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Introduction

Summary

The severity of allergic diseases may be modified by vitamin D. However,
the immune pathways modulated by the active form of vitamin D, 1,25-
dihydroxyvitamin D3 [1,25(OH),D3s], are yet to be fully elucidated. In this
study, naturally occurring CD4" CD25" cells from the skin-draining
lymph nodes (SDLN) of mice treated with topical 1,25(OH),D; had an
increased ability to suppress T helper type 2 (Th2) -skewed immune
responses. CD4" CD25" cells transferred from mice treated with topical
1,25(0OH),D; into ovalbumin (OVA) -sensitized mice challenged intrana-
sally with OVA 18 hr later, significantly suppressed the capacity of air-
way-draining lymph node (ADLN) cells to proliferate and secrete
cytokines in response to further OVA stimulation ex vivo. The CD4"
CD25" cells from 1,25(OH),Ds-treated mice also reduced airway hyperre-
sponsiveness and the proportions of neutrophils and eosinophils in
bronchoalveolar lavage fluid (BALF). To test the effect of 1,25(0OH),D; on
cells able to respond to a specific antigen, CD4" CD25" cells were purified
from the SDLN of OVA-T-cell receptor (TCR) transgenic mice treated
4 days earlier with topical 1,25(0OH),D;. CD4" CD25" cells from OVA-
TCR mice treated with 1,25(0OH),D; were able to alter BALF cell content
and suppress ADLN responses to a similar degree to those cells from
non-transgenic mice, suggesting that the effect of 1,25(0OH),D; was not
related to TCR signalling. In summary, topical 1,25(0OH),D; increased the
regulatory capacity of CD4" CD25" cells from the SDLN to suppress Th2-
mediated allergic airway disease. This work highlights how local
1,25(0OH),D; production by lung epithelial cells may modulate the sup-
pressive activity of local regulatory T cells.
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(reviewed in ref.?), vitamin D? and ultraviolet B (UVB)
irradiation.*® One of the immune-driven diseases that

Currently, scientists in research laboratories around the
world are working to optimize the conditions required
to generate regulatory T-cell populations with increased
capacity to modulate immune-mediated pathologies
(reviewed in refs %), such as asthma. Asthma is a
chronic illness of the airways characterized by wheeze,
shortness of breath, chest tightness and cough. Dietary
and environmental factors can modulate regulatory
T-cell function. Examples of these include vitamin A

can be modulated by environmental factors is asthma.
Similarly, chronic treatment of mice with the active
form of vitamin D
1,25(0OH),D3)] reduced airway hyperresponsiveness
(AHR),® eosinophilia and interleukin-5 (IL-5) levels in
bronchoalveolar lavage fluid (BALF).” Vitamin D defi-
ciency may contribute towards the asthma epidemic;®
however, the immune pathways modulated by vitamin D
are yet to be fully elucidated.

[1,25-dihydroxyvitamin ~ Ds;

Abbreviations: 1,25(0OH),Ds, 1,25-dihydroxyvitamin D;; ADLN, airway-draining lymph nodes; AHR, airway hyperresponsiveness;
BALF, bronchoalveolar lavage fluid; DC, dendritic cells; SDLN, skin-draining lymph nodes.
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Vitamin D is synthesized from the precursor 7-dehy-
drocholesterol in the skin following exposure of skin to
the UVB irradiation present in sunlight. Further enzy-
matic conversions in the kidneys and liver and other sites
(including the skin) produce the active form of the hor-
mone, 1,25(OH),D;. Many immune cells express the vita-
min D receptor, including T cells, activated B cells and
dendritic cells (DC; reviewed in ref.?), and so possess the
potential to respond to 1,25(0OH),D; directly. However,
most studies of 1,25(OH),D3 on immune cells have been
performed in vitro, with concentrations of 1,25(OH),D;
greater than those observed in physiological settings. Vita-
min D can regulate the in vitro function of various
immune cells, including DC and T cells. Some DC
become tolerogenic when cultured with 1,25(OH),Ds. For
example, co-stimulatory molecule expression on myeloid
DC and Langerhans cells was reduced by
1,25(0H),D;.>'° The 1,25(0H),D; also has tolerogenic
effects on T cells; in particular, IL-10-secreting regula-
tory CD4" T cells were induced in vitro by 1,25(0H),D;
in the presence of dexamethasone.!! In addition,
1,25(0OH),Dj; also up-regulates a skin-trophic chemokine
receptor (CCR10) on T cells.'? These in vitro observations
point to an immunomodulatory role for 1,25(OH),D; on
DC and T cells.

We have examined the in vivo effects of topically
applied 1,25(OH),D; on immune cells as local skin con-
centrations in the order of 2-5 nm 1,25(OH),D3 may be
achieved following UVB irradiation.'>'* We’ and others'”
propose that 1,25(OH),D; produced in UVB-irradiated
skin may initiate some of the immunomodulatory effects
of UV irradiation. The 1,25(OH),D; was applied to the
skin of naive BALB/c mice and the phenotype and func-
tion of immune cells were examined in the draining
lymph nodes.” CD4™ T cells from the lymph nodes prolif-
erated less in response to stimulation ex vivo;® this was
the result of an increased suppressive activity of CD4"
CD25" Foxp3™ cells in the skin-draining lymph nodes
(SDLN). Topical 1,25(0OH),D; augmented the ability of
these cells to suppress the proliferation of co-cultured
CD4" CD25™ T cells in vitro and also their capacity to
suppress T helper type 1 (Thl)/Thl7-skewed contact
hypersensitivity'® responses upon adoptive transfer into
naive recipient mice.” These results suggested that UVB-
induced 1,25(0OH),D; production in skin affects down-
stream immune responses by increasing the suppressive
activity of CD4" CD25" Foxp3" cells isolated from the
SDLN.

As well as being produced by skin epithelial cells,
1,25(0OH),D; is also synthesized by respiratory epithelial
cells.!” Therefore, 1,25(0H),D; made in the respiratory
environment could modify the activity of local CD4"*
CD25" cells. As a surrogate for 1,25(OH),D; produced
by airway epithelial cells, we investigated the potential
of CD4* CD25" cells from the SDLN of 1,25(OH),Ds-
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treated mice to modulate immune responses in the air-
ways. In addition, we questioned whether the effects of
topical 1,25(0H),D5 on CD4" CD25" cells were limited
to modulating Th1/Th17-driven immune disease. As
in vitro 1,25(OH),D5 up-regulates skin-homing chemoki-
ne receptors (CCR10) on T cells,'? topical 1,25(0OH),D;
treatment may promote the migration of these cells to
skin sites and not the respiratory tract. We were uncer-
tain as to whether CD4" CD25" cells could regulate Th2
immune responses in the respiratory tract even if trans-
ferred immediately before challenge, when signals that
promote cell migration into the airways are generated by
the lung challenge. Using a classical mouse model of
acute asthma induced by the experimental allergen,
ovalbumin (OVA), topical 1,25(OH),D; augmented the
ability of CD4" CD25" cells to suppress Th2-driven
immune responses when cells were transferred immedi-
ately  before airway challenge. Hence, topical
1,25(0OH),D; enhances the ability of CD4" CD25" cells
to modify Th2-mediated (i.e. OVA-induced airway
disease) immune pathologies.

Materials and methods

Mice

Female 8-week-old BALB/c mice were purchased from the
Animal Resources Centre (Murdoch, Western Australia).
Mice transgenic for the OVAj;,5 330 (ISQAVHAAHAEIN-
EAGR)-specific T-cell receptor-off (TCR-off; DO11.10) on
a BALB/c background were originally purchased from the
Jackson Laboratory (Bar Harbor, ME) and bred in-house.
Female DO11.10 mice were used between the ages of 8
and 12 weeks. Expression of OVAjj;_330-specific TCR-of8
on T cells was confirmed by staining lymph node cells
with biotinylated anti-DO11.10 TCR monoclonal anti-
body (KJ1-26; Caltag Laboratories, Burlingame, CA) and
then phycoerythrin (PE) -Cy5-conjugated streptavidin
(BD Biosciences, Heidelberg, Germany). All experiments
were performed according to the ethical guidelines of the
National Health and Medical Research Council of Austra-
lia with approval from the Telethon Institute for Child
Health Research Animal Ethics Committee.

Vitamin D application

A 100-pl aliquot containing 125 ng 1,25-dihydroxyvita-
min D3 [1,25(0OH),D;; Sigma Chemical Company, St
Louis, MO] diluted in ethanol, propylene glycol and
water mixed at a 2 : 1 : 1 ratio was painted onto a clean-
shaven 8-cm? dorsal skin surface of mice. This was equiv-
alent to 37 pmol 1,25(OH),D; per cm” of skin, or 100 pl
of 3 pm 1,25(0OH),D;. Alternatively, the vehicle used to
dilute 1,25(OH),D;5 was applied in a similar manner. The
1,25(0OH),D; was stored under argon gas at — 80°% its
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chemical integrity was routinely verified using a scanning
spectrophotometer.

Purification of CD4" CD25" cells

Four days after topical skin treatment, CD4" CD25" cells
(> 95% pure, as determined by flow cytometry) were iso-
lated from the SDLN (inguinal, axillary and brachial
lymph nodes) of vehicle-treated or 1,25(OH),D;-treated
mice using the CD4" CD25" regulatory T-cell isolation
kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and
the AutoMACS cell separator (Miltenyi Biotec). In one
experiment CD4" CD25" cells were purified from the
SDLN of treated mice by fluorescence-activated cell-sort-
ing (FACS) cells labelled with fluorescein isothiocyanate-
conjugated (-FITC) CD3, allophycocyanin-conjugated
(-APC) CD4, CD25-PE and propidium iodide (FACS
Aria, see below for surface staining). More than 90%
of CD4" CD25" cells from the lymph nodes of vehicle-
treated or 1,25(OH),D;-treated BALB/c mice express the
regulatory cell marker Foxp3 intracellularly (°, Fig. 2).

FACS analysis and antibodies

The following anti-mouse monoclonal antibodies were
obtained from BD Biosciences: FITC-anti-CD3; PE-anti-
CD25; APC-anti-CD25; APC-CD4; and anti-CD16/32.
For staining of surface antigens, lymph node cells were
incubated with antibodies and staining buffer (phosphate-
buffered saline, 0-1% bovine serum albumin, 0-01%
sodium azide) for 30 min, washed and immediately
acquired on a FACSCalibur flow cytometer (BD Bio-
sciences). For some experiments cells were washed with
1 ml staining buffer with 1 pg/ml propidium iodide
(Sigma). A Foxp3 intracellular staining kit (eBiosciences,
San Diego, CA) was used to determine intracellular Foxp3
expression. Data were analysed using FrowJo software
(v8.3.7) (Treestar Inc., Ashland, OR).

Adoptive transfer of CD4™ CD25" cells into
OVA-sensitized mice

Four days after topical skin treatment, CD4" CD25" cells
were purified from the SDLN of treated mice and 25 x 10°
cells in 200 pl 0-9% saline were adoptively transferred
through the tail vein of OVA-sensitized and boosted mice
18 hr before OVA aerosol challenge (see below, Fig. 1). In
some studies, CD4" CD25" cells were labelled with 5 pm
carboxyfluorescein succini,idyl ester (CFSE; Molecular
Probes, Invitrogen Australia, Mulgrave, Australia) for
10 min at room temperature. After washing three times,
cells were resuspended in 0-9% saline and 2-5 X 10 cells
were intravenously transferred into naive mice that were
sensitized 18 hr later with OVA as described below.

Sensitization and challenge of mice with OVA

Ovalbumin (Sigma) in an aluminium hydroxide suspen-
sion (Alum; Serva, Heidelberg, Germany) was delivered
intraperitoneally on day 0 (20 pg OVA in 4 mg alumin-
ium hydroxide per mouse; 200 pl volume) and again on
day 14 (Fig. 1). Mice were then challenged on day 21
with a 1% OVA-in-saline aerosol delivered using an ultra-
sonic nebulizer (UltraNebs; DeVilbiss, Somerset, PA) for
30 min (Fig. 1).

Preparation and culture of single-cell suspensions from
airway-draining lymph nodes

Twenty-four hours after OVA challenge, the posterior
mediastinal, tracheobrachial and parathymic lymph nodes
(airway-draining lymph nodes; ADLN) were removed
from mice, pooled within experimental groups, physically
disaggregated and cultured at 10° cells/200 pl/well (six
replicates per treatment) in RPMI-1640 medium (Gibco,
Auckland, New Zealand) with 10% fetal calf serum, 2 mm
L-glutamine, 50 mMm 2-mercaptoethanol and 5 mg/ml

Donor w

Remove skin-draining
lymph nodes

v

+ Topical
1,25 (OH),Ds

Purify CD4* CD25*
cells, inject 2:5x10° cells
or saline into tail-vein

Recipient

14 days

20 pg OVA
4 mg alum i.p.

20 pg OVA
4 mg alum i.p.

0 a1 2 22 days
18 hr w’

1% OVA

Assess asthma
aerosol (30 min) outcomes

Figure 1. Experimental timeline for transfer of CD4" CD25" cells into ovalbumin (OVA) -sensitized mice. CD4" CD25" cells were purified from
the skin-draining lymph nodes (SDLN) of ‘donor’ BALB/c or DO11.10 mice treated topically 4 days earlier with vehicle or 125 ng 1,25(OH),Ds.
Cells (2:5 x 10°) or 0-9% saline (200 pl) were adoptively transferred into ‘recipient’ BALB/c mice intraperitoneally sensitized and boosted earlier
with 20 pg OVA and 4 mg Alum adjuvant. These recipient mice were challenged with a 1% OVA in saline aerosol for 30 min, 18 hr after the
adoptive transfer. Twenty-four hours later, various asthma outcomes were assessed in the recipient mice.
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gentamicin. Single-cell suspensions were incubated at 37°
with 5% CO,, with OVA (10 pg/ml). Methyl-[3H]thymi-
dine [10 pl (0-25 mCi)/well; Amersham Pharmacia Bio-
tech, Piscataway, NJ] was added at 72 hr and cells were
harvested at 96 hr with [3H]thymidine incorporation used
as a measure of cellular proliferation. Culture superna-
tants were also obtained at 96 hr.

Cytokine detection in tissue culture supernatants and
BALF

Interleukin-2, IL-4, IL-5, IL-10 and interferon-y (IFN-y)
were detected using rat anti-mouse IL-2, IL-4, IL-5, IL-10
or IFN-y enzyme-linked immunosorbent assay capture
and detection of monoclonal antibodies (BD Biosciences)
in a dissociation-enhanced time-resolved fluorescence
immunoassay with Europium as the label (sensitivity
25 pg/ml). Recombinant mouse IL-2, IL-4, IL-5, IL-10 or
IFN-y (BD Biosciences) were used as the standards.

Measurement of airway hyperresponsiveness

Twenty-four hours after the aerosol challenge, a modified
low-frequency forced oscillation technique was used to mea-
sure change in respiratory input impedance (Zrs) in AHR
by using increasing doses of methacholine (0-1-30 mg/ml)
as described previously.'® Briefly, mice were anaesthetized
with xylazine (2 mg/ml; Troy Laboratories, Wetherill Park,
NSW, Australia) and ketamine (40 mg/ml; Troy Laborato-
ries) delivered intraperitoneally at a dose of 0-01 ml/g. Mice
were tracheostomized and ventilated (flexivent; Scireq,
Montreal, Canada) at 450 breaths/min with a tidal volume
of 8 ml/kg and a positive end expiratory pressure of
2 cmH,O0. Baseline values were obtained by measurement of
Zrs five times at 1-min intervals. A 90-second aerosol was
delivered with an ultrasonic nebulizer (Devilbiss UltraNeb®
Large volume ultrasonic nebulizer, Sunrise Medical, Somer-
set, PA) and Zrs was measured five times at 1-min intervals.
This was repeated with %2 log;, incremental doses of meth-
acholine (0-1-30 mg/ml) and the peak response for each
parameter was recorded for analysis. The constant phase
model'® was used to partition Zrs into components repre-
senting the conducting airway (airway resistance) and the
lung parenchyma (tissue damping and tissue elastance).

Broncheoalveolar lung lavage

Twenty-four hours after the aerosol challenge with OVA,
BALF was collected by flushing 1-2 ml 0-2% bovine serum
albumin in phosphate-buffered saline into the lung. Lavage
samples were centrifuged (300 g, 4°, 10 min) and the
supernatant was stored at — 20° until cytokine analysis.
Cells were then centrifuged onto slides and stained using
the DIFF-Quik Stain Set 64851 (Lab Aids, Narrabeen,
NSW, Australia) as per the manufacturer’s instructions.
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Measuring messenger RNA in CD4" CD25" cells

The CD4" CD25" cells (> 2-5 x 10°) were snap-frozen in
1 ml Trizol Reagent (Invitrogen Australia). RNA was
extracted according to the manufacturer’s instructions and
DNAse-treated using the Turbo DNA-free kit (Ambion,
Austin, TX). RNA was further purified using the RNA RT*
qPCR-Grade RNA Isolation kit (SABiosciences, Frederick,
MD) and then 100 ng was reversed transcribed into comple-
mentary DNA using the RT? First-Strand kit (SABioscienc-
es). To examine CCRIO messenger RNA (mRNA)
expression, a real-time polymerase chain reaction (PCR)
was then performed according to the manufacturer’s
instructions, using 2 x SuperArray RT*> qPCR Master Mix
(SABiosciences) and the Th1-Th2-Th3 RT? profiler PCR
array (PAMO034A, 96-wells; SABiosciences). The PCR was
performed using the standard two-step cycling conditions
on the ABI 7000 SDS (Applied Biosystems, Foster City, CA).
Alternatively, using primers designed in-house, the expres-
sion of IL-10 and transofrming growth factor-f (TGF-p)
were determined in cDNA samples, quantified by real-time
PCR using QuantiTect SYBR Green Master Mix (Qiagen,
Doncaster, Vic, Australia) on the ABI PRISM 7900HT
(Applied Biosystems). Melting-curve analysis was used to
assess the specificity of the assay. Expression levels were
determined by a standard curve created from serial dilutions
of the PCR product and normalized to the reference genes
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; as
detected on the Th1-Th2-Th3 RT” profiler PCR array for
CCRI10) or eukaryotic translation elongation factor 1o.*
In-house-designed primer pairs were: eukaryotic translation
elongation factor 1o, 5-CTGGAGCCAAGTGCTAATATG-
CC-3’ and 5'-GCCAGGCTTGAGAACACCAGTC-3'; IL-10,
5-GGTTGCCAAGCCTTATCGGA-3' and 5-ACCTGC-
TCCACTGCCTTGCT-3; TGF-f 5-CACTGATACGC-
CTGAGTG-3' and 5'-GTGAGCGCTGAATCGAAA-3'.

Statistical analyses

Data were compared using Student’s t-test with the prism
statistical analysis program for Macintosh (v4.0b) (Graph-
Pad Prism, GraphPad Software Inc., La Jolla, CA).

Results

Do CD4" CD25" cells from 1,25(OH),D5-treated
mice suppress Th2-mediated immune pathologies?

Both naturally occurring® ~** and antigen-induced® regula-

tory T cells have been implicated in controlling asthma-
associated immune reactions in the airway mucosa, draining
lymph nodes and lung parenchyma when transferred
before the allergen challenge of pre-sensitized experimental
animals. In the current study, CD4" CD25" cells were
purified from the SDLN of mice topically treated 4 days

© 2010 Blackwell Publishing Ltd, Immunology, 130, 181-192
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Figure 2. CD4" CD25" cells from the skin-draining lymph nodes (SDLN) of mice topically treated with vehicle or 1,25(OH),D; have similar
phenotypes. CD4" CD25" cells were purified from the SDLN of BALB/c mice treated topically 96 hr earlier with vehicle or 125 ng 1,25(0H),D;
(VitD). The proportion of live CD4" CD25" cells in the SDLN (left panels) and of isolated CD4" CD25" cells (right panels) are shown. The pro-
portions of Foxp3" cells of the live CD4" CD25"cells from the SDLN are shown in the middle panel with an isotype control also shown (shaded
histogram). Results are representative of cells pooled from the SDLN of BALB/c mice from four individual experiments.

earlier with 125 ng 1,25(OH),D; or vehicle (Fig. 1, donor cells were transferred, recipient mice were challenged
mice). As shown previously,” there was no difference in the through the airways with a 1% OVA in saline solution as an
proportion of CD4" CD25" cells in the SDLN of vehicle or aerosol. After a further 24 hr, asthma-related parameters
1,25(0OH),Ds-treated mice (Fig. 2), such that 2-4 £ 0-5 X were examined including ADLN cell responses to OVA ex
10% or 2-1 £ 0-1 x 10° CD4" CD25" cells/mouse (mean * vivo, AHR and the effector cells and cytokines present in the
SEM of n = 4 experiments, Fig. 2) were purified from the BALF. For all of the tested parameters, there was no differ-
SDLN of vehicle-treated or 1,25(OH),Ds-treated BALB/c ence between the responses observed in the recipients of
mice, respectively. More than 90% of the CD4" CD25" cells CD4" CD25" cells from vehicle-treated mice and those mice
expressed intracellular Foxp3 (Fig. 2) with no difference in that received saline only (Figs. 3-5).

the expression of CD25 (Fig. 2) or other T-cell activation/
memory/mucosal cell markers as previously reported.’
CD4" CD25" cells (25 x 10°) were adoptively transferred
into BALB/c mice, which had been sensitized and boosted
earlier with 20 ng OVA and 4 mg Alum (Fig. 1, recipient
mice). To control for the effects of cell transfer, a group of The ADLN cells were removed 24 hr after OVA challenge
mice received 200 pl of 0-9% saline. Eighteen hours after and cultured for 96 hr with OVA. Results were pooled

CD4* CD25™ cells from 1,25(OH),D5-treated BALB/c
mice reduce cytokine production by, and proliferation
of, ADLN cells

Treatment of Cells
donor mice | transferred

S S s "I s MU s e
T [

Vehicle CD4+CD25+*
VitD CD4+CD25+- -I -I

0 20000 40000 0 400 800 O 800 1600 O 400 800
[®H]thymidine incorporation IL-5 (pg/ml) IFN-y (pg/ml) IL-4 (pg/ml)

*

Figure 3. CD4" CD25" cells from the skin-draining lymph nodes (SDLN) of mice topically treated with 1,25(OH),D5 regulate ex vivo prolifera-
tion and cytokine production by airway-draining lymph nodes (ADLN) cells. CD4" CD25" cells were purified from the SDLN of BALB/c mice
treated topically 4 days earlier with vehicle or 125 ng 1,25(OH),Dj;. Cells (2-5 x 10°) or 0:9% saline (200 ul) were adoptively transferred into
BALB/c mice sensitized and boosted earlier with ovalbumin (OVA). These recipient mice were challenged with an OVA aerosol 18 hr after the
adoptive transfer. After a further 24 hr, ADLN cells were pooled from mice within treatment groups and cultured with 10 pg/ml OVA for 96 hr.
[’H]thymidine incorporation by ADLN cells is shown for the last 24 hr of a 96-hr culture with interleukin-5 (IL-5), interferon-y (IFN-y) or IL-4
levels in supernatants depicted, which were collected after a 96-hr culture. Results are pooled from three independent experiments (n = 4 mice/
treatment/experiment) and are shown as mean + SEM (*P < 0-05).
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Figure 4. CD4" CD25" cells from the skin-draining lymph nodes
(SDLN) of mice topically treated with 1,25(OH),D; regulate airway
hyperresponsiveness. CD4" CD25" cells were purified from the
SDLN of BALB/c mice treated topically 4 days earlier with vehicle or
125 ng 1,25(0H),D;. Cells (2:5 x 10°) or 0-9% saline (200 pl) were
adoptively transferred into BALB/c mice sensitized and boosted ear-
lier with ovalbumin (OVA). These recipient mice were challenged
with an OVA aerosol 18 hr after the adoptive transfer. After a fur-
ther 24 hr, airway resistance to increasing concentrations of the
bronchoconstrictor methacholine was determined. Responses were
also measured in age-matched naive BALB/c mice. Baseline = values
obtained by measurement of Zrs five times at 1-min intervals after
stabilization of the mouse on the ventilator; saline = values obtained
by measurement of Zrs five times at 1-min intervals after a 90-sec-
ond saline aerosol; % saline = % increase of saline values for increas-
ing doses of methacholine. Results are shown as mean + SEM (n = 8
mice/treatment, *P = 0-03) relative to baseline levels (100%).

from three independent experiments (n =4 mice/treat-
ment/experiment). For mice receiving CD4" CD25" cells
from 1,25(OH),Ds-treated donor mice, the capacity of
ADLN cells to proliferate in response to OVA stimulation

ex vivo was significantly reduced (Fig. 3). In the superna-
tants of these proliferating ADLN cells there were signifi-
cant reductions in both Thl (IFN-y) and Th2 (IL-5)
cytokine concentrations (Fig. 3). However, levels of IL-2
(data not shown) and IL-4 (Fig. 3) were not modified.

CD4* CD25" cells from 1,25(0OH),D5-treated BALB/c
mice suppress airway hyperresponsiveness

Twenty-four hours after the OVA-aerosol challenge, mice
were tested for AHR by a forced oscillation method, using
increasing concentrations of the bronchoconstrictor, meth-
acholine.'® Parameters of airway resistance, tissue damping
and tissue elastance were measured using a constant-phase
model.”” CD4" CD25" cells from 1,25(0OH),D;-treated
mice suppressed airway resistance by 30% (P = 0-03, one-
way t-test, n = 8 mice per treatment, 30 mg/ml methacho-
line) in comparison to responses observed in recipients of
CD4" CD25" cells from vehicle-treated mice (Fig. 4).
However, airway resistance was greater in recipients of
CD4" CD25" cells from 1,25(OH),Ds-treated mice than in
naive mice, suggesting that other factors control airway
resistance. There was no difference in tissue damping or
elastance in recipients of CD4" CD25" cells from either
vehicle-treated or 1,25(OH),Ds-treated mice (data not
shown).

CD4* CD25" cells from 1,25(0OH),D5-treated BALB/c
mice reduce neutrophil and eosinophil numbers in
the lungs

The BALF was collected immediately following measure-
ment of AHR. Transfer of CD4" CD25" cells did not
modify the total number of immune cells in the BALF

. Cells

of donor mice transferred

Treatment
o
[ Vehicle
Lymphocytes H ViD
—
Neutrophils { —
m— |
Eosinophils
I
Macrophages {
|

i CD4+ CD25
i CD4* CD25+

IL

0-0x10%001.0x 1096 2.0x 1006
Cells/ml in BALF

— |«
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Percentage of each cell type

Figure 5. CD4" CD25" cells from the skin-draining lymph nodes (SDLN) of mice topically treated with 1,25(OH),D5 regulate cells in the bronc-
hoalveolar lavage fluid (BALF). CD4" CD25" cells were purified from the SDLN of BALB/c mice treated topically 4 days earlier with vehicle or
125 ng 1,25(0H),Ds. Cells (2:5 x 10%) were adoptively transferred into BALB/c mice sensitized and boosted earlier with OVA. These recipient
mice were challenged with an OVA aerosol 18 hr after the adoptive transfer. After a further 24 hr, the proportions of lymphocytes, neutrophils,

eosinophils and macrophages and the total number of cells were determined in BALF. Results are shown as mean + SEM (n = 8 mice/treatment,

*P < 0-05).
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(Fig. 5) with the proportions of neutrophils and eosin-
ophils in the BALF being similar to those observed in our
previous investigations where mice were challenged with a
single OVA aerosol.>* However, there were significant
reductions in the proportions of neutrophils and eosin-
ophils (Fig. 5) in the BALF of mice that received CD4"
CD25" cells from 1,25(OH),D5-treated mice 24 hr before
OVA challenge. Similar results were observed in three fur-
ther experiments (n =4 mice/treatment/experiment)
where the average (£ SEM) reductions in the proportion
of neutrophils and eosinophils were 37% (£ 14%) and
45% (£ 16%), respectively, in mice that received CD4"
CD25% cells from 1,25(0OH),Ds-treated mice. Even
though total BALF cell numbers did not change in recipi-
ents of CD4" CD25" cells from 1,25(OH),D;-treated
mice, the reduction of granulocyte populations indicates
that inflammation was probably reduced in the lungs.
The reduction in granulocyte numbers resulted in an
increased proportion of macrophages in the BALF of
recipients of CD4" CD25"% cells from 1,25(OH),D5-trea-
ted mice (Fig. 5). Cytokine levels in BALF, including
IL-2, IL-4, IL-5 and IL-10, were not significantly altered
by any treatment (data not shown). Together, these
results indicate that topical 1,25(OH),D; increased the
ability of CD4" CD25" cells isolated from the SDLN to
modulate Th2-driven allergic airway disease.

CCR10 mRNA levels in CD4% CD25% cells are not
modified by topical 1,25(0OH),D;

CCR10, a skin-homing chemokine receptor, is up-
regulated on T «cells after in vitro treatment with
1,25(0H),D; '? The expression of CCR10 mRNA was
examined for CD4" CD25" cells isolated 4 days after topi-
cal 1,25(OH),D; treatment in three independent experi-
ments. There was no difference in the expression of CCR10
mRNA with 1,25(OH),D; treatment of skin (vehicle =
0-007 + 0-002, 1,25(0OH),D5; = 0-008 + 0-002 mean +
SEM relative to the housekeeping gene GAPDH). This
observation, along with the increased ability of CD4" CD25"
cells to suppress respiratory immune responses, indicates that
topical 1,25(0OH),D; did not modify or prevent their ability
to migrate into the respiratory tract. Levels of mRNA for
other immunoregulatory molecules including IL-10, TGE-f
and Foxp3 were not modified in CD4" CD25" cells isolated
from the SDLN 4 days after topical 1,25(OH),D; (data not
shown). The levels of CCR10 mRNA detected in CD4"
CD25" cells were comparable with TGF-f and Foxp3 mRNA
levels (C, scores ~ 30).

CD4* CD25" cell migration in vivo is not modified
by topical 1,25(0OH),D;

To determine if topical 1,25(OH),Dj; altered the ability of
CD4" CD25" cells to migrate to airway immune sites, the
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cells were purified from the SDLN of BALB/c mice 4 days
after skin treatment with 1,25(OH),D5 or vehicle. Cells
were labelled with CFSE, and then 10° cells were trans-
ferred intravenously into naive mice. Mice were sensitized
18 hr later with OVA and alum with the proportion of
transferred cells (CFSE* Foxp3* CD4") in the ADLN and
SDLN assessed 3 days later (Fig. 6a). All of the transferred
cells expressed high levels of CFSE, indicating that none
of them had begun to proliferate 3 days after OVA sensi-
tization. The was no difference in the ability of cells from
vehicle or 1,25(OH),Dj;-treated mice to migrate into and
accumulate in the ADLN or SDLN (Fig. 6b). However,
more of the transferred cells were identified in the SDLN
than in the ADLN of recipient mice (Fig. 6b) such that
about three times the number of transferred CD4" CD25"
cells were detected in the SDLN than the ADLN of recipi-
ent mice (Fig. 6¢).

CD4* CD25" cells from 1,25(0OH),D5-treated OVA-
TCR transgenic mice reduce cytokine production by,
and proliferation of, ADLN cells as well as neutrophil
and eosinophil numbers in the lungs

For the data described in Figs. 3-5, CD4" CD25" cells
were derived from 1,25(OH),D;-treated but otherwise
naive BALB/c mice. The effect on CD4" CD25" cells
expressing the OVA-TCR was examined, where ‘OVA-
specific’ CD4" CD25" cells were obtained from the SDLN
of vehicle or 1,25(OH),Ds-treated OVA-TCR transgenic
DO11.10 mice. Approximately 60% of CD4" CD25" cells
from the SDLN of DO11.10 mice express the OVA-TCR,
and this is not modified by topical 1,25(0H),D; > Cells
(2:5 x 10°) were transferred 18 hr before OVA challenge
(Fig. 1). Results were pooled from two independent
experiments (n = 5 mice/treatment/experiment) and are
shown as mean + SEM. As observed following topical
treatment of BALB/c mice, there was no difference in the
proportion of CD4" CD25" cells in the SDLN of vehicle
or 1,25(OH),Ds-treated DOI11.10 mice, such that
1-1 x 10° or 1-3 x 10° CD4" CD25" cells/mouse (mean of
n = 2 experiments) were purified from the SDLN of vehi-
cle or 1,25(OH),Ds-treated mice, respectively. Similarly,
the expression of CD25 and Foxp3 was not different for
CD4" CD25" cells from the SDLN of vehicle or
1,25(OH),D3-treated DO11.10 mice (data not shown).
CD4" CD25" cells from 1,25(0OH),D5-treated mice sig-
nificantly reduced the proliferation and cytokine produc-
tion (IL-4 and IL-5) by ADLN cells in response to OVA
stimulation ex vivo (Fig. 7a) and also diminished the
proportions of eosinophils in the BALF of OVA-
challenged mice (Fig. 7b). In all treatments there was no
change in total BALF cell numbers (data not shown).
CD4" CD25" cells from 1,25(0OH),D;-treated DO11.10
mice suppressed responses by ADLN cells and in the
BALF to a similar degree as those cells from BALB/c mice
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Figure 6. Topical 1,25(0H),D3 does not alter migration of CD4"
CD25" cells to the airway-draining lymph nodes (ADLN). CD4"
CD25" cells were purified from the skin-draining lymph nodes
(SDLN) of BALB/c mice treated topically 4 days earlier with vehicle
or 125 ng 1,25(OH),D;. Cells were labelled with carboxyfluorescein
succinimidyl ester (CFSE) and then 1 x 10 intravenously transferred
into naive BALB/c mice, which were sensitized 18 hr later with oval-
bumin (OVA). Three days after sensitization, (a) the proportions of
transferred (CFSE* Foxp3" CD4") cells in the ADLN and SDLN
were determined by first gating CFSE* SSC'° cells and then cells that
expressed both Foxp3 and CD4. (b) The percentage of CFSE"
Foxp3" CD4" cells detected in the ADLN and SDLN and, (c) the
proportion of total cells transferred cells. Results for (b) and (c) are
depicted as mean + SEM (n = 3 mice/treatment, *P < 0-05).

(Figs 3, 5 and 7). However, the CD4" CD25" cells from
1,25(0OH),D5-treated DO11.10 mice were also able to
reduce levels of IL-4 but not of IL-5 (Fig. 7c), IL-2 or
IL-10 in the BALF (data not shown). These reductions in
IL-4 production by ADLN cells and IL-4 accumulation in
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the BALF of recipients of CD4" CD25" cells from
1,25(0OH),Ds-treated DO11.10 mice were not observed
for recipients of cells from 1,25(OH),Ds-treated BALB/c
mice. Hence, 1,25(OH),D3 has similar but not identical
immunoregulatory enhancing effects on CD4" CD25*
cells from BALB/c and OVA-TCR transgenic mice to
increase their ability to suppress Th2-driven immune
responses in mouse models of allergic airway disease.

Discussion

In this study CD4" CD25" cells from 1,25(OH),Ds-treated
mice had an increased capacity to suppress Th2-driven
immune responses in a murine model of asthma. CD4"
CD25" cells from 1,25(OH),Ds-treated mice reduced pro-
liferation and cytokine production by ADLN cells, AHR
and the numbers of granulocytes in the BALF of mice.
Results were also comparable when CD4" CD25" cells were
purified using magnetic bead separation or by cell-sorting
techniques. It is of note that while the suppressive activity
of these cells increased, their numbers did not change in
the SDLN. CD4" CD25" cells from both BALB/c and
OVA-TCR transgenic (DO11.10) mice had an increased
ability to suppress aspects of Th2 immunity, indicating that
the effects of topical 1,25(OH),D5 are largely non-antigen-
specific and independent of OVA-TCR expression on the
CD4" CD25" cells. CD4" CD25" cells from 1,25(OH),D5-
treated BALB/c or DO11.10 mice were able to suppress Th2
responses to a similar degree. However, 1,25(0OH),D; did
not have identical effects as following topical 1,25(OH),D3,
CD4" CD25" cells from OVA-TCR transgenic mice had an
additional capacity to suppress IL-4 levels in the BALF, and
IL-4 production by ADLN cells ex vivo, perhaps indicating
a further effect of 1,25(OH),D; on the Th2-regulatory
capacity of CD4" CD25" regulatory T cells activated
through the OVA-TCR.

‘Naturally-occurring’ CD4" CD25" regulatory T cells
isolated from the lungs and spleens of naive mice can sup-
press airway inflammation, Th2 cytokine production, and
AHR through IL-10 and TGF-f-dependent mecha-
nisms.>"*>**> However, CD4" CD25" cells from mice trea-
ted topically with 1,25(OH),D; did not express increased
levels of IL-10 or TGF-# mRNA. In addition, there was no
change in the expression of Foxp3 mRNA nor in the intra-
cellular levels of Foxp3 protein in SDLN CD4" CD25"
cells with topical 1,25(0OH),D; treatment (Fig. 2 and data
not shown). Furthermore, we considered it unlikely that
the increased regulatory activity resulted from an increased
ability of CD4" CD25" cells to proliferate following topi-
cal 1,25(0OH),D;. In our previous studies, topical
1,25(OH),D; increased the ability of CD4" CD25" cells to
proliferate when subsequently exposed to OVA.> The
OVA-specific CD4" CD25" cells transferred from mice
topically treated with 1,25(OH),Ds5 proliferated after
3 days to a greater extent in recipient mice primed with
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Figure 7. CD4" CD25" cells from the skin-draining lymph nodes (SDLN) of ovalbumin-T-cell receptor (OVA-TCR) transgenic mice topically
treated with 1,25(OH),D; regulate various asthma parameters. CD4" CD25" cells were purified from the SDLN of OVA-TCR transgenic
(DO11.10) mice treated topically 4 days earlier with vehicle or 125 ng 1,25(OH),Ds. Cells (25 x 10°) or 0-9% saline (200 pl) were adoptively
transferred into BALB/c mice sensitized and boosted earlier with OVA. These recipient mice were challenged with an OVA aerosol 18 hr after the

adoptive transfer. After a further 24 hr, (a) airway-draining lymph node (ADLN) cells were pooled within treatments and cultured with and with-
out (—) 10 pg/ml OVA for 96 hr. [3H]thymidine was added to cultures for the last 24 hr of a 96 hr culture. Interleukin-5 (IL-5), interferon-y
(IFN-7) or IL-4 concentrations in supernatants were determined after 96 hr of culture. At the same time, (b) the proportions of lymphocytes,

neutrophils, eosinophils and macrophages and (c) concentrations of IL-4 and IL-5 were measured in bronchoalveolar lavage fluid (BALF). Results

are pooled from two independent experiments (n = 5 mice/treatment/experiment) and are shown as mean + SEM (*P < 0-05).

OVA.” However, in the current study using T cells from
BALB/c or OVA-TCR transgenic mice, the CD4" CD25"
cells in the recipient mice were exposed to OVA (adminis-
tered as an aerosol) for only 24 hr. Furthermore, OVA-
TCR"' T cells begin to proliferate 48 hr after OVA priming
(S. Gorman, P.H. Hart unpublished data). Using CFSE to
label cells, similar numbers of transferred CD4" CD25*
cells from mice topically treated with vehicle or
1,25(0OH),D3 were identified in the ADLN of recipient
mice 72 hr after transfer. These data suggest that topical
1,25(0OH),D; does not modify the capacity of CD4"
CD25" cells to migrate to the ADLN. Studies are contin-
uing to investigate the mechanisms by which 1,25(OH),D;
regulates CD4" CD25" cells.

It may be expected that CD4" CD25% cells from
DO11.10 (that express the OVA-TCR) would inhibit
respiratory responses to OVA challenge more effectively
than those from BALB/c mice; however, this does not
appear to be the case. In a recent study, OVA-TCR
transgenic CD4" CD25" cells transferred intratracheally
into recipient mice suppressed aspects of ragweed-
induced allergic airway disease including airway hyper-
reponsiveness to a similar extent as that observed by
these cells when transferred into OVA-sensitized and
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challenged mice.”® These results suggest that antigen-spe-
cific TCR is not required for the capacity of CD4"
CD25" regulatory T cells to suppress allergic airway dis-
ease and that non-antigen-specific cells may suppress as
well as those that are antigen specific. The OVA-TCR*
cells were closely associated with CD8" T cells and
major histocompatibility complex class I cells in the
lungs of ragweed-sensitized mice, indicating that the
transferred cells could indeed migrate to the lungs
despite their antigen specificity.*

CD4" CD25" cells from both BALB/c and DOI11.10
mice treated with 1,25(OH),D; had an increased capacity
to suppress the influx of both eosinophils and neutrophils
into the lungs of the recipient mice. However, the mecha-
nism by which this occurs is not known. In other studies
depletion or transfer of CD4" CD25" cells affected eosin-
ophil numbers in the BALF and lungs of mice sensitized
and challenged with OVA.””*® CD4" CD25" cells also
affected the recruitment of neutrophils into the kidneys
and airways of mice with injury® or OVA-induced
inflammation,®® respectively. The effects on neutrophils
may be dependent on IL-10 secreted by CD4" CD25*
cells® but in vitro studies examining the effects of lipo-
polysaccharide-activated or TCR-activated CD4" CD25"
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cells on neutrophils have shown that TGF-f§ and contact-
dependent mechanisms may also be important.*!

CD4" CD25" (Foxp3™) cells are generally considered
regulatory cells; however, in this study 2-5 x 10> CD4"
CD25" cells from untreated mice were not sufficient to
modify asthma responses in recipient mice after intrave-
nous transfer. Topical treatment with 1,25(OH),D; signif-
icantly enhanced the regulatory ability of CD4" CD25"
cells such that the same number of CD4" CD25" cells
could suppress the experimental asthma responses. Simi-
larly, others have adoptively transferred (intravenously)
5% 10° CD4" CD25" cells from non-transgenic mice (e.g.
BALB/c) and found no effects on OVA-induced asthma
responses.”’ These cells suppressed only when transferred
through the trachea.?! In contrast, in models of asthma
using house dust mite (Der p I;**) or cockroach® anti-
gens, intravenous transfer of 1x 10° to 5 x 10° CD4"
CD25" cells from naive mice modified lung and airway
inflammation, AHR and Th2 cytokine production. It is
possible that the inability of < 5 x 10° CD4" CD25" cells
from naive mice to suppress allergic airway disease fol-
lowing intravenous transfer may be specific to when OVA
is used as an allergen.

In other studies,”> CD4" CD25" cells from OVA-TCR
transgenic mice modulated allergic airway disease follow-
ing the intravenous transfer of 5x 10° cells. Some of
these cells were derived from the spleens of mice, as also
performed for other studies using non-antigen-specific
CD4" CD25" cells.”»* Tt is unlikely that splenic CD4"
CD25" cells have an increased regulatory capacity in
respiratory models. We did not isolate CD4" CD25" cells
from the spleens of mice topically treated with
1,25(0OH),D; because results from our previous studies
indicated that the suppressive capacity of CD4" CD25"*
cells from the spleen was not modified by topical
1,25(0H),D;.”

The aim of this study was to determine whether
1,25(OH),D; applied in vivo could stimulate CD4* CD25"
cells in lymph nodes to regulate allergic airway disease. To
detect a difference in responses, low numbers (2:5 x 10°)
of CD4" CD25" cells were adoptively transferred. We were
actually aiming for none or a limited amount of suppres-
sion by CD4" CD25" cells from control mice, so increasing
the window for the detection of enhanced regulatory abil-
ity by CD4" CD25" cells from 1,25(OH),D5-treated mice.
Low numbers of cells (25 x 10°) were transferred because
we had previously found that this number of cells from
1,25(0OH),Ds-treated mice was able to suppress contact
hypersensitivity responses, even though CD4" CD25" cells
from non-treated (vehicle) mice did not suppress.” In our
experiments, in consideration of cell numbers and their
potency, we have effectively ‘concentrated’ the effects of
topical 1,25(OH),D; by transferring CD4" CD25" cells
from approximately two donor mice into one recipient
mouse.
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Cells were transferred 18 hr before OVA challenge (1%
OVA aerosol, Fig. 1) because previous studies have indi-
cated that CD4" CD25" cells from naive mice can sup-
press elements of allergic airway disease if transferred the
day before the first respiratory challenge with allergen.”"**
The timing of cell transfer is an important factor to con-
sider as the transfer of 2-5 x 10> CD4" CD25" cells from
donor mice topically treated with 1,25(OH),D5 before the
initial OVA sensitization of the recipient mice (18 hr
before the first OVA/Alum injection, Fig. 1) had no effect
on the asthma outcomes tested (data not shown). Trans-
ferring the cells immediately before the respiratory chal-
lenge with OVA may enable the migration of the cells to
the challenge site, and their subsequent interactions with
cells such as DC and Th2 effector cells, which mediate
allergic airway disease and AHR in the trachea and respi-
ratory tract.”

In other studies, a single topical application of
1,25(0OH),D; did not regulate OVA-induced allergic air-
way disease, such that it was necessary to transfer (intra-
venously) CD4" CD25" cells disaggregated from the
SDLN. From this report, and highlighting the importance
of this study, the ability of respiratory epithelial cells to
synthesize 1,25(0OH),D;' has implications for the ability
of local’ CD4" CD25" cells to modulate DC and Th2 cell
interactions which mediate allergic airway disease in the
respiratory tract. The production of 1,25(OH),D; by
respiratory epithelial cells highlights the dual role that
1,25(0OH),Dj5 has to (i) modulate immune cells that regu-
late adaptive immune responses (such as regulatory
T cells), and to (ii) promote antimicrobial activity
through production of cathelicidin during infection.'”

In wvivo treatment of OVA-primed mice with
1,25(0OH),D5 (chronic intraperitoneal injection) down-
regulates the in vivo homing ability of CD4" T cells to
ADLN.” In these studies, purified CD4" T cells were
labelled with CFSE, and cells were injected intravenously
into 1,25(0OH),Ds-treated or untreated control mice. After
3.5 hr, the accumulation of labelled cells in the spleen was
unaffected by the various pre-treatments. In contrast,
migration of cells to the lymph nodes of 1,25(0OH),Ds-
treated mice was significantly decreased.*® In our studies,
topical 1,25(0OH),D; did not imprint the cells with chemo-
kine receptor expression that prevented their migration to
sites such as the airways. In contrast to findings with un-
fractionated T cells,'* expression of mRNA for the skin-
trophic chemokine receptor CCR10 was not modified in
CD4" CD25" cells isolated from the SDLN of mice 4 days
after topical 1,25(OH),D;. However, following intravenous
transfer and subsequent OVA sensitization, more CD4"
CD25" cells from the SDLN migrated to the SDLN than
the ADLN, but importantly 1,25(0OH),D; did not alter the
migratory patterns of these cells, Upon OVA aerosol
challenge, sufficient CD4" CD25" cells migrated to the air-
way lymphatic tissue and presumably other respiratory

© 2010 Blackwell Publishing Ltd, Immunology, 130, 181-192



Vitamin D, CD4" CD257 cells and lung immune responses

sites where those from 1,25(OH),D;-treated mice signifi-
cantly regulated allergic airway disease.

The potential of topical 1,25(OH),D; to augment the
ability of CD4" CD25" regulatory T cells to suppress
Th1/Th17 and Th2-driven responses may
provide additional treatment options for the control of
autoimmune and allergic diseases. Calcipotriene, a non-
calcaemic analogue of 1,25(0OH),Ds;, is already used

immune

topically to treat psoriasis.”* In addition, with dexametha-
sone, vitamin D; induces IL-10-secreting regulatory T
cells,'"* which potentially augment therapeutic responses
in steroid-resistant asthma patients.”> The apparent preva-
lence of vitamin D insufficiency around the world makes
it important for us to better understand the immuno-
modulatory effects of vitamin D. In this study, in which
1,25(0OH),D3 was applied topically to the experimental
animal and not to cells in culture, 1,25(0OH),D; increased
the immunoregulatory capacity of CD4" CD25" regula-
tory T cells, which in turn could modulate Th2-driven
immune responses in a mouse model of asthma. It is
proposed that sufficient levels of vitamin D are required
for the optimal suppressive activity of CD4" CD25*
regulatory T cells.
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