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Background: Allergic diseases are caused by Th2-driven immune responses and their treatment with
specific immunotherapy (SIT) leads to immunomodulation via IL10, TGF-ß and Th1/Tr1 shift. This phase
IV, open-label clinical trial investigated whether allergies and SIT treatment influenced immune
responses to routine vaccination.
Methods: We studied three groups: 49 allergic patients (allergic group), 21 allergic patients receiving
maintenance doses of SIT (SIT group), and 49 non-allergic controls. All subjects received tick-borne
encephalitis (TBE) booster vaccines and humoral and cellular immune responses were evaluated after
one week, four weeks and six months.
Results: The levels and kinetics of neutralizing TBE-specific antibodies, reflecting protection against TBE,
were not significantly different in the three groups. The allergic group showed Th2 polarization pre-
booster as indicated by increased TBE-specific IgG1 and elevated mitogen-induced IL5 production.
Alum-adjuvanted TBE vaccine led to Th2 biased immune responses in the controls, but to no further
enhancement of Th2 polarization in the allergic and SIT group. Furthermore, in the SIT group cellular
parameters reflected the induction of immunomodulation due to increased Tregs, elevated baseline
IL10 and lack of TBE-specific IL5. Importantly, these cellular regulatory responses did not limit the ability
to mount sufficient TBE-specific antibodies after the booster. All groups tolerated the vaccine well with
no exacerbation of allergic symptoms.
Conclusion: TBE booster vaccinations were immunogenic and safe in both the allergic and SIT group and
contributed to balanced immune responses. Our data indicate that all allergic patients, even when under-
going SIT, should be vaccinated without hesitation and at regular intervals according to standard recom-
mendations.
ClinicalTrials.gov (NCT02511535).

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Allergic diseases, which are caused by Th2-driven immune
responses that lead to severe alterations of immune-homeostasis,
are highly prevalent and afflict up to 30% of Western populations
[1,2]. Two aspects are frequently discussed with regard to vacci-
nating individuals with allergies. Firstly, there is an ongoing debate
about whether increased allergy prevalence can be linked to the
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increased use of vaccines in developed countries [3]. However,
existing solid data show no causal relationship between childhood
vaccination and the development of allergies and asthma [4–6]. On
the contrary, certain vaccines, such as measles-mumps-rubella,
have been proved to have a protective effect against allergy devel-
opment in early childhood [7]. The second issue of interest is
whether vaccine efficacy might be altered in allergic individuals.
Only limited data are available thus far and indicate no reduction
of humoral vaccine responses [8,9]. However, specific
immunotherapy (SIT), the only causative treatment for allergies,
induces immunomodulation and mechanisms of tolerance via
allergen-specific regulatory cells, suppressive cytokines IL10 and
TGF-b, IgG4 production, repression of effector cells and Tr1/Th1
shift [10]. This condition further amplifies questions about
whether vaccine efficacy might be impaired in allergic patients.
The concern is supported by our recent finding that non-
responder vaccinees who displayed increased IL10 levels, similar
to allergic patients undergoing SIT, had impaired vaccine responses
[11]. So far, the current SIT guidelines only consider safety aspects
of vaccination during immunotherapy mainly based on theoretical
considerations [12,13], but vaccine efficacy in allergic patients,
with and without SIT, has not yet been sufficiently addressed.

This study therefore aimed to investigate whether vaccine
responses were modified in allergic patients due to the generally
Th2-polarized immunologic profile associated with a variety of
sensitizations. In addition, specific immunotherapy during the
maintenance phase represents long-term immunomodulation that
could possibly limit vaccine responses. Given the hesitancy to vac-
cinate allergic patients in clinical practice, we monitored the side
effects of vaccinations, together with their potential to exacerbate
allergies. We chose to focus on routine booster vaccines for tick-
borne encephalitis (TBE), because TBE virus is highly endemic in
Austria and, due to past immunization campaigns, the vaccination
coverage is high [14]. Three groups of subjects were recruited:
allergic patients, allergic patients undergoing SIT, and non-
allergic controls. All received a TBE booster and were then evalu-
ated for vaccine-specific antibodies and cellular immune
responses. This broader approach was chosen to identify potential
differences in cellular responses in addition to antibody titers,
which could represent cellular prediction markers for vaccine effi-
cacy. Our goal was to determine whether allergic patients, espe-
cially those receiving SIT, could be vaccinated according to
routine recommendations without limitations or whether vaccina-
tion schedules need to be adapted for this particular patient group.
2. Materials and methods

2.1. See supplementary material for further information

2.1.1. Study design and study subjects
Three parallel groups were investigated in this open-label, non-

randomized, phase IV clinical trial: allergic patients receiving no or
symptomatic treatment (n = 49), allergic patients receiving main-
tenance doses of subcutaneous SIT (n = 21) and non-allergic con-
trols (n = 49). These are henceforth referred to as allergic group,
SIT group and controls. All included participants had received a
documented primary TBE vaccination and at least one booster.
The subjects in the two allergic groups had been sensitized to
one or several of the following allergen sources: perennial and sea-
sonal inhalative allergens and insect venom allergens. Sensitization
was confirmed by anamnestic clinical symptoms and positive
specific IgE reactivity or positive skin-prick test. After providing
written informed consent, the study subjects received a TBE boos-
ter vaccination. Venous blood was taken prior to and one week,
four weeks and six months after vaccination and measured for
TBE-specific antibodies. Peripheral blood mononuclear cells
(PBMC) were prepared before and one week after booster to assess
cellular responses. The occurrence, duration and intensity of any
local and systemic reactions were reported by study subjects using
a diary that covered the week after their vaccination. The study
was approved by the local ethical committee (EK Nr.2083/2012),
the national regulatory authorities and registered at ClinicalTrials.-
gov (NCT02511535).
2.1.2. Vaccines
Subjects received the TBE vaccine FSME-IMMUN� 0.5 ml (Lot:

VNR1N02C), containing 2.4 mg inactivated TBE virus (strain Neudo-
erfl) and 0.35 mg Al(OH)3 by intra-muscular application into the M.
deltoideus (needle Sterican� (B|Braun) 0.50 � 25 mm BL/LB
25Gx100). FSME-IMMUN� 0.5 ml (Pfizer Corporation Austria GmbH,
Vienna, Austria) is licensed in Austria since 1996 and vaccines
were stored at 2–8 �C until usage.
2.1.3. Preparation and storage of PBMC and serum
PBMC were prepared from heparinized blood by Ficoll Paque

centrifugation, as previously described [11] and re-suspended in
RPMI 1640 containing 50% FCS (both Biochrom, Berlin, Germany)
and 10% dimethyl sulfoxide (Merck, Darmstadt, Germany) for stor-
age in liquid nitrogen until evaluation. Serum was obtained from
native venous blood and stored at �20 �C.
2.1.4. TBE-specific neutralization test titers
Anti-TBE virus antibodies were measured by neutralization test

(NT) in sera from all sampling points. Neutralization assays were
carried out in microtiter plates using baby hamster kidney cells
(American Type Culture Collection BHK-21) as previously pub-
lished [15,16] at the Department of Virology, Medical University
of Vienna. Twofold serial dilutions of polyclonal sera were mixed
with 25 PFU virus (starting dilution of serum in the mixture
1:10) and incubated for 1 h at 37 �C. Then BHK-21 cells were added
and incubation was continued for 3 days. The presence of virus in
the supernatant was determined by four-layer ELISA. The virus
neutralization titer was defined as the reciprocal of the serum dilu-
tion that gave a 90% reduction in the absorbance readout in the
assay compared to the control without Ab.
2.1.5. Immunoglobulin G subclasses
Serum concentrations of total IgG1, IgG2, IgG3, and IgG4 were

determined before and four weeks after booster with the turbidi-
metric immunoassay Optilite IgG1-4 Kit (The Binding Site, Birm-
ingham, UK) at the Institute of Immunology, Medical University
of Vienna.
2.1.6. TBE-specific IgG subclasses and IgE
TBE-specific IgG1, IgG3, and IgG4 subclass antibodies and TBE-

specific IgE antibodies were measured by in-house ELISA (see sup-
plementary material).
2.1.7. TBE-specific in-vitro re-stimulation of PBMC
PBMC were re-stimulated with TBE TICOVAC-like antigen, super-

antigen Staphylococcus Enterotoxin B as positive control and med-
ium alone for cytokine baselines (see supplementary material).
2.1.8. Quantification of cytokine production in supernatants
Cytokines IL2, IFNy, IL5, and IL10 were quantified in culture

supernatants using Luminex 200 platform and Fluorokine MAP
HumanCytokine Base-Kit A (R&D Systems,Minneapolis,Minnesota,
USA) as previously described [11].
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2.1.9. Flow-cytometric lymphocyte analyses
PBMC were surface-stained with fluorochrome-conjugated

monoclonal antibodies and transcription factor FOXP3 was stained
intra-cellularly for characterization of regulatory T cells (see sup-
plementary material). Data were acquired on a FACS Canto II
flow-cytometer by gating on cells with forward/side light scatter
properties of lymphocytes and analyzed with FACS Diva 8.0 soft-
ware (BD Biosciences, San Jose, California, USA).

2.1.10. Statistical evaluation
Sample size determination was based on the variance estimate

of the log neutralization test (NT) titers from a previous study [17].
As primary endpoint the titer at day 28 was chosen and an effect
size of f = 0.31, equivalent to a twofold mean titer difference
between the allergic groups and the controls, was specified. Apply-
ing a significance level of 5% and 90% power resulted in a sample
size of n = 44 per group. Since it turned out that allergic patients
undergoing SIT were difficult to enroll, a post hoc power calcula-
tion was performed using the actual sample sizes and this gave
an achieved power of 89.6%.

Antibody titers from NT were log-transformed and results are
expressed as geometric mean titers with 95% confidence intervals.
Normality was assessed by Kolmogorov-Smirnov tests and homo-
geneity of variance by Levene’s tests. Comparisons of groups were
done based on analysis of variance and linear contrasts within and
between time points. The same procedure was applied for the
other endpoints; however, relative counts of PBMC were arcsine-
transformed to remove correlation of means and standard devia-
tions, as well as to obtain homogeneity of variance. For all tests,
p values below 0.05 were considered significant.
3. Results

3.1. Cohort description

The investigated groups were (1) 49 allergic patients, (2) 21
allergic patients receiving SIT at maintenance dose and (3) 49
non-allergic controls (Fig. 1A). The demographic parameters age,
gender, and body mass index and the interval since last TBE boos-
ter were similar between the groups and the average duration of
SIT treatment was 2.4 years (Fig. 1B). The majority of patients were
allergic to more than one allergen with grass and tree pollens being
the most frequent allergens and rhinitis and conjunctivitis as major
allergic symptoms (Table 1A). Due to the fact that the
immunomodulatory mechanisms induced by different types of
SIT allergens (i. e. insect venom, seasonal/perennial inhalative
allergens) are described to be similar [18,19], we allowed for
recruitment of a higher percentage of insect venom allergics in
the SIT group compared to the allergic group. Anti-histamines to
be taken on demand had been prescribed to 19 of 49 subjects in
the allergic group. The sensitization(s) and specificity/duration of
immunotherapy for individual SIT patients are provided in
Table 1B. Controls fulfilled general study eligibility criteria (Supp.
Table I) and reported no anamnestic allergies.

3.2. Neutralization test titers

Neutralizing TBE-specific antibody titers (NT) were measured as
a correlate of protection and titers >1:10 were considered protec-
tive [20]. Controls and both the allergic and the SIT group had pro-
tective geometric mean titers (GMT) before booster (110 in
controls, 106 in the allergic group and 83 in SIT patients). Already
one week after booster antibody titers significantly increased in all
groups and reached peak levels after four weeks with GMT at 282
in controls, 318 in the allergic group and 250 in the SIT group
(Fig. 2A, B). The titer difference between the allergic and SIT group
after four weeks was not significant. Six months after vaccination,
GMT declined in all three groups to equal levels, which were about
twofold higher than pre-booster levels. No significant differences
in fold increases after one week and four weeks were present
between the three groups (Fig. 2B). When titers were analyzed
according to gender, female controls and females in the SIT group
showed a significantly higher fold increase than the males. This
gender difference was not observed in the allergic group (Fig. 2C).

To address potentially altered TBE antibody avidity due to
allergy/immunotherapy, the mean TBE IgG avidity indexes were
determined according to published protocols [21] and we observed
comparably high-avidity TBE IgG antibodies in all three groups
(data not shown).

3.3. Total IgG subclasses

Allergic immune responses are associated with the production
of allergen-specific IgE and IgG, especially IgG1 subclass [22,23],
while allergen-specific IgG4 is induced during immunotherapy
[10,24]. In our study population, concentrations of serum IgG1, 2,
3, and 4 were determined before and four weeks after booster
and mean levels were within normal ranges. After vaccination,
total IgG1 concentrations significantly increased in controls, but
decreased in both the allergic and SIT group. In addition, total
IgG2 (p < 0.001, data not shown) and IgG3 (p < 0.05) significantly
decreased in these two groups, but remained unchanged in the
controls. The changes in total IgG4 concentrations four weeks after
booster did not differ between the three groups (Supp. Fig. 1).

3.4. TBE-specific IgG subclasses and IgE

We measured TBE-specific IgG1, IgG3, and IgG4 before and four
weeks after booster to investigate whether the allergic phenotype
influenced the quality of the elicited TBE-specific immune response
in terms of IgG subclass. Before vaccination, TBE-specific IgG1 was
significantly higher in the allergic group compared to the control
and SIT group (p < 0.05). Four weeks after booster, IgG1 increased
significantly in the controls (p < 0.001) but not in the allergic and
SIT group. In contrast, TBE-specific IgG3 was at similar levels prior
to booster and significantly increased four weeks after vaccination
in all three groups (Fig. 2D). Also TBE–specific IgG4 levels were
comparable in all groups before booster, but showed only marginal
increases after vaccination (Supp. Fig. 2A). TBE-specific IgE was
measured to investigate whether allergic patients produced Abs
of IgE subclass to the vaccine antigen. Only few individuals in the
allergic and SIT group (4 per group) produced low levels of TBE-
specific IgE, while the majority did not. In controls, except for one
vaccinee showing a higher IgE response, no TBE-specific IgE Abs
were detectable (Supp. Fig. 2B).

3.5. Cytokine production upon in-vitro re-stimulation

In order to assess the cellular responses to TBE vaccine antigen,
cytokine concentrations were measured in culture supernatants of
re-stimulated PBMC. TBE-specific IFNy levels increased signifi-
cantly after booster in controls and the allergic group, but the
increase was markedly lower in the allergic patients (GM 37.8 to
54.2 pg/ml) than in controls (GM 38.5 to 77.3 pg/ml). A non-
significant increase in IFNy was present in SIT patients (42.5 to
59.4 pg/ml, p = 0.059) (Fig. 3A). IL5 mediates activation and
recruitment of eosinophils in allergic inflammation [2], and is thus
regarded as a classic Th2 cytokine. Mitogenic stimulation with SEB
induced significantly more IL5 in the allergic and SIT group than in
controls before and after booster (Fig. 3B). TBE-specific IL5 levels
increased significantly in the allergic group and in controls but



Fig. 1. Study design and patient characteristics. (A) Flow-diagram of study design and participant flow. (B) Demographic data of study subjects. Values are given as mean with
95% CI. Abbreviations: y, year; mo, month; f, female; m, male; BMI, body mass index.
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not in SIT patients after vaccination (Fig. 3C). Production of the
suppressive cytokine IL10 by regulatory cells is a hallmark of effec-
tive SIT [10]. We observed higher baseline IL10 in SIT patients than
in controls. However, TBE-specific IL10 production was in parallel
with IFNy: controls and the allergic group showed significant
IL10 increases after booster, while the SIT group did not (Fig. 3D).

3.6. Quantification of lymphocyte sub-populations with flow
cytometry

In order to investigate whether allergic phenotype and
immunotherapy influenced the distributions of lymphocyte sub-
sets we performed flow-cytometric analysis of PBMC.

This showed that CD3+ T cells and CD19+ B cells as percentage
of total lymphocytes were within normal ranges. The numbers of B
cells were similar in all three groups, whereas T cells were
increased in the SIT group compared to controls. Analysis of sub-
sets showed that CD4+ T-helper cells were significantly expanded
in SIT patients (49.1% in SIT vs. 42.3% in allergics and 41.6% and
controls), while CD8+ T cells did not differ between groups. Neither
group showed significant shifts in subsets after the booster (Supp.
Table II).

T-regulatory (Treg) cells (CD4+/CD25+/FOXP3+) as percentage of
CD4 T cells were significantly higher in the SIT group than in
controls (5.48%vs. 4.58%) beforebooster. Tregsmarginally increased
after vaccination in this group, while significantly decreasing in
controls (Fig. 4A). Detailed analyses of naïve, resting Tregs (CD4+/
CD45RA+/FOXP3low) and highly suppressive CD4+/CD45RA-/
FOXP3high effectorTregs [25,26] revealed thatbeforeboostereffector
Tregswere significantly increased in the SIT group compared to con-
trols (2.05%vs. 1.73%). After booster effectorTregs slightlydecreased
in SIT patients and, again, were significantly reduced in controls
(Fig. 4B). Both Treg subsets in the allergic group did not significantly
differ from the controls before and after vaccination.

Plasmablasts are precursors of antibody-secreting cells [27] and
have been shown to increase one week after vaccination or infec-
tion [28]. We observed more plasmablasts (CD19+/CD27++/
CD38high) in the SIT, but not the allergic group compared to controls
before booster (1.70% in SIT vs.1.12% in controls, p = 0.09). After
vaccination plasmablasts expanded in all groups, but increased
most prominently in the allergic group (1.33% to 2.22%, Fig. 4C).

Low-affinity IgE-receptor (FceRII, CD23) is expressed on B cells
and other hemato-poietic cells and up-regulated in the presence
of IL4 and IgE [29,30]. We observed more FceRII-expressing B cells
(CD19+/CD23+) in the allergic group compared to control and SIT
group before vaccination (60.1% vs. 53.9% and 53.1%, p < 0.05).
Post-booster CD23+ B cells decreased in both the allergic and SIT
group, but not in controls (Fig. 4D).



Table 1
Description of allergic patients.

Allergic Allergic + SIT

(A) Sensitizations in allergic and SIT group
n 49 21

x/n % x/n %
Mono-sensitized 8 16.3 5 23.8

Grass pollen 3 6.1 Wasp venom 3 14.3
House dust mite 3 6.1 Bee venom 2 9.5
Tree pollen 2 4.1

Poly-sensitized 41 83.7 16 76.2
2x 12 24.5 2x 4 19.0
3x 4 8.2 3x 3 14.3
4x 9 18.4 4x 4 19.0
�5x 16 32.7 �5x 5 23.8

Most frequent
allergens Tree pollen 33 67.3 Tree pollen 11 52.4

Grass pollen 32 65.3 Grass pollen 12 57.1
House dust mite 25 51.0 House dust mite 9 42.9
Weed pollen 20 40.8 Weed pollen 7 33.3
Animal dander 19 38.8 Animal dander 3 14.3
Rye pollen 12 24.5 Rye pollen 5 23.8
Mold 7 14.3 Mold 2 9.5
Insect venom 0 0 Insect venom 9 42.9

Patient Gender Age (y) Allergens SIT for Duration of SIT (mo)

(B) Description of patients with specific immunotherapy
1 f 20 b, t b 21
2 f 21 a, h, t, we (f) h, t 19
3 f 25 a, g, h, m, t, we g, h, t 19
4 f 30 g, r, t, we g, r, t 32
5 f 30 b b 45
6 f 33 wa wa 26
7 f 40 b b 36
8 f 40 g, h, r, t g, r, t 42
9 f 52 g, h, r, t, wa, we g, h, wa 36
10 f 55 m, we m 9
11 f 55 wa wa 5
12 f 56 g, t, wa wa 18

13 m 22 g, r, we g, r, we 58
14 m 30 a, g, h, t, we h 21
15 m 33 g, h h 32
16 m 33 g, h, t h, t 55
17 m 34 g, h g, h 37
18 m 34 g, r, t (f) g, r 8
19 m 36 g, h g, h 30
20 m 45 t, wa wa 32
21 m 58 wa wa 34

(A) Frequency of mono- and poly-sensitizations, specificity of mono-sensitizations and ranking of the most frequent allergens are indicated as n/group and percentage.
(B) Gender, age, and sensitization to the respective allergen(s), as well as specificity and duration of SIT are provided for each patient.
Abbreviations for allergens:
insect venom: b, bee venom; wa, wasp venom.
inhalant perennial allergens: a, animal dander; h, house dust mite; m, mold; [f, food].
inhalant seasonal allergens: g, grass pollen; t, tree pollen; r, rye pollen; we, weed pollen.
f, female; m, male; mo, month; y, years.
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3.7. Sample size and data evaluation

The sample size for the SIT group was less than half of that for
the other groups. For comparison of antibody titers, this difference
in sample size was tolerated according to statistical power calcula-
tions as outlined in Material & Methods. For comparison of the cel-
lular results, we believe that the interpretation of our data is not
limited by sample size difference, since there was a strong coher-
ence of the results obtained with different outcomes.

3.8. Reactogenicity

The occurrence, duration and intensity of local and systemic
side effects were reported by study subjects, who rated intensity
as one (mild), two (intermediate) or three (strong). We found that
the incidence of local and systemic reactions to the intra-
muscularly applied TBE vaccine was slightly lower in the allergic
and slightly higher in the SIT group compared to controls.
Gender-specific analysis showed higher reactogenicity in females
in the allergic and control group, but no gender differences in the
SIT group (Table 2). Intensity and duration of local and systemic
side effects were augmented in SIT patients: local symptoms were
slightly more intense and of longer duration in both genders, while
systemic effects were only more intense and longer lasting in
females. Local pain, redness and swelling at the injection site and
headache, fatigue and muscle pain were the most frequent reac-
tions (Supp. Fig. 3A, B). No exacerbation of allergic symptoms
and no serious adverse events attributable to the TBE booster were
reported in neither of the groups.
4. Discussion

In the present study we investigated whether allergic disease
and allergen-specific immunotherapy influenced immune
responses to a TBE booster vaccine. As our objective was to



Fig. 2. Geometric mean titers (GMT) of Neutralization Tests (NT) and TBE-specific IgG1 and IgG3 levels. Anti-TBE virus antibody titers were measured by NT in sera obtained before
(day 0) and 1 week, 4 weeks and 6 months after booster. (A) Titer kinetics of neutralizing TBE-specific antibodies, GMT with 95% CI. Titer increases from d0 to 1w, d0 to 4w
and d0 to 6mo are in all groups significant with p < 0.0001. (B) Fold increase of GMT 1 week, 4 weeks and 6 months post-booster with 95% CI non-overlapping with 1,
indicating a significant increase form baseline with p < 0.05. The differences between groups are at all time points not statistically significant. (C) Fold increase of GMT 1 week
and 4 weeks post-booster in males and females. TBE-specific IgG1 and IgG3 were measured with in-house ELISA in sera obtained before (d0) and 4 weeks after booster. (D)
TBE-specific IgG1 and IgG3, Geometric mean OD with 95% CI. ANOVA with linear contrasts; ****p < 0.0001;***p < 0.001; **p < 0.01; *p < 0.05.

Fig. 3. Cytokine production of re-stimulated PBMC. IFNy, IL5, and IL10 concentrations in culture supernatants were measured with Luminex technology. Geometric mean (GM)
concentrations (pg/ml) with 95% CI from PBMC obtained before (d0) and 1 week (d7) after booster are shown. (A, C, D) IFNy, IL5, and IL10 concentrations (pg/ml) from PBMC
incubated with medium (hatched bars) and 0.4 mg/ml TBE antigen (full bars) for 48 h. (B) IL5 concentrations (pg/ml) in supernatants from PBMC re-stimulated with 1 mg/ml
super-antigen Staphylococcus Enterotoxin B (SEB) for 48 h. ANOVA with linear contrasts; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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Fig. 4. Quantification of lymphocyte subsets. PBMC were stained with fluorochrome-labelled mAbs and analyzed on a BD FACS Canto II flow cytometer. (A, B) T regulatory cells
(Tregs, CD4+/CD25+/FOXP3+) and effector Tregs (CD4+/CD45RA-/FOXP3high) as percentage of total CD4+ T cells before (d0) and 1 week (d7) after booster. (C) Plasmablasts
(CD19+/CD27++/CD38high) as percentage of total CD19+ B cells before (d0) and 1 week (d7) after booster. (D) FceRII (CD23) expression on B cells as percentage of total CD19+ B
cells before (d0) and 1 week (d7) after booster. ANOVA with linear contrasts; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. Line is arithmetic mean.

Table 2
Incidence of local and systemic reactions to intra-muscularly applied TBE vaccine.

Reactogenicity Allergic Allergic + SIT Controls

Local n % n % n %
Total 23/49 46.9 12/21 57.1 27/49 55.1
Males 0/19 0.0 5/9 56.0 6/19 32.0
Females 23/30 77.0 7/12 58.0 21/30 70.0

Systemic
Total 19/49 38.8 12/21 57.1 23/49 46.9
Males 0/19 0.0 4/9 44.0 5/19 26.0
Females 19/30 63.0 8/12 67.0 18/30 60.0

Frequency of local and systemic reactions as n/group and as percentage for entire
group (total), males, and females are given.
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investigate the general impact of a Th2-polarized immune system
on vaccine responsiveness, we chose to include a heterogeneous
collective of allergic sensitization profiles. A similar approach
accounted for the selection of allergic patients undergoing SIT.
TBE vaccine was chosen as a representative vaccine which has a
high vaccination coverage rate and is accurately applied according
to the national recommendations in Austria.

Our results showed that upon TBE booster vaccination, the levels
and kinetics of neutralizing TBE-specific antibodies were not signif-
icantly different in the two allergic groups compared to non-allergic
controls (Fig. 2A, B). This indicates that protection against the TBE
virus was sufficiently induced in allergic individuals and that SIT
as immune-modulating therapy had no significant effect on the
protective humoral vaccine responses. The allergic group even
showed a trend towards higher titers, confirming our earlier finding
of increased TBE titers in an allergic subgroup of vaccinees tested
for long term protection following TBE vaccination [9]. In the cur-
rent trial we also evaluated titers by gender, revealing that in the
control group females had a significantly higher fold increase than
males. This is in line with other studies showing that vaccination
leads to increased innate and early adaptive responses in females,
which result in stronger vaccine-specific Th2 polarization and
higher antibody levels [31,32]. A similar gender difference was
observed in the SIT patients probably due to successful
immunotherapy that re-directed immune responses towards those
of healthy controls (Fig. 2C). In contrast, no gender differences were
seen in the allergic group with high titer increases in both males
and females, which might have been mediated by the existing
intrinsic allergen-driven Th2 bias.

Measurement of antibody subclasses helps to identify the
immunological bias of the respective humoral vaccine response.
Before vaccination, TBE-specific IgG1 antibodies were significantly
increased in the allergic group compared to the controls as well as
to the SIT group. After vaccination, however, only controls showed
significant increases in TBE-specific IgG1 (Fig. 2D). TBE vaccine is
alum-adjuvanted and the increase of TBE-specific IgG1 – and also
total IgG1 (Supp Fig. 1) – in controls likely represented the
expected Th2-dominated immune responses elicited by alum in
healthy subjects [33]. However, we did not observe a significant
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increase of TBE-specific IgG1 after booster in either of the allergic
groups even when they were vaccinated with alum-containing
adjuvants, suggesting that vaccination contributes to normal, pro-
tective vaccine responsiveness rather than the further propagation
of the existing allergen-driven Th2 responses. This is also sup-
ported by the fact that none of these vaccinees showed a substan-
tial increase in vaccine-specific IgE antibodies. However, the levels
of TBE-specific IgG3 significantly increased four weeks after TBE
booster in all three groups (Fig. 2D), which is in line with the
observed increases of NT titers. IgG3 is described to have strong
virus-neutralizing capacity [34–37], and TBE-specific IgG3 subclass
might therefore substantially contribute to the increased titers of
neutralizing Abs especially in the allergic and SIT group.

We previously observed in certain vaccine non-responders that
humoral and cellular immune responses are not always in correla-
tion [11]. Thus we were interested to study whether allergic
patients, especially those receiving SIT, showed impaired cellular
responses to the vaccine antigen despite detectable normal anti-
body levels. Indeed, the allergic group produced less TBE-specific
IFNy compared to controls. High IL5 production during mitogenic
SEB stimulation, however, was indicative for the allergen-driven
Th2 bias in these patients (Fig. 3A, B). In contrast to controls and
the allergic group, the SIT group only had moderately increased
TBE-specific IFNy and IL10 (Fig. 3A, D) and no TBE-specific IL5 pro-
duction after vaccination (Fig. 3C). The latter, together with
increased baseline IL10 (Fig. 3D), might be indicative of immune-
modulatory effects by on-going immunotherapy.

With regard to lymphocyte distributions, we observed
increased total and CD4+ T cells in SIT patients (Supp. Table II),
which could be due to expanded allergen-specific CD4 memory T
cells with an ‘‘anergic” phenotype induced by SIT, congruent with
a recent study by Ryan et al. [38]. Induction of regulatory cells is
the main mechanism of successful immunotherapy [10,39].
Accordingly, we observed increased CD4+/CD25+/FOXP3+ Tregs
and also highly suppressive CD4+/CD45RA-/FOXP3high effector
Tregs in the SIT group prior to booster (Fig. 4A, B). These effector
Tregs, which have previously been shown to dampen anti-tumor
immunity [26], might have contributed to SIT-related immunosup-
pression/modulation in our study. Despite these increased Treg
subsets, which were most likely allergen-specific, the established
vaccine-specific antibody responses indicated that there was no
general immuno-suppressive effect from the on-going
immunotherapy in the SIT group. Controls showed significantly
decreased percentages of total Tregs after the booster, as previ-
ously reported [11,40], and also a decreased effector Treg popula-
tion. To our knowledge this is the first description of effector
Tregs in the context of vaccination in allergic patients.

Circulating plasmablasts have been shown to increase one week
after vaccination [28] and to correlate with titer increases after
four weeks [41]. We observed more plasmablasts prior to vaccina-
tion only in the SIT group which could be a result of multiple aller-
gen administrations during immunotherapy. After vaccination, the
highest increase of plasmablasts was seen in the allergic group
(Fig. 4C), which correlated with the stronger increase of NT anti-
body titers in this group. It is unlikely that this plasma blast expan-
sion in the allergic group was only due to bystander activation of
allergen-specific B memory cells as it has been demonstrated that
plasmablasts are highly antigen-specific [42]. Thus, the increased
number of plasmablasts post vaccination could rather have been
induced by enhanced activity of T follicular helper cells, which
have been shown to produce IL4 in addition to Th2 cells in allergic
patients, thereby leading to enhanced B-cell maturation, plasma
blast formation and antibody production [43,44].

Our observation of increased CD23+ B cells (FceRII) in the aller-
gic group compared to controls was in line with reports that IL4
and IgE lead to up-regulation of this low-affinity receptor for IgE
[29]. Reduction of CD23+ B cells is associated with effective
immunotherapy [45], which was confirmed here, showing that
pre-booster CD23+ B cells in the SIT group were similar to controls.
CD23 regulates IgE-production [46] and increases allergen presen-
tation to T cells by binding IgE-allergen complexes to the B-cell
surface [47]. Vaccination caused a reduction of CD23+ B cells in
both allergic groups, but not in the controls (Fig. 4D). This shows
that vaccination might have a beneficial effect in allergic individu-
als due to displacement of mostly naïve CD23+ B cells by vaccine-
specific memory B cells.

Allergic reactions to vaccines are very rare in the general popu-
lation [48] and the frequency of production residues in vaccines
that cause allergic reactions is also very low [49]. Nevertheless,
as hesitancy to vaccinate is particularly prominent in allergic
patients, we monitored the reactogenicity profile upon vaccination
in our study population. Overall, the incidence of side effects after
TBE booster in both the allergic groups did not differ from controls
and no exacerbations of allergic symptoms were reported. When
we analyzed the gender-specific reactogenicity profile, which is
generally documented to be higher in females [32], we found that
women in both the allergic and control group reported more side
effects than men, whereas in the SIT group males reported side
effects with similar frequency as females (Table 2). Overall, the
SIT group experienced higher intensity and longer duration of side
effects; this might however be a matter of enhanced pain percep-
tion rather than increased inflammatory processes. Most impor-
tantly, neither group reported severe side effects.

In summary, our findings provide solid evidence that TBE boos-
ter vaccination in allergic patients, even those receiving SIT, can be
performed efficiently and safely according to established routine
vaccination schedules. The TBE vaccine, which was used as a model
antigen in this study, is likely to be representative for other inacti-
vated vaccine antigens in these patient groups. Whether primary
vaccination would lead to similar outcomes is the subject of fur-
ther investigation.
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