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Abstract 

Background: Airborne allergens can induce an immunological chronic disease characterized by airway hyper 
responsiveness and inflammation, mediated by exaggerated Th2 immune response. Allergen-specific immunother-
apy (AIT) is effective for treating this condition because it is able to modify its natural course by opposing the underly-
ing pathogenic mechanisms and determining immune suppression, immune deviation and tolerance. The rational 
for the present study was to investigate the possibility of improving allergoid-based IT in terms of efficacy and safety. 
Recently, 1α,25-dihydroxyvitamin D3 (VD3), the active metabolite of vitamin D3, was described to be a potent inducer 
of T regulatory cells and to be a good adjuvant in AIT settings.

Methods: We investigated whether the co-administration of VD3 could potentiate the effect of AIT even when added 
to a low dose of chemically-modified monomeric allergoid of Der p 2 (d2-OID), in a Derp p 2 (d2)-sensitized BALB/c 
mice model. Control groups where treated with sham, VD3 alone or d2-OID only.

Results: The d2-OID alone was not fully successful, as expected for a low dose. VD3 administration was associated 
with some valuable, although limited, changes in the immunological parameters in the lung. On the contrary, the 
VD3 adjuvated allergoid vaccine induced the most prominent reduction of airway eosinophilia and Th2 cytokines and 
concomitant increase of T regulatory cells and IL-10 in the lung and Der p 2-specific IgG2a in the serum.

Conclusions: The addition of VD3 to a conventional AIT protocol would allow the reduction of allergoid dose needed 
and therefore, the production costs. Moreover, beneficial immunomodulatory effects have been achieved by the oral 
administration which might favour the management of the therapy by the patients and their adherence, possibly 
enhancing the efficacy of the treatment.
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Background
One of the most reliable mechanisms explaining the 
desensitizing action of AIT (allergen immunotherapy) 
is based on its ability to induce tolerogenic dendritic 
cells (DC) characterized by an immature immunophe-
notype (iDC, DC0); these latter are crucial in favouring 

the differentiation of adaptive CD4+CD25+Fopx3+ T 
regulatory cells (Tregs) stemming from peripheral T-cells 
[1]. The Tregs have the property of inducing anergy of 
allergen-specific Th2 effector cells through the secreted 
inhibitory cytokine IL-10 [2]. In clinical settings, effective 
AIT has been also associated with increased production 
of allergen-specific IgG4 antibodies [3]: these are thought 
to play a protective role by acting as blocking antibodies 
(which compete with the allergen-specific IgE, thus pre-
venting the degranulation of effector cells) and by ham-
pering the IgE-mediated presentation of the allergen to 
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T cells [4]. Likewise, successful AIT was associated with 
an increase of IgG2a antibodies in mouse models of Der 
p 2 -induced allergic asthma [5, 6], although such ben-
eficial role of IgG is not generally proved in other mouse 
models.

Over the years, several scientific efforts aimed at 
enhancing the efficacy and safety of AIT. The biologically 
active form of vitamin D3 (VD3) seems a good adjuvant 
for AIT as for its ability of modulating the innate and 
adaptive immune response [7–9] and inhibit DCs differ-
entiation maintaining them in a persistent state of imma-
turity, through the down-regulation of co-stimulatory 
molecules and reduction of pro-inflammatory cytokines 
[10]; thus making them unable to activate alloreactive T 
cells [7]. VD3 is able to restore IL-10 secretion by Treg 
cells isolated from steroid-resistant asthmatics [11] and 
has the capacity to expand functional Tregs, able to sup-
press the Th2-driven response upon transfer in OVA-
sensitized asthmatic mice [12]. Furthermore, VD3 is able 
to expand in vitro PBMC-derived human Tregs (Foxp3hi) 
obtained from atopic allergic subjects [13].

The concept of using VD3 as a down modulator of aller-
gic diseases has been further explored in animal mod-
els. In OVA sensitized mice, the co-administration of 
VD3 plus OVA significantly inhibited the airway hyper-
responsiveness and potentiated the AIT effect by further 
reducing serum OVA-specific IgE level, airway eosino-
philia and Th2-related cytokines; the boosting effect of 
VD3 seems to be mediated by IL-10 and TGF-β, since the 
levels of these cytokines were elevated in the VD3-treated 
mice and the beneficial effect was abrogated in the pres-
ence of antibodies directed to these cytokines [14]. 
Moreover, VD3 supplementation confers durability of 
the beneficial effects of OVA-specific IT in VD3-deficient 
OVA-sensitized mice [15], suggesting the instauration of 
an effective tolerance.

In another study, VD3 was covalently linked to the 
major cat allergen Fel d 1 to be administered as desen-
sitizing treatment to allergic mice. The VD3-Fel d 1 vac-
cine, as well as the conventional one, induced serum 
allergen-specific IgE-to-IgG isotype switch and reduction 
of Th2 cytokines; interestingly, the VD3-containing vac-
cine was more potent in inhibiting the allergen-induced 
airway symptoms, especially the eosinophilic inflam-
mation [16]. The capacity to hold back the recruitment 
of eosinophils, possibly linked to the reduction of IL-5 
levels, was observed also in another experimental set-
ting [17]. VD3 has been tested in clinical settings too: 
in asthmatic children, VD3 administration significantly 
potentiates the AIT (subcutaneous) outcome, still pro-
moting the increase of Treg frequency and immuno-
suppressive IL-10 and TGF-β cytokines expression [18]; 
while in another study, in children with allergic rhinitis, 

VD3 supplementation combined with AIT (sublingual) 
was more effective in the reduction of nasal and asthma 
symptoms [19]. Interestingly enough, VD3 has been pro-
posed to be beneficial also in the setting of autoimmune 
disease patients affected by lupus through the decrease 
of the Th1-type immune response and Th1/Th2 ratio and 
increase in Treg [20]. Since VD3 can improve the effects 
of AIT, as widely demonstrated by the mentioned studies, 
its efficacy may be achieved also by reducing the vaccine 
doses. Such decrease of the amount of allergen in human 
vaccines would lower the cost of the therapy, considered 
an essential element for adherence. For this reason, the 
major purpose of the present study is to verify if a low 
dose of AIT associated to VD3 maintains similar effects 
to those of common AIT at usual doses, in the BALB/c 
mouse model of type I allergy towards Der p 2.

Methods
Animals
Specific pathogen free BALB/c mice (female, 8  weeks-
old, 20–25  g of weight) were purchased from Charles 
River (Milan, Italy). The animals were housed in plastic 
cages with absorbent bedding material and amusement 
tools and were maintained on a 12 h daylight cycle. Dur-
ing the experiment, the mice were fed with “Altromin R” 
containing 2.0 IU of VD3 per gram of food and 9.8 g/kg of 
calcium. Food and water were provided ad libitum.

Sensitization, challenge, and AIT protocol
Briefly, mice were sensitized with i.p. injections of 1  µg 
recombinant d2 adsorbed onto 2  mg Al(OH)3 (Lofarma, 
Milan, IT) in a total volume of 100 µl of pyrogen-free saline 
on days 0 and 14. Al(OH)3 served as an adjuvant to favor a 
Th2 response towards. The mice were challenged through 
i.p. injections with 1  µg recombinant d2 on day 37, and 
with aerosolised 1  % HDM extract in pyrogen-free saline 
to induce airway inflammation during and after the AIT 
period (days 27, 44, 60, 62, 64). The allergoid of the Der p 2 
antigen was used as the vaccine tool for AIT, characterized 
by reduced availability of IgE binding sites while preserving 
epitopes necessary for T cell recognition and for induction 
of non pathogenic IgG blocking antibodies [21–24].

The sensitized and challenged mice received 3  µg of 
d2-OID alone (group d2-OID) or in combination with 
120  ng of VD3 (group d2-OID +  VD3). The production 
and purification regarding all forms of allergen/allergoid 
and the assessment of the low dose to be used in AIT—
i.e. 3 µg—are fully described in the Additional file 1.

As controls, one group of sensitized mice was treated 
with 120 ng (group VD3) of VD3 alone, or saline (group 
Sham) following the same time schedule. The dose of VD3 
was chosen on the basis of literature data [17, 25]. For 
these experiments, the biologically active form of VD3, 
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1,25(OH)2VD3 (Sigma Aldrich, Milan, IT) was dissolved 
in 96  % ethanol and freshly diluted in d2-OID solution. 
Then, 48 h after the last aerosol challenge, blood, bron-
choalveolar lavage fluid (BALF), lung and spleen were 
harvested further analysis. The type of mice treatments 
and the time schedule were performed as described in 
the Additional file 1.

Determination of serum levels of d2‑specific antibodies
After 48  h from the last HDM aerosol challenge, blood 
was drawn from each mice via cardiac puncture. After 
blood coagulation had occurred, sera were stored at 
−20 °C until levels of d2-specific and total IgE and IgG2a 
were determined by enzyme-linked immunosorbed assay 
(ELISA). In brief, for d2-specific IgE titration, 96-wells 
microtiter plates (Maxisorp, Nunc) were coated with 
100 µl of recombinant d2 at 1 µg ml−1 in 0.1 M NaHCO3 
buffer (pH 9.5). After overnight incubation at 4  °C, the 
plates were washed and blocked with 2 % bovine serum 
albumin in PBS for 2  h at room temperature (RT). 
Diluted serum samples (1:100 for IgE and 1:500 for 
IgG2a) were incubated with the plate for 2 h, at RT. Next, 
after multiple washings, the wells were incubated for 2 h 
at RT with goat anti-mouse IgE isotype or IgG2a isotype 
(Bethyl laboratories, Montgomery, USA) diluited in 0.1 % 
bovine serum albumin (BSA) in PBS buffer (1: 1000 for 
IgE and 1:1000 for IgG2a). Rabbit anti-goat Ig-peroxidase 
(Bethyl) diluited in 0.1  % BSA in PBS buffer (1:10,000) 
was added for 1  h at RT. For color development, the 
chromogenic substrate TMB (Sigma-Aldrich) was added 
and, after an incubation of 15 min, the reaction stopped 
by adding 1 N H2SO4. The absorbance was measured at 
450 nm using the Lambda 650 UV/Vis spectrophotome-
ter (Perkin Elmer, Milan, Italy). Each sample was assessed 
in duplicate wells, in two experiments. The concentration 
of total IgE in each sample was calculated by extrapola-
tion against the standard curve obtained by measuring 
samples of known concentration. The antibody levels 
(mean ± S.D.) were expressed in ng ml−1 (total Ig) or in 
optical density units (anti-d2 Ig).

Preparation of BALF and lung tissue homogenate
Post sacrifice, BALF was collected by gentle injection of 
ice-cold PBS (0.3  ml) into the trachea, three times. The 
fluid was centrifuged (1200g ×  5  min at 4  °C) and the 
supernatant was harvested at −80 °C for further analysis 
of the cytokines level by ELISA.

Also tissue homogenate was prepared from one lobe 
of lung tissue to be used to measure cytokine levels. The 
lung tissue was placed into a microcentrifuge tube, snap-
frozen in liquid nitrogen and stored at −80 °C until fur-
ther analysis. The frozen lungs were thawed, transferred 
to different tubes on ice containing 1  ml of Protease 

Inhibitor Cocktail (Sigma Aldrich, Milan, Italy). The lung 
tissues were homogenized at 4 °C with gentle MACS Dis-
sociator Miltenyi Biotec, Bologna, Italy). Lung homoge-
nates were centrifuged at 9000×g for 10  min at 4  °C. 
Supernatants were transferred to clean microcentrifuge 
tubes, frozen on dry ice for storage and thawed on ice for 
analysis. Total protein concentrations in the lung tissue 
homogenates were determined using a BCA kit (Sigma 
Aldrich). Lung tissue homogenates were diluted with 
buffer to a final protein concentration of 500 μg ml−1.

Cytokine levels determination in BALF and in lung tissue 
homogenate
Cytokines, namely IL-1β, IL-2, IL-4, IL-6, IL-10, INF-γ 
and TNF-α, were analyzed in BALF samples and lung tis-
sue homogenate supernatants by multiplex ELISA assay 
based on a fluorimetric method (Searchlight, Aushon 
Biosystem, MA, USA). Each sample (50  µl out of 1  ml 
for BALF or 500 µg ml−1 total protein for homogenate) 
was assessed in duplicate and the concentration of each 
cytokine was calculated by extrapolation against the 
standard curves obtained by measuring cytokine samples 
of known concentration using the Cirasoft™ Analyst soft-
ware (Aushon Biosystem). The level of IL-13 was deter-
mined by colorimetric ELISA using a commercial kit 
(Peprotech, DBA, Milan, Italy) according to the manu-
facturer’s instructions. Data are expressed as referred to 
1 ml of BALF or 500 µg total protein homogenate.

Histochemical analysis of the lung
The lungs were inflated and fixed with 10  % buffered 
formalin after collection of BALF. Sample were embed-
ded in paraffin and then sectioned. To ensure systematic 
uniform and random sampling, lungs were cut transver-
sally, to the trachea, into 2.0 mm thick parallel slabs with 
a random position of the first cut in first 2  mm of the 
lung, resulting in 5–8 slabs for lungs. The slabs were then 
embedded cut surface down and sections were stained 
with hematoxylin and eosin (BioOptica, Milan, Italy) for 
detecting inflammatory cell infiltrates. Briefly, images of 
three random sections within the left lung proximal to 
the main stem bronchus were acquired under the optical 
microscope Upright Nikon Microphot SA) at 200×  and 
400× magnification, photographed with the Nikon DXM 
120 color camera (Nikon Instruments, Melville, NY) and 
analyzed with the Act-1 software.

Evaluation of T regulatory cells frequency in spleen
Single cells suspensions of spleens were prepared by 
squeezing through 70  µm strainers (BD Labware) and, 
after erythrocytes osmotic lysis with Hybri-MaxTM 
(Sigma-Aldrich), were stained for flow cytometry analy-
sis using LIVE/DEAD® Fixable Aqua Stain (Thermofisher 
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Scientific, Milan, Italy), anti-CD4-FITC, anti-CD25-
APC and anti-FoxP3-PE of the Mouse Treg detection kit 
(Miltenyi Biotec), according to manufacturer instruction. 
FACS analyses were performed using a FACSCanto II and 
the data analyzed using FACSDiva Software 6.0 (BD Bio-
sciences). Single-stained and “fluorescence minus one” 
(FMO) samples were used as a compensation and analy-
sis controls. The following gating hierarchy was applied: 
cell debris were excluded by setting a first gate in a FL-2 
vs FL-3 (mock channel) dot plot; second, a forward light 
scatter/side light scatter (FSC/SSC) gate was applied on 
lympho-monocytes; third, a gate on CD4+ T cells was set 
and the percentage of Foxp3+CD25+  T cells within this 
population was determined. For each sample, twenty-
thousand events were acquired within the lymphocytes 
gate. Experiments were performed in duplicate.

Immunohistochemical detection of FoxP3+ cells 
and CD3+ cells in the lung
For immunoistochemistry, slides were deparaffinized 
and incubated with the following primary antibodies: 
CD3 (AB828, Rabbit anti-Human, Abcam, Milan, Italy) 
or FoxP3 (14 5773-82, Rat anti-Mouse, eBioscience, CA, 
USA) followed by the appropriate biotinylated second-
ary antibody (Jackson ImmunoResearch Laboratories, 
Milan, Italy). Immunoreactive antigens were detected 
using Streptavidin Peroxidase (Thermo Scientific-Lab 
Vision Corporation, CA, USA) and DAB Chromogen 
System (Dako Corporation, CA, USA) or Vulcan Fast Red 
Chromogen System (Biocare Medical, CA-USA). After 
chromogen incubation, slides were counterstained in 
Hematoxylin (BioOptica, Milan, Italy) and images were 
acquired by Leica DMRD optical microscope (Leica, 
United Kingdom). The rate of Treg cells was measured 
using a semiquantitative method and expressed as the 
number of FoxP3+ cell counts divided by the CD3+ cells 
scoring in five visual fields from different areas (sections): 
1 was attributed to samples with null or rare CD3+ cells, 
score 2 corresponded to some positive cells and score 3 
was given to samples with numerous positive cells.

Differential cell counts in the BALF
BALF was performed by gentle injection of ice-cold PBS 
(0.3 ml) into the trachea, three times. The collected fluids 
were centrifuged (1200g × 5 min at 4 °C) and the cellular 
pellet was recovered for differential cell count. The cells 
were immobilized onto glass slides by cytospin prepara-
tion and, after air dry fixation, were stained with hema-
toxylin and eosin (both from BioOptica, Milan, Italy). A 
total of 300 total cells were counted in each slide using 
a hematocytometer. The percentage of macrophages, 
lymphocytes/mononuclear cells, eosinophils and neu-
trophils was determined by microscopic observation 

according to standard morphological criteria under 400× 
magnification.

Statistical analysis
Values are expressed as mean ± SD. GraphPad Software 
6.0 (Prism) was used for statistical analysis. Unpaired 
Student t test was used to determine differences between 
two groups. One-way analysis of variance (ANOVA) with 
Bonferroni correction was used for multiple groups com-
parison. The p value less than 0.05 was considered statis-
tically significant (*p < 0.05, **p < 0.01, ***p < 0.001).

Results
Immunoglobulin levels in the serum
After sensitization, IgE levels were significantly higher in 
the group of mice only sensitized and not treated com-
pared with the naïve group (not sensitized, not treated): 
either total (+64 %, p < 0.01) (Fig. 1a) and anti-d2 specific 
IgE (+95 %, p < 0.01) (Fig. 1b).

Decrease of anti-d2-IgE was observed in all treated 
mice compared to sham group (not shown). Instead, 
only d2-OID + VD3 treatment induced the most signifi-
cant increase of d2-specific IgG2a levels; more precisely, 
IgG2a level for this group was significantly higher than 
that measured in the sham- and allergoid-treated groups 
(+55 %, p < 0.01 vs both) and for the VD3-treated group 
(p < 0.05) (Fig. 2).

Cytokine levels in lung homogenate and BAL fluid
Similar modifications were measured in the BAL fluid 
and lung homogenate for all the cytokines tested and 
only those relative to the first are described as follow.

The level of IL-4 was significantly lower after d2-OID 
(p  <  0.05 vs sham) or VD3 (p  <  0.05 vs sham) treat-
ment, and even less in the mice who received the com-
bined administration d2-OID + VD3 (p < 0.01 vs sham; 
p  <  0.05 vs d2-OID and VD3) (Fig.  3a). All treatments 
seem to produce a slight decrease in IL-13 level, but only 
the d2-OID + VD3 treatment was associated with a sig-
nificant modification (p  <  0.01 vs sham and p  <  0.05 vs 
d2-OID treatments) (Fig.  3b). A significant increase 
of IL-10 was observed for all treatments (showing the 
trend: sham  <  d2-OID  <  VD3  <  d2-OID  +  VD3); the 
latter produced the highest and most significant varia-
tion compared with each of the other three treatments 
(p  <  0.001 vs sham, p  <  0.01 vs d2-OID and p  <  0.5 vs 
VD3) (Fig.  3c). INF-γ increased in the groups of mice 
VD3 and d2-OID +  VD3, but such change reached the 
significance (p  =  0.05) only in the group of mice that 
received the combined one (Fig. 3d). TNF-α significantly 
decreased for the all groups of mice, but the change 
reached the highest significance for the d2-OID +  VD3 
group (p < 0.01) (not shown). IL-6 level showed a general 
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trend of reduction, that was significant only for d2-OID-
VD3-treated mice (p  <  0.05) (not shown). For better 
understanding, all statistical analysis data are summa-
rized in Table 1.

Determination of T regulatory cells
In the spleen, the frequency of CD4+CD25+FoxP3+ cells 
assessed by FACS was significantly higher in all groups 

of treatment, compared with the sham group, although 
at different extent: the sole d2-OID treatment induced 
a limited increase Tregs (p < 0.05 vs sham), whereas the 
VD3 and d2-OID + VD3 groups showed a more evident 
and comparable change (p < 0.01 vs sham and p < 0.05 vs 
d2-OID, for both) (Fig. 4).

In the lung, the frequency of CD3+ T cells expressing 
the T regulatory cell marker FoxP3+ assessed by histo-
chemical analysis showed Foxp3+/CD3+ cells ratio is 
significantly higher in mice treated with d2-OID + VD3, 
compared to all groups: by 84  % compared with sham 
treated mice (p < 0.001), by 55 % compared with d2-OID-
treated mice (p < 0.01) and by 34 % compared with VD3-
treated mice (p  <  0.01). Increase in the abundance of 
Tregs was also associated with the other two treatments, 
although these differences were found less significant 
(p < 0.05 vs sham, for both) (Fig. 5).

BALF eosinophilia
Sensitization and challenge with Der p 2 significantly 
increased the frequency of BALF eosinophils in the 
sham-treated group compared with the naive group 
(not shown). The d2-OID treatment alone reduced (not 
significantly) the eosinophils abundance, whereas these 
inflammatory cells resulted significantly reduced in the 
VD3 alone group (p = 0.02 vs sham) and in mice treated 
by the combination d2-OID + VD3 (p = 0.01 vs sham). 
Moreover, the d2-OID + VD3 treatment was associated 
with the highest decrease, although at the limit of signifi-
cance, compared with the d2-OID treatment (p =  0.02) 
and the VD3 treatment (p = 0.051) (Fig. 6).

Fig. 1 Evaluation of the allergic sensitization state in mice. Detection of total and anti-d2 specific serum IgE to evaluate the occurrence of allergic 
sensitization in mice. The mice were sensitized by 2 i.p. with 1 µg of recombinant d2, and the level of IgE in serum was measured 1 week after the 
last i.p. Significantly higher total IgE (a) and d2-specific IgE (b) levels are found in serum of sensitized mice compared with naïve mice. Values are 
expressed as mean ± SD (n = 4). **p < 0.01 compared with naive mice

Fig. 2 Serum levels of d2-specific antibodies. Specific antibodies 
levels in serum were measured by ELISA 48 h after the last HDM 
aerosol challenge, to determine the effect of different treatments on 
the humoral response. d2-specific IgG2a level was most significantly 
increased in the d2-OID + VD3 group compared to sham- and 
d2-OID-treated mice (p < 0.01). Values are expressed as mean ± SD 
(n = 12). *p < 0.05; **p < 0.01
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Discussion
In our study, we investigated whether VD3, as an adjuvant 
for AIT, would be efficacious when administered in com-
bination with a low dose of antigen which, if taken alone, 
had no power to restore a non-pathological immune 
response to the native allergenic protein.

We found that VD3 is clearly able to enhance the 
effects of AIT with allergoid in a mouse model of aller-
gic asthma to dermatophagoides. The main finding of the 
study was the modulation of the local allergic inflamma-
tion in the lung obtained by the VD3-adjuvated allergoid 
AIT. In particular, it induced an increase in Tregs in the 
lung and a decrease in BALF eosinophils along with a 
Th1/Th2 shift: increase of d2-specific IgG2a antibodies, 
interferon-γ and IL-10 parallel to a reduction of IL-4 and 
IL-13. These changes were statistically significant when 
compared to sham and d2-OID treated mice, showing the 

effectiveness of VD3 as adjuvant for AIT in restoring the 
immune tolerance against the sensitizing allergen. Actu-
ally in literature there are demonstrations that the biolog-
ically active form of VD3 is able of modulating the innate 
and adaptive immune response [7–9]. VD3 was shown to 
induce a non-specific up-regulation of IL-10 and TGF-β 
[14] and of Tregs also in an experimental autoimmune 
disease model [20].

Also in our experiments VD3 was able to induce an 
increase in Tregs, particularly in the spleen where there 
was no significant differences in the increase in regula-
tory T lymphocytes between VD3 and adjuvated allergoid 
vaccine treated mice, in both cases significantly higher 
than sham and allergoid treated mice. By contrast, in 
the lung Tregs frequency increases significantly only in 
d2-OID + VD3 treated mice (Table 1). It seems that aller-
goid +  VD3 co-administration confers specificity to the 

Fig. 3 Treatment-induced modulation of cytokines’ levels in BALF. The levels of IL-4, IL-13, IL-10, INF-γ in BALF were measured by ELISA. The con-
ventional low dose IT with d2-OID or the sole VD3 administration induced decrease of IL-4 (a) and increase in IL-10 (c) and no change in the level of 
IL-13 and IFN-γ. Only the association d2-OID + VD3 produced the highest modification of these cytokines, well-matched with the resolution of the 
allergic inflammation, induction of tolerance and immune deviation: in fact, IL-4 (a) and IL-13 (b), were significantly lower and IL-10 (c) and IFN-γ (d) 
were significantly higher, compared with all the other groups. Values are expressed as mean ± SD (n = 12). *p < 0.05, **p < 0.01, ***p < 0.001
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VD3 adjuvant action: the Tregs abundance was similar 
for the two groups treated with VD3 or allergoid + VD3 
in the periphery, whereas, only the latter treatment pro-
duced the highest accumulation of Tregs exactly in the 
lung. This could be obtained through a homing driven by 
chemokine receptors expressed on their cell surface [26]. 

Moreover, the allergen-specific TcR of Tregs might have 
played a role in their localization in the inflamed lung 
as the inhaled allergen could be presented by endothe-
lial and parenchymal cells allowing trans-endothelial 
migration and tissue retention [27]. In this way the AIT 
approach is the only one able to increment locally the 

Table 1 Significance of  variations of  the parameters 
amongst the experimental groups

*p < 0.05, **p < 0.01, ***p < 0.001

Vs D2‑OID VD3 D2‑OID + VD3

D2-specific IgG2a (serum)

 Sham n.s. * **

 D2-OID * **

 VD3 *

IL-4 (BALF/lung homogenate)

 Sham * * **

 D2-OID n.s. *

 VD3 *

IL-13 (BALF/lung homogenate)

 Sham n.s n.s. **

 D2-OID n.s. *

 VD3 n.s.

IL-10 (BALF/lung homogenate)

 Sham * ** ***

 D2-OID * **

 VD3 *

IFN-γ (BALF/lung homogenate)

 Sham n.s. n.s. *

 D2-OID n.s. n.s.

 VD3 n.s.

TNF-α (BALF/lung homogenate)

 Sham * * **

 D2-OID n.s. n.s.

 VD3 n.s.

IL-6 (BALF/lung homogenate)

 Sham n.s. n.s. *

 D2-OID n.s. n.s.

 VD3 n.s.

Treg (FoxP3+ CD25+  % of CD4+, spleen)

 Sham * ** **

 D2-OID * *

 VD3 n.s

Treg (FoxP3:CD3, lung)

 Sham * * ***

 D2-OID n.s. **

 VD3 **

Eosinophils (lung)

 sham n.s. P = 0.02 (0.01)**

 D2-OID (0.05)* P = 0.02

 VD3 P = 0.051

Fig. 4 Frequency of Tregs in spleen cells. Flow cytometry data show-
ing the percentage of FoxP3+CD25+ cells on gated CD4+ cells of 
total spleen cells. The d2-OID treatment produced an increase of this 
subpopulation of regulatory cells (p < 0.05 vs sham) but not as high 
as for the other groups of treatment. Either VD3 or d2-OID administra-
tion induced the highest increase in FoxP3+CD25+ cells, compared 
with sham (p < 0.01, for both groups) or d2-OID (p < 0.05, for both 
groups). Values are expressed as mean ± SD (n = 12). *p < 0.05 and 
**p < 0.01

Fig. 5 Abundance of T regulatory cells in lung tissue. A significant 
comparable increase in FoxP3+:CD3+ cells ratio was induced by 
d2-OID and VD3 treatments (p < 0.05 vs sham); the combination treat-
ment d2-OID + VD3 was even more efficacious in inducing such an 
increase (p < 0.001 vs sham, p < 0.01 vs d2-OID and VD3 treatments) 
Values are expressed as mean ± SD (n = 7). ***p < 0.001 **p < 0.01. 
*p < 0.05
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Treg cell population and represents the best choice for 
allergy management. Other strategies for the develop-
ment of anti-allergic compounds are focusing on the 
inhibition of the migration of inflammatory cells in the 
lung, acting on the CCR-ligand interaction [28]. How-
ever, these kinds of approaches might have important 
side effects since they block homing receptors that are 
non specific for a certain cell type but are shared amongst 
different ones. Therefore, we believe that the strategy of 
incrementing the allergen-specific Tregs population into 
the lung of allergic subjects might be more effective in 
the extinction of allergic inflammation with reduced risk 
of detrimental outcomes.

Furthermore, a reduction of the eosinophils accumula-
tion was found in the lungs of both VD3 alone and the 
VD3-adjuvated AIT treated mice, significantly higher 
than allergoid-treated mice. Again, VD3 + allergoid asso-
ciation appeared to be more efficacious than VD3 alone. 
Although these data may be affected by bias due to semi-
quantitative evaluation, it is plausible that the effects of 
the low dose of allergoid used in our experiments are 
misted up by the effects of the VD3 and that a further 
reduction of eosinophils might be achieved with a higher 
dose of allergoid. Coherently with the highest accumula-
tion of FoxP3+ T cells in the lung of VD3 adjuvated AIT 
treated mice we observed a significant decrease of Th2 
and regulatory citokines in BALF.

Moreover, it is expected that the VD3 + d2-OID asso-
ciation may have a longer lasting effect compared to 

other treatments, as suggested by the induction of the 
highest levels of IFN-γ in the lung. In fact, the induction 
of this cytokine, a typical product of Th1 cells, confirms 
the occurrence of the so called Th2/Th1 shift needed for 
a successful AIT [1]. A similar plan to obtain long-term 
effect of allergen-specific immunotherapy in a murine 
model of type I allergy (towards OVA) has been described 
by Heine and colleagues [15]. Differently, they used as 
comparison terms deficient VD3 dose and, as therapy, the 
precursor of VD3, to mimic the condition characterizing 
people living at certain latitudes, and to avoid ipercalce-
mia-associated toxicity. They conclude that VD3 correc-
tion helps the efficacy of AIT [15].

In our settings, we mimic the other condition of a nor-
mal level of serum VD3, essential for the correct ongoing 
of a plethora of immunological and biological processes, 
and the possible effect of a non-toxic supplementation on 
AIT.

Future developments of the present study could include 
the demonstration that the combined administration of 
VD3 and allergoid in an AIT setting can act in a specific 
manner and that the allergoid ensures the tolerogenic/
inhibitory action limitedly to the Th2 allergen-specific 
cells and that such specificity promotes the accrual of 
Tregs at the inflammation sites. The specificity of the 
observed Tregs-mediated response in vivo and the effec-
tive suppression of the airway inflammation will be 
assessed with functional studies in vitro (inhibition stud-
ies) and in vivo (pulmonary function).

Conclusions
The concept to use vitamin D3 as an adjuvant immu-
nomodulant factor in allergy treatment has been 
explored in this study. The most relevant finding regards 
the accumulation of Tregs in the lung associated with 
the treatment of sensitized and airway-challenged mice 
by immunotherapy based on 2d-OID  +  VD3 adminis-
tration. This effect appears to be allergen-driven and 
allergen-specific. This is a promising result for improv-
ing the current AIT. In particular, it is envisaged that the 
covalent linking of VD3, directly or indirectly, to the aller-
goid would allow to achieve highest local concentration 
of both compounds [21]. Practically, the addition of VD3 
to a conventional AIT protocol would allow the reduc-
tion of allergoid dose needed and therefore, the produc-
tion costs. Moreover, this study shows that important 
immunomodulatory effects can be achieved by the oral 
administration. This modality of treatment might favour 
the management of the therapy by the patients and their 
adherence.

This represents a further and particularly inter-
esting development of the described approach as it 
might enhance the efficacy of the observed immune 

Fig. 6 Eosinophils abundance in BALF. The frequency of eosino-
phils cells in total BALF cells showed a trend in diminution follow-
ing d2-OID treatment, but it was significantly decreased only with 
the treatments VD3 (p = 0.02 vs sham and p = 0.05 vs d2-OID) 
and d2-OID + VD3 (p = 0.01 compared with sham and p = 0.02 vs 
d2-OID). The d2-OID + VD3 induced a further decrease in eosinophils 
at the limit of significance, compared to VD3 (p = 0.051). Values are 
expressed as mean ± SD (n = 7)
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modulation. However, first, confirmative experiments on 
the specificity and functional role of the Treg population 
is needed.

Abbreviations
AIT: allergen-specific immunotheraphy; BALB/c: inbred strain of mouse; 
BALF: bronchoalveolar lavage fluid; d2-OID: chemically-modified monomeric 
allergoid of Der p 2; DC: dendritic cell; HDM: house dust mite; ELISA: enzyme-
linked immunosorbed assay; Eo: eosinophil; Ig: immunoglobulin; IL-10: 
interleukin-10; MuSC: mucous secretory cells; OVA: ovalbumin; GF-β: trans-
forming growth factor β; PBMC: peripheral blood mononuclear cells; RT: room 
temperature; Th2: T-helper cell type 2; Tregs: T regulatory cells; VD3: vitamin D3.

Authors’ contributions
CP and MDG conceived the study and designed the experiments, analysed 
all the data and wrote the manuscript. GM and RP conceived the study and 
participated to the critical revision of the manuscript. SZ was involved in the 
production and purification of allergen and allergoid for in vivo and in vitro 
use. CR supervised and performed the in vivo experiments and collected 
the biological samples. EC performed all in vitro and in vivo procedures and 
assays, data collection and analysis. VA performed the in vitro assays. AL, SC 
and AG participated to set up the histopathological and cytological prepara-
tions and analysis of data. MDG and CP approved and authorized all the 
processes. All authors read and approved the final manuscript.

Author details
1 Unit of Allergy and Immunotoxicology, Center of Ageing Science, “Università 
G. d’Annunzio” Foundation, Chieti, Italy. 2 Department of Medicine and Ageing 
Science (DMSI), University “G. d’Annunzio” of Chieti-Pescara, Chieti, Italy. 3 Unit 
of Immuno-oncology, Center of Ageing Science, “Università G. d’Annunzio” 
Foundation, Chieti, Italy. 4 Animal Facility, Center of Ageing Science, “Università 
G. d’Annunzio” Foundation, Chieti, Italy. 5 Research Center, Lofarma SpA, Milan, 
Italy. 

Acknowledgements
We thank Dr. Flavia Carpiniello for the assistance in the revision of the English 
language.

Competing interests
GM and SZ are employees at Lofarma S.p.A.

Availability of data and material
All data generated or analysed during this study are included in this published 
article and its supplementary information files.

Ethics approval and consent to participate
Mice were cared in accordance with the European Convention n. 123 
and their treatments were approved by the local Ethical Committee (Prot. 
UNICHD12 N. 267 27/01/2015) and by the Italian Ministry of Health (Authoriza-
tion n. 937/2015-PR, 01/09/2015).

Funding
Italian Ministry of Education, University and Research (MIUR) funding for 
University of Chieti research activities.

Received: 10 May 2016   Accepted: 24 July 2016

References
 1. Akdis CA, Akdis M. Mechanisms of allergen-specific immunotherapy. J 

Allergy Clin Immunol. 2011;127:18–27.

Additional file

Additional file 1. Additional material and figures.

 2. Akdis M. Immune tolerance in allergy. Curr Opin Immunol. 2009;21:700–7. 
doi:10.1016/j.coi.2009.07.012.

 3. James LK, Shamji MH, Walker SM, Wilson DR, Wachholz PA, Francis JN, 
et al. Long-term tolerance after allergen immunotherapy is accompanied 
by selective persistence of blocking antibodies. J Allergy Clin Immunol. 
2011;127(509–516):e1–5. doi:10.1016/j.jaci.2010.12.1080.

 4. Wachholz PA, Durham SR. Mechanisms of immunotherapy: IgG revisited. 
Curr Opin Allergy Clin Immunol. 2004;4:313–8.

 5. Li C, Xu P, Xu H, Zhu H. Evaluation on the immunotherapy efficacies of 
synthetic peptide vaccines in asthmatic mice with group I and II allergens 
from Dermatophagoides pteronyssinus. Int J Clin Exp Med. 2015;8:20402–12.

 6. Ai C, Zhang Q, Ding J, Wang G, Liu X, Tian F, et al. Mucosal delivery of aller-
gen peptides expressed by Lactococcus lactis inhibit allergic responses 
in a BALB/c mouse model. Appl Microbiol Biotechnol. 2016;100:1915–24. 
doi:10.1007/s00253-015-7187-8.

 7. Mathieu C, Adorini L. The coming of age of 1,25-dihydroxyvitamin D(3) 
analogs as immunomodulatory agents. Trends Mol Med. 2002;8:174–9.

 8. Adorini L, Penna G. Induction of tolerogenic dendritic cells by vita-
min D receptor agonists. Handb Exp Pharmacol. 2009;24:251–73. 
doi:10.1007/978-3-540-71029-5_12.

 9. Jones AP, D’Vaz N, Meldrum S, Palmer DJ, Zhang G, Prescott SL. 
25-hydroxyvitamin D3 status is associated with developing adaptive and 
innate immune responses in the first 6 months of life. Clin Exp Allergy. 
2015;45:220–31. doi:10.1111/cea.12449.

 10. Griffin MD, Lutz W, Phan VA, Bachman LA, McKean DJ, Kumar R. Dendritic 
cell modulation by 1alpha,25 dihydroxyvitamin D3 and its analogs: a 
vitamin D receptor-dependent pathway that promotes a persistent state 
of immaturity in vitro and in vivo. Proc Natl Acad Sci USA. 2001;98:6800–5. 
doi:10.1073/pnas.121172198.

 11. Xystrakis E, Kusumakar S, Boswell S, Peek E, Urry Z, Richards DF, et al. 
Reversing the defective induction of IL-10-secreting regulatory T cells in 
glucocorticoid-resistant asthma patients. J Clin Invest. 2006;116:146–55. 
doi:10.1172/JCI21759.

 12. Gorman S, Judge M, Burchell JT, Turner DJ, Hart PH. 1,25-dihydroxyvi-
tamin D3 enhances the ability of transferred CD4 + CD25 + cells to 
modulate T helper type 2-driven asthmatic responses. Immunology. 
2010;130:181–92. doi:10.1111/j.1365-2567.2009.03222.x.

 13. Urry ZL, Richards DF, Black C, Morales M, Carnés J, Hawrylowicz CM, et al. 
Depigmented-polymerised allergoids favour regulatory over effector 
T cells: enhancement by 1α, 25-dihydroxyvitamin D3. BMC Immunol. 
2014;15:21. doi:10.1186/1471-2172-15-21.

 14. Taher YA, van Esch BCAM, Hofman GA, Henricks PAJ, van Oosterhout 
AJM. 1alpha,25-dihydroxyvitamin D3 potentiates the beneficial effects 
of allergen immunotherapy in a mouse model of allergic asthma: role for 
IL-10 and TGF-beta. J Immunol. 2008;180:5211–21.

 15. Heine G, Tabeling C, Hartmann B, González Calera CR, Kühl AA, Lindner 
J, et al. 25-hydroxvitamin D3 promotes the long-term effect of specific 
immunotherapy in a murine allergy model. J Immunol. 2014;193:1017–
23. doi:10.4049/jimmunol.1301656.

 16. Grundström J, Neimert-Andersson T, Kemi C, Nilsson OB, Saarne T, 
Andersson M, et al. Covalent coupling of vitamin D3 to the major cat 
allergen Fel d 1 improves the effects of allergen-specific immuno-
therapy in a mouse model for cat allergy. Int Arch Allergy Immunol. 
2012;157:136–46. doi:10.1159/000327546.

 17. Matheu V, Bäck O, Mondoc E, Issazadeh-Navikas S. Dual effects of vitamin 
D-induced alteration of TH1/TH2 cytokine expression: enhancing IgE 
production and decreasing airway eosinophilia in murine allergic 
airway disease. J Allergy Clin Immunol. 2003;112:585–92. doi:10.1016/
S0091-6749(03)01855-4.

 18. Baris S, Kiykim A, Ozen A, Tulunay A, Karakoc-Aydiner E, Barlan IB. Vitamin D as 
an adjunct to subcutaneous allergen immunotherapy in asthmatic children 
sensitized to house dust mite. Allergy. 2014;69:246–53. doi:10.1111/all.12278.

 19. Jerzynska J, Stelmach W, Rychlik B, Lechańska J, Podlecka D, Stelmach I. 
The clinical effect of vitamin D supplementation combined with grass-
specific sublingual immunotherapy in children with allergic rhinitis. 
Allergy Asthma Proc. 2016;37:105–14. doi:10.2500/aap.2016.37.3921.

 20. Piantoni S, Andreoli L, Scarsi M, Zanola A, Dall’Ara F, Pizzorni C, et al. 
Phenotype modifications of T-cells and their shift toward a Th2 response 
in patients with systemic lupus erythematosus supplemented with 
different monthly regimens of vitamin D. Lupus. 2015;24:490–8. 
doi:10.1177/0961203314559090.

http://dx.doi.org/10.1186/s12948-016-0044-1
http://dx.doi.org/10.1016/j.coi.2009.07.012
http://dx.doi.org/10.1016/j.jaci.2010.12.1080
http://dx.doi.org/10.1007/s00253-015-7187-8
http://dx.doi.org/10.1007/978-3-540-71029-5_12
http://dx.doi.org/10.1111/cea.12449
http://dx.doi.org/10.1073/pnas.121172198
http://dx.doi.org/10.1172/JCI21759
http://dx.doi.org/10.1111/j.1365-2567.2009.03222.x
http://dx.doi.org/10.1186/1471-2172-15-21
http://dx.doi.org/10.4049/jimmunol.1301656
http://dx.doi.org/10.1159/000327546
http://dx.doi.org/10.1016/S0091-6749(03)01855-4
http://dx.doi.org/10.1016/S0091-6749(03)01855-4
http://dx.doi.org/10.1111/all.12278
http://dx.doi.org/10.2500/aap.2016.37.3921
http://dx.doi.org/10.1177/0961203314559090


Page 10 of 10Petrarca et al. Clin Mol Allergy  (2016) 14:7 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 21. Petrarca C, Lazzarin F, Lanuti P, Marchisio M, Miscia S, Rossi C, et al. Lacto-
bacillus paracasei Lp6 favors immune modulation induced by allergoid 
treatment in ragweed sensitized mice. Int J Immunopathol Pharmacol. 
2011;24:881–93.

 22. Petrarca C, Lazzarin F, Pannellini T, Iezzi M, Braga M, Mistrello G, et al. Mon-
omeric allergoid intragastric administration induces local and systemic 
tolerogenic response involving IL-10-producing CD4(+)CD25(+) T regu-
latory cells in mice. Int J Immunopathol Pharmacol. 2010;23: 1021–31. 
http://www.scopus.com/inward/record.url?eid=2-s2.0-79953021305&par
tnerID=tZOtx3y1

 23. Di Gioacchino M, Cavallucci E, Ballone E, Cervone M, Di Rocco P, Piunti E, 
et al. Dose-dependent clinical and immunological efficacy of sublingual 
immunotherapy with mite monomeric allergoid. Int J Immunopathol 
Pharmacol. 2012;25: 671–79. http://www.scopus.com/inward/record.
url?eid=2-s2.0-84868037174&partnerID=tZOtx3y1.

 24. Digioacchino M, Perrone A, Petrarca C, Diclaudio F, Mistrello G, Falagiani 
P, et al. Early cytokine modulation after the rapid induction phase of 
sublingual immunotherapy with mite monomeric allergoids. Int J Immu-
nopathol Pharmacol. 2008;21:969–76.

 25. Zella JB, McCary LC, DeLuca HF. Oral administration of 1,25-dihydroxyvitamin 
D3 completely protects NOD mice from insulin-dependent diabetes mellitus. 
Arch Biochem Biophys. 2003;417:77–80. doi:10.1016/S0003-9861(03)00338-2.

 26. Islam S, Luster AD. T cell homing to epithelial barriers in allergic disease. 
Nat Med. 2012;18:705–15. doi:10.1038/nm.2760.

 27. Marelli-Berg FM, Cannella L, Dazzi F, Mirenda V. The highway code of T cell 
trafficking. J Pathol. 2008:179–89. doi:10.1002/path.2269.

 28. Hintzen G, Ohl L, Delrio ML, Rodriguez-Barbosa JI, Pabst O, Kocks JR, et al. 
Induction of tolerance to innocuous inhaled antigen relies on a CCR7-
dependent dendritic cell-mediated antigen transport to the bronchial 
lymph node. J Immunol. 2006;177:7346–54.

http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-79953021305%26partnerID%3dtZOtx3y1
http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-79953021305%26partnerID%3dtZOtx3y1
http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-84868037174%26partnerID%3dtZOtx3y1
http://www.scopus.com/inward/record.url%3feid%3d2-s2.0-84868037174%26partnerID%3dtZOtx3y1
http://dx.doi.org/10.1016/S0003-9861(03)00338-2
http://dx.doi.org/10.1038/nm.2760
http://dx.doi.org/10.1002/path.2269

	Vitamin D3 improves the effects of low dose Der p 2 allergoid treatment in Der p 2 sensitized BALBc mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Sensitization, challenge, and AIT protocol
	Determination of serum levels of d2-specific antibodies
	Preparation of BALF and lung tissue homogenate
	Cytokine levels determination in BALF and in lung tissue homogenate
	Histochemical analysis of the lung
	Evaluation of T regulatory cells frequency in spleen
	Immunohistochemical detection of FoxP3+ cells and CD3+ cells in the lung
	Differential cell counts in the BALF
	Statistical analysis

	Results
	Immunoglobulin levels in the serum
	Cytokine levels in lung homogenate and BAL fluid
	Determination of T regulatory cells
	BALF eosinophilia

	Discussion
	Conclusions
	Authors’ contributions
	References




