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Abstract

Background: The disaccharide galactose-a-1,3-galactose (alpha-gal) is expressed in mammals
other than humans, apes, and old-world monkeys. In humans, elevated immunoglobulin E

(IgE) antibodies specific for alpha-gal can result in allergic hypersensitivity known as alpha-gal
syndrome (AGS). Case reports and series suggest that tick bites can induce alpha-gal-specific IgE
(slgE) antibodies.

Obijective: To evaluate tick exposure as a risk factor for AGS and elevated alpha-gal sIgE level.

Methods: We conducted a case-control study comparing patients with AGS from a North
Carolina allergy clinic with controls who were patients at a nearby internal medicine clinic. Cases
and controls were administered a questionnaire to obtain information about demographics, home
environment, outdoor activities, and recollection of tick bite. Serum samples taken at the time of
enrollment were tested for total IgE, alpha-gal sIgE, and antibodies to other tick-borne pathogens.

Results: The patients with AGS were more likely to recall finding a tick on themselves (odds
ratio [OR], 11.20; 95% confidence interval [Cl], 4.97-25.15), live near wooded forest (OR, 2.27;
95% ClI, 0.92-5.55), and spend 17 or more hours per week outdoors in wooded areas (OR, 5.58;
95% Cl, 2.56-12.19). The patients with AGS were also more likely to report 4 or more tick bites
(OR, 33.05; 95% Cl, 9.92-155.12) and reactions at the site of tick bites (OR, 7.93; 95% Cl,
3.74-16.80). Furthermore, elevated alpha-gal sIgE level was observed in 33% of the controls and
was associated with tick exposure in the controls (OR, 4.25; 95% Cl, 2.21-8.18).
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Conclusion: The results define tick bite as a risk factor for AGS and elevated alpha-gal sIgE

level.

Introduction

Alpha-gal syndrome (AGS) is an immunoglobulin E (IgE)-mediated allergy to the
disaccharide galactose-a—1,3-galactose (alpha-gal).! Humans, great apes, and old-world
monkeys do not express alpha-gal, but it is found in all other mammals. Humans are,
therefore, exposed to alpha-gal when consuming mammalian meat or other products

derived from mammals, including pharmaceuticals that contain mammalian components (eg,
heparin).2 The patients with AGS typically experience allergic symptoms 2 or more hours
after ingestion of products containing alpha-gal, whereas injection of alpha-gal-containing
pharmaceuticals results in near immediate hypersensitivity reactions.3

Allergic reactions to alpha-gal are dependent on the presence of alpha-gal-specific IgE
(sIgE) antibodies.* All immunocompetent humans have l1gG and IgM antibodies against
alpha-gal, which can be elicited by alpha-gal-containing bacteria in the gut microbiota.
These antibodies can be beneficial in defense against viruses, bacteria, and some parasites.®
The induction of alpha-gal sIgE is likely a key event in the development of AGS. The
patients with AGS have elevated serum levels of alpha-gal sIgE,* and reactions to alpha-gal
include urticaria, pruritus, and anaphylaxis, which are all typical of IgE-mediated type 1
hypersensitivity reactions.* Furthermore, the patients with AGS often report that they had
no reactions to mammalian meat or other products until the sudden onset of AGS symptoms
in midlife. ® This has led to speculation about an environmental trigger for alpha-gal sIgE
production in the patients with AGS.

Reactions to alpha-gal in the United States were first noted in 2008 in patients receiving

the chemotherapeutic antibody cetuximab.” This antibody was a chimeric mouse-human
IgG1 antibody that contained a glycosylation site on the murine portion that included
alpha-gal.8 In 2009, it was first suggested in Australia that meat allergy could be related

to tick bites.? In 2011, it was noted that reactions to cetuximab and meat allergies were
occurring in the southeastern United States in areas that overlapped the range of the lone
star tick (Amblyomma americanurm).19 Since then, accumulated circumstantial evidence has
suggested that tick bites lead to AGS development by inducing alpha-gal slgE.11

Most evidence linking tick bites with AGS has come from case reports and case series in
which patients with AGS are asked whether they had experienced a tick bite before AGS
onset.®11 These reports are limited by the lack of control groups, the location of these
subjects in areas with high tick activity, and potential recall bias, as patients may be more
aware than others of an anticipated link between AGS and tick bites. Other evidence linking
tick bites with AGS include demonstration that epitopes reacting with alpha-gal antibodies
are found in the saliva of some tick species (A americanum and Ixodes scapularis),*? the
finding that A americanumtick salivary gland extract injected into alpha-gal—deficient mice
sensitizes mice to alpha-gal and increases alpha-gal sIgE level,13 and correlations between
the lone star tick geographic distribution and alpha-gal sIgE-positive testing patterns.14
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To better define the relationship between tick bites, the elevation of alpha-gal sIgE level, and
development of AGS, we conducted a case-control study and compared tick exposure and
environmental risk factors known to be associated with tick-borne disease between patients
diagnosed with AGS and controls without AGS. The presence of alpha-gal sIgE in many of
the healthy controls also allowed evaluation of tick bite as a risk factor for elevated alpha-gal
sIgE level in the absence of AGS.

Study Design and Subject Enrollment

Serology

Case patients were individuals aged above or equal to 18 years presenting at a university-
based allergy clinic for diagnosis and treatment of AGS from 2019 to 2020. The patients
were approached at the end of a clinic visit for enrollment as a case. Case patients were
not required to have confirmatory laboratory evidence of elevated alpha-gal sIgE level

at the time of enrollment but were required to report clinical symptoms consistent with

the allergy and have blood drawn at the time of visit. Patients aged above or equal to

18 years presenting at a nearby internal medicine clinic from 2019 to 2020 who did not
have a history of AGS and who denied symptoms after eating beef, pork, or lamb were
eligible for enrollment as a control. Before enrollment, potential case patients and controls
were provided a description of the study and asked questions to confirm eligibility using a
screening form. Eligible individuals completed an informed consent process (University of
North Carolina Institutional Review Board #19-0938). Patients with AGS were approached
sequentially by arrival in the allergy clinic regarding possible study participation, whereas
controls were recruited as every sixth patient receiving phlebotomy as part of their visit.
Case patients and controls were enrolled with a target case:control ratio of 1:2. After
informed consent, information on medical, family, dietary, and allergy history, including
tick exposure in the year before AGS onset (case patients) or enrollment (controls), were
collected by a guided in-person interview, and serum was obtained for serologic testing.

On the day of enrollment, all participants had venous blood drawn into serum separator
tubes. All whole blood samples were separated into serum by centrifugation within

24 hours of collection and stored at 4°C for no more than 24 hours before further

processing. Total IgE and alpha-gal sIgE antibodies were measured using commercially
available ImmunoCAP assays (Thermo Fisher/Phadia, Portage, Michigan) performed with
the ImmunoCAP 250 instrument. The results were expressed as kilounits per liter (kU/L).
Sera were assayed for sIgE to alpha-gal (0215) per manufacturer instructions, and the cutoff
for a positive test result was the limit of detection, 0.1 kU/L. Serum was tested for antibodies
to spotted fever group Rickettsia and Ehrlichia spp. using whole cell Rickettsia rickettsii and
Ehrlichia chaffeensis as antigens. Antibodies were detected using the indirect fluorescent
antibody (IFA) assay. Whole cell antigens were spotted onto glass slides as described.1® Sera
were tested at an initial dilution of 1:32 and then diluted serially to end point. A fluorescein
isothiocyanate-labeled goat antihuman conjugate reactive with the heavy (gamma) chains of
1gG (Kirkegaard & Perry Laboratories, Gaithersburg, Maryland) was used at 1:150. Titers
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were expressed as the reciprocal of the last dilution displaying specific fluorescence. Titers
above or equal to 64 were considered positive.

Data Collection

Data were abstracted from questionnaire forms and entered into a Research Electronic
Data Capture database. Data collected included demographic information, patient medical
history (including diagnoses of Lyme disease, Rocky Mountain spotted fever, southern tick-
associated rash illness, ehrlichiosis, anaplasmosis, and babesiosis), allergy history before
the onset of AGS, and reported history of any tick or chigger bites in the year before
symptom onset for case patients and in the year before enrollment for controls. Participants
were also asked about environmental factors that could be proxies for tick exposure such
as dwelling type, property size, time spent outdoors, the presence of shrubs and brush

near the home, the proximity of the home to wooded areas, and frequency of observing
deer near the home. Additional data including details regarding onset and severity of AGS
reactions, including whether any reaction resulted in an anaphylactic episode and whether
emergency care was received, how many reactions were experienced before diagnosis, and
the time-of-day reactions typically occurred were collected for the case patients. Data on
exposure to specific alpha-gal-containing products and associated self-reported symptoms
were also collected for the case patients.

Statistical Analysis

Ethics

Results

Descriptive statistics were calculated for each variable. Summaries of continuous variables
are expressed as medians (first quartile to third quartile [Q1-Q3]) or as geometric means
(GMs) and corresponding 95% confidence intervals (Cls), and summaries of categorical
variables are expressed as proportions. Differences (95% CIs) were used to compare
proportions. Difference in means (95% Student ¢Cl) and medians (95% bootstrap CI) were
used to compare continuous variables. The GMs (95% Cls) of alpha-gal sIgE and separately
of total IgE were computed and their ratio (95% Cls) was used to compare the case patients
with the controls. Comparisons for categorical data between the case patients and the
controls were made with the unadjusted odds ratio (OR, 95% CIl); in these computations,
one-half was added to table cell frequencies when there was a zero cell.16 Receiver operating
characteristic (ROC) curves were constructed, for which all alpha-gal sIgE results less than
0.1 kKU/L were assigned a value of zero. Data management, analyses, and visualizations were
performed using SAS version 9.4 (SAS Institute, Cary, NC, https://www.sas.com) and R
version 4.0.3 software (R Foundation, Vienna, Austria, https://r-project.org).

This study was reviewed and approved by the University of North Carolina Institutional
Review Board (UNC IRB #19-0938).

Patient Demographic Characteristics

In total, 82 case patients and 191 controls were enrolled during 2019 to 2020. The enrolled
case patients were more likely to be college or technical school graduates and to have
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higher income than the controls and were less likely to report Black race or North Carolina
residence (Table 1). The median age of the cases and the controls was similar (58.5 vs 54.0
years), and a smaller percentage of the case patients were female (55% vs 62%) (Table

1). All the controls reported having residency in North Carolina, whereas 30% of the case
patients were from nearby states (Virginia: 10, Alabama: 4, Tennessee: 3, Maryland: 3,
one each from the District of Columbia, Kentucky, New Jersey, Pennsylvania, and Rhode
Island). In addition, 2% of the case patients reported Black race compared with 14% of the
controls (Table 1).

Tick Exposure

The case patients and the controls were asked whether they had found a tick on their body

in the year before symptom onset (case patients) or past year (controls). The case patients
were more likely than the controls to report finding a tick on their body (OR, 11.20; 95% ClI,
4.97-25.15) (Table 2). The case patients found ticks more often than the controls and were
more likely to have found embedded ticks. Furthermore, 39% of the case patients found
ticks 10 or more times compared with 17% of the controls (OR, 4.20; 95% ClI, 1.91-9.24)
(Table 2), and 48% of the case patients found 4 or more embedded ticks compared with 9%
of the controls (OR, 33.05; 95% CI, 9.92-155.12) (Table 2).

Participants with tick bite history were also asked whether any tick bites had created a mark
or a reaction (including rash) or took longer than usual to heal. Case patients who recalled
a tick bite were more likely to report a reaction than the controls. Specifically, 76% of the
case patients with tick bite reported a reaction vs 29% of the controls (OR, 7.93; 95% ClI,
3.74-16.80) (Table 2). As a surrogate measure of tick exposure, the participants were also
evaluated to see whether their serum contained antibodies to the tick-borne pathogens R
rickettsiiand E chaffeensis. There were 17% of the case patients and 9% of the controls
who were positive for antibodies (=64 titer) to one or both pathogens (OR, 2.00; 95% ClI,
0.90-4.20) (Table 2), suggesting greater exposure to ticks among the case patients with
AGS.

We also inquired about environmental factors that may serve as proxies for tick exposure
but be less sensitive to recall bias than the reported tick bite. The case patients were more
likely than the controls to report 5 or more acres of land around their primary residence (OR,
2.90; 95% ClI, 1.33-6.29), were more likely to have shrubs and brush (OR, 2.32; 95% ClI,
1.19-4.48), farmland (OR, 2.05; 95% CI, 1.17-3.60), and woods around their home (OR,
2.27; 95% CI, 0.92-5.55), and to have spent 25 or more hours per week outside (OR, 2.62;
95% ClI, 1.16-5.91), and 17 or more hours per week in wooded areas (OR, 5.58; 95% ClI,
2.56-12.19) (Table 3). Most case patients reported onset of AGS symptoms from April to
September with a peak in June, a period coinciding with the seasonality for ehrlichiosis, a
disease transmitted by the lone star tick (Fig 1).17

Presence of Immunoglobulin E Antibodies

At the time of enrollment, 98% of the case patients and 33% of the controls were positive
for alpha-gal sIgE using a cutoff of 0.1 kU/L, and the GM of the positive sIgE results was
higher for the case patients compared with the controls (GM = 4.0 kU/L; 95% ClI, 2.7-5.9
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vs GM = 0.8 kU/L; 95% ClI, 0.6-1.2) (Table 4). However, there was substantial overlap in
the slgE results between the case patients and the controls (Fig 2A). Total IgE level was also
higher in case patients with AGS compared with the controls (GM = 145.2 kU/L; 95% ClI,
110.4-191.0 vs GM = 44.3 KU/L,; 95% ClI, 36.2-54.2) (Table 4), and the percentage of total
IgE attributable to alpha-gal sIgE was higher in the case patients (6.7%; 95% CI, 4.8-8.7 vs
2.4%; 95% Cl, 1.4-3.3) (Table 4). The ROC curve analysis determined that the cutoff value
for alpha-gal sIgE that would maximize both sensitivity and specificity is 0.59 kU/L (Fig
2B). This higher cutoff value provides an empirical sensitivity of 83% and a specificity of
81%, with the area under the curve of 0.9. A higher sensitivity of 98% is obtained by using
the predetermined cutoff value of 0.1 kU/L, with the specificity dropping to 67%. Many of
the patients with AGS had low sIgE titers at the time of enrollment, with 2 cases below

0.1 kU/L. Raising the cutoff to 0.59 kU/L to improve specificity would exclude 17% of the
cases.

The presence of alpha-gal sIgE in 33% of the controls enabled us to look at risk factors for
alpha-gal sIgE in participants who did not have AGS, a group less expected to have recall
bias with respect to tick bite. The control participants were presumably not aware that they
were alpha-gal sIgE positive. We therefore compared sIgE-positive control participants to
slgE-negative control participants. Finding a tick in the past year was a risk factor for being
alpha-gal sIgE positive (OR, 4.25; 95% Cl, 2.21-8.18), but the risk did not increase with
the number of times ticks were found nor with the numbers of ticks embedded (Table 5).
In addition, alpha-gal slgE-positive controls were not significantly more likely to report a
reaction from a tick bite. Control participants who were alpha-gal sIgE positive were more
likely to have shrubs/brush (OR, 2.38; 95% CI, 1.16-4.88) and wooded forest (OR, 4.47;
95% ClI, 1.56-16.50) near their primary residence. Hours outside also increased the risk

of being alpha-gal sIgE positive, with both 25 or more hours outside per week (OR, 2.49;
95% ClI, 1.04-5.96) and 17 or more hours in wooded areas (OR, 2.26; 95% CI, 0.87-5.88)
associated with the presence of alpha-gal sIgE antibodies.

Discussion

This case-control study evaluated the risk factors for AGS. Neither age nor sex differed
substantially between the case patients and the controls, suggesting it is not a significant
predictor of AGS. We saw fewer persons of Black race in the case cohort compared with

the controls; this may have been influenced by the sites of enrollment or could suggest an
underlying host factor contributing to AGS development. Nonetheless, the finding is in stark
contrast to other trends in food allergy, where Black race is associated with higher rates of
allergy, especially to shellfish, wheat, and nuts.18

Our case-control study also provides substantial epidemiologic evidence implicating tick
bite as a risk factor for AGS. The patients with AGS were more likely than the controls to
report a tick bite, to have more ticks found on their bodies, and particularly to have found
more embedded ticks on their bodies before developing AGS. Furthermore, the patients with
AGS reported onset during times of activity of the lone star tick, an aggressive human biting
tick in the southeastern United States, which is also a vector of ehrlichiosis and certain
spotted fever group Rickettsia species. Deer are a critical host during the lifecycle of the lone
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star tick, and the presence of deer correlates with tick abundance.1® The patients with AGS
were more likely than the controls to have lived in areas with deer, such as larger properties,
wooded forest, and properties with shrubs and brush. Furthermore, the patients with AGS
reported spending more time outdoors and were more likely to have antibodies reactive to £
chaffeensis and R rickettsii, which are both tick-borne pathogens.

The most often suggested mechanism for induction of AGS by tick bite is that ticks induce
alpha-gal sIgE. The data from our control group reveal a strong association between tick
exposure and alpha-gal sIgE. With 33% of the controls positive for alpha-gal sIgE, we were
able to look at tick bite as a risk factor for sIgE in participants who did not have AGS.
Recalling a tick bite, living on larger properties, and spending time in the woods were all
risk factors for alpha-gal sIgE, suggesting tick bites can cause people to develop alpha-gal
antibodies even when they do not result in clinically apparent AGS—a well-recognized state
referred to as sensitization. It is unknown why some people develop alpha-gal sIgE but do
not present with AGS. Intrinsic factors likely play a role, but we also noted in this study
that the association with multiple tick bites was not as strong in the alpha-gal sIgE-positive
controls as it was with the patients with AGS. It is possible that a single tick bite may result
in sensitization, but that repeated tick bites could be required for some people to develop
AGS. A large local reaction at the site of the tick bite could be an initial sign of conversion
from benign sensitization to clinical AGS, a point of analysis for future studies.

The high percentage of control patients with alpha-gal sIgE antibodies highlights the
difficulty of using IgE antibody results alone for diagnosis. The ROC curve analysis

reveals that setting the cutoff for alpha-gal sIgE positive to 0.59 kU/L will maximize the
combination of sensitivity (83%) and specificity (81%), but neither is very high at this
cutoff. The sensitivity can be increased by lowering the cutoff, but this will result in
identifying more patients without AGS as positive. However, keeping the cutoff high at 0.59
kU/L will not only fail to identify 17% of the patients with AGS as alpha-gal sIgE positive
but is also complicated by the apparent waning of alpha-gal sIgE over time. For the purpose
of diagnosis, where clinical data are available, it is therefore useful to consider sera with
sIgE level greater than or equal to 0.1 KU/L as positive, with a compatible clinical picture
confirming the diagnosis.

Because AGS cases have been reported most often from the southeastern United States, the
lone star tick (A americanum) has been most often implicated as bearing responsibility for
AGS. It is the tick most likely to bite humans in the Southeast, and it is expected that most
participants in our study were bitten by lone star ticks based on where they live. However,
the association of lone star ticks with AGS does not rule out the involvement of other tick
species. AGS exists in parts of the world where lone star ticks are not present, so it is likely
that other tick species can induce AGS. In vitro studies have also found reaction to alpha-gal
antibodies in tick saliva from /xodes scapularis ticks,12 raising the potential for this species
to sensitize people for AGS. Future studies in animal models and better geographic analysis
of AGS may shed light on these issues.

Our study has several limitations. Recall bias was possible as patients with AGS may have
been aware of the association with tick bite, which may have made them more likely to
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recall a tick bite. In addition, the cases were asked about tick exposures in the year before
illness onset, which may have been several years before the enrollment, whereas the controls
were asked about exposures in the year before the enrollment. Other unmeasurable biases
were possible because of socioeconomic differences between the case and the control groups
and the fact that the patients with AGS were obtained from a referral center and came from a
wider geographic area than the controls.

Although tick bites may not be able to induce AGS without contribution from other factors,
the present study reveals compelling epidemiologic evidence that tick bites are a critical
risk factor for the development of AGS. This highlights the need for tick bite prevention,
particularly the use of personal protective measures, which include use of Environmental
Protection Agency-registered insect repellents, checking for ticks after spending time
outdoors, and prompt removal of ticks if they are found (https://www.cdc.gov/ticks/avoid/
on_people.html).2% To avoid allergic reactions, patients with AGS are placed on a diet that
excludes mammalian meat and products derived from mammals. There is no clear evidence
to say how long patients must maintain an avoidance diet before adding back mammalian
products, but many report having to avoid meat for years. Prevention of tick bite is therefore
critical to prevent long-term health effects.
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Figure 1.
Frequency of AGS cases, by month of onset. The percentage of the case patients with AGS

who reported the initial onset of AGS symptoms in each month. AGS, alpha-gal syndrome;
Apr, April; Aug, August; Dec, December; Feb, February; Jan, January; Jul, July; Jun, June;
Mar, March; Nov, November; Oct, October; Sep, September.
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(A) Alpha-gal slgE among the case patients and the controls. The geometric means and 95%
confidence intervals are displayed. (B) ROC curve revealing alpha-gal sIgE by case-control
status. The threshold is set to 0.59 kU/L to maximize both sensitivity (83%) and specificity
(81%). Neg, negative; ROC, receiver operating characteristic; slgE, specific immunoglobulin

E.
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