
Journal Pre-proof

On the cause and consequences of IgE to galactose-α-1,3-galactose: A Report from
the National Institute of Allergy and Infectious Disease Workshop on Understanding
IgE-Mediated Mammalian Meat Allergy

Thomas A.E. Platts-Mills, MD, PhD, FRS, Scott P. Commins, MD, PhD, Tilo
Biedermann, MD, Marianne van Hage, MD, PhD, Michael Levin, MD, PhD, Lisa A.
Beck, MD, Maria Diuk-Wasser, PhD, Uta Jappe, MD, MSc, Danijela Apostolovic, PhD,
Michael Minnicozzi, PhD, Marshall Plaut, MD, Jeffrey M. Wilson, MD, PhD

PII: S0091-6749(20)30190-1

DOI: https://doi.org/10.1016/j.jaci.2020.01.047

Reference: YMAI 14415

To appear in: Journal of Allergy and Clinical Immunology

Received Date: 26 November 2019

Revised Date: 29 January 2020

Accepted Date: 31 January 2020

Please cite this article as: Platts-Mills TAE, Commins SP, Biedermann T, van Hage M, Levin M, Beck
LA, Diuk-Wasser M, Jappe U, Apostolovic D, Minnicozzi M, Plaut M, Wilson JM, On the cause and
consequences of IgE to galactose-α-1,3-galactose: A Report from the National Institute of Allergy and
Infectious Disease Workshop on Understanding IgE-Mediated Mammalian Meat Allergy, Journal of
Allergy and Clinical Immunology (2020), doi: https://doi.org/10.1016/j.jaci.2020.01.047.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma &
Immunology.

https://doi.org/10.1016/j.jaci.2020.01.047
https://doi.org/10.1016/j.jaci.2020.01.047


1 

 

 1 

On the cause and consequences of IgE to galactose-α-1,3-galactose: A Report from the 2 

National Institute of Allergy and Infectious Disease Workshop on Understanding IgE-Mediated 3 

Mammalian Meat Allergy  4 

 5 

Thomas A.E. Platts-Mills, MD, PhD, FRS1, Scott P. Commins, MD, PhD2, Tilo Biedermann, MD3, Marianne van 6 

Hage, MD, PhD4, Michael Levin, MD, PhD5, Lisa A. Beck, MD6, Maria Diuk-Wasser, PhD7, Uta Jappe, MD, 7 

MSc8*, Danijela Apostolovic, PhD4, Michael Minnicozzi, PhD9, Marshall Plaut9, MD and Jeffrey M. Wilson, MD, 8 

PhD1 
9 

1 Division of Allergy & Clinical Immunology, University of Virginia, Charlottesville, VA;  2 Departments of 10 

Medicine & Pediatrics, University of North Carolina, Chapel Hill, North Carolina; 3 Department of Dermatology 11 

and Allergy, Technical University of Munich and Unit Clinical Allergology (EKA), Helmholtz Zentrum München, 12 

Munich, Germany;  4 Division of Immunology and Allergy, Department of Medicine Solna, Karolinska Institutet 13 

and University Hospital, Stockholm, Sweden; 5 Division of Paediatric Allergy, University of Cape Town, Cape 14 

Town, South Africa;  6 Department of Dermatology, University of Rochester Medical Center, Rochester, NY; 7 15 

Department of Ecology, Evolution, and Environmental Biology, Columbia University, New York, NY; 8 Division 16 

of Clinical and Molecular Allergology, Research Center Borstel, Airway Research, Center North (ARCN), 17 

Member of the German Center for Lung Research, Borstel, Germany; Interdisciplinary Allergy Outpatient 18 

Clinic, Department of Pneumology, University of Luebeck, Germany; 9 Division of Allergy, Immunology and 19 

Transplantation, Allergy, Asthma and Airway Biology Branch, National Institute of Allergy and Infectious 20 

Diseases, NIH, Rockville, MD  21 

*Dr. Jappe could not attend the workshop but contributed to the manuscript 22 

 23 

Correspondence to: 24 

Thomas A.E. Platts-Mills, MD, PhD, FRS: Division of Allergy & Clinical Immunology, University of Virginia, P.O. 25 

Box 801355, Charlottesville, VA, 22908-1355, USA 26 

Tel: (434) 924-5917; Fax: (434) 924-5779; E-mail: tap2z@virginia.edu 27 

 28 

Disclosures/grant Support: T. Platts-Mills was supported by NIH grant R37-AI-20565, has received assay 29 

support from Thermo-Fisher/Phadia and has a patent on an IgE assay to α-Gal; S. Commins was supported by 30 

NIH grants R01AI135049, R56AI113095, K08AI85190, CDC grant IPA1908943, and has been on the 31 

speaker’s bureau at Genentech and received author royalties from Up-to-Date; M. van Hage reports grants 32 

from H2020 FoodEnTwin GA No 810752, grants from Swedish Research Council, The Stockholm County 33 

Council (ALF project), The Swedish Asthma and Allergy Association’s Research Foundation, The King Gustaf 34 

V 80th Birthday Foundation, The Swedish Heart-Lung Foundation, The Hesselman Foundation, The Swedish 35 

Cancer and Allergy Foundation, and the Swedish Association for Allergology, personal fees from Biomay AG, 36 

Vienna, Austria and Hycor Biomedical LLC, CA, US, personal fees from Thermo Fisher Scientific and ALK,  37 

outside the submitted work; L Beck is a consultant or Advisory Board Member for Abbvie, Allakos, Arena 38 

Pharma, Astra-Zeneca, Connect Biopharma, LEO Pharma, Lilly, Novan, Novartis, Pfizer, Regeneron, Sanofi, 39 

UCB and Vimalan, is or has recently been an investigator for an Abbvie, LEO Pharma, Pfizer and/or 40 

Regeneron clinical trial, and owns stock in Pfizer and Medtronics; D. Apostolovic reports grants from H2020 41 

FoodEnTwin GA No 810752 and from Konsul Th C Berg Foundation, outside the submitted work; The rest of 42 

the authors declare they have no relevant conflicts of interest.   43 

  44 



2 

 

 45 

ABSTRACT 46 

The mammalian meat allergy known as the ‘α-Gal syndrome’ relates to IgE specific for galactose-α-1,3-galactose (α-Gal), 47 

an oligosaccharide which is present in cells and tissues of non-primate mammals. The recognition of delayed reactions 48 

to food derived from mammals in patients with IgE to α-Gal and also the association with tick bites has been increasing 49 

world-wide. In 2018, the National Institute of Allergy and Infectious Diseases, Division of Allergy, Immunology and 50 

Transplantation, sponsored a workshop on this emerging tick-related disease. International experts from the fields of 51 

tick biology, allergy, immunology, infectious disease and dermatology discussed the current state of our understanding 52 

of this emerging medical condition. The participants provided suggestions for specific research priorities and for the 53 

development of resources to advance our knowledge of the mechanisms, diagnosis, management and prevention of this 54 

allergic disease. This publication is a summary of the workshop and the panel’s recommendations are presented herein. 55 

Keywords 56 
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Abbreviations 60 

AGS – α-Gal syndrome  61 

α-Gal – galactose alpha-1,3-galactose 62 

BSA – bovine serum albumin 63 

CDC – Centers for Disease Control and Prevention 64 

IgA – immunoglobulin A 65 

IgE – immunoglobulin E 66 

IgG – immunoglobulin G 67 

LDL – low-density lipoprotein 68 

MMR – measles, mumps and rubella vaccine 69 

NIAID - National Institute of Allergy and Infectious Diseases 70 

RMSF – Rocky Mountain spotted fever 71 

SFG - spotted fever-group rickettsiosis  72 
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INTRODUCTION 73 

Recognition of the oligosaccharide galactose-α-1,3-galactose (α-Gal) as an important target for IgE antibodies came from 74 

the investigation of the often severe and occasionally fatal reactions during the first infusion of the monoclonal antibody 75 

cetuximab
1
.  Those studies established that the IgE antibodies present in the patients prior to their first exposure were 76 

specific for the α-Gal glycan present on the Fab portion of cetuximab (Fig 1A and B).  The investigation was greatly 77 

helped by ImClone who had developed cetuximab. The company published the full glycosylation pattern of the 78 

monoclonal and also provided the molecule from an alternative cell line which did not express α-Gal
2
.  In addition, 79 

Bristol-Myers Squibb facilitated collaboration with the oncology group at Vanderbilt who provided the pretreatment 80 

sera and control sera from central Tennessee.  Once the assay for IgE to α-Gal was available it became clear that there 81 

were patients in allergy clinics in Charlottesville, VA and also in Springfield, MO who reported delayed reactions to 82 

mammalian meat and who had IgE specific for the same oligosaccharide3.  Over the first year it became clear that there 83 

were also cases in North Carolina, Tennessee, and Arkansas.  This not only matched the distribution of cases of reactions 84 

to cetuximab but also resembled the map of the maximum density of Rocky Mountain Spotted Fever (RMSF) published 85 

by the CDC
4
. This provided a clue that this form of sensitization might be related to tick bites. Interestingly, two earlier 86 

abstracts had reported cases of mammalian meat allergy that were associated with preceding tick bites.  The first was 87 

five cases in Athens, GA reported to the Georgia Allergy Society in 1989 by Anthony Deutsch (personal communication).  88 

The second was reported by Sheryl van Nunen to the Sydney Allergy Society in 2006 on patients  who had been bitten by 89 

ticks in the North Shore of Sydney
5
.  Dr. van Nunen published her cases in 2009 and related them to the tick Ixodes 90 

holocyclus
6
.   Interestingly, investigators in Sweden had made another early observation that was relevant to the 91 

unfolding story. Marianne van Hage’s group reported in 2007 that some patients in Stockholm had IgE antibodies 92 

specific for an oligosaccharide on cat IgA
7
, which was subsequently shown to be α-Gal 

8
.  Finally, Uta Jappe in Germany 93 

had been investigating allergic reactions to the consumption of pork-kidney as early as 2005, which in subsequent work 94 

with Tilo Biedermann were confirmed to be related to IgE to α-Gal
9-11

.  Thus, the discovery that α-Gal was an epitope for 95 

IgE on mammalian glycoproteins connected a series of previous observations that had not been recognized as related.  It 96 

is important to remember that this glycan is also the ‘B-like antigen’ that Karl Landsteiner recognized on the red cells of 97 

mammals nearly a century ago, that it can also be present on glycolipids and that it is a major xenotransplantation 98 

barrier (Fig 1A and C) 
12-14

. 99 

In June of 2018 a workshop was convened in Bethesda, MD under the auspices of the National Institute of Allergy and 100 

Infectious Diseases (NIAID).  This workshop was designed to evaluate the evidence that had been published since 2008, 101 

and in particular to lay out a background and plan for future research into the causes and consequences of IgE-mediated 102 

mammalian meat allergy and the contributions of α-Gal sensitization.  The primary areas discussed included: 103 

i) Review of the clinical syndrome in North America and comparison with the European experience and 104 

emerging work from South Africa. 105 
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ii) Current understanding of the mechanisms by which tick bites can induce IgE responses to this particular 106 

oligosaccharide.   107 

iii) Factors relevant to the severity and symptoms of allergic reactions in patients who are sensitized to α-Gal as 108 

well as the mechanism and significance of the delay in clinical responses after eating mammalian meat.  109 

 110 

Review of Clinical Syndromes Related to α-Gal specific IgE 111 

As an oligosaccharide of non-primate mammals and New World monkeys, α-Gal can be present on glycoproteins and 112 

glycolipids of a multitude of products derived from mammals. This can include skeletal muscle, organs, milk, and gelatin, 113 

but also other products such as biological drugs and vaccines that are prepared with mammalian cells or constituents
15

. 114 

As such the term ‘α-Gal syndrome’ (AGS) is often used to describe allergic reactions to mammalian meat and other α-115 

Gal-containing products derived from mammals
9, 16

. In patients with an appropriate clinical history the main method of 116 

diagnosis is the measurement of IgE to α-Gal.  Several α-Gal-bearing glycoproteins have been used on the solid-phase of 117 

the assay, but the two most widely reported have been beef thyroglobulin and cetuximab. Importantly, the performance 118 

characteristics of the assay has been similar with both glycoproteins
3, 17, 18

.  It is also important to highlight that not all 119 

subjects who are sensitized to α-Gal report allergic reactions to mammalian meat. For example, among 300 hunters and 120 

forest workers in Southwest Germany the prevalence of IgE to α-Gal was 19.3%, but among the 58 subjects who were 121 

positive (cut-off 0.35 IU/mL) only 5 had allergic symptoms to mammalian meat or innards
19

. Thus, as with other allergic 122 

diseases a good clinical history plays an important role in diagnosis of the syndrome.   123 

Anaphylaxis during treatment with cetuximab 124 

These reactions which occur during the first infusion of the drug can be very severe, rapid and clearly relate to pre-125 

existing IgE antibodies to α-Gal
1, 2

.  Screening patients with an IgE assay could reduce the risk of reactions, however 126 

severe reactions to cetuximab can also occur in subjects who are not sensitized to α-Gal. The predictive value of the test 127 

is expected to vary in different patient populations, but the α-Gal IgE test has shown a sensitivity of 75-92% and a 128 

specificity of 90-92%
1, 20

.  To date, use of an IgE assay specific for α-Gal has not been recommended as a screening 129 

procedure for use of this drug20.  There have been several consequences following the initial description of the 130 

syndrome.  The most important is the increased awareness of the possible relevance of glycosylation on recombinant 131 

molecules to allergic or other reactions during treatment, including consideration given to the cell line used for 132 

generation of the molecules
21-23

.  In keeping with that, many recently developed monoclonal antibodies have the α-Gal 133 

glycosylation site on the Fab region engineered out.  A related question is whether the immune response to tick bites 134 

can induce significant IgE to other relevant oligosaccharides
24

.  To date, limited studies in subjects who are positive for 135 

IgE to α-Gal (and had histories of tick bites) have not revealed significant IgE to other oligosaccharides
25, 26

.  136 

Allergic reactions to gelatin-containing vaccines and other mammalian-related pharmaceuticals 137 
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Recent evidence suggests that some patients can react to vaccines which are prepared in culture systems or with 138 

excipients that are derived from non-primate mammals. For example, Stone et al. reported a case with a history of 139 

delayed anaphylaxis to mammalian meat who experienced anaphylaxis upon receipt of Zostavax
27

. In a subsequent 140 

report the same group described a similar pediatric case who reacted to the measles, mumps and rubella vaccine 141 

(MMR)
28

. In both cases the patient’s serum had IgE that bound to preparations of the relevant vaccine and, importantly, 142 

the in vitro activity was lost when α-Gal-specific IgE was depleted.  Further investigation suggested that gelatin in the 143 

vaccine preparation was likely the source of the α-Gal. Taken together, individuals with histories of severe reactions to 144 

mammalian meat or gelatin could be good candidates for allergy consultation and consideration to graded 145 

administration of relevant vaccines.  However, it is important to realize that many individuals who are sensitized to α-146 

Gal have tolerated gelatin-containing vaccines (which in the USA currently includes MMR, Zostavax, Yellow Fever, 147 

Rabies, oral Typhoid and FluMist)
29, 30

. It is possible that measuring IgE to gelatin could be useful for stratifying risk to 148 

gelatin-containing vaccines but we are unware of studies that have addressed this.  149 

In addition to vaccines there are other pharmaceutical products and devices that have the potential to contain α-Gal 150 

epitopes. For example, Fischer et al. and others have reported on a putative link between α-Gal IgE and immediate 151 

reactions to anti-venom
31, 32

. As addressed in a recent review there have also been case reports relating AGS to heparin, 152 

magnesium stearate, pancreatic enzyme replacement (e.g. pancrelipase), gelatin-containing vaginal capsules and 153 

porcine-derived heart valves 
15, 33-38

. Further research is needed to determine if these products carry α-Gal, either 154 

consistently or sometimes, and whether the concentration is sufficient to cause clinical reactions.    155 

Reactions related to meat and other mammalian products which are ingested  156 

There are multiple surprising features of AGS but the two most important are that it can develop at any age and, in 157 

contrast to the immediate reactions to infused cetuximab, there is almost always some delay after ingestion before 158 

symptoms start. In a recent analysis of 261 adults and children presenting for evaluation of allergic symptoms to 159 

mammalian meat in central Virginia, 248 cases consistent with AGS were identified
39

.  Patients’ age ranged from 5-82 160 

years and 84% reported symptoms beginning at least two hours after ingestion of mammalian meat (median 240 161 

minutes). This delay in symptom onset, which has also been reported from Europe
40

, was consistent with the results of 162 

challenge studies that Commins et al. reported in 2014 on a similar population where all patients had a delay of at least 163 

150 minutes 
41

. The extent of delay has not been unanimous across all studies, however.  Mabelane et al, described a 164 

median onset of symptoms of 100 minutes in challenges conducted in a cohort in rural South Africa
42

.  In this cohort the 165 

likely cause of the sensitization was locally prevalent ticks, but the study was also notable for a large proportion of 166 

children who reacted to challenge. Tilo Biedermann’s group in Germany reported similar kinetics when using pork 167 

kidney for the challenges
10

. The explanation for the differences in timing between the studies could relate to the specific 168 

patient populations investigated or the type of product used for challenge (i.e. beef muscle vs pork kidney).  Regardless, 169 

we would highlight that most reactions occurred >1 hour after ingestion in all the aforementioned studies (Fig 2A). The 170 
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allergic reactions have not differed by age, with children as likely as adults to report urticaria, gastrointestinal distress 171 

and/or anaphylaxis with an equally delayed response
39, 42, 43

.   172 

Most α-Gal meat allergy reactions reported in the literature focus on the presentation of delayed pruritus, urticaria, 173 

angioedema and anaphylaxis
3
.  More recently, and at the Workshop, researchers have described reactions that manifest 174 

with abdominal pain – both in conjunction with skin reactions or as isolated gastrointestinal reactions. For example, 175 

Marianne van Hage reported that 74% of the 128 participants in her Swedish cohort reported gastrointestinal symptoms 176 

(unpublished data), so did 64% in the Virginia cohort 
39

.  Michael Levin and colleagues reported a large case series of 177 

challenge-proven α-Gal allergy with high prevalence of isolated abdominal reactions (approximately 20%); surprisingly, 178 

the time to onset of symptoms did not differ between individuals with isolated abdominal symptoms compared to those 179 

with skin manifestations and there were no differences in α-Gal IgE levels between the groups
42

.  Anecdotally, there are 180 

patients in whom the initial symptoms were restricted to the gastrointestinal tract but over a period of weeks or 181 

months, in some cases following additional tick bites, the symptomatology expanded to include the skin and/or 182 

anaphylaxis. It is, therefore, possible that isolated abdominal pain is an under-reported and underdiagnosed feature of 183 

AGS
44

.   184 

Patients with α-Gal food allergy report marked intra-individual variability in the dose that causes a reaction 
45

. Many 185 

describe mild or no reactions with some exposures, yet have severe symptoms on repeat exposure to the same food 186 

served in a similar amount and preparation. This variation in susceptibility, at least in part,  appears to be modulated by 187 

co-factors
46

. In keeping with many other forms of food allergy, the most prominent co-factors associated with α-Gal 188 

consumption reactions are exercise, alcohol and non-steroidal anti-inflammatory medications
10, 45, 47

.  Theoretically, 189 

exposure to these co-factors may enhance absorption of the antigen, may decrease the threshold of response, and/or 190 

contribute to the severity of the allergic responses to α-Gal 
48

. Another possible explanation for the variability is that the 191 

amount of α-Gal varies in different foods. Unfortunately this is a topic that has not been systematically examined, 192 

however α-Gal content appears to be particularly high in foods derived from internal organs
49

.  In addition, consumption 193 

of lipid-laden mammalian meat has also been associated with more consistently severe hypersensitivity responses in α-194 

Gal allergic subjects
50

. There are also marked inter-individual differences in susceptibility to α-Gal. This runs the gamut 195 

from patients who are sensitized to α-Gal but are consistently asymptomatic when ingesting mammalian meat to those 196 

who react to minor quantities of α-Gal present in milk and gelatin-containing medications and sweets
19, 51, 52

. For 197 

example, α-Gal patients with concomitant mastocytosis, can react to very small amounts of pork kidney (3g)
53

.   198 

What Explains the Delay in Symptom Onset after Ingestion of Mammalian Meat? 199 

The observations about the symptom delay from patient reports and challenge studies is reinforced by a study of 200 

basophils collected from patients who underwent mammalian meat challenge. In this study, in which the basophils did 201 

not receive any ex vivo stimulation,  basophils collected at early time points did not exhibit appreciable activation but 202 

the activation marker CD63 increased significantly over baseline in blood that was drawn between 3 and 5 hours after 203 
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challenge (Fig 2B)
41

. Understanding the mechanism that explains the delay remains an important objective. Differences 204 

in timing following the ingestion of mammalian meat and organs, as reported by Tilo Biedermann’s group, suggests that 205 

differences in the quantity or “quality” of α-Gal present in different tissues could be an important element in explaining 206 

the delay
10

.  An important qualitative consideration is that α-Gal can be present on not only glycoproteins, but also 207 

glycolipids. It is well established that α-Gal bearing glycosphingolipids are an important source of the glycan in non-208 

primate mammalian cells, tissues and organs (including kidneys) 
54-56

. The argument for this ‘glycolipid hypothesis’ 209 

revolves around the fact that the digestion, absorption and processing of lipids occurs with kinetics very similar to the 210 

delay in symptom onset48.  Lipid processing relies on transit via chylomicrons through the thoracic duct before arriving 211 

into the systemic circulation at the left subclavian vein. The lipid cargo subsequently transitions to progressively smaller 212 

lipoprotein particles, including low-density lipoprotein (LDL) particles, which are sufficiently small to passively filter 213 

through the vasculature into the interstitium (i.e. ~ 20 nM)
57

. Studies with radiolabeled lipids have demonstrated that 214 

the peak lipid level at the thoracic duct occurs 4 hours after a meal, and the peak level in tissue (e.g. muscle) 5 hours 215 

after the meal
58

.  This kinetic pattern corresponds with the clinical experience and the result of the ex vivo basophil 216 

testing. Recent studies using an in vitro Caco-2 gut barrier model have provided additional support for this hypothesis as 217 

beef-derived α-Gal glycolipids, but not glycoproteins, passed through the epithelial cells and were packaged into 218 

chylomicrons
59

.        219 

Relevance Beyond Traditional Allergic Disease?  220 

In addition to the isolated gastrointestinal symptoms which where were previously discussed, preliminary evidence 221 

reported by Wilson et al. suggests that α-Gal sensitization could be a risk factor for coronary artery disease
60

.  Among a 222 

population of 118 adults in Virginia who underwent coronary catheterization at the discretion of their cardiologist, 26% 223 

had measurable IgE to α-Gal (cut-off 0.1 IU/mL). Using highly sensitive intravascular ultrasound imaging, the sensitized 224 

group was found to have a greater burden of atherosclerotic plaques and their plaques had high-risk features, as 225 

assessed by the extent of atheroma calcification and necrosis (Fig 3). Importantly, the association was significant in 226 

multiple variable regression analyses accounting for traditional cardiovascular risk factors. Although a connection 227 

between allergic disease and atherosclerosis may not be obvious to most physicians, there is already good evidence in 228 

the cardiology literature for a link between both mast cells and IgE with atherosclerosis development and severity
61, 62

. 229 

Cardiac anaphylaxis, commonly known as Kounis syndrome, further supports a link between allergic disease and 230 

coronary artery disease
63, 64

. In thinking about a putative mechanism it may also be relevant to consider that α-Gal can 231 

exist as a glycolipid antigen.  Although dietary and allergic history of the study participants in the report by Wilson et al. 232 

was not available, it is expected that many and possibly the majority of study participants were asymptomatic and, thus, 233 

in all likelihood were continuing to consume mammalian products. This inference is based on our understanding of 234 

differences in the prevalence of α-Gal sensitization in the community (and high-risk populations) as compared to the 235 
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prevalence of subjects who report symptoms to mammalian meat 
19

.  The association between α-Gal IgE and coronary 236 

artery disease does not offer evidence of causality and requires confirmation in larger populations.
65

    237 

The Tick Connection: What controls the distribution of cases of the α-Gal syndrome and how is it likely to change?   238 

In the USA, cases of immediate reactions to cetuximab and delayed anaphylaxis to mammalian meat have been 239 

strikingly regional, and it was the overlap of those cases with the CDC map of cases of Rocky Mountain Spotted Fever 240 

(RMSF) that helped establish the initial tick connection. Ten years later, it is now clear that the CDC map is actually most 241 

consistent with a family of spotted fever-group rickettsiosis (SFG), and not with cases of bona fide RMSF
66

. In keeping 242 

with this, the tick Amblyomma americanum, commonly known as the lone star tick, rarely carries Rickettsia rickettsii (the 243 

cause of RMSF), but commonly carries a non-pathogenic or minimally pathogenic SFG called Rickettsia amblyommatis
67-

244 

70
.  The abundance of α-Gal cases in VA, NC, TN, AR, OK and MO, and also the eastern tip of Long Island, NY are highly 245 

consistent with the area where Amblyomma americanum is endemic71, 72. The connection between α-Gal sensitization 246 

and tick bites is further supported by a number of experimental studies and also the observation that subjects with AGS 247 

who avoid recurrent tick bites, but not those who report ongoing tick bite(s), experience a decline in their α-Gal IgE 248 

titers
73-75

. In Sweden AGS cases are also regional and match the distribution of Ixodes ricinus 
40

.  In particular, cases are 249 

not reported in or north of Umeå.  In France, Germany and Spain cases have been identified in wide areas and may 250 

relate primarily to outdoor activity
19

.  In these areas the evidence also relates to Ixodes ricinus
9
.  In Australia the cases of 251 

delayed anaphylaxis to mammalian meat are restricted to a region north and south of Sydney extending as far inland as 252 

Canberra, an area which is the primary distribution of the tick Ixodes holocyclus
76

. Formal studies characterizing the 253 

incidence and prevalence of AGS have been lacking, but it is clear from reports in the US and Europe that sensitization to 254 

α-Gal can reach 10-20% of the population in some regions
4, 19, 77

. Notably, these levels of community sensitization (i.e., 255 

10—20%) only occur in areas where ticks are common and are much higher than the prevalence found in areas where 256 

ticks are rare.   
1
 257 

Ongoing efforts to determine the distribution of AGS in the USA have generally confirmed that cases are most common 258 

in areas where Amblyomma americanum (but not Ixodes scapularis, the primary vector for Lyme disease) is established, 259 

nonetheless unpublished evidence presented at the workshop by Thomas Platts-Mills has suggested two anomalies (See 260 

Fig 4A and B)
78

.  First is the presence of a cluster of over 20 cases reported in northern Minnesota. This is interesting 261 

because Amblyomma americanum is not known or expected to be established in this region because of climatic 262 

conditions
79, 80

. These cases suggest that North American ticks beside Amblyomma americanum could be relevant to α-263 

Gal sensitization and/or that agents other than ticks could contribute to α-Gal sensitization
81

.  A second anomaly is the 264 

lack of AGS cases in the Gulf Coast and Texas, an area where the CDC reports that Amblyomma americanum is 265 

established
79, 80

. This finding, while preliminary, suggests that lone star tick populations could be decreasing in 266 

abundance in the Gulf Coast and Texas. There are some predictions that such a pattern could be expected as part of 267 
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future climate change, but it is not clear this has been a factor to date
79

. Dr. Platts-Mills suggested an alternative 268 

possibility, which relates to the steady expansion of an established tick predator in the Gulf Coast region -  the imported 269 

fire ant
82

. In support of this idea, evidence was presented for a negative correlation between cases of fire ant 270 

anaphylaxis and cases of the AGS in the Deep South. Relatedly, during the workshop, there was discussion about a 271 

connection between rising tick populations and increasing numbers of white-tailed deer in urban and suburban 272 

environments. Indeed, the significance of this increase in deer populations in relation to tick-borne zoonoses associated 273 

with the lone star tick was described as ‘ecological havoc’ by Paddock and Yabsley in 2007
83

. 274 

How do bites from ticks of many species induce IgE to α-Gal ?   275 

Evidence has been published relating mammalian meat allergy to bites of Amblyomma americanum
4
, lxodes ricinus

19, 73
, 276 

lxodes holocyclus,
6
 Haemophysalis longicornis

84
 and most recently Amblyomma testudinarium

85
.  In each case, there was 277 

a dominant IgE response specific for galactose-α-1,3-galactose.  However, the evidence does not exclude other ticks. 278 

Most importantly, we do not know the mechanism whereby a tick bite can lead to induction of IgE specific to α-Gal. 279 

Speaking to the question of why only certain ticks have been associated with α-Gal IgE sensitization Maria Diuk-Wasser 280 

discussed the possibility that differences in tick habitat, questing behavior and/or anatomy could be relevant. She also 281 

highlighted the unexplained observation that although Ixodes ricinus is the dominant cause of sensitization to α-Gal in 282 

Europe, its phylogenetic North American relative Ixodes scapularis is almost certainly not a major cause of sensitization 283 

in the USA.   284 

In regards to mechanism, tick saliva is suspected to play an important role, which is consistent with the remarkable 285 

complexity of tick saliva and the view that ticks represent venomous ectoparasites
86-88

. Despite the fact that α-Gal has 286 

been identified in the midgut and saliva of several species of hard ticks, the source of the α-Gal remains uncertain. A 287 

possibility is that ticks can intrinsically produce the oligosaccharide, but this has been questioned because the enzyme 288 

that catalyzes the generation of α-Gal in vertebrates (α1,3-galactosyltransferase) has not been identified in ticks
89

. Two 289 

alternative possibilities include: i) α-Gal could be present in ticks because of a prior blood meal on a non-primate 290 

mammal, or ii) Rickettsiales or other symbionts present in tick saliva could express α-Gal and be transferred to a human 291 

host during a tick bite. Evidence for these competing hypotheses are detailed in Table 1, though notably emerging 292 

evidence increasingly suggests that ticks can intrinsically generate the α-Gal glycan
89-92

. Crispell et al. reported that α-Gal 293 

was not detectable in the salivary glands of unfed adult Ambylomma americanum, however the α-Gal glycan was 294 

detectable after the ticks were fed using an artificial feeding model where a silicone membrane covered human blood
91

. 295 

Furthermore, Apostolovic et al have reported that larval ticks contain α-Gal-carrying proteins and these larvae were not 296 

fed on the host, which supports that α-Gal–carrying proteins originate from ticks
90

. 297 

Another important question that was the focus of comments by Lisa Beck relates to why tick bites are so effective at 298 

inducing IgE responses in humans and whether the skin plays an important role in facilitating this response. For example, 299 

we recognize that the skin is an important route for IgE responses to parasites, venomous insects and also to foods such 300 
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as peanut
93-95

. High-titer IgE is also a hallmark of atopic dermatitis
96

. Interestingly, however, in the experience of the 301 

panel, AGS does not appear to be over-represented among subjects with atopic dermatitis. This suggests that intrinsic 302 

barrier defects in the skin are not a prerequisite for the syndrome. Perhaps this is not surprising given that tick 303 

‘mouthparts’ can penetrate through the epidermis and generate a local inflammatory response in the dermis
97

. 304 

Nonetheless, the skin may represent a tissue microenvironment that strongly favors the development of IgE (and type-2 305 

immunity generally), a position that is supported by recent work in mice which demonstrated that GATA-3, a ‘master’ 306 

regulator of type-2 immunity, is particularly abundant in effector and regulatory T cells of the skin
98

. The idea that IgE 307 

responses to tick depend on presentation via the skin is also supported by a recent report which showed that 308 

subcutaneous but not intraperitoneal inoculation of tick extracts elicited a robust specific IgE response
99

.  309 

Animal models and investigations of the tick-host interface and host immune response 310 

Despite increased awareness, the mechanism of several aspects of mammalian meat allergy remain unknown. The link 311 

between tick bites and the development of IgE to α-Gal is strong, though notably the IgE response does not develop in 312 

all individuals bitten by ticks4, 75, 85, 100, 101. To investigate the mechanisms driving IgE responses to α-Gal as well as the 313 

delayed reaction, investigators recognize the need for an animal model of mammalian meat allergy. Barriers to a mouse 314 

model include the fact that mice naturally remove ticks and also that mice express α-Gal (hence they do not naturally 315 

make anti-Gal antibodies). To overcome the first obstacle, Susan Little and Brian Herrin at Oklahoma State University 316 

developed a small chamber to allow prolonged exposure and tick feeding of mice. In multiple experiments, Amblyomma 317 

americanum ticks feeding on CH3/HeN mice for 10-14 days induced a significant increase in total IgE compared to 318 

control mice. The magnitude of the IgE response appeared to be dose-dependent as mice with greater numbers of ticks 319 

which were attached and feeding had higher total IgE levels. While these experiments demonstrated the feasibility of 320 

using mice to examine the IgE response to tick bites, the inherent variability in dosing associated with live tick feedings 321 

has led to the development of tick-independent methods for delivery of tick-associated factors to mice. The second 322 

barrier has been addressed with the use of α-Gal ‘knock-out mice’, in which the gene that encodes for α1,3-323 

galactosyltransferase has been genetically modified.  An initial report by Araujo et al. demonstrated that subcutaneous 324 

inoculation of saliva from Amblyomma sculptum, or direct feeding of the same ticks, induced an IgE response in α-Gal 325 

deficient mice that bound α-Gal epitopes presented on virus-like particles
74

. Similarly, Scott Commins presented studies 326 

at the workshop that used a model where salivary gland extract from partially fed Amblyomma americanum were 327 

repeatedly inoculated into a different transgenic model of α-Gal deficient mice. These mice produced an α-Gal directed 328 

IgE response and also demonstrated systemic allergic reactions, as measured by a decrease in body temperature, 329 

following injection of α-Gal containing antigen (cetuximab) or gavage with pork
102, 103

. As stated above, a recent paper by 330 

Chandrasekhar and colleagues provides additional evidence that the skin plays an important role in sensitization to tick 331 

proteins99. Subcutaneous inoculation of Amblyomma americanum larval extracts (whole body), but not intraperitoneal 332 

injection of the same extracts, elicited a robust tick-specific IgE response in wild-type mice
99

. The same investigators also 333 
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looked at α-Gal specific IgE responses using the α-Gal knock-out mice. Cutaneous sensitization using a tick extract which 334 

was modified to include α-Gal-BSA led to an induction of IgE specific to α-Gal as well as an increase in the frequency of 335 

activated basophils following beef thyroglobulin challenge
99

.  336 

It is anticipated that further development and investigation using mouse models will help identify specific constituents 337 

of the tick ‘sialome’ that act as adjuvants to promote IgE and type 2 immune responses
86

. Putative candidates within the 338 

tick that could have this activity include prostaglandins, phospholipases, and lipocalins
86, 87, 104, 105

. Animal models will 339 

also be helpful to characterize the nature of the host immune response that contributes to the generation of IgE to α-340 

Gal. There are reasons to think that basophils may play an important role in promoting IgE induction to α-Gal. For 341 

several decades it has been known that mammalian hosts can develop acquired immunity that protects against 342 

subsequent tick infestation, and it is becoming increasingly clear that basophils, as well as IgE, play an important role in 343 

this process
106-108

.  In an area of Japan where Amblyomma testudinarium is common, a recent publication demonstrated 344 

that IgE to α-Gal was common in subjects with recurrent tick bites and that the number of basophils at the site of tick 345 

penetration increased with repeated tick exposures
85

. Tilo Biedermann reported that in his cohort in Germany he and his 346 

colleagues have also observed elevated levels of basophils at the site of tick bites. Interestingly, his group has also 347 

recently reported that urticaria at the site of a prior tick bite can be an early sign of an allergic reaction in individuals 348 

with AGS
109

. While basophils are not expected to remain in the skin long after a tick exposure, this finding of ‘recall 349 

urticaria’ suggests the presence of long-lived IgE antibodies bound to mast cells at the site of a prior bite.  350 

The role of B cells in the AGS is another area that would benefit from further research. It has long been appreciated that 351 

‘natural’ anti-α-Gal antibodies of the IgM, IgG and IgA isotype are abundant in immunocompetent humans
110-113

. In fact, 352 

Galili has estimated that up to ~1% of the IgG repertoire (and B cells in circulation) were specific for α-Gal
14

. The source 353 

of α-Gal specific natural antibodies in mouse models has been reported to be B-1b B cells, although in humans the 354 

lineage of the B cell is less clear
114, 115

. An interesting possibility, and one that could distinguish the allergic response to α-355 

Gal from the response to traditional environmental allergens, is that induction of α-Gal IgE could involve class switch of 356 

existing memory B cells rather than a de novo humoral immune response. It is anticipated that advanced tools such as 357 

polychromatic flow cytometry and deep sequencing of antibody VDJ will provide useful insights into this question.  358 

Another question is whether the IgE response to α-Gal requires T cell help, or whether the class-switch occurs 359 

independent of T cells
116

. Because the α-Gal epitope is a non-zwitterion carbohydrate, it is unlikely that it can directly 360 

participate in MHC II priming of CD4 T cells. Nonetheless, there are reports from animal models that suggest that 361 

antibody responses to α-Gal depend on CD4+ T cell help
117, 118

.  This is in keeping with the fact that the immune response 362 

to α-Gal that occurs in subjects with mammalian meat allergy has some Th2-related features in addition to IgE class-363 

switch. For example, IgG1 specific to α-Gal is consistently elevated in AGS subjects. IgG4 specific to α-Gal has not been 364 

consistently reported but this could relate to the fact that the exposure which causes α-Gal sensitization (i.e., tick bites) 365 

is usually an intermittent and not a chronic event
119-122

. Marianne van Hage presented evidence that dendritic cell 366 
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processing and presentation of α-Gal bearing glycoproteins was delayed compared to non-glycosylated proteins in an in 367 

vitro model, a finding that could also have implications for T cell activation
123

. An interesting possibility is that the 368 

glycolipid form of α-Gal could be present in ticks and be recognized as an antigen by non-canonical T cells, such as NKT 369 

cells. There is evidence that α-Gal-bearing lipids can be presented by CD1d on antigen-presenting cells, that blockade of 370 

CD1d impairs anti-α-Gal antibody formation, and that invariant NKT cells are present in higher numbers in subjects with 371 

AGS than in healthy controls
124-126

.  372 

An additional area of interest which is relevant to understanding the host response relates to the observation that 373 

subjects who have ABO blood group B (i.e., have B or AB blood) may be partially protected from developing the 374 

syndrome
39, 100, 121, 127

.  This is likely explained by mechanisms governing tolerance: i) the B–antigen and α-Gal are 375 

structurally similar (see Fig 1), ii) subjects with A and O blood groups have antibodies which recognize both the B-376 

antigen and α-Gal, and iii) subjects with group B blood have lower titers of antibodies which recognize α-Gal than 377 

subjects with group A or O blood 
39, 121, 128

.  378 

Workshop Recommendations 379 

It has now been ten years since the initial publications describing the oligosaccharide galactose-α-1,3-galactose as an 380 

IgE-binding epitope and a causal antigen in anaphylaxis to mammalian products
1, 3

.  The ‘α-Gal syndrome’ can involve 381 

immediate reactions to drugs which are delivered intravascularly, but characteristically manifests with a delay of 3-6 382 

hours upon oral ingestion of mammalian products such as meat, organs and/or dairy
129

. Anti-α-Gal IgM, IgG and IgA, 383 

which arguably represent natural antibodies, are produced by all immunocompetent humans, but it is increasingly clear 384 

that bites from certain species of hard ticks are the dominant cause of IgE sensitization to α-Gal.  The NIAID Workshop 385 

on Understanding IgE-Mediated Mammalian Meat Allergy recommends that future research focuses on the following 386 

topics:  387 

• Epidemiologic and observational research to  388 

o determine the prevalence of α-Gal IgE sensitization in the general population and its association with i) 389 

mammalian meat allergy, ii) other allergic reactions (e.g. vaccine reactions), iii) other medical conditions 390 

(e.g. atherosclerotic disease) 391 

o confirm the association between α-Gal IgE sensitization and tick bites and identify specific tick species 392 

that can induce sensitization and environmental conditions that modify the sensitization process   393 

o describe the natural history of α-Gal IgE sensitization and determine whether early symptomatology can 394 

be identified that develops over time into more severe, anaphylactic reactions    395 

• Pathophysiologic research using human samples and animal models to  396 

o understand the mechanism(s) of the delayed allergic reactions to α-Gal and the factors that modify the 397 

time interval between oral ingestion and reaction 398 
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o determine the nature of the host immune response that contributes to the induction of α-Gal specific 399 

IgE 400 

o identify the source of the α-Gal in tick saliva  401 

o identify possible contributions of other tick-associated factors that may act as Type-2 adjuvants 402 

o investigate efficacy of biologics in mouse models 403 

 404 

Although there are many ways that α-Gal could be considered to ‘break the rules’, investigation into this unusual 405 

allergen is likely to reveal novel insights into the causes and consequences of all allergic diseases.  It is hoped that 406 

these proceedings can be used as a guide for research proposals that will move this field forward.  407 
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 695 

FIGURE LEGENDS 696 

Fig 1. Depiction of the structure of the α-Gal epitope and representative α-Gal-bearing glycoproteins and glycolipids. 697 

(A) The structure of the complete α-Gal trisaccharide epitope (galactose-α-1,3-galactose-β1,4-GlcNAc) in comparison to 698 

the blood group B antigen. (B) Cetuximab is a chimeric mouse-human monoclonal IgG that expresses α-Gal glycans. 699 

Although α-Gal can be present in the Fc domain, the strongest expression of α-Gal, and that which is recognized by IgE 700 

antibodies, occurs in the Fab domain. The dominant form of α-Gal that is present in cetuximab is a bi-antennary glycan. 701 

(C) Lipid forms of α-Gal are less well studied than their glycoprotein counterparts but it is known that non-primate 702 

erythrocytes are an abundant source of O-linked glycosphingolipids which can bear α-Gal epitopes.     703 

Fig 2. (A) Time course of self-reported symptom onset of allergic symptoms in 261 patients evaluated for mammalian 704 

meat allergy, of which 248 had IgE testing consistent with α-Gal syndrome, from Wilson et al
39

. (B) Results of basophil 705 

activation as assessed by CD63 expression in PBMCs drawn sequentially following mammalian meat challenges in 706 

individuals with known α-Gal syndrome from Commins et al
47

.    707 

Fig 3. Representative cross-sectional imaging of coronary arteries of a subject without (left) or with (right) IgE to α-Gal60. 708 

Images obtained by intravascular ultrasound with central black area representing the lumen of the coronary artery and 709 

surrounding colored areas indicative of atherosclerotic lesions with fibrous (dark green), fibrofatty (light green), necrotic 710 

(red) and calcified plaques (white) evident. Images courtesy of Angela Taylor, M.D., University of Virginia Health System 711 

and NHLBI.  712 

 Fig 4. (A) Cases of the α-Gal syndrome based on an ongoing survey of allergy practices in the USA (unpublished results).  713 

(B) Density of the most abundant tick species in eastern North America based on a sampling of 95 sites, from Diuk-714 

Wasser et al
78

. Of note, there is a striking overlap of α-Gal cases with the presence of Amblyomma americanum (the lone 715 

star tick), but not Ixodes scapularis (the black-footed deer tick) or Dermacentor variabilis (The American dog tick).  716 
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Box 1. Evidence 717 supporting a role 

for tick bites in the 718 induction of IgE 

to α-Gal
4, 6, 19, 73, 74, 90, 

719 
103
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 727 

 728 

Table 1. Description of the three main hypotheses to explain the source of the glycan that leads to an IgE response 729 

directed to the α-Gal epitope 730 

 731 

Hypothesis Supporting evidence Conflicting evidence 

1. Certain ticks can 

intrinsically 

produce α-Gal, 

either at baseline 

or during feeding 

� Work from the groups of Marianne van 

Hage and Shahid Karim investigating tick 

extracts by Western Blot and Mass 

Spectrometry 

� Cabezas-Cruz et al. reported that 

galactosyltransferase enzymes other than 

the α1,3-galactosyltransferase can 

generate α-Gal (i.e. α1,4- and β1,4 

galactosyltransferases, which have been 

identified in ticks) 

� No evidence that ticks express the 

specific enzyme that is thought to be 

necessary to catalyze the terminal α-

1,3 bond 

2. The α-Gal present 

in tick saliva is 

residual from a 

prior blood meal of 

a non-primate 

mammal 

� Hard ticks have 3 life stages and their 

natural hosts are often mammals that 

would have α-Gal 

� Does not explain how larval (i.e. 

seed) ticks can acquire the epitope 

� Unclear whether α-Gal and other 

constituents of blood meal would 

persist inside tick for the duration, 

often many months, between 

different blood feeds  

3. The α-Gal present 

in tick saliva is 

produced by a 

microbial symbiont 

of ticks 

� Multiple bacteria and parasites can 

express the glycan 

� Lack of any established association 

with known tick-borne diseases 

� No published reports have 

demonstrated that microbes 

common to relevant ticks express α-

Gal  

 732 

1. Epidemiology: Overlap in cases of the α-Gal syndrome with the 

distribution of the lone star tick (in North America) 

2. Cases: Prospective investigation of a small number of subjects 

who have had tick bites 

3. Many subjects who make IgE to α-Gal also make IgE directed to 

other elements of tick extract 

4. Identification of the epitope in tick midgut and saliva 

5. Models using α-Gal knock-out mice where saliva or salivary gland 

extract is sufficient to recapitulate the syndrome 
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