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Opinion statement

For decades, carbohydrate determinants were seen as cross-reactive structures without clinical
impact. The discovery of specific IgE to the carbohydrate galactose-a-1,3-galactose, called a-
gal, changed our perspective on the allergenic potential of carbohydrate determinants. a-Gal
is present in tissues of non-primate mammals and, upon ingestion, can provoke a delayed form
of allergic reaction in sensitized patients. We are faced with a new and unique entity of allergy
with high clinical relevance in food allergy and anaphylaxis to drugs derived from mammalian
products. Tick bites are assumed to constitute the primary sensitization source to a-gal. To
address the complexity of this disease, the term a-gal syndrome has been suggested.

Introduction

The discovery of natural antigalactosyl IgG antibodies on
thalassemic red blood cells in 1983 awaked the immuno-
logical interest in the carbohydrate galactose-a-1,3-galac-
tose, called a-gal, as an antigen in humans [1]. In all
mammals, except humans, apes, and Old World mon-
keys, the enzyme o-1,3-galactosyltransferase catalyzes the
synthesis of the a-gal carbohydrate [2ee]. Twenty to 28

million years ago, the gene coding for the «-1,3-
galactosyltransferase was inactivated in ancestral Old
World monkeys and apes as a unique evolutionary event
[3]. According to fossil records in this period, an almost
complete extinction of hominoids occurred [3, 4]. As
several enveloped viruses, bacteria, and protozoa were
found to express the «-gal epitope, it has been assumed
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that the production of natural antibodies directed
against the «-gal epitope could have provided an
evolutionary advantage through immune protection
against pathogens [2ee]. In humans, anti-a-gal an-
tibodies are found as IgG, IgM, and IgA isotypes
and constitute with about 1% of immunoglobulins
the most abundant human antibodies [5]. These
antibodies represent a major immune barrier in
xenotransplantation, i.e., transplantation of organs
from pigs into humans [2ee]. On the other hand,
interesting advances have been made by using a-
gal as an antigen for immunotherapy in wound
healing, tissue regeneration, or cancer vaccine ther-
apy [2ee]. However, the approval of the drug
cetuximab, a chimeric mouse-human IgG; mono-
clonal antibody directed against the epidermal
growth factor receptor and used for the treatment
of colorectal and squamous cell cancer, in the USA
in 2003, brought up an aspect that has been
overlooked for two decades. Shortly after
launching, there were reports from southeastern
US federal states of a high rate of hypersensitivity
reactions on the first contact with cetuximab [6].
Chung et al. identified specific IgE antibodies di-
rected at the «-gal carbohydrate as trigger of these
hypersensitivity reactions. The epitope was located
on the mouse Fab region of cetuximab [6]. Anti-a-
gal-producing B cells can undergo isotype switching
to produce specific IgE (sIgE) to a-gal which causes
allergic reactions. In 2009, Collins and colleagues
described a new form of delayed food allergy asso-
ciated with IgE specific for a-gal [7]. Today, this
allergy is seen as a new entity of disease with a
high clinical relevance in the field of mammalian-
derived food and drugs [8]. This allergy shows
unique characteristics, challenging accepted
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Fig. 1. The term a-gal syndrome describes a IgE-mediated
immediate-type allergy to the disaccharide galactose-a-1,3-
galactose (a-gal). Its classification as a syndrome was proposed
as sIgE to a-gal can elicit different symptoms of varying sever-
ity, depending on the delivery route of a-gal. Drug
allergy—administration of drugs derived from mammalian cells
and tissue can induce drug allergy; food allergy—consumption
of mammalian muscle meat and innards can induce food allergy;
tick-borne disease—tick bites are currently the most likely
pathway of IgE sensitization to a-gal in humans.

knowledge in allergology [9, 10]. The term «-gal
syndrome was suggested to address the complexity
of this disease (Fig. 1) [8, 11].

a-Gal syndrome—a food allergy with a unique pattern

Currently, the prevalence of the «-gal syndrome among food allergic individ-
uals is not known, but sIgE positivity to a-gal ranges from 5.5 to 24.5% and it is
a frequent finding in the general population [12-15]. While in Europe the «-gal
syndrome is so far only observed in adults, in the USA it is also diagnosed in
children and adolescents [11, 16]. The consumption of meat is a central part of
the diet in industrial nations. In 2012, the estimated annual per capita con-
sumption of beef and pork in the USA was 26.5 and 21.1 kg, respectively [17].
Delayed anaphylaxis to red meat is mainly reported upon ingestion of skeletal
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muscle meat and innards from pork and beef, but it may also occur after eating
any mammalian meat (Fig. 1).

Indeed, the consumption of mammalian meat and innards can elicit IgE-
mediated type I reactions [7, 11, 18]. The clinical presentation of allergic
reactions ranges from urticaria/angioedema to life-threatening anaphylaxis with
hypotension, shock, and unconsciousness. In contrary to common experience
with food allergy, the allergic reaction does not occur immediately after con-
sumption, but with a delay of 3-6 h (delayed anaphylaxis) [7]. This delayed
IgE-mediated anaphylaxis has to be distinguished from the immediate-type
meat allergy where symptoms occur very rapidly (<1 h) after meat consump-
tion, and IgE are directed against proteins. This is, for example, the case in pork-
cat syndrome where IgE are directed against porcine serum albumin [19-22].
The time needed for the release of a-gal from glycoproteins and/or glycolipids
during digestion and absorption is assumed to be responsible for the delayed
onset of this type I allergic reaction [23e]. This process can be quantitatively and
kinetically modulated by single factors, or a combination of endogenous and
exogenous factors (e.g., alcohol, physical exercise, non-steroid analgesic, infec-
tions, and menstruation) [24]. According to the concept of food-dependent
exercise-induced anaphylaxis (FDEIA), these cofactors are assigned a key role as
a potential food allergen needs to reach a critical allergen concentration in the
body capable of eliciting an allergic reaction. Oral challenge tests have shown
that FDEIA is of high relevance for the a-gal syndrome [25]. It is possible that
individuals having a-gal sIgE, but no evidence of allergic reactions to mamma-
lian meat, can experience anaphylaxis upon exposure to mammalian meat in
addition to relevant cofactors [25].

Based on clinical observations, the lowest-observed-adverse-effect levels
(LOAEL) for allergic reactions after consumption of mammalian meat, innards,
or sausages vary widely among affected individuals, but it is generally accepted
that oral intake of trace quantities of a-gal does not elicit allergic reactions [11, 26,
27]. The content of a-gal in dairy products, cheese, and gelatin containing sweets is
tolerated in a part of the patients, but not in highly allergic individuals 7, 27, 28].
Some patients with a-gal syndrome do not stop the consumption of mammalian
meat; they only reduce the consumed amount of meat [27]. a-Gal content seems
to vary between mammalian species [25, 27]. In particular, pork kidney and other
innards elicit symptoms that are more severe and that occur within a shorter delay.
Even a few grams of pork kidney (5-50 g) can elicit anaphylaxis, and the onset of
an allergic reaction can occur as early as within 1 h after consumption [25, 29].
Recently, porcine angiotensin I-converting enzyme (ACE I) and aminopeptidase N
(AP-N), both highly glycosylated proteins of urogenital tissues, were identified as
major IgE-binding molecules in pork kidney [30]. Allergenic activity was con-
firmed to be dependent of the presence of a-gal epitopes.

Diagnosis of the a-gal syndrome strongly relies on clinical history and
specific IgE determination. However, not all patients sensitized to a-gal will
present clinical symptoms upon consumption of mammalian meat and IgE
titers are not predictive of clinical reactivity. Due to the delayed reaction, food
challenges are highly risky and should only be done in a clinical setting. Skin
prick tests using meat extracts often give false-negative results whereas prick-to-
prick tests with pork or beef kidney proved to be very sensitive [25]. Recently,
successful desensitization has been reported in two patients [31].
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a-Gal syndrome—a dangerous drug allergy

The high rate of hypersensitivity reactions upon intravenous administration of
cetuximab, a therapeutic chimeric monoclonal antibody carrying an «-gal epitope,
led to the discovery of a-gal sIgE [6] (Fig. 1). In Southeastern USA, about 20% of the
treated oncologic patients developed anaphylaxis upon first contact with cetuximab,
indicating a high risk of the drug in this region, compared to other US regions and
Europe [32]. Although the particular risk related to cetuximab is known, until now
treatment-related deaths occur [33]. The target of a-gal-specific IgE is located in the
mouse Fab region of cetuximab. Some other therapeutic antibodies contain only o-
galactosylated glycans in their Fc domains, but these are not recognized by «-gal
sIgE-positive individuals (e.g., infliximab, palivizumab) [34ee].

Antivenoms are formulations of divalent or monovalent immunoglobulin
fragments (F(ab”),/Fab) derived from mammalian plasma via fractionation
and enzymatic digestion. The animals, in most cases sheep or horse, have been
previously immunized with snake venom [35]. These therapeutics mitigate the
progression of toxic effects by neutralization of snake venom components.
Antivenoms were first developed in 1894 by the French scientists A. Clamette
and C. Physalix/G. Bertrand and can be considered as the oldest therapeutic
antibodies in medical history [35]. As a source of heterologous proteins, these
drugs induce hypersensitivity reactions in approximately 20% of the patients
[35]. Recently, the a-gal-epitope was identified as a potential target of IgE-
mediated reactivity to antivenoms and as a possible cause of the high incidence
of hypersensitivity reactions during the first application of antivenoms [36].

Gelatin is manufactured from the connective tissue of beef and pork, and it
consists of hydrolyzed collagen. The collagen a-1 (VI) chain has been shown to
carty an a-gal-epitope [37]. As this epitope is not denatured by the manufacturing
process, it is one of the targets responsible for IgE-mediated reactivity to gelatin
[38]. Gelatin is not only used in processed foods and sweets but also used in
medicine as colloidal volume replacement agent and as stabilizer in some vaccines.
Intravenous challenge tests have shown that gelatin colloid can elicit anaphylaxis in
a-gal-sensitized individuals [38]. Recent reports have referred to «-gal-related
anaphylaxis after vaccination and even anaphylaxis associated with a vaginal
gelatin capsule [39-41]. The a-gal-related risk of vaccines warrants further analysis.

Bioprosthetic heart valves are manufactured from porcine and beef valve
tissues. It is known that a-gal epitopes expressed on these xenogeneic tissues are
capable to trigger hyperacute and acute vascular rejection phenomena due to IgG
and IgM antibodies and that they are an important factor in bioprosthetic heart
valve failure [42]. Neither glutaraldehyde fixation nor decellularization procedures
ensure a completely masking or inactivation of a-gal epitopes [42]. A recent report
discusses an association of a-gal sIgE in two patients with a premature degener-
ation of bioprosthetic aortic valves [43]. The related risk of rejection of
bioprosthetic heart valves due to a-gal sIgE requires further monitoring.

There is little knowledge on tolerance of a-gal-containing drugs in «-gal sIgE-
positive individuals. Basophil activation test (BAT) with cetuximab and antivenom
showed CD63 upregulation in individuals with low «-gal sIgE levels and reported
tolerance to mammalian meat and entrails [36]. Therefore, it is assumed that the
delivery route of a-gal is crucial for the risk of an allergic reaction. Especially the
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intravenous application of a-gal-containing drugs is associated with a high risk.
Due to this potential risk, a special warning regarding the administration of «-gal-
containing drugs may be needed in all individuals sensitized to a-gal, even if they
are tolerant to mammalian meat and entrails. This general warning however
warrants further assessment. Panitumumab can be used as safe substitute drug
for cetuximab and dextran and hydroxyethyl starch as alternative colloidal volume
replacement agents [44].

a-gal syndrome—a tick-borne disease

The fact that patients developed anaphylaxis on first contact with cetuximab
indicated that the patients were presensitized, and research focused on an envi-
ronmental factor responsible for the generation of «-gal sIgE [45]. In Australia,
clinical observations showing a correlation between allergic local reactions to tick
bites and allergy to red meat brought the attention on tick bites [46]. The finding
that the prevalence of anaphylaxis to cetuximab was particularly high in the
endemic area of the rocky mountain spotted fever, a tick-borne disease mainly
transmitted by Amblyomma americanum, was another important step [45]. Till
now, a-gal has been detected in various tick species, including Amblyomma spp.,
Haemaphysalis longicornis, and Ixodes spp. by ELISA and immunoblotting tech-
niques [14, 45, 47] as well as by immunohistochemical staining of ticks [14, 45,
47]. Recently, it was shown that a-1,3-galactosyltransferase-deficient mice could
be sensitized to a-gal by tick saliva of Amblyomma sculptum [48]. Therefore, it is
commonly assumed that tick bites constitute the primary sensitization source to
a-gal and a-gal syndrome can be considered as a tick-borne disease (Fig. 1).
One likely hypothesis is that a-gal enters the tick during blood meals taken up
from small mammals and then can be transferred to humans with the next
blood meal which is necessary for the next step in the life cycle. This introduces
the possibility of vector-borne allergies as a novel concept in allergology. Since
the 1940s, there are sporadic reports of anaphylaxis to tick bites from all over
the world [49-53e, 54]. In Australia, tick-induced anaphylaxis (TiA) is observed
during removal of Ixodes holocyclus ticks [53e]. As this tick species produces a
toxin causing paralysis of the host, further analysis is warranted to clarify
whether the «-gal epitope or other allergens are responsible for these severe
reactions. A typical phenomenon of tick bites in «-gal-sensitized individuals is
local allergic reactions around the bites, presenting as erythematous papules or
plaques itching for more than 10 days [45, 46]. The prevalence of these local
reactions varies in different parts of the world. Whereas the phenomenon is
frequent in Australia and the Southeastern USA, in Europe it seems to occur
only during the summer months in years with favorable climatic conditions for
ticks [55]. In tropical and subtropical areas, ticks can develop faster than in
temperate climate zones and molt twice a year. It is conceivable that the
development time from the nymph to adult stage is crucial for the concentra-
tion of remnants of a-gal-carrying mammalian proteins in tick hemolymph and
the potential allergic risk of a tick bite. Amblyomma americanum is known for a
rapid development from nymph to adult stage with a minimal period of only
3 weeks [56]. This can provide a possible explanation for the high prevalence of
a-gal sIgE positivity in the general population in southeastern US federal states.
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Conclusions

The a-gal syndrome is associated with the presence of sIgE to the carbohydrate
a-gal. It has changed our perspective on the allergenic potential of carbohydrate
determinants. Some carbohydrates can no longer be seen as cross-reactive
structures without clinical relevance that we have to cope with in allergy
diagnosis. We are faced with a new entity of allergy with unique immunological
and clinical features. The topic is developing rapidly, but a number of questions
remain unanswered. The mechanism of sensitization and the reason for the
delayed allergic response upon consumption of mammalian meat are still to be
elucidated. There is an increasing awareness of this new allergy syndrome, but it
is suspected that it is currently underdiagnosed. Tick bites are assumed to
constitute the primary sensitization source to a-gal. A tick bite can result in
the loss of tolerance to mammalian meat, innards, or mammalian-derived
drugs after safe consumption or administration for years. We still do not know
the immunological key factors responsible for this loss of tolerance. Several
clinical needs are still unmet. One of these is an improved and safe diagnostic
test, which would allow the prediction of tolerance or risk of an allergic reaction
to particular mammalian foods or mammalian-derived drugs. Also long-term
follow-up data are needed from patients with a-gal syndrome. According to
current knowledge, avoiding tick bites is the best strategy for prevention and
treatment. In contrast to the initial observation, a-gal syndrome is not a disease
limited to endemic areas, but a disease of global impact.
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