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ABSTRACT: Gulf War lliness is a multisymptomatic condition which affects 30% of veterans from the 1991 Gulf War. While there is evidence for
a role of peripheral cellular and humoral adaptive immune responses in Gulf War lliness, a potential role of the adaptive immune system in the
central nervous system pathology of this condition remains unknown. Furthermore, many of the clinical features of Gulf War lliness resembles
those of autoimmune diseases, but the biological processes are likely different as the etiology of Gulf War lliness is linked to hazardous chemical
exposures specific to the Gulf War theatre. This review discusses Gulf War chemical-induced maladaptive immune responses and a potential
role of cellular and humoral immune responses that may be relevant to the central nervous system symptoms and pathology of Gulf War lliness.
The discussion may stimulate investigations into adaptive immunity for developing novel therapies for Gulf War lliness.
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Significance Statement

Gulf War Illness (GWI) is possibly caused by exposure to haz-
ardous chemicals and pesticides which may be capable of stim-
ulating adaptive immune responses. In this review, we focus on
how Gulf War chemical-induced maladaptive immune
responses may contribute to the central nervous system (CNS)

pathology in GWI.

Introduction
The 1990 to 1991 Persian Gulf War (GW) was a rapid response
by the United States and allies to the invasion of Kuwait by Iraq.
During the course of this war, almost 700 000 U.S. troops and
military personnel from Australia, Canada, Denmark, France,
and the United Kingdom were deployed to the Persian Gulf
region. Although the war itself was brief with low combat casu-
alties, nearly 30% of returning soldiers began reporting multiple
symptoms which included fatigue, headaches, gastrointestinal
discomfort, respiratory issues, chronic pain, and cognitive prob-
lems.! This condition is now termed Gulf War Illness (GWI),
and results from exposure to various hazards experienced by sol-
diers during the conflict, including chemicals such as pesticides,
nerve agents, and prophylactics against these nerve agents (GW
chemicals).? This review will primarily focus on GW chemi-
cals as triggers of adaptive immune responses that contribute to
the central nervous system (CNS) symptoms observed in veter-
ans with GWI. The objective is to identify underlying patho-
logical processes which could be further investigated to identify
novel therapeutic targets and biomarkers of GWI.

During the 1991 GW, soldiers were exposed to a variety of
hazardous chemicals; smoke and combustion products from oil-
well fires, multiple vaccines, pesticides, the acetylcholinesterase

(AchE) inhibitor pyridostigmine bromide (PB) and nerve agents
such as sarin gas.2 Given the types of symptoms reported by veter-
ans, initial hypotheses around causal factors for GWI focused on
vaccinations.>* Military personnel deployed to the Gulf region
received multiple vaccinations including these against anthrax,
tetanus, diphtheria, typhoid, and yellow fever.> A potential role of
multiple vaccination in GWI was initially promoted by Rook and
Zumla, who suggested that large shifts away from normal immune
responses after combined vaccination could have produced symp-
toms commonly reported by veterans with GWIL.¢ Several studies
also suggested an association between soldiers receiving different
combinations of vaccines and GWI onset.278 For instance, a
cross-sectional study showed that GWI symptoms such as fatigue,
psychological distress, and poor physical functioning were associ-
ated with multiple vaccines received during deployment.*
However, Steele et al’ showed no association between vaccines
and GWI symptom reporting once analyses were adjusted for
exposure to GW chemicals. Boyd et al'® showed that when com-
paring low wersus high symptom self-reporting, the botulism vac-
cine was associated with increased reporting of symptoms whereas
all other vaccines were not significant, particularly when analyzed
with respect to PB use and chemical exposure. Concerns were
raised against the use of pertussis and squalene as adjuvants for the
anthrax vaccine without sufficient a priori research testing. Some
studies have suggested that squalene in the anthrax vaccine may
have also contributed to GWI, as antibodies against squalene were
more prevalent among veterans with GWI compared to healthy
GW veterans.!12 Another study showed no association between
the presence of squalene antibodies and the diagnosis of GWI.13
A recent case-control study of GWI showed that even though
cases appeared to have a higher rate of vaccination compared to
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controls, adverse effects reported by GWI patients were more
strongly associated with pesticide exposure.!* Both 2008 and 2016
reports by the Research Advisory Committee on GW Veterans’
Illnesses concluded that potential contributions of vaccines to
GWI remain unconfirmed.!2 Furthermore, in the absence of ani-
mal studies that evaluate GWI-related neurobehavioral changes
and neuropathology following combined vaccine administration, a
possible causal role of multiple vaccination in GWI pathogenesis
remains to be determined.

Among GW chemical exposures, PB has been widely
accepted as one of the key contributors to GWI. Soldiers were
instructed to take PB tablets as an anti-nerve agent at a dose of
90 mg per day.? However, variations in use occurred as some
troops took up to 3 times more than the recommended dos-
age.? Use of PB among GW veterans has also been associated
with a higher rate of motor and cognitive impairment when
compared to soldiers who did not consume PB."> Some studies
showed that an increase in the severity of symptom reporting
by GW veterans was associated with an increase in days of PB
consumption. A higher prevalence of GWI diagnosis was asso-
ciated with consumption of =21 pills of PB compared to those
who consumed <21 pills.®1¢ However, many of these studies
were unable to detect an independent effect of PB alone and
suggested potential interactions with stress and other GW
chemicals as additional key contributors to the etiology of
GWI.12

According to the 2003 Environmental Exposure Report by
the Department of Defense (DoD), it was estimated that 15
different pesticides, including 13 insecticides used by GW sol-
diers, were of significant concern due to their overuse in the
theatre.!” These included pyrethroids, DEET (N,N-diethyl-3-
methylbenzamide) and organophosphate (OP) AChE inhibi-
tors.'” Permethrin (PER), a pyrethroid, was either provided as
a 0.5% spray or was imbedded in their uniforms.!” In addition
to commonly available 33% DEET as cream, during the GW,
soldiers were also provided a liquid form which contained 75%
DEET.? Among ground troops, 62% reported using PER or
DEET ranging from 20 to 30 times per month. Gulf War vet-
erans who reported using PER or DEET experienced symp-
toms consistent with GWI diagnosis compared to those who
did not use these chemicals.? Organophosphate pesticides (eg,
chlorpyrifos [CPF], dichlorvos, and malathion) have also been
described as contributors to GWI since these were used as fogs
and sprays during GW by pesticide applicators who reported
chronic health problems after returning from the conflict.>!8
In contrast to chronic GWI presentation, acute OP poisoning
symptoms generally develop immediately after exposure and
range from mild tremors to severe muscle contractions, dizzi-
ness, headaches, abdominal cramps, nausea, vomiting, and
blurred vision.!” In some circumstances, OP-induced delayed
neuropathy (OPIDN)? develops several weeks later and con-
sists of distal weakness and sensory loss.?0 The DoD reported
that munitions containing 8.5 metric tons of sarin/cyclosarin
were destroyed by U.S personnel at Khamisiyah in Iraq and

exposed about 20 000 individuals to low levels of OP gas.l”
Among soldiers who witnessed the Khamisiyah demolition,
some reported symptoms resembling those of acute OP poi-
soning! and chronic cognitive deficits have been reported by
GW veterans with predicted exposure to Khamisiyah plumes.?!
Additionally, severity of symptom reporting by GW veterans
worsened with longer durations of pesticide use,® suggesting a
dose-response relationship between exposure to GW chemi-
cals and GWI symptomatology. As such, there is a high likeli-
hood that exposure to these pesticides contributed to the
symptoms experienced by ill GW veterans.

It is also reported that soldiers who were more frequently
using multiple pesticides were also taking more PB pills.? For
instance, nearly 1 in 4 GW veterans reported using several pes-
ticides ranging from 51 to 120 times in a month while taking
15 to 19 PB pills during the same time frame.? Animal studies
show that compared to a single GW chemical, combined expo-
sure to several of these GW chemicals resulted in higher occur-
rences of neurobehavioral deficits consisting of cognitive
impairment, fatigue, anxiety and neuropathological alterations
suggesting activation of the CNS immune system (ie, astroglia
and microglia activation and neuroinflammation).’»?>-26 These
studies are supported by neuroimaging work showing struc-
tural alterations in the brains of veterans with GWI consisting
of neuroinflammation, neuritic loss and a disruption of white
matter integrity.?’-30 Collectively, these studies provide a strong
rationale for a role of GW chemicals in the pathobiology of
GWTI and provide additional support that these chemicals may
have triggered chronic and persistent health problems experi-
enced by veterans with GWI.

Role of Immune System in GWI

As mentioned above, the clinical presentation of GWI suggests
that ongoing immune dysfunction is one of the key drivers in the
chronic pathology of this illness. Current literature suggests that
both the innate and adaptive immune systems play a role in the
chronic and persistent pathophysiology of GWI. While a role of
innate immunity in GWI has been well-described and reviewed
elsewhere,?:32 this review will focus primarily on the role of
adaptive cellular and humoral immune responses (Figure 1) in
the context of GW chemical exposure and discuss how such
chemicals can promote long-lasting changes in the immune sys-
tem. Discussions will also include how crosstalk between the
brain’s innate immune system and the peripheral adaptive
immune cells could contribute to the CNS pathology in GWI.

Adaptive Immune Responses to GW Chemicals in
GWI

It was previously assumed that small chemicals (<1000
Daltons) can escape detection by the immune system. It is
now known that many of these chemicals can become hap-
tens by forming adducts with endogenous proteins, allowing
recognition by the immune system as new antigens, thus
causing an activation of adaptive immune responses.3334
Classic examples of hapten-forming compounds include
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non-steroidal anti-inflammatory drugs (NSAID), penicillin
and certain diuretics, all of which can trigger allergic immune
responses.3® Certain of GW chemicals can also form protein
adducts, suggesting that endogenous proteins modified by
GW chemicals could serve as haptens. A study of CPF poi-
soning in humans showed that CPF, or its metabolite CPF-
oxon CPO), can form adducts with tyrosine residues in
human albumin.3> Sarin itself can also form adducts with
serum albumin and butyrylcholinesterase, and such adducts
have been detected in the tissue from a female fatally poi-
soned during the 2013 nerve gas attack in Syria.’¢ The major
PER metabolite 3-phenoxybenzoic acid (3-PBA) undergoes
glucuronidation in the liver prior to urinary excretion.3” These
glucuronides can form adducts with specific amino groups on
proteins.3” Protein adducts of 3-PBA have been measured in
human plasma from farm workers and represent biomarkers
of chronic PER exposure.3® Others have shown that protein
adducts of 3-PBA can be detected a month after exposure to
PER in guinea pigs (Noort pers. comm.). Consistent with
these findings, Joshi et al®® showed that 3-PBA haptens can
be detected up to one-month after exposure to PER in mice
and in serum from individuals with chronic pyrethroid expo-
sure. As with 3-PBA, it is possible that a common DEET
metabolite, m-toluic acid, can undergo the same glucuronida-
tion process and form adducts with endogenous proteins.*’
However, this has not been evaluated yet and studies have yet
to report whether PB can also form adducts with proteins.
Certain haptens have been detected in lymph nodes where
they are displayed on the major histocompatibility complex
(MHC) protein by dendritic cells (DC)*#2 and other antigen
presenting cells (APC). In the lymphatic system, these APCs
display MHCII-bound haptens to naive T-cells, resulting in

the generation of antigen-specific effector and memory T-cells

and subsequent activation of B-cells, finally resulting in anti-
body production against the haptenated proteins.*»*3 Although
this has not been studied extensively in the context of GW
chemicals, an ex vivo murine blood culture study showed that
CD19+ and CD27+ B-cells were increased after administra-
tion of 3-PBA-albumin compared to free 3-PBA, albumin, or
control treatments.? Additionally, effector T-cells (CD3+ and
CD4+ T-helper [Ty] cells) were elevated after 3-PBA-
albumin treatment compared to all other treatments.’® These
studies suggest that GW chemicals or their metabolites can
activate peripheral adaptive immune responses. This led us to
hypothesize that exposure to GW chemicals that can form
adducts with proteins and become haptens that may then elicit
immune changes that persist for decades after exposure to such
chemicals (Figures 2 and 3). Furthermore, once the adaptive
immune system becomes maladaptive, chronicity of GWI can
be explained by skewed cellular,and humoral immune responses
observed in veterans with GWI that are summarized below.

Activation of Cellular Adaptive Immunity in GWI

Veterans with GWI have elevated levels of lymphocytes and
monocytes.3%#% Increases in B-cells and memory B-cells
(CD19+ and CD27+) have been observed in the blood of
veterans with GWI3*# and in a mouse model of GWIL.3? A
study conducted in early 2000 showed an increase in CD4+/
CD8+ T-cell ratios in the blood of veterans with GWI com-
pared to controls.** Whistler et al* observed lower ratios of
CD4/CD8 in GWI compared to controls but an absolute
CD4+ and CD8+ count did not differ between these 2
groups. Elevated CD3+ CD4+ but no change in CD8+
T-cells corresponded with higher ratios of CD4/CD8 cells in
veterans with GWI and in mice exposed to GW chemicals.?
Zhang et al*’ showed elevated levels of CD3+ CD4+ T-cells

I Acute | | Subacute |
f ! LA 4
GW Chemical Exposure  peyjnheral Immune Activation
l Brain Immune
Activation

GWI Pathology

Brain Immune
Dysfunction/Inflammation

| I
Hours Days Weeks

Months

Years

Figure 2. A hypothetical timeline of GW pesticide-induced immune dysfunction. This figure shows how the initial exposure to GW chemicals may give

rise to chronic and persistent immune dysfunction associated with GWI.
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among GW veterans with chronic fatigue syndrome (CFS)
compared to healthy GW veterans. The inconsistency of CD4/
CD8 ratios may be due to the timing of these studies in rela-
tion to the chronicity of GWI or possible methodological dif-
ferences where a generalized CD8 would not differentiate
between cytotoxic-T-cells and contributions from other cells.*8
For instance, CD8 is expressed not just on T-cells but it can
also be found on the natural killer (NK) and dendritic cells*
and, therefore, if studies did not select specifically for CD3+
T-cells, the ratios could represent contributions of CD8 from
NK and dendritic cells as well. Since CD4+ T-cells initially
differentiate into pro-inflammatory Tj;1 and anti-inflamma-
tory T;2 lineage, many studies have focused on these immune
responses in GWL.#->3 Rook and Zumla proposed that multi-
ple vaccinations may have contributed to a shift in a T2
immune response, presenting with increases in anti-inflamma-
tory cytokines.® However, most studies conducted to date do
not support a strictly Ty;1 or T2 type immune response. For
example, Skowera et al*® showed increases in CD4+ T-cells
which produce T};1 skewed pro-inflammatory cytokines, such
as interleukin (IL)-2, IL-1p, interferon gamma (IFN-v), and
Tumor Necrosis Factor alpha (TNF-a) among ill compared to
healthy GW Elevated plasma levels of
pro-inflammatory cytokines, such as IL-6, IFN-y, and TNF-a

veterans.

and chemokines CX3CL1, CCL5 and CXCLS8 are also
reported in GWI compared to controls.3?22°4-56 Low TNF-a
levels have also been reported in veterans with GWI compared
to healthy controls.”> A mouse model of GWI shows changes
in IL-6, IL-1p and IFN-y levels; many of these cytokines are
chronically elevated in blood of mice exposed to GW chemi-
cals compared to control mice.3%°7-59

Interleukin-4 and IL-10 are generally associated with T2
responses to suppress inflammation.®® In GWI veterans,
CD4+ T-cells expressing IL-4 were elevated in comparison to
healthy GW veterans.®® While IL-10 expressing CD4+
T-cells did not differ at baseline, these cells increased I1L-10
expression in GWI compared to controls upon stimulation.*
However, plasma levels of IL-4 are lower and no changes are
observed in IL-10 in GWI compared to healthy controls.”>>>
Other studies have shown elevated Ty17 cytokines in GWI
compared to control GW veterans, also supporting an activa-
tion of pro-inflammatory responses in GWI5261.62 (see Table 1
for a summary of T}; immune response in GWI). Hence,
reported variations across these studies with respect to T';1 and
T2 responses may be due to the timing of these studies in
relation to GW chemical exposure and the chronicity of this
illness. Despite these differences, collectively, these studies sug-
gest mixed Ty;1 and T2 response as well as T;17 responses

Table 1. Summary of T41, T2, and T,;17 cytokine profiles in veterans with GWI compared to control veterans.

T, RESPONSES CYTOKINES GWI VS. CONTROLS AUTHOR

Tyl IL-2 Upregulated Zhang et al*’
IFN-g
TNF-a

T2 IL-10 Upregulated

Tal IFN-g Downregulated Everson et al*®
IL-6 No change
TNF-a No change

Tyl IFN-g Upregulated Skowera et al?®
IL-2

Th2 IL-4 Upregulated
IL-10

T2 IL-5 Upregulated Smylie et al®!
IL-13

Tyl IL-1b Upregulated Parkitny et al>3
IL-15 No change

Th2 IL-10 No change

Ty17 IL-17 No change

SUMMARY

GW veterans with CFS had increased mRNA expression
of these cytokines in peripheral blood lymphocytes.

IFN-g was lower in unstimulated cell supernatant of
symptomatic GW compared to asymptomatic veterans.

Both T,1 and T,,2 cytokines on CD4+ T-cells were
elevated in ill compared to healthy GW veterans. Upon
activation, CD4+ T-cells expressing IL-10 increased in ill
GW veterans.

Sex bias was observed at peak effort with female veterans
with GWI showing elevated plasma IL-5 levels compared
to healthy female GW veterans. IL-13 was only elevated in
plasma from male veterans with GWI compared to healthy
male veterans.

Apart from IL-1b, most T;1, T2 and T17 cytokines in

serum did not differ between the groups. Both IL-1b and
IL-15 were correlated with daily fatigue severity.

(Continued)
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Table 1. (Continued)

T, RESPONSES

CYTOKINES  GWIVS. CONTROLS AUTHOR

SUMMARY

Tyl IFN-g Upregulated Khaiboullina et al®?
TNF-a Downregulated
Ty17 IL-17A Upregulated
IL-17F
T2 IL-33 Upregulated
IL-5
Th2 IL-13 Downregulated
IL-25
IL-4
Ty2 IL-6 Upregulated Broderick et al5*
IL-5
IL-10
Tyl IFN-g Upregulated
TNF-a No difference
IL-6 No difference
Tyl IL-6 Upregulated Butterick et al®®
Tyl IFN-g Upregulated Joshi et al3®
IL-6
IL-1b
TNF-a
T2 IL-5 No difference
Tyl IL-6 Upregulated Alshelh et al%¢
IL-1b
TNF-a

often observed in patients with autoimmune diseases, such as
Graves’ disease and Rheumatoid Arthritis,%3%* and may also
suggest an autoimmune component to GWI. In most autoim-
mune disorders, however, dysregulated cellular immune
responses are secondary to reduced immunological self-toler-
ance,® which has not yet been reported in GWI.

Antibody Mediated Adaptive Inmune Responses in
Veterans with GW1

Evidence for abnormal humoral immune responses in GWI is
evidenced by increases in immunoglobulin G (IgG) and immu-
noglobulin M (IgM) in the blood of those with GWI com-
pared to healthy GW veterans.** The presence of anti-nuclear
antibodies (ANA), which target nuclear envelop proteins in
autoimmune diseases,®® have also been detected in serum of
pyrethroid-exposed individuals.®” Skowera et al®® studied this

In serum, 14 (17.7%) out of 77 cytokines were significantly
different between GWI and control subjects.

Plasma IL-6 was elevated in GWI compared to controls. In
stimulated PBMC, IL-5 was elevated at before exercise but
IFN-g increased post-exercise in stimulated cells.

Plasma IL-6 was marginally increased in GWI and
correlated with plasma CRP.

Plasma T1 cytokines IFN-g and IL-1b were significantly
elevated and TNF-a and IL-6 being marginally elevated in
GWI compared to controls.

These cytokines were marginally increased in GWI
compared to control subjects.

in the context of GWI, but serum ANA levels did not differ
between GWI as compared to healthy GW veterans. Presence
of antibody-antigen complexes which engage the complement
system is also a feature of systemic lupus erythematosus (SLE)-
type autoimmune diseases.®” To assess the presence of immune
complexes, Vojdani et al* examined anti-Clq levels which
were elevated in veterans with GWI compared to controls. A
pilot study examining circulating immune complex (CIC)
associated with complement C3d showed that their levels did
not differ between veterans with GWI compared to healthy
GW veterans (Abdullah, unpublished data).

A recent study focusing on GW pesticide exposure detected
antibodies against 3-PBA-albumin in blood from veterans
with GWI and in a mouse model of GWL.3? Importantly, anti-
bodies from veterans with GWI, and GW chemical-exposed
mice did not cross-react with albumin alone.3’ These studies
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suggest that humoral responses in GWI do not resemble those
of typical autoimmune diseases and that there may be humoral
responses specific to GW chemical exposure. While peripheral
antibodies may be of diagnostic value, particularly those that
are specific to GW chemicals, their role in the chronic pathol-
ogy of GWI (if any) has yet to be determined.

Crosstalk between Innate and Adaptive Immunity in
the CNS Pathology of GWI

Under normal physiological conditions, immune surveillance of
the brain by leukocytes, T-cells, B-cells and monocytes, is
largely restricted to the choroid plexus (CP) and the meninges
by the presence of the blood brain barrier (BBB).”® The menin-
geal lymphatic system lies beneath the dural sinuses and allows
transport of surveying immune cells from the CNS to the lym-
phoid organs.” Under pathological conditions, immune cells in
the extra-parenchymal compartments secrete cytokines that
alter BBB permeability, allowing these leukocytes to gain access
to the brain parenchyma where they play a role in the ongoing
brain pathology.”® Microglia are viewed as the resident innate
immune cells of the brain and play a key role in modulating
immune responses within the brain parenchyma. While astro-
glia are not traditional immune cells, they do participate in both
the innate and the adaptive immune responses in the CNS.72
Activation of these cells has been reported in animal models of
GWI?-2% and Translocator protein, a marker of microglia,
and astroglia activation, is upregulated in the brains of veterans
with GWL.%¢ In addition to these cells, infiltrating blood mono-
cytes and lymphocytes also contribute to brain inflammation in
certain autoimmune conditions like Multiple Sclerosis (IMS).7
In MS, CNS immune dysfunction is associated with the failure
of regulatory mechanisms which suppress autoreactivity and
maintain self-tolerance.”® However, it is unclear if self-tolerance
mechanisms of the adaptive immune system have become
abnormal in GWI. Furthermore, GWI does not appear to have
an MS-type clinical presentation and no evidence exists of an
increased risk of MS in veterans with GWI.

There is also a possibility that peripheral immune dysregula-
tion in GWI could alter the inflammatory milieu in the brain.
For instance, during systemic inflammation, peripheral cytokines
can increase matrix metalloproteinase 9 (MMP9) activity at the
BBB and enhance the transmigration process, allowing periph-
eral immune cells to infiltrate the CNS.7” At 7-months post-
exposure to PB and PER in mice, BBB disruption was evident
through significant increases in MIMP9 and IgG but showed
decreases in the tight junction protein occludin in the brains of
exposed mice.3? Hence, these studies suggest that BBB distur-
bances may allow peripheral immune cells to infiltrate the CNS.
Circulating monocytes are capable of replenishing long-lived
brain macrophages that reside within the leptomeningeal com-
partments of the brain.”* Animal studies suggest that under
inflammatory conditions, astroglia can release chemokines, such
as Chemokine (C-C motif) ligand 2 (CCL2), which recruit
these macrophages and/or peripheral monocytes to the CNS.7

Release of CCL2 by astrocytes in the brain promotes the egress
of blood monocytes into the parenchymal space in mice.” Using
amouse model of GWI, Joshi et al*® showed that C-C chemokine
receptor (CCR2) and its ligand CCL2 were elevated in the
brains of GW chemical exposed mice. Increases in CCL2
mRNA was also detected in the brains of mice exposed to corti-
costerone and a sarin surrogate Diisopropyl fluorophosphate
(DFP).” In GW chemical exposed mice, increases of blood
CD11b+ and CD115+ monocytes corresponded with increases
in macrophages (CD11b+, CD206+, and Ly6C+)3? that are
derived from monocytes capable of infiltrating the brain,’7”
which are distinct from brain-resident microglia.”” These studies
suggest that a communication between peripheral leukocytes
and resident immune cells in the brain may be integral to the
ongoing brain pathology associated with GWI. This process is
unlikely to be specific to the initial pathogenic drivers of GWI,
but nevertheless suggests their role in the chronic CNS pathol-
ogy of GWL

When there is a breakdown of self-tolerance with impaired
tolerogenic responses,® peripheral APC and lymphocytes
entering the brain parenchyma following BBB disruptions may
perceive brain proteins as foreign antigens and promote anti-
body production against brain proteins.”® Alternatively, brain
proteins leaking into the periphery may be seen as foreign anti-
gens by the peripheral immune cells which may then give rise
to antibodies against brain proteins.”” In either circumstance,
antibodies could be raised against brain proteins via activation
of humoral immune responses. In that regard, a recent study
showed that autoantibodies against brain proteins, such as glial
fibrillary acidic protein (GFAP), myelin basic protein (MBP)
and tau are elevated in veterans with GWI compared to con-
trols.®0 These brain-specific autoantibodies have been detected
in individuals with chronic fatigue syndrome (CFS) and in
individuals exposed to OP pesticides.8182 Elevation of brain
protein-specific autoantibodies has also been seen in other
conditions, such as MS, traumatic brain injury (TBI), and
Alzheimer’s disease (AD).838% These occurrences appear to
accompany a wide range of neurological illnesses’! and may
represent secondary aspects following a variety of brain insults.
However, mechanisms that contribute to humoral responses
against brain proteins in GWI remain unknown, as currently
there is no evidence for an infiltration of peripheral lympho-
cytes in the brains or leakage of brain proteins in the periphery
for either veterans with GWI or in current rodent models fol-
lowing GW chemical exposure.

It is thought that antibodies against peripheral antigens may
enter the brain through the circumventricular organs or when
the BBB is compromised. For example, Sydenham’s chorea
(SC), a neurological manifestation of rheumatic fever, is an ill-
ness where antibodies against Group A B-hemolytic strepto-
coccus cross-react with neuronal proteins.®® In this regard, SC
represents a good example of a humoral immune response to an
environmental antigen that results in cross reactivity to self-
proteins and subsequently causes damage to the brain. In SLE,
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N-methyl-D-aspartate (NMDA) receptors are targeted by
peripheral autoantibodies that were originally generated
against self-antigens (ie, double-stranded DNA) due to
reduced immunological tolerance and inadequate clearance of
apoptotic debris.®>% In SLE, pathologic autoantibodies are
thought to interfere with neurotransmission, alter cellular sign-
aling and promote neuroinflammation.?” For instance, anti-
NMDA antibodies, isolated from patients with SLE and
administered to mice, are shown to cause neuronal damage by
activating the microglial complement component Cl1q.”!
Interestingly, anti-NMDA antibodies isolated from patients
with psychosis reduced synaptic transmission compared to
antibodies from control subjects.®® These studies suggest that
antibodies against foreign or self-antigens are capable of dis-
turbing the neuroimmune homeostasis in the brain. However,
at present, the role of the adaptive immune system in the CNS
pathology of GWI and the communication between the
peripheral adaptive immune cells and the CNS resident
immune cells remains unclear in GWI.

Conclusions and Future Directions for
Understanding the Molecular Mechanisms of GW
Chemical-Induced Adaptive Immune Dysregulation
Associated with the Chronic CNS Pathology of GWI
Clinical similarities between GWI and other autoimmune dis-
orders initially suggests a presence of comparable underlying
adaptive immune responses. Cellular immune responses in
GWI appear to be closely related to RA, but a lack of comple-
ment cascade activation, ANA and anti-phospholipid antibod-
ies suggests GWI is unlikely to be share features of classic
autoimmune diseases. Hence, drawing parallels between GWI
and autoimmune diseases may be somewhat misleading given
that many biological features of GWI appear to be inherent to
GW chemical exposures and do not follow the classic clinical
patterns of aforementioned autoimmune diseases. Interestingly,
the presence of 3-PBA hapten antibodies and CNS immune
activation supports further investigation into the mechanisms
associated with GW chemical-induced disturbances in adaptive
immunity. There exist several key outstanding questions with
respect to GW chemical-induced immune dysfunction which
require further attention. For instance, there is no evidence that
GW chemical adducts and any haptens (ie, 3-PBA-albumin)
generated from these chemicals play a causal role in GWL. It is
also unclear whether anti-3-PBA-albumin antibodies are able
to enter the brain and contribute to the brain pathology in
GWI. While evidence of peripheral autoantibodies entering the
brain and causing brain damage in SC and SLE do reveal such
possibilities, this has not been demonstrated in GWI.
Furthermore, it is unclear whether peripheral adaptive immune
responses could trigger changes in adaptive immune cells or
whether innate immunity may be associated with different trig-
gers in GWI. In conclusion, additional research into the role of
adaptive immune responses in GWI is warranted to better

understand the chronic pathobiology of GWI and develop
therapies for this illness, which after 30 years, clearly remains an
outstanding need of veterans with GWI.
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