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ABSTRACT

Gulf War lliness (GWI) afflicted many veterans of the 1990-91 Gulf War with
multiple symptoms worsening with time. The reasons for GWI have not been
elucidated but may include toxicity due to inflammatory factors induced by vaccines
administered to deployed and nondeployed veterans. In particular, the anthrax
vaccine may have harmful effects in veterans lacking specific protective HLA alleles,
as we reported previously, using a murine neuroblastoma N2A cell culture system.
Lack of these protective alleles could allow several vaccine antigens to circulate
chronically, resulting in protracted low-grade inflammation accompanying the
disease. When N2A cells were exposed to GWI serum or the antigen of the anthrax
vaccine, the cells underwent apoptosis due to compromised cell membrane,
mitochondrial and cytoskeletal function. Elucidation of mechanisms of GWI should
provide clues for therapy. Since antigen-induced inflammation accompanies GWI
and stem cells were reported to have antimicrobial activity, we examined the effect
of murine stem cells co-cultured with N2A cells before exposure to GWI serum and
also Protective Antigen PA63, the main component of the anthrax vaccine. The
presence of stem cells completely prevented GWI serum toxicity, since it resulted in
inhibition of apoptosis. Moreover, cultures of stem cells exposed to PA63 resulted
in the degradation of this antigen. We conclude that stem cells can protect against
vaccine-induced toxic components of the GWI serum in N2A cells, prompting
further studies on the possible beneficial effects of these cells in GWI.

List of abbreviations

Gulf War: GW; Gulf War Illness (GWI); Human Leucocyte Antigen
system HLA; Fetal bovine serum FBS; sodium dodecyl sulfate: SDS;
Mesenchymal Stem Cells: MSC; Terminal deoxynucleotidyl transferase
mediated dUTP Nick End Labeling assay: TUNEL; neurocognitive mood
symptoms: NCM; 4’,6-diamidino-2-phenylindole stain: DAPI; Protective
Anthrax Antigen 63: PA63; Mouse Neuroblastoma Cells: N2A cells OD:
optical density

Introduction

GWI symptomatology appeared in about one third of deployed and
nondeployed veterans of the Persian Gulf War with multiple symptoms,
including neurocognitive and mood dysfunction'. Insofar as Central
nervous system (CNS) involvement in GWI is concerned, we reported
previously a number of functional and structural brain abnormalities
in GWI, such as changes in synchronous neural communication
patterns?® and subcortical brain atrophy in certain GWI patients®.
Moreover, active inflammation has been reported in GWI and, in
addition, a positive association of the levels of C-reactive protein
(CRP), an inflammatory marker, with GWI symptom severity’. We
have also reported that GWI patients lack six specific protective HLA
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alleles, and the severity of their disease correlates with
the number of missing alleles, indicating compromised
immunity®. Given the impaired ability of these patients to
respond to pathogens, it is possible that antigens present
in the multiple vaccines administered to veterans could
not be neutralized thus circulating for a prolonged time
and resulting in chronic low-grade inflammation®!. In
order to assess the effects of inflammation, also affecting
the CNS, we developed a murine neuroblastoma N2A cell
culture system, in which we exposed neural cells to serum
from GWI patients lacking all protective HLA alleles and
observed remarkable toxic effects, including retraction of
cell processes, cell aggregation and enhanced apoptosis,
compared to healthy serum!’. These effects were
prevented to a large extent by the simultaneous presence
of antibodies to PA63 in cells exposed to GWI serum, thus
indicating the presence of this antigen in GWI patients'2.
Moreover, GWI serum toxicity was reproduced when
N2A cellswere exposed to protective antigen PA63 of the
anthrax vaccine which was administered to veterans of
the Gulf War suffering from GWI . The observed structural
and functional changes induced by the presence PA63
in the culture medium included compromised cell
membrane integrity as well as impaired mitochondrial
and cytoskeletal function'®. Hence, GWI adverse effects in
neural cells could be due, at least in part, to the presence
of the anthrax vaccine antigen PA63, which could
contribute to the chronic pathogen-induced inflammation
accompanying this disease.

Presently the treatment of GWI is symptomatic and
there is no cure. Considering the inflammatory nature
of the disease, new approaches should be considered as
new means to intervene with symptoms and progression.
In this respect, stem cells have been reported to combat
pathogens with direct and indirect antimicrobial activity.
More specifically, mesenchymal stem cells (MSC) exhibited
spontaneous direct bactericidal activity in vitro by secreting
soluble factors and acting synergistically with antibiotics,
when administered in vivo to mice with established S.
aureus biofilm infections'*. Factors secreted by MSC were
found to include antimicrobial / host defense peptides
and proteins (AMPs). In fact, MSCs have been reported
to increase bacterial clearance in preclinical models of
sepsis®.

We therefore explored the in vitro effects of murine stem
cells co-cultured with N2A cells, in order to assess whether
these cells had protective effects against pathogen- and
GWI-induced N2A cell toxicity. When GWI serum or PA63
were present in the culture medium of the mixed cultures
or stem cell cultures (in the case of PA63), GWI serum-
induced toxic effects leading to apoptosis were completely
prevented, and PA63 was degraded.

Materials and Methods

Serum

We used serum from 15 GWI veterans with substantial
GWI symptoms and serum from a healthy GW veteran;
patients did not carry any of the 6 GWI-protective alleles?,
whereas the control carried 2 such alleles. The study was
approved by the relevant Institutional Review Board and
informed consent for using their serum was obtained from
all participants.

Cell culture

Neuro-2A neuroblastoma (N2A) cells were cultured
in Eagle’s minimal essential medium (EMEM, ATCC, VA,
USA) containing 10% fetal bovine serum (ThermoFisher
Scientificc, Waltham, MA) in poly-D-lysine coated,
8-chamber slides at a concentration of 50,000/well for
48 hours. The medium was then changed to Neurobasal
containing N2 supplement and L-glutamine (ThermoFisher
Scientific, Waltham, MA), in the absence (medium control)
or presence of human serum (healthy or GWI). For all
experiments, human serum was added in 2 combinations:
control (10%), and GWI (10%).

Stem cells

Murine stem cells (ATCC Cat. No. CRL-11115) were
cultured in medium containing 85% DMEM, 15% non-
heat inactivated fetal bovine serum, and 0.1% beta
mercaptoethanol (BME), with frequent medium changes
until the cells were approximately 70% confluent. The cells
were then released with trypsin and used further in mixed
N2A-stem cell cultures as described below.

Co-cultures of stem and N2A cells

N2A cells seeded on 8-chamber slides at a concentration
of 40,000 cells per chamber or 40,000 cells/chamber and
2,500 stem cells. Neurobasal medium was added in the
N2A cells, and in 50% Neurobasal, 50% stem cell medium
was added in the mixed cultures. 48 hours later, the N2A
and mixed cell cultures were exposed to 10% GWI serum
from 15 GWI patients or healthy serum, and were allowed
to incubate for 2 days before being processed for apoptosis.

Stem cell cultures for exposure to PA63

For exposure to PA63, 25,000 stem cells per well were
seeded to 48-well plates and were kept in a stem cell
medium for 48 hours. At the end of the incubation period
2-3ug PA63 (Creative Diagnostics, Shirley, NJ, USA) were
added in the medium for 45 min. Then equal amount of
PA63 in medium in which PA63 was added and incubated
with the co-cultures were used before and after incubation,
for sodium dodecyl sulfate (SDS)-gel eletrophoresis and
western blotting.
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Western blotting for detection of PA63 in the presence
and absence of stem cells in N2A cell cultures

Equal amounts of medium containing 3 pg of PA63 before
exposure to N2A-stem cells and medium after incubation
with the co-cultures were loaded on 4-12% gradient SDS-
PAGE gels for electrophoresis, and then transferred onto
nitrocellulose membranes. Membranes were blocked
with 5% non-fat milk, 0.1% Tween-20 in TBS for 1 hour
at room temperature, and incubated overnight at 4 °C
with primary monoclonal (CABT-51076MA) or polyclonal
antiserum (Cat. No. CPBT-66806RA; both from Creative
Diagnostics, Shirley, NY, US) and/or polyclonal anti-anthrax
PA63 antibodies (Creative Diagnostics, Shirley, NJ) in
dilution 1:500 according to manufacturers’ instructions.
Membranes were washed in TBS/Tween-20 and incubated
with horseradish peroxidase-conjugated secondary anti-
rabbit and anti-mouse antibodies in dilution 1:30,000 (GE
healthcare, Buckinghamshire, UK) and 5% bovine serum
albumin (BSA) for 1 hour at room temperature. Blots
were visualized with an ECL chemiluminescence substrate
(ThermoFisher Scientific, Waltham, MA).

Quantification of protein levels was performed by
densitometry of the immunoreactive bands using the
Odyssey FC imaging system (Li-COR Biosciences, Lincoln,
NE).

Cell Apoptosis with Terminal deoxynucleotidyl
transferase mediated dUTP Nick End Labeling assay
(TUNEL) assay

The extent of cell apoptosis in cultures of Neuro-2A cells
also mixed with stem cells was examined at 2 days post-
exposure to healthy and GWI serum from each of 15 GWI
patients, using 4- and 8-chamber glass slides (ThermoFisher
Scientific, Waltham, MA) coated with poly-D-lysine at
50ug/ml as mentioned above. N2A cells were seeded at
a concentration of 50,000 cells per chamber, or 40,000
N2Acells and 10,000 stem cells, in 1 ml of Neurobasal/
N2/ L-glutamine medium for 2 days. In sequence, 10%
of healthy or GWI serum, incubated for 60 min at 37°C
was added for 2 more days. At the end of the incubation
period, the cells were examined for apoptosis. Apoptotic
cells were detected using the In Situ Cell Death Detection
Kit, TMR red (Terminal deoxynucleotidyl transferase (TdT)
enzyme and fluorochrome labeling solution) according to
the manufacturer’s protocol. Briefly, the cells were fixed in
ice-cold methanol for 10 min at room temperature, rinsed
with PBS and permeabilized with 0.1% Triton X-100 in PBS
for 3 min on ice. The cells were then incubated with 150ul
of TUNEL reaction mixture for 60 min at 37°C in the dark
(In situ Cell Death Detection Kit, TMR red, (ThermoFisher
scientific, Waltham MA), or Click-iT Alexa Fluor488 Assay
(ThermoFisher scientific, Waltham MA). The cells were
then washed 3X with PBS and Diamond AntiFade mounting

medium with 4’,6-diamidino-2-phenylindole (DAPI) stain
(ThsermoFisher Scientific, Waltham, MA) was used for
visualization of nuclei, using an Olympus 3000 confocal
microscope. an Olympus 3000 confocal microscope.
(ThermoFisher Scientific, Waltham, MA). Eight-10 images
were obtained from different fields from a minimum of two
experiments with each different experimental condition.
Apoptosis was then calculated with Image] software by
measuring the number of TUNEL-labeled cells (red nuclei)
relative to the total cell number (DAPI-stained nuclei).

Statistical analysis

For statistics, the paired t test was used in all instances
using Microsoft Excel.

Results and Discussion

Apoptotic assay

Apoptotic nuclei were identified by red staining with
the TUNEL marker indicating DNA breaks (Figure 1) as we
reported previously.}*2 The presence of stem cells in N2A
cultures exposed to each of the 15 GWI sera, prevented
cell apoptosis which was similar to the extent observed in
medium and the healthy controls (Figure 2).

Discussion

In GWI, a multi-symptom disease of veterans of the
Gulf War (1990-1991) brain function is also affected,
characterized by neurological, cognitive and mood-related
(NCM) symptoms which are often accompanied by mental
health disorders, predominantly posttraumatic stress
disorder (PTSD)'¢. These symptoms accompany functional
and structural brain abnormalities in GWI, such as changes

Figure 1: Control (blue, 4’,6-diamidino-2-phenylindole stain staining
of N2A cell nuclei indicates healthy cells. Red-stained, Terminal
deoxynucleotidyl transferase mediated dUTP Nick End Labeling
(TUNEL) nuclei (arrows) indicate DNA breaks in apoptotic cells. A, B:
Control N2A cells; C, D N2A cells exposed to 10% GW!I serum for 2
days. A, C: N2A cells cultured in the absence of stem cells. B, D: N2A
cells cultured in the presence of stem cells.
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Figure 2: Extent of apoptosis in N2A cultures exposed to GWI serum
in the absence and presence of stem cells in the culture. N2A cell
apoptosis in each of the 15 GWI sera was significantly enhanced
(about 20-40%) compared the medium and healthy controls (7-
8%; p<0.001). The simultaneous presence of stem cells with N2A
cells prior to exposure to GWI totally prevented enhancement of
apoptosis which was similar to the medium and healthy controls
(approximately 3-8%; p<0.001).

PA63 western: 2-3ug PA63 were incubated in wells seeded with
stem cells for 45 min, and stem cell medium before and after
incubation was examined by western blotting (Figure 3A).
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Figure 3A: Western blotting of PA63 before and after exposure to co-
cultures N2A and stem cells. Following exposure to the co-cultures
PA63 was degraded by approximately forty percent. (Figure 3B).
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Figure 3B: PA63 band OD before and after exposure to stem cells.
* p<0.05

in synchronous neural communication patterns*® and
subcortical brain atrophy in certain GWI patients®. Thus
various neuropsychological deficits, particularly in the
domains of attention, executive functioning, memory,
and motor functioning, among other, were reported’.
Overall then, GWI should be included in diseases in which
neurodegeneration occurs.

In order to better examine possible toxic effects of GWI
in the brain, we have used extensively an in vitro neural
cell system, in which N2A mouse neuroblastoma cells were
exposed to serum from GWI patients, and examined the
harmful effects of serum from this disease, which leads
to structural and functional cell changes, resulting in cell
apoptosis!''3, These in vitro data agree with neuronal
cell loss in vivo, which was indicated by brain atrophy in
specific brain areas in certain GWI patients®. It follows that
replacement of the lost cells would be beneficial for these
patients. In order to assess this possibility, we used murine
stem cells co-cultured with N2A cells in our in vitro cell
system, in order to test a possible effect upon exposure to
GWI serum.

Presently there is no cure for brain or other symptoms
of GWI besides symptomatic treatment. Since brain
symptoms then prevail in this disease, the development
of new means to interfere with NCM symptoms is pivotal.
In recent years, stem cell therapy has been intensely
investigated as an alternative treatment using cell therapy.
In particular stem cells including mesenchymal stem cells
(MSC) are pluripotent stem cells with ability for self-
renewal and multidirectional differentiation®®. Thus MSC
may be considered a reliable source of neural cells for
replacement cell therapy in diseases such as GWI, given
the observed subcortical brain atrophy in certain GWI
patients®, which indicates neuronal cell loss.

Neuronal cell loss in our in vitro system was indicated
to be due to inflammatory factors at least in part. These
factors could include components of pathogens present
in the vaccines administered to GW veterans who had
impaired immunity due to the lack of specific protective
HLA alleles®. Evidence about the persisting existence of
vaccine-derived pathogens was obtained in experiments in
which human IgG co-incubated with GWI serum resulted in
substantial protection from cell apoptosis'®. Moreover, the
presence of antibodies against the anthrax vaccine which
has toxic effects, also prevented GWI-induced toxic effects
and N2A cell apoptosis'?. It is therefore possible that part
of the adverse effects of GWI in the brain could involve the
protracted presence of vaccine-derived pathogens.

Stem cells could then convey additional beneficial
effects since mesenchymal stem cells (MSC) were reported
to exhibit spontaneous direct bactericidal activity in vitro
by secreting soluble factors and acting synergistically
with antibiotics, when administered in vivo to mice with
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established S. aureus biofilm infections!*. Factors secreted
by MSC were found to include antimicrobial / host defense
peptides and proteins (AMPs). In fact, MSCs have been
reported to increase bacterial clearance in preclinical
models of sepsis®®. Apparently then, the use of stem cells
should have several protective effects in GWI.

We tested the effect of stem cells by establishing
mixed cell cultures containing both N2A and stem cells,
and exposing these co-cultures to GWI and also stem
cells to PA63 which is derived from the anthrax vaccine
after its administration'®. The presence of stem cells
totally prevented cell apoptosis, which was observed to
be similar to the medium and healthy controls. Moreover,
administration of PA63 antigen to stem cell cultures
resulted in partial degradation of this antigen within 45
min, confirming the previously reported stem cell anti-
microbial/host defense peptides and proteins as protective
factors secreted from these cells'*!5. These data indicate
that the presence of stem cells had a strong protective effect
from GWI and pathogen-induced cell damage in our in vitro
system. If stem cells have similar effects in vivo, they could
prevent neural cell apoptosis and should help preserve
neuronal cells, in addition to promoting the formation
of neurons newly differentiated from mesenchymal and
other stem cells. These cells would also help for removing
possible vaccine-induced pathogens and the resulting
protracted inflammation which accompanies GWTI’. It is
therefore worthwhile to consider further exploration
regarding the use of stem cells as new and effective means
to interfere with GWI disease and its progression. It is
known that stem cells can successfully home to their target
in the brain and initiate repair, making them a promising
approach in cellular therapy in neurodegenerative diseases
including GWI?. Possible sources of self- derived MSC in
adult subjects include the bone marrow and fat tissue’;
Stem cells from these sources could be used in order to
establish their protective effect in vivo in GWI.

Conclusions

The data obtained in this series of experiments strongly
suggest a pivotal protective role of stem cells against the
in vitro harmful effects of GWI serum in a model system of
N2A murine neuroblastoma cells, by inhibiting GWI serum-
induced apoptosis and also degrading the harmful PA63
anthrax antigen. Possible in vivo protection in GWI patients
remains to be substantiated.
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