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ABSTRACT: Protective antigen (PA) 63 (PA63) is a protein derived from the PA83 component contained in the anthrax vaccine. The anthrax
vaccine (“Biothrax”) was administered together with other vaccines to Gulf War veterans, about 35% of whom later developed a multisymptom
disease (Gulf War Illness [GWI]), with prominent neurological/cognitive/mood symptoms, among others. The disease has been traditionally
attributed to exposures to toxic chemicals during the war but other factors could be involved, including vaccines received. Of these, the anthrax
vaccine is the most toxic. Here, we assessed directly the PA63 toxin’s harmful effects on cultured neuroblastoma 2A (N2A) cells with respect
to cell spreading, process formation, apoptosis, and integrity of cell membrane, cytoskeleton, and mitochondria. We found that, when added
in N2A cultures, PA63 toxin led to decreased cell spreading and cell aggregation, leading to apoptosis. The mechanisms of PA63-induced cell
damage included compromised cell membrane permeability indicated by enhanced access of propidium iodide in cells. In addition, signaling
pathways leading to organization of N2A cytoskeleton were negatively affected, as both actin and microtubular networks were compromised.
Finally, the mitochondrial membrane potential was impaired in specific assays. Altogether, these alterations led to apoptosis as a collective toxic
effect of PA63 which was substantially reduced by the concomitant addition of specific antibodies against PA63.
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Introduction

patients. We hypothesized that such persisting antigens could
have originated from vaccines to which GW veterans were
exposed, thus leading to cell damage, low-grade inflammation,
and multisymptom chronic disease. According to the “persistent pathogen” hypothesis,10 healthy GW veterans carrying
protective alleles would have specific antibodies in their blood,
which could neutralize the hypothesized persistent antigens in
GWI serum. As a first step in testing this prediction, (1) we
assessed the effect of GWI serum on function and morphology
of neural cultures (primary neuronal cells and neuroblastoma
2A [N2A] cells) in vitro, and (2) we tested serum from veterans. Indeed, we found that (1) GWI serum exerted harmful
effects on neural cultures, as it compromised cell-cell communication, cell spreading, and cell survival by significantly
enhancing cell apoptosis and (b) those effects were prevented
by the addition of serum from healthy GW-era veterans.15
Therefore, healthy serum may contain, among others, antibodies against harmful antigens present in GWI serum; if so, such
antibodies may hold promise for a successful intervention in
treating GWI.
To test this hypothesis, we initially assessed the effect of
pooled human antibodies in vitro, by adding to the culture pooled
human immunoglobulin G (IgG), which contains antibodies

After the Persian Gulf War of 1990-1991, about one-third
(>200 000) deployed veterans complained of a variety of
chronic physical and neurocognitive symptoms1-4 presently
identified as Gulf War Illness (GWI). We previously described
a number of functional and structural brain abnormalities in
GWI, such as changes in synchronous neural communication
patterns5-8 and subcortical brain atrophy in certain GWI
patients.9 This atrophy was absent in veterans carrying the
human leukocyte antigen (HLA) allele DRB1*13:02,10 one of
6 HLA class II alleles that we had reported previously as protective for GWI, but were lacking from GWI patients.11 The
fewer of those alleles carried, the more severe the symptomatology. The function of HLA class II alleles includes specific
immunity by matching to external antigens, presenting them to
CD4+ lymphocytes and leading to the production of specific
antibodies by B cells to neutralize the offending antigen.12
Hence, the lack of HLA class II protection observed in GWI
would have allowed pathogens to persist.
Indeed, administered antigens have been reported to persist
for prolonged times following immunization in lymphatic
endothelial cells13 and lymphoid follicles.14 It is possible then
that one or several antigens/pathogens persisted in GWI
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against a broad range of pathogens, partially overlapping with
some of those contained in the vaccines administered to GW veterans. However, rare pathogens such as anthrax antigens should
not be present in pooled human IgG, the presence of which
exerted a partial beneficial effect in N2A cultures.16 We then
tested the effects of serum from 15 GWI patients on N2A cells,
in the absence or presence of specific anti-PA63 anthrax antibodies, and observed a significant protective effect in the presence of
GWI serum which was incubated with anthrax antibodies.17
In the present report, we specifically addressed the harmful
effects of anthrax, a rare antigen which was administered to
GW veterans in the form of bacillus proteins, mainly the protective 83 antigen (PA83) the major component in the
“Biothrax” vaccine (https://www.rxlist.com/biothrax-drug.
htm#indications). In vivo PA83 binds to its receptor and is
cleaved by furin family and serum proteases to a 63-kDa PA63
to be active.18,19 In this study, specific anti-PA63 antibodies coincubated with GWI serum had a pronounced protective effect
on functional aspects of N2A cells involving their cell membrane, cytoskeleton, and mitochondrial integrity. Similar protective effects were observed in N2A cells exposed to PA63
which was previously co-incubated with anti-PA63 antibodies.
The obtained data suggest that neutralization or removal of
components of the anthrax vaccine from GWI patients could
represent a useful intervention to alleviate symptoms of GWI
in the future.

Materials and Methods

Anthrax PA63 toxin and serum from 2 GWI patients with
substantial neurocognitive symptoms and no protective alleles
were used; serum from 1 healthy GW era veteran who was free
of Neuro-Cognitive-Mood (NCM) symptoms and had 2 of
the 6 HLA protective alleles 11 was used as control.

Cell Culture
Neuro-2A neuroblastoma (N2A) cells were cultured in Eagle’s
minimal essential medium (EMEM; ATCC, Manassas, VA,
USA) containing 10% fetal bovine serum (ThermoFisher
Scientific, Waltham, MA, USA) poly-d-lysine–coated, 24-well
plates at a concentration of 30 000 to 50 000/well for 48 to
72 hours. The medium was then changed to Neurobasal containing N2 supplement and l-glutamine (ThermoFisher
Scientific), in the absence (medium control) or presence of
human serum (healthy, non-GWI veteran or GWI veteran).
Moreover, protective anthrax antigen 63 (PA63) was added in
N2A cultures at 0.5 μg/mL. The anthrax protein PA63
(Creative Diagnostics, Shirley, NJ, USA) was used instead of
the anthrax vaccine, because the anthrax vaccine administered
to GW veterans contained aluminum (“Biothrax”; https://
www.rxlist.com/biothrax-drug.htm#indications), which is
toxic to cells. For all experiments making use of serum, it was
added in 3 combinations: control healthy (10%), GWI (10%),
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and GWI preincubated with anthrax antibodies, for assessing
cell membrane, cytoskeletal, and mitochondrial integrity.

Cell morphology assay—process formation
The effect of anthrax on the morphology of N2A cells was
examined. In experiments involving anthrax antibodies to
study the effects on cell membrane, cytoskeletal, and mitochondrial integrity, anti-Anthrax Protective Antigen (polyclonal antiserum Cat. No. CPBT-66806RA) and monoclonal
anti-anthrax antibody (CABT-51076MA, both from Creative
Diagnostics, Shirley, NY, USA) were used in parallel with
similar results. Both antibodies were titrated for effects at a
series of concentrations following preincubation with either
anthrax PA63 or GWI serum and used at the lowest active
concentration (15% for polyclonal anti-anthrax antiserum and
5 μg/mL of monoclonal anti-anthrax). Each antibody was
incubated with either anthrax PA63 at 0.5 μg/mL or 100 μL
of GWI serum for 60 minutes at 37°C and then added in a
final volume of 1 mL of Neurobasal medium containing N2
supplement and l-glutamine.
The N2A cells were cultured with PA63 (0.5 μg/mL) for
2 days and the cells were photographed. Images were obtained
from 5 to 8 different fields per sample, from a minimum of 3
experiments using a Motic AE2000-Trinocular inverted
microscope (Ted Pella, Redding, CA, USA), with a Zeiss
Axiocam 105 color digital camera (Carl Zeiss Microscopy,
LLC, Thornwood, NY, USA). The extent of cell spreading was
then calculated with ImageJ software by measuring the number
of cells with processes relative to the total cell number.

Cell apoptosis with terminal deoxynucleotidyl
transferase-mediated dUTP Nick End Labeling
assay
The extent of cell apoptosis of Neuro-2A cells was examined at
2 days postexposure to medium and PA63, using 4- and
8-chamber glass slides (ThermoFisher Scientific) coated with
poly-d-lysine at 50 μg/mL as mentioned above. Neuroblastoma
2A cells were seeded at a concentration of 50 000 to 100 000
cells per chamber, in 1 mL of Neurobasal/N2/l-glutamine
medium for 2 days. In sequence, 0.5 μg of anthrax antibodies or
15% of polyclonal anthrax antiserum were 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 (terminal deoxynucleotidyl
transferase [TdT] enzyme and fluorochrome labeling solution,
Click-iT Alexa Fluor488/green color assay, Thermo Fisher
Scientific) according to the manufacturer’s protocol. Briefly,
the cells were fixed in ice-cold methanol for 10 minutes at
room temperature, rinsed with phosphate-buffered saline
(PBS) and permeabilized with 0.1% Triton X-100 in PBS for
3 minutes on ice. The cells were then incubated with 150 μL of

Tsilibary et al
transferase-mediated dUTP Nick End Labeling (TUNEL)
reaction mixture for 60 minutes at 37°C in the dark. The cells
were then washed 3× with PBS and Diamond AntiFade
mounting medium with 4′,6-diamidino-2-phenylindole
(DAPI) stain (ThermoFisher Scientific) was used for visualization of nuclei, using the EVOS FL Cell Imaging System
(ThermoFisher Scientific). Eight-10 images were obtained
from different fields from a minimum of 2 experiments with
each different experimental condition. Apoptosis was then calculated with ImageJ software by measuring the number of
TUNEL-labeled cells (green nuclei) relative to the total cell
number (blue/DAPI-stained nuclei).

Cell membrane permeability assessed with PI/
membrane repair assay
Membrane perturbations allowing abnormal membrane permeability are the result of harmful factors such as vaccine components: usually membrane damage can be repaired instantly
by intracellularly available calcium in healthy cells, but in pathological conditions, the exogenous addition of calcium is
required to restore plasma membrane integrity. Assessment of
plasma membrane integrity in the presence and absence of
CaCl2 was performed with the use of propidium iodide (PI;
molecular weight: 668.39; Sigma-Aldrich, Milwaukee, WI,
USA) by PI (red) staining of the nucleus through cell membrane openings, in the absence and presence of 1.8 mM
CaCl2.20 A total of 20 000 N2A cells per chamber were cultured in 8-chamber slides in the presence of each of the following: healthy serum, GWI serum, GWI serum co-incubated
with anti-PA63 antibody, PA63, PA63 co-incubated with
PA63 antibody, for 24 hours and were then treated with
DMEM (Dulbecco’s Modified Eagle medium) or DMEM
containing 1.8 mM CaCl2 for 3 minutes. The cells were then
exposed to 50 μg/mL PI for 5 minutes in the dark and rinsed
3× with Tris-buffered saline (TBS). In sequence, the cells were
fixed in ice-cold methanol (−20°C) for 10 minutes and washed
3× with TBS; then, Diamond AntiFade mounting medium
with DAPI stain (ThermoFisher Scientific) was used for visualization of nuclei; the slides were covered with coverslips and
examined with an Olympus 3000 confocal microscope. Eight10 images were obtained from different fields from a minimum
of 2 experiments with each different experimental condition.
Propidium iodide–stained cells/nuclei were then calculated
with ImageJ software by measuring the number of PI-stained
cells/nuclei (red color) relative to the total cell number (DAPIstained nuclei, blue color).

Cytoskeletal integrity
Microtubule-associated protein 2 (MAP2) indicates microtubule stabilizing activity and regulates microtubule networks in
the axons and dendrites of neurons; hence, decreased MAP2
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indicates cell dysfunction and damage.21 Cofilin is a protein
downstream of Rho-kinase signaling, phosphorylation of
which is required for re-organization and stabilization of the
actin cytoskeleton. Decreased amounts of phosphorylated
cofilin (p-cofilin) indicate impaired signaling resulting in
decreased stability of the actin network during the spreading
of neurons and N2A cells.22 The extent of MAP2 and p-cofilin present in N2A cells in the presence of GWI serum, GWI
serum plus antiPA63 antibodies, or medium and PA63 was
examined as follows: 20 000 N2A cells per chamber were
seeded in 4- or 8-chamber slides and were cultured in the
presence of each of the following: GWI serum, GWI serum
co-incubated with anti-PA63 antibodies, medium, or PA63
for 48 hours. The cells were then fixed in ice-cold methanol
(−20°C) for 10 minutes and washed 3× with PBS. The cells
were permeabilized with 0.3% Triton-X for 5 minutes at room
temperature and washed 3× with PBS. Blocking buffer
(200 μL) (PBS containing 4% bovine serum albumin [BSA]
and 0.3% Triton-X) was added and the cells were incubated
for 60 minutes at room temperature with shaking. MAP2
antibody labeled with Alexa Fluor 594 (EDM Millipore,
Danvers, MA, USA), diluted 1:1000 was then added and incubated in the dark for 60 minutes at room temperature with
shaking. The cells were subsequently washed 3× with PBS
and p-cofilin antibody (Cell Signaling, Danvers, MA, USA)
diluted 1:1000 was added overnight at 4°C in the dark with
shaking. Next day, the cells were washed 3× with PBS and
anti-rabbit IgG (Cell Signaling) was added (1:500) for
60 minutes at room temperature in the dark with shaking. The
cells were then washed, and Diamond AntiFade mounting
medium with DAPI stain (ThermoFisher Scientific) was used
for visualization of nuclei; the slides were covered with coverslips and examined with an Olympus 3000 confocal microscope. Eight-10 images were obtained from different fields
from a minimum of 2 experiments with each different experimental condition, and the intensity of MAP2 (Alexa fluor
488 nm/green) combined with p-cofilin (RFP, 588 nm/red)
was then calculated with ImageJ software in 8 to 10 different
fields from each condition.

Mitochondrial membrane potential assay
Many exogenous toxic factors reduce mitochondrial membrane
potential (MMP) by perturbing a variety of macromolecules in
the mitochondria, and therefore affecting different mitochondrial functions. A decrease in the MMP may also be linked to
apoptosis; hence, these organelles are an ideal target for in vitro
toxicity studies.23 To assess MMP, 5000 N2A cells per well were
seeded in 96-well plates for 34 hours. The cells were then treated
with medium, PA63 at 0.5 μg/mL, PA63+ anti-anthrax antibody, healthy serum, GWI serum, or GWI serum preincubated
with anthrax antibodies for 60 minutes at 37°C for 24 hours.
The cells were then processed as follows: as a positive control,
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Figure 1. (A) N2A cell morphology in medium and in the presence of PA63. Cell apoptosis in medium and in the presence of PA63. (B) Intact nuclei stain
blue with DAPI; apoptotic nuclei have green areas stained with TUNEL/green (arrows). (C) Percent spreading of N2A cultures in the presence and
absence of PA63 (**P < .01; ***P < .001). DAPI indicates 4′,6-diamidino-2-phenylindole; N2A cells, neuroblastoma 2A cells; PA63, anthrax protective
antigen 63; TUNEL, Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labeling assay.

FCCP (mesoxalonitrile 4-trifluoromethoxyphenylhydrazone), a
mitochondrial oxidative phosphorylation uncoupler (ab120081;
Abcam, Cambridge, MA, USA) was used at 20 μM for 10 minutes; FCCP depolarizes MMP. Τetramethyl rhodamine ethyl
ester (Abcam) in neurobasal medium was then added at

1500 nM to the wells after removing the media, and the cells
were incubated for 30 minutes and 37°C in the dark. The cells
were then washed with PBS containing 0.2% BSA and the
plates were read (549/575 nm) with a Molecular Devices
Spectramax M5 microplate reader (Sunnyvale, CA, USA).
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Figure 2. N2A cells cultured in the presence of healthy serum (H) or GWI serum (GWI) with and without CaCl2 (Ca) in the presence or absence of CaCl2.
(A) More cells (intact nuclei stained blue with DAPI) became permeable to PI (red stain, arrows) in the presence of GWI serum compared with healthy
indicating compromised ability to reseal their membranes; the addition of exogenous CaCl2 had a protective effect. (B) GWI increased the percentage of
cells permeable to PI almost by 2× (***P < .001). The addition of CaCl2 prevented increased permeability to PI, as did the addition of antibodies to anthrax
(AA) (B). DAPI indicates 4′,6-diamidino-2-phenylindole; GWI, Gulf War Illness; N2A cells, neuroblastoma 2A cells; PI, propidium iodide.

Statistical analysis
For statistics, the paired t test was used in all instances.

Results
Cell spreading and apoptosis
In the presence of PA63, cell spreading was suppressed and N2A
were mostly spherical, aggregated, and devoid of processes, similar to cells exposed to GWI serum, as described previously.11,17
Percent spreading of N2A cells in the presence of 0.5 μg/mL
PA63 was approximately 15% less, and apoptosis was increased
almost 4× more compared with medium (Figure 1A to C).

Cell membrane permeability to PI/membrane
repair assay
Neuroblastoma 2A cells cultured with healthy serum had 15%
cells permeable to PI in the presence or absence of calcium. In
the presence of GWI, more than 25% cells became permeable
to PI; when calcium was added in the cultures, there was no
difference in PI permeability in healthy or GWI-treated cultures. Moreover, PI permeability of N2A cells treated with
GWI serum which was previously incubated in the presence
of antibodies to anthrax was similar to healthy serum, in the
presence or absence of calcium (Figure 2A and B).
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Figure 3. N2A cells in the presence of medium (M) with and without CaCl2 (Ca) or PA63 in the presence or absence of CaCl2. (A) More cells (intact nuclei
stained blue with DAPI) became permeable to PI (red stain) in the presence of PA63 compared with cells in medium indicating compromised ability to
reseal their membranes; the addition of exogenous CaCl2 had a protective effect. PA63 increased percent cells permeable to PI by almost 2× (*P < .05).
(B) The addition of CaCl2 prevented increased permeability to PI, as did the addition of antibodies to anthrax (AA) (**P < .01). DAPI indicates
4′,6-diamidino-2-phenylindole; N2A cells, neuroblastoma 2A cells; PA63, anthrax protective antigen 63; PI, propidium iodide.

Moreover, when N2A cells were cultured in the presence of
PA63, increased permeability to PI compared with cells cultured in medium was observed, similar to the presence of GWI,
which was prevented by the addition of exogenous calcium.
Neuroblastoma 2A cells cultured in medium had 15% cells
permeable to PI in the presence or absence of calcium. In the
presence of PA63, more than 25% cells became permeable to
PI; when calcium was added in the cultures, there was no difference in PI permeability in medium or PA-treated cultures.
Moreover, PI permeability of N2A cells treated with PA63
which was previously incubated in the presence of antibodies
to anthrax was similar to medium, in the presence or absence of
calcium (Figure 3A and B).

Cytoskeletal organization: MAP2 and phosphocofilin (p-cofilin) staining
The organization of microtubular and actin networks was
examined with anti-MAP2 (Alexa fluor green 488 nm) for
microtubules and p-cofilin for actin (RFP red 588 nm).
Neuroblastoma 2A cells in medium had approximately 30%
staining intensity for MAP2 and p-cofilin combined, compared with cells in the presence of PA63 (Figure 4A and B).
Moreover, microtubular and actin cytoskeletal staining was
also significantly decreased in N2A cells exposed to of GWI
serum but increased substantially in the presence of GWI preincubated with antibodies to anthrax (AA). Staining for MAP2
in the presence of GWI + anthrax antibodies increased about
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Figure 4. (A) N2A cells cultured in medium (M) and with PA63. Intensity of staining of MAP2 and p-cofilin combined. Cell nuclei are stained with DAPI
(blue). (B) Intensity of staining for MAP2 and p-cofilin was ranked arbitrarily from 0 to 25. Intensity of staining for combined microtubular and actin
networks was approximately 30% less in the presence of PA63 (B) (*P < .05). DAPI indicates 4′,6-diamidino-2-phenylindole; MAP2, microtubuleassociated protein-2; N2A cells, neuroblastoma 2A cells; PA63, anthrax protective antigen 63.

2× for MAP2 and about 1.6× for p-cofilin compared with
anthrax (Figure 5A and B).

MMP assay
Neuroblastoma 2A cells in the presence of medium (M), healthy
serum (H), GWI serum (GWI), and GWI serum preincubated
with anthrax antibodies (GWI + AA) were examined for depolarization of their mitochondrial membrane, by assessing the mitochondrial potential. Membrane mitochondrial potential was
decreased approximately 40% in the presence of GWI serum compared with the healthy serum; the presence of antibodies to anthrax
had a protective effect, preventing loss of MMP (Figure 6).
In addition, N2A cells cultured in the presence of PA63 had
approximately 30% decrease of their MMP, compared with the
control (medium). In the simultaneous presence of PA63 and
anthrax antibodies, MMP was similar to control cells in
medium (Figure 7).

Discussion

Gulf War Illness is estimated to have affected 175 000 to
250 000 of the nearly 700 000 troops deployed to the

1990-1991 GW operations. The disease is characterized by a
cluster of medically unexplained chronic symptoms that can
include fatigue, headaches, joint pain, indigestion, insomnia,
dizziness, respiratory disorders, and memory problems.3
Proposed causes have originally included exposure to chemical
and microbiological agents and psychological factors. No
definitive evidence has emerged to link chemical exposures to
these symptoms, although epidemiological studies and animal
research suggest some causal relationship with development of
the disease.3 Although exposure to toxicants including toxic
warfare chemicals and pesticides have been attributed to play a
major role based on epidemiological and animal studies,24,25
recent reviews contemplated additional, multifactorial causes
including genetic factors and the administration of multiple
vaccines to Gulf War Veterans.26
It becomes apparent then that vaccines and genetics cannot
be ignored as contributors to this chronic multisymptom disease. In our previous work, it was demonstrated that a cohort
of 82 GWI patients lacked one or more 6 protective HLA
alleles11 which are of paramount importance for the production of antibodies to various pathogens12; the severity of GWI
symptoms was related to the number of missing alleles, in that
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Figure 5. N2A cells cultured in the presence of GWI serum and GWI serum preincubated with anthrax antibodies (GWI + AA). (A) Intensity of staining of
MAP2 (green) and p-cofilin (red) combined. Cell nuclei are stained with DAPI (blue). (B) Intensity of staining for MAP2 and p-cofilin was ranked arbitrarily
from 0 to 18 (*P < .05). DAPI indicates 4′,6-diamidino-2-phenylindole; GWI, Gulf War Illness; MAP2, microtubule-associated protein 2; N2A cells,
neuroblastoma 2A cells.

Figure 6. Mitochondrial membrane potential (MMP) assessed in N2A cells
incubated for 24 hours in the presence of medium (M), 10% healthy serum (H)
or GWI serum (GWI), and GWI serum incubated in the presence of anthrax
antibodies. Mitochondrial membrane potential is shown as an arbitrary scale
(*P < .01). GWI indicates Gulf War Illness; N2A cells, neuroblastoma 2A cells.

patients with fewer protective alleles had more severe symptoms,11 thus strongly suggesting a genetic component in the
development of GWI.

Figure 7. Mitochondrial membrane potential (MMP) of N2A cells cultured
with medium, PA63, and PA63 plus anthrax antibodies. Mitochondrial
membrane potential is shown with an arbitrary scale (*P < .0001).
Neuroblastoma 2A cells indicates neuroblastoma 2A cells; PA63, anthrax
protective antigen 63.

To explore mechanisms of GWI, we previously examined
the effect of serum obtained from GWI patients lacking all 6
protective HLA class II alleles on N2A cultures. Differentiated
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N2A cells resembling neural cells in culture were selected as
neurocognitive symptoms are a main symptom of GWI
patients accompanied by structural9 and functional5 brain
abnormalities in GWI patients.
We previously reported a compromising effect of GWI
serum on primary cortical and N2A cells, which when exposed
to serum from different GWI subjects, had increased network
variability in electrophysiological readings, became aggregated,
could not develop, and/or retracted processes and underwent
apoptosis; these changes were not observed in N2A cultures
exposed to healthy serum from a veteran with all 6 protective
alleles. Moreover, the adverse effects of GWI serum were neutralized in the simultaneous presence of healthy serum.15 This
finding suggests the presence of protective factors in the
healthy serum.
The observed adverse effects of GWI serum on neural cells
could be due to a number of reasons, including toxic or inflammatory factors. In a study by Johnson et al,27 500 patients with
GWI were used to examine by proteomic analysis, inflammatory, and other factors associated with the disease. Despite a
small albeit significant increase in C-reactive protein as an
indicator of inflammation, none of the tested inflammatory
cytokines were increased. Metalloproteinases MMP-2 and
MMP-9 were also moderately increased, as in many inflammatory diseases28 indicating the presence of low-grade inflammation in GWI.
Gulf War Illness veterans, other than having been exposed
to toxic environmental factors, had been administered 20 different vaccines4; hence, an inflammatory response could be
anticipated. The ability to mount antibody titers in response to
vaccines depends on genetic and other factors.29 A number of
studies have correlated HLA class II alleles with the ability to
mount antibodies to different vaccines, including the influenza30-32 and hepatitis B vaccines.33 The observed lack of protective HLA class II alleles in GWI patients11 might have
prevented the formation of vaccine-neutralizing antibodies
resulting in persisting pathogens.6,15
In this report, we addressed the effects of the anthrax vaccine which was administered to GW veterans and was reported
to be toxic in several instances (“Biothrax”; https://www.rxlist.
com/biothrax-drug.htm#indications and https://www.fda.gov/
media/71954/download).34 This vaccine contains anthrax
bacillus components, mainly the protective anthrax antigen 83
(PA83). In vivo PA83 is readily cleaved by cellular furin or
serum proteases to generate the active 63 kDa fragment
(PA63). Accordingly, this vaccine fragment should persist in
GWI patients given their lack of ability to form neutralizing
PA63 antibodies. Hence, we previously examined the effects of
serum from 15 GWI patients lacking all 6 protective HLA
class I alleles on N2A cells and observed that each of the tested
GWI serum samples led to decreased cell spreading with loss
of processes and greatly enhanced apoptosis compared with the
healthy control; the addition of exogenous PA63 antibodies to
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each GWI serum led to remarkable protection by preventing
morphological changes and apoptosis.17 These data implied
the persistence of PA63 from the anthrax vaccine in the tested
GWI serum samples.
Consequently, in this report, we examined the effects of
exogenous PA63 added to N2A cultures instead of the anthrax
vaccine which contained toxic aluminum.35 As expected, the
presence of PA63 led to substantially compromised morphology and enhanced apoptosis of N2A cells, similar to cells
exposed to GWI serum (Figure 1).
Active PA63 formed by enzymatic cleavage of PA83, an
83-kDa precursor polypeptide, after the latter binds to 2 cellular anthrax toxin receptors, ANTXR1 (TEM8, tumor
endothelial marker 8) and ANTXR2 (CMG2, capillary morphogenesis protein 2). The 63-kDa fragment then self-associates to form a heptameric prepore which binds the other 2
anthrax toxins, edema factor (EF) and lethal factor (LF), and
inserts into the cell membrane to create a channel for translocation of LF and EF into the cytoplasm by enzymatically disrupting the host cell.18,36 Although PA63 was considered to
lack toxicity and only mediate the entry of the toxic EF and LF,
it was found to be toxic to several cell types in culture, including Chinese hamster ovary cells. In cultures of these cells which
express the TEM8 receptor, exogenously added PA63 made
the plasma membrane permeable leading to apoptosis.37
This apoptotic mechanism should also apply to N2A cells
binding PA63 through their integrin receptors.38,39 The TEM8
receptor also has a von Willebrand factor/integrin binding
domain.40,41
In an animal model of GWI, loss of neurons has also been
observed along with neuroinflammation in rats exposed to
GW-related chemicals42; neuroinflammation markers in this
animal model of GWI were also present in neurons, in addition
to astrocytes and microglia, and could be detected in the blood,
in neuron-derived extracellular vesicles.43 It appears then that
irrespectively of the cause of brain cell damage, neuronal cells
are affected resulting in cell apoptosis and neuronal loss.
Persistence of PA63 from the anthrax vaccine in GWI
patients is a prerequisite for the apoptotic PA63-cell membrane interaction observed in vitro, possibly mirroring neuronal
damage in vivo.
Indeed, antigens have been described to persist for prolonged times following immunization in lymphatic endothelial
cells13 and lymphoid follicles.14 Persisting antigens could circulate in the blood stream of GWI patients for a prolonged time
due to defective antibody formation and lead to compromised
permeability of the blood-brain barrier44; the anthrax PA63
represents a persisting pathogen possibly present in these
patients. In support of this hypothesis, our previous reports
demonstrated (1) neutralization of GWI-induced adverse
effects on neural cells in the simultaneous presence of GWI
and healthy serum15; this protective effect suggested the presence in healthy serum of antivaccine antibodies which could
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neutralize antigens present in GWI patients; (2) a partial protective effect of pooled human IgG on N2A cell cultures
exposed to GWI serum16; and (3) a remarkable protective
effect on N2A cultures of GWI serum preincubated with
anthrax antibodies.17
Although the exact mechanism of damage observed in N2A
cell cultures from bacterial, viral, and other pathogens in GWI
serum is not completely understood, a number of studies suggest that, among others, binding of PA63 on the cell membrane
could occur, causing disruption and resulting in cell apoptosis.
Protective antigen was previously mentioned to form pores
in membranes, as a cholesterol-dependent cytolysin (CDC)
because of the requirement for cholesterol for pore formation45-47,50; these pores promote release of K+ from unilamellar
phospholipid vesicles.46 In general, in healthy cells, perturbation of the cell membrane results in instant membrane repair
and resealing; however, CDCs and other microbial toxins can
result in more generalized cell toxicity by perturbing endoplasmic reticulum and mitochondrial membranes, disturbing electrolyte balance, and leading to cell apoptosis.45 Indeed, CDCs
are capable of the lysis of a wide variety of nucleated cell types
in vitro.48
Perturbation of the plasma membrane was indicated in our
experiments as N2A cells exposed to PA63 became permeable
to PI due to loss of ability to release calcium and instantly
reseal their membrane. When exogenous calcium was supplied
simultaneously with PA63, plasma membrane permeability
was restored to control levels, confirming the compromised
ability to provide calcium from lysosomal fusion for repairing
the damaged membrane.20 Moreover, when PA63 was preincubated with anti-PA63 antibodies, PI access to N2A cells was
similar to that of control cells cultured in the presence of
medium.
Similarly, N2A cells exposed to GWI had substantially
increased PI access intracellularly compared with healthy serum,
and antibodies against PA63 incubated with GWI serum maintained normal membrane function (Figures 2 and 3).
Compromised membrane permeability results in cell damage often leading to apoptosis. In addition, the fact that N2A
cells exposed to PA63 or GWI had few processes indicated
impaired ability to form and stabilize microtubular and actin
networks. This was confirmed by decreased MAP2 in N2A
cells incubated with either PA63 or GWI serum, suggesting
compromised microtubule stabilizing activity and damage to
the microtubular network.21 Moreover, actin network stability
was decreased as phosphorylation of cofilin (p-cofilin) was
decreased suggesting impaired spreading process and impaired
signaling from Rho kinase to the actin cytoskeleton through
cofilin phosphorylation.22
Indeed, both MAP2 and p-cofilin were reduced in N2A
cells exposed to PA63 or GWI; this decrease in cytoskeletal
networks was prevented by antibodies to anthrax in both
instances (Figures 4 and 5).

Finally, severe impairment of mitochondrial function was
indicated by reduced MMP of N2A cells exposed to either
GWI serum or PA63 (Figures 6 and 7), a defect linked to
apoptosis.23 The presence of anthrax antibodies effectively protected the loss of mitochondrial integrity (Figures 6 and 7).
Mitochondrial dysfunction observed in our in vitro system was
corroborated in vivo by studies with peripheral blood mononuclear cells from veterans with GWI, as both mitochondrial
DNA (mtDNA) lesion frequency and mtDNA copy number
were elevated in these patients relative to controls. Moreover,
greater mtDNA lesion frequency was associated with reduced
enzyme activity for mitochondrial complex I.49
In summary, the obtained data strongly suggest the persistence of PA63 in the serum of GWI patients following vaccination with the anthrax vaccine. This possibility is reinforced
by the observed substantial protective effect of specific polyclonal or monoclonal anthrax PA63 antibodies in structural
and functional components of N2A cells. The mechanisms of
damage include membrane perturbation resulting from interactions with PA63 and leading to abnormal membrane permeability, impaired MMP, and compromised signaling
required for the organization and stability of actin and microtubule networks which impair the ability for process formation. These structural and functional changes which are
induced by GWI serum eventually led to cell apoptosis. In
vivo, this chain of events could be anticipated to lead to neuronal cell loss, as indicated by the previously described subcortical brain atrophy.9
As antibodies to anthrax PA could substantially protect from
abnormal neural function in vitro, additional studies are warranted to establish whether these in vitro observations may provide strategies for in vivo intervention with GWI. The specific
target is anthrax-persisting antigen(s) which could be neutralized
or removed as a means to alleviate symptoms of the disease.
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