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Gulf War Syndrome (GWS) is a multisystemic illness afflicting
many Gulf War-era veterans. The molecular pathological basis for
GWS has not been established. We sought to determine whether the
presence of antibodies to squalene correlates with the presence of signs
and symptoms of GWS. Participants in this blinded cohort study were
individuals immunized for service in Desert Shield/Desert Storm during
1990–1991. They included 144 Gulf War-era veterans or military
employees (58 in the blinded study), 48 blood donors, 40 systemic
lupus erythematosus patients, 34 silicone breast implant recipients, and
30 chronic fatigue syndrome patients. Serum antibodies to squalene
were measured. In our small cohort, the substantial majority (95%) of
overtly ill deployed GWS patients had antibodies to squalene. All
(100%) GWS patients immunized for service in Desert Shield/Desert

Storm who did not deploy, but had the same signs and symptoms as
those who did deploy, had antibodies to squalene. In contrast, none
(0%) of the deployed Persian Gulf veterans not showing signs and

symptoms of GWS have antibodies to squalene. Neither patients with
idiopathic autoimmune disease nor healthy controls had detectable
serum antibodies to squalene. The majority of symptomatic GWS
patients had serum antibodies to squalene. q 2000 Academic Press

INTRODUCTION
The illnesses afflicting men and women who served in
the military conflict in the Persian Gulf during 1990–1991
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remain ill-defined. A constellation of symptoms including
fatigue, rashes, headaches, arthralgias, myalgias, lymphade-
nopathy, diarrhea, memory loss, autoimmune thyroid dis-
ease, increased allergies and sensitivities to environmental
elements, and neurological abnormalities collectively re-
ferred to as Gulf War Syndrome (GWS) have been described
in veterans from this conflict (Persian Gulf Veterans Coordi-
nating Board, 1985; Grady et al., 1998; Fukuda et al., 1998;
Unwin et al., 1999; Coker et al., 1999). A symptom-based
case definition of GWS has recently been described (Fukuda
et al., 1998). While GWS patients in general do not suffer
from classic rheumatic diseases, the signs and symptoms
are reminiscent of entities, such as arthralgias, fibromyalgia,
lymphadenopathy, autoimmune thyroid disease, chronic fa-
tigue syndrome, malar rashes, and musculoskeletal signs and
symptoms associated with various autoimmune conditions
and exposure to silicone, an organic material developed, in
part, to be used as an immunological adjuvant for vaccines
(Ismail et al., 1999; Straus, 1999; Hyams et al., 1996).
Many, if not most, of these signs and symptoms are caused,
promoted, or modulated by cytokines (Dinarello, 1988;
Akiro et al., 1990), further details of which are beyond

the scope of this paper. Serological abnormalities including
hypergammaglobulinemia and abnormal serum proteins
have been reported in 45% of GWS patients (Grady et al.,
1998). A variety of possible explanations for GWS have been
proposed. The Persian Gulf Veterans Coordinating Board
addressed the issues of possible chemical and biological
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weapons to account for these illnesses (Persian Gulf Veterans
Coordinating Board, 1995). Haley et al. (1997) grouped
various reported symptoms into six different syndromes
based upon self-reported possible exposure to chemicals in
the Persian Gulf. It has been suggested that a combination
of chemical and biological weapons exposure may account
for GWS illnesses. Abou-Donia et al. (1996) examined the
acute effects of pyridostigmine bromide and organophos-
phate exposure in chickens and suggested that the toxicity
observed may be similar to that suffered by Gulf War veter-
ans. Another explanation for GWS is that it is posttraumatic
stress syndrome (Hyams et al., 1996).

It has also been suggested that GWS may be due to expo-
sure to biological weapons, dysregulation of the immune
system (Rook et al., 1998), or imbalance in the TH1/TH2
ratio, either as an adverse reaction to the intense vaccination
schedule or as a result of exposure to biological agents in
the Persian Gulf (Rook et al., 1998).

Gulf War veterans and attendant civilian personnel re-
ceived a variety of immunizations in preparation for possible
deployment to the Persian Gulf theater. A similar intensive
vaccination regimen was also used in British troops (David
et al., 1997). Epidemiological studies indicate that multiple
vaccinations or vaccination against biological warfare agents
are the factors with the highest correlation with GWS symp-
tomatology (Unwin et al., 1999).

We have identified a group of GWS patients who served
in American and British military forces or worked as civilian
employees to the U.S. military or their contractors during

Desert Shield/Desert Storm in the Persian Gulf, 1990–1991.
These patients served in all branches of the military and

received the required immunizations. They served through-
out the Persian Gulf, including on ships of the U.S. Navy
not in combat or exposed to environmental toxins at ground
level. We have found antibodies to squalene, an experimental
immunological adjuvant, in a high percentage of these
GWS cases.

MATERIALS AND METHODS
Patients were admitted to the study based upon service in
the United States or the United Kingdom military or as
civilian employees of the U.S. military or their contractors
in the Persian Gulf during 1990–1991. Patients became
aware of the study via the Internet and word of mouth
with other veterans and were enrolled consecutively on a
voluntary basis. No fees were paid by the subjects or to
ASA, CAO, AND GARRY

the subjects who participated in this study. Included were
individuals who fit the recently proposed case definition
for GWS (Fukuda et al., 1998) and others without GWS
symptoms. Service occurred in Desert Shield/Desert Storm,
Operation Provide Comfort (in northern Iraq where there
were no chemical weapons), CENTCOM in Saudi Arabia,
Kuwait, Camp 4 (front lines), and medical units in various
locations in Saudi Arabia. Some were in theater for months.
Others were evacuated due to illness after as little as 48
h after arrival and before the war commenced. We tested
deployed personnel who served in various parts in theater
during the war, but were and are not sick. We tested patients
referred to as nondeployed veterans, those immunized for
duty in the Persian Gulf, but who did not leave the United
States or were deployed elsewhere. None participated in
NIH experimental vaccination trials, although our positive
control subjects had participated in such trials and were
known to have received squalene-containing adjuvant injec-
tions. Further controls had idiopathic autoimmune disease
or silicone breast implants or were healthy subjects with no
stigmata of autoimmune disease.

Patient records and histories were obtained from the Gulf
War-era participants. Board-certified rheumatologists, neu-
rologists, and endocrinologists made all diagnoses. Compila-
tion of data, including commercial lab results, was done by
chart review by one investigator (P.B.A.) and was reviewed
by board-certified rheumatologists.2 Serum samples from
study participants were collected by laboratory personnel
via standard phlebotomy procedures using vacutainer tubes
and butterfly needles and were stored at 2208C until they
were shipped to Tulane University School of Medicine in
New Orleans. Samples from Gulf War-era veterans were
blinded. The identities or exact number of samples from
each category was not made available to the Tulane labora-
tory until after completion of the diagnostic testing. All
samples were tested twice under the same conditions. Results
from all samples in both tests were consistent. At the end
of the study, patient data were matched with the outcome
of the anti-squalene antibody (ASA) assay and results
were tabulated.
Anti-squalene Antibody Assay

The ASA assay measures the binding of serum immuno-
globulin (IgG) to squalene immobilized on nitrocellulose. It
is similar in format to the antipolymer antibody (APA) assay

2Dr. D. Kevin Asa, M.D., Memphis, Tennessee. Dr. Michelle Petri,
Johns Hopkins University, Baltimore, Maryland.
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chronic multisystem disease. The cohort of GWS patients
in our study have many signs and symptoms of autoimmune
ANTIBODIES TO SQUALENE IN GULF WAR SYNDROME

for partially polymerized acrylamide (Tenenbaum et al.,
1997). Seropositivity on the APA assay has been shown to
correlate with severe musculoskeletal signs and symptoms
present in a subset of silicone breast implant recipients (Ten-
enbaum et al., 1997). For the blinded study, squalene (.99%
purity) was diluted 10-, 100-, 1000-, and 10,000-fold in
distilled water, applied to nitrocellulose membranes, and
allowed to air-dry. The nitrocellulose membranes were then
cut into 4-mm-wide strips, placed in 20-well trays, and rinsed
in wash buffer (Tris-buffered saline containing 0.3% polyox-
yethylene sorbitan monolaurate and 0.005% thimerosal, pH
7.4). The strips were incubated in 2 ml blocking buffer (Tris-
buffered saline containing 5% powdered instant milk, 4%
goat serum, and 0.008% thimerosal, pH 7.4) for 45 min
prior to the addition of 5 ml of patient sera (1:400 dilution)
followed by a further 90-min incubation. This dilution factor
was chosen based upon the very strong antibody responses
found in GWS patients. All incubations and washes were
carried out at room temperature on a rocking platform. The
blocking buffer was then removed and the strips were
washed with washing buffer (three times for 5 min each).
After the strips were washed, 2 ml of blocking buffer con-
taining biotin conjugated to goat anti-human IgG (Kirken-
gaard & Perry Laboratories, Gaithersburg, MD), diluted
1:1000, was added. After a 60-min incubation, the strips
were again washed as above, and 2 ml of blocking buffer
containing avidin-conjugated horseradish peroxidase (Jack-
son ImmunoResearch, West Grove, PA), diluted 1:500, was
added. Following another 60-min incubation, the strips were
washed, as above, and 2 ml of detection-buffered saline
containing 30% methanol, 0.6 mg/ml 4-chloro-1-napthol,
0.03% hydrogen peroxide; pH 7.4) was added. The reaction
was allowed to proceed for 15 min and was stopped by

rinsing the strips in distilled water. The strips were allowed
to air-dry for visual scoring on a scale of 0 to 14.
Statistical Analysis

The strength of binary relationships was tested using x 2

tests of independence. This protocol was a feasibility study.
Accordingly, no power studies were performed.
RESULTS

Primary Studies

To ascertain that our assay could detect antibodies to squa-
lene, we had positive controls who were two subjects who
TABLE 1

Squalene Reactivity of NIH Vaccine Trial Participants

Patient Doses of squalene ASA reactivity

A 1 11
B 3 13

had volunteered to participate in a vaccine trial at the NIH
involving the use of a squalene-containing adjuvant (Table
1). Subsequent to vaccination, they developed a multisystem
disorder similar to that of Persian Gulf veterans. Their symp-
toms are listed in Table 2.

Patient A received a single injection and became ill within
3 weeks, with signs and symptoms including arthritis, fi-
bromyalgia, lymphadenopathy, photosensitive rashes, fa-
tigue, headaches, and fasciculations. This patient had lower
than normal acetylcholinesterase and histological evidence
of IgG-mediated demyelinization. The NIH vaccine study
code was broken; only adjuvant containing squalene had
been administered as a placebo. This patient was weakly
positive for ASA. Patient B went through the complete ex-
perimental vaccination protocol before manifesting a similar
set of signs and symptoms and was 13 for ASA.

Fukuda and co-workers (1998) have reported that individ-
uals deployed to the Persian Gulf who became sick have a
connective tissue and neurological disease with arthritis
(94%), fibromyalgia (94%), lymphadenopathy (94%), rashes
(94%), weakness (86%), fatigue (81%), chronic headaches
(78%), and memory loss (72%) as the most frequent symp-
toms (Table 3).

It should be noted, however, that most patients did not have

TABLE 2

Symptoms Which Appeared after a Single Adjuvant Injection

Arthritis
Fibromyalgia
Lymphadenopathy

Rashes
Photosensitive rashes
Malar rashes
Chronic fatigue
Chronic headaches
Fasciculations
Lymphocytic infiltrates around vascular tissue
IgG-mediated demyelinization
Lower than normal levels of acetylcholinesterase



ALS 8 0 0 0
Raynaud’s phenomenon 42 0 75 66

Sjogren’s syndrome 8 0 Unknown 33
Chronic diarrhea 36 0 63 66
Night sweats 36 0 88 66
Low grade fevers 39 0 88 66

Note. D-S, deployed, sick (N 5 38); D-W, deployed, well (N 5 12);
ND-S, nondeployed, sick (N 5 8); UK-D, deployed, sick, UK (N 5 3).

an optimal workup for connective tissue and neurological
autoimmune diseases because of the limited resources in
the Veterans’ Administration hospitals or military hospitals.
Nevertheless, all patients reported here meet the case defini-
tion recently established (Fukuda et al., 1998). In agreement
with a prior study (Grady et al., 1998), some of these GWS

patients also had abnormal laboratory values, including posi-
tive antinuclear antibodies (ANA;17%), anti-dsDNA (14%),
low C3 and C4 (14%), anemia (14%), anti-thyroid micro-
somal antibodies (14%), and elevated ESR and/or CRP
(22%). A minority of symptomatic patients met diagnostic
criteria for classical autoimmune diseases, including Sjo-
gren’s syndrome (8%), multiple sclerosis (3%), ALS (8%),
and systemic lupus erythematosus (17%).
ASA, CAO, AND GARRY

Likewise, military personnel from the United Kingdom
have shown the same array of signs and symptoms as those
from the United States. Their signs and symptoms included
arthritis (100%), fibromyalgia (100%), lymphadenopathy
(100%), rashes (100%), chronic fatigue (100%), chronic
headaches (100%), and memory loss (66%). Laboratory data
are not unavailable for this group. They also had malar
rashes, Raynaud phenomenon, and sicca syndromes. Thus,
our cohort represents a subset of veterans that displays mani-
festations of GWS. The severity of symptoms in our cohort
can be explained by a self-selection bias in that the patients
volunteered for our study.

Persons activated to deploy who were vaccinated, but did
not deploy for a variety of reasons, had an array of signs and
symptoms with even higher frequencies of arthritis (100%),
fibromyalgia (100%), lymphadenopathy (100%), rashes
(100%), weakness (100%), fatigue (100%), chronic head-
aches (100%), and memory loss (100%) (Table 3). The non-
deployed individuals had higher rates of dizziness (100%),
seizures (50%), and neuropsychiatric abnormalities (88%).
The number in this group was small, and these differences
were not statistically significant. Laboratory values for the
nondeployed individuals with GWS were abnormal, with
positive ANA (50%), anemia (50%), and elevated ESR and/
or CRP (75%).

In contrast, abnormal signs, symptoms, and laboratory
values were rare in the cohort of Gulf War-era veterans who
considered themselves well and upon examination did not
have debilitating health problems. They reported some signs
and symptoms, but their illnesses were not multisystemic
(Table 3). The signs and symptoms reported included fibro-
myalgia (8%), chronic fatigue (33%), weakness (17%),
memory loss (25%), and thyroid disease (8%). None reported
positive laboratory values for autoimmune processes or were
so diagnosed.

Musculoskeletal signs and symptoms are more common
in females than males, and autoimmune diseases are predom-
inantly found in females in ratios ranging from 8:1 to 14:1
(Michet et al., 1985; Geirsson et al., 1994). We wished to
determine why predominantly male military personnel, both
deployed and nondeployed, initially found fit for duty during
the war, would develop signs and symptoms common to
58

TABLE 3

Symptoms and Diagnostic Lab in GWS Patient Groups

D-S D-W ND-S UK-D
(%) (%) (%) (%)

Arthritis 94 0 100 100
Fibromyalgia 94 8 100 100
Lymphadenopathy 94 0 100 100
Rashes 94 0 100 100
Photosensitive rashes 25 0 75 100
Malar rashes 17 0 63 100
Chronic fatigue 81 33 100 100
Chronic headaches 78 0 100 100
Abnormal body hair loss 19 0 38 33
Nonhealing skin lesions 42 0 63 66
Apthous ulcers 36 0 63 66
Dizziness 47 8 100 66
Weakness 86 17 100 66
Memory loss 72 25 100 66
Seizures 14 0 50 66
Mood changes 72 0 63 100
Neuropsychiatric problems 44 0 88 66
1FANA 20 0 50 Unknown
Anti-dsDNA 14 0 Unknown Unknown
Low C3 and C4 14 0 Unknown Unknown
Anti-thyroid 14 0 Unknown Unknown
Anemia 14 0 50 Unknown
Elevated ESR &/or CRP 25 0 75 Unknown
SLE 17 0 50 Unknown
MS 3 0 Unknown Unknown
autoimmune diseases. Many studies have shown that adju-
vants used to enhance vaccine efficacy can induce autoim-
mune disease (Zamma, 1983; Lorentzen et al., 1995; Madz-
hidov et al., 1986; Kleinau et al., 1995). Thus, we sought
whether GWS patients who received immunizations had
antibodies to an immunological adjuvant. Squalene was cho-
sen as it has been used in many experimental vaccine adju-
vant formulations since 1987. A variation of a previously
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described assay, one which measures the binding of serum
antibodies to low-molecular-weight polymers (Tenenbaum
et al., 1997), was used in the current study. This immunologi-
cal assay, similar in format to Western immunoblotting,
quantitates the binding of antibodies to squalene immobi-
lized on nitrocellulose (Fig. 1). Serum samples were tested
blindly. We found that GWS patients who deployed had
ASA responses ranging in intensity from 11 to 14. Most
of the sick Gulf War veterans had 12 and 13 reactivity to
squalene at a serum dilution of 1:400. One individual had
an especially strong reaction rated as 14. A high majority
(95%) of symptomatic deployed individuals with GWS were
positive on the ASA assay (Fig. 2A).

Interestingly, all sick veterans who did not deploy but had
received immunizations as preparation for deployment also
had antibody reactivity to squalene. In contrast, none of the
persons deployed to the Gulf who thought of themselves as
well were ASA positive.

Other Studies
Squalene is an organic polymer, with some antigenic epi-
topes which mig
acting as immun
tially polymerize
mer assay) were
symptomatic Gu
culoskeletal sign

FIG. 1. Antisqualene antibody responses in representat
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breast devices were tested to see if antibodies to squalene
were present; none were reactive (see below). To determine
if antibodies to squalene occurred in idiopathic autoimmune
diseases, samples were taken from patients who had defined
autoimmune diseases, both rheumatic and neurologic, but
none were reactive. To determine if healthy individuals from
the general public might have antibodies to squalene, we
tested members of the general public. Again, none showed
antibody reactivity (Table 4).

In a broader unblinded antibody-screening study, antibod-
ies to squalene were studied in larger groups of individuals
(Fig. 2B). Blood samples of Gulf War veterans from different
medical centers were tested for ASA. This group contained
a high percentage of ASA-positive individuals (69%). The
samples included were not segregated according to their
clinical status and included healthy controls. Squalene is
in some cosmetic products, so we tested to determine if
antibodies were present in the general population. Samples
of blood from blood banks indicated only 5% antibody reac-
tivity to squalene and the reactions were much less intense

(Fig. 1). To determine if antibody to squalene was a marker
for autoimmune disease processes, tests were conducted on

upus erythema-
sitive reactivity
tigue syndrome

S patients, but
ies have shown
ast devices with
blood samples from patients with systemic lht be shared with other organic polymers,
tosus. This group had 10% ASA weakly poostimulants. Antibodies to silicone and par-
(Fig. 2B). Patients suffering from chronic fad acrylamide (the antigen in the antipoly-
have some of the signs and symptoms of GWweakly positive in fewer than 10% of the
showed only 15% weak reactivity. Prior studlf War-era veterans. Four patients with mus-

s and symptoms and exposure to silicone that most individuals exposed to silicone bre
ive Gulf War Syndrome patients and blood donors.



tients, blood donors, systemic lupus erythematosus (SLE) patients, chronic
I) recipients. (A) Blinded samples. *, P , 0.001 compared to percentage

P ,
FIG. 2. Antisqualene antibody responses in Gulf War Syndrome pa
fatigue syndrome patients, and symptomatic silicone breast implant (SB
positive in well Gulf War veterans by x2 test. (B) Unblinded samples. *,
UK-D 100
Breastimplants 0
NIH vaccine participants 100
Idiopathic autoimmune disease 0
Healthy general public 0

Note. D-S, deployed, sick (N 5 38); D-W, deployed, well (N 5 12);
ND-S, nondeployed, sick (N 5 8); UK-D, UK deployed, sick (N 5 3);
NIH vaccine trial patients (N 5 2).
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severe musculoskeletal signs and symptoms have serum anti-
bodies reactive to a synthetic polymer (polyacrylamide)
(Tenenbaum et al., 1997). Both silicone and acrylamide, like
squalene, are potent immunological adjuvants (Naim et al.,
1997; Nicholson et al., 1996; Yoshida et al., 1994; Sergott
et al., 1986). Therefore, we tested for cross-reactive antibod-
ies to squalene in serum from patients exposed to SBI. Only

TABLE 4

Squalene Antibodies—Blinded Study Patient Groups

Patient group ASA reactivity (%)

D-S 95
D-W 0
ND-S 100
0.001 compared to percentage positive in Gulf War Syndrome patients.

10% of this group were weakly positive for antibodies to
squalene (Fig. 2B), confirming the results with the smaller
sample in the blinded portion of the study.

DISCUSSION

The illnesses afflicting military veterans and civilians who
served in the Persian Gulf in 1990–1991 have remained
clouded in confusion and controversy. Several recent studies
have indicated that the Gulf War-era patients are suffering
from a chronic multisystemic illness, but with a continuum
of signs and symptoms not within the definitions of “classic”

rheumatic diseases or other specific disorders (Fukuda et
al., 1998; Ismail et al., 1999; Straus, 1999). In some, onset
of illness occurred within a few weeks after receiving immu-
nizations. This includes personnel never deployed due to
illness. It also included some who did deploy, but were in
theater for as little as 48 h before being sent home before
the war began because of severe joint and muscle pain and
neurological problems. Other Gulf War veterans became ill
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years after the war, but showed illnesses similar to those
who became ill soon after vaccination. The variability of
expression of symptoms and severity may be due to individ-
ual immune responses genetically regulated by the histocom-
patibility complex (Lorentzen et al., 1995; Madzhidov et
al., 1986).

Our results suggest that ASA reactivity is a marker for
the signs and symptoms of GWS. Finding serum antibodies
to squalene in Gulf War patients is unexpected, and the basis
for the presense of these antibodies remains unclear. ASA
are not a general marker for autoimmune disease due to
their absence in idiopathic autoimmune patients and rarity
in patients with other, presumed environmentally induced,
autoimmune diseases. The signs and symptoms of our Gulf
War patients are similar to those of a subset of female patients
following exposure to silicone. Some individuals with sili-
cone exposure suffer from many of the multisystem symp-
toms, viz, arthralgias, myalgias, lymphadenopathy, and neu-
rological disorders prevalent in GWS patients in the current
study (Bridges et al., 1993; Brautbar et al., 1995; Wolford,
1997). Symptomatic silicone breast implant recipients also
have high levels of antibodies to synthetic polymers (Tenen-
baum et al., 1997) and to silicone,3 but did not have high
prevalence of ASA.

It has been suggested that abnormal immune responses
may be involved in GWS (Rook et al., 1997). Immunological
adjuvants have the generally desirable property of eliciting
cell-mediated immunity and antibodies when administered
with an antigen. They may also cause a more generalized
and indiscriminate stimulation of the immune system and
disrupt the balance of immune self-regulatory mechanisms,
which may lead to autoimmune disease (Zamma, 1983; Lore-
ntzen et al., 1995; Madzhidov et al., 1986; Kleinau et al.,
1995). Squalene has been used extensively as an adjuvant
in animal models to induce autoimmune diseases (Lorentzen,
1999; Beck et al., 1976; Kohashi et al., 1977; Garrett et
al., 1985; Whitehouse et al., 1974; Yoshino et al., 1994).
Cytokines are mediators of immunological regulation and

inflammatory responses (Van der Meide et al., 1996), and
increased cytokine levels are associated with the develop-
ment of autoimmune disease in established rodent models
of autoimmunity (Fitzpatrick et al., 1996). Squalene has
been shown to induce increased levels of interleukin-5 (IL-
5), IL-6, and interferon-g (Valensi et al., 1994). Several
different adjuvants have been demonstrated to produce or
exacerbate autoimmune diseases in experimental models.

3Cao, Yan et al., unpublished observations.
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Adjuvant-induced arthritis is a well-characterized autoim-
mune disease induced in rats and other species (Zamma,
1983; Lorentzen et al., 1995; Madzhidov et al., 1986;
Kleinau et al., 1995). The disease process in adjuvant-in-
duced arthritis is complex, affecting multiple organ systems.
For example, a cachetic syndrome (Rofe et al., 1994) and
testicular dysfunction (Clemons et al., 1989) have been asso-
ciated with adjuvant-induced arthritis. Uveitis, a T-cell medi-
ated intraocular inflammatory disease, can also be induced
by adjuvants (Petty et al., 1996). Neurological diseases can
be the result of immunological mechanisms, including auto-
immunity (Rogers et al., 1996; Tebin et al., 1996; Honnorat
et al., 1995; Wucherpfennig et al., 1990; Cross et al., 1991;
Bansal et al., 1994), and neurological symptoms are com-
monly seen in autoimmune diseases (McNichollet et al.,
1994; Zanone et al., 1993; Moll et al., 1993).

All pharmacology is controlled toxicology. Although not
approved by the Food and Drug Administration for human
use, squalene has been used as an adjuvant in experimental
vaccines against a variety of pathogens, including Bacillus
anthracis (Ivins et al., 1994), Plasmodium falciparum (Hoff-
man et al., 1994), and herpes simplex virus (Burke et al.,
1994). Effectiveness of adjuvants has been shown to parallel
toxicity defined as the initiation of autoimmune disease pro-
cesses (Zamma, 1983; Koga et al., 1986). Adjuvants should
not produce reactions at injection sites, be pyrogenic, or
induce anterior uveitis, arthritis, or other protean autoim-
mune processes (Allison et al., 1991). A study using squalene
as an adjuvant in influenza vaccine reported moderate to
severe local and systemic reactions in humans (Keutek et
al., 1993). The participants suffered induration, erythema,
lymphadenopathy, fever, chills, nausea, and dizziness, symp-
toms which lasted for several days. Another squalene-con-
taining adjuvant was used with gp120 in a human immunode-
ficiency virus vaccine, where it induced severe systemic and
local reactions in 15 of 30 vaccinees (Keefer et al., 1996).
Similarly, in a study of simian immunodeficiency vaccine
in macaques, squalene was used as an adjuvant, and the
animals developed anti-human-cell antibodies and autoim-
mune-like symptoms (Vaslin et al., 1992). Future studies
should determine whether or not ASA have a role in these
pathological processes.
Squalene is a naturally occurring molecule absorbed from
food and synthesized as a precursor for cholesterol, myelin,
and hormones. This synthesis occurs within the hepatocytes
and is further processed into cholesterol in the endoplasmic
reticulum (Stamellos et al., 1993). Fecal analysis indicates
that about 60% of dietary squalene is absorbed (Strandberg
et al., 1990). Dietary squalene is absorbed through lymphatic
vessels after being cyclized to sterols during transit through



exposed to chemical weapons. If GWS was due to an exoge-
nous infectious agent, the immunosuppressive regimens used
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the intestinal wall (Tilvis et al., 1983). It is processed into
chylomicrons by the epithelial cells of the small intestines. It
becomes a lipid droplet covered by b-lipoprotein containing
triglyceride and cholesterol ester. This increases serum levels
of free and esterified methyl sterol contents. About 90% of
absorbed squalene is in lipoproteins, appearing in chylomi-
crons and VLDL, suggesting that removal of dietary squa-
lene may indicate metabolism of intestinal lipoproteins (Gyl-
ling et al., 1994).

Squalene is a nonsteroid precursor of cholesterol. Reports
have indicated that high titers of autoantibodies to choles-
terol, once considered to be a poorly immunogenic molecule,
could be generated by immunization with liposomes con-
taining cholesterol and lipid A as adjuvant (Swartz et al.,
1988; Alving et al., 1991; Dijkstra et al., 1996). Injection
of either silicone gel or silicone oil intraperitoneally also
resulted in high titers of autoantibodies to cholesterol (Alv-
ing et al., 1996). The silicone component serves as an adju-
vant as well as initiating the autoimmune process. The high
titers were IgM with relatively low titers of IgG to cholesterol
(Dijkstra et al., 1996; Alving et al., 1996). The specificity
of these antibodies was to cholesterol and structurally similar
sterols containing a 3b-hydroxyl group. Anticholesterol
binding activity was significantly diminished if the 3b-hy-
droxyl domain was altered by oxidation, substitution, epi-
merization, or esterification (Dijkstra et al., 1996). It has
been reported that naturally occurring autoantibodies have
been detected in humans (Alving et al., 1989), but these
were much lower in titer than those produced with either
lipid A or silicone.

Several facts argue against our assay detecting cross-reac-
tive antibodies to cholesterol instead of antibodies specific
for squalene. First, squalene is neither a sterol nor does it
have a 3b-hydroxyl group. The respective molecular struc-
tures, internal molecular bonding, charge distribution, and
antigenic epitopes are different. Second, if high-titer autoan-
tibodies to cholesterol that are cross-reactive with squalene
are normal, we should see no difference between our various
patient groups. The GWS patients and NIH positive control
patients are very distinct in their strong IgG antibody reactiv-
ity to squalene. Third, if silicone alone can generate antibod-
ies to cholesterol and these are cross-reactive to squalene,

we should see high antibody reactivity to squalene in patients
exposed to silicone in addition to the GWS and NIH patients.
This did not occur.

In the course of these studies, we examined two volunteers
for a vaccine trial at the NIH involving squalene as adjuvant.
They developed a multisystem disease similar to that seen
in Persian Gulf veterans subsequent to their participation in
the trial. One received a single injection and became ill
ASA, CAO, AND GARRY

within a few weeks with signs and symptoms including
arthritis, fibromyalgia, lymphadenopathy, photosensitive
rashes, fatigue, headaches, and fasciculations. This individ-
ual had lower than normal acetylcholinesterase, histological
evidence of lymphocytic infiltrates around vascular tissue,
and IgG-mediated demyelinization. After this NIH vaccine
study code was broken, it was found that only adjuvant
squalene had been administered as placebo. This patient was
weakly positive for ASA. Another patient who went through
the whole experimental protocol before manifesting a similar
set of signs and symptoms was 31 positive for ASA.

Multiple vaccinations and vaccination against biological
warfare agents are the factors with the highest correlation
with GWS symptomatology (Unwin et al., 1994). It is im-
portant to note that our laboratory-based investigations do
not establish that squalene was added as adjuvant to any
vaccine used in military or other personnel who served in
the Persian Gulf War era. Several investigators have specu-
lated that GWS is the result of either exposure to chemicals,
chemical weapons, or to biological agents encountered in
the Persian Gulf (Persian Gulf Veterans Coordinating Board,
1995; Abou-Donia et al., 1996; David et al., 1997; Ha-
ley,1997). However, such exposure would likely have imme-
diate effects and many Gulf War veterans were well until
months or years after the military conflict. Many of these
GWS patients have improved on treatment regimens pre-
scribed by their personal physicians, rheumatologists, and
neurologists, namely the immunosuppressives used for clas-
sical rheumatological conditions.4 These treatments have
included steroids, methotrexate, hydroxychloroquine, and
cytoxan. Such treatments would have no effect on subjects
would likely result in an exacerbation of the symptoms. This
did not occur. The molecular pathology of GWS must be
defined before its etiology can be assigned. We present here
evidence of an immune factor based upon the adjuvancy of
squalene. Further studies are required to define the role of
ASA, if any, in the pathogenesis of GWS.
We thank David L. Smalley, Ph.D. for advice and discussion. R.F.G.
has been supported for work on autoimmune diseases by research
grants from Autoimmune Technologies of New Orleans, Louisiana,
and the NIH.

4Asa, P.B. et al., unpublished observations.



ANTIBODIES TO SQUALENE IN GULF WAR SYNDROME

REFERENCES

Abou-Donia, M., Wilmarth, K., Jensen, K., Oehme, F., and Kurt, T.
(1996). Neurotoxicity resulting from coexposure to pyridostygmine
bromide, deet, and permethrine: Implications of Gulf War chemical
exposures. J. Toxicol. Environ. Health 48, 35–56.

Akira, S., Hirano, T., Taga, T., and Kishimoto, T. (1990). Biology of
multifunctional cytokines: IL6 and related molecules (IL1 and TNF).
FASEB J. 4, 2860–2867.

Allison, A., and Byars, N. (1991). Immunological adjuvants: Desirable
properties and side effects. Mol. Immunol. 28, 279–284.

Alving, C. R., and Swartz, G. M., Jr. (1991). Antibodies to cholesterol,
cholesterol conjugates and liposomes: Implications for atherosclero-
sis and autoimmunity. Crit. Rev. Immunol. 10, 441–453.

Alving, C. R., Swartz, G. M., Jr., and Wassef, N. M. (1989). Naturally
occurring autoantibodies to cholesterol in humans. Biochem. Soc.
Trans. 17, 637–639.

Alving, C. R., Wassef, N. M., and Potter, M. (1996). Antibodies to
cholesterol: Biological implication of antibodies to lipids. Curr. Top.
Microbiol. Immunol. 210, 181–186.

Bansal, A., Abdul Karim, B., Malik, R. A., Goulding, P., Pumphrey,
R. S., Boulton, A. J., Holt, P. L., and Wilson, P. B. (1994). IgM
ganglioside GM1 antibodies in patients with autoimmune disease
and neuropathy, and controls. J. Clin. Pathol. 47, 300–302.

Beck, F. W., and Whitehouse, M. W. (1976). Modifications in the
establishment of allergic encephalomyelitis (EAE) in rats: An im-
proved assay for immunosuppressive drugs. Agents Actions 6,
460–467.

Brautbar, N., Campbell, A., and Vojdani, A. (1995). Silicone breast
implants and autoimmunity: Causation, association, or myth? J.
Biomater. Sci. Polym. Ed. 7, 133–145.

Bridges, A. J., Conley, C., Wang, G., Burns, D. E., and Vasey, F. B.
(1993). A clinical and immunological evaluation of women with
silicone breast implants and symptoms of rheumatic disease. Ann.
Intern. Med. 118, 929–936. [see comment].

Burke, R., Goldbeck, C., Ng, P., Stanberry, L., Ott, G., and Van Nest,
G. (1994). Influence of adjuvant on the therapeutic efficiency of a
recombinant genital herpes vaccine. J. Infect. Dis. 170, 1110–1119.

Clemons, J., and Brout B. (1989). Testicular dysfunction in the adju-
vant-induced arthritic rat. J. Androl. 10, 419–421.

Coker, W. J., Bhatt, B. M., Blatchley, N., and Graham, J. T. (1999).
Clinical findings for the first 1000 Gulf War veterans in the Ministry
of Defence’s medical assessment programme. BMJ 318, 290–294.

Cross, A., and Raine, C. (1991). Central nervous system endothelial
cell–polymorphonuclear cell interaction during autoimmune demye-
linization. Am. J. Pathol. 139, 1401–1409.
David, A., Ferry, S., and Wessely, S. (1997). Gulf War illness. BMJ
314, 239–240.

Dijkstra, J., Swartz, G. M., Jr., Raney, J. J., Aniagolu, J., Toro, L.,
Nacy C. A., and Green, S. J. (1996). Interactions of anti-cholesterol
antibodies with human lipoproteins. J. Immunol. 157, 2006–2013.

Dinarello, C. A. (1988). Biology of interleukin 1. FASEB J. 2, 108–115.

Fitzpatrick, J., Koh, J., Hartwell, D., Beller, D., and Levine J. S.
(1996). Dysregulated cytokine expression in vivo in predisposed
and autoimmune-prone MLR mice. Autoimmunity 23, 217–229.
63

Fukuda, K., Nisenbaum, R., Stewart, G., Thompson, W. W., Robin,
L., Washko, R. A., Noah, D. L., Barrett, D. H., Randall, B., Herwaldt,
B. L., Mawle, A. C., and Reeves, W. C. (1998). Chronic multisystem
disease affecting Air Force veterans of the Gulf War. J. Am. Med.
Assoc. 280, 981–988.

Garrett, I. R., Whitehouse, M. W., Vernon Roberts, B., and Brooks, P.
M. (1985). Ambivalent properties of gold drugs in adjuvant-induced
polyarthritis in rats. J. Rheumatol. 12, 1079–1082.

Geirsson, A., Steinsson, K., Guomuddsson, S., and Sigurosson, V.
(1994). Systemic sclerosis in Iceland: A national epidemiological
study. Ann. Rheum. Dis. 53, 502–505.

Grady, E. P., Carpenter, M., Koenig, C., Older, S., and Battafarano,
D. F. (1998). Rheumatic findings in Gulf War veterans. Arch. Intern.
Med. 158, 367–371.

Gylling, H., and Miettinen, T. A. (1994). Postabsorptive metabolism
of dietary squalene. Atherosclerosis 106, 169–178.

Haley, R. W. (1997). Is Gulf War syndrome due to stress? The evidence
reexamined. Am. J. Epidemiol. 146, 695–703.

Haley, R. W., and Kurt, T. L. (1997). Self-reported exposure to neuro-
toxic chemical combinations in the Gulf War. A cross-sectional
epidemiologic study. J. Am. Med. Assoc. 277, 231–237.

Hoffman, S., Eaelman, R., Bryan, J. P., Schneider, I., Davis, J., Sedegan,
M., Gordon, D., Church, P., Gross, M., and Silverman, C. (1994).
Safety, immunogenicity, and efficacy of a malaria sporozoite vaccine
administered with monophosphoryl lipid A, cell wall cytoskeleton
of mycobacteria, and squalene as adjuvant. Am. J. Trop. Med. Hyg.
51, 603–612.

Honnorat, J., Trouillas, P., Thivolet, C., Aquera, M., and Belin, M.
(1995). Autoantibodies to glutamate decarboxylase in a patient with
cerebellar atrophy, peripheral neuropathy, and slow eye movement.
Arch. Neurol. 52, 462–468.

Hyams, K. C., Wignall, S., and Roswell, R. (1996). War syndromes
and their evaluation: From the U.S. Civil War to the Persian Gulf
War. Ann. Intern. Med. 125, 398–405.

Ismail, K., Everitt, B., Blatchley, N., Hull, L., Unwin, C., David, A.,
and Wesseley, S. (1999). Is there a Gulf War syndrome? Lancet
353, 179–182.

Ivins, B., Fellows, P., Pix, L., Estep, J., Farchaus, J., Friedlander, A.,
and Gibbs, P. (1995). Experimental anthrax vaccines: Efficacy of
adjuvants combined with protective antigen against aerosol Bacillus
anthracis spore challenge in guinea pigs. Vaccine 131, 1779–1783.

Keefer, M., Graham, B. S., McElrath, M. J., Matthews, T. J., Stablein,
D. M., Corey, L., Wright, P. F., Lawrence, D., Fast, P. E., Weinhold,
K., Hsich, R. H., Chernoff, D., Dekker, C., and Dolin, R. (1996).
Safety and immunogenicity of Env 2-3, a human immunodeficiancy
virus type 1 candidate vaccine, in combination with a novel adjuvant,
MTP-PE/MF-59. AIDS Res. Hum. Retroviruses 12, 683–693.

Keutek, W., Couch, R., Bond, N., Adair, S., Van Nest, G., and Dekker,

C. (1993). Pilot evaluation of influenza virus vaccine (IVV) com-
bined with adjuvant. Vaccine 11, 909–913.

Kleinau, S., Lorentzen, J., and Klareskog, L. (1995). Role of adjuvants
in turning autoimmunity into autoimmune disease. Scand. J. Rheu-
matol. Suppl. 101, 179–181.

Kohashi, O., Pearson, M., Beck, F. J., and Alexander, M. (1977). Effect
of oil composition on both adjuvant induced arthritis and delayed
hypersensitivity to purified protein derivative and peptidoglycans in
various rat strains. Infect. Immun. 17, 244–249.



64

Koga, T., Kakimoto, K., Hirofuji, T., Kotani, S., Sumiyoshi, A., and
Saisho, K. (1986). Muramyl dipeptide induces acute joint inflamma-
tion in the mouse. Microbiol. Immunol. 30, 717–723.

Lorentzen, J. C. (1999). Identification of arthritogenic adjuvants of self
and foreign origin. Scand. J. Immunol. 49, 45–50.

Lorentzen, J. C., Olssen, T., and Klareskog, L. (1995). Susceptibility
to oil-induced arthritis in the DA rat is determined by MHC and
non-MHC genes. Transplant. Proc. 27, 1532–1534.

Madzhidov, U. V., Blandova Z. K., and Madzhidov, A. V. (1986).
Genetic control of sensitivity to experimental adjuvant arthritis in
mice of inbred lines. Buill. Eksp. Biol. Med. 102, 74–76. [in Russian]

McNicholl, J., Glynn, D., Mongey, A., Hutchinson, M., and Bresnihan,
B. (1994). A prospective study of neurophysiologic, neurologic,
and immunologic abnormalities in systemic lupus erythematosus. J.
Rheumatol. 21, 1061–1066.

Michet, C., McKenna, C., Elveback, L., Kaslow, R., and Kurland, L.
(1985). Epidemiology of systemic lupus erythematosus and other
connective tissue diseases in Rochester, Minnesota, 1950 through
1979. Mayo Clin. Proc. 60, 105–113.

Moll, J., Markusse, H., Pijnenburg, J., Vecht, C., and Henzen-Logmans,
S. (1993). Antineuronal antibodies in patients with neurological
complications of primary Sjogren’s syndrome. Neurology 43, 2574–
2581.

Naim, J. O., Ippolito, K. M., and Van Oss, C. J. (1997). Adjuvancy
effect of different types of silicone gel. J. Biomed. Mater. Res.
37, 534–538.

Nicholson, J., Jr., Hill, S. L., Frondoza, C. G., and Rose, N. R. (1996).
Silicone gel and octamethylcyclotetrasiloxane (D4) enhances anti-
body production to bovine serum albumin in mice. J. Biomed. Mater.
Res. 31, 345–353.

Persian Gulf Veterans Coordinating Board. (1995). Unexplained ill-
nesses among Desert Storm veterans. A search for causes, treatment,
and cooperation. Arch. Intern. Med. 155, 262–268.

Petty, R., Johnston, W., McCormick A., Hunt, D., Rootman, and J.,
Rollins, D. (1989). Uveitis and arthritis induced by adjuvant: Clini-
cal, immunological, and histological characteristics. J. Rheumatol.
16, 400–405.

Rofe, A., Philcox, J., Haynes, D., and Coyle, P. (1994). Wasting in
adjuvant-induced arthritis and its relationship to plasma zinc, copper,
and liver metallothionein. Agents Actions 42, 60–62.
Rogers, S., Twyman, R., and Gahring, L. (1996). The role of autoimmu-
nity to glutamate receptors in neurological disease. Mol. Med. Today
2, 76–81.

Rook, G. A., and Zumia, A. (1997). Gulf War Syndrome: Is it due to
a systemic shift in cytokine balance towards a Th2 profile? Lancet
349, 1831–1833.

Rook, G.A., and Zumia, A. (1998). Is the Gulf War Syndrome an
immunologically mediated phenomenon? Hosp. Med. 59, 10–11.

Sergott, T. J., Limoli, J. P., Baldwin, C. M., Jr., and Laub, D. R. (1986).
Human adjuvant disease, possible autoimmune disease after silicone
implantation: A review of the literature, case studies, and speculation
for the future. Plast. Reconstr. Surg. 78, 104–114.

Stamellos, K. D., Shackleford, J. E., Shechter, I., Jiang, G., Conrad,
ASA, CAO, AND GARRY

D., Keller, G.A., Krisan, S. K. and (1993). Subcellular localization
of squalene synthase in rat hepatic cells. Biochemical and immuno-
logical evidence. J. Biol. Chem. 268, 12825–12836.

Strandberg, T. E., Tilvis, R. S., and Miettinen, T. A. (1990). Metabolic
variables of cholesterol during squalene feeding in humans: Compar-
ison with cholestryramine treatment. J. Lipid Res. 31, 1637–1643.

Straus, S. E. (1999). Bridging the gulf in war syndrome. Lancet
353, 162–163.

Swartz, G. M., Gentry, M. K., Amende, L. M., Blanchette Mackie, E.
J., and Alving, C.R. (1988). Antibodies to cholesterol. Proc. Natl.
Acad. Sci. USA 85, 1902–1906.

Tekin, S., Aykut, C., Ozgun, S., and Aktan, S. (1996). The role of
autoimmunity in vascular dementia. Dementia 7, 91–94.

Tenenbaum, S. A., Rice, J. C., Espinoza, L. R., Cuellar, M. L., Plymak,
D. R., Sander, D. M., Williamson, L. L., Haislip, A. M., Gluck, O.
S., and Tesser, J. R. (1997). Use of antipolymer antibody assay in
recipients of silicone breast implants. Lancet 349, 449–454.

Tilvis, R. S., and Miettinen, T. A. (1983). Absorption and metabolic
fate of dietary 3H-squalene in the rat. Lipids 18, 233–238.

Unwin, C., Blatchley, N., Coker, W., Ferry, S. Hotopf, M., Hull, L.,
Ismail, K., Palmer, I., David, A., and Wessely S. (1999). Health of UK
servicemen who served in Persian Gulf War. Lancet 353, 169–178.

Valensi, J., Carlson, J., and Van Nest, G. (1994). Systemic cytokine
profiles in BALB/c mice immunized with trivalent influenza vaccine
containing MF-59 oil emulsion and other advanced adjuvants. J.
Immunol. 153, 4029–4039.

Van der Meide, P., and Schellekens, H. (1996). Cytokines and immune
response. Biotherapy 8, 243–249.

Vaslin, B., LeGrand, R., Vogt, G., Roques, P., Stoekel, P., Salk, J., and
Dormant, D. (1992). Purified inactivated SIV vaccine: Comparison
of adjuvants. Int. Conf. AIDS 8, [Abstract No. PoA2239]

Whitehouse, M. W., Orr, K. J., Beck, F. W., and Pearson, C. M. (1974).
Freund’s adjuvants: Relationship of arthritigenicity and adjuvanticity
in rats to vehicle composition. Immunology 27, 311–330.

Wolford, L. (1997). Temperomandibular joint devices: Treatment fac-
tors and outcomes. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
Endod. 83, 143–149.

Wucherpfennig, K., and Weiner H. L. (1990). Immunological mecha-
nisms in chronic demyelinating diseases of the central and peripheral

nervous system. Res. Publ. Assoc. Res. Nerv. Ment. Dis. 68, 105–116.

Yoshida, S. H., Teuber, S. S., German, J. B., and Gershwin, M. E.
(1994). Immunotoxicity of silicone: Implications of oxidant balance
towards adjuvant activity. Food Chem. Toxicol. 32, 1089–1100.

Yoshino, S., and Yoshino, J. (1994). Recruitment of pathogenic T cells
to synovial tissues of rats injected intraarticularly with nonspecific
agents. Cell. Immunol. 158, 305–313.

Zamma, T. (1983). Adjuvant-induced arthritis in the temperomandibu-
lar joint in rats. Infect. Immun. 39, 1291–1299.

Zanone, M., Peakman, M., Purewal, T., Watkins, P., and Vergani, D.
(1993). Autoantibodies to nervous tissue structures are associated
with autonomic neuropathy in type I (insulin-dependent) diabetes
mellitus. Diabetologia 36, 564–569.


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	TABLE 1
	TABLE 2
	TABLE 3
	FIG. 1.
	FIG. 2.
	TABLE 4

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

