Evaluation of basophil activation in food allergy: present and

future applications
Wayne G. Shreffler

Purpose of review

The diagnosis of immediate hypersensitivity relies on
specific IgE and history. Because of low specificity,
however, provocation challenges are often necessary.
Furthermore, IgE testing does not predict features such as
reaction severity; nor can it discriminate cross-reactivity
from multiple sensitizations. Direct and passive basophil
activation tests may address these needs. In addition,
measuring basophil activation ex vivo may be useful for
monitoring patients with food allergies.

Recent findings

Several papers using basophil activation tests demonstrate
comparable sensitivity and specificity to current testing for
food allergy. Flow-based basophil activation tests have also
been used to assess functional characteristics of patient
IgE. Finally, several activation phenotypes have been
identified as markers of allergic inflammation in vivo; these
phenotypes appear to correspond to earlier reports of
spontaneous histamine-releasing basophils in patients with
active allergic inflammation.

Summary

Although in their early stages, direct basophil activation
tests may prove to be useful in the clinic. Indirect basophil
activation studies are useful when applied to compare
functional aspects of IgE. Identification of basophil
activation ex vivo is a promising approach for monitoring
allergic inflammation.
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Abbreviations

BAT basophil activation test

IL-4 interleukin-4

LAMP lysosomal-associated membrane glycoprotein
LTC, leukotriene Cy4

PST prick skin test
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Introduction

Basophils are important effector cells for allergic disease.
This review focuses on what is currently known about
basophil activation and the phenotypes that can be readily
measured and have potential diagnostic or prognostic
utility in food allergy. There are three contexts discussed
here in which the measurement of basophil activation may
be useful: first, direct stimulation of basophils from
patients as an assay for immediate hypersensitivity;
second, indirect stimulation of basophils that have been
passively sensitized as a functional assay of IgE; and third,
assessment of patient allergic inflammation by measure-
ment of basophil activation status ex vivo.

Background

Although basophils are the least abundant circulating
leukocyte, in IgE-sensitized individuals they represent
the largest population of antigen-specific cells in the
circulation. The biological implications of this are myriad:
basophils are known to migrate rapidly into sites of
inflammation, where they can release a wide variety of
chemokines, cytokines and other inflammatory mediators
[1]. There, they are likely to be responsible for the
majority of early local IL-4 (interleukin-4) and IL.-13
production [2], which may have important implications
for the adaptive immune response [3]. The diagnostic
and research potential of this fact have been recognized
for more than a decade. Because basophils are circulating
leukocytes, they are readily accessible. In addition,
because they can be stimulated ex vrvo, they provide
the theoretical potential of measuring more than specific
IgE, but rather a biological response from cells that were,
until shortly before the assay, subject to the host’s (our
patient’s) milieu.

The earliest measurements of basophil activation ex vivo
were by the release of histamine or other mediators, for
example leukotriene C4 (L'T'Cy). Due to the need for
substantial enrichment of basophils, this method has
been used almost exclusively for functional studies of
IgE —allergen interactions, often with passively sensitized
cells, and has not lent itself to routine diagnostic use. In
addition, in clinical scenarios of ongoing exposure to
allergen, there is the problem of constitutive histamine
release (see below) [4-6].

Flow cytometry is ideally suited for measurement of
cellular subsets without fractionation. Pioneering efforts
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to measure basophil activation by flow cytometry were
based on metachromatic dyes, such as Basic Orange
21 and Alcian Blue, to both detect and measure degranu-
lation as a loss of signal [7]. These early methods were
insensitive, however, due in part to the inherently poor
sensitivity of measuring small decreases, versus increases,
in signal.

With the discovery of the 53 kDa tetraspanin, CD63 [8,9],
and the recognition that this secretory granule-associated
protein is up-regulated to the cell surface concomitant
with cellular degranulation, the stage was set for applying
the detection of plasma membrane CD63 [also known
as lysosomal-associated membrane glycoprotein-3
(LAMP-3)] to the detection of basophil activation. In
1991, Knol ¢z a/. [10] did just that in an elegant paper that
first described the use of CD63 for measuring basophil
activation. These authors carefully demonstrated the
quantitative and kinetic correlation of CD63 and hista-
mine from basophils stimulated both by FceRI cross-
linking and by the bacterial peptide, formyl-methionyl-
leucyl-phenylalanine. They then showed by electron
microscopy/immunogold staining that CD63 is transloca-
ted from the membrane of secretory granules to the
plasma membrane.

There has been a report of poor correlation of CD63 and
histamine under non-physiological conditions in a very
careful paper on the question of degranulation as an
‘all-or-nothing’ event [11]; these authors concluded that
basophil degranulation is a graded, not binary, response.
Two findings from this paper regarding the relationship
between CD63 up-regulation and histamine release are
notable. One is that the percentage of cells clearly
expressing CD63 did not equal the percentage of
total histamine release. This is direct evidence against
the binary model of histamine release, although not
against CD63 as a marker of degranulation per se, as
there are other pools of intracellular histamine (small
vesicles, for example). The second is the observation
of increased CD63 expression with concentrations of
polyclonal anti-IgE that were supra-optimal for hista-
mine release. This is difficult to reconcile with other
studies and with the localization of the LAMPs to the
granule membrane. As this was evaluated by single-color
flow cytometry, and given the inconsistently bi-modal
distribution of CD63 expression reported, perhaps the
authors’ own observations of platelet aggregation or some
other contaminating cell are to blame (see below). This
observation has been reported only with the use of
polyclonal anti-IgE and, whatever the explanation, may
not pertain to the use of CD63 in assays as discussed in
this review. It does, however, deserve additional inves-
tigation, and suggests continued caution in equating
phenotypic changes of basophils with the release of
histamine.
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Figure 1 CD63 up-regulation in response to allergen or anti-IgE
activation
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Ficoll-separated leukocytes from a peanut-allergic patient were placed
in 96-well tissue culture plates in 100 ul of complete serum-free
medium. Then 100 ul of medium containing 2 X IL-3 (4 ng/ml) and
2 x concentration of peanut extract, anti-IgE antibody or mock antibody
was added to cells in triplicate. After 15 min, cells were harvested for
analysis. Shown are results from one of three wells for each stimulant (a)
and a summary of the results (b). PE, phycoerythrin; FITC, fluorescein
isothiocyanate; CPE, crude peanut extract; PN, peanut.

Because CD63 is expressed broadly on leukocytes as
well as on platelets, concerns have also been raised
regarding the specificity of CD63 for the detection of
degranulation rather than the adherence of basophils to
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platelets — something that is known to occur with acti-
vated basophils [12]. These are important issues to con-
sider, particularly for studies relying on few markers;
however, numerous studies showing lack of CD41 (gly-
coprotein IIb/IIIa) expression and histology, including on
the electron microscopy level, support the conclusion
that this is not a routine problem.

Some of these concerns are more easily addressed due
to the discovery of additional identification/activation
markers. In 1999, Buhring ez «/. [13] identified a baso-
phil/mast cell-specific marker using the monoclonal
antibody 97A6, which they subsequently identified
[14] as ectonucleotide pyrophosphatase/phoshodiester-
ase 3 (CD203c). The biological function of this ecto-
enzyme is not known, although it may play a role in
basophil trafficking [15]; it has been described, however,
as a marker of basophil activation [16,17]. In addition,
activation is known to induce up-regulation of adhesion
molecules such as 82 integrins (CD11b, CD11c¢) [18] and
very late antigen-4 (VLLA-4) [19], and has been shown to
result in secretion of an intracellular, basophil-specific
epitope recognized by the monoclonal antibody BB1 [20].
The leukocyte early activation marker CD69 is also up-
regulated by some basophil stimulants, particularly 11.-3
[21]. Additional markers, such as IL.-3 receptor «
(CD123) [22] and the prostaglandin D, receptor
(CRTH2) [23], have been used for gating on basophils
as an alternative to IgE. Figure 1 shows an example of
CD63 up-regulation on patient basophils induced by
direct allergen or anti-IgE.

More recently, Hennersdorf ez a/. [24°°] screened more
than 260 monoclonal antibodies for reactivity with resting
and activated CD203™ basophils. They identified four
additional markers of basophil activation (CD13,
CD107a,CD107b, and CD164) and, perhaps more impor-
tantly, helped to elucidate and expand upon what others
had noted - that the CD63 and CD203c pathways of
up-regulation are distinct [25]. This is important, as it
may address what has been something of a controversy in
the literature regarding which is the ‘best’ marker for
measuring basophil activation [26-28]. What Henners-
dorf ez al. [24°°] demonstrate nicely is that the LAMPs
CD107a, CD107b and CD63 are up-regulated concomi-
tantly, owing to their localization on granules. These are
the same granules containing histamine, [L'TC4 and other
preformed mediators that are released upon FceRI cross-
linking and are distinct from the small vesicles associated
with piecemeal degranulation. It is this second pathway
that is suggested to be associated with up-regulation of
CD203c, CD13 and CD164. Interestingly, two of these
markers (CD13 and CD203c) are ectoenzymes.

These two pathways can be distinguished by kinetics,
pharmacological inhibitors and differing sensitivities to

various stimulants. For example, both IL-3 and prosta-
glandin D, rapidly induce up-regulation of CD203c¢, but
not CD63, and the phosphatidylinositol 3-kinase inhibi-
tor, wortmannin, strongly blocks LAMP up-regulation,
but not that of the CD203c group.

Often, CD63 up-regulation occurs in only a subset of
activated basophils that up-regulate CD203¢ (W.G.
Shreffler, unpublished observation, and [24°°]), perhaps
contributing to reports of increased sensitivity for the
latter. One may need to define more carefully what is
meant by activation, however. When the intended appli-
cation is the diagnosis of immediate hypersensitivity, the
use of activation markers not tightly coupled to degra-
nulation is clearly problematic.

Given the reported capacity of Der p 1 and other aller-
gens (as well as parasite antigens) to directly activate
innate immune cells, including basophils [29-35], this
response is of great interest; however, using this as a
diagnostic test for immediate hypersensitivity may to
lead to more false positives. The group of CD203c
markers may also be maximally up-regulated at baseline
during periods of ongoing allergen exposure iz vivo,
limiting their use in direct basophil activation tests
(BA'T's) (see below for discussion of systemic activation).

Any use of BATs must also contend with the issue of
‘non-releasers’; that is, individuals whose basophils are
not responsive to FceRI cross-linking. This phenomenon
was described in early studies measuring histamine
responses, and the prevalence has been estimated at
~10-20%. Several reports have identified defects in early
signal transduction involving the tyrosine kinase Syk
[36]. For at least some ‘non-releasers’, 11.-3, which is
known to prime degranulation responses, can reverse the
defect iz vitro after several days of exposure [19,37].

Use of basophil activation tests for diagnosis
of food allergy

There have been several recent reviews on the use of
BATs for the diagnosis of allergic disease [17,23,38]. T will
focus in this review on the small body of literature
specifically evaluating the use of BAT's for food allergy.

An early application of a BAT for the diagnosis of food
allergy was by Moneret-Vautrin and colleagues in 1999
[39]. They recruited 27 patients, characterized by serum
IgE, prick skin test (PST), and provocation challenge,
who were allergic to a total of 10 different foods. Seven of
the patients were tested for two foods, resulting in a total
of 34 tests. The authors performed L'T'C, release for all
34, and measurement of CD63 in 31 out of 34 tests. In
addition, there were 24 control subjects on whom 35
activation tests were performed (all 35 for L'T'Cy release,
and 31 for CD63). When possible, if the subject’s

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



basophils were not responsive to IgE, then normal donor
basophils were passively sensitized with the patient’s
plasma and these cells were stimulated with antigen. A
positive response for L'TC4 was considered to be any-
thing above 100 pg/ml; for CD63 up-regulation, a positive
response was defined as > 5% CD63" IgE*/total IgE™
above background. In this study, there were an extremely
high number of anti-IgE non-releasers among both
patients and controls (63% and 54% respectively), which
the authors suggested may have been due to the anti-IgE
antibody used or to the long delay (up to 24 h) between
blood draw and assay. On combining direct and passive
sensitization assays, however, they found 18 of 31 (58%)
of patients to be positive by CD63, and 22/34 (65%) to be
positive by L'TCy4. All 18 CD63-positive tests were also
positive by LTCy. In the controls, 1/33 was positive by
CD63, and 0/35 were positive by L' TCy4 (specificity 97%
and 100% respectively). Interestingly, 8/10 and 11/13
direct tests were positive, in comparison with roughly
half when using passively sensitized basophils. The
single false positive was also found in a test using pas-
sively sensitized cells, strongly suggesting that the direct
test is superior, at least in terms of sensitivity.

In 2003, Erdmann ¢z a/. [40] published a comparison of
the CD63-based BAT with specific IgE and PST for the
diagnosis of pollen-associated food allergy. They
recruited a total of 29 patients and 20 controls, and
performed tests for specific IgE, PST (prick—prick and
commercial extract), and BA'T a total of 60 times for each
group; on average, patients had evaluation for two tests,
according to their history of allergy, while controls had
evaluation for all three allergens (carrot, celery and hazel-
nut). Overall, BAT was positive 52/60 times against the
relevant allergen, while 9/60 BATs were positive in
controls. The false positives were individuals with
detectable IgE by other tests as well.

The results of Erdmann ez a/. [40] were consistent with
many other reports that the prick—prick method resulted
in the highest sensitivity (100% for carrot and celery; 90%
for hazelnut), followed by PST with commercial extract
(sensitivities of 80%, 80% and 85% for carrot, celery and
hazelnut respectively) and specific IgE (80%, 70% and
80% respectively). Specificities for all tests were between
80 and 90%. In comparison, BAT at the best cut-offs
(determined by receiver—operator curve analysis for each
antigen) was 85% sensitive for all three foods, with
specificities of 80—85%. The sensitivities were strikingly
similar to those with the PST using the commercial
allergen extracts, which were the same as those used
for the BAT. There is no comment on the issue of non-
releasers by these authors. As they did not perform anti-
IgE control stimulations, any patients with unresponsive
basophils would simply be recorded as (potentially
false) negatives.
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The theoretical advantage of a biological test such as PST
or BA'T over specific [gE measurement for pollen-associ-
ated food allergy is in specificity. Since non-allergic
individuals, rather than non-food-allergic individuals
with pollen allergy, were used as controls by Erdmann
et al. [40], the clinical usefulness of the study is severely
compromised. The more pressing need for in-vitro test-
ing for food allergy generally, and especially for pollen-
associated food allergy, is for tests that discriminate cross-
reactivity from true allergy [41]. In this study [40] the
specificity was actually higher for the specific IgE testing.
As the authors conclude, “These data suggest that the
basophil activation test, like PST or allergen-specific IgE,
does not provide definitive information with regard to the
clinical relevance of sensitization.” [40].

A more recent study by Ebo and colleagues [42°°],
however, does provide some of that evidence — at least
in comparison with specific IgE. They addressed this
issue directly, comparing 29 birch-allergic patients who
had associated food allergy to apple with 22 birch-allergic
patients without food allergy. They also included 10
healthy control subjects, and for all individuals they
measured birch- and apple-specific IgE, performed
PST to fresh apple and performed CD63-based BAT
against apple extract. This design allowed the authors to
compare sensitivity and specificity for the diagnosis of
birch-associated apple allergy for each test in comparison
with either normal controls or birch-allergic patients
without associated apple allergy. Preliminary dose—
response experiments demonstrated that basophils from
birch-allergic patients would degranulate at high concen-
trations of apple extract [42°*]. Using an optimum aller-
gen concentration (1 pg/ml) and receiver—operator curve
analysis to define the best CD63 percentage cut-off
(17%), sensitivity and specificity for food and birch
allergy among birch-allergic individuals was 88% and
75% respectively. These were very similar to the values
with PST (88% and 80% respectively) and compared
favorably to the 30% specificity of specific IgE (sensi-
tivity 96%). In comparisons with normal controls, sensi-
tivity and specificity were both 100% (compared with
sensitivities of 88% for PST and 96% for IgE). There
were, however, three non-releasers (~10%), and if these
are factored in as false negatives, the sensitivities fall to
80% for comparison with birch-allergic, non-oral allergy
syndrome and 90% for comparison with normal controls.
Even accepting this limitation, these are superior to the
values obtained with measurement of specific IgE, and
suggest that BAT's may be an appropriate alternative or
complement to PST.

Also in 2005, Erdmann ¢z a/. [43°] published an update to
their use of the BAT for the diagnosis of pollen-associ-
ated food allergy — the first study to use recombinant food
allergens for basophil provocation. They recruited a total
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of 32 birch PST-positive patients, some of whom had
multiple food allergies, into three groups of 20 each with
clinical allergy (by history alone) to apple, carrot or celery.
T'en normal controls with no evidence of sensitization by
PST or specific IgE measurement were all negative by
BAT. For calculating sensitivity and specificity, however,
the authors appropriately compared results of BAT and
other tests against clinical history within their atopic
group. In other words, a patient with clinical allergy to
apple only served as a negative control for carrot and
celery. PST was performed by prick—prick with fresh
fruit or vegetable and was 100% sensitive for all allergens,
with specificities ranging from 64 to 91%. The sensitivity/
specificity of allergen-specific IgE were 60%/64% for
apple, 70%/86% for carrot and 75%/82% for celery.
CD63-based BAT was performed using a single concen-
tration of recombinant allergen for apple (Mal d 1), carrot
(Dau ¢ 1) or celery (Api g 1) that was determined by
preliminary dose—response experiments with allergic
individuals. Importantly, the authors did not report
dose—response experiments with pollen-allergic, non-
food-allergic controls. Given the findings of Ebo and
colleagues [42°°] discussed above, had they done so, they
may have been able to determine a concentration that
was maximally discriminating between the two groups.
Nevertheless, given that single recombinant allergens
were used, it is impressive that sensitivities were com-
parable with those of specific IgE testing. Recombinant
allergen BA'T was positive in 75% of apple- and carrot-
allergic patients, while the sensitivity for celery allergy
was 65%. Specificities were 68%, 77%, and 100% for
apple, carrot and celery respectively. The unexpectedly
high specificity of food allergen IgE testing in this patient
population undermined any improvement in specificity
from BAT (or PST).

Passive sensitization

Although not likely to become a routine diagnostic test,
passively sensitized basophils have been used to evaluate
functional characteristics of patient IgE. Two examples
of this in the context of food allergy are cited.

This approach was used here at the Jaffe Food Allergy
Institute at Mount Sinai to evaluate the functional differ-
ences of patient peanut-specific IgE. Using a peptide
microarray-based immunoassay, we identified patients
with highly diverse peanut allergen epitope recognition,
and passively sensitized non-peanut-allergic donor cells
without enrichment for basophils [44]. Basophil acti-
vation was then measured after provocation with peanut
antigen, by up-regulation of CD63. Figure 2 demon-
strates that passively sensitized cells acquired the
capacity to degranulate in response to peanut antigen.
"This response correlated well with histamine measured
in the supernatant (»=0.83; P < 0.001; not shown).
Consistent with the hypothesis that peanut-specific

Figure 2 Normal donor basophils can be passively sensitized to
react specifically to peanut allergen
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Ficoll-separated leukocytes were washed and placed in 96-well tissue
culture plates with complete serum-free medium with or without 30%
(v/v) patient serum for 1 h. Cells were then washed twice and stimulated
described in the legend to Fig. 1 in triplicate. Only cells pre-incubated
with serum from a peanut-allergic donor conferred sensitivity to peanut
allergen. Responses to anti-IgE were present regardless of prior sen-
sitization, as expected.

IgE recognizing many epitopes would have a greater
capacity for triggering activation, both atopic and non-
atopic donor cells degranulated more strongly when
sensitized with IgE from patients with high epitope
diversity (Fig. 3 and [44]). This was confirmed using
the rat basophilic leukemia cell line SX38, which had
been transfected with human FceR [45].

The second example comes from de LLeon and colleagues
[46], who used passively sensitized leukocytes with
affinity-purified peanut-specific patient antibody to test
for cross-reactivity to tree nuts. They used sera from two
individuals with peanut allergy and sensitization to
several tree nuts to passively sensitize non-peanut/tree-
nut-allergic donor cells. They concluded that peanut-
specific antibody can be functionally cross-reactive with
tree-nut allergens.
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Figure 3 Serum with high sequential epitope recognition (‘high diversity’) confers greater peanut-specific responsiveness
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Human Ficoll-separated leukocytes from a non-atopic (a) or atopic (b) non-peanut-allergic donors were sensitized with non-peanut-allergic sera (W),
‘low-diversity’ peanut-allergic sera (H), or ‘high-diversity’ peanut-allergic sera (A) and then stimulated with the indicated amounts of peanut (PN)

allergen. Responses to peanut allergen were significantly greater when

cells were sensitized with the high-diversity serum pool (P < 0.05 for atopic

donor; P < 0.001 for non-atopic donor; two-way ANOVA). No difference was seen in responses to stimulation with anti-IgE (not shown).

Systemic activation

Another potential use of monitoring basophil activation
status may be for assessment of allergic inflammation/
activation 7z vivo [47]. It has long been observed that a
substantial percentage of food-allergic patients are found
to have basophils that release histamine without in-vitro
provocation [5,6,39]. Interestingly, these patients do not
express high baseline levels of CD63 [39], although they
may be more sensitive to degranulation due to specific
and non-specific stimuli (W. Shreffler, unpublished

Figure 4 CD203c is an ex-vivo marker of basophil activation

observation). This is consistent with so-called piecemeal
degranulation, whereby granule contents are partially
released by wvesicle transport without extrusion of
granules [48]. If this is the case, one would predict that
the levels of vesicle-associated proteins, such as CD203c,
CD13 and CD164 (see above), would be up-regulated
at baseline.

We have, in fact, found that CD203c is expressed at very
high levels in patients with atopic dermatitis and food
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Three donors were subjected to a direct basophil activation assay using whole blood and optimal doses of anti-IgE, allergen or calcium ionophore in the
presence of 2 ng/ml human IL-3. Cells were stained with monoclonal antibodies to CD63, CD123 and HLA-DR (all from BD Biosciences) and
monoclonal antibody 97A6 against CD203 (Immunotech). Basophils were gated as CD123" HLA-DR™ cells, and were all CD203™. The percentage of
positive CD63 (lower panels) and CD203c mean fluorescence intensity (MFI; upper panels) are shown at 0.25, 1 and 3 h. (a) Non-releaser who had no
history of allergic disease and normal total IgE; (b) atopic dust-mite-allergic individual with no atopic dermatitis; (c) milk-allergic patient with atopic

dermatitis and milk-containing diet.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



232 Food allergy

allergy — the same patients reported previously as having
high levels of spontancous histamine production [5,6].
Figure 4 shows an example of the basophil phenotype of a
patient like this. This patient’s basophils also up-
regulated CD69 in response to IL.-3, as well as FceRI
cross-linking, more rapidly than those with lower baseline
CD203c expression (not shown).

In fact, Yoshimura ez a/. [21] have suggested CD69 as a
marker of basophil activation 7z vive. Using quantitative
flow cytometry, they found modestly higher baseline
expression of CD69 on basophils from atopic donors than
on those from non-atopic donors, but, more impressively,
they found that basophils in bronchoalveolar lavage fluid
expressed ~10-fold higher levels of CD69 than basophils
from the peripheral blood of the same patients.

Lastly, the B-subunit of human FceRI, which functions to
amplify receptor signal transduction [49], has been shown
to vary in its expression relative to that of FceRIa by 10-
fold in basophils from various donors, and IL.-3 induces
FceRIB expression [50]. Recently, the same group [51°°]
demonstrated that FceRIS protein and mRNA is up-
regulated following in-vivo (nasal) challenge with aller-
gen. They also found increased spontaneous IL-13
secretion from post-challenge basophil cultures, and this
is consistent with the reportedly higher IL-3-induced
IL.-13 secretion from atopic compared with non-atopic
donors [52]. The role of monomeric IgE, which is well
known to regulate FceRI expression [53], in the regula-
tion of other aspects of basophil activation status that
differentiate atopic and non-atopic individuals remains to
be elucidated.

These studies together suggest that the measurement of
basophil activation state, by surface marker, spontaneous
cytokine secretion or expression of FceRIB, may have
applications for monitoring in-vivo allergen exposure in
our patients.

Conclusion

Although a tremendous amount has been learned about
basophil activation, the assessment of basophil activation
as a clinical tool for the diagnosis of food allergy is still in
its infancy. It remains to be seen whether direct BAT's
will offer a diagnostic benefit, although they are likely to
prove comparable to PST's and may offer advantages such
as greater standardization of testing and utilization for
patients on anti-histamines. It is important to recognize
that the activation and secretory pathways of basophils
must be considered when choosing a surface marker-
based BAT for diagnosis of immediate hypersensitivity.
Monitoring the basophil activation state ex vivo for
patients with food allergy on various elimination diets
or following challenges with subjective or late reactions
may also prove be an important clinical tool, but much

work remains to apply this rapidly expanding knowledge
of basic science to the bedside.
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