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Abstract

Background: Allergen-specific immunotherapy (SIT) is cur-
rently the only curative treatment for allergy but the treat-
ment needs to be improved. We hypothesize that covalent
coupling of immunomodaulating vitamin D3 to the major cat
allergen Fel d 1 can enhance the beneficial effects of SIT to
cat allergy. Methods: We treated mice sensitized to Fel d 1
with subcutaneous injections of two doses of recombinant
Fel d 1 coupled to 1a,25-dihydroxyvitamin D3 (rFel d 1:VD3)
and compared to treatment with the same doses of rFel d 1
in a mouse model for cat allergy. Airway hyperresponsive-
ness (AHR), cytokines and cells in bronchoalveolar lavage
(BAL), in vitro activation of splenocytes to rFel d 1, and Fel d
1-specific immunoglobulins were evaluated. Results: Treat-
ment with both doses of rFel d 1:VD3 decreased AHR, cellular
influxand Th2 cytokines in BAL compared to untreated mice.
High- and low-dose rFel d 1 treatment also decreased AHR
and BAL Th2 cytokines, with less decrease for the low-dose

treatment. Importantly, the total number of cells and eosino-
phils in BAL was markedly reduced at both high- and low-
dose rFel d 1:VD3 compared to treatment with rFel d 1 alone.
Finally, treatment with both rFel d 1 and rFel d 1:VD3 induced
Fel d 1-specific serum IgG. Conclusion: Our results indicate
a beneficial therapeutic effect of rFel d 1:VD3 on airway in-
flammation, AHR and rFel d 1-specific immune responses
and thus suggest that this novel immunomodulatory candi-
date may improve both the efficacy and safety of SIT.
Copyright © 2011 S. Karger AG, Basel

Introduction

Allergen-specific immunotherapy (SIT) is currently
the only curative treatment of allergic diseases that gives
long-lasting relief of symptoms [1]. The treatment has
now been practiced for a century, but the exact mecha-
nisms of action are still not fully understood. Proposed
mechanisms involve both humoral and cell-mediated re-
sponses. These include production of blocking IgG anti-
bodies [2-4] and induction of a state of anergy/deletion
orimmune deviation (that is, a shift from a predominant-
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ly Th2-like to a more Th1-like phenotype) among aller-
gen-specific T cells [5, 6]. Generation of regulatory T cells
(Tregs) and IL-10 has also been demonstrated in success-
ful SIT [7-10].

Current SIT involves some drawbacks including along
treatment period (3-5 years) with repeated administra-
tion of allergen and a risk of both local and systemic side
reactions [11]. Many approaches for how to improve both
the efficacy and safety of SIT have been proposed, includ-
ing targeting of the allergen to Fcy receptors on antigen-
presenting cells (APCs) or effector cells [12, 13], targeting
the MHC class II pathway [14], displaying the allergen on
virus-like particles [15], linking to CpG-containing oli-
gonucleotides [16, 17] or carbohydrate-based particles
(18] and co-administration with immunomodulatory
substances [19-21].

In order to improve SIT, it would be desirable to more
specifically target allergen-specific regulatory mecha-
nisms. One well-characterized immunomodulatory sub-
stance is la,25-dihydroxyvitamin D3 (VD3) [22]. Most
effects of VD3 are exerted through binding to the vitamin
D receptor that dimerizes with the retinoic X receptor,
and this dimer binds to vitamin D-responsive elements
in the promoter region of VD3-responsive genes. Many
of these genes are involved in immunomodulatory mech-
anisms and the vitamin D receptor is expressed by a va-
riety of immune cells [22, 23]. VD3 is capable of inducing
dendritic cells (DCs) with tolerogenic properties by in-
hibiting differentiation and maturation of the DCs, and
by enhancing their production of IL-10 [24-26]. These
tolerogenic DCs have the ability to induce Tregs [27] and
recent data also suggest that VD3 can act directly on
CD4+ T cells downregulating pro-inflammatory cyto-
kines and promoting a Treg phenotype [28, 29]. In this
study, we hypothesize that by covalent coupling of VD3
to the recombinant (r) major cat allergen Fel d 1 (rFel d
1:VD3), the efficacy, and thereby also the safety, of SIT to
cat allergy can be improved. We have evaluated rFel d
1:VD3 in a mouse model for cat allergy and compared the
outcome of rFel d 1:VD3 treatment to treatment with rFel
d 1 alone. We observed an effect of rFel d 1:VD3 superior
to that of rFel d 1 on airway inflammation, reflected by
reduced infiltration of total cells in general and eosino-
phils in particular, in bronchoalveolar lavage (BAL). Fur-
thermore, rFel d 1:VD3 was more potent than rFel d 1 in
reducing airway hyperresponsiveness (AHR). Our data
support that VD3 directly linked to rFel d 1 may reduce
the allergen-specific airway response, and thus is a prom-
ising candidate for use in SIT to cat allergy.

Fel d 1:VD3 in Cat Allergy Treatment

Methods

Animals

Female BALB/cmice (6-8 weeks) were purchased from Charles
River Laboratories (Sulzfeld, Germany) and housed under 12-/12-
hour light/dark cycle with food and water ad libitum. The exper-
iments were approved by the local ethics committee for animal
welfare.

Antigens

Cat dander extract (CDE) [18] and rFel d 1 were prepared as
previously described [30]. VD3 was covalently coupled directly to
rFel d 1, essentially as described by Jean et al. [31]. Briefly, rFel d
1 was dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid
and 0.15 M sodium chloride buffer (1.5 mg/ml), and VD3 (99%;
Sigma-Aldrich, Steinheim, Germany) was dissolved in 99.5% eth-
anol (1.8 mg/ml). The VD3 solution was added to the rFel d 1 so-
lution during constant stirring to a concentration of 1.1 mg/ml
rFel d 1 and 0.48 mg/ml VD3. This was followed by addition of
formaldehyde (>36.5% in water; Sigma-Aldrich) to the reaction
mixture (21% of total volume). Ethanol was added to clear the so-
lution (12% of final volume) and the reaction mixture was kept in
the dark with constant stirring at room temperature overnight.
The solution was stored at 4°C before exchanging the buffer to
phosphate-buffered saline (PBS) using an NAP-10 column (GE
Healthcare, Uppsala, Sweden).

The rFel d 1 contained 4.5 ng lipopolysaccharide (LPS)/mg
protein and the rFel d 1:VD3 contained less than 0.8 ng LPS/mg
protein as measured by Limulus amebocyte lysate endochrome
assay (Charles River Endosafe, Charleston, S.C., USA).

Mass Spectrometry

Coupling of VD3 to rFel d 1 was analyzed by electrospray ion-
ization mass spectrometry (ESI-MS). Before application to ESI-
MS, the sample was desalted using a ZipTip C18 10 pl pipette
tip (Millipore, Billerica, Mass., USA). Data were acquired on a
Q-TOF Ultima API mass spectrometer (Waters Corp., Milford,
Mass., USA) equipped with a standard Z-spray API source in pos-
itive mode. The sample was introduced from a metal-coated bo-
rosilicate glass capillary needle (Proxeon Biosystems A/S, Odense,
Denmark). The capillary voltage was 1.6 kV. Data were sampled
over a mass range between 300 and 2,000 m/z with a scan time of
2 s for about 5 min. The spectra were combined and deconvoluted
to zero charged ions (average mass) with MaxEnt 1 in Masslynx
4.0 software (Waters Corp.).

VD3 Activity Analysis

Upregulation of CD14 on human monocyte-derived dendritic
cells (MDDCs) was used as a measure of VD3 activity in order to
confirm that the VD3 coupled to rFel d 1 was still active. Periph-
eral blood mononuclear cells were separated from buffy coats
from three healthy donors and MDDCs generated as previously
described [32, 33]. On day 6, the MDDCs were harvested and CD14
as well as other surface markers were analyzed by flow cytometry
before starting stimulation. The MDDCs were stimulated with
PBS, 10 wg/ml rFel d 1, 10 pg/ml rFel d 1:VD3 or 5 X 10 M VD3
and after 48 h stimulation the cells were analyzed using flow cy-
tometry as on day 6. In the stimulation of MDDCs from one donor,
0.045 ng/ml LPS was added to the rFel d 1:VD3 and VD3 stimula-
tions in order to match the LPS content of the rFel d 1 stimulation.
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Fig. 1. Therapeutic treatment protocol. Groups of mice were sen-
sitized with 1 g rFel d 1/alum s.c. on days 0, 14 and 28, treated
with 5 or 10 pg rFel d 1, 5 or 10 pug rFel d 1:VD3, VD3 or PBS s.c.
on days 30, 32 and 34 and challenged with 10 pg CDE or PBS i.n.
on days 39, 40 and 41 before sacrifice on day 42. n = 8-10.

Flow cytometry was performed on a BD FACSAria instrument
(BD Biosciences, San Diego, Calif., USA) with FITC conjugated
CD209 (clone MR-1; AbD Serotec, Oxford, UK) and CD40 (clone
5C3; BD Biosciences), PE conjugated CD83 and CD80 (clone
HBI15e and L307.4, respectively; BD Biosciences), PerCP conju-
gated HLA-DR (clone L243, G46-6; BD Biosciences) and PE-cya-
nine7 conjugated CD14 (clone HCD14; Biolegend, San Diego, Cal-
if., USA) with corresponding isotype controls [IgG1 conjugated to
FITC (clone X40; BD Biosciences), PE and PE-Cyanine7 (both
clone MOPC-21; BD Biosciences) and IgG2a conjugated to PerCP
(clone MOPC-173; Biolegend)]. Data were analyzed using Flow]Jo
7.6 software (Tree Star Inc., Ashland, Oreg., USA).

Therapeutic Treatment Protocol

Mice were sensitized subcutaneously (s.c.) with 1 pg rFel d 1
adsorbed to 1 mg alum (Sigma-Aldrich) in 200 w1 PBS on days 0,
14 and 28. Groups of mice (n = 8-10) were treated s.c. with 5 or 10
pg rFel d 1, 5 or 10 pg rFel d 1:VD3, 20 ng VD3 (equal to the
amount VD3 in the 10 g rFel d 1:VD3 treatment) in 200 .l PBS
or 200 wl PBS alone (sham) on days 30, 32 and 34. VD3 was dis-
solved in dimethyl sulfoxide for storage and freshly diluted 38.5
times in PBS before injection. On days 39, 40 and 41, mice were
challenged intranasally (i.n.) with 10 pg CDE in a total volume of
20 pl. Control mice were treated with 200 wl PBS and challenged
with 20 pl PBS according to the same protocol (fig. 1).

Measurement of Airway Responsiveness

One day after the last i.n. challenge of the treatment protocol,
intravenous metacholine (MCh)-induced AHR was measured
with a small animal ventilator (Flexivent®; Scireq, Montreal,
Que., Canada) as previously described [18]. Data are presented as
peak respiratory resistance (Ry) in response to 1 mg/kg MCh.

Bronchoalveolar Lavage

Lungs were lavaged with 1 ml PBS and total number of live
cells was counted. The BAL fluid was collected and stored at
-80°C until cytokine and Fel d 1-specific IgA analysis. BAL cells
were resuspended in PBS, cytospun and stained with May-Griin-
wald-Giemsa (Sigma-Aldrich). For differential cell counts, a min-
imum of 300 cells/BAL sample were counted.
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Lung Histology

Histocon® (HistoLab Products, Vistra Frolunda, Sweden) was
injected in the lungs of two mice per group. The lungs were re-
moved and frozen in cryostat embedding medium (Bio-Optica,
Milano, Italy). The lung specimens were stored at -80°C until
preparation of 10-pm cryostat sections. The sections were stained
for mucus production with Periodic Acid/Schiff’s reagent (Sigma-
Aldrich) according to the manufacturer’s instructions.

Splenocyte in vitro Proliferation

Cell suspensions were prepared from spleens and cultured as
described earlier [18]. Briefly, spleens were passed through a 70-
wm cell strainer and splenocytes cultured in triplicates (2 X 10°
cells/well), either unstimulated or stimulated with 10 pg/ml rFel
d 1 or 5 pg/ml concanavalin A (Sigma-Aldrich) as positive con-
trol. All splenocyte cultures were able to proliferate in response to
concanavalin A. After 5 days of culture, 20 pl supernatant was
removed and pooled for each triplicate and stored at -80°C until
cytokine analysis. To each well, 1 pnCi *[H]-thymidine in 10 pl
RPMI 1640 was added and the cells were cultured for an addi-
tional 18 h. Stimulation index (SI) values were calculated as trip-
licate mean counts per minute of rFel d 1-stimulated cells/tripli-
cate mean counts per minute of unstimulated cells. SI =2 was
considered as positive.

Cytokine Analysis

Cytokine content in splenocyte in vitro culture supernatants
and BAL fluid was analyzed by cytometric bead array (CBA; BD
Biosciences) for IL-13, IL-5, IL-10 and IFN-y according to the
manufacturer’s instructions. Results were calculated using FCAP
Array™ software (BD Biosciences) and the detection limit was set
according to the standard curves to 2.5 pg/ml for all cytokines
except IL-10, for which the detection limit was set to 10 pg/ml.
Stimulated cytokine levels in splenocyte culture supernatants
were calculated by subtracting the amount in un-stimulated cul-
ture from the amount in rFel d 1-stimulated culture. If the cyto-
kine amount in a sample was below the detection limit, it was set
to the detection limit.

Determination of Fel d 1-Specific Antibodies

Blood was collected by cardiac puncture and serum was sepa-
rated and stored at -80°C until analysis. ELISA was used for anal-
ysis of serum levels of Fel d 1-specific IgE, IgG1 and 1gG2a, and
BAL]levels of Fel d 1-specific IgA. Briefly, 96-well microtiter plates
(Nunc, Roskilde, Denmark) were coated with 2 pwg/ml rat anti-
mouse IgE (BD Biosciences) for IgE analysis, or 5 ug/ml rFel d 1
for IgGl, IgG2a and IgA analysis. Sera were diluted 1:20 for IgE,
1:1,000 for IgG2a, and 1:25,000, 1:100,000 or 1:1,000,000 for IgG1.
The amounts of IgGl in the samples were pre-tested in order to
determine the dilution where concentrations were within the de-
tection range. BAL samples were used undiluted. Bound IgE was
detected using 2 pg/ml biotinylated rFel d 1 followed by incuba-
tion with alkaline phosphatase (AP)-conjugated streptavidine
(diluted 1:3,000; Sigma-Aldrich). IgG2a, IgGl and IgA were de-
tected using goat anti-mouse IgG2a, IgG1 and IgA, respectively,
conjugated to AP (diluted 1:1,000 for IgG2a, 1:5,000 for IgGl and
1:1,000 for IgA; SouthernBiotech, Birmingham, Ala., USA). Phos-
phatase substrate (Sigma-Aldrich) was added and color develop-
ment was monitored after 45 min for serum ELISA and 75 min for
the BAL ELISA at 405 nm. Results are presented as OD values for
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IgE, IgG2a and IgA, whereas the IgG1 results are presented as AU/
ml calculated from a standard curve. All samples from the differ-
ent groups were measured on the same plate for each isotype to
allow comparisons between the groups. For analysis of antibodies
capable of blocking binding of human Fel d 1-specific IgE, a
blocking ELISA was performed essentially as described previous-
ly [34]. Briefly, a microtiter plate was coated with rFel d 1 as de-
scribed earlier and pre-incubated with mouse sera diluted 1:80 for
immunized/treated mice or 1:10 for a pool of sera from 8 naive
mice. This was followed by incubation with a pool of sera from
cat-allergic patients diluted 1:32. The patients had a median IgE
to cat of 24.5 kU/1 (range 16-53) as determined by ImmunoCAP™
(Phadia AB, Uppsala, Sweden). Binding of human IgE was de-
tected with rabbit anti-human IgE (diluted 1:2,000; MIAB, Upp-
sala, Sweden) followed by AP-conjugated goat anti-rabbit IgG (di-
luted 1:1,000; Jackson ImmunoResearch Laboratories Inc., West
Grove, Pa., USA) and phosphatase substrate. The blocking capac-
ity was calculated and expressed in percent by 100 X (1 - A/B)
where A and B represent adjusted OD values for immunized/
treated (A) and naive (B) mice.

Statistical Analysis

Results are presented as median values. Differences between
the treatment groups were evaluated by Kruskal-Wallis with
Dunn’s multiple comparisons test. When indicated, pairwise
comparisons between rFel d 1 and rFel d 1:VD3 at the different
treatment doses were evaluated using the Mann-Whitney U test.
The analyses were performed using Graphpad Prism 5 software
(Graphpad Software Inc., San Diego, Calif., USA). p < 0.05 was
considered significant.

Results

Coupling of VD3 to rFel d 1

Analysis by ESI-MS revealed that the rFel d 1:.VD3
preparation consisted of approximately 90% unmodified
rFel d 1 and 10% of the rFel d 1 coupled to VD3 at a 1:1
ratio (fig. 2a, b). Thus, the peak at 19,593 Da, correspond-
ing to the molecular weight of rFel d 1 + VD3 (fig. 2b), was
approximately 1/10 the height of the peak at 19,176 Da,
corresponding to free rFel d 1 (including a six-histidine
tag; fig. 2a). No protein aggregates could be detected
when analyzing rFel d 1:VD3 by SDS-PAGE (data not
shown).

Activity of rFel d 1:VD3

Several studies have shown that addition of VD3 dur-
ing differentiation or maturation of human MDDCs
leads to upregulation of CDI14 [25, 35]. Stimulation for
48 h with rFel d 1:VD3 and VD3 alone upregulated CD14
in MDDCs at least 40% compared to rFel d 1 stimulation.
Expression of other DC markers (CD40, CD80, CD83,
CD209 and HLA-DR) differed only marginally between
the different stimulations (fig. 2¢). To rule out that differ-
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Fig. 2. Analysis of vitamin D3 coupling to rFel d 1. Electrospray
ionization mass spectrometry was used to analyze the coupling of
VD3 to rFel d 1. rFel d 1 (a) and rFel d 1:VD3 (b) spectrum. Ex-
pression of surface markers on MDDCs stimulated for 48 h with
rFel d 1, rFel d 1:VD3, VD3 and PBS (c).

ences in LPS contamination in the MDDC stimulation
cultures affected CD14 expression, the LPS content in the
rFel d 1:VD3 and VD3 preparations was adjusted to the
same amount as present in rFel d 1. The addition of LPS
to rFel d 1:VD3 and VD3 had no effect on expression of
CD14 or other markers. Thus, the rFel d 1:VD3 had the
same effect on CD14 expression as VD3 alone, supporting
the preserved activity of VD3 when coupled to rFel d 1.
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staining of 10 wm representative lung sections from mice in 5 pwg rFel d 1 (b), 5 pg rFel d 1:VD3 (c), VD3 (d),

sham (e) and control (f) groups.

Treatment with rFel d 1:VD3 Reduces AHR

AHR to MCh was measured in rFel d 1-sensitized mice
treated with either 5 or 10 wg rFel d 1, 5 or 10 pg rFel d
1:VD3, VD3 alone or PBS (sham) before i.n. challenge
with CDE or PBS (control). All treatments where rFel d 1
was given (rFel d 1:VD3 or rFel d 1 alone) reduced AHR
compared to sham treatment (fig. 3a). This reduction was
significant for the 5-pg rFel d 1:VD3 and 10-pg rFel d 1
treatment (p < 0.05). Noteworthy is that although the re-
duction of AHR for the 10-pg rFel d 1:VD3 treatment did
not reach significance, the distribution and median ap-
peared almost identical to those of the 10-pg rFel d 1
treatment (fig. 3a). In contrast, groups treated with 5 pg
rFel d 1 or VD3 had a significantly higher AHR than the
control group (p < 0.01; fig. 3a). Treatment with rFel d
1:VD3 at the 5-jug dose decreased the AHR compared to
treatment with 5 pg rFel d 1 alone (fig. 3a; not significant,
p = 0.07), by pairwise comparison.

To investigate if increased AHR was associated with
enhanced mucus production in lung tissue, lung sections
from two mice per group were analyzed by PAS staining.
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Figure 3b-f shows representative micrographs revealing
that the mucus production corresponded to the AHR re-
sults, with increased mucus staining in mice from groups
with higher AHR.

Infiltration of Inflammatory Cells, IL-5 and IgA levels

in BAL Are Decreased by rFel d 1:VD3 Treatment

To evaluate the effect of rFel d 1:VD3 treatment on air-
way inflammation, total cells and eosinophils in BAL
were counted. Only treatment with rFel d 1:VD3 clearly
limited cell infiltration to the airways at both high- and
low-dose (10 and 5 pg) treatment. Accordingly, in con-
trast to rFel d 1, VD3 or sham treatment, the rFel d 1:VD3
treatment did not result in significant increases in either
total cells (fig. 4a) or eosinophils (fig. 4b) in BAL after
CDE challenge when compared to control mice. There
were significantly less total cell numbers in rFel d 1:VD3
5-ng-treated compared to rFel d 1 5-jLg-treated mice, and
of eosinophils in rFel d 1:VD3 10-pg-treated compared to
rFel d 1 10-pg-treated mice by pairwise comparison
(fig. 4; p <0.05).
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IL-5 was significantly reduced in BAL fluid of mice
treated with 10 pg rFel d 1:VD3 compared to the sham
treatment group (p < 0.05). For 5 ug rFel d 1-, VD3- and
sham-treated mice, the IL-5 levels were significantly in-
creased compared to control mice (fig. 5a; p < 0.05 and
p < 0.001, respectively). A similar pattern was found for
IL-13 levels in BAL when comparing the different groups
of mice, although the amounts of IL-13 were generally
lower and differences less pronounced than for IL-5
(tig. 5b). Concentrations of IFN-y and IL-10 in BAL were

Fel d 1:VD3 in Cat Allergy Treatment

below the detection limits for both cytokines in most
samples (data not shown).

Treatment with rFel d 1:VD3 led to significantly re-
duced levels of Fel d 1-specific IgA in BAL compared to
VD3- and sham-treatment (fig. 5¢; p < 0.01). The Fel d
1-specific IgA levels in BAL of control mice and both
groups treated with rFel d 1 were similar to those detect-
ed in the rFel d 1:VD3 groups, although significant dif-
ferences compared to VD3 and sham were not detected
for these groups (fig. 5¢; p > 0.05).
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d 1 was measured by incorporation of *[H]-thymidine and results expressed as SI. b-d Cytokine levels in in vi-
tro stimulated splenocyte culture supernatants were measured by CBA analysis and the results are expressed as
the difference of cytokine levels in rFel d 1-stimulated versus unstimulated culture; IL-5 (b), IL-13 (c), IL-10 (d).

n = 8-10, median.

Reduced rFel d 1 Stimulated Activation of Splenocytes

from rFel d 1:.VD3-Treated Mice

As a measure of treatment-induced T cell activation,
splenocyte incorporation of *[H]-thymidine and produc-
tion of cytokines in response to rFel d 1 stimulation was
analyzed. Treatment with either dose of rFel d 1:VD3 or
10 ng of rFel d 1 tended to reduce splenocyte activation
compared to sham treatment and control (fig. 6a). This
activation was reduced to a lesser extent by the 5-.g rFel
d 1 treatment, resulting in similar SI values as for VD3
treatment. There was a tendency that the levels of IL-5
and IL-13 in culture supernatants from both rFel d 1:VD3
treatment groups were reduced compared to rFel d 1
(fig. 6b, c), whereas no induction of IL-10 could be de-
tected in any of these groups (fig. 6d). Due to large indi-
vidual variation in all treatment groups, the splenocyte
stimulation experiments did, however, not reveal any sig-
nificant differences between the groups.

Induction of Fel d 1-Specific Serum IgG and Blocking

Antibodies in rFel d 1- and rFel d 1:VD3-Treated Mice

The levels of Fel d 1-specific IgGl, IgG2a and IgE in
serum were analyzed. Any treatment that involved rFel d
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1 (rFel d 1 alone and rFel d 1:VD3) induced both IgG1 and
IgG2a (fig. 7a, b). Treatment with rFel d 1 led to higher
levels of IgG2a than the rFel d 1:VD3 treatment (fig. 7b),
and by pairwise comparison, the difference was signifi-
cant at the 10-g treatment dose (p < 0.05). There were
no significant differences in the levels of IgE between any
of the treatment groups, including sham and control
(tig. 7c). Treatment with rFel d 1:VD3 induced antibodies
capable of blocking the binding of Fel d 1-specific human
IgE at least to the same extent as the rFel d 1 treatment
(tig. 7d).

Discussion

There is an increasing body of evidence in support of
the immunoregulatory effect of VD3. Successful SIT has
in several reports been linked to a Treg response [7, 8, 10,
36], and therefore we set out to investigate if the efficacy
of SIT could be improved by linking VD3 to rFel d 1. In
this study, rFel d 1 with covalently coupled VD3 was used
to treat mice in a model for cat allergy. The covalent cou-
pling ensures that any immunomodulatory effect exerted
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Fig. 7. Serum levels of Fel d 1-specific immunoglobulins and blocking antibodies. Immunoglobulin levels in
sera of treated and challenged mice were measured by ELISA. IgGl (a), IgG2a (b), IgE (c). d Capacity of mouse
sera to block binding of Fel d 1-specific human IgE. n = 8-10, median, * p < 0.05, ** p < 0.01, *** p < 0.001.

* p <0.05 by pairwise comparison.

by VD3 affects the same APC that will present Fel d 1 to
allergen-specific T cells. With this approach, allergen-
specific Tregs may be more precisely induced than if VD3
is co-administered with the allergen, a strategy that was
recently shown to potentiate the beneficial effects of SIT
in an experimental model [20].

As VD3 was expected to affect allergen-specific T
cells, the effect of rFel d 1:VD3 treatment on the allergen-
specific T cell responses was analyzed. Treatment with
rFel d 1:VD3 tended to reduce production of IL-5 and IL-
13 in allergen-stimulated splenocyte cultures compared
to rFel d 1 treatment. This was not linked to an induction
of IFN-v, which could neither be detected in superna-
tants from in vitro splenocyte cultures nor in BAL after
allergen challenge. Thus, our results suggest that treat-
ment with rFel d 1:VD3 reduces the allergen-specific Th2
response by a mechanism not involving Th1 skewing of
the response. Involvement of IL-10 in the desirable down-
regulation of Th2 cytokines could not be supported as no
induction, but rather a reduction, of IL-10 production was

Fel d 1:VD3 in Cat Allergy Treatment

observed. This is in contrast to the report by Taher et al.
[20] showing that the potentiating effect of VD3 in an
OVA SIT model was dependent on both IL-10 and TGF-
B.IL-10 has been linked to successful subcutaneously ad-
ministered SIT [7, 9] and TGF-f3 has been associated with
tolerance to allergens administered over the oral mucosa
and suggested to play a role in sublingual allergen spe-
cific immunotherapy [37, 38]. Other mechanisms reduc-
ing the Th2 response have also been proposed, such as
induction of anergy or apoptosis of allergen-specific Th2
cells [39, 40] and of Tregs not producing IL-10 [41]. Such
IL-10-independent regulatory mechanisms may be acti-
vated by rFel d 1:VD3 treatment, as the treatment effects
were not linked to an induction of IL-10 either in aller-
gen-stimulated splenocytes or in BAL of treated animals.
Vitamin D3 receptors are expressed in several immune
cells, for example, APCs and T cells [22, 23], in addition
to nonimmune cells like keratinocytes. Thus the covalent
link between VD3 and rFel d 1 may lead to VD3 modula-
tion of a distinct set of immune cells by rFel d 1:VD3 com-
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pared to treatments involving free VD3, which will not
require protein uptake and degradation.

Induction of Fel d 1-specific IgG is of importance
when considering rFel d 1:VD3 as a candidate for SIT. In-
creased levels of allergen-specific IgG, especially 1gG4,
have in several clinical studies been linked to successful
SIT [3, 42] by mechanisms involving blocking of IgE
binding to allergens, thus preventing IgE receptor cross-
linking-induced effector functions [43] and IgE receptor-
mediated allergen uptake by APCs [3]. Another proposed
mechanism is downregulation of mast cell and basophil
activity through binding of IgG to inhibitory FcyRIIB
receptors [44]. Our data clearly demonstrate that, equally
to rFel d 1 SIT, treatment with rFel d 1:VD3 is able to in-
duce Fel d 1-specific IgGl and IgG2a in mice. In accor-
dance with the induction of blocking antibodies in suc-
cessful SIT, we find an induction of blocking antibodies
of similar capacity with both rFel d 1:VD3 and rFel d 1
treatment.

IgA is considered to be a noninflammatory antibody
isotype. However, in humans, IgA acting through FcaRI
has a dual effect and may be either activating or inhibi-
tory in receptor-expressing cells, such as mast cells [45].
Human eosinophils may also be activated by IgA [46],
and the level of allergen-specific IgA in human BAL has
been shown to correlate with eosinophil cationic protein
in allergic patients subjected to allergen bronchoprovo-
cation [47]. Moreover, a recent report showed that sup-
pression of airway inflammation in a mouse model of
immunotherapy is independent of B cell responses and
induction of IgA [48]. Our results revealed the highest
levels of IgA in BAL from mice with the strongest airway
inflammation, while the lowest levels were detected in
rFel d 1:VD3-treated mice. In contrast, Taher et al. [20]
detected an increase in IgA in serum of mice treated with
allergen combined with VD3 compared to sham. As
mice do not express FcaRI [49] and induction of IgA
seems to be redundant in a model of immunotherapy
[48], the reduced IgA levels in BAL of rFel d 1:VD3-treat-
ed mice are probably secondary to the reduction of in-
flammation in these mice. At least, the anti-inflamma-
tory effect observed in rFel d 1:VD3-treated mice does
not seem to be mediated by locally induced allergen-spe-
cific IgA.

When comparing the treatment with rFel d 1:VD3 to
treatment with the unmodified rFel d 1, the clearest ef-
fect was seen on cellular infiltration in BAL. The benefi-
cial effect of rFel d 1:VD3 was superior to that of rFel d 1
alone and the difference was most obvious when com-
paring influx of eosinophils. Thus, rFel d 1:VD3 was
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more potent in preventing pulmonary eosinophilia. In
line with these data, IL-5 levels in BAL were significant-
ly decreased compared to the sham-treated group only
for the 10 pg rFel d 1:VD3-treated group. Eosinophilic
inflammation is a hallmark for allergic inflammation,
and IL-5 stimulates the activation and recruitment of eo-
sinophils [50]. Vitamin D3 possesses anti-inflammatory
effects and has been suggested as a potentially interesting
compound for clinical use to treat inflammatory diseas-
es [22, 51], including asthma [52]. The anti-inflammato-
ry effect of the rFel d 1:VD3 treatment may be of par-
ticular relevance for treating cat-allergic patients with
asthma. Importantly, in addition to improvement of the
allergen-induced airway inflammation, treatment with
rFel d 1:VD3 also led to decreased AHR compared to
sham treatment. There was no significant difference be-
tween the rFel d 1:VD3 and rFel d 1 treatments, though
again rFel d 1:VD3 tended to be slightly more potent than
rFel d 1 alone.

The coupling chemistry used for coupling of VD3 to
rFel d 1 is based on a Mannich formaldehyde reaction.
This type of chemistry has previously been used for cou-
pling of small molecules to proteins with good yields [53],
including covalent coupling of VD3 to a BSA derivative
[31]. The rFel d 1:VD3 conjugate used in this study con-
sisted of a preparation where only approximately 10% rFel
d 1 waslinked to VD3 at a 1:1 ratio. The beneficial effects
of rFel d 1:VD3 could possibly be enhanced by further
optimizing the coupling efficiency to produce a more
highly substituted rFel d 1:VD3 conjugate, as well as in-
creasing the proportion of rFel d 1 carrying VD3. High
doses of VD3 are, however, toxic, mainly due to effects on
calcium metabolism, causing for example hypercalcemia,
hypercalciuria, renal calcification and increased bone re-
sorption [54, 55]. Therefore, increasing the amount of
VD3 coupled to rFel d 1 has to be carefully balanced. If
the current rFel d 1:VD3 would be used in SIT, a mainte-
nance dose of 13-15 g rFel d 1:VD3 would correspond
to a VD3 dose of about 30 ng. This dose is well below
doses reported not to induce hypercalcemia if given s.c.
every other day [56]. On the other hand, the immuno-
modulatory effects of VD3 were only observed at concen-
trations of 1071° M and higher in vitro [55]. In this regard,
the concept of covalent linking of VD3 to the allergen is
of particular importance for overcoming the problem of
achieving effective doses of VD3 but avoiding its toxic ef-
fects.

In conclusion, this study suggests that covalent linking
of VD3 to rFel d 1 may improve the beneficial effects of
SIT for treatment of cat allergy. We demonstrate thatin a
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mouse model of cat allergy, treatment with rFel d 1:VD3
is more potent than rFel d 1 treatment in affecting airway
inflammation and may thus be particularly efficient in
treatment for allergic asthma. In addition, at least equal-
ly positive effects were observed on AHR and the im-
mune response to Fel d 1 with both treatments. Impor-
tantly, the improved effects may allow lower allergen dos-
esin SIT and thus improve both the efficacy and safety of
the treatment. This leads us to suggest that rFel d 1:VD3
is a promising candidate for use in SIT for cat allergy.
Moreover, the concept of direct linking of VD3 to aller-
gens can be extended to SIT with any kind of defined al-
lergen.

References

—

immunotherapy: therapeutic vaccines for al-
lergic diseases. A WHO position paper. ] Al-
lergy Clin Immunol 1998;102:558-562.

SC, Zhang L, Hines B, Lane D, Wheat W,
Routes JM, Sawyer R, Rosenwasser LJ, Nel-
son HS: Dose dependence and time course of
the immunologic response to administra-
tion of standardized cat allergen extract. J

Allergy Clin Immunol 2004;114:1339-1344. 3252-3259.

3 van Neerven RJ, Wikborg T, Lund G, Jacob- 10 Bohle B, Kinaciyan T, Gerstmayr M, Rada-
kovics A, Jahn-Schmid B, Ebner C: Sublin-
gual immunotherapy induces IL-10-produc- 17 Mo JH, Park SW, Rhee CS, Takabayashi K,
ing T regulatory cells, allergen-specific T-
cell tolerance, and immune deviation. J
Allergy Clin Immunol 2007;120:707-713.

Windom HH, Lockey RF: An update on the
safety of specific immunotherapy. Curr
Opin Allergy Clin Immunol 2008;8:571-576. 18 Neimert-Andersson T, Thunberg S, Swedin
by IgG antibodies after grass pollen immu- 12 Terada T, Zhang K, Belperio ], Londhe V,
Saxon A: A chimeric human-cat Fcgamma-
Fel d 1 fusion protein inhibits systemic, pul-
monary, and cutaneous allergic reactivity to
intratracheal challenge in mice sensitized to
Fel d 1, the major cat allergen. Clin Immunol

sen B, Brinch-Nielsen A, Arnved J, Ipsen H:
Blocking antibodies induced by specific al-
lergy vaccination prevent the activation of
CD4+ T cells by inhibiting serum-IgE-facil-
itated allergen presentation. ] Immunol
1999;163:2944-2952. 11
4 Wachholz PA, Soni NK, Till SJ, Durham SR:
Inhibition of allergen-IgE binding to B cells

notherapy. J Allergy Clin Immunol 2003;
112:915-922.

5 Jutel M, Pichler WJ, Skrbic D, Urwyler A,
Dahinden C, Muller UR: Bee venom immu-
notherapy results in decrease of IL-4 and

IL-5 and increase of IFN-vy secretion in spe- 2006;120:45-56.

cific allergen-stimulated T cell cultures. ] 13 Hulse KE, Reefer AJ, Engelhard VH, Sati-
nover SM, Patrie JT, Chapman MD, Wood-
folk JA: Targeting Fel d 1 to FcyRI induces a
novel variation of the T(H)2 response in sub-
jectswith catallergy. J Allergy ClinImmunol 20 Taher YA, van Esch BC, Hofman GA, Hen-
2008;121:756-762, €754.

pollen allergy: reduced lymphoproliferative 14 Martinez-Gomez JM, Johansen P, Rose H,
Steiner M, Senti G, Rhyner C, Crameri R,
Kundig TM: Targeting the MHC class 1II
pathway of antigen presentation enhances
immunogenicity and safety of allergen im-
munotherapy. Allergy 2009;64:172-178. 21

Immunol 1995;154:4187-4194.

6 Ebner C, Siemann U, Bohle B, Willheim M,
Wiedermann U, Schenk S, Klotz F, Ebner H,
Kraft D, Scheiner O: Immunological chang-
es during specific immunotherapy of grass

responses to allergen and shift from TH2 to
THI in T-cell clones specific for Phl p 1, a
major grass pollen allergen. Clin Exp Allergy
1997;27:1007-1015.

7 Jutel M, Akdis M, Budak F, Aebischer-Casa-
ulta C, Wrzyszcz M, Blaser K, Akdis CA: IL-
10 and TGF- cooperate in the regulatory T
cell response to mucosal allergens in normal
immunity and specific immunotherapy. Eur
J Immunol 2003;33:1205-1214.

Fel d 1:VD3 in Cat Allergy Treatment

Acknowledgements

This work was supported by grants from the Swedish Research
Council, the Stockholm County Council, the Centre for Allergy
Research at Karolinska Institutet, the Swedish Asthma and Al-
lergy Association’s Research Foundation, the King Gustaf V 80"
Birthday Foundation, the Swedish Heart-Lung Foundation, the
Hesselman Foundation, the Konsul Th. C. Bergh Foundation, the
Johnson & Johnson Foundation and Karolinska Institutet.

The authors thank Neda Bigdeli for excellent technical assis-
tance. Mass determination with ESI-MS was carried out at the
Protein Analysis Centre, Karolinska Institutet.

Bousquet J, Lockey R, Malling HJ: Allergen 8 Francis JN, Till SJ, Durham SR: Induction of 15 Schmitz N, Dietmeier K, Bauer M, Maudrich
IL-10+CD4+CD25+ T cells by grass pollen
immunotherapy. J Allergy Clin Immunol
2003;111:1255-1261.

2 Nanda A, O’Connor M, Anand M, Dreskin 9 Nouri-Aria KT, Wachholz PA, Francis JN,
Jacobson MR, Walker SM, Wilcock LK, Sta-
ple SQ, Aalberse RC, Till SJ, Durham SR:
Grasspollen immunotherapyinduces muco- 16 Santeliz JV, Van Nest G, Traquina P, Larsen
sal and peripheral IL-10 responses and
blocking IgG activity. ] Immunol 2004;172:

M, Utzinger S, Muntwiler S, Saudan P, Bach-
mann MF: Displaying Fel d 1 on virus-like
particles prevents reactogenicity despite
greatly enhanced immunogenicity: a novel
therapy for cat allergy. ] Exp Med 2009;206:
1941-1955.

E, Wills-Karp M: Amb a 1-linked CpG oligo-
deoxynucleotides reverse established airway
hyperresponsiveness in a murine model of
asthma. J Allergy Clin Immunol 2002;109:
455-462.

Lee SS, Quan SH, Kim IS, Min IY, Raz E, Lee
CH: Suppression of allergic response by CpG
motif oligodeoxynucleotide-house-dust
mite conjugate in animal model of allergic
rhinitis. Am J Rhinol 2006;20:212-218.

L, Wiedermann U, Jacobsson-Ekman G,
Dahlen SE, Scheynius A, Gronlund H, van
Hage M, Gafvelin G: Carbohydrate-based
particles reduce allergic inflammation in a
mouse model for catallergy. Allergy 2008;63:
518-526.

19 Johansen P, Senti G, Martinez Gomez JM,
Storni T, von Beust BR, Wuthrich B, Bot A,
Kundig TM: Toll-like receptor ligands as ad-
juvants in allergen-specific immunotherapy.
Clin Exp Allergy 2005;35:1591-1598.

ricks PA, van Oosterhout A: J, lalpha,25-di-
hydroxyvitamin D3 potentiates the benefi-
cial effects of allergen immunotherapy in a
mouse model of allergic asthma: role for IL-
10 and TGF-B. ] Immunol 2008;180:5211—
5221.

Lee SE, Koh YI, Kim MK, Kim YR, Kim SY,
Nam JH, Choi YD, Bae §J, Ko Y], Ryu HJ,
Koh JT, Choy HE, Rhee JH: Inhibition of air-
way allergic disease by co-administration of
flagellin with allergen. J Clin Immunol 2008;
28:157-165.

Int Arch Allergy Immunol 2012;157:136-146 145



22

23

24

25

26

27

28

29

30

31

32

van Etten E, Mathieu C: Immunoregulation
by 1,25-dihydroxyvitamin D3:basic con-
cepts. J Steroid Biochem Mol Biol 2005;97:
93-101.

Veldman CM, Cantorna MT, DeLuca HF:
Expression of 1,25-dihydroxyvitamin D(3)
receptor in the immune system. Arch Bio-
chem Biophys 2000;374:334-338.

Ureta G, Osorio F, Morales J, Rosemblatt M,
Bono MR, Fierro JA: Generation of dendritic
cells with regulatory properties. Transplant
Proc 2007;39:633-637.

Canning MO, Grotenhuis K, de Wit H, Ruw-
hof C, Drexhage HA: 1-a,25-Dihydroxyvi-
tamin D3 (1,25(0OH)(2)D(3)) hampers the
maturation of fully active immature dendrit-
ic cells from monocytes. Eur J Endocrinol
2001;145:351-357.

Penna G, Adorini L: 1 a,25-Dihydroxyvita-
min D3 inhibits differentiation, maturation,
activation, and survival of dendritic cells
leading to impaired alloreactive T cell activa-
tion. ] Immunol 2000;164:2405-2411.
Adorini L, Giarratana N, Penna G: Pharma-
cological induction of tolerogenic dendritic
cells and regulatory T cells. Semin Immunol
2004;16:127-134.

Jeffery LE, Burke F, Mura M, Zheng Y,
Qureshi OS, Hewison M, Walker LS, Lam-
mas DA, Raza K, Sansom DM: 1,25-Dihy-
droxyvitamin D3 and IL-2 combine to inhib-
it T cell production of inflammatory cyto-
kines and promote development of
regulatory T cells expressing CTLA-4 and
FoxP3. ] Immunol 2009;183:5458-5467.
Barrat FJ, Cua DJ, Boonstra A, Richards DF,
Crain C, Savelkoul HF, de Waal-Malefyt R,
Coffman RL, Hawrylowicz CM, O’Garra A:
Invitro generation of interleukin 10-produc-
ing regulatory CD4+ T cells is induced by
immunosuppressive drugs and inhibited by
T helper type 1 (Th1)- and Th2-inducing cy-
tokines. ] Exp Med 2002;195:603-616.
Gronlund H, Bergman T, Sandstrom K,
Alvelius G, Reininger R, Verdino P, Haus-
wirth A, Liderot K, Valent P, Spitzauer S,
Keller W, Valenta R, van Hage-Hamsten M:
Formation of disulfide bonds and homodi-
mers of the major cat allergen Fel d 1 equiva-
lent to the natural allergen by expression in
Escherichia coli. J Biol Chem 2003;278:
40144-40151.

Jean J, Turcotte C, Simard RE, Fliss I: Pro-
duction and characterization of polyclonal
antibodies against cholecalciferol (vitamin
D3). ] Immunol Methods 1999;223:155-163.
Andersson TN, Ekman GJ, Gronlund H,
Buentke E, Eriksson TL, Scheynius A, Van
Hage-Hamsten M, Gafvelin G: A novel adju-
vant-allergen complex, CBP-rFel d 1, induces
up-regulation of CD86 expression and en-
hances cytokine release by human dendritic
cells in vitro. Immunology 2004;113:253—
259.

33

34

35

36

37

38

39

40

41

42

43

Romani N, Gruner S, Brang D, Kampgen E,
Lenz A, Trockenbacher B, Konwalinka G,
Fritsch PO, Steinman RM, Schuler G: Prolif-
erating dendritic cell progenitors in human
blood. J Exp Med 1994;180:83-93.

Saarne T, Neimert-Andersson T, Gronlund
H, Jutel M, Gafvelin G, van Hage M: Treat-
ment with a Fel d 1 hypoallergen reduces al-
lergic responses in a mouse model for cat al-
lergy. Allergy 2011;66:255-263.

Berer A, Stockl J, Majdic O, Wagner T, Kol-
lars M, Lechner K, Geissler K, Oehler L:
1,25-Dihydroxyvitamin D(3) inhibits den-
dritic cell differentiation and maturation in
vitro. Exp Hematol 2000;28:575-583.

Mobs C, Slotosch C, Loffler H, Jakob T, Hertl
M, Pfutzner W: Birch pollen immunothera-
py leads to differential induction of regula-
tory T cells and delayed helper T cellimmune
deviation. ] Immunol 2010;184:2194-2203.
Allam JP, Wurtzen PA, Reinartz M, Winter
], Vrtala S, Chen KW, Valenta R, Wenghoefer
M, Appel T, Gros E, Niederhagen B, Bieber T,
Lund K, Novak N: Phl p 5 resorption in hu-
man oral mucosa leads to dose-dependent
and time-dependent allergen binding by oral
mucosal Langerhans cells, attenuates their
maturation, and enhances their migratory
and TGF-B1 and IL-10-producing proper-
ties. J Allergy Clin Immunol 2010;126:638-
645, e631.

O’Hehir RE, Gardner LM, de Leon MP,
Hales BJ, Biondo M, Douglass JA, Rolland
JM, Sandrini A: House dust mite sublingual
immunotherapy: the role for transforming
growth factor-P and functional regulatory T
cells. Am J Respir Crit Care Med 2009;180:
936-947.

Guerra F, Carracedo J, Solana-Lara R, San-
chez-Guijo P, Ramirez R: TH2 lymphocytes
from atopic patients treated with immuno-
therapy undergo rapid apoptosis after cul-
ture with specific allergens. J Allergy Clin
Immunol 2001;107:647-653.

Gardner LM, O’Hehir RE, Rolland JM: High
dose allergen stimulation of T cells from
house dust mite-allergic subjects induces ex-
pansion of IFN-y+ T cells, apoptosis of
CD4+IL-4+ T cells and T cell anergy. Int
Arch Allergy Immunol 2004;133:1-13.
Radulovic S, Jacobson MR, Durham SR,
Nouri-Aria KT: Grass pollen immunothera-
py induces Foxp3-expressing CD4+ CD25+
cells in the nasal mucosa. J Allergy Clin Im-
munol 2008;121:1467-1472, 1472, el461.
Wachholz PA, Durham SR: Mechanisms of
immunotherapy: IgG revisited. Curr Opin
Allergy Clin Immunol 2004;4:313-318.

Ball T, Fuchs T, Sperr WR, Valent P, Vange-
lista L, Kraft D, Valenta R: B cell epitopes of
the major timothy grass pollen allergen, Phl
p 1, revealed by gene fragmentation as candi-
dates for immunotherapy. FASEB J 1999;13:
1277-1290.

146

Int Arch Allergy Immunol 2012;157:136-146

44

45

46

47

48

49

50

51

52

53

54

55

56

Daeron M, Malbec O, Latour S, Arock M,
Fridman WH: Regulation of high-affinity
IgE receptor-mediated mast cell activation
by murine low-affinity IgG receptors. J Clin
Invest 1995;95:577-585.

Pasquier B, Launay P, Kanamaru Y, Moura
IC, Pfirsch S, Ruffie C, Henin D, Benhamou
M, Pretolani M, Blank U, Monteiro RC: Iden-
tification of FcaRI as an inhibitory receptor
that controls inflammation: dual role of
FcRy ITAM. Immunity 2005;22:31-42.
Tomassini M, Tsicopoulos A, Tai PC, Gruart
V, Tonnel AB, Prin L, Capron A, Capron M:
Release of granule proteins by eosinophils
from allergic and nonallergic patients with
eosinophilia on immunoglobulin-depen-
dent activation. J Allergy Clin Immunol
1991;88:365-375.

Peebles RS, Jr, Liu MC, Adkinson NF, Jr,
Lichtenstein LM, Hamilton RG: Ragweed-
specific antibodies in bronchoalveolar la-
vage fluids and serum before and after seg-
mental lung challenge: IgE and IgA associ-
ated with eosinophil degranulation. J Allergy
Clin Immunol 1998;101:265-273.

Shirinbak S, Taher YA, Maazi H, Gras R, van
Esch BC, Henricks PA, Samsom JN, Verbeek
JS, Lambrecht BN, van Oosterhout AJ, Nawi-
jn MC: Suppression of th2-driven airway in-
flammation by allergen immunotherapy is
independent of B cell and Ig responses in
mice. ] Immunol 2010;185:3857-3865.
Monteiro RC, Van De Winkel JG: IgA Fc re-
ceptors. Annu Rev Immunol 2003;21:177-
204.

Takatsu K, Nakajima H: IL-5 and eosino-
philia. Curr Opin Immunol 2008;20:288-
294.

Smolders J, Damoiseaux J, Menheere P, Hup-
perts R: Vitamin D as an immune modulator
in multiple sclerosis, a review. ] Neuroimmu-
nol 2008;194:7-17.

Xystrakis E, Kusumakar S, Boswell S, Peek E,
Urry Z, Richards DF, Adikibi T, Pridgeon C,
Dallman M, Loke TK, Robinson DS, Barrat
FJ, O’Garra A, Lavender P, Lee TH, Corrigan
C, Hawrylowicz CM: Reversing the defective
induction of IL-10-secreting regulatory T
cells in glucocorticoid-resistant asthma pa-
tients. J Clin Invest 2006;116:146-155.
Ranadive NS, Sehon AH: Antibodies to sero-
tonin. Can J Biochem 1967;45:1701-1710.
Holick MF: Vitamin D deficiency. N Engl J
Med 2007;357:266-281.

Van Etten E, Decallonne B, Verlinden L, Ver-
stuyf A, Bouillon R, Mathieu C: Analogs of
1a,25-dihydroxyvitamin D3 as pluripotent
immunomodulators. J Cell Biochem 2003;
88:223-226.

Smith DC, Johnson CS, Freeman CC, Muin-
di], Wilson JW, Trump DL: A Phase I trial of
calcitriol (1,25-dihydroxycholecalciferol) in
patients with advanced malignancy. Clin
Cancer Res 1999;5:1339-1345.

Grundstrom et al.



