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Food allergies and food-induced anaphylaxis: role of cofactors
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Food allergies and food-induced anaphylaxis are important
health problems. Several cofactors modulating the onset of
anaphylaxis have been identified. In the presence of cofactors,
allergicreactions may be induced at lower doses of food allergens
and/or become severe. Exercise and concomitant infections are
well-documented cofactors of anaphylaxis in children. Other
factors such as consumption of nonsteroidal anti-inflammatory
drugs, alcohol ingestion, and stress have been reported. Co-
factors reportedly play a role in approximately 30% of ana-
phylactic reactions in adults and 14%-18.3% in children.
Food-dependent exercise-induced anaphylaxis (FDEIA) is the
best-studied model of cofactor-induced anaphylaxis. Wheat-
dependent exercise-induced anaphylaxis, the most common
FDEIA condition, has been studied the most. The mechanisms
of action of cofactors have not yet been fully identified. This
review aims to educate clinicians on recent developments in the
role of cofactors and highlight the importance of recognizing
cofactors in food allergies and food-induced anaphylaxis.
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Key message

Question: What are the roles of cofactors in food allergies and
food-induced anaphylaxis?

Finding: Cofactors reportedly play a role in approximately
149%-30% of anaphylactic reactions. Cofactors such as
exercise, infection, nonsteroidal anti-inflammatory drugs,
dehydration, and alcohol can increase intestinal permeability
and antigen uptake, thereby causing allergic symptoms.

Meaning: Routine assessment of the possible involvement of
cofactors is essential for the management of patients with food-
induced anaphylaxis.

Introduction

Food allergies are an important health problem and the most
common cause of anaphylaxis in children."? In clinical practice,
physicians encounter patients allergic to food with symptoms only
in particular situations. Cofactors and augmenting factors may

explain why anaphylaxis can occur with food allergen exposure
that can be tolerated or elicit only a mild reaction. However,
there is still a lack of evidence regarding the real role of cofactors.

The symptom development of food allergies is thought to be
modified by everyday lifestyle factors such as exercise, sleep, and
infection. The amount of food that elicits the symptoms varies
among patients, especially with different health states. To manage
food allergies and anaphylaxis, it is important to know the co-
factors affecting a patient’s symptoms and the threshold dose of
offensive food. In the case of a suggestive history but a negative
challenge, the possible involvement of cofactors should be con-
sidered. In this situation, oral food challenges combined with
cofactors may be helpful.

Cofactors are defined as patient-related or external circums-
tances associated with more severe allergic reactions.® Niggemann
and Beyer? distinguish the augmenting factors from cofactors
depending on their influencing mechanisms: augmenting factors,
which influence the immunological mechanism of allergy, such
as physical exercise, acute infections, drugs, alcohol, and men-
struation, and cofactors, defined as a subgroup of risk factors not
acting on an immunological basis themselves, such as certain stages
of development (e.g., adolescence), and psychological factors
(e.g., emotional stress). However, their underlying mechanisms
have not been fully identified; therefore, the term cofactor will
be used in this review.

The main cofactors in children and adolescents differ from those
in adults.” In adults, drugs and alcohol are the most frequent
cofactors, followed by physical exercise. In contrast, exercise and
concomitant infections were the most frequent cofactors of ana-
phylaxis in children and adolescents. Other factors such as stress,
menstruation, and unfavorable climatic conditions have been
reported.®” The most common cofactors in patients with food-
induced anaphylaxis are shown in Table 1.

Cofactors reportedly play a role in approximately 30% of ana-
phylactic reactions in adults™® versus 14%-18.3% in children.
389 In one study, at least one cofactor was reported in 40% of
children with anaphylactic reactions.!”® Most evidence on co-
factors arose from studies in adult patients; thus, the role of
cofactors has not yet been optimally studied in children. More-
over, there is limited evidence on how often cofactors play a role
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“Cofactors reportedly play a role in approximately 14%-30% of
anaphylactic reactions. Routine assessment of the possible involvement
of cofactors is essential for the management of patients with food-
induced anaphylaxis.”

Graphic abstract. The roles of cofactors in food allergies and food-induced anaphylaxis

Table 1. Common cofactors of food-induced anaphylaxis (in
order)

Children/adolescents

1. Physical exercise

2. Infection

3. Drugs

4, Stress

5. Others (sleep deprivation, dehydration, menstruation)
Adult

1.Drugs

2. Alcohol

3. Physical exercise

4. Stress

5. Infection

6. Others (sleep deprivation, dehydration, menstruation)

in food-allergic reactions. The frequency of cofactor-implicated
anaphylaxis and the role of each cofactor in children and adoles-
cents vary among studies, and a wide range in the frequency of
each cofactor has been reported in food-allergic reactions (Table
2). When tiredness and stress are included, in 74% of the reac-
tions, =1 potential cofactors were reportedly present, including
tiredness (3890), alcohol intake (16%0), stress (14%0), sickness/flu
(390), physical exercise (3%), and use of analgesics (2%).'" In a
study on patients =16 years of age with food allergies, 13% re-
ported more severe symptoms to food after the involvement of
one or more of the following cofactors: physical exercise (10%),
alcohol consumption (5%), and use of analgesics (0.6%).'%

Food-dependent exercise-induced anaphylaxis (FDEIA) is the
best-studied model of cofactor-induced anaphylaxis. In a study
of 74 adult cases of suspected cofactor-enhanced food allergies,
anaphylaxis accounted for 85.1% of reactions.® Wheat-depen-
dent exercise-induced anaphylaxis (WDEIA), the most common
condition of FDEIA, has been studied the most.

No well-designed prospective study to date has investigated

the effects of cofactors on food allergies. A recent study prospec
tively investigated the effects of cofactors and showed that exercise
and sleep deprivation substantially reduced the threshold of re-
activity in patients with peanut allergy, putting them at greater
risk of a reaction.'?)

Two main effects of cofactors on food-allergic reactions have
been postulated: (1) decreasing threshold; and (2) increasing
severity.) The mechanisms of cofactors involved in allergic
reactions are complex and have diverse pathways (Table 3).
The mechanisms of action of such cofactors have not been fully
identified yet, not even in WDEIA. Two major mechanisms of
cofactor-induced modulation eliciting anaphylaxis have been
indicated: increased bioavailability of the allergen (increased
intestinal permeability) and decreased activation threshold at the
cellular level.”'® In some patients, more than one cofactor may
be required to induce anaphylaxis, such as physical exercise and
nonsteroidal anti-inflammatory drug (NSAID) use or exercise
and alcohol consumption.'>1%)

This review aims to provide an update for clinicians on the
recent developments in the role of cofactors and highlight the
importance of recognizing cofactors in food allergies and food-
induced anaphylaxis.

Exercise

Physical exercise is the most frequently reported cofactor in
children and adults.>'? In fact, exercise reportedly plays a role as
a cofactor in approximately 3%—10% of anaphylactic reactions.
A recent study investigated how often cofactors play a role in pa-
tients aged =16 years with food allergies. Of 496 patients with
food allergies, 10% reported physical exercise as a cofactor
within 2 hours after consumption of the suspected food.'?
Patients with a mild or moderate food allergy reported substanti-
ally less frequent involvement of cofactors compared to patients
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Table 2. Frequency of cofactor-implicated anaphylaxis in children and adolescents

) Study

Variable B) 9 5) 10
Uguz et al. Hompes et al. Worm et al. Oropeza et al.

Year 2000-2001 2005-2008 2006-2009 2013-2014

Subpopulation Anaphylaxis (Foods are Anaphylaxis (Foods are  Food-induced anaphylaxis  Anaphylaxis (Foods are

implicated in 89%.) implicated in 58%.) implicated in 65%.)
No. of patients 75 197 115 20
Country UK Germany, Austria, Germany, Austria, Denmark
Switzerland Switzerland

Male sex 56% 68% = 65%

Concomitant allergic diseases 85% - 78% 65%

All cofactors 15.3% 18.3% 14% 40%
Exercise 2.5% 10% 8.7% 15%
Infection 2.5% 3% 2.6% 15%
NSAIDs and other drugs - 6% 2.6% 10%

Stress, menstruation, and others 10.3% 12% (menstruation 10% - -
in female, Psychological
stress 2%)
Alcohol - 0% - 0%

NSAIDs, nonsteroidal anti-inflammatory drugs.

Table 3. Proposed mechanisms of action of common cofactors

Proposed major action mechanisms

1. Increased bioavailability of allergen
- Increased intestinal permeability and intestinal allergen absorption
- Increased blood circulation and influx of allergens
2. Decreased activation threshold on the cellular level
- Direct impact on mast cell and basophil activation
3. Transient plasma hyperosmolality
4. Others
- Increased the serum IgE concentration
IgE, immunoglobulin E.

with severe food allergies (10% vs. 16%, P=0.037). In this study,
two-thirds of the patients did not know if a cofactor influenced
their allergic reaction. A retrospective analysis of patients with
food anaphylaxis showed that cofactors were involved in 21%;
among them, exercise was the most frequently implicated co-
factor, followed by alcohol.™

Among exercise-induced anaphylaxis syndrome, FDEIA is the
best-studied model of cofactor-induced anaphylaxis. The food
ingested 4 hours before exercise and up to 1 hour after exercise
was related to FDEIA. FDEIA events are most commonly asso-
ciated with jogging. However, only moderate-intensity exercise
is sufficient to elicit symptoms.!”) Exercise can reportedly also
augment the risk of other cofactors such as NSAID use and infec-
tion. 1819

In oral challenge tests performed in 71 patients with WDEIA,
a reaction could be elicited at rest in 37%, but treadmill exercise
considerably increased the severity and lowered the threshold
(median dose of gluten at rest: 48 g; median dose combined with
exercise: 24 g).2%

Despite recent advances, the mechanism of FDEIA is not fully
understood. A few mechanisms have been suggested.

1. Increased intestinal allergen absorption

Exercise increases intestinal permeability and induces an in-
crease in intestinal allergen absorption.”!) Several experimental
and animal studies have demonstrated that exercise increases in-
testinal permeability; some suggested its mechanisms.?? Intense
exercise may increase the core temperature and result in transient
intestinal epithelial cell damage. In addition, the deviation of
blood flow away from the splanchnic arteries to the working
muscle results in gut underperfusion and ischemia, which causes
epithelial damage.?®) In summary, the intestinal epithelial damage
induced by the increased core temperature and gut ischemia da-
mages tight junction integrity and increases intestinal permeability
to food allergens. Acute exercise accelerated gastrointestinal lea-
kage of lysozyme in lysozyme-sensitized but not nonsensitized
mice.??)

Serum gliadin monitoring during challenge testing was useful
for identifying patients with false-negative results in WDEIA chal
lenge tests.”” However, a recent study® showed that exercise
does not fundamentally increase serum peak gliadin levels in
healthy volunteers. The level of zonulin, the intestinal barrier
function protein, in the stool was not associated with exercise
or peak gliadin concentrations. This suggests that exercise alone
may not be sufficient to increase intestinal permeability and cause
anaphylaxis; rather, it is likely that other combined factors such
as the susceptibility to increased intestinal mucosal damage in-
duced by exercise may be needed.

The gut microbiota isinvolved in intestinal barrier function?%”;
therefore, it may be a combined factor related to the increase in
intestinal permeability during exercise. Butyrate, a short-chain
fatty acid produced by bacterial fermentation of undigested car-
bohydrate in the intestine, enhances intestinal barrier function by
facilitating tight junction assembly.?® Changes in gut microbiota
composition may enable cofactors such as exercise to further
increase intestinal absorption.?® The gut microbiome composi-
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tions of patients with WDEIA differed from those of healthy
controls.?”

2. Decreased mast cell and basophil activation threshold

Another hypothesis is that exercise directly affects mast cells
and basophils and modifies the threshold dose of food allergens.>?
Physical exercise may increase plasma osmolarity, resulting in
mast cell and basophil activation. However, only strenuous ex-
ercise increases plasma osmolarity, and the exercise intensity of
patients with WDEIA is not usually strenuous.

3. Activation of tissue transglutaminase

In WDEIA, activation of tissue transglutaminase (tT'G) during
exercise was postulated to create large ©-5 gliadin/t TG complexes
that elicit anaphylactic reactions.

Acute infections

Epidemiological studies reported that infections are associated
with 2.5%-3% of anaphylactic reactions in children.>*?) In the
clinical setting, infection is a commonly suspected augmentation
factor for anaphylaxis. A possible association between infection
and anaphylactic reactions following allergen immunotherapy
is often reported. During oral tolerance induction in patients
with food allergies, many unexpected symptomatic episodes
occur during an infection.’) Therefore, patients undergoing
oral immunotherapy may need to decrease the dosage of protein
consumed during an infection.

The action may occur mainly due to fever and subsequent in-
creased blood circulation and the influx of allergens. In addition,
gastrointestinal infections may lead to larger food proteins passing
through the inflamed mucosa. In contrast to other cofactors, this
cannot be confirmed via provocation tests. For this reason, how
viral or bacterial infections act as cofactors has not yet been esta-
blished.

Because infections are much more common in children, clini-
cians should consider infection as an important cofactor for food
allergies and anaphylaxis, especially in children.

Drugs

1. Nonsteroidal anti-inflammatory drugs

NSAID use is the most common cofactor of food allergies and
anaphylaxis. NSAID use is involved in up to 25% of food-induced
anaphylaxis cases, representing a risk factor with an odds ratio
higher than 11.'® Similar to exercise, two mechanisms are sug:
gested: upregulation of intestinal absorption of antigens by
NSAID use and a direct impact on mast cell and basophil activa-
tion.!*32) Prostaglandins play an important role in defending
the gastrointestinal mucosa, and the increase in gastrointestinal
permeability may be due to the direct cyclooxygenase (COX)
pathway. The basophil activation effect of NSAIDs in food-in-

duced allergic reactions might be related to the COX pathway.>?
In contrast, aspirin enhanced histamine release from basophils
only when the immunoglobulin E (IgE) receptor signaling path-
way was activated, indicating that it was not due to COX inhibi-
tion.>3)

In 1995-2008, a case-control study was conducted to deter-
mine the role of drugs as risk factors for severe food allergy in
adults.'® In this study, aspirin, NSAID, beta-blocker, and angio-
tensin-converting enzyme inhibitor use were found to be sub-
stantial risk factors for IgE-dependent food allergies. Aspirin and
NSAID use were associated with 15.8% and 6.6% of severe food
anaphylaxis cases, respectively, and 1.7% and 0.9% of mild to
moderate food allergy cases, respectively. The respective odds
ratios were 10.8 and 8.2. In addition, this study showed that
exercise and alcohol intake drastically increased the risk of drugs
in adults with severe food allergies.

NSAID use has also been demonstrated to exacerbate food
allergies in patients with FDEIA.3Y A study on patients with
WDEIA demonstrated that serum gliadin levels increased 5-fold
30 min after provocation tests with wheat-aspirin challenge versus
aspirin-only challenge.'® The synergistic effect of NSAID use and
food allergy is well known. Approximately one-third of patients
with plant-food allergies related to lipid transfer proteins were
cofactor-dependent (mainly related to NSAID use).>> Food-
dependent NSAID-induced anaphylaxis (FDNIA) is a phenotype
of anaphylaxis in which NSAID use is the only cofactor.>® In the
case of FDNIA, a provocation test with the culprit drug would be
negative if the food allergen is not present.'”

Atopy is a risk factor for hypersensitivity reactions to NSAID
use. In atopic adolescents, isolated periorbital angioedema was
the most frequent manifestation of NSAID intolerance.?” The
role of aspirin and NSAID use as cofactors has not been fully eva-
luated in children and adolescents. However, NSAID use must
be considered a cofactor, especially in adolescents with severe
food allergies. Along with exercise, NSAID use synergistically
increases intestinal barrier permeability. Patients with severe food
allergies may need to avoid aspirin and NSAID use for 2448

hours prior to exercising.

2. H2-receptor antagonists, proton pump inhibitors, and beta-

adrenoceptor antagonists

Gastric acid modulates or inactivates protein allergens by di-
gesting H2-receptor antagonists and proton pump inhibitors
(PPIs), which interfere with these functions by increasing the
gastric pH and may lead to less effective inactivation of food al-
lergens and allergic reactions. Mouse studies have shown that PPI
use increases the risks of food sensitization and anaphylaxis.>®
Patients with oral allergy syndrome in particular must be informed
of the possible role of PPIs as a cofactor of anaphylaxis.

Beta-adrenoceptor antagonist use leads to the inhibition of
beta-adrenergic signals on mast cells and basophils and consequ-
ently to the destabilization of these effector cells of anaphylaxis.
Moreover, beta-adrenoceptor antagonists inhibit blood pressure-
regulating mechanisms and facilitate anaphylaxis induction and
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severity. In adult patients with anaphylaxis, antihypertensive me-
dication use, including beta-blockers, is associated with increased
organ system involvement and hospitalization.>”)

Alcohol

Alcohol is reportedly a cofactor of anaphylaxis in 1.0%—
15.2% of patients.” A questionnaire study showed that alcohol
is the second most important cofactor in food-related allergic
reactions in patients aged =16 years with food allergies.!?
Although the mechanisms of this phenomenon are not well
established, increased intestinal absorption seems to be involved.
Christensen et al.'® performed an oral challenge with gluten at
rest and combined it with treadmill exercise, aspirin, alcohol, or
combined exercise and aspirin in 25 adult patients with WDEIA.
This study demonstrated that exercise and aspirin augment
clinical reactions in WDEIA by lowering the threshold and
increasing the severity of the allergic reaction, whereas alcohol
functioned only as a cofactor in a minority of the patients, sug:
gesting that it is a weak cofactor.

Stress and sleep deprivation

Allergic diseases such as asthma and atopic dermatitis can be
exacerbated because of acute stress related to the release of neu-
ropeptides and neurotransmitters in the central nervous system,
which activate the allergic inflammatory response.*” Food al-
lergy outcomes can also be affected by psychosocial stress.*”
However, the role of psychosocial stress in food-related allergic
reactions has been ignored until recently.

In animal studies, increased intestinal permeability was iden-
tified as the link between acute psychological stress and an in-
creased mucosal immune response via enhanced antigen pene-
tration.*»* A few human studies demonstrated that acute stress
increases small intestinal permeability.*+*>) However, the effect
of stress on intestinal permeability in humans remains unclear.
Acute emotional stress is postulated as a risk factor for anaphylaxis
in patients receiving allergen immunotherapy.*® Regardless of
whether acute stress is physical or psychological, similar responses
occur in the human body.*

In a crossover study,'?) patients with peanut allergy underwent
3 open peanut challenges in random order: with exercise after
each dose, with sleep deprivation preceding the challenge, and
with no intervention. For the first time, this study showed that,
along with exercise, sleep deprivation markedly reduced the thre-
shold dose, triggering symptoms by 45%. No study to date has
examined the role of sleep deprivation in food-allergic reactions.
Although the mechanism is unknown, sleep deprivation may
stress the gastrointestinal tract, thereby enhancing intestinal per-

meability.

Dehydration

Dehydration directly or indirectly impairs stroke volume,
cardiac output, and skin blood flow, resulting in larger increases
in core temperature and heart rate.*”) Acute airway dehydration
is reportedly a trigger for bronchoconstriction in exercise-
induced asthma.*® Inadequate fluid intake before and/or during
exercise may augment exercise-induced airway dehydration.
Dehydration may be an important factor in allergic responses.
However, few studies have analyzed the effects of dehydration
on food allergies and anaphylaxis. In rats, water avoidance stress
for 10 days decreased intestinal epithelial tight junction proteins
such as occludin and claudin-1.* The role of dehydration-
induced gut damage was a postulated mechanism.’” On the con-
trary, using an experiment of cycling exercise in dehydrated and
euhydrated conditions, van Nieuwenhoven et al.’? showed that
dehydration did not lead to differences in intestinal permeability
in healthy men. Although the role of dehydration in food-allergic
reactions requires evaluation, dehydration may augment the
effect of exercise in patients with FDEIA.

Conclusions

The phenomenon of cofactors is well known but frequently
neglected. Cofactors such as exercise, infections, NSAID use,
dehydration, and alcohol intake can increase intestinal permea-
bility and result in increased antigen uptake, thereby causing
allergic symptoms.

Along with identifying the eliciting allergen, routine assess
ments of the possible involvement of cofactors are essential for
the management of patients with food-induced anaphylaxis to
avoid life-threatening anaphylactic episodes. In patients with a
suggestive history but a negative challenge test result, the possible
involvement of cofactors should be considered. If possible, oral
food challenges combined with a suspected cofactor should be
performed more actively.
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