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Abstract
Purpose of Review Galactose-α-1,3-galactose (α-gal) is a car-
bohydrate allergen with several unique characteristics. In this
article, we discuss some recent advances in our understanding
of the ‘alpha-gal syndrome,’ highlight data supporting the role
of ticks in pathogenesis, and speculate on immune mecha-
nisms that lead to sensitization.
Recent Findings First described as the target of IgE in indi-
viduals suffering immediate hypersensitivity reactions to the
novel anti-EGF monoclonal antibody cetuximab, it is now
clear that α-gal sensitization is associated with mammalian
meat allergy as well as reactions to other mammalian prod-
ucts. Unlike traditional IgE-mediated food allergies, reactions
toα-gal often do not manifest until several hours following an
exposure, although co-factors can influence the presentation.
Multiple pieces of evidence, including recent work with a
mouse model, point to the fact that sensitization is mediated
by exposure to certain hard ticks and increasingly we are
aware of its globally widespread impact.
Summary The oligosaccharide α-gal represents a novel aller-
gen with several unusual clinical features. It has been recog-
nized now on multiple continents and its clinical presentation
can be quite variable. Moreover, efforts to delineate the mech-
anisms leading to α-gal sensitization may have ramifications
for our broader understanding of type 2 immunity.

Keywords Alpha-gal (α-gal) . Food allergy . Redmeat
allergy . Th2 . Type 2 immunity

Introduction

Until recently, the oligosaccharide galactose-α-1,3-galactose
(α-gal) was best known for its role as a major antigenic barrier
in xenotransplantation [1]. Owing to a loss of functional 1,3
galactosyltransferase, humans and other members of the cat-
arrhine group of primates lack the synthetic machinery to gen-
erate α-gal, distinguishing them from other mammals. The
emergence of the non-functional pseudogene is estimated to
have happened ∼28 million years ago [2], and while the se-
lective pressures for this divergence are not certain, one hy-
pothesis is that loss of α-gal evolved because it provided a
mechanism of pathogen immuno-surveillance. Indeed,
humans produce abundant natural antibodies to α-gal, likely
related to the presence of α-gal in microbial flora [3]. While
earlier work reported that anti-α-gal constituted 1% of total
IgG, more recent work argues it is about a log order less, but
nonetheless a notable fraction [1, 4]. It is these pre-existing
antibodies to α-gal, predominantly IgM and IgG2, that repre-
sent the dominant mechanism of hyperacute rejection in por-
cine xenotransplantation [4, 5]. It has only been over the last
decade that α-gal has been appreciated as an important epi-
tope in IgE-mediated drug and food reactions.

Discovery of an Important Carbohydrate Allergen

The initial realization that α-gal was a target for IgE-mediated
allergy stemmed from efforts to understand why a number of
patients with carcinoma of the colon in the Southeastern U.S.
were suffering immediate hypersensitivity reactions during
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the first infusion of the monoclonal antibody cetuximab [6].
Combining data from structural studies of cetuximab, IgE
binding/inhibition studies, as well as the availability of an
alternatively glycosylated variant of cetuximab, it became
clear that α-gal was the relevant epitope for IgE [7–9]. As part
of those investigations, it was also clear that α-gal sensitiza-
tion was quite common at the population level in the
Southeastern U.S., but not in other parts of the country. It
was this regional prevalence that led to efforts to screen for
α-gal IgE levels in individuals presenting to the University of
Virginia Allergy Clinic with atopic histories including asthma,
chronic urticaria, atopic dermatitis, and anaphylaxis. Based on
these efforts, it quickly became apparent that α-gal levels
correlated strongly with individuals who described a history
of delayed urticaria or anaphylaxis to red meat [10]. A subse-
quent open challenge with red meat confirmed reactions in
most individuals tested who had both a personal history of
reactions to red meat and positive α-gal IgE [11].

Red Meat Allergy and More

Unlike traditional IgE-mediated food hypersensitivities, the re-
actions involving α-gal and mammalian meat typically are de-
layed by at least 2 h. This was formally shown in the open food
challenge study where reactions occurred after 3–6 h and has
been born out with clinical experience with hundreds of such
cases in our clinic in Central Virginia, as well as a number of
cases reported overseas [10, 12–17, 18•]. The explanation for
this delay remains enigmatic, but the prevailing suspicion is that
digestion, absorption, and transit of glycoproteins and/or glyco-
lipids are relevant. The manifestations of the syndrome most
commonly involve urticaria with severe pruritis, as well as signs
of systemic anaphylaxis and in some cases abdominal pain. The
syndrome is also idiosyncratic in that not every exposure leads
to a clinical reaction, suggesting that allergen dose or other mod-
ifying factors are important. Concomitant alcohol consumption
appears to be a significant co-factor in the experience of our-
selves and others [14]. Multiple investigators have probed for
the relevant source of allergen in common food triggers, which
include beef, pork, and lamb, but can include other mammal-
derived foods as well. An immuno-proteomic approach with
beef demonstrated seven different α-gal containing glycopro-
teins, many of which were resistant to heat [19]. Studies of
individuals with a history of allergic reactions to pork kidney,
where reactions frequently happenwithin 2 h, identifiedα-gal as
the target allergen. Based on binding/inhibition assays, pork
kidney was shown to have abundant α-gal compared to pork
meat which may explain the kinetics of this phenomena [14].
More recent work has demonstrated that α-gal is carried by two
transmembrane metallopeptidases in pork kidney, both of which
were sufficient to stimulate basophils from α-gal patients in a
basophil activation study [20••]. Interestingly, there was some

inter-individual variability in IgE binding to metallopeptidases
and α-gal-conjugated human serum albumin (HSA), suggesting
that the protein backbone may be relevant to the recognition of
the epitope [20••]. Consistent with the findings with beef, heat
treatment did not impact α-gal glycosylation of the pork kidney
metallopeptidases, which collectively argues that cooking meat
or innards is not an adequate strategy to prevent α-gal-related
hypersensitivity reactions. There are no known interventions
aside from allergen avoidance once the allergy develops, al-
though anecdotal experience has shown that many individuals
will outgrow the hypersensitivity with time, likely reflecting the
absence of ongoing exposure or long-lived IgE-secreting plasma
cells. In our practice, we often check α-gal IgE levels on a
periodic basis, typically yearly, to help guide clinical recommen-
dations with consideration of cautious re-introduction of mam-
malian foods. Because of the delayed nature of the reaction, we
do not usually advocate for in-clinic challenges, but an anaphy-
laxis action plan is critical. An important question, especially in
lieu of recent work with other food allergies, is whether main-
taining exposure to low levels of mammalian products could
play a role in the management of the syndrome [21]. For exam-
ple, it is possible that continued consumption of dairy in a sen-
sitized individual could favor tolerance. The low-level α-gal
exposure could mitigate the risk of a severe systemic reaction
on future exposure to a larger allergen dose, such as a rare steak,
by multiple potential mechanisms. These include induction of
allergen-specific regulatory Tcells or low level tonic stimulation
of IgE coated mast cells. Another possibility would be induction
of blocking IgG4 antibodies, but preliminary data in our group
has not supported this. To date, this premise that continuous
low-level exposure of α-gal-containing foods is protective has
not been formally studied and as such is not recommended
outside of research protocols. That said, while we do not rou-
tinely discuss the concept of tolerance in our practice, we do not
advise strict avoidance of all mammalian products (such as
dairy) if they are clinically tolerated.

Aside from its involvement in red meat allergy, α-gal sensi-
tization can also play a role in reactions to many other sources
of mammalian antigens. As recently reviewed in this journal,
dairy products, gelatin, and certain vaccines and medications
warrant consideration as triggers in highly sensitive individuals
[22]. In our experience, magnesium stearate, an excipient that
can be derived from mammalian sources and is a common
inactive ingredient in medications, has not been problematic,
but based on a published case report, it should also be consid-
ered [23]. Other occult sources must also be considered. For
example, while poultry is not a source ofα-gal, poultry sausage
prepared in pork casings should be avoided. While unproven,
we suspect pork casings express abundant α-gal based on the
severity of reported reactions. Aside from ingestion, recent
work has highlighted a role for α-gal IgE in premature degen-
eration of porcine aortic valves [24•] and we have previously
reported peri-operative reactions in individuals receiving new
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porcine or bovine valves [25]. Taken together the name ‘α-gal
syndrome’ seems an appropriate descriptor. Although anecdot-
ally we have seen a few cases of chronic urticaria in α-gal
patients on full avoidance diets, a recent report from Sweden
did not substantiate a link [26].

The Tick Connection

The initial suggestion of a possible association with ticks and
α-gal stemmed from the observation that the prevalence of α-
gal IgE sensitization in the USA overlapped closely with the
incidence of RockyMountain Spotted Fever and its associated
tick vectors Dermacentor variabilis (the brown dog tick) and
Amblyomma americanum (the lone star tick) [10]. This
dovetailed with observations by Dr. Sheryl van Nunen who
had reported an association between large local reactions to
tick bites and delayed reactions to red meat in a series of
patients she followed in the New South Wales Region of
Australia [12, 27]. Supporting a role for the lone star tick,
we found an excellent correlation between IgE to α-gal and
IgE targeting lone star whole tick extract (but not the brown
dog tick) in individuals with a history of red meat allergy [28].
There was a strong correlation between reported history of
tick bites and levels of IgE toα-gal [28]. Importantly, we have
also documented prospective increase in IgE titer to α-gal in
individuals receiving multiple tick bites [28] (Fig. 1).
Similarly important, we are unaware of any connection be-
tween Ixodes scapularis, which harbors the pathogen respon-
sible for Lyme disease, and α-gal sensitization. This is strong-
ly supported by the fact that α-gal reactions are essentially
unheard of in the Northeastern U.S. in areas where
I. scapularis is endemic, but A. americanum is absent (manu-
script in preparation). Work from Sweden also directly
assessed α-gal IgE titers in patients with Lyme disease and

while rates of sensitization were minimally increased from the
baseline population, the relative titers were modest [29].
While the connection between ticks and α-gal was initially
described in the USA with A. americanum, α-gal-related re-
actions have now been reported in Australia, Europe, Japan,
South Korea, and Central America [12–17, 18•]. Notably,
ticks are endemic in all of these locales, albeit with species
variation by geography. For example in southern Sweden, α-
gal IgE sensitization is common and has been related to bites
of Ixodes ricinus. Tellingly, much of northern Sweden is de-
void of I. ricinus or other ticks, and in keeping with that, there
have been no reports of the syndrome in that area [30]. Work
from Swedish colleagues has also shown a strong correlation
between IgE to α-gal and IgE targeting I. ricinus whole tick
extract, and demonstrated the presence of α -gal in I. ricinus
midgut [15, 31•]. More recent work has demonstrated the
presence of α-gal in saliva from Amblyomma sculptum
[32••], a tick species that is part of the Amblyomma cajennense
complex that also includes tick species prevalent near the
Panama Canal where α-gal reactions have been reported
[18•]. An extension of that work, and consistent with the pre-
mise that tick saliva is critical for sensitization, it was also
demonstrated that s.c. injection of tick saliva was sufficient
to induce α-gal-specific IgE in an α-gal knockout mouse
model [32••]. Taken together, there is strong evidence that
hard ticks including A. americanum, I. ricinus, Ixodes
holocyclus, and members of the A. cajennense complex are
important agents of α-gal sensitization, but many questions
remain unanswered (see Table 1). The fact that α-gal IgE
levels (but not delayed red meat allergy) are prevalent in co-
horts from Kenya and Zimbabwe with chronic parasite infec-
tions certainly raises the possibility that ticks are not the com-
plete story [30, 33].We are not aware of reports of anaphylaxis
to red meat in these countries, but admittedly this has not been
well studied. An interesting possibility is that non-tick para-
sites, while capable of promoting IgE responses to α-gal in
some cases, are particularly effective at inducing regulatory T
cells which would help to suppress allergic responses. This
premise, while unproven, is attractive in that it fits with cur-
rent concepts of the role that parasites play in the ‘hygiene
hypothesis’ [34].

Days in relation to tick bites
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Total IgE and -gal IgE following tick exposure    

Fig. 1 Serum IgE in a patient pre and post natural tick exposure. The
subject was bitten in 2013 by about 30 nymphs, presumably
A. americanum, and total and α-gal-specific IgE were followed.
Interestingly, while the α-gal IgE titers rose over tenfold to a peak in
about 1 month, they also decreased over a period of months in the
absence of ongoing exposure

Table 1 Important unknowns with the α-gal syndrome

1. How does A. americanum lead to α-gal sensitization?

2. Why do some hard ticks lead to α-gal syndrome but others do not?

3. What explains the disparity between sensitization and clinical
hypersensitivity?

4. Does the IgE-specific α-gal class switch involve T cell help?

5. What explains the IgE-mediated delayed reaction?

6. Is there a protective role for low dose α-gal exposure against severe
systemic reactions?
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Putative Mechanisms

One of the interesting aspects of α-gal hypersensitivity is that
it appears to develop equally in those with and without atopic
histories (manuscript in preparation). This is intriguing given
that it is well accepted that allergic disease has an important
heritable component and argues that tick-mediated sensitiza-
tion represents a robust form of type 2 immune induction [35].
It is important to emphasize that we are referring to the same
response that has been historically referred to as a type I hy-
persensitivity by Gell-Coombs classification, a nomenclature
shift that reflects the fundamental importance of Th2 cells and
related cytokine mediators in the response pathway. To date,
the immunologic pathways that link tick exposure to the pro-
duction of α-gal-specific IgE antibody remain poorly under-
stood. There is, however, a large body of evidence showing
that tick bites generally favor Th2 responses, although the

governing mechanisms are not clear [36, 37]. Preliminary
work in our lab has shown that there is abundant recruitment
of T cells and neutrophils to the site of a tick lesion in a naïve
human host by 48 h, though interestingly basophils were not
predominant [38] (Fig. 2). Based on emerging concepts in
type 2 immunity, which includes the innate and adaptive im-
mune factors that contribute to allergic responses in general,
and specifically CD4+ Th2 responses and IgE production, an
initial cascade of cytokines such as TSLP, IL-33, and IL-25
are released from epithelial cells as an early signal to hemato-
poietic immune cells. The epithelial response may involve
recognition of pathogen-associated molecular patterns
(PAMPs) or danger-associated molecular patterns (DAMPs)
by pathogen-recognition receptors (PRR) expressed on the
epithelia, or alternatively may be triggered by damage to the
epithelia itself [39]. Other mediators such as prostaglandins or
leukotrienes may also play an early role [40, 41]. A number of

Fig. 2 Analysis of skin lesion from site of tick bite at 48 h in an α-gal
naïve individual. a H&E staining reveals inflammatory infiltrate, b with
pronounced neutrophils evident on further magnification. c

Immunohistochemistry demonstrates T and B cell clusters. Legend: for
a TP = tick ‘parts,’C = tick ‘cement’; for c blue = DAPI (nuclei stain), red
= anti-CD3 (T cells), green = anti-CD20 (B cells)
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Fig. 3 Proposed mechanisms by which A. americanum and other hard
ticks could promote α-gal sensitization. Our working assumption is that
α-gal in the form of glycoprotein or glycolipid is present at the site of the
tick lesion. There is also local damage to the epithelia and/or recognition
of tick-related PAMPs. Cytokines such as IL-25, IL-33, and TSLP are
released and signal to immune cells including mast cells, ILC2, and
dendritic cells. Collectively, these innate cells promote differentiation of

Th2 cells and/or T follicular helper 2 cells (Tfh2) and favor B cell class
switch to IgE, though B cell activation independent of T cell help is also
possible. Factors in tick saliva such as prostaglandin E2, phospholipase
A2, lipocalins, or adenosine are putative immunomodulators that favor
Th2 responses. Lastly, α-gal itself may be recognized as a PAMP by
carbohydrate-binding lectin receptors and thus directly stimulate
signaling pathways culminating in IgE
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putative candidates within the saliva have been described,
including prostaglandins, lipocalins, phospholipases, and
adenosine, all of which could act on epithelia or on sub-
epithelial immune cells [42–44]. An interesting possibility is
that α-gal has intrinsic PAMP activity that helps trigger the
type 2 immune cascade. Lectins represent a family of PRRs
that recognize carbohydrate epitopes and include C-type
lectins, galectins, and siglecs (Fig. 3). Prior work has shown
that lectin recognition of allergen-associated carbohydrate
promotes type 2 immune responses [41]. Moreover, human
monocyte activation by porcine endothelial cells involves α-
gal recognition by galectin-3 [45, 46], a lectin also implicated
in a murine model of allergen-induced airway remodeling and
mast cell function [47, 48]. Thus, differential expression of α-
gal is a possible but unproven reason that A. americanum,
I. ricinus, I. holocyclus, and members of A. cajennense lead
to clinically important sensitization but other ticks do not. The
explanation for why ingestion of α-gal-laden food is inade-
quate for sensitization could involve a dependence on an im-
munomodulatory tick co-factor, or could just reflect differ-
ences between exposure via skin or the oral route, consistent
with our current understanding of other model food allergens
such as peanut [49, 50].

The role of T cell help in governing B cell switch to IgE
also remains an open question. While classically carbohy-
drates are not considered to be T cell antigens, multiple lines
of evidence suggest that anti-α-gal responses could involve T
cell help. Direct evidence comes from studies using an α-gal
knockout mouse where minimal anti-α-gal responses were
induced in the absence of T cells or CD40L blockade [51].
The role of T cell help is indirectly supported by work show-
ing that T cell receptors can specifically recognize carbohy-
drate epitopes independent of their protein conjugate, though
MHC-II can still have a role as scaffold during presentation
[52]. Not incongruent with this premise, the differential IgE
recognition observed for metallopeptidase-laden α-gal versus
HSA-conjugated α-gal by Hilger et al. could be explained by
variation in the peptide backbone available for MHC-II bind-
ing [20••]. A counter-argument for a Tcell-independent mech-
anism of IgE switch is also plausible. One aspect that distin-
guishes α-gal from other allergens is the presumed presence
of pre-existing memory B cells that could possibly facilitate
class switch recombination in the absence of T cell help.

Conclusion

The α-gal syndrome represents a unique form of allergy on
account of several features including the non-protein epitope,
the delayed nature of the reaction, sensitization by an agent
seemingly unrelated to the ultimate trigger, and the lack of
relationship with other atopic diseases. While atypical in
many regards, the commonly observed robust allergen-

specific IgE response is shared with traditional food allergies,
as is the IgE/IgG4 ratio [53]. As an extension of the recent
paradigm shift in the way we approach other food allergens,
namely peanut, the idea that persistent low-level exposure to
α-gal could have a protective effect is an intriguing but un-
proven concept. In regards to sensitization, the most logical
conclusion is that events during tick exposure, presumably
involving elements within the saliva, induce a vigorous im-
mune cascade that results in IgE class switch. As such, the α-
gal syndrome represents a potentially fertile area for discovery
of mediators and pathways that govern type 2 immunity, an
area of immunology that remains enigmatic. This premise
would also be compatible with an emerging literature describ-
ing a protective role for type 2 immunity against venomous
organisms, which arguably ticks represent [54–56].
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