-old female patient, which indicated significant
elevations of LC3a, LC3b, p62, a-syn, and ATG-13 proteins (Fig. 2M:
Supplementary Fig. 1D) compared to the age-matched healthy control
(Fig. 2L; Supplementary Fig. 1C). The result was further corroborated

with densitometric analyses (Fig. 2Ni-2Nv). To nullify the possibility of
unequal loading of protein in the array, we estimated the total protein
concentration with the Bradford method (Bradford, 1976) before
loading each sample on the array membrane. Since an antibody array is
a semi-quantitative method to estimate serum protein, next we per-
formed a quantitative ELISA analysis of LC3a, ATG5, ATG13, p62 and
a-syn. Although, LC3a ELISA analyses (Fig. 2R) did not display signifi-
cant differences, we observed strong elevations of ATG13 (Fig. 20), p62
(Fig. 2P), and a-syn (Fig. 2Q) in the 67-year-old female ME/CFS patient
compared to the healthy control with the maximum difference in ATG13
level (p<0.001). Results were confirmed by five independent
experiments.

Next, we performed a near-infrared ELISA assay for LC3a (Fig. 2S),
ATG13 (Fig. 2T), p62 (Fig. 2U), and a-syn (Fig. 2V) with albumin as
loading control. Similar to our quantitative ELISA method, no difference
in LC3a expression was observed (Fig. 3L; Supplementary Fig. 3B).
However, expression levels of ATG13, p62, and a-syn were consistently
higher in the patient compared to the healthy control (Fig. 2T-V: Sup-
plementary Fig. 3B). In both case-control experiments, we observed that
serum levels of p62, a-syn and ATG13 were consistently elevated, sug-
gesting that these patients might have significant impairment in the
formation of autophagosomes. Based on these pilot data, we performed
ELISA analyses of ATG13, ATG5, LC3a, and p62 in n =12 healthy con-
trols and n = 12 ME/CFS patients (Fig. 3A-D; Supplementary Fig. 4 for
standard curves). Interestingly, we observed that only ATG13 (Fig. 3A),
but not ATg5 (Fig. 3B), LC3a (Fig. 3C), and p62 (Fig. 3D) was found to be
strongly elevated in the serum samples in n =10 ME/CFS patients. The
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Fig. 4. Serum-derived ATG13 in ME/CFS patients evoked oxidative stress response in microglial cells. (A) A schema of the overall experimental plan. (B) HMC3
human microglial cells were treated with ME/CFS patient’s serum (1:2 dil") supplemented DMEM media for 0 min, 30 mins, 60 mins, and 120 mins. The ROS
production was assayed with DCFDA staining procedure. (C) Realtime ROS production was assayed in HMC3 microglia after stimulation with male healthy (green)
and ME/CFS (red) subjects. A time-sensitive recording was performed at VictorX3 multichannel plate reader using 485 nm/535 nm wavelength (Ex/Em) protocol. A
time-dependent ROS production assay was recorded at 485 nm/535nm (Ex/Em) wavelength (D) HMC3 microglial cells were stimulated with sera (1:2 dil®) of a
female healthy and a ME/CFS patient for 60 and 120 mins followed by probing with DCFDA. Images were captured in FITC-filter of Hund fluorescence microscope.
(E) Realtime ROS production was assayed at different time interval in HMC3 microglial cells once stimulated with sera of female healthy (green) and ME/CFS (red)
subjects. (F) A similar ROS assay was performed in HMC3 cells after stimulation with the serum of a male ME/CFS patient (red) and ATG13-depleted serum (green).
(G) A similar ROS assay was performed in presence of a female ME/CFS patient’s serum and ATG13-depleted serum. (H) Fluorescence absorbance (485/535 nm)
indicative of ROS production assay was done in HMC3 microglia after 90 min of incubation with n=6 ME samples (red), HC controls (green), and ME samples
neutralized with ATG13 (yellow). Unpaired t-test was done to compare significance between groups and displayed on the top. (I) IB of ATG13 and actin in microglial
cells after atgl3 siRNA treatment. No treatment control and empty plasmid control were included. (J) ROS measurement was performed in atgl3-siRNA treated
microglial cells. Results were means + SD of three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred
Eo the web version of this article.)

<

detailed result is summarized in Table 1. Collectively, these data suggest that serum from an ME/CFS patient but not control serum time-
that early autophagy marker ATG13 might be dysregulated in ME/CFS dependently increased the ROS production. The DCFDA-labelled ROS
patients. signal appeared as early as 30 min and reached maximum at 120 min.

This semi-quantitative analysis was further confirmed with a real-time
kinetic study (Fig. 4C), in which ROS production was measured at a
ratio of 485/535nm as a function of increasing time. We observed that
serum sample of a male patient increased microglial ROS production
with increasing time, whereas healthy serum did not evoke any ROS
production. Next, we performed similar fluorescence imaging (Fig. 4D)
and kinetic (Fig. 4E) analyses with serum samples of a female ME/CFS
patient and age-matched healthy control. We observed that the patient
serum elevated ROS production with increasing time. Taken together,
these results established a new cell culture model to evaluate the ROS-
inducing capacity in serum samples of ME/CFS patients. With the aid
of this model, we were able to quantify ROS-production in HMC3 human
microglial cells upon stimulation with ME/CFS serum.

Next, we wanted to examine the role of ATG13 in ME/CFS serum in

3.4. Evaluation of lysosomal function in ME/CFS patients

Upon enclosure in autophagosomes, cellular components are
directed and fused to lysosomes for hydrolytic degradation (Lorincz and
Juhasz, 2020). Therefore, we wanted to evaluate whether there is any
lysosomal impairment in these patients. Lysosomes are the home of
cathepsin, a class of acid proteases that play an essential role in the
degradation of autophagic material and maintenance of the cellular
homeostasis of metabolism (Repnik et al., 2012). Thus, lysosomal
impairment can be evaluated by measuring the level of different ca-
thepsins and other proteases. We adopted a human protease proteome
profiler array, which can quantitatively detect 40 different blood-borne
proteases (Supplementary Fig. 5) including cathepsins, kallikreins, and
matrix metalloproteinases. Interestingly, we did not observe any dif- augmer}tin.g ROS pr(?duction in HMC3 microglia% cells: We aqopted a
ference in the expression of lysosomal cathepsins between the healthy neutralization technique (Fig. 4A; lower panel), in which patient sera
control (Fig. 3E and the ME/CFS male patient (Fig. 3F), nor between the were added to a 96 well plate that is pre-coated with AT&}I\?G???utrali-
female control (Fig. 3G) and the male ME/CFS patient (Fig. 3H). zation antibody. After 30 min, ATG13-depleted sera (ME o ) were
Although strong signals were observed for lysosomal proteases such as carefully harvested from the top. These sera were then used in similar set
Cathepsin A (Fig. 31), D (Fig. 3J), and X (Supplementary Fig. 6A) in both of experiments to evaluate microglial ROS Production. ATG1 3—dep.let<.ed
case-control pairs, no significant differences were observed. We sera of both male (Fig. 4F) and female patients (Fig. 4G) caused signif-
observed some upregulation of cathepsins in the male patient; however, icantly lower production of ROS in HMC3 cells than ATG13-replete sera,
that difference did not reach statistical significance. In contrast, we sTJggesting a dir.eCt ro.le of serum-derived ATG13 in stimulating oxida-
observed significant upregulation of extra-lysosomal proteases such as tive stress in microglial cells. Data from n =6 other cases of ME/CFS

MMP-9 (Supplementary Fig. 6B) and proteinase-3 (Supplementary patients (Fig. 4H) provided consistent results, suggesting that ME/CFS
Fig. 6C) in the male but not the female ME/CFS patient. serum-derived ATG13 directly induces ROS production in cultured

HMC3 microglial cells.

However, it is not known whether ATG13-mediated ROS production
is purely an extracellular event or whether intracellular ATG13 also
participates in ROS production. Interestingly, an atgl3 siRNA (Cat #
122699; human; ThermoFisher) that mediates knock -down of atgl3
gene expression (Fig. 4I) evoked significant ROS production in micro-
glial cells (Fig. 4J), suggesting that the intracellular ATG13 actually
mitigates microglial ROS production. Similar siRNA knock-down of
other autophagy -related proteins such as ATG5 (PMID: 34336554) and
Beclin (24452380) also induced ROS productions in microglia.

Next, we wanted to study if ATG13 could directly stimulate NO

. . T production in microglia. Total NO (sum of nitrite and nitrate) in
other inflammatory molecules is produced due to severe activation of microglial supernatant was measured via a fluorimetric-based assay

microglia, CNS -resident inflammatory cells. Therefore, we wanted to procedure as described in method section. Surprisingly, 1:8, 1:4 (25, and

study whether serum-derived ATG13 stimulated the production of ROS 1:2 (12.5, 25, and 50 pL serum in 87.5,75, and 50 L serum-free DMEM/
in microglial cells. In order to explore the effect of ATG13 on microglial o .

ROS production, we created an in vitro cell culture model (Fig. 4A) in
which HMC3 human microglial cells were treated with patient serum-
constituted DMEM media (1:1 v/v) followed by measurement of ROS
load in different time periods starting from 30 mins to 2h. with the
DCFDA staining procedure (Roy et al., 2008). As a control, healthy
serum-constituted media was added on HMC3 cells and evaluated for
ROS production. Our immunofluorescence analyses (Fig. 4B) revealed

3.5. Exploring the effect of autophagy marker ATG13 in the microglial
stress response

Since we observed a strong upregulation of ATG13 in serum samples
of ME/CFS patients, we wanted to study the functional significance of
serum ATG13 in ME/CFS. Increased ROS production has been impli-
cated in the pathogenesis of ME/CFS (Medow et al., 2013) and several
other neuroinflammatory diseases such as Multiple Sclerosis (MS) (Roy
et al., 2008), PD (Roy et al., 2012), and AD (Modi et al., 2015). A sig-
nificant portion of these ROS, Reactive Nitrogen Species (RNS), and

F12 media respectively) dilutions (v/v) of serum from the male ME/CFS
patient, dose-dependently stimulated NO production in HMC3 micro-
glial cells (Fig. 5A; red bars; Supplementary Fig. 7A & B for standard
curve). Accordingly, NO production was found to be significantly higher
in the supernatants of n=8 ME/CFS serum-treated HMC3 microglial
cells measured after 24 h. Interestingly, MEAT6!% serum samples were
unable to evoke NO production in microglial cells (Fig. 5B) suggesting

10
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Fig. 5. Effect of serum-derived ATG13 on the production of nitric oxide (NO) in HMC3 microglial cells. (A) HMC3 microglial cells were stimulated with increasing
doses of HC serum (green; 74-year—old male HC) and ME serum (red; 71-year-old male ME). Before applying on microglia, serum samples were diluted at 1:2,1:4, and
1:8 dilution (diluted with serum-free DMEM media) for 24 h. After 24 h, nitric oxide production was measured by thefluoremetric detection method. Two-way
ANOVA was performed to measure the significance between groups considering dose and disease status as two independent factors. While analyzing the effect of
dose on the significance between groups, the descriptive statistics is Fp9=6.368284 (>F.=3.55): p < 0.001 (=0.00814). On the other hand, when comparing
between HC and MS, the significance test resulted F5 9 = 3.224176 (>F. = 2.45): p < 0.05(=0.016). (B) NO production was confirmed in serum samples of n =8 ME
patients. The significance of mean was tested with one-way ANOVA. Descriptive statistics fo the significance between group is F5 5; = 9.925: p < 0.01(=0.0009).
Green dots for HC, red dots for ME, and yellow dots for ATG13-depleted ME serum samples. (C) L-NIL (25 pM) was treated on microglia for 2 h followed by the
treatment with ME serum (1:2 dil) and after another 22 h, NO production was measured in HMC3 microglia. One-way ANOVA to test the significance between groups
resulted F3 g =17.02: p < 0.01(=0.0008). (D) Dual immunofluorescence (IF) analyses of CD11b (green) and iNOS (red) in HMC3 microglia treated with HC and ME
serum (1:2 dilution) for 24 h. (E) Dual IF analyses for CD11b and iNOS in microglia treated with ME serum and ME serum (1:4 dilution) neutralized with ATG13
antibody. IB analyses of iNOS and actin in microglia treated with (F) ME and HC serum (1:2 dilution) and (G) ME serum and ATG13-neutralized ME serum (1:2
dilution). (H) Densitometric analyses was done after normalizing with respective actin bands. Results are mean + SD of three independent experiments. The sig-
nificance of mean was tested with unpaired t-test with *p < 0.05 and ***p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

that serum-derived ATG13 plays a direct role in the microglial produc- NO levels between HC and ME serum samples. Immunocytochemical
tion of NO. Upregulation of NO could be due to the direct stimulation of analyses of CD11b (microglial marker) and iNOS clearly demonstrated
iNOS enzyme in HMC3 microglial cells. To evaluate that, Microglial cells that there was a strong upregulation of iNOS in microglial cells treated
were stimulated with 25 uM of L-NIL, a pharmacological inhibitor of with ME serum (Fig. 5D), but not with ME2ATS13 gerym (Fig. 5E), further
iNOS, followed by the stimulation with 1:2 dilution of ME serum. indicating that ME serum-derived ATG13 strongly upregulated the
Interestingly, ME serum was found to be ineffective towards NO pro- cellular expression of iNOS in human microglial cells. The upregulation
duction once iNOS is inactivated (Fig. 5C; Supplementary Fig. 7C) in of iNOS in microglia by ME/CFS serum was further corroborated with
microglia. One potential confounder of this study is the endogenous NO immunoblot (IB) analyses (Fig. 5F), whereas reduction of iNOS in
in ME serum samples that could interfere with the conclusion. To nullify microglia by ME*AT6!3 was also confirmed with an IB analysis (Fig. 5G),
that, we measured NO in both HC and ME serum samples (n="7 per followed by densitometric evaluations (Fig. 5SH). Taken together, these

group; Supplementary Fig. 7D) indicating that there was no difference in results suggest that elevated ATG13 in the serum of ME/CFS patients
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directly stimulates oxidative stress and iNOS-induced NO production in

microglial cells.
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3.6. Serum-derived ATG13 employs microglial surface receptor RAGE to
evoke ROS and Nitric oxide

Microglia express a huge repertoire of surface receptors including
pattern recognition receptors, integrins, purinergic receptors, aryl hy-
drocarbon receptors, cytokine receptors, and ion channels. These
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Fig. 6. Serum-derived ATG13 binds with surface receptor RAGE in microglia. (A) Increasing concentrations of recombinant ATG13 (0, 2, 3, 5, 7.5, and 10 ng/mL)
were coated in a 96 well plate following incubation with biotinylated extracellular domain of human RAGE receptor and then detection with IRdye800-tagged
streptavidin in Li-Cor Odyssey Sa 96-well plate reader. Resultant integrated densities (average of three readings) were pasted underneath. (B) ME/CFS serums
from 3 randomly selected cases were serially diluted from 2- to 10-fold and then applied to an ATG13 antibody coated plate and then probed with biotinylated RAGE
receptor. (C) The binding was plotted with non-liner regression curve showing a sigmoidal binding curve. Results were mean + SD of three samples. Similar binding
analyses with three ATG13-neutalized ME serum samples were displayed in a plate format (D) and with a non-liner sigmoidal binding curve (E). (F) In silico docking
analyses of ATG13 (red) in the extracellular surface of RAGE. Homology modeling was performed in SwissDock server considering RAGE and S100A6 crystal
structure (PDB ID: 2M1K) as a template. The most stable configuration was displayed with strongest docking score given underneath. (G) Freshly harvested serum
samples of HC and ME/CFS cases were purified through protein A agarose to remove IgG followed by immunoblot analyses of total ATG13 (1:100) and phospho-
serine (1:100) antibodies. Total protein was estimated with Coomassie (CMS) blue staining of these samples. (H) Relative density of ATG13 and phospho-serine
to Coomassie was plotted. ATG13 and phospho-serine plots were divided with dotted line. (I) Based on in-silico analysis, A conserved serine residue at Ser 44
surrounded by Ser 42 and Ser43 is likely to be phosphorylated. The structure indicates that phosphorylated Ser44 might engage in a H-bond interaction with the
Eritical Arg 57 of RAGE. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

receptors engage in direct interactions with almost all extracellular (Fig. 7D). Accordingly, ME/CFS serum was found to be ineffective to
neurotoxic stimuli and Blood Brain Barrier (BBB) -infiltrated peripheral induce iNOS expression in HMC3ARACGE microglial cells (Fig. 7E), a
immune cells and can cause severe inflammation in the central nervous finding that we confirmed with an iNOS immunoblot (Fig. 7F). Taken
system. Therefore, we wanted to identify the receptor for serum-derived together, our results indicate that serum samples of ME/CFS patients
ATG13. Activation of RAGE has been shown to directly induce ROS and have elevated ATG13 proteins indicative of a biochemical impairment of
NO productions in microglial cells. We first adopted a dose-responsive autophagy. Our data further demonstrate that the serum-derived ATG13
receptor-ligand assay in which increasing doses of recombinant is phosphorylated and employs the RAGE receptor to induce oxidative

ATG13 protein (Abcam; Cat #ab127606) were challenged with 2.5 ng of stress response in microglial cells.
biotinylated-RAGE (Aviscera Bioscience; Cat # 00112-02-50B) followed

by IRDye800-strepatvidin (Li-cor Bioscience) treatment for IR-based 4. Discussion

signal detection. The increasing concentrations of ATG13 demon-

strated dose-dependent binding with RAGE (Fig. 6A), generating a ME/CFS is a debilitating chronic disorder characterized by diverse
sigmoidal binding curve with EC50 = 4.5 and Hill slope =5.116 (Sup- pathological symptoms including muscle pain, fatigue, post-exertional
plementary Fig. 8A). Surprisingly, three different ME/CFS patient se- malaise, dizziness, cognitive impairment, and chronic inflammation.
rums displayed a strong binding affinity towards biotinylated-RAGE Although, the, molecular mechanism of this disease is still obscure,
protein. ME/CFS serums were serially diluted up to 10-fold (Fig. 6B) and recent literatures suggest that the impairment in mitochondrial function
added onto ATG13 antibody-coated plates. Strong binding was observed is critical in the development of immune dysregulation, fatigue, and
at 0- to 2- fold dilution (Fig. 6C). However, the binding is markedly cognitive deficit in ME/CFS patients. Autophagy is a quality control
inhibited with ME*AT1® serum samples (n = 3) (Fig. 6D & E). An in- process that regulates mitochondrial homeostasis in healthy cells.
silico homology modeling study (Template: 2M1K between RAGE and However, it is not known if autophagy is impaired in ME/CFS patho-
S1006A; inset) revealed that there could be a strong interaction of genesis. Several lines in this report provide evidence for an impaired

ATG13 with the extracellular ligand binding domain of RAGE (Fig. 6F). autophagy function in ME/CFS patients. First, a ThT-based protein ag-
Literature (Xie et al., 2008) suggests that Glu 59 and Arg 57 of RAGE are gregation study revealed that serum samples of ME/CFS patients had

two critical residues that regulate structural changes in RAGE during its significantly higher propensity to form aberrant protein aggregates
binding with ligands. In particular, Arg 57 mediates water molecule- which should have been removed by the autophagy system by the
based passive H-bonding with ligands such as protein S100B (Jensen degradation in lysosomes. Second, our dot blot antibody array analyses

et al., 2015). Interestingly, our docking analysis revealed that Ser44 indicated that serum levels of autophagic proteins such as ATG5, ATG7,
residue of ATG13 could engage multiple H-bond interactions with Glu59 ATG13, p62, and a-syn were strongly elevated in a 71-year-old male
(Fig. 6F). While examining the neighboring amino acid residues of Ser44 ME/CFS patient. A similar antibody array analysis in a 67-year-old fe-
in ATG13 (NCBI Ref. Seq # NP_001192048.1), we found that there are male patient detected significantly high levels of ATG13, LC3a, LC3b,
four consecutive serine residues, including Ser41, Ser42, Ser43, and p62, and asyn. Third, competitive ELISA analysis displayed that early
Ser44. autophagy protein ATG13 was strongly elevated in the serum of 10 ME/

ATG13 is heavily phosphorylated by intracellular kinases such as CFS patients compared to age-matched healthy controls. Fourth, our
AMPK and mTOR. An immunoblot analysis of ATG13 in protein A- near-infrared ELISA analyses confirmed strong upregulation of ATG13,
agarose purified and freshly preserved serum (2 ME/CFS and 2 HC) p62, and a-syn in serum of these patients. All these results imply that
clearly indicated that there was a strong upregulation of ATG13 and that there could be a substantial impairment of autophagy in ME/CFS

the signal resolved into two bands of different molecular mass. (Fig. 6G patients.
and H). Further probing with pan phosphoserine antibody clearly To evaluate aberrant protein aggregation in serum we applied ThT-
identified the higher band as a phosphor-ATG13 (Fig. 6G) indicating based protein aggregation strategy in serum samples. A kinetic study
that some of the ATG13 in ME/CFS serum is phosphorylated. A subse- was previously performed to observe amyloid-p protein aggregation
quent in silico study indicated that phosphorylation of ATG13 at Ser44 (Meng et al., 2008) in a cell-free system (Batzli and Love, 2015). In our
could make a potential H-bond interaction with Arg57 residue of RAGE present study, we adopted similar fluorimetric tracking methods to
(Fig. 61). explore whether the serum proteins of ME/CFS patients have higher
Next, we wanted to investigate whether neutralization of RAGE propensities to form aggregates. The accelerated rate of aggregation we
could prevent the oxidative stress-inducing activity of ME serum sam- detected does not necessarily reflect an impairment of the physiological
ples in microglia. RAGE neutralizing antibody (R&D Systems; Cat # mechanism of protein degradation; however, it might indicate that there
AF1145) was first evaluated for its ability to nullify the interaction be- is a higher tendency to form aberrant protein aggregates in serum
tween ATG13 and RAGE (Fig. 7A). Our results indicated a significant samples of ME/CFS patients.
inhibition of binding at 7-10 pg/mL (>0.35 pg/50 pL based on assay) of Although the detection of ATG13 in blood serum was unexpected,

RAGE-neutralizing antibody (Fig. 7B). Blocking RAGE in microglia our results have demonstrated that serum samples of ME/CFS patients
(HMC3“RASE) significantly attenuated the ME/CFS serum-induced ROS (n=10) have significantly high level of ATG13 compared to age-
production (Fig. 7C), which we confirmed in a time-sensitive study matched and gender-balanced healthy controls. Competitive ELISA
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Fig. 7. Functional blocking of RAGE receptor nullifies ME serum to induce ROS and iNOS expression in HMC3 human microglia. (A) Serially diluted RAGE
neutralizing antibody (Cat # AF1145: R&D systems) incubated with biotinylated RAGE and then added to 96 well plate precoated with recombinant-ATG13 (5ng/
well) protein. The binding between ATG13 and RAGE was visualized with IRDye800-tagged streptavidin dye. (B) A sigmoidal inhibition plot of RAGE-ATG13 binding
(Y axis) with increasing RAGE blocking antibody (X axis) that displays ICso = 0.3487 (equivalent to 7 pg/mL) and hill slope = —1.459. Non-liner regression curve was
plotted in GraphPad Prism 9 software. HMC3 microglial cells are neutralized with 10 pg/mL RAGE antibody or IgG for 30 mins), washed with 1x PBS, inserted with
DCFDA dye forl hr, and then treated with HC serum or ME serum for 0, 30, 60, 90, and 120 mins. (C) Representative images were taken after 90 min of incubation.
(D) A realtime ROS assay plot with DCFDA fluorescence evoked as a function of time plotted. Results are mean + SD of 3 different experiments. (E) immunocyto-
chemical analyses of CD11b (green) and iNOS (red) in HMC3 microglial cells treated with HC serum (first column), ME serum (2nd column), and in RAGE neutralized
(10 ng/mL) HMC3 microglial cells treated with ME serum (third column). Treatment was done for 24 h with serum. (F) IB analyses followed by (G) densitometry of
iNOS once normalized with beta-actin in RAGE-neutralized microglia after similar treatment condition. Results are mean + SD of three independent experiments.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

analyses, near-infrared ELISA, antibody array, and IB analyses collec- progressive neuronal damage in brain of AD patients (Cho et al., 2019).
tively confirmed that there was a strong upregulation of ATG13 in ME/ Aberrant aggregation of amyloid-p in the AD brain stimulates the
CFS serum. A recent report suggests that an increase in the level of ATG impairment of autophagy, resulting the release of ATG5 and ATG12 into

proteins in serum, specifically ATG5 and ATG12, might lead to cerebrospinal fluid (CSF) and blood serum. Release of phospho-ATG13
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in blood might be related to the cognitive impairment experienced by
ME/CFS patient. In fact, the 71-year-old ME/CFS patient in our study,
who displayed very high level of phospho-ATG13 in his serum, also
exhibits significant cognitive impairment and memory loss. Addition-
ally, we observed a strong upregulation of a-syn in his serum indicating
a potential correlation of ATG13 with a-syn in Lewy body disease (Roy
and Pahan, 2013; Roy et al., 2016) with ME/CFS. Lewybody dementia is
often accompanied with severe microglial activation (Streit and Xue,
2016; Surendranathan et al., 2018). In fact, we observed that serum-
derived ATG13 significantly stimulated oxidative and nitrosylative
stress response in microglial cells. Our study indicates that ME serum
promotes the expression of iNOS-derived NO in microglia, which has
neurodegenerative and inflammatory implications in the pathogenesis
of ME/CFS. However, NO is a double-edged sword (Mocellin et al., 2007;
Yuste et al., 2015) as its productions from constitutive NOS such as
neuronal NOS (nNOS) (Bonthius et al., 2008) and endothelial NOS
(eNOS) (Osuka et al., 2008) have been reported to be beneficial. NNOS
-derived NO displays neuroprotective functions, whereas eNOS-derived
NO ameliorates diabetic cardiomyopathy (Sun et al., 2020). Interest-
ingly, a recent study (Bertinat et al., 2022) indicates that ME/CFS
plasma inhibits NO production via inactivation of endothelial NOS in
cultured human umbilical vein endothelial cells directly contributing to
the endothelial dysfunction (ED) in subset of ME patients. Therefore,
based on its enzymic production, NO could be a double-edged sword in
the pathogenesis of ME/CFS. Interestingly, Selective neutralization of
ATG13 in ME/CFS serum significantly attenuated microglial production
of NO and ROS. Interestingly, attenuation of intracellular ATG13 dis-
played an opposite effect by stimulating the production of ROS indi-
cating that extracellular, but not intracellular ATG13, is metabolically
toxic.

Apart from these neurotoxic implications, serum ATG13 is also
correlated with cardiomyopathy. A recent study (Zhao et al., 2021) in-
dicates that during myocardial infarction, the plasma level of ATG13
rises and that selective inhibition of circulating ATG13 is protective
against myocardial infarction and other cardiovascular impairments.
Interestingly, we observed that a 67-year-old female patient in our
present study with significantly high level of serum ATg13 also suffers
from cardiovascular abnormalities with exceptionally high blood pres-
sure, which could be related to the high level of circulating ATG13.
ATG13 also regulates the expression of antiviral interferon f to restrict
viral infection and plays an essential role in innate immune response to
provide antiviral immunity (Du et al., 2019). ATG13 participates in the
early stage of autophagy vesicle formation process via forming a com-
plex of ULK1 (unc-51 like autophagy activating kinase 1), FIP200 (Hara
et al., 2008), and ATG101 (Zachari and Ganley, 2017). Activation of
mammalian target of rapamycin (mTOR) directly causes hyper-
phosphorylation of ATG13 in multiple serine residues (Puente et al.,
2016), inhibits the formation of ULK1 complex, and subsequently aborts
the autophagy process resulting the accumulation of aberrant proteins
and depolarized mitochondria in the biologically active cell. While
characterizing the biochemical properties of serum-derived ATG13, we
also observed that ATG13 is phosphorylated at its serine residue.

Our In-silico analysis followed by functional binding assay suggest
that ATG13 interacts with RAGE receptor in microglial cells to induce
ROS and NO productions. Activation of RAGE and subsequent produc-
tion of ROS and NO have been frequently reported in alpha-
synucleinopathy (Haines et al., 2018; Jiang et al., 2018) and amyloid
B-induced (Donahue et al., 2006) neurotoxicity. Interestingly, our in-
silico study has predicted that a serine-rich N-terminal domain of
ATG13 directly binds to the extracellular domain of RAGE and that
binding is reinforced once Ser44 of ATG13 is phosphorylated. Interest-
ingly, a recent report suggests that upon phosphorylation, ATG13 aborts
the autophagy process (Chan, 2009; Hosokawa et al., 2009)and gets
released to serum, suggesting that phosphorylated ATG13 in ME/CFS
patients might contribute to the impairment of the cellular autophagy
process.
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ME/CFS patients are highly heterogeneous in terms of pathophysi-
ological outcomes and serum marker proteins. The cohort we analyzed is
age-matched, gender-balanced, and geographically confined, thus of-
fering a significant homogeneity. However, as a future direction, we
need to analyze the finding in larger cohort of n =100 samples from
geographically diversified populations. The upstream regulator of
ATG13 phosphorylation needs to be characterized. Taken together, our
experiments provide molecular evidence of autophagy impairment in
ME/CFS.
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