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Opinion statement

Most investigations aiming to identify biomarkers (BMKs) have focused on immuno-
logical changes reflecting our understanding of allergen-specific immunotherapy
(AIT) mechanisms of action. The upregulation of allergen-specific regulatory CD4+ T
cells, the downregulation or anergy of Th2 cells, the induction of specific “blocking”
IgG4s, and the decrease of basophil activation are all thought to contribute to AIT
efficacy. To this date, however, none of these immunological alterations can be used
to predict AIT efficacy. Changes in the blood at the level of dendritic cells (DCs)
reflecting the induction of regulatory DCs concomitantly with a downregulation of pro-
allergic DC2s are the only parameters which have been correlated at an individual
patient level with AIT efficacy. In this context, the search for BMKs should be extended
beyond currently existing boundaries.
To this aim, the combined use of “Omics” technologies, encompassing comprehen-
sive genome, transcriptome and proteome-wide analyses, is being implemented to
compare biological samples obtained from clinical responders and non-responders.
Such a non-hypothesis driven approach, referred to as the “panorOmic” view, will
lead to the discovery of completely novel molecules. In order to predict the
patient’s specific response to AIT, future BMKs will likely emerge as algorithms
combining information on the patient’s disease, as well as his/her immune status
and exposome.

http://crossmark.crossref.org/dialog/?doi=10.1007/s40521-017-0113-9&domain=pdf


Introduction

AIT addresses the cause of the disease by reorienting
inappropriate Th2 immune responses to allergens toward
a Th1/regulatory T cell profile [1–3]. As a consequence,
AIT is the only approach altering the natural evolution of
type I allergic diseases (involving food, venom, or aero-
allergens), in contrast to pharmacological treatment [4–
6]. Immunotherapy is being commonly performed via
either the subcutaneous or sublingual route, with other
exploratory routes of immunization (e.g., epicutaneous,
intradermal, intralymphatic, oral…) being currently in-
vestigated not only to treat respiratory allergies, but also
in new clinical indications such as allergic asthma, food
allergies, and atopic dermatitis [7, 8].

The search for BMKs reflects a trend toward stratified
or precision medicine, in which patients are classified
based upon their distinctive biological characteristics in

order to apply treatments tailored to their disease or
physiology. This new patient-centric approach departing
from the previously prevailing “one drug fits all” credo
relies upon an integrated use of diagnostic and thera-
pies, which may even imply a co-development of a
companion diagnostic with the targeted therapy [9,
10••, 11].

Biomarkers are defined by The National Institutes of
Health Biomarkers DefinitionsWorking Group as “char-
acteristics that are objectivelymeasured and evaluated as
an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic
intervention” [12•]. Allergen immunotherapy could
benefit from various types of BMKs in relationship with
efficacy or safety (Table 1). When available, such BMKs
should both improve the patient’s compliance to

Table 1. BMKs useful for allergen immunotherapy

Types of marker Applications Examples
Diagnostic/pronostic • To stratify patients based on disease severity

and/or risk of progression.
• Patterns of IgE sensitization
(allergic rhinoconjunctivitis or asthma).

• Markers in breath condensate to predict
risk of asthma exacerbation.

Predictive
of AIT safety

• To select before treatment patients more likely
to exhibit serious adverse events during AIT.

• To reduce risk and/or severity of adverse events.

• Patterns of IgE sensitization
(LTPs, Ara h 2).

• Tryptase (follow-up of anaphylaxis) or PDG2
(risk of systemic reaction) levels in serum.

Predictive
of AIT efficacy

• To select before treatment patients more likely
to benefit for AIT.

• To reduce the size of the cohort needed for clinical
development.
• To increase the cost-effectiveness of AIT.

• High levels of specific IgEs relative to total
IgEs.

• High blood basophil responsiveness to the
allergen(s).
• High level of sialyl fetuin A in the blood
(grass pollen-allergic patients receiving
SLIT).

Follow-up
of AIT efficacy

• To confirm or not the early onset of efficacy after
few weeks of AIT by documenting whether immune
protection has been reached.

• To adjust AIT modalities (e.g., dosing,
immunization scheme).
• To support decision to pursue or stop AIT.
• To confirm lasting protection after stopping
AIT (supporting decision to resume or not AIT).
• To improve patient compliance.

• ↗ Tregs, ↗ Th1, ↘ Th2 (correlation with
clinical
benefit at a cohort level).

• ↗ DCregs, ↘ DC2s (correlation with clinical
benefit
at an individual patient level).
• ↘ IgE, ↗ IgG4, ↗ IgA, ↗ blocking antibodies
(correlation with clinical benefit at a cohort
level).
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treatment, support decision-making by the physician
before, during and after AIT and guide manufacturers
during development [13•]. The performance of a BMK
should thus be assessed in part in terms of health eco-
nomics that is looking for evidence that it carries a
positive cost-benefit value.

Herein, I review the status of BMKs associated with
AIT efficacy, with a focus on candidate markers allowing
to (i) predict before initiating AIT which patients are
more likely to benefit from it (predictive BMKs) and
(ii) identify responder patients after AIT has being initi-
ated (follow-up BMKs).

Therapy
Which biomarkers of efficacy do we want?

BMKs could represent a molecular signature reflecting either the allergic condi-
tion or a protective biological mechanism elicited by AIT [13•, 14, 15, 16].
Those can be derived from either cellular parameters, DNA variants or mutants,
RNAs, proteins, metabolites…. Irrespective of the source, the ideal BMK should
persist in biological fluids to be used as a smoking gun of residual allergic
inflammation or treatment efficacy [13•]. It should also be objectively mea-
sured using simple and well-standardized analytical methods (such as ELISA or
PCR assays) in easily accessible body fluids (e.g., in the blood), while reflecting
physiological or pathological processes occurring in target organs [13•, 14, 15,
16]. Alternatively, bronchoalveolar lavages, nasal secretions, saliva, exhaled air
condensates, sputum, or tissue biopsies can also be used to document inflam-
matory processes locally in the airways. In all circumstances, relevant threshold
values for positivity should be established in order to support decision-making.

Noteworthy, the predictive value of a BMK does not necessarily require that
a causal association exists with disease severity or treatment efficacy, but having
some information on the function of the BMK is useful. Two additional critical
attributes of candidate BMKs relate to the specificity and sensitivity with which
they help distinguishing treatment responsers from non-responders [13•, 15].
Receiver operating curve (ROC) representations of those two parameters are
commonly used, which further allow to define combinatorial algorithms to
increase the overall predictive value by using several BMKs. The use of multiple
data sources and the management of big data derived from those sources
represent significant challenges to be faced in the identification of BMKs
informing the physician’s decisions [9, 10••, 13•].

Challenges associated with the identification of candidate BMKs of AIT efficacy
Several specific hurdles make it difficult to identify BMKs of AIT efficacy. First of
all, AIT is known to be associated with a significant placebo effect [17]. Obvi-
ously, BMKs should reflect those protective biological responses related to
clinical benefit beyond such a placebo effect. However, in the literature, bio-
logical changes induced by AIT are often documented in studies lacking a
placebo group, making it impossible to correlate such changes with
treatment-driven clinical improvement. In addition, objective quantification
of allergy symptoms, for example, in association with respiratory allergies, is
difficult, as it commonly relies upon a subjective auto-evaluation by the patient
of his/her nasal and ocular symptoms using a grading system [18, 19]. Nasal,
conjunctival, bronchial provocation tests, as well as oral food challenges or skin
prick tests can be performed to obtain quantitative clinical read-outs, with the
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limitation that the allergens and the procedures should be well standardized
[20]. A medication score is also often used to reflect the potential reduction in
the need for symptomatic treatments following AIT. Health authorities recom-
mend a combined symptom and medication score to measure AIT efficacy, but
as of today, no reference algorithm for such a combination has been broadly
established [18, 19].

As discussed below, most candidate BMKs of efficacy are being investigated
at a cohort level. However, to be useful to the physician, a BMK should ideally
reflect a correlation between a biological change and a clinical benefit at an
individual patient level. To this aim, clinical studies can be performed in
allergen challenge chambers under well-standardized conditions, with respect
to both allergen exposure conditions and measurement of clinical symptoms
[21]. Specifically, this setting allows a baseline evaluation of allergic symptoms
during a pre-treatment challenge, making it possible to document clinical
improvement following AIT for each patient. Candidate BMKs identified in
such challenge chambers should obviously be validated in the context of larger
efficacy studies conducted under natural exposure conditions.

BMK predictive of AIT efficacy
As of today, no BMK is available to assess before treatment the likelihood of AIT
efficacy in patients with respiratory or food allergies [13•]. Nonetheless, BMKs
predictive of disease severity and/or progression could be considered to select
patients for AIT, and even pave the ground for primary or secondary prophylaxis
(Table 1). For example, studies conducted by the MeDALL (Mechanisms of the
Development of ALLergy) consortium have linked co-morbidities of rhinitis,
asthma, and atopic dermatitis with patterns of IgE sensitization [22]. Interest-
ingly, young children with high titres of IgE to pathogenesis-related class 10
allergens appear more likely to develop allergic rhinoconjunctivitis and/or
asthma in their adolescence or young adulthood [23]. In vitro allergen-
specific IgE reactivity testing is currently being explored to establish patterns
of IgE sensitization in relationship with subsequent AIT outcomes. In line with
the observation that patients with severe rhinoconjunctivitis are usually good
responders to AIT, both high titers of specific IgEs (relative to total IgEs) and
high basophil responsiveness to the allergen before treatment have both been
proposed to identify patients likely to benefit from AIT [24–27]. Component-
resolved diagnostic approaches have suggested that patients with broad patterns
of IgE reactivity to multiple minor allergens, or to cross-reactive panallergens
such as profilins or polcalcins, respond poorly to AIT [13•, 28]. In our hands,
however, grass pollen immunotherapy was shown to be equally efficacious in
all patients irrespective of their IgE sensitization profiles [29].

BMKs are also actively investigated to predict responsiveness to biological or
pharmacological treatments of allergic asthma, given the known heterogeneity
of this disease with multiple existing endotypes. Genome-wide gene-environ-
ment interaction studies coupled to mass-spectrometry-based metabolomic
analyses of exhaled breath condensates are being implemented to identify
candidate markers predicting the risk for severe asthma exacerbations in asth-
matic children [30••, 31, 32, 33]. With evidence that Th2-mediated asthmas
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exhibit therapeutic responses to anti-IL13 antibodies or corticosteroids, predic-
tion of clinical responders can be made on the basis of high serum levels of
either periostin, elevated eosinophil counts in sputum, or high values of FeNO
(fraction of exhaled nitric oxide) [34–36]. Transcriptomic and epigenetic signa-
tures obtained fromperipheral blood leukocytes or nasal epithelial cells are also
being actively explored to identify therapy-resistant asthmatic children [37, 38].

Recently, we identified a sialylated form of the fetuin A (FetA) molecule
which appears to be the first candidate BMK predictive of AIT efficacy in
patients with allergic rhinoconjunctivitis. Specifically, sialyl FetA is
expressed at high levels in pre-treatment sera from grass pollen-allergic
patients who subsequently benefit from SLIT, whereas non-responders
rather have unsialylated forms of this molecule in their blood. FetA has
been previously reported as a molecule involved in various inflammatory
conditions associated with either metabolic, infectious, as well as cardio-
vascular diseases and cancers [39]. Although no link between FetA and
allergy had been established before, we documented that this molecule can
either amplify or downregulate allergic inflammation depending upon its
post-translational modifications (our unpublished results). Importantly,
the identification of sialyl FetA as a potential candidate BMK predictive
of AIT efficacy confirms the power of “Omics” technologies in identifying
novel molecules.

Follow-up BMKs of AIT efficacy

Markers associated with the polarization of allergen-specific CD4+ T cells
Changes in the polarization of allergen-specific CD4+ T cells are thought to
represent the central mechanism supporting AIT efficacy. Specifically, successful
AIT leads to the downregulation of allergen-specific CD4+ Th2 cells together with
the induction of IFN-γ-secreting Th1 and IL-10-producing regulatory CD4+ T cells
[1–3]. Given the dramatic differences in patterns of cytokines produced by these
distinct subsets of CD4+ T cells, such changes explain as well the impact of AIT on
both allergen-specific antibody responses and on the recruitment and activation
of proinflammatory innate cells in target organs [1–3].

SCIT, SLIT, OIT, and EPIT performed with aero or food allergens have
all been reported to elicit various types of regulatory CD4+ T cells, includ-
ing Foxp3+ regulatory T cells, IL-10-producing Tr1 cells, as well as TGF-β-
secreting Th3 cells [27, 40–45]. These regulatory T cells have been mostly
detected in the patients’ blood, but few studies have also documented their
presence within the oral and nasal mucosae following SCIT or SLIT [1–3].
Mechanistically, such Tregs differentiate from naive T cells in lymphoid
organs draining the administration site, likely following epigenetic modi-
fications (such as hypomethylation of Foxp3 CpG sites) induced during
AIT [45, 46]. AIT is known as well to elicit allergen-specific IFN-γ-producing Th1
cells, in parallel with a decline in Th2 CD4+ T lymphocytes mediated at least in
part by apoptosis [47–49]. Recently, OIT in peanut allergic patients was shown
to induce as well the anergy of such Th2 cells [50••].
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Although alterations of allergen-specific CD4+ T cells are broadly con-
sidered as being critical to AIT success, their use as a BMK for efficacy
remains difficult. Correlations between changes in patterns of allergen-
specific CD4+ T cells and clinical improvement have been reported in the
blood at a cohort, but not an individual patient level [21, 51]. In addition,
whereas modifications in the balance between Th2 and regulatory T lym-
phocyte cells are often observed after long (96 months) AIT regimens,
evidence obtained in the first few months of AIT is less convincing [2,
51]. Noteworthy, AIT for respiratory allergies has been shown to decrease
symptoms within 1 week and venom immunotherapy within hours,
whereas no major modulation of T cell responses is observed in such a
timeframe [2, 21]. Furthermore, several clinical studies have failed to
document any induction of regulatory T lymphocytes, or even alterations
in peripheral CD4+ T cell responses during AIT despite evidence for clinical
improvement in some patients [51–53]. Such discrepancies with the afore-
mentioned studies may be explained by the inherent capacity of CD4+ T
cells to circulate throughout the body, making the quantitative analysis of
“in transit” T cells in the blood inappropriate to document pathophysio-
logical mechanisms occurring in target organs [13•]. Difficulties in the
standardization of quantitative T cell assays may also explain those results
[13•]. For those reasons combined, quantification of allergen-specific Th2
or Treg cells with the methods currently available cannot be used as a BMK
of AIT efficacy.

Changes in allergen-specific antibody responses
During AIT, allergen-specific IgE serum levels are usually boosted in the
first few months in most patients prior to a progressive decline observed
after 6 months to 1 year of AIT [1–3]. The latter likely reflects the time
needed to downregulate long-lived bone marrow-resident IgE-secreting
plasma cells. In contrast, AIT induces allergen-specific IgG4 secretion by
IL-10-producing regulatory B cells as early as after 2 weeks, and such IgGs
are still detected in serum for more than a year after stopping treatment
[54–57]. Among those, IgG4s with a high affinity for the allergen appear to
be the most relevant for AIT efficacy, since they mediate a blocking activity
by competing with IgEs to bind the allergen [57, 58]. Such blocking
antibodies can inhibit histamine release by basophils when exposed to
the allergen, as well as CD23-dependent allergen presentation to T cells.
IgGs can also engage FcγRIIB (CD32) inhibitory receptors, thereby down-
regulating B cell, mast cell, and basophil activation [58]. In murine asthma
models, the efficacy of SLIT conducted with allergens formulated in vector
systems is associated with a strong induction of IgAs in respiratory muco-
sae [59], and such antibodies likely acting as blocking antibodies at mu-
cosal surfaces have also been detected in patients undergoing AIT [54, 60].

The induction of specific IgG4s and further, of blocking antibodies
following AIT have been correlated with clinical improvement at a cohort
level. Follow-up studies in cohorts of patients having received 2 years of
SCIT in mite or grass pollen-allergic patients show that within a year,
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following treatment cessation allergen-specific IgG4s reverts back to pre-
treatment levels. Interestingly, an IgE-blocking activity persists in post-
treatment sera, which better correlates with sustained clinical responses
than IgG4 levels [57, 61]. In a 4-month SLIT study in grass pollen-allergic
patients, we observed that clinical responders encompass both “immuno-
reactive” patients with strong allergen-specific IgE, IgG, and IgG4 responses
and blocking antibodies, but also “non immunoreactive” patients without
any such detectable antibody responses [29]. This result was confirmed in
a large cohort of mite-allergic patients receiving a 1-year-SLIT course, with
documented induction of specific IgG4 antibodies only in a subset (i.e.,
15–20%) of patients, irrespective of clinical benefit [62]. Collectively, it
can be concluded that whereas allergen-specific IgG4 (and IgA) responses
likely contribute to tolerance induction in some, but not all patients
through their IgE-blocking activity, such antibody responses cannot be
used as a marker of efficacy for AIT at an individual patient level.

Changes at the level of the innate immune system
Following changes in the cytokine milieu elicited during AIT, the recruit-
ment and activation of proinflammatory basophils, eosinophils, neutro-
phils, and mast cells are significantly reduced in target mucosae [1–3]. In
the context of venom immunotherapy (VIT) performed via the subcutane-
ous route, several alterations of innate immune parameters are seen within
hours, including a decrease in basophil activation (with a downregulation
of FcεRI and c-Syk and the upregulation of the H2R histamine receptor),
the induction of immunoglobulin-like transcript ILT3 and ILT4 molecules,
as well as IL-10 and intracellular cAMP production by monocytes [63, 64].

The impact of AIT on blood basophil responsiveness to the allergen(s)
has been investigated following SCIT or SLIT for respiratory allergies or
OIT for peanut allergy. In summary, a decrease in basophil activation has
been fairly consistently observed after long-term (96 months) AIT, together
with a decrease in specific IgE levels [65–68], even if a 1-year OIT study in
peanut allergic patients failed to correlate tolerance induction with changes
in basophil responsiveness [45]. In our hands, we also failed to relate
clinical improvement with alterations of basophil activation during a 4-
month SLIT course in grass pollen patients [26].

We documented as well an impact of AIT on blood dendritic cells, with
evidence that SLIT in grass pollen-allergic patients elicits within 2-month
regulatory dendritic cells (DCregs) expressing high levels of the C1Q
molecule [69••]. The C1Q molecule itself was subsequently shown to
exhibit a powerful anti-inflammatory activity against Th2 responses in a
murine asthma model, suggesting that DCregs not only support the differ-
entiation of regulatory T cells, but also mediate a direct anti-inflammatory
activity by themselves [70]. Furthermore, this induction of blood DCregs
was paralleled by a decrease in the blood of markers such as CD141 and
OX40L associated with pro-allergic DC2s (i.e., DCs supporting the differ-
entiation of Th2 cells) [71]. These changes in the DCreg/DC2 balance were
noticeable by quantitative PCR only in the peripheral blood of those
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patients exhibiting clinical responses, further corroborating at the level of
the innate immune system, the paradigm that a reorientation of immune
responses from a Th2 to a regulatory profile is critical to the success of AIT
[69••, 71]. Together with other studies reporting an impact of AIT on the
phenotype and function of blood DCs, these results suggest that the induction
of DCregs is an interesting candidate marker of AIT efficacy [13•, 72].

Recently, the impact of AIT on a new family of lymphocyte-like cells
termed innate lymphoid cells (ILCs) has been investigated. These cells
encompass three distinct subsets, ILC1s, ILC2, and ILC3 based upon their
patterns of cytokine production, which match those of polarized CD4+ T
lymphocytes [73]. ILCs play a role in the initiation and persistence of
allergic inflammation, with evidence that numbers of circulating ILC2 cells
are increased in the blood of asthmatic patients, and that ILC3s can
contribute to asthma associated with obesity [74–76]. Recently, a study
conducted in a small cohort of grass pollen-allergic patients suggested that
SCIT can blunt the upregulation of ILC2 cells elicited in the blood during
the pollen season [77]. In our hands, a short course SLIT regimen had no
detectable effect on circulating ILC2s [76]. The potential heterogeneity of
ILCs, their role in allergic diseases as well as the impact of long-term AIT
on ILC2 frequencies and activation need to be further investigated.

Perspectives

The interest of BMKs to adjust treatment modalities stems from the inherent
heterogeneity of allergic patients. These patients differ quite significantly in their
patterns of IgE sensitization (i.e., to seasonal versus perennial allergens, to a
single or multiple allergen sources), their genetic backgrounds, their
exposomes, and their microbiota. The patients’ immune status also varies
dramatically beyond the fact that they share the atopic condition. For example,
most patients with pollinosis or food allergy exhibit bona fide Th2 responses to
the allergen(s), whereas patients chronically exposed and allergic to house dust
mites develop mixed allergen-specific Th2/Th1, Th2/Th17, or even Th1/Th17
immune responses [78]. Future investigations should clarify as towhether AIT is
equally efficacious in those various subsets of patients, and further, whether
BMKs of efficacy differ between AIT approaches, when conducted using distinct
routes of administration in grass pollen, food, or house dust mite-allergic
patients. Also, as we better understand the role of mucosal microbiota in
shaping local immune responses, the analysis of differences between individ-
uals in terms of flora composition and the study of profiles associated with
positive or negative AIT outcomes should be pursued [79].

This review was focused on BMKs allowing to predict or monitor AIT
efficacy, but there is a significant need as well to identify BMKs allowing to
predict the occurrence of severe or systemic reactions to AIT. In this regard,
serum mast cell tryptase is being used to help to the diagnosis of anaphylaxis,
and an elevation of a PGD2 metabolite in serum has been proposed as a read-
out predictive of systemic reactions to AIT [80, 81]. Baseline allergic rhinitis
asthma and skin reaction to peanut allergens have been proposed to predict
gastrointestinal adverse events and systemic reactions occurring during OIT
[82]. Also, allergic patients with high serum IgE levels to either plant food
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non-specific lipid transfer proteins or to the peanut Ara h 2 allergen appear to
exhibit a higher risk of systemic reactions when exposed to those allergens [83,
84]. Additional studies are necessary to define molecular signatures allowing to
assess in pre-treatment biological samples the risk to develop unwanted adverse
events during AIT.
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