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1  |  INTRODUCTION—­THE CHALLENGE: 
DETECTION OF ALLERGEN SPECIFICITY

The general understanding of the pathogenesis of allergic disease is 
high,1 and there are multiple forms of treatment, including allergen 
immunotherapy (AIT), which has been practiced for >100  years.2 
Although the key question of why some individuals mount a hyper-
sensitivity response to environmental proteins remains unanswered, 
the allergic response itself is well characterized. Due to what are pre-
sumed to be genetic and environmental triggers, an individual may 
mount an aberrant type 2 immune response and become allergen-
sensitized.3 This response is driven by type 2 T helper cells (Th2),4 

which subsequently skew the B-cell response toward the produc-
tion of IgE type antibodies (Figure 1).5 IgE binds with high affinity 
to Fcε receptors (FcεRI) on the immune effector cells: mast cells and 
basophils.6 Upon subsequent allergen exposure, allergen molecules 
are recognized by cell-bound IgE, inducing FcεRI cross-linking and 
cellular degranulation to release effector molecules that elicit the 
allergic symptoms (Figure 1).7

Detection of soluble allergen-specific IgE in an individual with 
clinical disease is typically regarded as the gold-standard for iden-
tification of allergen sensitization (reviewed in Ref. 8). Even though 
serum IgE correlates well with responses to allergen challenges,9 this 
has its limitations:
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Abstract
Over the past two decades, precision medicine has advanced diagnostics and treat-
ment of allergic diseases. Component-resolved analysis of allergen sensitization 
facilitates stratification of patients. Furthermore, new formulations of allergen im-
munotherapy (AIT) products can more effectively deliver the relevant components. 
Molecular insights from the identification of allergen component sensitization and 
clinical outcomes of treatment with new AIT formulations can now be utilized for a 
deeper understanding of the nature of the pathogenic immune response in allergy and 
how this can be corrected by AIT. Fundamental in these processes are the allergen-
specific B and T cells. Within the large B- and T-cell compartments, only those that 
specifically recognize the allergen with their immunoglobulin (Ig) or T-cell receptor 
(TCR), respectively, are of clinical relevance. With peripheral blood allergen-specific 
B- and T-cell frequencies below 1%, bulk cell analysis is typically insufficiently sensi-
tive. We here review the latest technologies to detect allergen-specific B and T cells, 
as well as new developments in utilizing these tools for diagnostics and therapy moni-
toring to advance precision medicine for allergic diseases.

K E Y WO RD S
allergen, B cell, basophil, flowcytometry, T cell, tetramer

www.wileyonlinelibrary.com/journal/all
mailto:﻿
https://orcid.org/0000-0003-4161-1919
https://orcid.org/0000-0001-7070-620X
https://orcid.org/0000-0001-9074-3710
https://orcid.org/0000-0002-7891-983X
https://orcid.org/0000-0002-3489-7595
mailto:menno.vanzelm@monash.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fall.15036&domain=pdf&date_stamp=2021-08-16


    | 3375van ZELM et al.

•	 Serum-specific IgE can be used to distinguish sensitized from 
non-sensitized individuals, but it is a marker that is only present 
after the development of a pathogenic response and can provide 
little if any information on the disease cause/origin;

•	 Serum-specific IgE persists following clinically successful treat-
ment with AIT. Thus, it cannot be used to obtain understanding of 
how this treatment modifies the pathogenic response or to moni-
tor clinical response.

Theoretically, detailed examination of the cells that form the 
basis of disease and those that mediate the effector response can 
provide a better understanding of the nature of the pathogenic re-
sponse and its modification following treatment.5,10,11 Specifically, 
these involve allergen-specific T and B cells, as well as mast cells and 
basophils that capture IgE (Figure 1).4,12 The challenge in studying 
these cells lies in the technologies that enable allergen-specific de-
tection, and in the case of B and T cells, the need for high-throughput 
analysis to facilitate detection of rare events.

We here review technological advancements that have enabled 
detailed examination of allergen-specific immune cells, how these 
have already provided new insights into disease pathology, treat-
ment evaluation, and differential diagnosis, and what is to be ex-
pected in the near future.

2  |  THE TARGETS:  SPECIFIC ANTIGEN 
RECEPTORS ON LYMPHOCYTES AND FCR-­
CAPTURED IG

T and B cells are defined by the expression of antigen receptors, 
that is, T-cell receptor (TCR) and B-cell receptor (BCR), the surface-
expressed variant of immunoglobulin (Ig).13 T helper (Th) cells are 
characterized by the expression of CD4, which acts as a co-receptor 
with the TCR to bind to major histocompatibility complex (MHC) 
class II molecules.14 MHC class II expression is restricted to immune 
cells, in particular monocytes, dendritic cells, and B cells, and pre-
sents peptides derived from foreign proteins (Figure  1).14 Human 
leukocyte antigens (HLA) corresponding to MHC class II are HLA-DP, 
HLA-DM, HLA-DOA, HLA-DOB, HLA-DQ, and HLA-DR. While for 
MHC class I, there is a dominant allele in the population worldwide 
(HLA-A*02; 29–46%), this is not the case for any MHC class II encod-
ing genes.15 As a result, there is a large inter-individual variation in 
HLA and the peptides that are presented. Each T cell expresses a 
TCR with distinct specificity, which results from genomic rearrange-
ment of V, D, and J genes in their TCR loci to create a unique first 
exon that encodes the variable domain.14 Typically, the TCR of Th 
cells is a heterodimer composed of a TCRα and TCRβ chain. Antigen-
recognition via the TCR requires co-stimulation of the CD28 recep-
tor to fully activate the T cell.14 Additional cytokine exposure can 
then drive the T-cell fate, with thymic stromal lymphopoietin (TSLP), 
IL-25, and IL-33 driving the Th2 fate.16

The BCR is composed of two identical Ig heavy (IgH) and two iden-
tical Ig light chains, and thus contains two identical antigen-binding 

sites. Similar to the TCR genes, the IGH as well as the IGK and IGL 
light chain loci undergo V(D)J recombination in progenitor B cells to 
create a functional receptor with unique specificity.17 In contrast to 
the TCR, the BCR does not require antigen presentation and can di-
rectly recognize linear or conformational epitopes in 3D structures, 
either in solution or on cell surfaces.18 In addition to the BCR signal, 
B cells require a co-signal for activation. This is typically provided 
by CD154 on Th cells that acts as a ligand for CD40 on B cells.19 
Cognate T-cell help is given by activated T cells that recognize pro-
cessed antigen presented in MHC class II by the B cell. Activated 
Th2 cells secrete IL-4 and IL-13 that skew Ig class switching toward 
IgE.20  The activated B cell will then differentiate into either IgE-
expressing memory B(mem) cells or IgE-secreting plasma cells.21

Serum IgE has a relatively short half-life (2–3 days).22 However, a 
large fraction of secreted IgE is captured by the high-affinity Fcε re-
ceptor (FcεRI) on mast cells and basophils where it can remain fixed 
for weeks.23 On these cells, IgE acts as a sensor for antigen, and 
when cross-linked, FcεRI induces signaling to activate the cell and 
induce degranulation to release inflammatory factors. Whereas each 
B cell only expresses surface Ig with the same specificity, the IgE 
molecules bound to FcεRI on the surface of a mast cell or basophil 
have a diverse range of specificities.

3  |  THE TECHNOLOGIES:  IN VITRO 
ACTIVATION VERSUS LABELED MHC AND 
PROTEIN “BAITS”

With the high repertoire diversity of T- and B-cell antigen recep-
tors (>1015),24 detection of those T and B cells directed against a 

Future Research Perspectives

•	 Allergen-specific B and T cells can provide highly specific 
biomarkers for predicting immunotherapy outcome.

•	 Flow cytometric detection of allergen sensitization 
on blood basophils (CytoBas) forms a rapid test for 
component-resolved and differential diagnosis of aller-
gen sensitization.

Major Milestone Discoveries

•	 Detection of allergen-specific T cells with fluores-
cently tagged recombinantly produced peptide-MHC 
multimers.

•	 Sensitive detection of allergen-specific B cells using 
double discrimination with two fluorescent allergen te-
tramer conjugates.

•	 Multiplex flow cytometric interrogation of surface IgE 
bound to FcεRI on blood basophils using fluorescent al-
lergen tetramers to better define allergen sensitization.
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single allergen can be challenging due to their low frequencies. This 
is also the case for the memory T- and B-cell compartments, which 
are already developed and diverse from early childhood.25 Thus, de-
tection of rare allergen-specific lymphocytes requires evaluation of 
large cell numbers and approaches to specifically label the cells of in-
terest. In the case of T cells, there are two technological approaches: 
in vitro stimulation with antigen or peptide, or labeling with peptide-
MHC (pMHC) multimers.

The first involves in vitro stimulation of peripheral blood mono-
nuclear cells (PBMC) with either whole allergen or immunodominant 
peptides (Figure 2A). Limiting dilution has traditionally been used to 
identify and amplify antigen-specific cells over several days in cul-
ture.26 ELISPOTs can then detect cytokine production for functional 
analysis.27 Using flowcytometry, dilution of a labeling dye such as 
carboxyfluorescein succinimidyl ester (CFSE) in combination with an 
activation marker (eg, CD25) can improve sensitivity and specific-
ity.28 Identification of markers that are upregulated shortly after ac-
tivation has enabled detection of antigen-specific T cells within 24 h. 
For this activation-induced markers (AIM) T-cell assay, a combination 

of surface markers can be used to detect antigen-specific CD4+ T 
cells (CD25, CD69, CD137, CD154, and/or OX40) and CD8+ T cells 
(CD25, CD69, CD107a, CD137, and/or OX40).29 These markers can 
be readily combined with intracellular cytokine staining for func-
tional analysis.29 Detection following in vitro activation has the 
advantage of applicability to all subjects, irrespective of their HLA 
types, because the allergens are presented by their own antigen-
presenting cells in the PBMC fraction. Furthermore, the activation 
enables detection of cytokine expression to delineate regulatory 
T cells (Treg) and various Th-cell subsets (Th1, Th2, Th17, and 
Th22).28,30 However, it can be a disadvantage that the cells are ma-
nipulated in vitro, as this might change their phenotype and relative 
numbers within the examined population, limiting absolute cell num-
ber quantification.

The second approach omits the need for in vitro stimulation 
by direct staining of T cells ex vivo with recombinant pMHC com-
plexes.31,32  Typically, recombinant MHC proteins are produced 
with a biotin label, followed by tetramerization to fluorochrome-
conjugated streptavidin for flowcytometric detection (Figure  2B). 

F IGURE  1 Specificity of immune cells and molecules in the allergic response. T- and B-cell activation: allergen presentation by dendritic 
cells (DC) to T cells via peptide-MHC class II – T-cell receptor (TCR) interactions with co-stimulation, esp. CD28 – CD80/86. Immune 
memory: Activated T helper (Th) cells provide cognate support for B-cell activation through CD40 – CD154. In an allergic response, Th cell 
differentiation is skewed toward Th2 with expression of CRTH2, IL-5, IL-9, and granzyme B (GzB). Furthermore, B cells are poised to IgE 
class switching. Effector cell degranulation: Soluble IgE binds to Fcε receptors on target cells: mast cells (MC) and basophils (BAS). Upon re-
exposure to the same allergen, it will bind to this cell-bound IgE and induce receptor cross-linking, cell activation and degranulation, with the 
release of inflammatory mediators
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These MHC tetramers can then be loaded with the peptide of choice 
and used as “bait” to fluorescently stain those T cells that recog-
nize the pMHC complex. Tetramerization is an important means to 
increase avidity, because TCR interaction with soluble pMHC has 
an inherently fast dissociation rate.33 Higher-order multimers in-
cluding five MHC molecules linked to a coiled-coil multimerization 
domain (pentamers), and six MHC molecules attached to a dextran 
backbone (dextramers) can provide more sensitive means to detect 
antigen-specific T cells with low-affinity TCRs.34

pMHC multimers have been widely utilized for the detection of 
antigen-specific CD8 T cells, with the major advantage being that a 
single allele, HLA-A*0201, is present in 29–46% of the population. 
This limits the variation in dominant CD8 T-cell epitopes between 
individuals. There is not such a prominent allele encoding an MHC 
II molecule.35 Therefore, even though the platform for class II MHC 
tetramers for detection of antigen-specific CD4 T cells is available,36 
uptake has been more restricted than for class I MHC tetramers. 
HLA II genotyping is often required to select the appropriate MHC II 
reagent and then identify the dominant epitope(s).37 In some cases, 
this can be addressed by selection of immunodominant epitopes that 
bind promiscuously to multiple HLA class II molecules (reviewed in 
Ref. 38). In addition to higher order multimers, engineered mutations 

in pMHC tetramers to enhance CD4 binding have been shown to out-
perform conventional tetramers for detection of antigen-specific T 
cells.39,40 Translation of these findings to reagents for human T-cell 
analysis could provide an alternative for increased pMHC valency40 
or could be used in combination with higher valencies.

There are pros and cons for both the in vitro activation and 
the pMHC multimer approach for allergen-specific T-cell detec-
tion.41 pMHC tetramer staining is highly specific, and on high-end 
instruments, multiple reagents can be included in a single analysis 
to detect and compare unique specificities. However, this approach 
is currently limited by sensitivity of detection,42 and the relatively 
high costs for pMHC multimers, especially when multiple reagents 
are combined. In contrast, the in vitro proliferation assay is not re-
stricted to certain HLA types, and through the use of peptide mixes 
or whole protein, the total pool of reactive CD4 and CD8 T cells can 
be quantified in a single assay.29 As a result, the reagent cost will be 
substantially lower. However, the experimental procedure is more 
labor intensive and requires optimization to limit background signals 
from bystander T-cell activation.

In contrast to the TCR, the BCR on B cells recognizes antigen 
without the need for presentation, and in the case of proteins, 
there may be linear or structural/discontinuous epitopes. Hence, for 

F IGURE  2 Detection of allergen specificity on immune cells. A. Activation-induced markers (AIM) on in vitro activated T cells. Following 
in vitro stimulation with allergen, several surface markers are specifically expressed on activated CD4+ Th cells. After 6–24 h, these 
include CD25, CD69, CD137, CD154, and OX40. After 3–6 days culture, CD25 and CD69 are still detectable, and allergen-specific cells 
can be identified on the basis of dilution of a cell-labeling dye. B. peptide-MHC and C. allergen tetramers for the detection of allergen-
specific T cells, B cells, and allergen sensitization on basophils. Schematics are shown for pMHC and allergen tetramers formed by targeted 
biotinylation and coupling to a fluorescently-labeled streptavidin. Abbreviations: TCR, T-cell receptor; Th, T helper cell; pMHCII, peptide-
MHC class II; and BAS, basophil
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initial studies of fluorescent detection of antigen-specific B cells in 
experimental animal models, phycoerythrin (PE) was used: a large 
protein complex with bright red-orange fluorescence.43 To achieve 
sensitive detection with smaller antigens, these were tetramerized: 
the influenza hemagglutinin protein, and mimetopes of dsDNA or 
phosphorylcholine.44,45 Furthermore, the availability of pMHC te-
tramers resulted in early adoption of detection of pMHC-specific B 
cells to examine alloantigen recognition.46 pMHC tetramers are re-
combinantly produced with a peptide tag for targeted biotinylation 
by enzymatic reaction (Figure 2B). This is advantageous as fluores-
cent labeling is facilitated through the peptide tag, which will avoid 
issues with epitope masking.47 Recombinant proteins with such a tag 
would theoretically be the best approach for generating B-cell tar-
gets (Figure 2C).48 However, as each target protein will be different, 
production of a recombinant protein with the same structure and 
post-translational modifications as the native protein can be a chal-
lenge. Alternatively, native proteins can be purified and then directly 
biotinylated with a chemical reaction.49,50 As biotinylation can po-
tentially result in epitope masking, this approach will require optimi-
zation through comparison of reactive moieties that target different 
specific amino acid functional groups (eg, amines on lysine, sulfhy-
dryls on cysteines, or carboxyls on aspartic and glutamic acids).51

By nature, surface Ig on B cells is capable of binding large mole-
cules.43 This includes fluorochromes such as PE and allophycocyanin 
(APC) that are commonly used for pMHC multimer reagents. With 

the frequencies of B cells binding to the same antigen being as low 
as 0.01–0.3%,48-50,52 it is critical to exclude fluorochrome-reactive 
from antigen-specific cells. A common approach is to incubate the 
cell mixture with two tetramer reagents of the target antigen cou-
pled to distinct fluorochromes, followed by electronic gating on the 
double positive events: “double discrimination” (Figure 3A).48-50,52 In 
practice, fluorochrome-specific events are less frequent for smaller 
chemical polymers, but not completely absent.48

4  |  RECENT INSIGHTS INTO ALLERGIC 
DISEASE PATHOGENESIS

The allergic response is associated with a skewed Th2 fate,53,54 and 
subsequent induction of B cells to Ig class switch to IgE (Figure 1). 
Long-lived T-cell and B-cell memory directed against the aller-
gen10,11 drives continued risk of hypersensitivity responses upon re-
encounter with the same allergen.

Th2>Th1  skewing in house dust mite (HDM) allergy was re-
cently confirmed through unbiased single-cell transcriptomics of 
CD154+ Th and CD154-CD137+ Treg cells following 6  h in vitro 
stimulation with HDM allergen peptides.55 In addition, a subset of 
IL-9–expressing Th2 cells was observed, consistent with an indepen-
dent study demonstrating that IL-9–producing Th cells are a subpop-
ulation of Th2 cells.56 Importantly, IL-9–producing Th2 cells express 

F IGURE  3 Applications of fluorescent allergen tetramers. A. Specific detection of allergen-specific B cells using the double discrimination 
approach. Staining of BUV395/BV711 Lol p 1 tetramers and BUV395/BV711 streptavidin on B cells (CD19+) and T cells (CD3+). Percentages 
indicate the proportions of double-positive events within total B or T cells. B. Detection of allergen sensitization on basophils with the 
CytoBas approach. Left plots depict CD45+SSCdim positive events with gates for CD123+IgE- plasmacytoid dendritic cells (pDC) and 
CD123+IgE+basophils. Right plots depict the expression levels of APC-conjugated Lol p 1 tetramers on pDC and basophils of a ryegrass 
pollen-allergic individual (top plot) and a non-allergic control (bottom plot)
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increased IL-5 and cytotoxicity molecules, such as granzyme B, sug-
gesting that their role in allergic asthma goes beyond the production 
of IL-9. Notably, in this study, there was no significant difference in 
expression of PTGDR2 that encodes CRTH2, a G-protein coupled 
receptor found on pathogenic Th2 cells.57 This could be due to in 
vitro stimulation affecting PTGDR2 expression or causing selective 
depletion of CRTH2+ T cells that tend to have a terminally differen-
tiated (CD27-) phenotype.58 This could illustrate the need to analyze 
critical markers on allergen-specific T cells using MHC tetramers 
without their expression being affected by in vitro stimulation.59,60

The reduced proportions of HDM-specific Th1 and Treg found 
in HDM-allergic individuals were shown to particularly involve cells 
expressing interferon-response (IFNR) signatures.55 These ThIFNR 
and TregIFNR subsets expressed TNFSF10 encoding TRAIL (tumor 
necrosis factor-related apoptosis-inducing ligand) that dampens Th 
cell activation.61 TRAIL expression could be a functional mechanism 
through which Th1 and Treg actively inhibit inflammatory responses 
in an allergen-specific manner.

A distinct subset of CD4+ T cells function to support B-cell 
responses in germinal centers.62  These follicular T helper cells 
(Tfh) are functionally diverse and can be detected in peripheral 
blood.63 Recently, it was found that in peanut-allergic patients, 
peanut-specific Tfh cells were enriched for an IL-4-, IL-5-, and IL-13-
producing subset.64 Although it remains unclear how or why these 
are generated, they are functionally equipped to support IgE B-cell 
responses,64 and will be a relevant target for disease identification 
and monitoring.

Similar to T cells, allergen-specific B cells can be detected in 
both allergic and non-allergic or tolerant subjects.52,65 In blood, 
single protein-specific memory B cells (Bmem) are rare (well below 
1% of total Bmem),52 and predominantly express IgG or IgA.65 
IgE-expressing Bmem cells are extremely scarce, and their level of 
surface Ig is 10–100 fold lower than for IgG- and IgA-expressing 
Bmem.21 Still, IgE-expressing Bmem are expanded in allergic dis-
ease10 and show molecular signs of enhanced affinity.21 Many IgE-
switched Bmem and plasma cells show molecular signs of Ig class 
switching via an IgG intermediate, suggesting that pathogenic IgE 
arises from IgG+ Bmem.66 Due to the low levels of surface IgE ex-
pression,21 IgE+ Bmem are presumed to be short-lived, and as a 
result, their repertoire is mainly maintained in the IgG+ Bmem com-
partment.67 These IgG+ Bmem show distinct Ig variable gene reper-
toires between allergic and tolerant individuals,65 implying that the 
epitope specificity and potentially immunophenotypes of these cells 
can be used as biomarkers for clinical status.

5  |  RECENT ADVANCES IN ALLERGEN 
IMMUNOTHERAPY

The repeated allergen exposure during AIT changes the immune 
profiles of patients with shifts toward Th1 and Treg cells,28,68 
which down-regulate the Th2 response,69 and drive generation of 
allergen-specific IgG4.50,70 These changes form the basis of immune 

tolerance.71 Crucially, the increase in serum IgG4 following AIT is 
specific for the administered allergen and does not extend to other 
specificities,72 demonstrating the need for identification of speci-
ficity of allergen sensitization for optimal selection of patients for 
immunotherapy.73

Allergen-specific immune cell measurements have provided 
multiple insights into the effects of immunotherapy. Following AIT 
for Alder pollen, Wambre et al. observed a preferential deletion of 
pathogenic CRTH2+CD27- allergen-specific CD4+ T cells.58 This was 
accompanied by IL-10 induction in CD27+ allergen-specific CD4+ T 
cells.58 These most likely include Treg cells, as more recently HDM 
AIT was shown to expand the proportions of Der p 1-specific Treg 
cells, with those expressing IL-10 remaining significantly increased 
after 3 years of AIT.68 AIT for grass pollen allergy was shown to sim-
ilarly induce Treg cells within 4 months, but required three 4-month 
courses over 3 seasons for shifting Th cytokine production from Th2 
toward Th1 and Treg.28 Furthermore, HDM AIT induced changes in 
the B-cell compartment with significantly higher frequencies of Der 
p 1-specific IgA+and IgG4+ Bmem cells, plasmablasts, and IL-10+ 
regulatory B cells (Breg).50

With AIT strategies for food allergens being less well-established 
than for aeroallergens and insect venoms, allergen-specific immune 
cell measurements are instrumental in obtaining early and objective 
markers for successful outcomes. Sublingual immunotherapy with 
recombinant Mal d 1 (the Bet v 1-homologue in apple) downregu-
lated allergen-specific T-cell proliferation and IL-4 transcript expres-
sion.30 Furthermore, oral AIT for peanut allergy was shown to induce 
dynamic changes in the immune system. Using Ara h 2 peptide-
MHCII dextramers, Wang et al showed increased TGFβ production 
in allergen-specific Th cells.74 Adjunctive anti-IgE (omalizumab) 
treatment enables rapid multifood oral immunotherapy and has 
been shown to reduce circulating IL-4+ peanut-specific Th cells.75 
In addition, the frequencies of peanut-specific CD8+ and TCRγδ+ T 
cells were reduced,75 suggesting reduced capacity of these inflam-
matory cells to migrate to the gastrointestinal tract.

Using fluorescent Ara h 2 allergen tetramers, Patil et al. showed 
a transient increase in allergen-specific Bmem in peanut-allergic in-
dividuals after 7 weeks of oral AIT.76 These Bmem predominantly ex-
pressed IgG and IgA with highly mutated variable regions. It will be 
of interest to identify whether their subsequent decline is important 
for tolerance and potentially the result of differentiation into IgA- 
and IgG-producing plasma cells.

In addition to variations in AIT administration, different formula-
tions of AIT are being trialed. One approach is that of peptides rep-
resenting T-cell epitopes without B-cell epitopes to minimize the risk 
of adverse reactions.77-80 As intended, Bet v 1 peptide cocktails suc-
cessfully adjusted the T-cell compartment of birch pollen-allergic in-
dividuals with increased proportions of Treg cells.81 Furthermore, Fel 
d 1 peptide immunotherapy has been shown to adjust the CRTH2+ 
T-cell compartment in cat allergy.59 The main question that remains is 
whether peptide AIT will lead to changes in the B-cell compartment 
and if these changes are needed for sustained effects. Another means 
to overcome adverse reactions to AIT is by chemical modification of 
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allergens. Such allergoids, generated by formaldehyde or glutaralde-
hyde treatment, can disrupt structural (B-cell) epitopes, while retaining 
linear T-cell epitopes.82 Patients treated with glutaraldehyde-treated 
birch pollen extract showed clinical improvement and increased Treg 
cells with a transient increase in specific IgG4,82 thus illustrating the 
potential of such modified AIT products.

6  |  FUTURE PROSPECTS

As a complex laboratory approach, the applications of allergen-
specific T- and B-cell detection were limited in the first 15 years of 
this millennium. With advances in multi-color flowcytometry and 
standardized protocols for T-cell activation and MHC and antigen 
tetramer preparation, the past few years have seen a rapid uptake. 
Importantly, there is a convergence in the methods for activation 
and detection of activated T cells, now commonly called an “AIM 
assay.” Furthermore, sensitive detection of T cells with pMHC has 
been improved with commercially available pentamers and dex-
tramers. Finally, the use of small chemical polymer fluorochromes 
and double discrimination strategies has improved the detection of 
antigen-specific B cells. These improvements and convergence in 
approaches will be critical to drive the generation of new insights. 
Importantly, this is needed to differentiate common and unique as-
pects of allergic disease pathogenesis, as well as detection of those 
effects of immunotherapy that confer durable clinical benefits. 
Only through highly specific detection of the pathogenic, allergen-
specific cells, can these be optimally assessed for the expression of 
unique molecules.

The application of recombinant allergen tetramers transcends 
the detection of B cells. By virtue of polyclonal IgE binding with high-
affinity FcεRI, blood basophils can be a target cell for evaluation of 
allergen sensitization (Figures 2C and 3B).83 A recent study from our 
group demonstrated nearly 100% positive predictive values for the 
detection of sensitization to bee venom and ryegrass pollen using 
fluorescent allergen tetramers.84 With clinical flowcytometers cur-
rently having 10–12 fluorescent parameters, multiplex detection is 
possible with 8–10 allergen components in combination with IgE 
and CD123 as basophil markers. Without the need for basophil ac-
tivation,85 cytometric detection of allergen sensitization on blood 
basophils (CytoBas) can be performed on fresh and frozen PBMC 
in a standard pathology laboratory.84  Targeted panels of allergen 
components would be more cost-effective than large-scale array 
technologies. Furthermore, serum IgG can easily be washed away 
from cells, thereby not interfering with detection as seen for serum 
IgE tests.86 Thus, the novel CytoBas assay84 could bring precision 
medicine with differential and/or component-resolved diagnosis of 
allergen sensitization87 one step closer to reality.

ACKNOWLEDGEMENTS
The authors are grateful to Anna Głobińska, Graphics Editor of 
Allergy for excellent Figure design. Supported by an NHMRC Senior 
Research Fellowship (GNT1117687; MCvZ), an NHMRC Ideas grant 

(GNT2000773; MCvZ, ROH), and a young investigator fellowship 
from the Central Clinical School of Monash University (CIM).

CONFLICTS OF INTEREST
MCvZ and ROH are inventors on a patent application related to this 
work. All the other authors declare no conflict of interest.

ORCID
Menno C. van Zelm   https://orcid.org/0000-0003-4161-1919 
Craig I. McKenzie   https://orcid.org/0000-0001-7070-620X 
Nirupama Varese   https://orcid.org/0000-0001-9074-3710 
Jennifer M. Rolland   https://orcid.org/0000-0002-7891-983X 
Robyn E. O’Hehir   https://orcid.org/0000-0002-3489-7595 

REFERENCES
	 1.	 Breiteneder H, Diamant Z, Eiwegger T, et al. Future research trends 

in understanding the mechanisms underlying allergic diseases for 
improved patient care. Allergy. 2019;74(12):2293-2311.

	 2.	 Paoletti G, DiBona D, Chu DK, et al. Allergen immunotherapy: the 
growing role of observational and randomisedtrial "Real-World 
Evidence". Allergy. 2021;76(9):2663-2672.

	 3.	 Han X, Krempski JW, Nadeau K. Advances and novel de-
velopments in mechanisms of allergic inflammation. Allergy. 
2020;75(12):3100-3111.

	 4.	 van Zelm MC, McKenzie CI, Varese N, Rolland JM, O'Hehir RE. 
Recent developments and highlights in immune monitoring of aller-
gen immunotherapy. Allergy. 2019;74(12):2342-2354.

	 5.	 Satitsuksanoa P, Daanje M, Akdis M, Boyd SD, van de Veen W. 
Biology and dynamics of B cells in the context of IgE-mediated food 
allergy. Allergy. 2021;76(6):1707-1717.

	 6.	 Shamji MH, Valenta R, Jardetzky T, et al. The role of allergen-
specific IgE, IgG and IgA in allergic disease. Allergy. 2021. https://
doi.org/10.1111/all.14908. [Online ahead of print]

	 7.	 Dahlin JS, Maurer M, Metcalfe DD, Pejler G, Sagi-Eisenberg R, 
Nilsson G. The ingenious mast cell: Contemporary insights into mast 
cell behavior and function. Allergy. 2021. https://doi.org/10.1111/
all.14881. [Online ahead of print]

	 8.	 Shamji MH, Kappen JH, Akdis M, et al. Biomarkers for monitoring 
clinical efficacy of allergen immunotherapy for allergic rhinocon-
junctivitis and allergic asthma: an EAACI Position Paper. Allergy. 
2017;72(8):1156-1173.

	 9.	 Hsu C, Yong M, Pozin J, Makhija M, Singh AM. Clinical predictors 
and outcomes of oral food challenges illustrate differences among 
individual tree nuts. J Allergy Clin Immunol Pract. 2021. https://doi.
org/10.1016/j.jaip.2021.05.035. [Online ahead of print]

	10.	 Heeringa JJ, Rijvers L, Arends NJ, et al. IgE-expressing memory B 
cells and plasmablasts are increased in blood of children with asthma, 
food allergy, and atopic dermatitis. Allergy. 2018;73(6):1331-1336.

	11.	 Looman KIM, van Meel ER, Grosserichter-Wagener C, et al. 
Associations of Th2, Th17, Treg cells, and IgA(+) memory B cells 
with atopic disease in children: The Generation R Study. Allergy. 
2020;75(1):178-187.

	12.	 Yu ED, Westernberg L, Grifoni A, et al. B cells modulate mouse 
allergen-specific T cells in nonallergic laboratory animal-care work-
ers. JCI Insight 2021;6(4):e145199.

	13.	 Garcia KC. Dual arms of adaptive immunity: Division of Labor and 
Collaboration between B and T Cells. Cell 2019;179(1):3-7.

	14.	 den Haan JM, Arens R, van Zelm MC. The activation of the adap-
tive immune system: Cross-talk between antigen-presenting cells, 
T cells and B cells. Immunol Lett. 2014;162(2):103-112.

	15.	 Lemieux W, Mohammadhassanzadeh H, Klement W, Daniel C, 
Sapir-Pichhadze R. Matchmaker, matchmaker make me a match: 

 13989995, 2021, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15036 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-4161-1919
https://orcid.org/0000-0003-4161-1919
https://orcid.org/0000-0001-7070-620X
https://orcid.org/0000-0001-7070-620X
https://orcid.org/0000-0001-9074-3710
https://orcid.org/0000-0001-9074-3710
https://orcid.org/0000-0002-7891-983X
https://orcid.org/0000-0002-7891-983X
https://orcid.org/0000-0002-3489-7595
https://orcid.org/0000-0002-3489-7595
https://doi.org/10.1111/all.14908
https://doi.org/10.1111/all.14908
https://doi.org/10.1111/all.14881
https://doi.org/10.1111/all.14881
https://doi.org/10.1016/j.jaip.2021.05.035
https://doi.org/10.1016/j.jaip.2021.05.035


    | 3381van ZELM et al.

Opportunities and challenges in optimizing compatibility of HLA 
eplets in transplantation. Int J Immunogenet. 2021;48(2):135-144.

	16.	 Akdis CA, Arkwright PD, Bruggen MC, et al. Type 2 immunity in the 
skin and lungs. Allergy. 2020;75(7):1582-1605.

	17.	 Berkowska MA, van der Burg M, van Dongen JJ, van Zelm MC. 
Checkpoints of B cell differentiation: visualizing Ig-centric pro-
cesses. Ann N Y Acad Sci. 2011;1246:11-25.

	18.	 LeBien TW, Tedder TF. B lymphocytes: how they develop and func-
tion. Blood. 2008;112(5):1570-1580.

	19.	 Cyster JG, Allen CDC. B cell responses: Cell interaction dynamics 
and decisions. Cell. 2019;177(3):524-540.

	20.	 Wade-Vallance AK, Allen CDC. Intrinsic and extrinsic regulation of 
IgE B cell responses. Curr Opin Immunol. 2021;72:221-229.

	21.	 Berkowska MA, Heeringa JJ, Hajdarbegovic E, et al. Human IgE(+) 
B cells are derived from T cell-dependent and T cell-independent 
pathways. J Allergy Clin Immunol. 2014;134(3):688-697.

	22.	 Lawrence MG, Woodfolk JA, Schuyler AJ, Stillman LC, Chapman 
MD, Platts-Mills TA. Half-life of IgE in serum and skin: Consequences 
for anti-IgE therapy in patients with allergic disease. J Allergy Clin 
Immunol. 2017;139(2):422-428.

	23.	 MacGlashan D Jr. IgE and FcepsilonRI regulation. Clin Rev Allergy 
Immunol. 2005;29(1):49-60.

	24.	 Schroeder HW Jr. Similarity and divergence in the development 
and expression of the mouse and human antibody repertoires. Dev 
Comp Immunol. 2006;30(1–2):119-135.

	25.	 van den Heuvel D, Jansen MAE, Nasserinejad K, et al. Effects of 
nongenetic factors on immune cell dynamics in early childhood: The 
Generation R Study. J Allergy Clin Immunol. 2017;139(6):1923-1934.

	26.	 Waldmann H, Lefkovits I, Quintans J. Limiting dilution analysis of 
helper T-cell function. Immunology. 1975;28(6):1135-1148.

	27.	 Prickett SR, Voskamp AL, Dacumos-Hill A, Symons K, Rolland JM, 
O'Hehir RE. Ara h 2 peptides containing dominant CD4+ T-cell 
epitopes: candidates for a peanut allergy therapeutic. J Allergy Clin 
Immunol. 2011;127(3):608-615.

	28.	 Heeringa JJ, McKenzie CI, Varese N, et al. Induction of IgG2 and 
IgG4 B-cell memory following sublingual immunotherapy for rye-
grass pollen allergy. Allergy. 2020;75(5):1121-1132.

	29.	 Bowyer G, Rampling T, Powlson J, et al. Activation-induced Markers 
Detect Vaccine-Specific CD4(+) T Cell Responses Not Measured 
by Assays Conventionally Used in Clinical Trials. Vaccines (Basel) 
2018;6(3):50.

	30.	 Kitzmuller C, Jahn-Schmid B, Kinaciyan T, Bohle B. Sublingual 
immunotherapy with recombinant Mal d 1 downregulates the 
allergen-specific Th2 response. Allergy. 2019;74(8):1579-1581.

	31.	 Altman JD, Moss PA, Goulder PJ, et al. Phenotypic analysis of 
antigen-specific T lymphocytes. Science. 1996;274(5284):94-96.

	32.	 Kwok WW, Roti M, Delong JH, et al. Direct ex vivo analy-
sis of allergen-specific CD4+ T cells. J Allergy Clin Immunol. 
2010;125(6):1407-1409.

	33.	 Corr M, Slanetz AE, Boyd LF, et al. T cell receptor-MHC class I 
peptide interactions: affinity, kinetics, and specificity. Science. 
1994;265(5174):946-949.

	34.	 Dolton G, Zervoudi E, Rius C, et al. Optimized Peptide-MHC 
Multimer Protocols for Detection and Isolation of Autoimmune T-
Cells. Front Immunol. 2018;9:1378.

	35.	 Hurley CK, Kempenich J, Wadsworth K, et al. Common, intermedi-
ate and well-documented HLA alleles in world populations: CIWD 
version 3.0.0. HLA. 2020;95(6):516-531.

	36.	 Crawford F, Kozono H, White J, Marrack P, Kappler J. Detection of 
antigen-specific T cells with multivalent soluble class II MHC cova-
lent peptide complexes. Immunity. 1998;8(6):675-682.

	37.	 James EA, Bui J, Berger D, Huston L, Roti M, Kwok WW. Tetramer-
guided epitope mapping reveals broad, individualized repertoires of 
tetanus toxin-specific CD4+ T cells and suggests HLA-based differ-
ences in epitope recognition. Int Immunol. 2007;19(11):1291-1301.

	38.	 Prickett SR, Rolland JM, O'Hehir RE. Immunoregulatory T cell epi-
tope peptides: the new frontier in allergy therapy. Clin Exp Allergy. 
2015;45(6):1015-1026.

	39.	 Dileepan T, Malhotra D, Kotov DI, et al. MHC class II tetramers engi-
neered for enhanced binding to CD4 improve detection of antigen-
specific T cells. Nat Biotechnol. 2021. https://doi.org/10.1038/
s4158​7-021-00893​-9. [Online ahead of print]

	40.	 Sugata K, Matsunaga Y, Yamashita Y, et al. Affinity-matured HLA 
class II dimers for robust staining of antigen-specific CD4(+) T cells. 
Nat Biotechnol. 2021;39(8):958-967. 

	41.	 Van Hemelen D, Mahler V, Fischer G, et al. HLA class II peptide 
tetramers vs allergen-induced proliferation for identification of 
allergen-specific CD4 T cells. Allergy. 2015;70(1):49-58.

	42.	 Cecconi V, Moro M, Del Mare S, Dellabona P, Casorati G. Use of 
MHC class II tetramers to investigate CD4+ T cell responses: prob-
lems and solutions. Cytometry A. 2008;73(11):1010-1018.

	43.	 Hayakawa K, Ishii R, Yamasaki K, Kishimoto T, Hardy RR. Isolation of 
high-affinity memory B cells: phycoerythrin as a probe for antigen-
binding cells. Proc Natl Acad Sci U S A. 1987;84(5):1379-1383.

	44.	 Doucett VP, Gerhard W, Owler K, Curry D, Brown L, Baumgarth N. 
Enumeration and characterization of virus-specific B cells by multi-
color flow cytometry. J Immunol Methods. 2005;303(1–2):40-52.

	45.	 Newman J, Rice JS, Wang C, Harris SL, Diamond B. Identification 
of an antigen-specific B cell population. J Immunol Methods. 
2003;272(1–2):177-187.

	46.	 Mulder A, Eijsink C, Kardol MJ, et al. Identification, isolation, and 
culture of HLA-A2-specific B lymphocytes using MHC class I te-
tramers. J Immunol. 2003;171(12):6599-6603.

	47.	 Koren A, Lunder M, Molek P, et al. Fluorescent labeling of major 
honeybee allergens Api m 1 and Api m 2 with quantum dots and 
the development of a multiplex basophil activation test. Allergy. 
2020;75(7):1753-1756.

	48.	 Hartley GE, Edwards ESJ, Aui PM, et al. Rapid generation of durable 
B cell memory to SARS-CoV-2 spike and nucleocapsid proteins in 
COVID-19 and convalescence. Sci Immunol. 2020;5(54):eabf8891.

	49.	 Boonpiyathad T, Meyer N, Moniuszko M, et al. High-dose bee 
venom exposure induces similar tolerogenic B-cell responses in al-
lergic patients and healthy beekeepers. Allergy. 2017;72(3):407-415.

	50.	 Boonpiyathad T, van de Veen W, Wirz O, et al. Role of Der p 
1-specific B cells in immune tolerance during 2 years of house 
dust mite-specific immunotherapy. J Allergy Clin Immunol. 
2019;143(3):1077-1086.

	51.	 Kay BK, Thai S, Volgina VV. High-throughput biotinylation of pro-
teins. Methods Mol Biol. 2009;498:185-196.

	52.	 Hoh RA, Joshi SA, Liu Y, et al. Single B-cell deconvolution of 
peanut-specific antibody responses in allergic patients. J Allergy 
Clin Immunol. 2016;137(1):157-167.

	53.	 Hong HY, Chen FH, Sun YQ, et al. Local IL-25 contributes 
to Th2-biased inflammatory profiles in nasal polyps. Allergy. 
2018;73(2):459-469.

	54.	 Aron JL, Akbari O. Regulatory T cells and type 2 innate lymphoid 
cell-dependent asthma. Allergy. 2017;72(8):1148-1155.

	55.	 Seumois G, Ramirez-Suastegui C, Schmiedel BJ, et al. Single-cell 
transcriptomic analysis of allergen-specific T cells in allergy and 
asthma. Sci Immunol. 2020;5(48):eaba6087.

	56.	 Micosse C, von Meyenn L, Steck O, et al. Human "TH9" cells 
are a subpopulation of PPAR-gamma(+) TH2 cells. Sci Immunol. 
2019;4(31):eaat5943.

	57.	 Wambre E, Bajzik V, DeLong JH, et al. A phenotypically and func-
tionally distinct human TH2 cell subpopulation is associated with 
allergic disorders. Sci Transl Med. 2017;9(401):eaam9171.

	58.	 Wambre E, DeLong JH, James EA, LaFond RE, Robinson D, Kwok 
WW. Differentiation stage determines pathologic and protective 
allergen-specific CD4+ T-cell outcomes during specific immuno-
therapy. J Allergy Clin Immunol. 2012;129(2):544-551.

 13989995, 2021, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15036 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41587-021-00893-9
https://doi.org/10.1038/s41587-021-00893-9


3382  |    van ZELM et al.

	59.	 Rudulier CD, Tonti E, James E, Kwok WW, Larche M. Modulation 
of CRTh2 expression on allergen-specific T cells following peptide 
immunotherapy. Allergy. 2019;74(11):2157-2166.

	60.	 Birrueta G, Tripple V, Pham J, et al. Peanut-specific T cell re-
sponses in patients with different clinical reactivity. PLoS One 
2018;13(10):e0204620.

	61.	 Chyuan IT, Tsai HF, Wu CS, Hsu PN. TRAIL suppresses gut inflam-
mation and inhibits colitogeic T-cell activation in experimental 
colitis via an apoptosis-independent pathway. Mucosal Immunol. 
2019;12(4):980-989.

	62.	 Crotty S. T follicular helper cell differentiation, function, and roles 
in disease. Immunity. 2014;41(4):529-542.

	63.	 Schmitt N, Ueno H. Blood Tfh cells come with colors. Immunity. 
2013;39(4):629-630.

	64.	 Gowthaman U, Chen JS, Zhang B, et al. Identification of a T fol-
licular helper cell subset that drives anaphylactic IgE. Science. 
2019;365(6456):eaaw6433.

	65.	 Ehlers AM, den Hartog Jager CF, Knulst AC, Otten HG. Distinction 
between peanut allergy and tolerance by characterization of B cell 
receptor repertoires. Allergy. 2021;76(9):2753-2764.

	66.	 Asrat S, Kaur N, Liu X, et al. Chronic allergen exposure drives accu-
mulation of long-lived IgE plasma cells in the bone marrow, giving 
rise to serological memory. Sci Immunol. 2020;5(43):eaav8402.

	67.	 Saunders SP, Ma EGM, Aranda CJ, Curotto de Lafaille MA. Non-
classical B Cell Memory of Allergic IgE Responses. Front Immunol. 
2019;10:715.

	68.	 Boonpiyathad T, Sokolowska M, Morita H, et al. Der p 1-specific 
regulatory T-cell response during house dust mite allergen immu-
notherapy. Allergy. 2019;74(5):976-985.

	69.	 Ihara F, Sakurai D, Yonekura S, et al. Identification of specifically 
reduced Th2 cell subsets in allergic rhinitis patients after sublingual 
immunotherapy. Allergy. 2018;73(9):1823-1832.

	70.	 Bachmann MF, Kundig TM. Allergen-specific immunotherapy: is it 
vaccination against toxins after all? Allergy. 2017;72(1):13-23.

	71.	 Akdis CA, Akdis M. Advances in allergen immunotherapy: 
Aiming for complete tolerance to allergens. Sci Transl Med. 
2015;7(280):280ps6.

	72.	 Wagenmann M, Worm M, Akboga Y, Karjalainen M, Hohlfeld JM. 
Randomized immunotherapy trial in dual-allergic patients using 
"active allergen placebo" as control. Allergy. 2019;74(8):1480-1489.

	73.	 Durham SR. The allergen specificity of allergen immunotherapy-
doubt no more. Allergy. 2019;74(11):2054-2056.

	74.	 Wang W, Lyu SC, Ji X, et al. Transcriptional changes in peanut-
specific CD4+ T cells over the course of oral immunotherapy. Clin 
Immunol. 2020;219:108568.

	75.	 Manohar M, Dunham D, Gupta S, et al. Immune changes beyond 
Th2 pathways during rapid multifood immunotherapy enabled with 
omalizumab. Allergy. 2021;76(9):2809-2826.

	76.	 Patil SU, Ogunniyi AO, Calatroni A, et al. Peanut oral immunother-
apy transiently expands circulating Ara h 2-specific B cells with a 
homologous repertoire in unrelated subjects. J Allergy Clin Immunol. 
2015;136(1):125-134.

	77.	 Mösges R, Koch AF, Raskopf E, et al. Lolium perenne peptide immu-
notherapy is well tolerated and elicits a protective B-cell response 
in seasonal allergic rhinitis patients. Allergy. 2018;73(6):1254-1262.

	78.	 Shamji MH, Ceuppens J, Bachert C, et al. Lolium perenne pep-
tides for treatment of grass pollen allergy: A randomized, double-
blind, placebo-controlled clinical trial. J Allergy Clin Immunol. 
2018;141(1):448-451.

	79.	 Sharif H, Singh I, Kouser L, et al. Immunologic mechanisms of a 
short-course of Lolium perenne peptide immunotherapy: A ran-
domized, double-blind, placebo-controlled trial. J Allergy Clin 
Immunol. 2019;144(3):738-749.

	80.	 Huang HJ, Curin M, Banerjee S, et al. A hypoallergenic peptide mix 
containing T cell epitopes of the clinically relevant house dust mite 
allergens. Allergy. 2019;74(12):2461-2478.

	81.	 Gajdanowicz P, Van Elst D, Smolinska S, et al. The frequency of CD4 
+ CD25 + FoxP3 + CD127 - cells in Bet v 1 contiguous overlapping 
peptide immunotherapy as a putative marker of efficacy. Allergy. 
2020;75(10):2685-2686.

	82.	 Rauber MM, Wu HK, Adams B, et al. Birch pollen allergen-specific 
immunotherapy with glutaraldehyde-modified allergoid in-
duces IL-10 secretion and protective antibody responses. Allergy. 
2019;74(8):1575-1579.

	83.	 Santos AF, Alpan O, Hoffmann HJ. Basophil activation test: 
Mechanisms and considerations for use in clinical trials and clinical 
practice. Allergy. 2021;76(8):2420-2432.

	84.	 McKenzie CI, Varese N, Aui PM, et al. CytoBas: Precision 
component-resolved diagnostics for allergy using flow cytometric 
staining of basophils with recombinant allergen tetramers. Allergy. 
2021;76(10):3028-3040.

	85.	 Behrends J, Schwager C, Hein M, Scholzen T, Kull S, Jappe U. 
Innovative robust basophil activation test using a novel gating 
strategy reliably diagnosing allergy with full automation. Allergy. 
2021. https://doi.org/10.1111/all.14900. [Online ahead of print]

	86.	 Sereme Y, Casanovas N, Michel M, et al. IgG removal significantly 
enhances detection of microarray allergen-specific IgE reactivity in 
patients’ serum. Allergy. 2021;76(1):395-398.

	87.	 Barber D, Diaz-Perales A, Escribese MM, et al. Molecular allergol-
ogy and its impact in specific allergy diagnosis and therapy. Allergy. 
2021. https://doi.org/10.1111/all.14969. [Online ahead of print]

How to cite this article: van Zelm MC, McKenzie CI, Varese 
N, Rolland JM, O’Hehir RE. Advances in allergen-specific 
immune cell measurements for improved detection of allergic 
sensitization and immunotherapy responses. Allergy. 
2021;76:3374–3382. https://doi.org/10.1111/all.15036

 13989995, 2021, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15036 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/all.14900
https://doi.org/10.1111/all.14969
https://doi.org/10.1111/all.15036

