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A B S T R A C T

It has been shown that environmental factors such as infections, chemicals, and diet play a major role in au-
toimmune diseases; however, relatively little attention has been given to food components as the most prevalent
modifiers of these afflictions. This review summarizes the current body of knowledge related to different me-
chanisms and associations between food proteins/peptides and autoimmune disorders. The primary factor
controlling food-related immune reactions is the oral tolerance mechanism. The failure of oral tolerance triggers
immune reactivity against dietary antigens, which may initiate or exacerbate autoimmune disease when the food
antigen shares homology with human tissue antigens. Because the conformational fit between food antigens and
a host's self-determinants has been determined for only a few food proteins, we examined evidence related to the
reaction of affinity-purified disease-specific antibody with different food antigens. We also studied the reaction
of monoclonal or polyclonal tissue-specific antibodies with various food antigens and the reaction of food-
specific antibodies with human tissue antigens. Examining the assembled information, we postulated that
chemical modification of food proteins by different toxicants in food may result in immune reaction against
modified food proteins that cross-react with tissue antigens, resulting in autoimmune reactivity. Because we are
what our microbiome eats, food can change the gut commensals, and toxins can breach the gut barrier, pene-
trating into different organs where they can initiate autoimmune response. Conversely, there are also foods and
supplements that help maintain oral tolerance and microbiome homeostasis. Understanding the potential link
between specific food consumption and autoimmunity in humans may lay the foundation for further research
about the proper diet in the prevention of autoimmune diseases.

1. Introduction

Autoimmune disease has seen a significant worldwide increase in
the past few decades. Evidence continues to accumulate indicating that
there is a close interactive relationship between genetic factors and
environmental triggers such as food, toxic chemicals and infections in
the pathogenesis of autoimmune diseases. The mechanisms for the in-
duction of autoimmunity by environmental factors have been variously
described as involving molecular mimicry or cross-reactivity, aberrant
cell death, or the formation of neoantigens through the binding of
toxicants to self-tissue proteins [1–3]. In this regard, there is a sig-
nificant emphasis on the role of infectious pathogens in autoimmunity
[4]. This may be due to an article that aroused great interest in 1962
about the cross-reaction between Streptococcus and heart tissue as the
cause of rheumatic fever [5]. In any case, infections are used as

examples of well-known and accepted causes of autoimmune disorders
such as Guillain-Barré syndrome (GBS), type 1 diabetes (T1D) or mul-
tiple sclerosis (MS) [6–10].

In comparison with infections, the role of diet in autoimmunity has
been relatively overlooked, although a great many instances linking
food and autoimmunity have been reported. Patients with rheumatoid
arthritis (RA) report not only an association between food intake and
the severity of their symptoms, but also elevated serum IgG, IgA and
IgM antibodies against food proteins such as milk, wheat, eggs, fish,
pork, lectins and agglutinins [11–15]. Studies indicate that lifestyle
choices such as adopting the Mediterranean diet appear to have bene-
ficial effects for RA sufferers [16,17]. Interestingly, across 27 countries
the incidence of MS correlated strongly (r2 = 0.795) with the con-
sumption of cow's milk [18]. Polyradiculoneuropathy, a normally slow-
developing autoimmune neurologic disease, was thought to have been
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induced after only 4 weeks of exposure in abattoir workers by the
aerosolized neural antigens coming from the pig brains they processed,
thereby indicating that environmental exposure to food antigens via
aerosol can induce similar autoimmune reactions as ingestion of food
antigens [19]. A very recent systemic analysis of commonly consumed
foods implicated in autoimmunity, such as meats, fish, soybean and
grains, found hundreds of peptide epitopes that share homology with
human tissue antigen [20]. Using a systematic data-driven approach,
this study found that among the 14 different categories of foods that
were tested, pig contained disproportionately more shared sequences
with almost 70 unique human MS epitopes in different tissues from
blood to kidney, thyroid and central nervous system [20]. One possible
explanation is that the exposure of the immune system to exogenous
molecules with a sufficiently similar structure either breaks tolerance to
self-antigens or activates pre-existing but inactive immune system cells.
These findings indicate that the interaction between diet and auto-
immune disorders is much more extensive than earlier thought and lays
the foundation for future studies to find the still undiscovered food
peptide epitopes that are also implicated in the pathogenesis and pro-
gression of autoimmune diseases.

2. Oral tolerance failure

In the event of a breakdown in the oral tolerance mechanism, au-
toimmune diseases can be initiated or exacerbated by dietary proteins
and peptides, especially those such as pig and others that share
homology with human tissue antigens [20–23]. Oral tolerance is es-
tablished a few months after birth upon the interaction of orally ad-
ministered food antigens with the immune system in the gut, leading to
the generation of food antigen-specific regulatory CD4+CD25+ cells.
Oral tolerance established by Tregs is crucial to the body's health and
immune system because it prevents inflammatory reactions towards
necessary foods and elements while permitting the immune system to
target and destroy pathogens and unwanted antigens.

Immunity and oral tolerance both start developing in the womb, but
important tolerance development events can continue to occur
throughout a person's life. Modern food production exposes consumers
to chemicals and environmental toxins that assault the immune system,
causing a failure in the oral tolerance mechanism, opening the barriers,
and causing intestinal permeability to food antigens. This inflammation
and gut permeability allows undigested food proteins and commensal
bacteria or their toxins to enter the blood stream and be presented to
the immune system. In this situation, Tregs may become dysregulated,
thereby disrupting immune homeostasis and exacerbating inflamma-
tion, resulting in the loss of oral tolerance. These events and many other
factors can affect a pregnant mother's health and immune system, can
also affect the child in the womb (Fig. 1), and can affect adults
throughout their lifetime. Therefore, the loss of oral tolerance against
food peptide epitopes that share homology with human tissue proteins
can result in food immune reactivity and autoimmunity [24–27].

3. Molecular mimicry between food antigens and human tissue

Molecular mimicry is defined as amino acid (AA) sequence simi-
larity between foreign (food) and self peptides that is sufficient to result
in the cross-activation of autoreactive T and B cells, and the production
of antibodies that react with both foreign and self peptides. Molecular
mimicry-based food immune reactivity occurs when a food protein or
peptide has a sequence of amino acids that is significantly similar to the
structure of a person's own tissue. Normally if the gut barriers are
somehow breached and undigested food proteins are able to enter the
circulatory system, the body's immune system will mount a response in
the form of defensive antibodies against those food proteins. However,
if the AA peptide sequence of the food particle is sufficiently similar to
the structure of a human self-tissue, the immune system will also pro-
duce antibodies against the body's own tissue, resulting in

autoreactivity and eventually autoimmune disease.
During the past decades, significant progress has been made in the

search for peptide epitopes in food antigens that share similarities with
autoantigens that are involved in autoimmune diseases. Milk, wheat,
plant aquaporins, serpin from legumes, glycine-rich food proteins,
glucans, pectins, shrimp tropomyosin, Saccharomyces cerevisiae and
pork are some examples of foods that share a significant homology with
different human tissue proteins [20,28–45]. The mechanisms for these
molecular similarities and many others that are discussed elsewhere in
this article are summarized in Fig. 2.

3.1. Molecular mimicry and glycosylphosphatidylinositols

It has been proposed that the glycosylphosphatidylinositols (GPI)
initially present on some surface glycoproteins of S. cerevisiae partici-
pate in a transglycosylation reaction in which the glycoprotein becomes
cross-linked to cell wall β-glucan. Several of the genes in the GPI se-
quence have been identified, and AA sequence similarity has been
found in most yeast and mammalian GPI assembly proteins [29]. This
similarity between S. cerevisiae AA sequences and human phosphati-
dylinositol N-acetylglucosaminyltransferase subunit P (PIG-P) implies
that if the tolerance mechanism in an individual fails and the immune
system reacts to yeast antigens, the resulting antibodies may attack the
corresponding self-tissue, resulting in autoimmunity.

3.2. Molecular mimicry and gluten

Gluten has been linked to celiac disease (CD) and non-celiac gluten
sensitivity (NCGS). Patients with CD have an immune system that may
react to a wide range of peptides. Patients with NCGS and Crohn's
disease react to a repertoire of wheat antigens, producing IgG and IgA
antibodies against them [34]. Continued and untreated exposure to
wheat brings about a worsening of NCGS and CD, and can lead to au-
toimmunity. In another of our previous studies [46], we examined the
possible mechanisms behind autoimmune reaction to nervous system
antigens in children with autism. We tested 50 autism patients and 50
controls and found that there was peptide sequence similarity between
the wheat protein gliadin antibody (EQVPLVQQ) and cerebellar neural
tissue antibody (EDVPLLED). We concluded that in a subgroup of
autism patients, antibodies may be produced against both Purkinje cells
and gliadin peptides, and that this may be responsible for some of the
neurological symptoms of autism.

3.3. Molecular mimicry and milk

Despite the widespread acceptance of cow's milk as an essential part
of child and adult nutrition, cow's milk is actually one of the most
common foods that causes immune reactivity, affecting infants, chil-
dren and adults. From an immunological perspective, it is critical to
consider that cow's milk is a mucosal secretion from another species.
The principal antigenic components of cow's milk are α-casein, β-
casein, κ-casein, butyrophilin and β-lactoglobulin. The strong anti-
genicity of cow's milk means that drinking it early in life may com-
pound the risks for developing autoimmune disorders such as Behçet's
disease, celiac disease, Crohn's disease, MS, systemic lupus er-
ythematosus (SLE), T1D, and uveitis in susceptible patients [29–31,33].
In almost all of these disorders, significantly higher levels of IgG and
IgA antibodies against milk proteins are detected in disease sufferers
compared to controls [47].

Molecular mimicry between cow's milk proteins and the islets of
Langerhans cell proteins has been studied as one possible mechanism
for the development of type 1 diabetes from the consumption of cow's
milk [46]. Molecular mimicry between the milk protein αS2-casein and
retinal S-antigen has also been identified as the cause of uveitis [36].
Molecular mimicry between the milk fat globule membrane called bu-
tyropholin (BTN) and the neural protein myelin oligodendrocyte
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glycoprotein (MOG) may also be the mechanism for cow's milk causing
MS, as multiple studies in the US, Europe, Japan and South Africa have
shown a correlation between MS and cow's milk consumption
[31,33,35].

3.4. Molecular mimicry and aquaporin

Aquaporin-4 (AQP4) is the predominant water channel in the cen-
tral nervous system (CNS). It belongs to the aquaporin family of integral
membrane proteins that conduct water through the cell membrane, and

Fig. 1. Diet can affect immunity in the womb. Immunity and tolerance begin developing in the womb. The mother's diet and other factors can disrupt the
homeostasis of her microbiome, affecting the immune system of both herself and her baby.

Fig. 2. Possible involvement of food antigens in different autoimmune diseases by the induction of cross-reactive antibody production and their reaction with
different tissue antigens.
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is expressed in ependymocytes, endothelial cells, and astrocyte foot
processes at the blood-brain barriers (BBB), but not in neurons. It can
also be found in the epithelial cells of many organs, including sensory
organs, throughout the body. In the brain it is believed to be involved in
maintaining homeostasis and water exchange, electrical activity, and
modulation of neuronal transmission and excitability. Aquaporins
found in plant food sources are highly stable through food preparation,
and may therefore reach the gastrointestinal system as intact proteins
or peptides. Should the body's immunological tolerance fail, systemic
aquaporins from foods may become antigenic, resulting in the pro-
duction of anti-aquaporin.

Human aquaporin shows similarity with food aquaporins such as
soy, corn, spinach, tomato, and with the legume serine proteinase in-
hibitors (serpins) found in beans, lentils, peas, peanuts, lupin, alfalfa
and clover [37,38]. Therefore, human AQP4 may cross-react with these
food aquaporins and serpins, leading to immune reactivity and the
production of autoantibodies against human tissue aquaporins as well.
If these antibodies cross the BBB in susceptible individuals, it could
result in neuromyelitis optica (NMO) or Devic's disease, a severe neu-
roautoimmune inflammatory disorder that ultimately results in pa-
ralysis and sensory loss. Seventy-five percent of NMO cases are asso-
ciated with the development of IgG1 antibodies that bind exclusively to
AQP4 [49,50]. These IgG1 antibodies are produced in the blood, and
when the BBB is compromised they are able to reach the AQP4 in the
CNS. This can result in complications ranging from mild sensory dis-
turbances to sensory impairment, paraplegia bladder-bowel dysfunc-
tion, and more [37,50,51].

3.5. Molecular mimicry and glycine-rich food proteins

Glycine-rich food proteins (GRPs) are found in meat, chicken, egg,
fruits, vegetables, seeds, cereals, rice, soy protein and gelatin.
Molecular mimicry and cross-reactivity between the GRPs from such
foods and human collagen, keratin, actin, and ribonuclear protein ex-
ists, and thus can contribute to autoimmunity. Epitopes are the part of
the peptide sequence recognized by |the immune system. The presence
and repetition of these epitopes among divergent proteins may initiate
or amplify an immune response. Thus, epitopes from different foods
rich in GRPs can give rise to various autoimmune disorders, including
RA, SLE, MS, T1D, and mixed connective tissue disease (MCTD), de-
monstrating a possible link between food antigens, gut mucosa and
systemic immune response [43].

3.6. Molecular mimicry and tropomyosin

Tropomyosin (TM) is a protein found in the actin filaments in
muscles that wraps around actin and prevents myosin from grabbing it,
preventing muscle contractions until the proper signal arrives. As an
antigen it can be found quite commonly in fish and shellfish. Shrimp
tropomyosin is a cytoskeletal microfilamental protein that regulates
actin mechanics. Tilapia TM has been shown to have 53.5% homology
with shrimp TM and 87.7% homology to human TM isoform 5. The
function of TM in muscle is well defined, but its function in epithelial
cells is still unclear. Studies involving autoantibodies against human
TM indicate that cross-reactivity between dietary tropomyosins and
human epithelial tropomyosin may be a cause of inflammatory bowel
disorders (IBDs) [44,52].

3.7. Interactions between diet and autoimmune disorders

Previous studies have shown a strong causal relationship between
exposure to aerosolized pig antigen and neurological autoimmunity
[19,53]. In the same vein, a very recent, very extensive study in-
vestigated the interaction between diet and autoimmune disorders,
coining the term “immunodietica” [20]. This new term refers to the
study of how the immune system reacts against food components and

produces antibodies that react with human tissue, resulting in auto-
immunity. The researchers analyzed shared epitopes in red meats (cow,
sheep, goat, pig), poultry (chicken, turkey, duck), fish (tilapia, salmon),
and grains (rice, quinoa, soybean, rye, wheat) in relation to auto-
immune disease. Based on a very special index that reflected the si-
milarity between the analyzed food and human autoimmune epitopes,
red meat scored the highest, poultry and fish were intermediate, and
grains scored the lowest. They then examined the relative similarity of
the 14 chosen dietary epitopes and cross-referenced each organism's hit
with 77 different autoimmune diseases. Overall, red meat scored be-
tween 8023 and 8524 hits, poultry and fish between 2762 and 4075
hits, and grains from 59 to 497 hits. Next, they isolated unique hits per
food category and found that the number of unique disease-specific
epitopes appeared in pigs 10–15 times higher than in any other tested
organism. The diseases that shared unique epitopes with pig were MS,
RA, autoimmune disease of the eyes, ears, nose and throat, Behçet's
syndrome, and systemic autoimmune disease. These unique epitopes in
pig were derived from proteins expressed in nervous tissue, such as
MBP, MOG, myelin associated glycoprotein (MAG), proteolipid protein,
AQP4, glial fibrillary acidic protein (GFAP), tubulin, and transaldolase
[20]. Interestingly, 67 unique MS epitopes and 3 NMO epitopes were
found in pig. Furthermore, pig epitopes matching MS epitopes such as
MBP or MAG were derived not only from proteins expressed in the
nervous system, but also in skeletal muscle, stomach, kidney, liver,
heart, lung, and more. Additionally, some pig MS epitopes were found
in ubiquitous proteins which are involved in basic metabolism. Aside
from pig, cow was found to share unique epitopes with 5 different
autoimmune diseases: GBS, demyelinating polyneuropathy, RA, anti-
phospholipid syndrome, and vitiligo [20]. These findings uncover a
new link between autoimmune diseases in humans and the consump-
tion of foods, i.e., pork and beef, etc. This lays the foundation for the
importance of diet in the pathogenesis, progression, or even prevention
of autoimmune diseases.

This amino acid sequence similarity between different food antigens
and human tissue is summarized in Table 1.

4. Reaction of sera from patients with autoimmune disease with
food antigens

Currently complete information about the possible cross-reactivity
of every single food antigen with every human tissue is not available
due to the limitless varieties of foods to test. Scientists, however, have
devised a clever method for determining the involvement of foods in
autoimmune diseases involving affinity purification of disease-specific
serum with the disease-specific target antigen. Subsequent reaction of
this disease-specific antibody with food antigens identifies the food
antigens that cross-react with the disease-specific human tissue antigen.
In one particular case, serum from lupus patients with high levels of
antibody against small nuclear ribonucleoprotein (Sm) were passed
through a column containing the Sm antigen. This affinity-purified anti-
Sm antibody was then applied to many food antigens using ELISA assay.
Of the numerous foods tested, the Sm antibody reacted strongly with
soy, carrot, spinach and corn antigens [54]. This implies that these food
antigens play a role in the production of anti-Sm antibody and may be
involved in the etiology of lupus.

In a similar study involving patients suffering from scleroderma, the
patients' sera were purified to homogeneity through a column con-
taining Scl-70 and tested for reactivity to many food antigens. The Scl-
70 affinity-purified antibody reacted strongly with the plant DNA to-
poisomerase or enzymes in wheat germ, peas, spinach and corn. The
inflammation of the esophagus experienced by scleroderma patients
may be connected to the throat's exposure to these four foods [55].
With triggering foods identified, clinicians can help their patients with
disease-specific food avoidance protocols that could become part of
their comprehensive treatment for autoimmune diseases, such as lupus,
scleroderma, and possibly others.
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5. Reaction of tissue-specific antibody with food antigens

5.1. Thyroid

Another way of showing cross-reactivity between human tissue and
food is affinity purification of a patient's serum with a target tissue
antigen, followed by measuring its reactivity with different food anti-
gens. Many different antigens have already been shown to specifically
cross-react with thyroid tissue, triggering thyroid autoimmunity. The
list of pathogenic organisms (viral, bacterial, fungal, spirochete, and
protozoan antibodies) that may be involved in tissue-specific thyroid
autoimmunity through molecular mimicry has become a growing field
of study. In contrast, relatively little research has focused on the cross-
reactivity of food protein antibodies with thyroid-specific antigens.
There is existing research literature about gluten and endocrine auto-
immunity, but the available information is limited about other dietary
proteins and how they may affect thyroid function [56–58]. For this
reason, in one of our studies [59] we applied monoclonal antibody
made against T3 to 204 different food antigens and found 53 food
proteins that reacted with this antibody: avocado, latex hevein, lemon
and lime, orange juice, cooked Brussels sprouts, baked white potato,
seaweed, radish, roasted almond, raw and roasted Brazil nut, cashew,
roasted cashew, cashew vicilin, raw and roasted macadamia nut,
mustard seeds, roasted peanut, peanut butter, raw and roasted pis-
tachio, soy bean agglutinin, gluten-free soy sauce, tofu, roasted sun-
flower seeds, gelatin, cooked egg yolk, raw salmon, cooked tilapia, raw
tuna, cooked tuna, cooked clam, cooked scallops, cooked squid, cooked
shrimp, cow's milk, casein, sesame, hemp, rye, barley, kamut, buck-
wheat, sorghum, millet, spelt, amaranth, quinoa, yeast, oats, corn, and
rice [59]. Of these 53 foods, 18 showed low reactivity, 16 moderate
reactivity, and 19 showed high immune reactivity.

Similar to what we did with T3, we used monoclonal antibody
against T4 and found 32 different food proteins that directly demon-
strated immune reactivity with thyroxine antibody. These foods were
avocado, lemon and lime, cooked Brussels sprouts, seaweed, cooked
zucchini, raw almond, roasted almond, cooked black bean, raw and
roasted Brazil nut, cashew, roasted cashew, cashew vicilin, raw and
roasted hazelnut, raw and roasted macadamia nut, mustard seed,
roasted peanut, peanut butter, raw and roasted pistachio, gluten-free
soy sauce, tofu, gelatin, cooked egg yolk, raw salmon, cooked tilapia,
raw tuna, cooked tuna, cooked clam, cooked scallops, cooked squid,
cooked shrimp, amaranth and oats. In this case, the monoclonal anti-
body resulted in low reactivity with 7 foods, moderate reactivity with 7
foods, and high immune reactivity with 18 food antigens. Interestingly,

anti-thyroglobulin and anti-deiodinase reacted with only one food each,
while anti-TSHR, anti-thyroid binding globulin, and anti-TPO did not
react at all with any of the 204 food items used in this study [59].
Because this immunoreactivity study was done in the laboratory, we are
not certain if the consumption of potentially reactive food proteins
alone would suffice to induce an inflammatory response on thyroid axis
target sites. One should consider other possible contributing factors,
such as inactive digestive enzymes in the face of oral tolerance break-
down, enhanced gut permeability to large molecules, composition of
the gut microbiota, and a high salt diet. These, by themselves or in some
combination, may increase the chances of developing immune re-
activity to food and cross-reactivity with target tissue antigens
[22,23,60–64].

5.2. Reaction of monoclonal antibody to pancreatic target sites with food
antigens

It has been well-established that insulin, insulin receptors, islet cell
antigen 2 (IA2), glutamic acid decarboxylase 65 (GAD-65), zinc trans-
porter 8 (ZnT8) and the immune response against them all play sig-
nificant roles in the pathophysiology of type 1 diabetes [64]. Antibodies
reactive with islet cells are associated with T1D, and are considered
early markers for the disease [65]. The antigen IA2, which was formerly
called islet cell antigen 512, is a common tyrosine phosphatase-related
autoantigen that is located in the insulin secretory granule membrane
in beta cells [66]. ZnT8 is the most consistent zinc transporter expressed
by beta cells, and has been found as an autoantigen in a high percentage
of new-onset T1D patients [67,68]. Autoantibodies and T-cell responses
against ZnT8 are produced in patients that develop autoimmune dia-
betes. Glutamic acid decarboxylase (GAD) exists in two isoforms (GAD-
65 and GAD-67); both are found in pancreatic tissue, and both support
the neuroendocrine modulation of insulin release [68–70].

We used ELISA to measure the immune reactivity of either target-
specific monoclonal or polyclonal antibodies, insulin receptor alpha
(IR-A), insulin receptor beta (IR-B), ZnT8, IA2, GAD-65 and GAD-67
antibodies against 204 commonly consumed food items. The results are
discussed below.

5.2.1. Islet cell antigen 2 (IA2)
When we reacted monoclonal antibody made against IA2 with the

204 foods, 27 dietary proteins exhibited immune reactivity with spe-
cific target IA2 monoclonal antibody. Seaweed, guar gum and apricot
were the most reactive (5+ on the scale), followed by pea lectin, spi-
nach, cooked white and brown rice, cooked garlic, zucchini and

Table 1
Sequence of food epitopes that share similarity with human tissue.

Food epitope Tissue epitope References

S. cerevisiae LTPPLDSLSTVTDAGGQL Human PIG-P STSPLDSIHTITDNYAKN [29]
Gliadin PQLQPQNPSQQQPQEQVPLVQQ Human Cerebellar FLEDVPWLEDVDFLEDVPLLED [34,46]
β-Casein Peptide GEIVESLSSSEESITR Islet Cell Autoantigen GQQIGILISLEEENQR [48]
αS2-Casein SEESAEVATEE Retinal S-Antigen ELTSSEVATEV [36]
BTN APFDVIGPQEPILAVVGEDAELPCRLSP MOG GQFRVIGPRHPIRALVGDEVELPCRISP [31,33]
Soy AQP4 FDGASMNPAVSFGPAVVSWTWSNHWV⁎ Human AQP4 YTGASMNPARSFGPAVIMGNWENHWI [38]
Legume Serpin IMSAFEGVW AQP4 N-Terminus IMVAFKGVW [38]
Glycine rich food proteins GGYGDGGAHGGGYGG Procollagen YDTYGGGRRGKGYKG [43]

hnRNP A2 GGYGGGPGYGNQGGG
Epidermal Keratin GGYGSGGGSGGRYGS

Shrimp Tropomyosin DLDQVQESLLKFLAEEADRK Human Tropomyosin DELDKYSKALKHIAEEADRK [44,52]
Pig MBP ASQKRPSQRHGSKY Human MBP ASQKRPSQRHGSKYLATAST [20]
Pig AQP4 MVAFKGVWTQAFWKA Human AQP4 MVAFKGVWTQAFWKA [20]
Pig S100B AMVALIDVFHQYSGR Human S100B MSELEKAMVALIDVFHQYSGR [20]
Pig MOG ITVGLVFLCLQYRLRGKLRAE Human MOG ITVGLVFLCLQYRLRGKLRAE [20]
Pig GAD-65 AATHQDIDFLIEEIERLGQDL Human GAD-65 AATHQDIDFLIEEIERLGQDL [20]
Pig TPO AAGTACLPFY RSSAACGTGD Human TPO AAGTACLPFY RSSAACGTGD [20]
NFL Light LEQQNKVLEAELLVLRQKHS Human NFL LEQQNKVLEAELLVLRQKHS [20]

⁎ Corn, spinach and tomato showed almost similar degree of cross reactivity with human aquaporin.
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mackerel (3+), then by egg yolk, garbanzo bean, carrageenan, soy bean
agglutinin, bell pepper and mint (2+), and then finally by cooked lima
bean, gluten-free soy sauce, tofu, and mustard seed (1+). The reactions
of rice, apple, melon, watermelon, clam, cooked cod, cooked halibut
and cilantro were insignificant.

5.2.2. Zinc transporter 8 (ZnT8)
The antibody produced against ZnT8 reacted with 30 dietary pro-

teins. Seaweed, cooked lentil and pea protein were the most reactive
(5+), followed by guar gum, wheat, peanut oleosin and cooked pea
(4+), garbanzo bean, soy bean oleosin, roasted peanut and cooked ti-
lapia (3+), egg yolk, cooked lima bean, mustard seed, clam, goat's
milk, roasted almond, cashew vicilin, tomato, cooked yam and sweet
potato, banana and kiwi (2+), then, least of all, gluten-free soy sauce,
tofu, pea lectin, spinach, carrageenan, macadamia nut, cherry and
salmon (1+).

5.2.3. Insulin receptor (IR-A, IR-B)
While we did not find any reaction between insulin antibody and

the tested food antigens, we did find that antibody specifically against
insulin receptor alpha (IR-A) reacted with 8 dietary proteins: milk bu-
tyrophilin was the strongest (5+), followed by potato and amaranth
(3+), then quinoa and tapioca (2+), and finally buckwheat, hemp and
kamut (1+).

5.2.4. Glutamic acid decarboxylase 65 (GAD-65)
Polyclonal antibody produced against GAD-65 reacted with 9

dietary proteins: buckwheat, amaranth, rice, corn and yeast (3+),
followed by potato, quinoa and oats (2+), then finally, tapioca (1+).

Many of the individual proteins in these groups may seem to have a
low glycemic index or have insignificant scores. It is best to be cau-
tionary, as the consumption of what may seem to be safe foods by a
sensitive or predisposed individual may still trigger immune reactions
or autoimmunity. Immune reactivity may develop if the gut immune
system suffers a breakdown in its oral tolerance mechanism.

The early identification of potential immunoreactive food triggers
may be of great aid to practitioners in designing protocols to reduce
inflammatory sequelae and the progression of the disease process in
susceptible, sensitive subgroups [65,71–74].

5.3. Immune reaction between antibody to amyloid beta peptide and food
antigens

Amyloid-β (amyloid-beta, Aβ, Abeta, beta-amyloid) denotes pep-
tides of the 36–43 amino acid sequence. It is a key protein that is
considered one of the main components or inducers of the built-up
plaque that is the characteristic feature of the brains of patients with
Alzheimer's disease (AD). Amyloid-beta protein has many tetrapeptide
sequences that are shared by a large number of foods, suggesting that
cross-reactivity could have a role in AD [75]. We identified 10 dietary
proteins that exhibited immune-reactivity with anti-amyloid-beta pep-
tide 1–42 antibody: canned tuna was the most reactive (5+), followed
by lentil lectin, hazelnut, squid, casein, and gluten and non-gluten
proteins (4+), then egg yolk and pea protein (3+), and finally, pea
lectin and cashew vicilin (2+) [76].

This indicates that certain undigested food proteins and the anti-
bodies produced against them have a potential role in AD. It is im-
portant to consider that dietary proteins have no impact on antigenic-
antibody models if properly digested. However, other factors, such as
cellular immunity, immunological tolerance, human leukocyte antigen
(HLA) allele and more are involved with pathogenic immune reactions
to dietary proteins. Thus, the binding of antibodies to antigens may not
always be pathogenic, but the ability of specific monoclonal and
polyclonal antibodies to bind with purified proteins indicates that there
is a potential for immunological cross-reactivity in a subgroup of sus-
ceptible individuals. Finally, the threat of these foods and their

antibodies that cross-react with amyloid-beta should be considered in
the context of their ability to transverse the circulatory system and cross
the BBB to reach the brain tissue, where their homology with amyloid-
beta peptide sequences may play a role in the development of
Alzheimer's disease and other neurodegenerative disorders [77].

6. Reaction of food-specific antibody with human tissue

In studying the possible interaction between dietary components
and the immune system, significant progress has been made in the
theory that similarities between food antigens or peptides and auto-
antigens might be responsible for the induction of autoimmune diseases
[2,42,78–82]. Following inciting events, the loss of oral, peripheral and
central tolerance may result in the production of IgG, IgM or IgA an-
tibodies against undigested food antigens and peptides [2].

In addition to antibodies, this autoimmune response is carried out
by T-cell clones which are primed to be specific to particular food an-
tigen epitopes that may arise in the gut mucosa. However, these primed
T-cell clones may travel to particular sites, such as the joints, where
they may proliferate in response to epitopes in the sequences of the
joint's synovial proteins that are homologous with the epitopes of the
priming food antigens. This causes local inflammation and the upre-
gulation of major histocompatibility complex molecules (MHC) [82].
The resulting release of additional self-antigens and/or epitope
spreading may generate a chronic self-perpetuating cycle of organ in-
flammation and cell destruction, leading to autoimmunity [79].

Because wheat, milk, corn, soy, egg and peanuts are among the most
common sources of food allergens, in our very recent study [83], we
applied affinity-purified anti-food antibody derived from these 6 foods
to 65 different tissue antigens using ELISA. The data presented in
Fig. 3A shows that the strongest reactions observed for wheat antibody
were, in descending order, alpha-enolase, TPO, intrinsic factor, E-cad-
herin, and beta-NGF. An additional 10 tissue antigens reacted to a lesser
degree, while 50 others were low or insignificant. In comparison to
anti-wheat reaction with wheat antigens with an OD of 3.8 or 100%,
this percent reactivity with alpha-enolase was 65.8%, with TPO 60%,
with intrinsic factor 44.7%, with E-cadherin 36.8%, and with beta-NGF
34%.

Interestingly, when wheat antibody was replaced with α-gliadin 33-
mer peptide, the number of tissue antigens that reacted with α-gliadin
antibody increased to 20, in comparison to 15 with wheat antibody.
Fig. 3B shows that anti-alpha-gliadin reacted very strongly with so-
matotropin with an index of 3.2 (82%) of anti-alpha-gliadin binding to
alpha-gliadin, followed by elastin (index of 2.8 or 72%), α-myosin
(index of 1.98 or 50%), hepatocyte and tyrosinase (index of 1.86 and
1.85 respectively, or 47%), intrinsic factor and insulin + islet cell
(index of 1.6 or 41%), and 13 additional tissue antigens with reactivity
ranging from ODs of 0.52 and 0.9 to 13.6 and 23% of anti-alpha-gliadin
antibody binding to gliadin. This indicates that immunization with a
single protein or peptide, such as purified alpha-gliadin 33-mer or
wheat extract, results in more reactive antibodies than an administra-
tion of a mixture of antigens.

With regards to milk, although it has been shown that different milk
components share homology with MOG, and the prevalence of MS has
repeatedly been associated by epidemiological studies with dietary
factors, including the consumption of milk and dairy products
[31,82–85], analysis of our data showed a curiously low reaction (in-
dices between 0.5 and 0.76) between milk antibody and neuronal an-
tigens such as MOG and MBP. But this reaction to milk antibody was
very strong with ASCA+ANCA (index of 3.1 or 84%), strong with he-
patocytes (index 1.7 or 46%), with TPO and somatotropin (index 1.5 or
41%), and finally with α-enolase (index 1.4 or 38%) as shown in
Fig. 3C. This lower reactivity between anti-milk antibodies with MOG
could be related to the nature of antibodies used in our study. Instead of
using antibodies made against pure components of milk such as BTN,
alpha-, beta-or kappa-casein, we used whole milk for immunization.
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Fig. 3. Reaction of different food antibodies with different tissue antigens. Antibodies reacting with specific foods were tested against 65 different tissue
antigens. For each food tested, only the tissues with the highest reactivity are shown in descending order.
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Still, the reaction of anti-milk antibodies with so many previously un-
noticed tissue antigens may indicate that milk proteins do play a
broader role in autoimmunity. Overall, milk-specific antibody reacted
with 14 different tissue antigens with indices ranging from 0.5 (13.5%)
for tyrosinase to an ASCA+ANCA index of 3.1 (84%) of anti-milk re-
action with milk, and with the remaining 51 tissue antigens the reac-
tions were low or insignificant.

The anti-corn antibody reacted with only 10 out of 65 tissue anti-
gens. The lowest, but still significant reaction of anti-corn was with
MBP with an index of 0.5 (13.9% of maximum reactivity); the highest
reaction was with intrinsic factor with an index of 2.0 (55.5%), fol-
lowed by neurotrophin with an index of 1.6 (44%), and then TPO with
index of 1.3 (36%) (Fig. 3D).

Anti-soy antibody also reacted with only 10 out of 65 tissue anti-
gens, but the strength of the reaction was low as well. For example,
anti-soy reaction with alpha-myosin resulted in an index of 0.51
(12.4%), and the highest among the 10 tissues that reacted with anti-
soy antibody was intrinsic factor with an index of only 1.2 (29.2%),
followed by alpha-enolase (index 1.15, 28%) tyrosinase (index 1.1,
26.8%) and then AQP4 (index 0.83, 20.2%) as shown in Fig. 3E.

Anti-egg antibody reactions ranged from low to strong with 17 out
of 65 tissue antigens, with the indices ranging from 0.6 to 2.45. In
comparison to anti-egg reaction with egg antigens, the reaction was
strongest with calprotectin, zonulin, alpha-myosin, lysozyme and asia-
loganglioside, with indices 2.45, 2.4, 2.1, 1.9 and 1.3, or 67, 66, 58, 52
and 36% of maximum immunoreactivity respectively. With the other
12 tissue antigens the indices ranged from 0.6–1.1. Reactivity with the
other 48 tissue antigens in reaction with anti-egg antibody was insig-
nificant (Fig. 3F).

Anti-peanut antibody reacted with 24 out of 65 tested tissue anti-
gens, with the highest reaction being with dopamine receptor with an
index of 1.7 (50%), followed by amyloid-beta-42 peptide with an index
of 1.6 (49%), and then cerebellar with an index of 1.55 (45%). Insulin
+ islet cell, tropomyosin and enteric nerve had lesser reactions with an
index of about 1.3 (38%), while E-cadherin had an index of 1.2 (35%)
as shown in Fig. 3G. With the other 17 tissue antigens the reaction
ranged from low to moderate. For example, with asialoganglioside this
reaction resulted in an index of 0.71 (21%).

This extensive immunoreactivity between food-specific antibodies
and human tissue antigens indicates that commonly consumed foods
may share peptide epitopes which may possibly be involved in human
autoimmune diseases. More studies are needed on antibody cross-re-
activity from foods that are consumed by different demographics.
Furthermore, epidemiological studies are needed to determine whether
associations exist between human tissue cross-reactive foods and cer-
tain autoimmune diseases that exist in the populations that consume
these foods more often. Finally, other mechanistic studies are required
to dissect the contribution of food antigens to the pathogenesis and
magnitude of autoimmune diseases [20].

7. Reaction of lectin antibody with human tissue

Lectins and agglutinins are carbohydrate-binding proteins found in
microorganisms, plants and animals. They perform important functions
on many biological levels. Plants produce toxic lectins as a survival
mechanism against insects, molds, fungi and diseases. They are con-
tained in many common food plants and thus are a large part of our
diet. Unfortunately, lectins are somewhat resistant to digestion, and
humans need the proper enzymes in sufficient quantity to digest them.
Undigested lectins that manage to penetrate the digestive barriers can
have devastating effects on the body, including indigestion, nutritional
deficiencies, intestinal damage, and leaky gut, the gateway to auto-
immunity [86–90]. Both gut bacteria and epithelial cells carry receptors
for different lectins. By binding to gut bacteria, dietary lectins can in-
duce the release of endotoxins such as lipopolysaccharides (LPS). This
increases gut permeability and allows the passage of lectins, food an-
tigens, and bacterial toxins into the circulation.

Because of the high affinity between lectins/agglutinins and human
tissue, lectins and agglutinins can potentially bind to a number of tis-
sues throughout the human body, setting the stage for various auto-
immune disorders. For example, lectins can bind to the islet cells of the
pancreas, which can result in autoimmunity against the islet cells and
then to T1D. Lectins can also bind to the major joint components glu-
cosaminoglycans and proteoglycans, which may lead to rheumatic
conditions. Lectin injected into mice induces lectin binding to IgG,
followed by IgG aggregation and the forming of IgM anti-IgG or rheu-
matoid factor (RF), thus inducing RA (Fig. 4). Lectins can also bind to
glomerular basement membrane, resulting in glomerulonephritis. Ad-
ditionally, lectins can bind to human endometrium, spermatozoa and
ova, resulting in an autoimmune reaction that could cause infertility in
men or women [91–98].

We reacted 4 lectin-specific antibodies (WGA, PNA, SBA, PHA) with
62 different tissue antigens using ELISA methodology. Of the food an-
tibodies, wheat germ agglutinin (WGA) was the most reactive with 37
out of 62 tissues, followed by both kidney bean (PHA) and soybean
(SBA) with 20 out of 62, and peanut agglutinin (PNA) with 15 out of 62
(Fig. 5). A cellular and/or antibody attack against lectin-bound tissue
antigens or tissue antigens that share homology with food and bacterial
antigens can significantly enhance the risks of developing autoimmune
reactivity and autoimmune disease [91,94,96–98].

7.1. Comparison of IgM antibodies against different lectins in samples
negative or positive for RF

IgM antibodies against six different lectins were measured in 48 sera
with normal levels and 48 sera with high levels of rheumatoid factor
(RF). When a comparison was made between the levels of IgM antibody
against these six lectins in RF-negative sera versus RF-positive sera, the
IgM antibody level against all six lectins was much higher in the RF-
positive group than in the RF-negative samples (p < .0001). These
results also showed significant correlations between IgM antibodies and
lectins with elevated RF. This IgM correlation in RF-positive samples
was the most significant with lentil lectin IgM (r = 0.81), followed by
pea lectin (r= 0.66), SBA (r= 0.62), PNA (r= 0.56), WGA (r= 0.48),
and PHA (r = 0.46). When we tested for simultaneous elevation of
lectin antibodies, we found that 22 out of 48 or 46% of samples with
elevated RF also exhibited elevation of IgM antibody against all six
lectins used in the study. The other specimens either did not react or
reacted to some lectins but not to others.

The detection of lectin IgM antibodies in the blood supports the idea
that undigested lectins and agglutinins can cross the gut barriers; Once
in circulation, the lectins and agglutinins can then bind to IgG and form
IgG aggregations, leading to the production of IgM anti-IgG auto-
antibodies. The correlation shown between higher levels of IgM anti
bodies in patients positive for RF indicates an association or interaction
between the two. This indicates that lectins or the antibodies produced

Fig. 4. Lectins bind to IgG, causing IgG aggregation and the formation of IgM
anti-IgG antibodies known as rheumatoid factor (RF).
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against them may be directly or indirectly involved in autoimmunity.

8. Protein modification and the production of cross-reacting
antibodies

In addition to the many cross-reactive peptide epitopes present in
commonly consumed foods that have been implicated in human auto-
immune diseases, the modification of food proteins by environmental
toxins and their similarity to proteins modified inside cells could be
another mechanism for food-associated autoimmunity. For example,
the application of fertilizers, pesticides, herbicides and xenobiotics in
the air and water means that these substances and their metabolites can
enter the food chain and form bound residues with food proteins and
other macromolecules (Fig. 6). According to the IUPAC Commission on
Agrochemicals and Environment, “A xenobiotic bound residue is a re-
sidue that is associated with one or more classes of endogenous mac-
romolecules. It cannot be disassociated from the natural macromolecule
using exhaustive extraction or digestion without significantly changing
the nature of either the exocon or the associated endogenous macro
macromolecules [99].”

The formation of bound residues can occur through a number of
processes that result in the formation of covalent bonds or through
physical encapsulation within the macromolecular matrix. It has also
been observed that food processing may increase the proportion of a
bound residue above that found in the raw agricultural commodity. For
example, the proportion of bound residue from four major organo-
phosphorus insecticides was found to be greater in bread and certain
extrusion breakfast cereals than was originally observed in the raw
grain [99].

It has been hypothesized that interaction between food proteins,
carbohydrates, fats and pesticides may partially remove the insecticide
and reduce the concentration of pesticide absorbed into the blood

[100]. If these food protein adducts are not digested properly, they may
manage to enter the circulation, where they can be challenged by the
immune system. Some researchers have concluded that even if pesti-
cides manage to enter the blood, their binding to blood proteins such as
albumin may decrease the concentration of these chemicals in the
blood, consequently alleviating the intensity of their effect on the body
[101–103]. However, these researchers are dismissing the basic prin-
ciples of the immune function: that the formation of adducts or com-
plexes between food proteins and xenobiotics and their entry into the

Fig. 5. Reaction of 4 lectin-specific antibodies with different tissue antigens using ELISA. Each anti-lectin antibody was tested for reactivity to 62 tissue
antigens. WGA was the most reactive with 37 out of 62 tissues. Only a few representative tissue antigen reactions are shown for each lectin-specific antibody.

Fig. 6. How toxic chemicals get into food. Fertilizers, pesticides, herbicides
and xenobiotics in the air, soil and water make their way into plant and animal
foods and enter the body upon consumption.
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blood, in addition to the binding of haptenic chemicals to human tissue
proteins, such as albumin, hemoglobin or actin, can initiate both cel-
lular and humoral immune response against them, which may set the
stage for autoimmune disease [104]. Therefore, this binding of pesti-
cides to blood proteins may alleviate the corresponding toxicity
[100–103], but in the process could enhance the process of auto-
immunity.

8.1. Post-translational modification of proteins and the formation of
adducts

In the field of autoimmunity, it is well-established that post-trans-
lational modification of proteins by citrullination, carbamylation, car-
bonylation, deamidation, glycation, oxidation or nitrosylation that re-
sults in neopeptides or proteins that are recognized by the immune
system as non-self proteins, can induce the development of various
autoimmune conditions [105–110]. Indeed, these protein modifications
have been associated with a range of diseases, including MS, AD, RA,
psoriasis, prion disease, liver fibrosis, chronic obstructive pulmonary
disease (COPD), and cancers [111–113]. However, there is need for
additional research on the associations between the consumption of
foods that may contain similar modified proteins due to their exposure
to environmental toxins and their relationship to the incidence of au-
toimmune diseases. For example, urea is used in many crops as fertilizer
due to its conversion to ammonia and cyanate, which can react with
lysine residues of peanuts, soy, corn, or other food proteins. The entry
of these and other chemicals or their metabolites into the blood either
directly or through food contamination can initiate this protein mod-
ification and antibody production against the modified protein, a pro-
cess leading to autoimmunity [114]. It has been shown that about 3% of
milk proteins formed adducts with chlorpyrifos that originated from the
feed.

8.2. Glyphosate

Glyphosate is the active ingredient of the herbicide Roundup and
many other products used for weed control. A 2017 study based in
Germany involving 399 urine samples from adults not involved in
agricultural work revealed glyphosate residues above the detection
limit in the urine of 32% of the subjects [115]. This is despite the fact
that a significant amount of the glyphosate binds to albumin and other
tissue proteins, not only causing alterations in the proteins' secondary
structure, but, as we've mentioned before, supposedly alleviating the
detectable levels of glyphosate [101–103,116]. In addition, a remark-
able correlation has been shown between the rising rate of glyphosate
usage on corn and soy crops in the USA and an alarming rise in a
number of different chronic diseases, including autoimmune disorders
[117]. This is because glyphosate acts as a non-coding amino acid
analogue of glycine, and thus could erroneously be incorporated into
proteins in place of glycine, producing neo-antigens that could lead to
autoimmune disease [118]. This study found support for this assertion
when pigs and cattle were given glyphosate-contaminated feed; a sig-
nificant amount of glyphosate was detected in the animals' collagen, the
principle component of gelatin that contains very high levels of glycine
[118].

8.3. Nanoparticles

In the past few decades, the production and biomedical application
of nanomaterials have been on the rise. Nanoparticles are particles
between 1 and 100 nm (nm) in size with a surrounding interfacial layer.
They have a variety of commercial, industrial and even biomedical
applications, such as controlled drug release. Most nanoparticles are
prepared using nucleation material plus metals such as iron oxide, gold
or platinum. Then porcine gelatin is added for the growth of maghemite
thin film into porcine gelatin nuclei. The formed gelatin containing

nanoparticles are then coated with dextran followed by human serum
albumin (HSA) to reduce its antigenicity (Fig. 7). Despite this, nano-
particles are recognized by the reticuloendothelial system, leading to
the phagocytosis of foreign antigens and activation of B-2 cells, which
results in the production of high-affinity antibodies that may lead to
hypersentivity and autoimmunity. In addition, nanoparticles contribute
to autoimmunity through the induction of protein citrullination [119].
In fact, previous studies have associated human exposure to en-
vironmentally presented nano-size and ultra-fine materials with various
pathologic processes, such as chronic inflammation, pneumonia, COPD,
and autoimmune conditions [114,120–122]. In a very elegant review
article, Lerner and Matthias connected the increased use of industrial
food additives to the rising incidence of autoimmune diseases [123].
They hypothesized that food additives such as nanoparticles, emulsi-
fiers, organic solvents, extra salt and sugar, microbial transglutaminase
(mTG) or gliadin cross-linked enzyme abrogate human epithelial bar-
rier function, thus increasing intestinal permeability through the
opened tight junction, resulting in the entry of foreign immunogenic
antigens and activation of the autoimmune cascade [123,124].

8.4. Other environmental factors

In relation to specific autoimmune disease, there is growing scien-
tific evidence that exposure to environmental factors such as cadmium,
lead, mercury, antimony, crystalline silica and organic solvents corre-
late with the development of systemic sclerosis [125].

Finally, the interaction between genome and exposome in the de-
velopment of autoimmune diseases should not be ignored. The expo-
some comprises the cumulative environmental influences on an in-
dividual and associated biological responses throughout one's lifespan.
It has been shown that exposure to silica, smoking and exogenous
hormones constitute environmental risk factors in systemic lupus er-
ythematosus (SLE) [126].

To date, the scientific evidence continues to accumulate that en-
vironmental factors have a significant impact on the modulation and
alteration of the genome by the exposome in different autoimmune
diseases [126]. This supports the proposal that occupational and

Fig. 7. Nanoparticles. These are particles between 1 and 100 nm in size used
for a variety of commercial, industrial, and medical/pharmaceutical applica-
tions.
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environmental exposure should be checked in all patients with auto-
immune disease upon diagnosis. Fig. 8 shows this putative pathogenic
mechanism of how enzymatic and non-enzymatic protein modification
by environmental factors can result in neopeptides and proteins against
which the body may mount immune responses, contributing to various
autoimmune diseases. This identification of environmental and occu-
pational toxic agents, whether in the surrounding environment or in
food, will allow their removal or interruption, which may potentially
result in the improvement of the autoimmune disease’ outcome.

9. We are what our microbiome eats

In a microbiology laboratory, many types of growth media are used
to grow and identify microbes. Nutrient agar, tryptic soy agar, egg yolk
agar, potato agar, blood agar, and brain heart infusion agar are some
examples of culture media. As these names show, microbes are choosy
in their requirements for growth. Some like soy, some like potato or
egg, and others may not grow unless blood or even brain proteins are
added to the media. In essence, our gut environment, which contains
about 4 × 1013 bacteria [127], is not that different from a microbiology
lab. For example, the consumption of too much egg yolk encourages the
growth of anaerobic bacteria, too much carbohydrates and sugar cause
overgrowth of entrerobacteria, and too much potato may encourage the
growth of fungi. Microbes have co-evolved with humans, depending on
our diet for their survival, just as we depend on them for our well-being
[128]. However, an unhealthy diet of saturated fats, high sodium diet,
modified foods, sugar and corn syrup, and other bad heating habits can
change this harmonious relationship, which may end with dysbiosis in
the gut and the release of harmful bacterial toxins, such as lipopoly-
saccharides and bacterial cytolethal distending toxins. These bacterial
toxins in the inflammatory environment can disrupt tight junction
proteins and damage the enteric neurons through molecular mimicry.
The breakdown of the barriers and tight junctions results in the release
of self-tissue proteins and induces the production of antibodies in re-
sponse to them. This breakdown facilitates the entry of different mac-
romolecules, bacterial components and even the whole bacteria into the
tissues, where they modulate the immune responses in a way that sets
the stage for autoimmunity [129,130].

In support of this, very recently, researchers demonstrated that
bacteria found in the small intestine of humans and mice can travel to
different organs, where they trigger an autoimmune response. They
discovered that Enterococcus gallinarum, an ordinary supposedly

harmless gut bacterium, moved from the gut to the liver, spleen and
lymph nodes in mice genetically prone to autoimmune disease. Once in
these tissues, the bacteria induced production of autoantibodies that are
biomarkers of autoimmunity [131]. Interestingly, they found this so-
called harmless gut bacteria in the liver of patients with autoimmune
liver disease and in patients with lupus, but not in healthy controls. Due
to the molecular mimicry between these bacteria and human tissue
antigens, T and B cells that attack proteins made by commensal bacteria
may also attack the mimics of those proteins found in the human body.

Ro60 is an RNA binding protein found in the human body.
Antibodies reacting with Ro60 are found in lupus patients and were
shown to cross-react with Propionibacterium propionicum and Bacteroides
thetaiotaomicron, which both share homology with Ro60. Filamin A
(FLNA) is a widely distributed high molecular weight actin-binding
protein that promotes orthogonal branching of actin filaments in non-
muscle cells and links actin filaments to membrane glycoproteins.
Prevotella spp. and Butyricimona spp. both share homology with FLNA.
Prevotella spp. and Parabacteroides spp. both mimic N-acet-
ylglucosamine-6-sulfatase, also known as glucosamine (N-acetyl)-6-
sulfatase (GNS), an enzyme that is encoded by the human GNS gene.
Antibodies against these bacteria are found in the blood and joint fluid
of patients with RA but not in healthy controls. Roseburia intestinalis,
which is prevalent in the human gut, cross-reacts with β2-glycoprotein,
the antibody of which is found in patients with anti-phospholipid syn-
drome. T cells isolated from MS patients react to a component of
Akkermansia spp. and Prevotella spp., as well as to the human enzyme
guanosine diphosphate-L-fucose-synthase. Fusobacterial antigen, which
mimics islet-specific glucose-6-phosphatase-related protein, activates
the diabetogenic CD8 T cells that plays a role in the induction of T1D
[132–137].

Identification of bacterial cross-reactive epitopes may guide re-
searchers, some of whom suggest developing strategies for eliminating
the microbiome that carries the autoimmune-associated mimicked
protein (i.e., Ro60) in the earliest stage of the disease. Conversely, other
researchers think that eliminating the microbiome is not the answer for
treating autoimmune disorders, since resident bacteria have essential
functions beyond their roles in the gut [135,138]. However, some im-
munologists believe that it is feasible to identify the specific bacterial
triggers that cross-react with human tissue and either remove them or
compete with them by using probiotics or prebiotics
[131,132,135,139]. While there is as yet no clear vindication or re-
solution for these suggested strategies for treating autoimmune

Fig. 8. The role of environmental factors in protein post-translational modification and their role in tissue damage and autoimmune diseases.Modified from
Marie [125].
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diseases, we may need to consider a simpler method, and that is se-
lective feeding of the microbiome using diet and nutrition. In this re-
gard, evidence suggests that dietary factors, such as adhering to the
Mediterranean diet with its increased consumption of fatty fish and
reduced consumption of sugars, contributes towards reducing the risks
of arthritis and osteoarthritis by enhancing the production of soluble
mediators that are anti-inflammatory in nature [140–142].

As immunomodulatory agents, polyphenols are used for the man-
agement of different autoimmune disorders, such as ulcerative colitis,
vitiligo, and MS. These natural products activate intracellular pathways
that are involved in the regulation of immune response and induction of
immune homeostasis [143]. Finally, regulators of the regulatory T cells
in the gut, such as vitamins ABCD (retinoic acid, folic acid, ascorbic
acid, 1,25-(OH)2D3), indole-3 carbinol, tryptophan, probiotics and
others that maintain immune homeostasis in the gut and beyond,
should also be considered as treatment options. These and many other
factors that help regulate the CD4+CD25+ cells and maintain oral
tolerance are reviewed in a chapter in this author's recent book
[144–146].

10. Conclusions

Identification of dietary components that share epitopes with au-
toimmune diseases is extremely important for a subpopulation that is
over-presented with incidences of those diseases. The study of the in-
teraction between diet and autoimmune disorders which was very re-
cently dubbed immunodietica [20] should not be limited to peptide
epitopes from food that shares homology with human tissue, but should
also investigate the reaction of affinity-purified sera from patients with
different autoimmune disease with antigens from raw and modified
foods. Immunodietica should also cover the study of the following:

1. Reaction of monoclonal or affinity-purified polyclonal antibodies
made against different tissue antigens with raw and modified food
antigens

2. Reaction of monoclonal or affinity-purified polyclonal antibodies
made against different food proteins with human tissue antigens

3. Factors in the diet directly or indirectly involved in the post-trans-
lational modification of proteins, such as citrullination, glycation,
oxidation and carbamylation, which are involved in various auto-
immune diseases

4. The role in different autoimmune diseases of foods that contain
lectins and agglutinins, and their possible binding to different tis-
sues that carry lectin receptors

5. Finally, diet influences our microbiome. Certain foods can help
maintain oral tolerance and a healthy digestive system, while det-
rimental foods can encourage the growth of harmful bacteria and
lead to the release of bacterial toxins, weakening the gut barriers. By
inducing gut permeability, the bacteria or their antigens can enter
the circulation, where the immune reaction against them results in
the production of antibodies. Because human tissue is mimicked by
so many gut bacterial antigens, such as Ro60, FLN, GDP-L-fucose
synthase, β2 glycoprotein 1, and N-acetylgucosamine-6-sulfatase,
the antibodies and T cells reacting against the bacterial antigens
may attack the bacteria-mimicking proteins found in the human
tissue, and therefore trigger an autoimmune response

The avoidance of foods that contain autoimmune epitopes, or
components that induce posttranslational modification of food proteins,
or have the capacity to selectively change the gut microbiota, could
improve symptoms in patients with the corresponding autoimmune
disease.

Funding

This research did not receive any specific grant from funding

agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

None.

Acknowledgments

The authors wish to thank Joel Bautista for the figures and the
preparation of this manuscript for publication.

References

[1] Vojdani A, Pollard KM, Campbell AW. Environmental triggers and autoimmunity.
Autoimmune Dis 2014;2014:798029https://doi.org/10.1155/2014/798029.

[2] Vojdani A. A potential link between environmental triggers and autoimmunity.
Autoimmune Dis 2014;2014:437231. https://doi.org/10.1155/2014/437231.

[3] Selmi C, Lu Q, Humble MC. Heritability versus the role of the environment in
autoimmunity. J Autoimmun 2012;39:249–52. https://doi.org/10.1016/j.jaut.
2012.07.011.

[4] Galli L, Chiappini E, de Martino M. Infections and autoimmunity. Pediatr Infect Dis
J 2012;31(12):1295–7.

[5] Kaplan MH, Meyeserian M. An immunological cross-reaction between group-A
streptococcal cells and human heart tissue. Lancet. 1962;1(7232):706–10.

[6] Lonnrot M, Korpela K, Knip M, Ilonen J, Simell O, Korhonen S, et al. Enterovirus
infection as a risk factor for beta-cell autoimmunity in a prospectively observed
birth cohort: the Finnish Diabetes Prediction and Prevention Study. Diabetes.
2000;49:1314–8. https://doi.org/10.2337/diabetes.49.8.1314.

[7] Schopfer K, Matter L, Flueler U, Werder E. Diabetes mellitus, endocrine auto-
antibodies, and prenatal rubella infection. Lancet 1982 Jul 17;2(8290):159.

[8] Shahrizaila N, Yuki N. Guillain-Barré syndrome animal model: the first proof of
molecular mimicry in human autoimmune disorder. J Biomed Biotechnol
2011;2011:829129https://doi.org/10.1155/2011/829129.

[9] Sang Y, Zhang R, Scott WR, Creagh AL, Haynes CA, Straus SK. U24 from
Roseolovirus interacts strongly with Nedd4 WW domains. Sci Rep
2017;7:39776https://doi.org/10.1038/srep39776.

[10] Guan Y, Jakimovski D, Ramanathan M, Weinstock-Guttman B, Zivadinov R. The
role of Epstein-Barr virus in multiple sclerosis: from molecular pathophysiology to
in vivo imaging. Neural Regen Res 2019;14(3):373–86. https://doi.org/10.4103/
1673-5374.245462.

[11] Veys EM, Gabriel PA, Coigne E, Mielants H. Rheumatoid factor and serum IgG, IgM
and IgA levels in rheumatoid arthritis with vasculitis. Scand J Rheumatol
1976;5(1):1–6.

[12] Virtanen SM, Knip M. Nutritional risk predictors of β cell autoimmunity and type 1
diabetes at a young age. Am J Clin Nutr 2003;78:1053–67.

[13] Coucke F. Food intolerance in patients with manifest autoimmunity. Observational
study. Autoimmun Rev 2018;17. https://doi.org/10.1016/j.autrev.2018.05.011.

[14] Parkkinen J. Aberrant lectin-binding activity of immunoglobulin G in serum from
rheumatoid arthritis patients. Clin Chem 1989;35:1638–43.

[15] Hvatum M, Kanerud L, Hällgren R, Brandtzaeg P. The gut-joint axis: cross reactive
food antibodies in rheumatoid arthritis. Gut. 2006;55(9):1240–7. https://doi.org/
10.1136/gut.2005.076901.

[16] Conigliaro P, Triggianese P, De Martino E, Fonti GL, Chimenti MS, Sunzini F, et al.
Challenges in the treatment of rheumatoid arthritis. Autoimmun Rev
2019;18(7):706–13.

[17] Nielsen SM, Zobbe K, Kristensen LE, Christensen R. Nutritional recommendations
for gout: an update from clinical epidemiology. Autoimmun Rev
2018;17(11):1090–6.

[18] Malosse D, Perron H. Correlation analysis between bovine populations, other farm
animals, house pets, and multiple sclerosis prevalence. Neuroepidem.
1993;12:15–27. https://doi.org/10.1159/000110295.

[19] Holzbauer SM, DeVries AS, Sejvar JJ, Lees CH, Adjemian J, McQuiston JH, et al.
Epidemiologic investigation of immune-mediated polyradiculoneuropathy among
abattoir workers exposed to porcine brain. PLoS One 2010;5(3):e9782. Published
2010 Mar 19 https://doi.org/10.1371/journal.pone.0009782.

[20] Gershteyn, I and Ferreira, L. Immunodietica: a data-driven approach to investigate
interactions between diet and autoimmune disorders. 1. https://doi.org/10.1016/
j.jtauto.2019.100003.2019.

[21] Esterházy D, Loschko J, London M, Jove V, Oliveira TY, Mucida D. Classical
dendritic cells are required for dietary antigen-mediated induction of peripheral
T(reg) cells and tolerance. Nat Immunol 2016;17(5):545–55. https://doi.org/10.
1038/ni.3408.

[22] Pabst O, Mowat AM. Oral tolerance to food protein. Mucosal Immunol
2012;5(3):232–9. https://doi.org/10.1038/mi.2012.4.

[23] Vojdani A. Oral tolerance and its relationship to food immunoreactivities. Altern
Ther Health Med 2015;21:23–32.

[24] Vojdani A. Molecular mimicry as a mechanism for food immune reactivities and
autoimmunity. Altern Ther Health Med 2015;21(Suppl. 1):34–45.

[25] Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke JD, Serino M, et al.
Intestinal permeability–a new target for disease prevention and therapy. BMC
Gastroenterol 2014;14:189. Published 2014 Nov 18 https://doi.org/10.1186/
s12876-014-0189-7.

A. Vojdani, et al. Autoimmunity Reviews 19 (2020) 102459

12

https://doi.org/10.1155/2014/798029
https://doi.org/10.1155/2014/437231
https://doi.org/10.1016/j.jaut.2012.07.011
https://doi.org/10.1016/j.jaut.2012.07.011
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0020
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0020
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0025
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0025
https://doi.org/10.2337/diabetes.49.8.1314
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0035
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0035
https://doi.org/10.1155/2011/829129
https://doi.org/10.1038/srep39776
https://doi.org/10.4103/1673-5374.245462
https://doi.org/10.4103/1673-5374.245462
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0055
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0055
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0055
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0060
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0060
https://doi.org/10.1016/j.autrev.2018.05.011
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0070
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0070
https://doi.org/10.1136/gut.2005.076901
https://doi.org/10.1136/gut.2005.076901
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0080
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0080
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0080
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0085
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0085
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0085
https://doi.org/10.1159/000110295
https://doi.org/10.1371/journal.pone.0009782
https://doi.org/10.1016/j.jtauto.2019.100003.2019
https://doi.org/10.1016/j.jtauto.2019.100003.2019
https://doi.org/10.1038/ni.3408
https://doi.org/10.1038/ni.3408
https://doi.org/10.1038/mi.2012.4
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0110
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0110
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0115
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0115
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1186/s12876-014-0189-7


[26] Mu Q, Kirby J, Reilly CM, Luo XM. Leaky gut as a danger signal for autoimmune
diseases. Front Immunol 2017;8:598. Published 2017 May 23 https://doi.org/10.
3389/fimmu.2017.00598.

[27] Shamriz O, Mizrahi H, Werbner M, Shoenfeld Y, Avni O, Koren O. Microbiota at
the crossroads of autoimmunity. Autoimmun Rev 2016;15:859–69. https://doi.
org/10.1016/j.autrev.2016.07.012.

[28] Watanabe R, Murakami Y, Marmor MD, Inoue N, Maeda Y, Hino J, et al. Initial
enzyme for glycosylphosphatidylinositol biosynthesis requires PIG-P and is regu-
lated by DPM2. EMBO J 2000;19(16):4402–11. https://doi.org/10.1093/emboj/
19.16.4402.

[29] Newman HA, Romeo MJ, Lewis SE, Yan BC, Orlean P, Levin DE. Gpi19, the
Saccharomyces cerevisiae homologue of mammalian PIG-P, is a subunit of the
initial enzyme for glycosylphosphatidylinositol anchor biosynthesis. Eukaryot Cell
2005;4(11):1801–7. https://doi.org/10.1128/EC.4.11.1801-1807.2005.

[30] Natter S, Granditsch G, Reichel GL, Baghestanian M, Valent P, Elfman L, et al. IgA
cross-reactivity between a nuclear autoantigen and wheat proteins suggests mo-
lecular mimicry as a possible pathomechanism in celiac disease. Eur J Immunol
2001;31:918–28.

[31] Stefferl A, Schubart A, Storch M, Amini A, Mather I, Lassmann H, et al.
Butyrophilin, a milk protein, modulates the encephalitogenic T cell response to
myelin oligodendrocyte glycoprotein in experimental autoimmune en-
cephalomyelitis. J Immunol (Baltimore, MD: 1950) 2000;165(5):2859–65. https://
doi.org/10.4049/jimmunol.165.5.2859.

[32] Vojdani A, Campbell AW, Anyanwu E, Kashanian A, Bock K, Vojdani E. Antibodies
to neuron-specific antigens in children with autism: possible cross-reaction with
encephalitogenic proteins from milk, Chlamydia pneumoniae and Streptococcus
group A. J Neuroimmunol 2002;129:168–77. https://doi.org/10.1016/S0165-
5728(02)00180-7.

[33] Guggenmos J, Schubart AS, Ogg S, Andersson M, Olsson T, Mather IH, et al.
Antibody cross-reactivity between myelin oligodendrocyte glycoprotein and the
milk protein butyrophilin in multiple sclerosis. J Immunol 2004;172:661–8.
https://doi.org/10.4049/jimmunol.172.1.661.

[34] Vojdani A. The characterization of the repertoire of wheat antigens and peptides
involved in the humoral immune responses in patients with gluten sensitivity and
Crohn’s disease. ISRN Allergy 2011;2011:950104. Published 2011 Oct 27 https://
doi.org/10.5402/2011/950104.

[35] Riemekasten G, Marell J, Hentschel C, Klein R, Burmester GR, Schoessler W, et al.
Casein is an essential cofactor in autoantibody reactivity directed against the C-
terminal SmD1 peptide AA 83-119 in systemic lupus erythematosus.
Immunobiology. 2002;206:537–45. https://doi.org/10.1078/0171-2985-00202.

[36] Wildner G, Diedrichs-Mohring M. Autoimmune uveitis induced by molecular mi-
micry of peptides from rotavirus, bovine casein and retinal S-antigen. Eur J
Immunol 2003;33:2577–87.

[37] Jarius S, Wildemann B. AQP4 antibodies in neuromyelitis optica: diagnostic and
pathogenetic relevance. Nat Rev Neurol 2010;6(7):383–92.

[38] Vaishnav RA, Liu R, Chapman J, Roberts AM, Ye H, Rebolledo-Mendez JD, et al.
Aquaporin 4 molecular mimicry and implications for neuromyelitis optica. J
Neuroimmunol 2013;260(1–2):92–8. https://doi.org/10.1016/j.jneuroim.2013.
04.015.

[39] Silverman GA, Bird PI, Carrell RW, Church FC, Coughlin PB, Gettins PG, et al. The
serpins are an expanding superfamily of structurally similar but functionally di-
verse proteins. Evolution, mechanism of inhibition, novel functions, and a revised
nomenclature. J Biol Chem 2001;276:33293–6. https://doi.org/10.1074/jbc.
R100016200.

[40] Mankaï A, Sakly W, Thabet Y, Achour A, Manoubi W, Ghedira I. Anti-
Saccharomyces cerevisiae antibodies in patients with systemic lupus er-
ythematosus. Rheumatol Int 2013;33:665–9. https://doi.org/10.1007/s00296-
012-2431-3.

[41] Dai H, Dong HL, Gong FY, Sun SL, Liu XY, Li ZG, et al. Disease association and
arthritogenic potential of circulating antibodies against the α1,4-polygalacturonic
acid moiety. J Immunol 2014;192(10):4533–40. https://doi.org/10.4049/
jimmunol.1303351.

[42] Dai H, Gao XM. Elevated levels of serum antibodies against alpha-1, 6-glucan in
patients with systemic lupus erythematosus or rheumatoid arthritis. Protein Cell
2011;2(9):739–44. https://doi.org/10.1007/s13238-011-1095-1.

[43] Lunardi C, Nanni L, Tiso M, Mingari MC, Bason C, Oliveri M, et al. Glycine-rich cell
wall proteins act as specific antigen targets in autoimmune and food allergic dis-
orders. Int Immunol 2000;12:647–57.

[44] Liu R, Holck AL, Yang E, Liu C, Xue W. Tropomyosin from tilapia (Oreochromis
mossambicus) as an allergen. Clin Exp Allergy 2013;43(3):365–77.

[45] Swoboda I, Bugajska-Schretter A, Verdino P, Keller W, Sperr WR, Valent P, et al.
Recombinant carp parvalbumin, the major cross-reactive fish allergen: a tool for
diagnosis and therapy of fish allergy. J Immunol 2002;168:4576–84.

[46] Vojdani A, O’Bryan T, Green JA, Mccandless J, Woeller KN, Vojdani E, et al.
Immune response to dietary proteins, gliadin and cerebellar peptides in children
with autism. Nutr Neurosci 2004;7:151–61. https://doi.org/10.1080/
10284150400004155.

[47] Vojdani A, Kharrazian D, Mukherjee PS. The prevalence of antibodies against
wheat and milk proteins in blood donors and their contribution to neuroimmune
reactivities. Nutrients 2013;6(1):15–36. Published 2013 Dec 19 https://doi.org/
10.3390/nu6010015.

[48] Delong T, Wiles TA, Baker RL, Bradley B, Barbour G, Reisdorph R, et al. Pathogenic
CD4 T cells in type 1 diabetes recognize epitopes formed by peptide fusion.
Science. 2016;351(6274):711–4. https://doi.org/10.1126/science.aad2791.

[49] Stein PE, Carrell RW. What do dysfunctional serpins tell us about molecular mo-
bility and disease? Nat Struct Biol 1995;2(2):96–113.

[50] Kinoshita M, Nakatsuji Y, Kimura T, Moriya M, Takata K, Okuno T, et al. Anti-
aquaporin-4 antibody induces astrocytic cytotoxicity in the absence of CNS an-
tigen-specific T cells. Biochem Biophys Res Commun 2010;394(1):205–10.
https://doi.org/10.1016/j.bbrc.2010.02.157.

[51] Jacob S, Zarei M, Kenton A, Allroggen H. Gluten sensitivity and neuromyelitis
optica: two case reports. J Neurol Neurosurg Psychiatry 2005;76(7):1028–30.
https://doi.org/10.1136/jnnp.2004.055491.

[52] Das KM, Dasgupta A, Mandal A, Geng X. Autoimmunity to cytoskeletal protein
tropomyosin. A clue to the pathogenetic mechanism for ulcerative colitis. J
Immunol 1993;150:2487–93.

[53] Muley SA, Holzbauer S, Clark B, Sejvar J, Lynfield R, Parry G, et al.
Immunohistochemistry and electrophysiological findings in swine abattoir
workers with immune-mediated polyradiculoneuropathy. J Neurol Sci
2018;385:34–8.

[54] Bullard-Dillard R, Chen J, Pelsue S, Dao V, Agris PF. Anti-Sm autoantibodies of
systemic lupus erythematosus cross react with dietary plant proteins. Immunol
Invest 1992;21(3):193–202. https://doi.org/10.3109/08820139209072258.

[55] Agris PF, Parks R, Bowman L, Guenther RH, Kovacs SA, Pelsue S. Plant DNA to-
poisomerase I is recognized and inhibited by human Scl-70 sera autoantibodies.
Exp Cell Res 1990;189(2):276–9. https://doi.org/10.1016/0014-4827(90)
90247-8.

[56] Kahaly GJ, Schuppan D. Celiac disease and endocrine autoimmunity. Dig Dis
2015;33:155–61. https://doi.org/10.1159/000369535.

[57] Duntas LH. Autoimmunity: does celiac disease trigger autoimmune thyroiditis?
Nat Rev Endocrinol 2009;5(4):190–1. https://doi.org/10.1038/nrendo.2009.46.

[58] Lewis NR, Holmes GKT. Risk of morbidity in contemporary celiac disease. Expert
Rev Gastroenterol Hepatol 2010;4(6):767–80. https://doi.org/10.1586/egh.10.72.

[59] Kharrazian D, Herbert M, Vojdani A. Immunological reactivity using monoclonal
and polyclonal antibodies of autoimmune thyroid target sites with dietary pro-
teins. J Thyroid Res 2017;2017:4354723https://doi.org/10.1155/2017/4354723.

[60] Bojarska-Szmygin A, Ciechanek R. Antibodies against TSH receptors (TRAb) as
indicators in prognosing the effectiveness of Tiamazol therapy for Grave’s disease.
Wiadomosci lekarskie (Warsaw, Poland: 1960) 2003;56(7–8):303–7.

[61] Leaky gut to food antigen and its contribution to autoimmunity.
[62] Berer K, Gerdes LA, Cekanaviciute E, Jia X, Xiao L, Xia Z, et al. Gut microbiota

from multiple sclerosis patients enables spontaneous autoimmune en-
cephalomyelitis in mice. Proc Natl Acad Sci U S A 2017;114(40):10719–24.
https://doi.org/10.1073/pnas.1711233114.

[63] Horai R, Zárate-Bladés CR, Dillenburg-Pilla P, Chen J, Kielczewski JL, Silver PB,
et al. Microbiota-dependent activation of an autoreactive T cell receptor provokes
autoimmunity in an immunologically privileged site. Immunity.
2015;43(2):343–53. https://doi.org/10.1016/j.immuni.2015.07.014.

[64] Sharif K, Amital H, Shoenfeld Y. The role of dietary sodium in autoimmune dis-
eases: the salty truth. Autoimmun Rev 2018;17:1069–73. https://doi.org/10.
1016/j.autrev.2018.05.007.

[65] Kharrazian D, Herbert M, Vojdani A. Detection of islet cell immune reactivity with
low glycemic index foods: is this a concern for type 1 diabetes? J Diabetes Res
2017;2017:4124967https://doi.org/10.1155/2017/4124967.

[66] Rabin DU, Pleasic SM, Shapiro JA, Yoo-Warren H, Oles J, Hicks JM, et al. Islet cell
antigen 512 is a diabetes-specific islet autoantigen related to protein tyrosine
phosphatases. J Immunol 1994;152:3183–8.

[67] Arvan P, Pietropaolo M, Ostrov D, Rhodes CJ. Islet autoantigens: structure, func-
tion, localization, and regulation. Cold Spring Harb Perspect Med
2012;2(8):https://doi.org/10.1101/cshperspect.a007658 a007658. Published
2012 Aug 1. doi:https://doi.org/10.1101/cshperspect.a007658

[68] Wenzlau JM, Juhl K, Yu L, Moua O, Sarkar SA, Gottlieb P, et al. The cation efflux
transporter ZnT8 (Slc30A8) is a major autoantigen in human type 1 diabetes. Proc
Natl Acad Sci U S A 2007;104(43):17040–5. https://doi.org/10.1073/pnas.
0705894104.

[69] Kong YH, Kim MS, Lee DY. Comparison of the prevalence of islet autoantibodies
according to age and disease duration in patients with type 1 diabetes mellitus.
Ann Pediatr Endocrinol Metab 2013;18(2):65–70. https://doi.org/10.6065/apem.
2013.18.2.65.

[70] Taplin CE, Barker JM. Autoantibodies in type 1 diabetes. Autoimmunity
2008;41:11–8.

[71] Thivolet CH, Tappaz M, Durand A, Petersen J, Stefanutti A, Chatelain P, et al.
Glutamic acid decarboxylase (GAD) autoantibodies are additional predictive
markers of type 1 (insulin-dependent) diabetes mellitus in high risk individuals.
Diabetologia. 1992;35(6):570–6. https://doi.org/10.1007/BF00400486.

[72] Vaarala O. Is type 1 diabetes a disease of the gut immune system triggered by cow’s
milk insulin? Adv Exp Med Biol 2005;569:151–6. https://doi.org/10.1007/1-
4020-3535-7_22.

[73] Harrison LC, Honeyman MC. Cow’s milk and type 1 diabetes: the real debate is
about mucosal immune function. Diabetes 1999;48(8):1501–7.

[74] Vaarala O. Is the origin of type 1 diabetes in the gut? Immunol Cell Biol
2012;90(3):271–6.

[75] Carter C. Familial and late-onset Alzheimer's disease: Autoimmune disorders
triggered by viral, microbial and allergen mimics of beta-amyloid and APP mu-
tants? Available from Nature Precedings http://hdl.handle.net/10101/npre.2010.
4662.1>; 2010.

[76] Vojdani A, Vojdani E. Immunoreactivity of anti-A B P-42 specific antibody with
toxic chemicals and food antigens. J Alzheimer’s Dis Parkinsonism 2018;8:3.
https://doi.org/10.4172/2161-0460.1000441.

[77] Levin EC, Acharya NK, Han M, Zavareh SB, Sedeyn JC, Venkataraman V, et al.
Brain-reactive autoantibodies are nearly ubiquitous in human sera and may be
linked to pathology in the context of blood-brain barrier breakdown. Brain Res

A. Vojdani, et al. Autoimmunity Reviews 19 (2020) 102459

13

https://doi.org/10.3389/fimmu.2017.00598
https://doi.org/10.3389/fimmu.2017.00598
https://doi.org/10.1016/j.autrev.2016.07.012
https://doi.org/10.1016/j.autrev.2016.07.012
https://doi.org/10.1093/emboj/19.16.4402
https://doi.org/10.1093/emboj/19.16.4402
https://doi.org/10.1128/EC.4.11.1801-1807.2005
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0145
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0145
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0145
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0145
https://doi.org/10.4049/jimmunol.165.5.2859
https://doi.org/10.4049/jimmunol.165.5.2859
https://doi.org/10.1016/S0165-5728(02)00180-7
https://doi.org/10.1016/S0165-5728(02)00180-7
https://doi.org/10.4049/jimmunol.172.1.661
https://doi.org/10.5402/2011/950104
https://doi.org/10.5402/2011/950104
https://doi.org/10.1078/0171-2985-00202
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0175
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0175
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0175
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0180
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0180
https://doi.org/10.1016/j.jneuroim.2013.04.015
https://doi.org/10.1016/j.jneuroim.2013.04.015
https://doi.org/10.1074/jbc.R100016200
https://doi.org/10.1074/jbc.R100016200
https://doi.org/10.1007/s00296-012-2431-3
https://doi.org/10.1007/s00296-012-2431-3
https://doi.org/10.4049/jimmunol.1303351
https://doi.org/10.4049/jimmunol.1303351
https://doi.org/10.1007/s13238-011-1095-1
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0210
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0210
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0210
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0215
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0215
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0220
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0220
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0220
https://doi.org/10.1080/10284150400004155
https://doi.org/10.1080/10284150400004155
https://doi.org/10.3390/nu6010015
https://doi.org/10.3390/nu6010015
https://doi.org/10.1126/science.aad2791
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0240
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0240
https://doi.org/10.1016/j.bbrc.2010.02.157
https://doi.org/10.1136/jnnp.2004.055491
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0255
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0255
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0255
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0260
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0260
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0260
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0260
https://doi.org/10.3109/08820139209072258
https://doi.org/10.1016/0014-4827(90)90247-8
https://doi.org/10.1016/0014-4827(90)90247-8
https://doi.org/10.1159/000369535
https://doi.org/10.1038/nrendo.2009.46
https://doi.org/10.1586/egh.10.72
https://doi.org/10.1155/2017/4354723
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0295
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0295
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0295
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.1016/j.immuni.2015.07.014
https://doi.org/10.1016/j.autrev.2018.05.007
https://doi.org/10.1016/j.autrev.2018.05.007
https://doi.org/10.1155/2017/4124967
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0320
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0320
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0320
https://doi.org/10.1101/cshperspect.a007658
https://doi.org/10.1101/cshperspect.a007658
https://doi.org/10.1073/pnas.0705894104
https://doi.org/10.1073/pnas.0705894104
https://doi.org/10.6065/apem.2013.18.2.65
https://doi.org/10.6065/apem.2013.18.2.65
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0335
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0335
https://doi.org/10.1007/BF00400486
https://doi.org/10.1007/1-4020-3535-7_22
https://doi.org/10.1007/1-4020-3535-7_22
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0350
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0350
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0355
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0355
http://hdl.handle.net/10101/npre.2010.4662.1%3e
http://hdl.handle.net/10101/npre.2010.4662.1%3e
https://doi.org/10.4172/2161-0460.1000441


2010;1345:221–32. https://doi.org/10.1016/j.brainres.2010.05.038.
[78] Schrander JJ, Marcelis C, de Vries MP, van Santen-Hoeufft HM. Does food intol-

erance play a role in juvenile chronic arthritis? Rheumatology 1 August
1997;36(8):905–8. https://doi.org/10.1093/rheumatology/36.8.905.

[79] Molberg Ø, Sollid LM. A gut feeling for joint inflammation - using coeliac disease
to understand rheumatoid arthritis. Trends Immunol 2006;27:188–94.

[80] Baboonian C, Halliday D, Venables PJ, Pawlowski T, Millman G, Maini RN.
Antibodies in rheumatoid arthritis react specifically with the glycine alanine re-
peat sequence of Epstein-Barr nuclear antigen-1. Rheumatol Int 1989;9:161–6.

[81] Baboonian C, Venables PJ, Williams DG, Williams RO, Maini RN. Cross reaction of
antibodies to a glycine/alanine repeat sequence of Epstein-Barr virus nuclear an-
tigen-1 with collagen, cytokeratin, and actin. Ann Rheum Dis 1991;50(11):772–5.

[82] Ostenstad B, Dybwad A, Lea T, Førre O, Vinje O, Sioud M. Evidence for monoclonal
expansion of synovial T cells bearing V alpha 2.1/V beta 5.5 gene segments and
recognizing a synthetic peptide that shares homology with a number of putative
autoantigens. Immunology. 1995;86(2):168–75.

[83] Vojdani A. Reaction of anti-food antibodies with different tissue antigens.
Nutrition Research; 2019. [Submitted].

[84] Butcher J. The distribution of multiple sclerosis in relation to the dairy industry
and milk consumption. N Z Med J 1976;83(566):427–30.

[85] Malosse D, Perron H, Sasco A, Seigneurin JM. Correlation between milk and dairy
product consumption and multiple sclerosis prevalence: a worldwide study.
Neuroepidemiology. 1992;11(4–6):304–12.

[86] Miyake K, Tanaka T, McNeil PL. Lectin-based food poisoning: a new mechanism of
protein toxicity. PLoS One 2007;2:687.

[87] Pusztai A, Grant G, Spencer RJ, Duguid TJ, Brown DS, Ewen SW, et al. Kidney bean
lectin-induced Escherichia coli overgrowth in the small intestine is blocked by
GNA, a mannose specific lectin. J Appl Bacteriol 1993;75(4):360–8.

[88] Sjölander A, Magnusson KE, Lutkovic S. The effect of concanavalin A and wheat
germ agglutinin on the ultrastructure and permeability of rat intestine. Int Arch
Aller A Imm 1984;75(3):230–6.

[89] Wilson AB, King TP, Clarke EM, Pusztai A. Kidney bean (Phaseolus vulgaris) lectin-
induced lesions in the small intestine. II. Microbiological studies. J Comp Pathol
1980;90(4):597–602.

[90] Hamid R, Mascod A. Dietary lectins as disease causing toxicants. Pak J Nutr
2009;8:293–303.

[91] Vojdani A. Lectins, agglutinins, and their role in autoimmune reactivities. Alt Ther
Health Med 2015;21(Suppl. 1):46–51.

[92] Sollid LM, Kolberg J, Scott H, Ek J, Fausa O, Brandtzaeg P. Antibodies to wheat
germ agglutinin in coeliac disease. Clin Exp Immunol 1986;63(1):95–100.

[93] Fälth-Magnusson K, Magnusson KE. Elevated levels of serum antibodies to the
lectin wheat germ agglutinin in celiac children lend support to the gluten-lectin
theory of celiac disease. Pediatr Allergy Immunol 1995;6(2):98–102.

[94] Cordain L, Toohey L, Smith MJ, Hickey MS. Modulation of immune function by
dietary lectins in rheumatoid arthritis. Brit J Nutr 2000;83(3):207–17.

[95] Albani S, Carson DA. A multistep molecular mimicry hypothesis for the patho-
genesis of rheumatoid arthritis. Immunol Today 1996;17(10):466–70.

[96] Albani S, Tuckwell J, Esparza L, Carson DA, Roudier J. The susceptibility sequence
to rheumatoid arthritis is a cross-reactive B cell epitope shared by the Escherichia
coli heat shock protein dnaJ and the histocompatibility leukocyte antigen
DRB10401 molecule. J Clin Invest 1992;89(1):327–31.

[97] Vojdani A, Tarash I. Cross-reaction between gliadin and different food and tissue
antigens. Food Nutr Sci 2013;44:20–32.

[98] McIntyre LJ, Quarles RH, Brady RO. Lectin-binding proteins in central nervous
system myelin. Detection of glycoproteins of purified myelin on polyacrylamide
gels by [3h]concanavalin A binding. Biochem J 1979;183:205–12.

[99] Skidmore MW, Paulson GD, Kuiper HA, Ohlin B, Reynold S. Bound xenobiotic
residues in food commodities of plant and animal origin. Pure Appl Chem
1998;70(7):1423–47.

[100] Lv Y, Li X, Wang Z, Zheng H, Zhang Q, Huo R, et al. Short communication: in-
teraction of bovine milk protein with chlorpyrifos. J Dairy Sci
2014;97(4):2056–60.

[101] Sultatos LG, Basker KM, Shao M, Murphy SD. The interaction of the phosphor-
othioate insectides chlorpyrifos and parathion and their oxygen analogues with
bovine serum albumin. Mol Pharmacol 1984;26(1):99–104.

[102] Silva D, Cortez CM, Cunha-Bastos J, Louro SR. Methyl parathion interaction with
human and bovine serum albumin. Toxicol Lett 2004;147(1):53–61.

[103] Cui Y, Guo J, Xu B, Chen Z. Binding of chlorpyrifos and cypermethrin to blood
proteins. Pestic Biochem Physiol 2006;85:110–4.

[104] Vojdani A, Kharrazian D, Mukherjee PS. Elevated levels of antibodies against xe-
nobiotics in a subgroup of healthy subjects. J Appl Toxicol 2015;35(4):383–97.

[105] Delong T, Wiles TA, Baker RL, Bradley B, Barbour G, Reisdorph R, et al.
Pathogenic CD4 T cells in type 1 diabetes recognize epitopes formed by peptide
fusion. Science. 2016;351:711–4.

[106] Mathsson L, Mullazehi M, Wick MC, Sjoberg O, van Vollenhoven R, Klareskog L,
et al. Antibodies against citrullinated vimentin in rheumatoid arthritis: higher
sensitivity and extended prognostic value concerning future radiographic pro-
gression as compared with antibodies against cyclic citrullinated peptides.
Arthritis Rheum 2008;58:36–45.

[107] Molberg O, McAdam SN, Korner R, Quarsten H, Kristiansen C, Madsen L, et al.
Tissue transglutaminase selectively modifies gliadin peptides that are recognized
by gut-derived T cells in celiac disease. Nat Med 1998;4:713–7.

[108] Trier NH, Hoven G. Epitope specificity of anti-citrullinated protein antibodies.
Antibodies. 2017;6(1):5. https://doi.org/10.3390/antib6010005.

[109] Taga y TK, Hamada C, Kusubata M, Ogawa-Koto K, Hattori S.
Hydroxyhomocitrulline is a collagen-specific carbamylation mark that affects

cross-link formation. Cell Chem Biol 2017;24(10):1276–84.
[110] Hvaring C, Vujicic S, Aasly JO, Feinstein DL, White LR, Boullerne AI. IgM to S-

nitrosylated protein is found intrethetically in relapsing-remitting multiple
sclerosis. J Neuroimmunol 2013;256:77–83.

[111] Abdeen S, Olusi SO, George S. Serum anti-modified citrullinated vimentin anti-
body concentration is associated with liver fibrosis in patients with chronic he-
patitis. Hepat Med 2011;3:13–8.

[112] Jang B, Ishigami A, Maruyama N, Carp RI, Kim YS, Choi EK. Peptidylarginine
deiminase and protein citrullination in prion diseases: strong evidence of neuro-
degeneration. Prion. 2013;7:42–6.

[113] Baka Z, György B, Géher P, Buzás EI, Falus A, Nagy G. Citrullination under phy-
siological and pathological conditions. Joint Bone Spine 2012;79(5):431–6.

[114] Farhat SC, Silva CA, Orione MA, Campos LM, Sallum AM, Braga AL. Air pollution
in autoimmune rheumatic diseases: a review. Autoimmun Rev 2011;11(1):14–21.

[115] Conrad A, Schröter-Kermani C, Hoppe HW, Rüther M, Pieper S, Kolossa-Gehring
M. Glyphosate in German adults – time trend (2001 to 2015) of human exposure to
a widely used herbicide. Int J Hyg Environ Health 2017;220(1):8–16.

[116] Yue Y, Zhang Y, Zhou L, Qin J, Chen X. In vitro study on the binding of herbicide
glyphosate to human serum albumin by optical spectroscopy and molecular
modeling. J Photochem Photobiol B 2008;90:26–32.

[117] Swanson N, Leu A, Abrahamson J, Wallet B. Genetically engineered crops, gly-
phosate and the deterioration of health in the United States of America. J Org Syst
2014;9:6–37.

[118] Samsel A, Seneff S. Glyphosate pathways to modern diseases VI: prions, amyloi-
dosis and autoimmune neurological diseases. J Bio Phys Chem 2017;17:8–32.

[119] Mohamed BM, Boyle NT, Schinwald A, Murer B, Ward R, Mahfoud OK, et al.
Induction of protein citrullination and auto-antibodies production in murine ex-
posed to nickel nanomaterials. Sci Rep 2018;8(1):679.

[120] Schinwald A, Murphy FA, Prina-Mello A, Poland CA, Byrne F, Movia D, et al. The
threshold length for fiber-induced acute pleural inflammation: shedding light on
the early events in asbestos-induced mesothelioma. Toxicol Sci
2012;128(2):461–70.

[121] Prina-Mello A, Diao Z, Coey JM. Internalization of ferromagnetic nanowires by
different living cells. J Nanobiotechnol 2006;5(4):9.

[122] Donaldson K, Murphy F, Schinwald A, Duffin R, Poland CA. Identifying the pul-
monary hazard of high aspect ratio nanoparticles to enable their safety-by-design.
Nanomedicine. 2012;6:143–56. https://doi.org/10.2217/nnm.10.139.

[123] Lerner A, Matthias T. Changes in intestinal tight junction permeability associated
with industrial food additives explain the rising incidence of autoimmune disease.
Autoimmun Rev 2015;14:479–89.

[124] Matthias T, Lerner A. Microbial transglutaminase is immunogenic and potentially
pathogenic in pediatric celiac disease. Front Pediatr 2018;6:389.

[125] Marie I. Systemic sclerosis and exposure to heavy metals. Autoimmun Rev
2019;18:62–72.

[126] Leffers HCB, Lange T, Collins C, Ulff-Møller CJ, Jacobsen S. The study of inter-
actions between genome and exposome in the development of systemic lupus
erythematosus. Autoimmun Rev 2019;18(4):382–92.

[127] Sender R, Fuchs S, Milo R. Revised estimates for the number of human and bac-
teria cells in the body. PLoS Biol 2016;14(8):e1002533.

[128] De Filippo C, Cavalieri D, Di Paola M, et al. Impact of diet in shaping gut micro-
biota revealed by a comparative study in children from Europe and rural Africa.
Proc Natl Acad Sci U S A 2010;107(33):14691–6.

[129] Friedland RP. Mechanisms of molecular mimicry involving the microbiota in
neurodegeneration. J Alzheimer’s Dis 2015;45(2):349–62.

[130] Rosser EC, Mauri C. A clinical update on the significance of the gut microbiota in
systemic autoimmunity. J Autoimmun 2016;74:85–93.

[131] Manfredo Vieira S, Hiltensperger M, Kumar V, et al. Translocation of a gut pa-
thobiont drives autoimmunity in mice and humans [published correction appears
in Science. 2018 May 4;360(6388):]. Science. 2018;359(6380):1156–61.

[132] Greiling TM, Dehner C, Chen X, et al. Commensal orthologs of the human auto-
antigen Ro60 as triggers of autoimmunity in lupus. Sci Transl Med
2018;10(434):eaan2306.

[133] Pianta A, Arvikar SL, Strle K, et al. Two rheumatoid arthritis-specific autoantigens
correlate microbial immunity with autoimmune responses in joints. J Clin Invest
2017;127(8):2946–56.

[134] Ruff W, Roth AS, Dehner CA, Vieira SM, Goodman A, Kriegel MA. Autoantibody
cross-reactivity with a microbial protein from a prevalent human gut commensal
in antiphospholipid syndrome. J Immunol 2017;198(1 Supplement):58.4.

[135] Keener AB. Commensal menace. Mounting evidence points to an unexpected
trigger of autoimmune disease: our own microbiomes. The Scientist 2019;6:30–5.

[136] Berer K, Gerdes LA, Cekanaviciute E, Jia X, Xiao L, Xia Z, et al. Gut microbiota
from multiple sclerosis patients enables spontaneous autoimmune en-
cephalomyelitis in mice. Proc Natl Acad Sci U S A 2017;114:10719–24.

[137] Tai N, Peng J, Liu F, Gulden E, Hu Y, Zhang X, et al. Microbial antigen mimics
activate diabetogenic CD8 T cells in NOD mice. J Exp Med 2016;213:2129–46.

[138] Balakrishnan B, Luckey D, Taneja V. Autoimmunity-associated gut commensals
modulate gut permeability and immunity in humanized mice. Mil Med
2019;184(3/4):529–36.

[139] Suez J, Zmora N, Segal E, Elinav E. The pros, cons, and many unknowns of pro-
biotics. Nat Med 2019;25:716–29.

[140] Philippou E, Nikiphorou E. Are we what we eat? Nutrition and its role in the onset
of rheumatoid arthritis. Autoimmun Rev 2018;17:1074–7.

[141] Bortoluzzi A, Furini F, Scirè CA. Osteoarthritis and its management - epide-
miology, nutritional aspects and environmental factors. Autoimmun Rev
2018;17:1097–104.

[142] Petersson S, Philippou E, Rodomar C, Nikiphorou E. The Mediterranean diet, fish

A. Vojdani, et al. Autoimmunity Reviews 19 (2020) 102459

14

https://doi.org/10.1016/j.brainres.2010.05.038
https://doi.org/10.1093/rheumatology/36.8.905
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0380
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0380
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0385
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0385
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0385
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0390
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0390
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0390
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0395
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0395
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0395
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0395
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0400
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0400
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0405
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0405
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0410
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0410
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0410
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0415
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0415
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0420
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0420
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0420
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0425
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0425
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0425
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0430
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0430
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0430
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0435
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0435
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0440
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0440
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0445
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0445
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0450
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0450
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0450
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0455
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0455
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0460
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0460
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0465
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0465
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0465
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0465
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0470
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0470
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0475
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0475
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0475
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0480
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0480
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0480
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0485
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0485
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0485
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0490
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0490
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0490
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0495
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0495
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0500
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0500
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0505
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0505
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0510
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0510
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0510
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0515
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0515
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0515
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0515
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0515
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0520
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0520
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0520
https://doi.org/10.3390/antib6010005
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0530
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0530
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0530
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0535
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0535
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0535
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0540
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0540
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0540
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0545
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0545
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0545
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0550
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0550
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0555
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0555
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0560
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0560
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0560
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0565
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0565
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0565
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0570
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0570
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0570
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0575
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0575
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0580
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0580
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0580
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0585
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0585
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0585
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0585
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0590
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0590
https://doi.org/10.2217/nnm.10.139
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0600
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0600
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0600
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0605
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0605
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0610
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0610
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0615
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0615
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0615
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0620
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0620
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0625
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0625
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0625
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0630
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0630
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0635
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0635
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0640
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0640
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0640
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0645
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0645
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0645
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0650
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0650
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0650
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0655
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0655
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0655
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0660
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0660
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0665
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0665
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0665
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0670
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0670
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0675
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0675
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0675
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0680
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0680
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0685
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0685
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0690
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0690
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0690
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0695


oil supplements and rheumatoid arthritis outcomes: evidence from clinical trials.
Autoimmun Rev 2018;17(11):1105–14.

[143] Khan H, Sureda A, Belwal T, et al. Polyphenols in the treatment of autoimmune
diseases. Autoimmun Rev 2019;18(7):647–57.

[144] Vojdani A, Vojdani E. How to fix broken oral tolerance or a leaky immune system
as a treatment for autoimmunity. In: Vojdani A, editor. Food-associated auto-
immunities: when food breaks your immune system. Los Angeles: A&G Press;

2019. p. 400–32.
[145] Yamamoto E, Jørgensen TN. Immunological effects of vitamin D and their rela-

tions to autoimmunity. J Autoimmun 2019;100:7–16.
[146] Xu Y, Cheng Y, Baylink DJ, Wasnik S, Goel G, Huang M, et al. In vivo generation of

gut-homing regulatory T cells for the suppression of colitis. J Immunol
2019;202:3447–57.

A. Vojdani, et al. Autoimmunity Reviews 19 (2020) 102459

15

http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0695
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0695
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0700
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0700
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0705
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0705
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0705
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0705
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0710
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0710
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0715
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0715
http://refhub.elsevier.com/S1568-9972(20)30002-1/rf0715

	Interaction between food antigens and the immune system: Association with autoimmune disorders
	Introduction
	Oral tolerance failure
	Molecular mimicry between food antigens and human tissue
	Molecular mimicry and glycosylphosphatidylinositols
	Molecular mimicry and gluten
	Molecular mimicry and milk
	Molecular mimicry and aquaporin
	Molecular mimicry and glycine-rich food proteins
	Molecular mimicry and tropomyosin
	Interactions between diet and autoimmune disorders

	Reaction of sera from patients with autoimmune disease with food antigens
	Reaction of tissue-specific antibody with food antigens
	Thyroid
	Reaction of monoclonal antibody to pancreatic target sites with food antigens
	Islet cell antigen 2 (IA2)
	Zinc transporter 8 (ZnT8)
	Insulin receptor (IR-A, IR-B)
	Glutamic acid decarboxylase 65 (GAD-65)

	Immune reaction between antibody to amyloid beta peptide and food antigens

	Reaction of food-specific antibody with human tissue
	Reaction of lectin antibody with human tissue
	Comparison of IgM antibodies against different lectins in samples negative or positive for RF

	Protein modification and the production of cross-reacting antibodies
	Post-translational modification of proteins and the formation of adducts
	Glyphosate
	Nanoparticles
	Other environmental factors

	We are what our microbiome eats
	Conclusions
	Funding
	mk:H1_31
	Acknowledgments
	References




