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Abstract

Background: So far, only a few biomarkers in allergen immunotherapy exist that are associated with a clinical benefit.
We thus investigated in a pilot study whether innate molecules such as the molecule lipocalin-2 (LCN2), with implications
in immune tolerance demonstrated in other fields, may discriminate A) between allergic and non-allergic individuals, and
B) between patients clinically responding or non-responding to sublingual allergen immunotherapy (SLIT) with house
dust mite (HDM) extract. Moreover, we assessed haematological changes potentially correlating with allergic symptoms.

Methods: L CN2-concentrations were assessed in sera of healthy and allergic subjects (n = 126) as well as of house dust
mite (HDM) allergics before and during HDM- sublingual immunotherapy (SLIT) in a randomized, double-blind, placebo-
controlled trial for 24 weeks. Sera pre-SLIT (week 0), post-SLIT (week 24) and 9 months after SLIT were assessed for LCN2
levels and correlated with total nasal symptom scores (TNSS) obtained during chamber challenge at week 24 in patients
receiving HDM- (n = 31) or placebo-SLIT (n = 10).

Results: Allergic individuals had significantly (p < 0.0001) lower LCN2-levels than healthy controls. HDM-allergic patients
who received HDM-SLIT showed a significant increase in LCN2 9 months after termination of HDM-SLIT (p < 0.001),
whereas in subjects receiving placebo no increase in LCN2 was observed. Among blood parameters a lower absolute rise
in the lymphocyte population (p < 0.05) negatively correlated with symptom improvement (Pearson r 0.3395), and a lower
relative increase in the neutrophils were associated with improvement in TNSS (p < 0.05). LCN2 levels 9 months after
immunotherapy showed a low positive correlation with the relative improvement of symptoms (Pearson r 0.3293). LCN2-
levels 9 months off-SLIT were significantly higher in patients whose symptoms improved during chamber challenge than in
those whose symptoms aggravated (p < 0.01).

Conclusion: Serum LCN2 concentrations 9 months off-SLIT correlated with clinical reactivity in allergic patients. An increase
in the LCN2 levels 9 months after HDM-SLIT was associated with a clinical benefit. Serum LCN2 may thus contribute to
assess clinical reactivity in allergic patients.

Trial registration: Part of the data were generated from clinicaltrials.gov Identifier NCT01644617.
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Background

The prevalence of allergy is rising in the westernized world
affecting already about 35% of all women and 24% of the
men in Germany [1]. Similarly, in the United States the
prevalence for respiratory allergies has increased to 20%,
for food allergies to 5% and for skin allergies to 12% [2].
The reason for the rise in allergies is unclear.

Much focus is given on the deviation of the adaptive
immune response in allergic and atopic patients, charac-
terized by a dominant Th2 response and IgE antibodies
to harmless allergens. Allergen-specific immunotherapy
(AIT) is the only causative treatment against type I aller-
gies and results in profound immunological changes.

AIT in daily practice - for pollen, pet dander, house
dust mite, and venom allergies - is mainly applied sub-
cutaneously or sublingually and is suitable for both chil-
dren and adults [3]. Intralymphatic, percutaneous or oral
routes are still under clinical evaluation [4]. Main clinical
outcome is a decrease in disease severity, less drug usage
and a long-term curative effect. Usually, during allergen
immunotherapy an early transient increase with a grad-
ual late decrease or no change in allergen-specific IgE is
observed, which is accompanied with an early and con-
tinuous increase in specific IgG, especially IgG4. More-
over, allergen-specific Treg and Breg cells are generated
and reduced mast cell and basophil activity is observed.
A general decrease in mast cell and eosinophil numbers
and release of their mediators results then months later
in a decrease in type I skin reactivity [5]. However, in-
hibition of late phase skin reactions already seems to
manifest as soon as 2 to 4 weeks after starting immuno-
therapy, thereby preceding inhibition of early responses
by months [6-8]. Importantly this suppression of the
late response also precedes the appearance of serologic
inhibitory antibody activity and seem to be accompanied
by an early induction of IL10 [6].

Although AIT is largely effective, the degree of remis-
sion strongly varies depending on the intricate associa-
tions of individual patient, type of specific allergen,
symptoms and on the type of vaccine used in AIT. To
date, there is no consensus on candidate surrogate bio-
markers of efficacy that would be prognostic, predictive
and/or surrogate of the clinical response to AIT. As
such, allergen-specific IgG4 is rather a biomarker for
compliance than of effective treatment [9]. Functional
assays such as FAB inhibition assessing humoral IgE
inhibitory factors seem to better predict clinical efficacy
of immunotherapy treatment [10].

Beside an inherited risk [11] and some molecular fea-
tures of the allergens per se [12-14], especially a lower
exposure to microbes [15], seem to be decisive for the
rise in allergies. Lower exposure to microbial products
[16] and an imbalanced microbiota [17-19] also seem
also to promote the innate immune deviation in
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allergies. In this respect, it seems of interest that in fact
allergics have a deviated innate immune response, with a
decreased expression of natural and antimicrobial mole-
cules like S100A7 [20], PLUNC proteins [21], calprotec-
tin [21, 22], CC10 [23] and trefoil factor family TFF -1
[24]. Importantly, upregulation of some innate proteins
like lipocalin 2, LCN2, has been implicated to have a pro-
tective function at least in mice [25]. LCN2 is usually se-
creted at mucosal surfaces, but also neutrophils and
antigen presenting cells like macrophages and dendritic
cells have been implied to express LCN2 [26, 27]. LCN2
contributes to innate immunity and limits bacterial growth
by binding to iron-containing siderophores. It can regulate
immune cells by acting in a pro- or anti- apoptotic manner
dependent on its load [11] and consequently has been pro-
posed to contribute in allergic sensitization [14].

We aimed to assess LCN2 levels in healthy individuals
and in allergic patients but also in subjects undergoing
AIT. Our hypothesis was that allergics, being deficient in
their innate immune response, also must have lower LCN2
in serum than non-allergic controls, likely associated with
aberration of other haematological and serum parameters.
We investigated patients allergic to house dust mite
(HDM) from a single-site double-blind, placebo-controlled,
randomized trial of sublingual immunotherapy (SLIT) to
house-dust mite extract or placebo. From each subject, al-
lergic reactivity to HDM was assessed in an environmental
exposure chamber and their symptoms were objectified by
assessing total nasal symptom scores (TNSS) before and
after treatment. As such, we were in the position to correl-
ate haematological changes with a clinical benefit.

Methods

Sample cohorts

The first cohort included samples of 126 subjects, which
were sub grouped into allergic (n =63) or non-allergic
subjects (1 =46) according to allergen-specific IgE, posi-
tive skin prick tests and a positive clinical history of
allergic rhinitis. Subjects with asthma and atopic derma-
titis were excluded (n=17). Subjects with unspecified
symptoms and without specific IgE as well as negative
skin prick test were allocated to the non-allergic control
group (n = 46).

The second study cohort included allergic rhinitis
patients from a randomized, placebo-controlled,
double-blind trial (NCT01644617). Thirty-one (31) aller-
gics underwent SLIT with tablets of house dust mite
(HDM) extract (SLIT), and 10 received placebo for
24 weeks. All subjects underwent environmental
exposure chamber challenges with HDM in the Vienna
Challenge Chamber [28] at baseline and at week 24.
Subjects’ demographic, blood parameter, TNSS and IgE
to house dust mite were collected before and after
treatment [29]. Additional serum samples were
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Fig. 1 Decreased serum LCN2 levels in allergic compared to non-allergic subjects. Serum LCN2 concentrations were assessed in (@) allergic (n = 63) and
non-allergic (n =46) individuals and (b) assessed by gender. ¢ Within the allergic cohort, allergic women had lower LCN2-levels than allergic men, whereas
no gender-disparity was observed in the non-allergic cohort. Statistical analyses were conducted with Student’s t-test. *p < 0.05, ***p < 0.001, ***p < 00001

obtained from a subgroup of former study participants,
who visited the study site approximately 9 months later.
Thus, only subjects, who donated serum 9 month
off-SLIT, were included in the present study.

Analysis of haematological and chemistry parameters

Fifteen routine haematological and sixteen blood chemistry
parameters were evaluated from subjects of the HDM-SLIT
trial. Median values of each laboratory parameters after
termination of SLIT (V9, visit 9 at week 24) or changes of
the laboratory parameters before and after SLIT (AV9-SCR)
were evaluated in subjects treated with house dust mite
SLIT tablets or Placebo. Additionally, all study subjects

were grouped according to their clinical outcome by setting
the threshold to 20% for amelioration of symptoms calcu-
lated as (ATNSS, ser-before/ TNSSpefore*100),  irrespective
of whether the subjects belonged to the placebo- or active-
treated group.

Determination of LCN2

LCN2-levels were detected with commercially available
kit against human LCN2 (R&D Systems, Minneapolis,
MN, USA) according to the manufacturers’ protocol
using 1:200 diluted sera. Sensitivity of LCN2 assay is
reported to be about 75 pg/ml.

Table 1 Demographics, specific IgE and symptom scores in placebo and active treated group

Parameter Median (Min, Max) Placebo, n=10 Active, n=31 t test
Age, y 314 (20.5-34.6) 24.7 (20.2-534) 0.859
women/men 4/6 18/12

Before SLIT
Der f - IgE, kUA/I 17.1 (2.8,67.9) 14.3 (0.9, > 100) 0574
TNSS 6.8 (5.1, 10.3) 7.1(38,118) 05213

After SLIT
Der f - IgE, kUA/I 229 (2.2,458) 25.8 (1.3, > 100) 0.096
TNSS 77 (41,12) 4.1 (0.5, -106) 0.0023

Absolute change (after-before)

Der f - IgE, kUA/I 04 (-403,11.8) 9.1 (145, 84.3) 0.007
TNSS -1(=23,40) 4(-3.2,85) 0.0021

TNSS total nasal symptom score
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Fig. 2 Immunological changes of subjects undergoing sublingual immunotherapy, SLIT. Individual changes in the (a) absolute lymphocyte and
relative neutrophil counts in active or placebo-treated participants, (b) in the relative lymphocyte and neutrophil counts of individuals benefitting
or not from sublingual treatment according to TNSS. Statistical analyses were conducted with Student's t-test

Statistical analysis

Parameters were analyzed with two-tailed Students
t-test. To analyse differences of LCN2-concentrations at
different time points, one-way ANOVA with Tukey’s
multiple comparisons test for post-hoc analyses were

Table 3 Demographics, specific IgE and symptom scores in subjects according to clinical benefit

employed. Data analysis was done with GraphPad Prism
7.0c software (GraphPad, San Diego, CA, USA). Correlation
coefficients were obtained using Pearson’s rank method.
Two-sided P-values are presented and a p-value < 0.05 was
considered statistically significant.

Parameter Median (Min,Max) non-responders, n= 15 responders, n =26 t test
Age, y 244 (205, 42.8) 264 (20.0, 534) 0.859
women/men 9/6 14/12

Before SLIT
Der f - IgE, kUA/I 15 (2.8, 67.9) 13 (0.9, > 100) 0.904
TNSS 6.5 (3.8, 10.3) 7.7 (54,11.8) 0.023

After SLIT
Der f - IgE, kUA/I 249 (2.2, > 100) 25.8 (1.3, >100) 0.303
TNSS 8.1 (4.7,120) 38(05,7.3) 3% 10"9

Absolute change (after-before)

Der f - IgE, kUA/I 1.7 (403, 84.3) 6.2 (—14.5, 81.5) 0310
TNSS 15(=1332) —42(-85,-18) 2% 10™14
% improvement —21 (=56, 18) 58 (20, 92) 4%10"-15

TNSS total nasal symptom score
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Results

Allergics and non-allergics

Allergics have lower serum LCN2-levels than non-allergic
controls

Allergics with a history of allergic rhinoconjunctivitis had
significantly lower LCN2-concentrations in their blood
compared to non-allergics, and this was also true when
data were analysed by gender (Fig. la and b). In our
patient cohort, female allergics had significantly lower
LCN2-levels, than male allergics. In contrast, no gender
differences were observed in the non-allergic group.

SLIT and placebo
Sera and blood parameter changes of active or placebo-
treated subjects
We next analysed serum samples and blood parameters of
house dust mite allergic subjects from a single-site double
blind placebo-controlled SLIT trial in which changes in
TNSS were objectified in a challenge chamber [29, 30].
The efficacy and safety outcome of the entire treat-
ment groups are described in detail elsewhere [30]. Sub-
jects characteristics such as age, Der f-specific IgE and
symptoms before and after the treatment of obtained
samples are depicted in Table 1. By the end of treatment,
symptoms significantly ameliorated in the active com-
pared to the placebo-treated groups. A rise in Der
f-specific IgE antibodies was observed by the end of the
active treatment course at week 24, demonstrating specific

immunological reactivity due to house dust mite SLIT
tablets, which was not observed in the placebo group.

Fifteen haematological and sixteen blood chemistry
parameters were assessed. Median values before and
after sublingual treatment as well as absolute changes of
the parameters are presented in Table 2. While absolute
values were similar in the active and placebo treated
group after treatments, individual blood parameter
changes differed between these two groups. As depicted
in Fig. 2a, the active group had a lower absolute increase
of lymphocytes and lower relative decrease of neutro-
phils than the placebo-treated group.

Responders and non-responders

Blood parameter changes according to the clinical benefit
of subjects

Obtained samples were thereafter grouped in patients
benefitting or not from the treatment irrespective
whether the prior belonged to the active or placebo
treated group. Here a different picture emerged as 1
subject of the placebo-treated group benefitted and 6 of
the active group treated with house dust mite SLIT tab-
lets did not benefit from the treatments. Overall, sub-
jects with more severe symptoms at start of treatment
seemed to have benefitted to a greater extent from the
sublingual treatment compared to subject with milder
symptoms (Table 3).
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Moreover, individual changes in the absolute lympho-
cyte and relative neutrophil population became apparent.
Also, here a clinical benefit was associated with a lower
relative rise of the lymphocyte population and a lower
relative decrease of blood neutrophils in responders com-
pared to non-responders (Fig. 2b and Table 4). As
depicted in Fig. 3, when changes in the relative and abso-
lute lymphocyte were correlated with clinical improve-
ment, a significant small negative correlation with the
lymphocytes - relative and absolute — became apparent.
Absolute changes in neutrophil number did not correlate
at all, though a positive, not significant, trend in relative
neutrophil changes with symptom improvement were
observed.

SLIT and placebo

Serum LCN2-levels in allergic subjects are increased

9 months after active SLIT and correspond to improvement
in TNSS

While LCN2 concentrations did not change significantly
during the beginning of the treatment, a highly signifi-
cant rise of the serum LCN2 levels approximately 8 mos
off-SLIT was observed in patients who underwent active

sublingual treatment. This phenomenon was not ob-
served in patients of the placebo group (Figs. 4 and 5a).

Responders and non-responders

When study participants were analysed next according
to symptoms improvement, it became apparent that
LCN2-concentrations 9 months off-SLIT were signifi-
cantly higher in patients who benefited from SLIT,
than in patients whose symptoms did not improve
(Fig. 5). Moreover, LCN2 rise 9 months after SLIT
correlated significantly with the clinical improvement
in patients (Fig. 5d). The source of LCN2 were likely
neutrophils as LCN2 changes significantly correlated
with absolute and relative changes of the neutrophil
population (Fig. 6).

Discussion

The higher allergy risk has been linked in numerous
studies with the lack of pathogen-recognition receptors
such as toll like receptors 4 [31, 32], TRIF [33] and
MyD88 [16, 33, 34]. Also cytokine-deficiencies such as
of interleukin 15, which is produced as a mature protein
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mainly by dendritic cells, monocytes and macrophages,
can exacerbate allergy [35].

Accordingly, and in line with our hypothesis, allergics
of our patient cohort had significantly lower serum
levels of the innate protein LCN2 than non-allergics.

LCN2 is one of the innate proteins that directly can affect
the microbiota as it can sequester bacterial-derived sidero-
phores, which are low molecular compounds with high
affinity to iron [36]. Indeed, LCN2 seems to act as a sentinel

for bacterial siderophores rather than for iron, with increased
siderophore levels resulting in an increase in LCN2
expression. Several studies reported a lower bacterial abun-
dancy and diversity in allergics than non-allergics [17-19],
suggesting that a lower number of bacteria secrete lower
levels of siderophores and “requiring” lower LCN2-levels in
the host to keep the commensal bacteria at bay.

Accordingly, in this study, significantly lower LCN2 levels
were measured in allergics. In our patient cohort, levels
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were lower in allergic women than allergic men, though no
gender-difference were was observed in the non-allergic
controls. Possible explanations for the gender-bias in aller-
gics may be the link of LCN2 with iron, reflecting a lower
iron-status of allergic women compared to the allergic
men, causing part of the gender-bias in allergies [37].

In a next step, we followed the course of symptoms in
allergics of a double-blind, placebo-controlled trial that
underwent treatment with house dust mite SLIT tablets
and correlated whether LCN2 or other blood parameters
could be correlated with amelioration of symptoms.

Absolute values of blood parameter did not differ nei-
ther in the placebo and active treated groups nor in
responding or non-responding patients. However, subjects
with the active treatment were more resilient to an abso-
lute increase in the lymphocyte-count and a relative de-
crease in neutrophils than the subjects, who received the
placebo tablets.

Allergic individuals whose symptoms ameliorated
during treatment with house dust mite SLIT tablets had
a smaller absolute increase in the lymphocyte counts,
and a smaller relative decrease in neutrophils than aller-
gics not benefitting of the treatment. Importantly, the
absolute and relative changes in the lymphocyte num-
bers correlated moderately with the treatment response:
A lower rise in the lymphocyte population correlated
with a beneficial response to treatment, whereas in
patients not benefitting from the treatment the lympho-
cyte population expanded to a greater extend. Thus the
“resilience” to immune activation clearly suggests an
active immune-regulatory mechanism of SLIT.

By the end of SLIT, a relative “resilience” of neutrophils
to decrease also was observed in the responder group,
suggesting that a relative increase of the neutrophil popu-
lations might be beneficial for the allergic patient. This is
an interesting finding, as neutrophils are the major source
for circulating LCN2 under normal, physiological condi-
tions [38], and which confirms our data showing a modest
correlation of LCN2 changes 9 months off-SLIT with
changes occurring in the neutrophilic population. In the
responder group LCN2-levels did not change during
immunotherapy but increased in the following months
and correlated with symptom improvement.

We speculate that one of the reasons for the low
LCN-levels remaining unchanged upon initiation and
during therapy, is the action of the introduced allergens.
A great number of allergens exert innate defense func-
tions and are capable of binding to the same ligands as
LCN2 [11, 12]. Consequently, during immunotherapy
allergens may simulate a lower bacterial burden to
LCN2, despite the concurrent changes occurring in the
immunological course and microbial repertoire. By the
end of treatment, with no further help, neutrophils have
to boost their LCN2 production to keep the altered
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microbiota at bay. Thus, the delayed rise of LCN2 after
allergen immunotherapy may indicate a recovery of
neutrophilic functions or a change in the commensal
microbial compositions in patients with a clinical benefit
and may point towards a repair of innate defense mech-
anism by SLIT.

Taken together, our study did not focus on the classical pa-
rameters like antigen-specific IgE [39] and IgG4 [9] antibody
levels or cellular markers and changes hereof during AIT,
but focused on innate contributing factors that correlate with
1) an established allergy, and 2.) with improvement of
clinical symptoms during allergen immune therapy.

Conclusions
Our data demonstrate that the innate LCN2 protein is de-
creased in allergic subjects and that an adjustment to
levels present in non-allergic subjects is associated with a
clinical benefit. This is in contrast to the up-regulation of
LCN2 in diseases such as cancer, which is correlated with
an overshooting immune tolerance and where elevated
LCN2 levels are used as a clinical biomarker [40, 41].

The determination of lowered steady state serum LCN2
levels in allergic patients and their correction by AIT may
thus contribute to assess clinical reactivity in allergics [42].
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