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Abstract: Sesame allergy is a life-threatening disease that has been growing globally with poorly
understood mechanisms. To protect sensitive consumers, sesame is regulated in many countries.
There were four research goals for this work on sesame allergy: (i) to map the timeline, and the extent of
its global rise; (ii) to dissect the complexity of the disease, and its mechanisms; (iii) to analyze the global
regulation of sesame; and (iv) to map the directions for future research and regulation. We performed
a literature search on PubMed and Google Scholar, using combinations of key words and analyzed the
output. Regulatory information was obtained from the government agencies. Information relevant
to the above goals was used to make interpretations. We found that: (i) the reports appeared first
in 1950s, and then rapidly rose globally from 1990s; (ii) sesame contains protein and lipid allergens,
a unique feature not found in other allergenic foods; (iii) it is linked to five types of diseases with
understudied mechanisms; and (iv) it is a regulated allergen in 32 advanced countries excluding
the USA. We also provide directions for filling gaps in the research and identify implications of
possible regulation of sesame in the USA.

Keywords: sesame allergy; food regulation; anaphylaxis; immediate hypersensitivity; IgE;
delayed hypersensitivity; protein allergen; lipid allergen

1. Introduction

There is sound evidence that the Western world is in the midst of an ongoing widespread
food allergy, and that some of the Eastern world is noticing its rise as well [1-4]. For example,
recent reports show that the prevalence of food allergies in the United States of America (USA) have
increased to 8% in children and 10.8% among adults from their respective prevalence rates of 6%
and 3.7% just 15 years ago [5,6]. This data translate to an increase of 33% among children, and a
staggering 191.8% rise among adults during this short historical period. A similar rise in food allergy
prevalence has been noted in Canada, Australia, European countries, New Zealand, and Israel [4].
Furthermore, in the Eastern world, once thought to be free from food allergies, increasingly evidence
shows their rise in Japan, Singapore, South Korea, and India [1,7,8]. A few African countries have
recently reported cases of food allergies as well [9,10]. Thus, food allergies are on the rise in multiple
continents, and therefore warrant serious considerations for further research and food safety regulation.

Since avoidance of food allergens is critical in protecting allergic consumers, the USA, Canada,
European Union (EU) countries, the United Kingdom (UK), Australia, New Zealand, and Japan have
developed their own lists of priority/major allergenic foods for regulatory purposes [11-16] (Table 1).
There are many allergic foods that are commonly regulated across all these countries. However,
some foods are not. For example, in the USA, sesame, mustard, lupine, celery, mollusks, and sulfites
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are not presently regulated as food allergens. During the past two years, sesame allergy has been
increasingly discussed in the USA, and the United States Food and Drug Agency (US FDA) has been
considering whether or not to include sesame into the list of major allergens for regulation [2,11].

Table 1. Food safety regulation of sesame and other allergenic foods.

Country List of Federally Regulated Allergenic Foods

8 foods: wheat, milk, soybean, egg, peanut, tree nuts, fish, and crustacean

usa shellfish # (sesame is not federally regulated).

12 foods: wheat and triticale (hybrid of wheat and rye grains), milk, soy,
Canada egg, peanut, tree nuts, fish, shellfish (crustaceans, mollusks *), sesame,
mustard, sulfites.

14 foods: Cereals that contain gluten including wheat, rye, barley and oats,
milk, soy, egg, fish, shellfish (crustaceans including prawns, crabs, and
lobsters, mollusks including mussels and oysters), peanut, tree nuts, sesame
seed, mustard, sulfur dioxide, and sulfites, celery, lupine.

European Union ** & UK

10 foods: wheat, milk, soybean, egg, peanut, tree nuts, fish, shellfish

Australia & New Zealand (crustacean and mollusks), sesame, and lupine.

7 foods: wheat, buckwheat, milk, egg, peanut, shrimp, and crab;
Recommends manufacturers to display 20 additional foods: abalone, squid,

Japan salmon roe, orange, cashew nut, kiwi, beef, walnut, sesame, salmon,
mackerel, soybean, chicken, banana, pork, matsutake mushroom, peach,
yam, apple, and gelatin.

# Examples of crustaceans: shrimp, crayfish, crab, and lobster. * Examples of mollusks: white clams, scallops, oysters,
and mussels. ** European Union includes these 27 countries: Austria, Belgium, Bulgaria, Croatia, Republic of Cyprus,
Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania,
Luxembourg, Malta, Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, and Sweden.

Sesame is a major global agricultural crop whose production has increased from 2.3 million tons
in 1994 to more than 5.5 million tons in 2017 [17]. Interestingly, sesame allergies are not reported
from the top ten sesame-producing countries in the world, including India and China, which are the
top two largest sesame producers [17]. Sesame seeds are available in three different colors—black,
white, and brown (Figure 1). They contain 50% to 60% oil. Both seeds and oils are commonly
used in food preparations. For example, sesame seeds are added to foods (such as bread, bagels,
buns, pizza, etc.) or used directly in making food items (such as tahini, hummus, dry food powder,
and confectionaries) [18]. Sesame oil is used in salad dressings and for the deep-frying of foods.
Sesame oil has long been regarded as safe and inert [18,19]. Therefore, it is used very commonly
in pharmaceutical and cosmetic industries. For example, oil is used in ointments, in intramuscular
injections to deliver hormones and drugs, in lipsticks, body oils, and in moisturizing creams [18].
Furthermore, sesame oil is widely used in ancient medical practices of Indian (Ayurveda) and
Chinese systems for pain disorders [18,20,21]. Furthermore, exposure to sesame also occurs in
occupational settings (e.g., bakeries and oil industry) where it is dealt with as an occupational hazard
for workers [22-24]. Thus, environmental exposure of humans to sesame and sesame containing
products has been increasing globally.

There were four research goals for this article: (i) to map the timeline, and the extent of the global
rise of sesame allergy; (ii) to dissect the complexity of sesame allergy, and identify the gaps in the
mechanisms of the disease; (iii) to compare and contrast the global regulation of sesame and to identify
the challenges; and (iv) to map the directions for future research and regulation.
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Figure 1. Sesame allergy: diversity of the allergens and the complex disease spectrum. The brown,
white, and black sesame seeds contain protein allergens, lipid allergens, and allergens of unknown
nature. Current evidence shows that sesame is linked to at least five types of clinical presentation of
diseases (from left to right): non-IgE immediate hypersensitivity to oil, delayed hypersensitivity to lipid
allergens, IgE mediated immediate hypersensitivity to protein allergens, and acute food protein-induced
enterocolitis syndrome, and eosinophilic esophagitis caused by unknown allergens.

We performed a literature search on PubMed and Google Scholar using the key words. We retried
265 documents from the PubMed using the key words ‘Sesame AND allergy’. Other combination
of key words retrieved 212 to 215 documents from the PubMed. We retrieved 4490 articles from
Google Scholar search using the combination of key words ‘Sesame AND allergy AND hypersensitivity
AND human’. We analyzed the output, removed the duplications and identified the relevant articles in
English language for further analysis. All used articles have been cited in the references. The relevant
information pertaining to the study goals was then used to produce collective data and make
interpretations to accomplish the goals. Published information by food safety regulatory agencies on
their respective webpages was used to collect, analyze, and interpret the information on the regulation
of sesame.

Results from this work has provided the concise and an up to date information on the published
evidence related to the timeline of the global rise of sesame allergy, the natural history of sesame
allergy, the diverse nature of the sesame allergens, the complexity of diseases with largely unknown
underlying mechanisms, the gaps in the scientific knowledge, and the challenges and implications for
potentially regulating sesame as a major allergenic food in the USA. We think that this timely article
will stimulate advances in sesame allergy research, as well as provide the scientific background and a
context to the ongoing discussions on whether or not to regulate sesame as a major food allergen in
the USA, and perhaps in other countries as well.

2. Mapping the Origin and the Global Rise of Sesame Allergy: The 1950s to the Present

Sesame has been used by humans since the ancient times as a food, as well as a medicine.
Earliest records of use dates back to 2450 BC [25]. We have tabulated the origin and the major
milestones of the global rise of sesame allergies [26—48] (Table 2). Reports of adverse reactions to sesame
started appearing from the 1950s and then rose dramatically during the past thirty years. Ironically,
although sesame is not currently regulated in the USA, the very first report on sesame seed and oil
allergy and anaphylaxis came from this country [26]. The first report describes a sudden, multi-organ
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onset of symptoms in a subject by 30 min of consumption of food containing sesame seed and sesame
oil. Reactions included gut and skin symptoms, as well as anaphylaxis. Skin testing was positive with
sesame seed extract. The author raised safety concerns for sesame for the first time in the modern
medical history. A year later, a second case with symptoms of asthma, as well as food allergic reaction
caused by sesame seed was also reported from the USA [27].

Table 2. Global rise of sesame allergies: the origin and the milestones.

Year Milestone

1950 The first report, sesame seed allergy and anaphylaxis, USA [26].

1951 The first report of asthma due to sesame, USA [27].

1958 The first report, sesame oil allergic dermatitis (urticaria and rash upon injection), USA [28].
The first identification of sesamin, sesamol, and sesamolin as lipid allergens in contact

1975 dermatitis [29].
1981 The first identification of sesame seed proteins of 8-62 kDa as protein allergens [30].
1991 The first report of occupational (baker) allergy (dermatitis, asthma, rhinitis) to sesame seed [23].

1996 The first prevalence study of sesame allergy in the UK general population, 0.05% [31].

1997 The first prevalence study of sesame allergy in the pediatric population in Australia, 0.42% [32].

1999 Sesame regulated by the European Union, Canada, Australia, and New Zealand [12-15].

2002 The first report showing that the sesame allergy is more prevalent in Israel (0.18%) than peanut

allergy (0.04%) [33].

2005 The first report asking whether sesame allergy might be growing globally; concern on the
absence of sesame regulation in the USA [18].

2006 FALCPA 2004 Act implemented in USA; did not include sesame as a major allergen [11].

2006 The first and the only animal model of sesame allergy and anaphylaxis [34].

2010 The first report to show the population prevalence of sesame allergy in USA at 0.1% [35].

2011 The first prevalence study of sesame allergy in Canada (children, 0.23%, adults, 0.05%) [36].

2011 The first prevalence of sesame allergy in Lebanon (children, 2.6-3.9%, adults, 1.9%) [37].

2014 18 November, Citizen Petition by Center for Science in Public Interest asking the US FDA to

regulate sesame as an allergen [38].

The first report that in Saudi Arabia, sesame was the third most common cause of anaphylaxis

(22.7% of all anaphylaxis cases) [39].

2015 The first study to show the prevalence of sesame allergy in Mexican adults (0.1%) [40]

2017 The first report that sesame anaphylaxis in Iran is common (children, 1.3%, adults, 9.3% of all
anaphylaxis cases) [41].

2017 The first study to show the prevalence of sesame allergy in Kuwait (young adults, 0.46%) [42].

2018 29 October, US FDA requests for public information on sesame allergy in the US [43].

2019 A second study shows prevalence of sesame allergy in the USA at 0.23-0.49% [2].

2019 8 April, FASTER Act introduced in USA; it proposes to regulate sesame as an allergen [44].

2019 Illinois (USA) enacts a new state law mandating sesame labeling on food packages [45].

2019 NIH/USA study: 17% of food allergic children have sesame allergy [46].

2019 NIH (USA) news release on the above story; highlights rising concerns on lack of sesame
regulation in the USA [47].

2020 The first report from Turkey: 20.2% of food allergic children have sesame allergy [43].

2015

FASTER = Food Allergy Safety, Treatment, Education and Research; CFIA = Canadian Food Inspection Agency;
NIH = National Institutes of Health; FALCPA = food allergen labeling and consumer protection act.

The first report of an allergic reaction to sesame oil was also from the USA [28]. These authors
surprisingly found that sesame oil, which had been used as a control oil for gold therapy in rheumatoid
arthritis patients, had triggered generalized urticaria and pruritus in 25% of control subjects (5/25)
when intramuscularly injected. They warned that, in contrast to the popular medical notion that
sesame oil was inert and safe, serious adverse reactions to sesame oil must be considered.

Since then, the number of reports on sesame allergy from multiple countries have steadily grown
in the literature. However, estimation of the prevalence of sesame allergy did not begin until the later
part of the 1990s. Although the first estimation of population prevalence of sesame allergy in the UK
showed it a low level, later studies reported significantly increased prevalence. For example, based on
perception, a prevalence rate of 0.6% among children >15 years old was reported subsequently [49].
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Later studies, based on skin prick testing, estimated a prevalence of 0.2-0.9% among the children of
the UK [50-52]. However, based on oral challenge confirmations, the prevalence was at the rate of
0.1% [52]. Similarly, in Australia also, increased prevalence among infants (0.8%) has been reported
since the first prevalence study [53,54].

In light of the extensive use of sesame in the Middle Eastern diet, there is a growing interest in
studying sesame allergy in those countries with the report from Israel. The sesame allergy was the third
most common food allergy amongst Israeli children after egg and milk; and sesame was the second
most common trigger of anaphylaxis after milk [33]. A recent study showed that the prevalence of
sesame allergy in Israel among young adults (17-18 years) was at 0.09% [55]. In Lebanon, sensitization
(i.e., IgE, and skin prick testing positivity) to sesame among infants, children, and adults was at 3.9%,
2.65% and 1.9%, respectively; and anaphylaxis was the only clinical symptom [37]. Later studies have
identified that the sesame allergy and anaphylaxis are also a growing problem in Saudi Arabia, Iran,
Kuwait, and Turkey [39,41,42,48]. Thus, the extensive use of sesame in the food and the increased
reporting of sesame allergy among the Middle Eastern population suggests a strong correlation of
disease with widespread exposure to sesame via the food.

Although the first US prevalence study on sesame allergy, based on self-reporting, found a rate of
0.1% among the general population, a very recent report and the largest study to date (78,851 subjects),
showed that 0.49% of the US population reported sesame allergy [2]. Based on at least one stringent
symptom, they found that 0.23% of the population had confirmed sesame allergy. These two studies,
conducted about a decade apart, suggest substantial increase (230-490%) in the prevalence of sesame
allergy during the past decade in the USA [2]. Sesame allergies have also become a significant public
health problem in Canada and Mexico [36,40].

In Asian countries, sesame allergies appear to be not very common, with the exception of
Singapore, where nearly 3.7% of food allergic children had sensitization to sesame as measured by
skin prick testing [56]. Interestingly, there are no reports on sesame allergy from India, China, or other
countries where it is commonly grown and used. It is unclear whether or not this is due to absence of
actual disease, or simply a lack of reporting due to inadequate diagnosis and testing. Nevertheless,
as discussed above, there is now growing evidence that the burden of sesame allergy appears to be
increasing in European countries, the Americas, Australia, and Middle Eastern countries with a high
risk of life-threatening anaphylaxis (Table 2).

3. The Natural History of Sesame Allergy vs. Other Major Food Allergies

Most food allergies start early in infancy or childhood (during the first three years of life after
birth), and so do most sesame allergies [3,5,57,58]. However, adult-onset food allergies are also fairly
common [3]. A recent study shows that 1 in 4 sesame allergies are indeed adult-onset types [2].
A similar frequency of adult-onset food allergy has been previously reported for shellfish, milk, wheat,
tree nuts, and soy [58].

Some food allergies are outgrown more commonly than others. For example, even though children
develop allergies to egg, milk, soy, and wheat early on in life, most of them outgrow their food allergies
before becoming adults [3,4,58]. In contrast, most (70-80%) children with allergies to peanut, tree nut,
fish, shellfish, and sesame do not outgrow their food allergies [2,3,49,58-60]. In general, there is no
evidence for a major gender-bias for either sesame allergies or for other major food allergies [2,3,18].

Thus, similar to other major food allergies, sesame allergies also tend to be life-long health
problems for both children and adults. All must avoid the offending allergenic foods for the rest of
their lives until they outgrow their food allergies as verified by their doctors. Therefore, sesame allergy
subjects face the same set of challenges of avoiding the allergen as do subjects with other major types
of food allergies.
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4. Sesame Allergy: A Complex Spectrum of Clinical Presentations

Sesame allergy does not appear as just one type of disease. Rather, current evidence from the
literature shows that it includes at least five types of distinct clinical entities based on the nature of
clinical presentations as summarized below and illustrated in Figure 1.

In the first type, clinical symptoms appear immediately within minutes to 3 h after exposure to
sesame seeds. Symptoms include angioedema, vomiting, diarrhea, urticaria (hives), conjunctivitis,
systemic anaphylaxis, and airways allergic reactions including asthma [1-5,18,58]. This reaction is
potentially deadly.

The second type of reaction is of immediate nature, however, it is triggered by sesame oil,
where systemic anaphylaxis, including generalized pruritus, erythema, vomiting, and dizziness occurs
within minutes to hours after eating the sesame oil containing foods [18,61,62]. This reaction is also
potentially deadly.

The third type of reaction includes mainly skin symptoms (i.e., allergic contact dermatitis) a day
or two after exposure to the sesame oil [29,63-65]. This is not a life-threatening reaction. However,
without the prompt diagnosis and avoidance of exposure to the sesame oil, it can become a chronic
inflammatory skin condition.

The fourth type involves acute reactions with colic and diarrhea within 1-4 h upon eating sesame.
This condition is known as acute food protein-induced enterocolitis syndrome (AFPIES) with explosive
(or projectile) vomiting as the most common symptom [66,67]. This reaction can be potentially fatal in
infants and children.

Finally, the fifth type includes chronic inflammation of the esophagus leading to dysphagia and is
associated with excessive number of eosinophils in the esophagus—a condition known as eosinophilic
esophagitis (EOE) [2,5,68,69]. Without diagnosis and elimination of sesame from the diet, this can
become a chronic, debilitating condition. However, it is not a life-threatening reaction.

5. The Biochemical Diversity of Sesame Allergens: Proteins and Lipids

Current evidence shows that sesame produces at least two distinct groups of allergens—protein
allergens present in the sesame seeds and lipid allergens present in the sesame oil. There are eight protein
allergens identified in sesame to date—Ses i 1 to Ses i 8, with molecular weights ranging from 7 to
57 kDa (Table 3). There is the possibility that additional protein allergens may be present in the sesame
seed that remain to be characterized [70-74].

Table 3. Protein and lipid allergens present in sesame seed: biochemical nature, diversity, and functions.

Name Biochemical Nature Size (Da) Solubility Function
Sesil 2S5 Albumin 9000 Hydrophilic Seed storage
Sesi2 2S Albumin 7000 Hydrophilic Seed storage
Sesi3 7S Vicilin-like globulin 45,000 Hydrophilic Seed storage
Sesi4 Oleosin 17,000 Hydrophobic Oil-body structure
Sesib Oleosin 15,000 Hydrophobic Oil-body structure
Sesi6 11S Globulin 52,000 Hydrophilic Seed storage
Sesi7 11S Globulin 57,000 Hydrophilic Seed storage
Sesi8* Profilin 14,000 Hydrophilic Actin-binding
Sesamin Lipid allergen, lignan 354 Hydrophobic Pro-antioxidant
Sesamol ** Lipid allergen, lignan 134 Hydrophobic Antioxidant
Sesamolin Lipid allergen, lignan 370 Hydrophobic Antioxidant

* Not an official allergen of the International Union of Immunological Societies (IUIS) as yet. ** Sesamol is a thermally
degraded product of Sesamolin.

Six of the sesame protein allergens (Sesi 1, Ses i 2, Ses i 3, Ses i 6, Ses i 7, and Ses i 8) are hydrophilic
in nature and therefore are soluble in aqueous solutions. They belong to 4 different protein families
that function as seed storage proteins—2S albumin, 11S globulin, 7S vicilin, and profilin [70-74].
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Seed storage proteins are an important source of nutrients during seed germination. Allergy to seed
storage protein is easily detected by conventional skin testing with aqueous extracts.

Two sesame protein allergens, Ses i 4 and Ses i 5, are hydrophobic in nature, and are associated
with oil. These are known as oleosins [75,76]. They function as structural proteins present in the
oil bodies and stabilize the oil droplets. They are linked to severe anaphylaxis. However, allergy to
oleosins is not detectable by conventional skin testing done with aqueous extracts because of their
insolubility. They are major allergens in France and minor allergens in the Netherlands [75,77].

Sesame oil contains at least three lipid allergens. Previous studies have identified these
lipid allergens as unsaponifiable lignan molecules with a small ring structure—Sesamin, Sesamol,
and Sesamolin [29,65]. These investigators used purified lipid allergens and confirmed their ability
to cause allergic contact dermatitis by conducting skin patch testing in sensitized subjects. There is
no current evidence that other major allergenic foods, including peanut oil, contain any lipid
allergens [3,4,78]. There are reports on local and systemic contact dermatitis in cashew nut industry
workers. There is also report of such a reaction upon eating pesto sauce contaminated with cashew
nutshell oil, which contains lipid allergens similar to urushiol present in poison ivy [79-81].

As noted above, sesame has been associated recently with AFPIES and EOE [66-69]. However,
the biochemical nature of allergens responsible for triggering these immune reactions is unknown.

6. Pathogenesis of Sesame Allergy: Gaps in the Cellular and Molecular Mechanisms

The mechanisms of the pathogenesis of sesame allergy are largely understudied. It is simply
assumed to be similar to other food allergies. Most food allergies manifest in two general forms based
on the time of appearance of clinical symptoms after exposure and the underlying immune mechanisms
involved in eliciting them [3,4,82]. They are: (i) immediate (or Type I or IgE antibody-mediated)
hypersensitivity reactions, where symptoms appear within minutes to 3 h; and (ii) delayed (or Type IV
or cell mediated) hypersensitivity reactions, where symptoms of reaction appear after 48-72 h of
exposure to the food allergens [83,84]. Most food allergies are of the Type I nature. However, some food
allergies such as milk allergies can involve both Type I and Type IV reactions [84].

Mechanisms underlying these two distinct types of reactions are completely different. However,
both involve two essential steps: (i) sensitization phase; and (ii) disease elicitation phase [3,4,82].
Although specific mechanisms of these phases for sesame allergy have not been widely studied,
they are thought to be similar to other allergies. Therefore, using general mechanisms of food allergy
development, these phases are described below for sesame allergy.

6.1. Sesame Seed Protein Allergens Cause Type I Hypersensitivity Reactions: Mechanisms

Mechanisms through which sesame seed proteins specifically trigger sensitization in humans are
largely unknown. However, based on mechanisms in a mouse model of sesame allergy, and based on
the general mechanisms of other food allergies, the following model is proposed (Figure 2) [3,4,82,85,86].

6.1.1. Phase One: Mechanism of Sensitization upon Initial Exposure to Protein Allergens

Exposure of a genetically susceptible subject to sesame protein allergens via the oral and/or
skin routes results in capture of the allergenic proteins by the professional antigen presenting cells
(APCs) (e.g., Langerhans cells in the skin, dendritic cells, macrophages/monocytes in the gut) [3,4,82]
(Figure 2). These APCs process the allergen and present its fragments as peptides in association
with the Major Histocompatibility Complex (MHC) class-II molecule to allergen specific naive
T helper (Th) lymphocytes. In association with costimulatory cell surface molecules and secreted
cytokines, these naive Th lymphocytes differentiate to become sesame-specific Th-2 lymphocytes.
These Th2 lymphocytes in turn help sesame-specific B lymphocytes to produce sesame-specific IgE
antibodies. These sesame specific IgE bodies are secreted and released into the blood stream and
distributed throughout the body. These IgE antibodies are captured by the high affinity IgE receptors
expressed on the mast cells present in the connective tissues and the basophils in the blood. Once an
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individual has reached this state, this person is regarded as ‘sensitized to sesame protein” and the
process of sensitization to sesame protein is complete. It is noteworthy that at this time, this person has
not expressed any clinical symptoms of the disease, but the entire immune process has occurred in the

body of the susceptible subject because of exposure to sesame protein allergens [3,4].

Initial Exposure to
Sesame Protein Allergens
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Protein Allergens
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Figure 2. Mechanism of IgE mediated immediate hypersensitivity reaction elicited by sesame seed
protein allergens: Type I Hypersensitivity. This happens in two phases. (1) the sensitization phase:
exposure to sesame protein allergens results in their uptake by the antigen presenting cells (APCs).
The APCs process and present the allergen peptide fragments along with the Major Histocompatibility
Complex (MHC) class II molecules to the allergen specific naive T cells. With the help of the
costimulatory molecules and the local cytokines (e.g., IL-4), they differentiate to become T helper
(Th)-2 cells. These cells help the allergen specific B cells to produce IgE antibodies. The B cells become
plasma cells and secrete large amounts of IgE antibodies that are distributed systemically and picked
up by the mast cells and the basophils, which express high affinity receptor for IgE. At this stage,
the subject is considered ‘sensitized to sesame’ but has no apparent clinical symptoms of the disease;
and (2) the disease elicitation phase: re-exposure of the sensitized subject to the sesame allergen results in
direct binding of the allergen fragments to the IgE present on mast cells and basophils. Cross-linking of
the surface IgE receptor results in cellular activation, degranulation, and release of mediators resulting
in the clinical expression of the disease within minutes to 3 h after exposure to the protein allergens.
Therefore, this disease is known as immediate hypersensitivity reaction.

6.1.2. Phase Two: Mechanism of Elicitation of Allergic Reaction upon Re-Exposure to
Protein Allergens

Re-exposure of a previously sensitized subject to the sesame allergens via the skin, oral, nasal,
or other routes of exposure, results in the entry of the allergenic protein into the local tissues where
mast cells loaded with sesame-specific IgE antibodies are located, and into the blood where basophils
loaded with sesame-specific IgE antibodies are located [3,4,82] (Figure 2). Direct cross-linking of
IgE-IgE receptor molecules by the allergenic proteins results in cellular activation and the release of
histamine and other powerful mediators of allergic inflammation. It only takes a few minutes to
3 h for these processes to be triggered. Consequently, clinical symptoms of Type I reactions appear
immediately after exposure to the sesame allergen. Entry of significant amounts of the allergen into
the blood triggers systemic anaphylaxis that can be life-threatening [3,4,82].
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6.2. Sesame Seed Oil Lipid Allergens Cause Type IV Hypersensitivity Reaction: Mechanisms

Sesame oil causes a delayed hypersensitivity reaction known as allergic contact dermatitis
[29,63-65]. No other major allergenic food-derived oils, with the exception of cashew nutshell oil,
appear to have this capacity [3,4,78-81]. Sesame oil allergens that trigger these reactions have been
identified as Sesamin, Sesamol, and Sesamolin [29]. These are small ring-structured lipid allergens
known as lignans [18,29]. The mechanisms through which they cause sensitization and elicitation of
reactions are unknown.

Lipid allergens in general are small hydrophobic chemicals present in plant oils (sesame oil,
cashew nutshell oil, poison ivy, poison oak, poison sumac) and cosmetics such as fragrance,
toothpaste, and hair dyes (e.g., balsam of Peru, urushiol of poison ivy, farnesol, benzyl benzoate,
benzyl cinnamate) [86-91]. The mechanisms through which they trigger allergic reactions have been
deciphered for some of the lipid allergens, but not for sesame lipid allergens [86-91]. Furthermore,
some of these lipid allergens show structures similar to that of sesame lipid allergens. Therefore,
here we have discussed mechanisms about how lipid allergens are known to trigger allergic contact
dermatitis (or contact hypersensitivity) reactions in humans or in animal models, and have illustrated
this in Figure 3.

Initial Exposure to Re-Exposure to Sesame

Sesame Lipid Allergens Lipid Allergens Th:c}E;::lls
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Figure 3. Mechanism of delayed hypersensitivity reactions elicited by sesame lipid allergens: a plausible
model. This happens in two phases. (1) the sensitization phase: exposure to sesame lipid allergens results
in their uptake by the antigen presenting cells (APCs). They present the lipid allergen along with the
non-classical MHC molecule, CD1a, to the allergen specific naive T cells that differentiate to become the
effector T (ET) cells and memory T (MT) cells. There are no disease symptoms at this phase; and (2) the
disease elicitation phase: re-exposure of the sensitized subjects to the sesame lipid allergen results in
their uptake and presentation by the APCs (along with the CD1a?) to the ET and MT cells resulting in
their activation. The MT cells differentiate to become ET cells. Activated ET cells release cytokines
and chemokines that cause recruitment of additional immune cells to the local tissue. The consequent
tissue damage from all these processes occurs in about 48-72 h after exposure to the lipid allergen and,
therefore, it is known as the delayed hypersensitivity reaction.

6.2.1. Phase One: Mechanisms of Sensitization to Lipid Allergens

Entry of lipid allergens into the body of susceptible subjects leads to their uptake by the APCs,
such as Langerhans cells and presentation to specific naive T cells to initiate their proliferation and
differentiation into effector and memory T cells [86-91] (Figure 3). There are two models to explain
specifics on how APCs are able to do this. The first model suggests that lipid allergens, which are
considered as haptens because of their very small sizes of <500 Daltons, form covalent bonds to host
proteins, resulting in an immunogenic hapten-carrier complex molecule that is then presented by the
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APCs in the context of MHC class II molecules to T cells that get activated [86]. The second, and most
recent, model suggests that lipids allergens can also directly bind to CD1a molecule, a non-classical
MHC molecule expressed by the Langerhans cells (a type of APC) in the skin, by displaying the
self-lipids normally bound to the CD1a inside its molecular cleft or hole [87-91]. This results in the
presentation of lipid allergens to which T cell reactions are initiated, resulting in the formation of
specific effector and memory T cells. Once an individual has reached this state, this person is regarded
as ‘sensitized to the lipid allergen” and the process of sensitization to the lipid allergen is complete.
At this time, however, no disease symptoms are expressed; only the entire immune process has occurred
in the body of the susceptible subject because of the exposure to the lipid allergen.

6.2.2. Phase Two: Mechanisms of Elicitation of Allergic Reaction to Lipid Allergens

Re-exposure of a previously sensitized subject to the same lipid allergens results in their entry and
presentation of by the APCs to the pre-formed allergen specific effector and memory T cells [86-91]
(Figure 3). This results in their activation, proliferation, and release of cytokines and chemokines into
the local tissues and eventually into the blood. These inflammatory molecules recruit more immune
cells (including T helper subsets, eosinophils, monocytes, macrophages) to the tissue that further
cause damage. Consequently, this tissue damage is expressed clinically as swelling, erythema, itching,
and urticaria as in allergic contact dermatitis. It takes 48-72 h for these cellular and molecular responses
to reach the peak. Consequently, this type of allergic disease is known as delayed hypersensitivity.

6.3. Does Sesame Use Additional Immune Mechanisms to Trigger Allergic Reactions?

Interestingly, there are two reports of sesame oil causing anaphylactic reaction without the need of
IgE antibodies [61,62] (Figure 1). In the first study, authors investigated a case of recurrent anaphylactic
attacks from sesame oil consumption [61]. They found 2-fold stronger skin test positivity to commercial
sesame oil (4+) vs. commercial sesame seed protein (2+) and strong histamine release from sesame oil
(40%) vs. the sesame seed protein (6%). Specific IgE (Radio Allergo Sorbent Test) results were negative.
Therefore, they concluded that the mechanism of anaphylaxis to sesame oil was unknown. In the second
study, authors investigated a case of anaphylaxis upon eating foods containing sesame oil but not the
sesame seed [62]. They found the blood test negative for IgE to sesame protein (ImmunoCap-FEIA).
They optimized a basophil activation test and found that sesame oil activated basophils to a higher
level (51%) than the sesame seed (44%). They concluded that anaphylaxis to sesame oil can occur in
the absence of IgE antibodies. The mechanism was not explained.

Sesame is also increasingly linked to two other less understood types of allergic reactions:
acute food-protein induced enterocolitis syndrome (AFPIES) and eosinophilic esophagitis (EOE) [66-69].
Both of these are non-IgE allergic reactions mediated by unknown mechanisms.

The AFPIES is characterized by vomiting, lethargy, and diarrhea in infants and children within
1-4 h after feeding. This requires immediate medical help because it can be life-threatening due to
dehydration and shock [66]. Many major allergenic foods (milk, egg etc.), can trigger this, and so also
can sesame. However, authors note that there is lack of awareness on this issue as this is a relatively
newly identified immune disorder [67]. Furthermore, another recent study found that compared to
subjects with other food allergies, subjects with sesame allergy had 2.5-fold higher rates of AFPIES [2].
Although these allergic reactions are linked to sesame, the biochemical nature of the allergens mediating
them are unknown (Figure 1).

The food induced EOE is a non-IgE mediated reaction. It is caused by the reaction of eosinophils
to the food components. Several major allergenic foods (e.g., wheat, milk, egg, soy) can trigger this
reaction. Recent studies have identified sesame also as a suspected food trigger of EOE [2,68,69].
One study showed that compared to subjects with other major food allergies, sesame allergy subjects
have seven times higher rates of EOE [2]. However, the components of sesame (i.e., the allergen)
responsible for causing EOE are unknown. The molecular mechanism of EOE pathogenesis is a subject
of intense research at present and readers are referred to an excellent recent review [92] (Figure 1).
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Thus, there is growing evidence that allergic reactions caused by sesame are diverse and complex.
Cellular and molecular mechanisms underlying these reactions are largely understudied. Therefore,
future research is warranted in this area.

7. How to Advance the Basic, Preclinical, and Clinical Research in Sesame Allergy?
An Urgent Need

As opposed to several other major allergenic foods (e.g., peanut, milk, egg etc.), research on
sesame allergy remains very basic. Published papers typically report the sesame allergy prevalence,
characterization of the allergens, and description of the cases illustrating clinical presentation, diagnosis,
and treatment. We have illustrated eight specific directions where advancement of research is needed,
rather urgently, in view of the ongoing global rise of sesame allergies and their ability to trigger
life-threatening anaphylaxis (Figure 4).
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Figure 4. Directions for the future basic and translational research on sesame allergy. Advances in basic
and translational (preclinical and clinical) research on sesame allergies are urgently needed because the
prevalence and the severity of sesame allergies are growing at an alarming rate globally. This figure
shows major directions for conducting future studies using both human and nonhuman (animal,
cell line, plant) systems as illustrated.

Food allergies are complex genetic disorders where unknown environmental factors trigger
the disease onset only in genetically susceptible subjects [93-96]. The role of genetics in resistance
vs. susceptibility to develop sesame allergies needs to be determined. Knowledge about what kind of
environmental factors favor development of sesame allergy are largely unknown [97-105].

Several exposure conditions (e.g., environmental toxicants, triclosan, parabens, food preservatives,
misuse of antibiotics, Vitamin D deficiency, sunlight exposure, dog ownership, excess use of
antacids etc.,) that are currently being explored for other food allergies should provide the starting
points of research [97-105].

Host microbiome plays a critical role in the development of multiple diseases including food
allergies [106,107]. Their role in prevention as well as causing sesame allergies remains unknown in
humans or in animal models. Therefore, this represents a fascinating area of research to undertake in
the future.

Effective clinical interventions (e.g., vaccines, immunotherapy) are underway for peanut allergies
and other food allergies with variable success [3,4]. Therefore, development of vaccines and effective
immunotherapy protocols (e.g., oral, sublingual, and epicutaneous immunotherapy) for sesame
allergies are urgently needed.
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Food processing has been shown to influence food protein allergenicity [108-114]. For example,
boiling vs. roasting of peanuts reduces vs. increases allergenicity, respectively [107,110,111,114];
and extrusion processing appears to reduce hazelnut allergenicity [112]. Therefore, effect of thermal
and nonthermal food processing methods on sesame allergenicity must be evaluated in future research.

The last, but not the least, important area is the development of hypoallergenic sesame products.
There are hypoallergenic food products available for milk and egg allergic subjects [115,116].
Hypoallergenic wheat lines and peanuts are being developed using genetic engineering
methods [117,118]. Similar approaches could be used to develop hypoallergenic and potentially
nonallergenic sesame products. Previous studies show that different wheat genotypes may naturally
differ in allergenicity [119]. Whether or not sesame varieties naturally differ in allergenicity in vivo is
largely unexplored at present. Therefore, evaluating differences in allergencity among existing sesame
varieties and efforts to produce novel potentially hypo/nonallergenic varieties using conventional
cross-hybridization and plant breeding methods may be undertaken in the future.

Animal models of sesame allergy would be of immense value in all these areas of research [82,120].
However, only one mouse model of sesame allergy and anaphylaxis to proteins has been reported
so far [34]. Therefore, more emphasis needs to be placed on developing both primate and nonprimate
animal models and their use to conduct the basic, preclinical translational research on sesame allergy.

In essence, there is conspicuous absence of significant basic, preclinical, and clinical research on
sesame allergies at present. The current rapid rise in sesame allergies warrants that the food industry,
the government agencies, and the private research enterprise needs to take note of this gap in science
and devote funds to address these research challenges so that the future generations are empowered to
prevent and manage sesame allergies.

8. The Global Regulation of Sesame for Food Safety: Does Sesame Need to Be Regulated in the
United States of America?

Since exposure to sesame allergens is required to trigger allergic reactions including life-threatening
anaphylaxis, preventing exposure is an effective method to protect sensitive consumers. It is not easy
to avoid sesame, as opposed to other major allergens, because it is often added in small amounts as a
garnishing item to many foods, dressings, condiments, and as a ‘natural flavor’ [121]. Despite labeling,
accidental exposures are common [122-124]. It is noted that both initial and accidental reactions
to sesame are inadequately managed for children at present [125]. Thus, the challenges faced by
sesame allergic subjects and their families are very similar to that faced by other food allergic subjects.
Consequently, food safety regulatory authorizes in Canada, the EU countries, the UK, Australia,
New Zealand, and Japan currently regulate sesame as a major or priority food allergen [18,126].
Appropriate labeling on the food products is an effective method of prevention by informing sensitive
consumers to avoid the food product.

The Food Allergen Labeling and Consumer Protection Act (FALCPA) of the USA came into effect
from January 2006 to improve the regulation of major food allergens [11]. However, it did not include
sesame into the list of major allergens. The FALCPA regulates specifics on the labeling of allergenic
foods on food packages. Absence of such labeling is a leading cause of class I food recalls—the highest
state of alert issued in the USA [11]. However, sesame is not federally regulated by FALCPA. A new
federal bill, the Food Allergy Safety, Treatment, Education, and Research (FASTER) act, has been
introduced recently in the US Congress that proposes to add sesame to the list of major allergenic
foods, although the final decision on regulation has not been made as yet [44].

The lack of the federal regulation of sesame, but the growing prevalence of the disease at an
alarming rate in the USA as discussed earlier, resulted in the creation of a new state law in Illinois,
USA [45]. On 26 July 2019, the Illinois Governor signed HB2123, which requires any packaged food
containing sesame to identify it on the label. This action amended the Illinois Food, Drug, and Cosmetic
Act by changing the Section 11 of the law. Per this change, “a food is considered misbranded: _ (s) if it
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contains sesame, is offered for sale in package form but not for immediate consumption, and the label
does not include sesame” (lines 19-21) [45].

A zero-tolerance policy is in place for the regulation of major allergenic foods in all countries
where they are regulated [126]. This applies to sesame also in those countries where it is regulated
(Table 1). The zero-tolerance policy is based on the fact that threshold oral elicitation doses for food
allergens have not been universally standardized and are not well accepted at present. Oral provocation
tests show that there is a large variability in the oral threshold elicitation doses amongst food allergic
subjects, with some reacting to lower milligram quantities of allergenic food extracts [126]. A similar
variability has been noted for sesame allergy patients in oral challenge studies [127-129]. Latest studies
show that the minimal reaction elicitation dose (ED) in 5% of the sensitized population (EDgs) for
sesame vs. peanut is as follows: 4.2 mg (95% CI, 0.6-57.7 mg) for sesame vs. 3.9 mg (95% CI, 2.8-7.1 mg)
for peanut [130]. Thus, oral disease elicitation potency of sesame appears to be similar to that of the
other currently regulated major allergenic foods. These facts suggest that a zero-tolerance policy might
be necessary for the regulation of sesame, similar to other major allergenic foods, if it were to be
regulated in the USA.

Currently, food safety regulations apply only to protein allergens. Regulation of oils from major
allergenic foods is complicated. In the USA, highly refined oils derived from the major allergenic
foods are exempt from FALCPA labeling requirements as long as there is evidence that the method
used to produce that oil establishes absence of protein contaminants [11]. In Canada, all unrefined
oils are subjected to enhanced food allergen labeling requirements [14]. However, highly refined oils,
except peanut oil, are not subjected to enhanced food allergen labeling requirements, but declaration
as ingredient is required [14]. In the EU countries, Australia, and New Zealand, fully refined soy oil is
exempt from labeling and no information is available for sesame oil or oils derived from other major
allergenic foods in those countries [12,13,15].

Sometimes, oil-induced reactions could result from trace amounts of proteins present in them
due to inadequate processing, and that are falsely attributed to oils. Furthermore, some hydrophobic
protein allergens, known as oleosins, can also be present in oils. Nevertheless, as discussed earlier,
sesame oil has been implicated in causing true allergic reactions—both immediate as well as delayed
types of reactions (Figure 1). Furthermore, an oral challenge test using oil in sesame allergy subjects
also shows that immediate allergic reactions do occur upon oil feeding in controlled studies: some react
to 3 mL while others at 15 mL of sesame o0il in oral provocation testing [127-129]. In addition,
a variety of adverse reactions to sesame oil have been reported in the literature: lipoid pneumonia from
sesame oil pulling, pneumonitis, eosinophilia, and eosinophilic pneumonia after in vitro fertilization
treatments that had exposed subjects to the sesame oil, and subcutaneous granuloma formation due to
intramuscular injection of sesame o0il [131-136]. Thus, there is considerable evidence that the sesame
oil is immunologically active in vivo and that it can elicit immune mediated adverse reactions in a
variety of exposure situations.

Thus, together these lines of evidence show that the mechanisms of action of sesame oil on
the immune system needs to be further elucidated. Furthermore, they also raise the question:
should sesame oil be regulated for food safety in addition to the sesame protein?

The current food allergen regulation model is based on the ability of foods to trigger IgE-mediated
reactions that tend to be life-threatening. There is growing evidence that non-IgE mechanisms to
sesame and to other foods/drugs also can mediate life-threatening reactions in humans [137,138].
Therefore, should non-IgE mediated mechanisms also dictate food safety regulation?

Mandatory food allergen labelling has significantly advanced food safety for food allergy
consumers. A related issue is the precautionary labelling of allergens, which are increasingly noticed
on packaged foods. Occasionally, sesame is identified on the food labels in the USA, under the
precautionary allergen labelling concept, which is not legally required in the USA. It is a voluntary
decision made by the food industry. However, a recent outstanding study showed that consumers
misunderstand such precautionary allergen labelling and that up to 40% of consumers purchased the
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products with precautionary labels [139]. Therefore, to enable enhanced food safety for sesame allergic
consumers in the USA, mandatory labelling may be of more benefit than the voluntary precautionary
allergen labels.

9. Conclusions

There is substantial evidence that the prevalence and the severity of sesame allergy has been rising
at the global level, including in the USA. There is scientific evidence that sesame contains both protein
as well as lipid allergens that can trigger distinct types of allergic reactions. However, the specific
mechanisms underlying the pathogenesis of sesame allergy remains to be determined. There is a major
gap in animal models development and their application in basic and preclinical research studies.
The human clinical research on sesame allergy is urgently needed to develop effective therapeutic
and preventive methods for both IgE as well as non-IgE mediated reactions. Currently, 32 countries
regulate sesame as a major or priority allergen. However, sesame is not federally regulated as yet in the
USA. Nevertheless, the state of Illinois recently enacted a state law to regulate sesame in that one state
in the USA. This situation, along with the recent research showing an alarming rise in the prevalence
during the past decade, has placed more pressure on regulating sesame as a major allergen in the USA.
This review is expected to provide the background and the context to stimulate further discussions on
whether or not to regulate sesame in the USA and in other countries where it is not currently regulated.
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