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Abstract: Alpha-gal syndrome is an unconventional food allergy, characterized by IgE-mediated hypersensitivity responses to the
glycan galactose-alpha-1,3-galactose (alpha-gal) and not to a food-protein. In this review, we discuss how alpha-gal syndrome
reframes our current conception of the mechanisms of pathogenesis of food allergy. The development of alpha-gal IgE is associated
with tick bites though the possibility of other parasites promoting sensitization to alpha-gal remains. We review the immune cell
populations involved in the sensitization and effector phases of alpha-gal syndrome and describe the current understanding of why
allergic responses to ingested alpha-gal can be delayed by several hours. We review the foundation of management in alpha-gal
syndrome, namely avoidance, but also discuss the use of antihistamines, mast cell stabilizers, and the emerging role of complementary
and alternative therapies, biological products, and oral immunotherapy in the management of this condition. Alpha-gal syndrome
influences the safety and tolerability of medications and medical devices containing or derived from mammalian products and impacts
quality of life well beyond food choices.

Keywords: mammalian meat, red meat allergy, galactose-alpha-1, 3-galactose, tick

Introduction

Alpha-gal syndrome (AGS), also known as alpha-gal allergy, red meat allergy, or mammalian meat allergy (MMA), is
characterized by the generation of immune-mediated hypersensitivity responses to the carbohydrate galactose-alpha
-1,3-galactose (alpha-gal). Alpha-gal moieties are common in nature and present in non-primate mammals such as cows,
pigs, and sheep. They are also present in various food products derived from those animals including dairy products,
meat, and their innards. Consumption of those food products may result in symptoms ranging from urticaria to potentially
lethal anaphylaxis.' Individuals suffering from AGS may also be exposed to alpha-gal through various pharmaceutical
products that contain alpha-gal such as the cancer drug cetuximab.? Alpha-gal syndrome stands apart from conventional,
IgE-mediated food allergies because the IgE driving the allergy forms against a sugar (alpha-gal) rather than a protein.
Notably, sensitization to alpha-gal, ie, the development of alpha-gal IgE, is associated with a tick bite in most cases,
rather than epithelial surface exposure to dietary alpha-gal itself.® Since the description of AGS in 2008, there is growing
recognition of other food allergies driven by IgE to carbohydrate, in which the IgE develops after exposure to an external
sensitizer, rather than the food itself.* These include IgE-mediated anaphylaxis to short-chain galacto-oligosaccharides
(scGOS) in supplemented cow’s milk formula and allergy to GOS-supplemented beverages.”® In these carbohydrate-
driven food allergies, sensitization to GOS moieties is driven by exposure to and allergy to the dust mite B. tropicales in
the case of scGOS in cow’s milk and exposure to sea squirts for GOS-supplemented beverages.® While the hypersensi-
tivity reactions following the ingestion of scGOS occur within minutes,” similar to the timeframe for allergic responses to
food protein, allergic symptoms following the ingestion of alpha-gal typically happen hours after eating mammalian
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meat. This time course is highly unusual for IgE-mediated food allergy symptoms, which classically appear within
minutes of food consumption. This paper reviews the current understanding of the pathogenesis of alpha-gal syndrome
that might explain this delayed symptom onset. In addition, the epidemiology, diagnosis, management, clinical implica-
tions, and quality of life impacts of alpha-gal syndrome are discussed.

Mechanisms of Pathogenesis
Antibody Responses to Alpha-Gal

Naturally occurring anti-gal antibodies have been found in each of the major immunoglobulin isotypes (IgA, IgG, and IgM)
and are thought to exist because of constant exposure to gastrointestinal bacteria that express alpha-gal on their surfaces.” The
presence of anti-alpha gal IgM and IgG antibodies has also been associated with a reduced risk of infection with Plasmodium,
the causative agent of malaria.® Anti-gal antibodies target Plasmodium sporozoites, blocking their trafficking from skin to liver
and promoting skin-restricted sporozoite killing.® If the parasite reaches erythrocytes in the bloodstream after mosquito bite,
however, the presence of these antibodies does not lessen disease severity.” Alpha-gal has also been detected on the surface of
certain Mycobacterium species,'® leading to the speculation that anti-gal antibodies could protect against or control myco-
bacterial infection.” Alpha-gal antibodies have been hypothesized to modulate coronavirus disease 2019 (COVID-19)
infection caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV2, reviewed in more detail below),'""'
although this is controversial.'> IgM and IgG2 anti-gal isotypes are present in high titers within the human body, raising
concerns over the impact of these antibodies on xenotransplantation.'*

Allergic Sensitization to Alpha-Gal

Alpha-gal specific IgE has been associated with hypersensitivity reactions,” but similar to conventional IgE-mediated
food allergies, the presence of circulating alpha-gal specific IgE does not necessarily equate to clinical symptoms of
alpha-gal syndrome.' This is illustrated in a recent study by Wilson et al that found cohorts of children from Ecuador
and Kenya who possessed detectable levels of alpha-gal IgE but expressed no clinical signs of the allergy.'® Patients with
AGS also tend to have higher levels of alpha-gal specific I[gG1 and IgG3 compared to non-allergic patients and lower
levels of IgG4.">'7 Food-specific IgG4 is considered a marker of tolerance to food antigens,'® but there is no such
association with IgG1 or IgG3. We speculate that the presence of circulating alpha-gal specific IgG1 and IgG3 subclasses
may identify individuals with increased risk of developing clinical allergy to alpha-gal, whereas alpha-gal IgG4 may
promote a tolerized response to the antigen and may signify those less likely to develop mammalian meat allergy.
However, currently, there is no published evidence to suggest that the presence of alpha-gal specific IgG1 and IgG3
subclasses incurs an increased risk of developing clinical allergy.

Sensitization to alpha-gal typically occurs following a tick bite. However, it remains unclear why insect bite is the
primary route of induction of clinical alpha-gal syndrome, particularly when individuals are continuously exposed to
alpha-gal through the host microbiome. In the southeastern United States, the main tick associated with AGS is
Amblyomma americanum, known colloquially as the lone star tick.® Various other tick species have also been linked
to the induction of the allergy (see Table 1 and reviewed in Carson et al).'” One mechanism by which clinically relevant
ticks may sensitize their host to alpha-gal involves host exposure to tick saliva as the tick feeds.’®>* The saliva, salivary
glands, and secretory glands of 4. americanum contain or are in close contact with alpha-gal residues.” In addition,
continued blood feeding by a tick can result in upregulation of alpha-gal epitopes in the saliva.?

Tick saliva from Ixodes ricinus, which has been associated with the development of AGS, can interfere with the
maturation and migration of specialized antigen-presenting dendritic cells.”> Dendritic cells are central initiators of
allergic responses to conventional protein allergens, presenting the allergens to naive T cells and creating
a microenvironment that pushes T cells toward a pro-allergic T-helper (Th) 2 response.>* In the case of dendritic cells
exposed to Ixodes ricinus saliva, this exposure prevents these dendritic cells from inducing pro-inflammatory Thl or
Th17 responses and favors the development of type 2 or Th2 pro-allergic responses.? In addition, the presence of alpha-
gal on glycoprotein may increase the ease with which dendritic cells take up antigen, even though they seem to process

1.25

the alpha-gal glycoproteins at a slower rate than those without alpha-gal.”> Additional research is required to determine
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Table | Tick Species Associated with Alpha-Gal Sensitization

Scientific Name

Common Name(s)?*

Geographic Range®

Amblyomma americanum

Lone Star Tick

North America (Southeastern US, Canada, Mexico)

Amblyomma cajennense

Cayenne Tick

North and Central America

Amblyomma hebraeum®

South African Bont Tick

South Africa

Amblyomma sculptum

N/A

South America (Brazil)

Amblyomma testudinarium

N/A

South Asia (India, Sri Lanka) and East Asia (including

Japan)

Amblyomma variegatum®

Tropical Bont Tick

Southeast Asia, Africa

Haemaphysalis longicornis

Asian Longhorned Tick, Bush Tick

Japan

Ixodes australiensis

N/A

Australia

Ixodes holocyclus

Paralysis Tick

Australia, Southern Asia

Ixodes nipponensisb

Cattle Tick

Asia (including Korea, Japan)

Ixodes ricinus

Sheep Tick, Wood Tick, Deer Tick, Castor Bean Tick

North America, Europe and Northern Asia, Africa

Ixodes scapularis

Blacklegged Tick

Middle America, North America

Rhipicephalus spp
(including R. microplus;

Asian Blue Tick, Australian Cattle Tick, Southern Cattle
Tick, Cuban Tick, Madagascar Blue Tick, Puerto Rican Tick

Southern Asia, South America, North America,

Caribbean, Australia, Africa

R. evertsi)®

138

Notes: “Common name and Geographic Range reported in Integrated Taxonomic Information System (ITIS, https://www.itis.gov/)'*® and/or reviewed in Carson AS,

Gardner A, Iweala OL."? ®Suspected link, but not definitive association of tick with the development of alpha-gal syndrome.

whether the presence of alpha-gal influences how dendritic cells interact with T cells and whether this may push them
toward an allergic phenotype.

It has also been proposed that skin resident mast cells and circulating basophils are recruited to the site of the tick bite
and stimulated to produce IL-4, a type 2, pro-allergic cytokine.'” The presence of tick saliva-associated factors that act as
adjuvants of immune responses, coupled with host alarmins, cytokines and other chemical defenses released by the
breached skin epithelial barrier, may create a cytokine environment that pushes antibody-producing, alpha-gal specific
B cells to make IgE against alpha-gal.'®° Transcriptional profiling of circulating peripheral blood mononuclear cells,?’
and animal models of AGS,”® suggest that CD4" Th2 cells, important in conventional allergies, may also play a role in
allergic sensitization in AGS. The exact role of these cells, which recognize peptide allergen rather than glycans, in AGS
is not entirely clear. Single-cell multi-omics sequencing of B-cells from alpha-gal sensitized individuals with athero-
sclerotic disease has identified a population of chemokine receptor (CCR)6", CXCR4™, class-switched memory B cells as
potential alpha-gal IgE producers in patients with coronary artery disease.”” However, the T-cell dependence of this
B-cell population is not established. This has opened the door for the possibility that unconventional or semi-variant
T cell populations that recognize alpha-gal glycolipids, as well as unconventional, T-cell independent, alpha-gal specific
B cells may be key players in the development of alpha-gal IgE.'? Short-lived, circulating plasmablasts, instead of long-
lived bone marrow resident plasma cells, have also been proposed as the alpha-gal IgE producing B cell subset. This
hypothesis is supported by the observation that alpha-gal IgE has been shown to wane relatively quickly over time (over

6 to 12 months) in a subset of individuals with AGS, especially if they avoid getting additional tick bites.>*~"

Alpha-Gal Syndrome and the Effector Phase
In contrast to conventional allergy to food protein where allergic symptoms develop minutes after ingestion, allergic
symptoms to alpha-gal typically develop hours after alpha-gal ingestion.’*>® Consistent with this delay, basophils
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(allergic effector cells also associated with immune responses to ticks) taken from alpha-gal allergic individuals under-
going open mammalian meat challenge expressed increased amounts of CD63, a marker of basophil activation, with peak
expression 4 hours after meat ingestion.*®> The delay in the development of allergic symptoms does not seem to be
secondary to delays in the ability of basophils to react once stimulated with alpha-gal glycan. Using both direct and
indirect basophil activation tests, we and others have shown that alpha-gal glycoprotein and glycolipid can activate
basophils sensitized with alpha-gal specific IgE, even if sensitized basophils are only stimulated with alpha-gal glycan for
45 minutes.>*** In addition, patients with AGS who are skin tested with the alpha-gal-rich cancer chemotherapeutic
monoclonal antibody cetuximab develop erythematous, pruritic whelps to percutaneous and intradermal testing within 15
to 20 minutes.*® Thus, the delay in allergic symptom onset may be due to the time it takes for alpha-gal to traffic to the
bloodstream following oral ingestion.'® This may be due to differences in how people with alpha-gal syndrome
metabolize alpha-gal glycolipids and glycoproteins. For example, both before and after the oral pork challenge,
individuals with circulating alpha-gal specific IgE were found to have significant differences in metabolic pathways of
carbohydrates, lipids, and proteins compared to unsensitized, non-allergic individuals.’” After consuming pork, partici-
pants with alpha-gal syndrome had lipid blood levels that remained at baseline for several hours, compared to 2 hours in
control participants.>’ Additional studies have shown that alpha-gal glycoproteins do not move easily across intestinal
epithelial cells,*® or may not be able to cross at all.*> Moreover, alpha-gal glycosylation can increase the resistance of
mammalian proteins to digestion in vitro.*® In sum, delayed allergic reactions in patients with AGS after consuming
alpha-gal may be due to delays in the processing, packaging, and transportation of alpha-gal, whether in glycolipid or
glycoprotein form, across the intestinal epithelium and into the bloodstream.'® While a cell-mediated delayed type
hypersensitivity response is an intriguing alternative explanation for the delayed symptoms in alpha-gal syndrome, the
nature of the clinical signs and symptoms of AGS are more consistent with an IgE-driven hypersensitivity response than
cytotoxic T-cell or macrophage-driven, cell-mediated responses which are associated more frequently with mucocuta-
neous lesions and tissue damage.*® To date, there are no experimental models linking cytotoxic T cells and macrophages
to symptom onset or progression in AGS.

The clinical presentation of AGS, including the development of pruritic, red wheals and plaques that do not leave
marks on the skin, and wheal and flare responses to percutaneous and intradermal testing with alpha-gal support a role for
mast cells in the allergic responses to alpha-gal.** In an AGS mouse model, serum levels of mouse mast cell protease 1,
a readout for mast cell degranulation in mice, rose in animals with circulating alpha-gal IgE that were challenged with
a homogenate of pork kidney.?' Yet, serum tryptase elevations after an allergic reaction, the gold standard for mast cell
degranulation in humans, occurred in only 30% of patients with AGS with allergic symptoms after oral mammalian meat
challenges and peaked 4 hours after meat consumption.*® AGS is similar to conventional food allergy in this respect since
tryptase is also not consistently elevated during anaphylaxis to food protein allergens.*® Future studies of both AGS and
conventional food allergy may identify alternative readouts for mast cell activation aside from tryptase that are more
consistently linked to food-allergen induced mast cell activation.

Epidemiology and Diagnosis
Epidemiology
Alpha-gal syndrome cases arising after hard-bodied tick bites have been reported on every continent except Antarctica.”’
One study analyzed Google searches for the term “Alpha-gal allergy” over a 15-year period from 2004 to 2019 as an
“infodemiologic” surrogate for the extent of the global reach of this condition. The authors found the highest search
volumes in Sweden, the United States, Canada, Australia, and South Africa.*? In Southern Africa, the mechanism of
sensitization is still not entirely clear, but may be secondary to tick bite, as alpha-gal glycoproteins have been identified
in regionally endemic ticks,* or to other alpha-gal-bearing endoparasites.*****

The prevalence of alpha-gal sensitization varies depending on the region of the world, population studied, and the cut-
off value for a positive alpha-gal IgE level. As discussed previously, sensitization to alpha-gal does not guarantee the
presence of symptoms,*> and the serum IgE level is not predictive of symptoms or severity of reactions.*® For example,

a study of 300 German forest service employees and hunters in rural Germany found that 35% had alpha-gal IgE >0.10
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KU/L, and 19.3% with alpha-gal IgE levels >0.35%.%> Alpha-gal IgE levels 0.35 kU/L or more did not guarantee the
presence of symptoms since only 8.6% of those with alpha-gal IgE 0.35 kU/L and higher had symptomatic meat
allergy.”> Larger studies from Denmark (>3400 participants)*’ and Sweden (2201 individuals)*® report lower sensitiza-
tion rates among these populations of 5.5*7 and 5.9%,*® respectively. Studies from Germany, Italy, South Africa, Kenya,
Ecuador, and the United States have demonstrated higher rates of sensitization to alpha-gal in those living in rural versus
urban areas.>'>*>* ! The alpha-gal sensitization rates among rural children in lower- and middle-income countries may
be due to increased exposures to alpha-gal-containing endo- and ectoparasites.'>*

In the southeastern United States, initial sensitization rates ranged from 15% to 25% based on cohorts of approximately
50-250 patients.”>>* Recently, a study incorporating 122,068 serum samples from >100,000 unique patients in the United
States demonstrated an alpha-gal IgE sensitization rate of 32.4%. The states with the highest numbers included Arkansas,
Virginia, Kentucky, Oklahoma, and Missouri.>* The higher than expected alpha-gal sensitization rates in this cohort may be
due to the fact that samples are sent from individuals for whom there is strong suspicion for mammalian meat allergy and do
not fully represent the general population. However, this study also reported a 6-fold increase in the number of positive tests
from 2011 to 2018, suggesting that sensitization rates to alpha-gal in the US may be rising.

Alpha-gal syndrome is most frequently reported in Australia and the southeastern United States.*' In fact, within the
southeastern US, alpha-gal syndrome is a leading cause of anaphylaxis among adults and adolescents. For instance,
Pattanaik et al noted that the number of idiopathic anaphylaxis cases declined in one Tennessee practice, while numbers
of AGS-associated anaphylaxis increased.’> Alpha-gal syndrome accounted for one-third of anaphylaxis cases in this
single-center retrospective review, while idiopathic anaphylaxis cases dropped from 59% in 2006 to 35% in 2018.%
A Spanish study demonstrated that the frequency of alpha-gal IgE in patients presenting with urticaria or anaphylaxis was
15%,%° suggesting that alpha-gal syndrome should be seriously considered in patients who present with unexplained
hives, swelling, or spontaneous allergic reactions.

Risk Factors

Risk factors that are associated with development of mammalian meat allergy following tick bite include male sex;*®
hypersensitivity responses to medications, including the cancer chemotherapeutic cetuximab®®>">° and medications
containing the mammalian product gelatin;*'****> A and O blood type;”**** a history of idiopathic anaphylaxis and
systemic mastocytosis;®> or history of bovine/porcine bioprosthetic heart valves.*' As detailed above, specific occupa-

tions like forest worker*>%°

and rural home environment®” are also associated with high rates of alpha-gal IgE
sensitization. Those with an outdoor occupation or living in rural areas are at higher risk of being sensitized to alpha-
gal presumably due to increased risk of tick bites from clinically relevant ticks.®” Rates of polysensitization to stinging

68,69 47,48,70 48,68

insect venom, inhalant aeroallergens, and food allergens (milk, egg, soy, peanut, fish*® and wheat*®°®), are

higher in individuals with AGS compared to the general population. However, a history of atopic disease is not necessary

or sufficient to develop AGS,**”!

and it is not clear whether patients with AGS are at increased risk of developing other
allergic diseases, including conventional food protein allergy.'”

By contrast, the expression of B antigen on blood cells seems to confer some measure of resistance to the
development of an alpha-gal allergy, presumably due to the B antigen and alpha-gal sharing a similar molecular
structure.”**7> Compared to other blood types, alpha-gal sensitized individuals with the B blood type are below the
expected frequency when compared to the general population.®* Those AGS-affected individuals with the B blood type

also tend to have lower levels of alpha-gal specific IgE, if any at all.”

Diagnosis

Detection of serum alpha-gal specific IgE is typically used to support a diagnosis of red meat allergy caused by alpha-gal
syndrome, whereas an oral food challenge, if performed and if positive, confirms it. There are variations in the source of alpha-
gal sugar used in these serum-based specific IgE assays, but typically beef thyroglobulin or the cancer biological product
cetuximab, both alpha-gal glycoproteins, are used.””"”* Sim et al found that they could distinguish patients with alpha-gal
syndrome from those with beef or pork protein allergy by assessing the varying specific IgE levels to cetuximab and/or beef
thyroglobulin versus specific IgE to bovine or porcine serum albumin which contain no galactose-alpha-1,3-galactose.”
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An AGS diagnosis is made if individuals have a clinical history consistent with AGS and a positive serum IgE
specific to alpha-gal. In addition, in many cases where AGS is suspected, the total IgE is obtained since tick bites
frequently induce rises in total IgE levels, even in those individuals with no history of atopy and ordinarily low/normal
IgE levels.®® In these cases, the ratio of alpha-gal IgE to total IgE becomes important.”> Specifically, if alpha-gal IgE
antibodies are >2 TU/mL or >2% of the total IgE there is more likely to be a clinically relevant allergy.”> Some have
reported that the alpha-gal specific IgE test may not be sufficient to catch all red/mammalian meat allergic patients in
tick-endemic areas.’® One study evaluating twenty-six patients with mammalian meat allergy demonstrated that there are
individuals with known tick exposure and clinical symptoms consistent with AGS that do not have elevated alpha-gal
specific IgE.”® This suggests that in some cases, a clinical diagnosis may be necessary based on tick exposure, reaction
history following mammalian meat ingestion, and response to dietary elimination of mammalian meat.

Clinical Manifestations

AGS is unique, as its clinical manifestations can be delayed in onset. While symptoms typically occur immediately after
food-protein ingestion in conventional IgE-mediated food-protein allergies, symptoms in AGS frequently appear more
than 2 hours after alpha-gal ingestion’” and may not manifest until 7 or 8 hours post-ingestion.>* Diagnosis of AGS can
be difficult since the affected individual may not associate the hypersensitivity reaction with a particular food given the
delayed symptom onset. There are data to show that a portion of individuals with idiopathic anaphylaxis (IA) actually
have alpha-gal sensitization, demonstrating the importance of considering alpha-gal syndrome in the differential
diagnosis of IA.°®"”"® While reactions are classically delayed at least 3 hours, some patients do experience symptoms
within minutes.”® Immediate reactions occurring within one hour of ingestion in those with AGS may be secondary to the
type of food consumed (for example, internal organs rich in alpha-gal) or due to other cofactors including alcohol
consumption and exercise® and frequently involve the gastrointestinal tract.”’

Reactions in a single individual can vary depending on the dose and type of food ingested.”” For example, some foods
are considered high-risk, including foods derived from internal organs (eg, pork kidney), and symptoms may occur more
rapidly following ingestion of these mammalian products than after eating mammalian muscle meat.®"*? Similar to other
IgE-mediated food allergies, cofactors, including exercise, non-steroidal anti-inflammatory drugs, and alcohol, can also
impact the threshold for reaction.'’”’® Alpha-gal syndrome can resolve spontaneously, especially since alpha-gal IgE
wanes over time in those who avoid repeat bites from clinically relevant tick species.>* However, an individual may be
re-sensitized or have increased reaction severity with repeat tick exposure.”

Alpha-gal syndrome can be present with a spectrum of symptoms, including but not limited to, urticaria, angioedema,
respiratory distress, emesis, diarrhea, reflux, and abdominal pain.*"’"-"® In an observational study of 261 patients, clinical
manifestations and timing of reactions were similar between children and adults.®® There are individuals whose symptoms
solely involve the gastrointestinal system;’** this manifestation was present in up to 20% of individuals with AGS in a South
African cohort.”’ In a Swedish cohort with AGS, 90% had urticaria, 74% had gastrointestinal symptoms, and 50% had
anaphylaxis.”® Greater than half of the study participants were atopic and anaphylaxis with pulmonary symptoms were more
common in this subgroup.”® We found a similar distribution of symptoms in a small cohort of patients recruited for a proof-of-
concept transcriptional profiling study. Of the 15 participants with AGS, 93% reported cutaneous symptoms, 73% gastro-
intestinal symptoms, and 33% or less described respiratory, oropharyngeal, or cardiovascular symptoms (Table 2).*

Management

Avoidance of Mammalian Meat and Associated Products

As with conventional IgE-mediated food-protein allergies, there is no cure for AGS. The mainstay of AGS management
is to recommend avoidance of the allergen. In the case of AGS, first and foremost, patients are advised to avoid
mammalian meat, including internal organs (Figure 1). Internal organs and fattier cuts of meats have been associated with
increased risk for developing symptoms and progressing to more severe allergic reactions.”’””” Individuals with AGS
should also be counseled to be wary of less obvious sources of mammalian alpha-gal, including beef broth, fatback or
bacon in vegetables, pork encasings for poultry sausage, gravy drippings, and lard in biscuits' (Figure 1). Dairy products
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Table 2 Common Symptoms and Symptom Distribution in Study Participants with AGS (n = |5)*

Organ System Presentation Percentage (Number Out of 15)
Cutaneous Urticaria (hives), pruritus, angioedema 93% (14)

Gastrointestinal Emesis, diarrhea, gastroesophageal reflux, abdominal pain, abdominal bloating, 73% (11)

Respiratory Respiratory distress, dyspnea, coughing, chest tightness, wheeze, hypoxia 33% (5)

Oropharyngeal Throat itching, throat constriction, neck tightness, mouth/throat swelling 26% (4)

Cardiovascular Syncope, pre-syncope 13% (2)

Notes: *Adapted from Iweala OI, Choudhary SK, Addison CT, Commins SP. T and B Lymphocyte Transcriptional States Differentiate between Sensitized and Unsensitized
Individuals in Alpha-Gal Syndrome. Int | Mol Sci. 2021;22(6).2”

do not need to be avoided routinely. In fact, patients with AGS can be encouraged to include moderate amounts of dairy
products in the diet, particularly hard cheeses and skim or low-fat milk, since this has been associated with increased
likelihood of spontaneous resolution of AGS.'' However, we do recommend dairy elimination from the diet if a patient
continues to have symptoms despite strict avoidance of mammalian meat."”>”” From our clinical experience, approxi-
mately 80% of patients will experience symptom resolution with the elimination of mammalian meat products alone,
while an additional 15% should have symptoms resolved with the removal of dairy in addition to mammalian meat.'~'
However, a small proportion of AGS patients (~5%) must also avoid gelatin-containing foods, including in some
puddings and yogurts’> (Figure 1).

It is important to consider other types of exposures when a patient continues to have reactions despite removing all
obvious products containing alpha-gal from their diet.’' In some cases, alpha-gal containing mammal products are

DIET MEDICATIONS
SUPPLEMENTS

Heparin

Gelatin

in food

Figure | Foods, medications, and supplements to avoid in patients with alpha-gal syndrome. Items in the red circle should be avoided by all patients. Items in the orange and
yellow circles should be avoided if patients remain symptomatic after avoidance of red circle items.
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introduced during the manufacturing process for some foods and other products, including pharmaceuticals, and
cosmetics.>'** In addition, it has been proposed that carrageenan, a high molecular weight polysaccharide derived
from red seaweed and which contains the galactose-alpha-1,3-galactose (alpha-gal) epitope, may also cause IgE-mediated
symptoms of hypersensitivity in a minority of patients with AGS.® Carrageenan is used in several food products,
including dairy products, frozen desserts, canned and cured meats, emulsified sauces, jelly candies, and some powdered

products.®> While there are case reports of IgE-mediated allergic reactions to carrageenan,®-5¢

to date, there have been no
reports demonstrating that such patients are also sensitized to alpha-gal. There are also no reported cases of patients with
alpha-gal syndrome experiencing severe allergic responses or anaphylaxis to carrageenan. This may be due to the fact
that the galactose-alpha-1,3-galactose moiety in carrageenan alternates with a beta-1,4-linked D-galactose sugar and may
not always be exposed to the host immune system unless there is enzymatic breakdown of carrageenan by specific
colonic microbes to expose the alpha-gal moiety.®® Thus, we counsel that the majority of individuals with AGS should be
able to tolerate products with carrageenan and with trace amounts of alpha-gal, such as mammal-derived glycerin, and
strict avoidance is not required.’ However, if patients remain symptomatic with these products in the diet, then as with

gelatin, they should be cautious with their use or avoid these components altogether.

Management Using Pharmaceuticals

When patients report continued symptoms despite avoidance of alpha-gal containing products or if they are at high risk
for exposure, pharmaceutical management of allergic symptoms may be warranted.'" Notably, there are no published
observational studies or randomized clinical trials exploring the efficacy of any medicine for symptom control in alpha-

1,31

gal syndrome. From our clinical experience, however, medications to consider include oral antihistamines, oral

cromolyn solution (a mast cell stabilizer),'?'

oral corticosteroid (provided as a short burst and taper for acute
reactions),”' omalizumab,*' and metformin.®" Interestingly, a few patients receiving omalizumab were able to reintroduce
small amounts of mammal meat into the diet, while six patients with AGS receiving metformin prior to bariatric surgery

added back both dairy and mammal meat to their diets.”!

Complementary/Alternative Management

There have been recent case reports utilizing complementary medicine approaches in the management of AGS,
specifically Soliman Auricular Allergy Treatment (SAAT), a form of auricular acupuncture.®” For example, a case series
reported by Bernal et al described 137 patients who presented for SAAT at two different clinical centers. Treatment was
not randomized, not placebo-controlled, and was unblinded. The majority of patients reported cutanecous and gastro-
intestinal symptoms and 93% of them had removed mammalian meat from the diet. Of the 126 out of 137 patients
undergoing SAAT with post SAAT documented follow-up, 96% (121/126) reported remission of their AGS symptoms.®’
This case series introduces a potential role for complementary and alternative therapies in the management of AGS and
possibly other IgE-mediated food allergies. However, as these were case reports and the mechanism of action by which
auricular acupuncture mitigates [gE-mediated alpha-gal syndrome remains unclear, further studies are clearly needed to
assess the mechanism of action, efficacy, and safety of this treatment method.

Immunotherapy and Desensitization

While there is one oral immunotherapy treatment approved by the US Food and Drug Administration (FDA) for the
treatment of peanut allergy, otherwise known as peanut OIT,'? there are no FDA-approved OIT treatments for AGS. The
purpose of OIT is to feed a food-allergic individual escalating doses of food allergen until the person reaches
a therapeutic treatment dose, which is administered daily to desensitize the allergic individual to the food in question.
OIT mitigates allergic responses to food by modulating cellular and immunoglobulin responses to food allergen.'® Unal
et al reported two cases of successful beef desensitization in adult patients with AGS utilizing a 27-day desensitization
protocol starting with 0.00005 mg of beef extract twice daily and terminating in 100g serving size of beef daily.*® In
addition, there is a case report of successful beef desensitization in a pediatric patient in Turkey who underwent a 24-day
buildup protocol and was able to tolerate 120 g of beef daily following completion of desensitization.* In each of these

cases, the patients were instructed to continue daily consumption to maintain desensitization.*®*°
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In our clinical experience, individuals with AGS who can tolerate small amounts of dairy are more likely to
experience remission of their allergic disease.'! Notably, a small, unblinded pilot study, with 7 participants with
AGS who underwent open food challenge, showed that OIT with 6 mg of alpha-gal daily in the form of cow’s milk
was safely tolerated over a 3-year period in these participants (https://clinicaltrials.gov/ct2/show/results/NCT02350660).

Significantly, this study had a small number of participants, was not randomized or placebo-controlled and did not report
on the efficacy of the treatment. In addition, this pilot study has not been subject to peer review, limiting the conclusions
that can be drawn, but it suggests that cow’s milk as OIT for the dietary management of AGS is likely to be well
tolerated. However, additional, therapeutic dose-finding studies and randomized, placebo-controlled studies to assess the
safety and efficacy of such treatment in larger populations of participants with AGS are critical and necessary prior to
implementation in the clinical setting.

Clinical Implications of Alpha-Gal Syndrome
AGS not only affects a patient’s diet but also impacts other components of health and disease. Below, we discuss the
different facets of an individual’s medical care that may be influenced by an AGS diagnosis.

Cardiovascular/Heart Disease

Products that may contain alpha-gal are commonplace throughout the medical field®'**

(Figure 1). As such, they pose
a potential risk to individuals who suffer from AGS. These individuals may be unable to take certain pharmaceuticals or
receive certain prosthetics. Prior to surgery and other procedures, the risk of a severe peri-procedural allergic reaction
caused by exposure to alpha-gal should be considered and measures to mitigate this taken when possible. For example,
the use of heparin and bioprosthetic heart valves are of particular interest during cardiac surgery. Heparin is used in high
doses during cardiopulmonary bypass surgeries to prevent the formation of blood clots; it is derived from bovine lungs
and porcine mucosa and has been found to have detectable levels of alpha-gal.”® In light of this finding, Hawkins et al
postulated that patients with AGS would have higher rates of anaphylaxis compared to controls if they received heparin
anticoagulation. In their review of over 8800 patients seen at a single institution for cardiac surgery evaluation, they
found 17 patients sensitized to alpha-gal, four (24%) of whom underwent cardiac surgery and suffered anaphylactic
shock. Among the eight patients with alpha-gal serum IgE levels checked within 90 days of surgery, the rate of
anaphylaxis was 50% (four of eight patients).”’

The presence of alpha-gal in prosthetic heart valves obtained from pigs is also a concern. A study by Kuravi et al
found that AGS serum reacted strongly to various animal-derived implants including cardiac patches, vascular grafts, and
heart valves.”' Since these implants typically reside permanently in the body, the immune system’s response to them is
ongoing. This may cause chronic inflammation with potentially serious implications for the patient, such as early valve
failure and coronary heart disease, though further studies are needed to clearly elucidate a link.”' Research is underway to
design methods for de-cellularizing valves and removing the majority of xenoantigens, including alpha-gal, without
compromising their structural integrity.’*"?

In December 2020, the FDA approved a genetically altered line of pigs known as “Gal-Safe Pigs” to generate medical
products and to use as a potential human food source (https://www.fda.gov/news-events/press-announcements/fda-approves-

first-its-kind-intentional-genomic-alteration-line-domestic-pigs-both-human-food, accessed 11 April 2022). These galacto-

syltransferase knockout pigs (GTKO) have been genetically engineered to lack the enzyme galactosyltransferase, which
creates alpha-1,3 linkages between galactoses. As a result, these animals lack alpha-gal antigen on their cells, providing
a potentially safe source for various xenotransplantation products like tissues, organs, and valves.’* A study by McGregor et al
found that the genetic alteration induced in these GTKO pigs has no substantial impact on the structural integrity of the
pericardium,”?® suggesting that the tissue could be a direct substitute for the pericardium of standard pigs which are used in
biomedical devices.”® Meat from these animals is also believed to be safe for individuals with AGS to consume (https://www.

fda.gov/news-events/press-announcements/fda-approves-first-its-kind-intentional-genomic-alteration-line-domestic-pigs-

both-human-food, accessed 11 April 2022). However, pre-clinical trials examining the safety of this meat using currently

21,28,97

available animal models of alpha-gal syndrome and clinical trials of this meat in human subjects need to be conducted.
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Alpha-gal sensitization has also been linked to coronary artery disease (CAD) with increased atherosclerotic burden
and plaque instability.”® Wilson et al found that individuals 65 years or younger were more likely to possess higher levels
of atheromatous plaques with unstable features within their coronary arteries if they had detectable circulating alpha-gal
IgE.”® Although the association was not shown to be causal, this study highlights a possible link between allergic
sensitization to alpha-gal and CAD, which may be driven by activated, alpha-gal sensitized allergic effector cells

releasing inflammatory chemicals that promote blood vessel wall damage.”®*’

Gastroenterology

Since Mabelane et al described a subset of patients with AGS with a GI-predominant phenotype, consisting of severe,
persistent abdominal cramping, diarrhea, and/or gastroesophageal reflux, there has been a growing understanding that
alpha-gal allergy is an underlying driver for gastrointestinal symptoms.”® For example, a retrospective review of four
years of alpha-gal IgE testing in a single community gastroenterology practice in the southeastern US found that of 1112
adult patients with gastrointestinal symptoms, 32.3% (359) had detectable circulating alpha-gal IgE.'” Of the 122
patients with follow-up data available for analysis, 82% reported improvement of symptoms reminiscent of irritable
bowel syndrome following removal of red (mammalian) meat from the diet.'® In another retrospective cohort study,
Croglio et al studied 16 patients from two gastroenterology clinics in the southeastern US with elevated serum IgE to
alpha-gal and gastrointestinal complaints without associated rash or anaphylaxis to determine if elimination of mamma-
lian meat would improve their GI symptoms. In this study, follow-up ranged from two months to three years, and all
patients reported symptom improvement within this time frame, with a majority following a strict elimination diet.®®
Although it has a small sample size, this study demonstrates that AGS can be responsible for isolated gastrointestinal
symptoms and that dietary elimination may lead to resolution.®

Adverse Reactions to Biological Products

Pharmaceutical products containing alpha-gal also have the potential to cause fatal reactions in AGS sufferers. Classically,
therapy with the chimeric, monoclonal antibody cetuximab, a drug used primarily to treat head and neck and colorectal
cancers, can cause severe anaphylaxis and death if administered to patients with AGS.'°! While globally, the immediate
hypersensitivity response rate to cetuximab was less than 3%, studies of patients in the southeastern US who received this
biological product revealed hypersensitivity reactions as high as 22%.°%'°"'° Cetuximab is synthesized in a mouse-derived
myeloma SP2/0 cell line that glycosylates the monoclonal antibody with alpha-gal.'® In the southern US, areas with large

104 - . ..
67.10% since lone star tick exposure is linked

tick populations have been associated with higher rates of cetuximab anaphylaxis,
to the development of the preformed alpha-gal specific IgE driving immediate hypersensitivity reactions to the alpha-gal on
cetuximab. Patients experiencing anaphylaxis upon the first administration of cetuximab have been described outside the US
as well.'% %7 These reports illustrate the importance of screening for a history of adverse reactions to mammalian meat prior
to using cetuximab and to develop protocols to screen patients for sensitization to alpha-gal or gelatin (which contains alpha-
gal) with allergen-specific IgE serum testing before administering cetuximab.®”-'%*!% Others have described the utility of
cetuximab binding to IgE on basophils to predict alpha-gal sensitized patients with high likelihood of hypersensitivity
responses to cetuximab,'® but this test is not available outside research settings.

There is one case report of anaphylaxis to infliximab, an anti-tumor necrosis factor monoclonal antibody also
synthesized in the SP2/0 murine-derived cell line, in a patient with inflammatory bowel disease and AGS.'*® Notably,
the index patient, and two other patients with alpha-gal syndrome who had never received any monoclonal antibody
infusions, had detectable IgE not only to cetuximab and infliximab but also to natalizumab, another biological product
synthesized in mouse-myeloma derived SP2/0 cell line, used to treat multiple sclerosis and Crohn’s disease.'®
Presumably, the serum alpha-gal specific IgE from these patients bound to the alpha-gal moieties common across
these three biological agents. This finding points to the potential for IgE-mediated hypersensitivity responses to occur
in AGS patients upon first-time infusion of infliximab and natalizumab as well as cetuximab. Potential solutions to this
include the synthesis of cetuximab, infliximab, natalizumab, and other biological products in cell lines with minimal to
no protein glycosylation with galactose-alpha-1,3-galactose, like the Chinese hamster ovary (CHO) cell line.''® Although

CHO cells can glycosylate synthesized glycoproteins with alpha-gal moieties, cetuximab produced by CHO cells had no
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detectable alpha-gal moieties.''” In addition, several other monoclonal antibodies synthesized by CHO cells, including
rituximab, mepolizumab, and omalizumab, contain no detectable alpha-gal.103 To date, there are no reports of anaphy-
laxis on first infusion of these CHO cell-line synthesized medications in patients with AGS. This suggests that the risk of
anaphylaxis on first infusion to biological products produced without alpha-gal moieties would be comparable in patients
with and without AGS.

Perioperative and Intraoperative Setting

AGS can present challenges for anesthesiologists when selecting anesthetic agents and other perioperative medications as
patients are not always identified or clearly labeled as having AGS prior to procedures and it is difficult to determine
which medications may contain alpha-gal.''" In regard to medications, the major concern is inactive ingredients, such as
stearic acid, lactic acid, glycerin, and gelatin, rather than the active drug itself. Some inactive ingredients are derived
from animal or plant sources; however, this information is not always readily available to be able to identify safe
products.''! There have also been case reports of intraoperative anaphylaxis to gelatin-based hemostatic agents in
patients with AGS.''>!!*

Vaccines
There have been case reports of individuals with AGS experiencing anaphylaxis following administration of gelatin-

containing vaccines''>'!’ 18

and reports of patients with AGS tolerating vaccines with gelatin in the excipients.
Schmidle et al demonstrated increased basophil activation in patients with AGS receiving mumps measles rubella
(MMR) vaccine containing gelatin in comparison to those that received a non-gelatin containing MMR vaccine, where
basophil activation was not seen.''” Based on these findings, immunizations containing gelatin products should be

administered with caution or even potentially avoided in patients with alpha-gal syndrome (Figure 1).

COVID-19 and Alpha-Gal Syndrome

As introduced above, anti-gal antibodies may modulate coronavirus disease 2019 (COVID-19) infection caused by SARS-
CoV2,""'? though this hypothesis remains controversial.'* In the beginning of the COVID-19 pandemic, the prevalence and
mortality rates of this viral illness varied widely across the world and were found to be lower in Africa and Asia than in
Europe and North America.'? One hypothesis to explain this discrepancy was that the production of anti-gal antibodies,
especially IgG and IgM, in individuals living in Africa and Asia, is able to confer protection by interfering with SARS-CoV-2
virus attachment to the host cell.'*® In support of this theory, Urra et al conducted a retrospective case—control study (25-29
patients per group) and observed that critically ill patients with COVID-19 requiring the intensive care unit (ICU) had lower
amounts of alpha-gal specific IgG, IgM, and IgE, but comparable amounts of IgA compared to healthy, uninfected controls.
They also found that asymptomatic COVID-19 patients seemed to have the highest amounts of alpha-gal specific IgE."" By
contrast, Keshavarz et al did not observe similar patterns in alpha-gal specific IgG levels when comparing individuals with
severe COVID-19 (n = 60) and samples from healthy, uninfected individuals banked prior to the pandemic (n = 109).'*!?!
Further, in five critically ill patients with COVID-19, alpha-gal IgG levels stayed about the same from acute symptom onset
through recovery and very little alpha-gal specific IgE were detected in these patients.'® The discrepancies in the findings
from these two groups are likely related to differences in sample size and in methods used to measure alpha-gal specific Ig —
colorimetric ELISA techniques by Urra et al and a solid phase InmunoCAP by Keshavarz et al.''»'*!%!

Despite these conflicting results, there is a growing interest in designing COVID-19 vaccines that exploit anti-gal
antibody responses to strengthen the protective effects of a COVID-19 vaccine.'?*'?* Some have also proposed
improving immunity and decreasing transmission of COVID-19 by introducing alpha-gal via oral or mucosal routes
with probiotics and postbiotics.'?® Given the protective role of anti-gal antibodies in other infectious diseases, and earlier
proof-of-principle studies demonstrating that incorporating engineered alpha-gal expressing glycan shields into inacti-
vated influenza vaccines can enhance the immunogenicity of the vaccine,'** such an approach seems reasonable.
However, as discussed by Wilson et al, a potential problem with this strategy is the increased risk for IgE-mediated
hypersensitivity responses to any COVID-19 vaccine that explicitly incorporates alpha-gal into its formulation, especially

in regions of the globe where sensitization to alpha-gal is common'?.
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Endocrinology

Thyroid

Alpha-gal is present on mammalian thyroglobulin'?® and medications that include natural, non-primate thyroid extracts
are at risk for contributing to allergic reactions in alpha-gal sensitized individuals. Specific inactive ingredients that may
result in reaction are magnesium stearate, which can be derived from fatty acids of bovine origin, as well as gelatin.'*® As
a result, the possibility of an adverse reaction to mammalian-derived fillers and excipients in thyroid hormone drugs, such
as levothyroxine, should be considered when prescribing thyroid hormone replacement to individuals with hypothyroid-
ism and AGS.'”’

Type | Diabetes Mellitus

Engineered porcine islet cells are being developed and deployed as a potential treatment for type 1 diabetes. Because of
the origin from pig, one study assessed whether or not engineered porcine islet cells express alpha-gal. In 57 porcine and
34 human N-glycans, as well as 21 porcine and 14 human O-glycans detected in cultured islets, there was no evidence of
an alpha gal epitope detected on any of the islets,'*® suggesting this may not be an issue.

Toxicology

Adverse reactions to snake antivenom are very common in several parts of the world, with acute reaction rates as high as
75%.'%° Since antivenom, the lynchpin of therapeutics for treating poisonous snakebites, is typically produced in non-
primate mammals, there have been studies to determine whether sensitization to alpha-gal could be the underlying cause
of the frequent, infusion-induced, hypersensitivity reactions. One study of 55 people presenting for emergency care for
snake bite in Laos reported that 15 of 55 (27%) experienced early acute reactions after snake antivenom infusion, and
alpha-gal IgE was detected in the serum of 17 (31%) of these patients. However, there was no relationship between
alpha-gal IgE positivity and development or severity of acute adverse reactions to antivenom.'*° The detection of alpha-
gal specific IgE in one-third of this cohort, irrespective of early adverse reaction status to antivenom, is not fully
understood, but it does suggest that alpha-gal specific IgE was not the major driver for hypersensitivity reactions to
antivenom in this population. However, there are case reports of patients in the southeastern US with anaphylaxis to
sheep-derived, crotalidae polyvalent immune Fab antivenom (CroFab) as a first presentation of alpha-gal syndrome.'*!
Subsequent reports demonstrated that galactose-alpha-1,3-galactose is detectable in CroFab'** as well as in equine

antivenom and can bind to alpha-gal allergic serum causing degranulation of alpha-gal sensitized basophils.'>*

Occupational Health/Medicine

Alpha-gal present in reagents or fluids that workers may come into contact with can present an occupational hazard and
needs to be taken into account in a certain subset of patients with AGS. Our cohort of study participants with alpha-gal
includes a 32-year-old woman with AGS and asthma who experienced anaphylaxis while working at a leather tanning
factory and required an emergency department visit. A published case series describes three cattle workers with alpha-gal
syndrome who developed symptoms (urticaria, pruritus, and/or dyspnea) following direct contact with bovine amniotic

fluid during calving.'**

Quality of Life in Patients with Alpha-Gal Syndrome

Although there is increasing awareness of AGS, it still appears to go underdiagnosed. Flaherty et al interviewed twenty-
eight patients seen at the University of North Carolina-Chapel Hill for AGS from March to June 2016 to assess time to
diagnosis and healthcare utilization. They found that the time to diagnosis was delayed in a majority of these patients,
with a mean diagnosis time of 7.1 years. Over half of these patients experienced anaphylaxis requiring treatment in the
emergency department, with two patients requiring multiple hospitalizations for symptoms. In all but one of these cases,
individuals were treated for idiopathic anaphylaxis and discharged."*> The findings suggest that there may be substantial
healthcare utilization secondary to symptoms by patients with undiagnosed AGS and that delayed diagnosis results in

135

increased cost. ~> A majority of these patients did not obtain information regarding AGS from their healthcare provider

and felt that their primary care physician had little to no information about AGS, suggesting that reaching the AGS
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diagnosis and obtaining appropriate counseling on living with the condition is often patient driven."*® As with conven-

tional IgE-mediated food allergies,"’

other considerations for quality of life include the impact of continued food
avoidance on eating out and social interactions with family and friends and the anxiety associated with potentially life-
threatening anaphylactic reactions. Additional studies are warranted to understand the psychological and financial

impacts of the AGS diagnosis for patients.

Conclusion

Alpha-gal syndrome is an unusual food allergy. IgE-mediated hypersensitivity responses to the glycan alpha-gal (and not
to a food-protein) reframe our current conception of the mechanisms of pathogenesis of food allergy. Alpha-gal IgE rises
after exposure to parasites, with hard-bodied ticks considered the leading agents of sensitization to alpha-gal. However,
this does not exclude the possibility of internal endoparasites promoting sensitization to alpha-gal, a line of investigation
under active study. While allergic sensitization likely involves the same cell populations involved in food-protein
allergies, because the allergen is found not just on protein but also lipid, there may be roles for unconventional cellular
players like invariant natural killer T cells or plasmablasts specific for alpha-gal IgE. Moreover, the delay in the
development of allergic symptoms in alpha-gal syndrome contrasts with the immediate hypersensitivity responses of
traditional IgE-mediated allergies. It may be due to extensive digestion and metabolism of alpha-gal glycoproteins and
the processing of alpha-gal glycolipids into lipid particles like chylomicrons that must leave the digestive system and
spread systemically before activating allergic effector cells at distant sites.

While the mainstay of management for AGS remains avoidance, emerging supplementary therapies include com-
plementary and alternative acupuncture, oral immunotherapy using mammalian meat or dairy products, and the use of
antihistamines, mast cell stabilizers, and biologicals that target IgE and stabilize mast cells. The impact of alpha-gal
syndrome moves beyond food choices. It can also affect the safety and tolerability of cosmetics, pharmaceuticals, and
medical devices, present unique occupational health considerations, and significantly increase healthcare utilization and
impact quality of life. Continued study of the mechanisms driving this alpha-gal syndrome, psychosocial and financial
impacts, and potential therapeutics will have implications for our general conception of food allergy.
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