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Exposure of skin to UV radiation (UVR) prior to allergen exposure can inhibit inflammatory

airways disease in mice by reducing effector CD4+ T cells in both the trachea and the airway draining
lymph nodes. This study analysed the immunomodulatory properties of UVR delivered to naive

versus allergen pre-sensitised mice. In a model of inflammatory airways disease, BALB/c mice were
sensitised by peritoneal injection of the allergen, ovalbumin (OVA) (20 pg/mouse), in the adjuvant,
alum (4 mg/mouse), on days 0 and 14. On day 21, the mice were exposed to aerosolised OVA and

24 h later, proliferative responses by the cells in the airway draining lymph nodes were examined. UVR
(8 kJ m™) was administered 3 days prior to first OVA sensitisation (day —3), or OVA aerosol challenge
(day 18). UVR before sensitisation reduced immune responses associated with expression of allergic
airways disease; seven days after first OVA sensitisation, regulation of OVA-induced proliferation

in vitro but not in vivo by CD4+CD25+ cells from UV-irradiated mice was detected. UVR administered
to pre-sensitised mice regulated allergen responsiveness by cells from the airway draining lymph nodes
only with a sensitisation protocol involving allergen and adjuvant at 5% strength of the original dose

(1 ug OVA in 0.2 mg alum/mouse). These results suggest that UVR may modulate allergic airways disease
by two mechanisms. The first, and more potent, is by reducing effector cells in respiratory tissues and
requires UV delivery prior to sensitisation. The second, associated with administration to pre-sensitised
mice, is weaker and is detected when the mice are sensitised with lower levels of allergen and adjuvant.
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Introduction

UV irradiation of skin prior to allergen sensitisation in mice
can reduce many of the subsequent hallmark signs of asthma
including reduced responses upon allergen challenge by the lungs,
the trachea and cells in the lymph nodes draining the airways.!?
There are human correlates with a positive latitude gradient
described for some allergic diseases,** and debated for others.>*
In the murine models in which UVR was regulatory, allergen
sensitisation occurred either by intraperitoneal administration
of OVA plus the adjuvant, alum' or by daily administration
of intranasal papain.> We had previously hypothesised'? that
at the time of the inflammatory airways disease, UVR-induced
regulatory cells controlled the immune responses associated with
the effector phase of the allergic airways response. This hypothesis
reflected previous demonstrations in rodent models of allergic
airways disease that regulatory CD4+CD25+ cells can accumulate
at the airway wall and reduce expression of allergen reactivity.”*
However, an intense search of cells in the large airways and in
the airway draining lymph nodes in UV-irradiated mice failed to
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find any regulatory cells."! Tt was concluded that after exposure to
aerosolised allergens and disease expression, there were reduced
numbers of effector Th2 cells in the airways of UV-irradiated
mice. The mechanisms of regulation of systemic immune responses
by UV irradiation of skin remained unclear, particularly as
previous studies of UVR-immune suppression have focused on
UV-regulation of Th1 immune models.”***

The literature suggests UVR may be immunomodulatory by
induction of CD4+CD25+ T regulatory cells,” or other types of
suppressive CD25-Foxp3- T cells (Tr1)'*" or regulatory B cells.'®
UV irradiation of mouse skin can also increase the regulatory
ability of naturally occurring ‘innate’ CD4+CD25+ cells.”” In our
studies of allergic airways disease, we proposed that UV irradiation
of skin allowed the induction and/or activation of regulatory
cells which in turn controlled the level of sensitisation of allergen-
specific effector T cells.

To better understand the mechanisms of UVR control of
allergen sensitisation, we sought UVR-induced regulatory cells in
the airway draining lymph nodes at a time closer to UVR exposure,
namely 7 days after allergen sensitisation and 10 days after UV
irradiation. This contrasted with our previous unsuccessful search
for UVR-associated regulatory cells in the airway draining lymph
nodes 24 days after UVR.! Further, to consider therapeutic
approaches using controlled UVR for asthmatics who would be
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already sensitised to allergens, the ability of UVR to modulate
responses to aeroallergens by allergen pre-sensitised mice was
investigated. In this study, the concentration of the allergen and
adjuvant used was important with UVR consistently regulating
the responses of mice pre-sensitised to lower levels of allergen and
adjuvant. This study suggests that there may be two mechanisms
of UVR control of experimental allergic airways disease. Firstly,
when administered prior to allergen sensitisation, UVR can
regulate the outcome of strong sensitisation protocols. Secondly,
UVR administered to allergen pre-sensitised mice can regulate
a subsequent allergen challenge, but only when pre-sensitised to
lower doses of allergen and adjuvant.

Materials and methods
Animals

BALB/c female mice were obtained from the Animal Resources
Centre (Murdoch, Western Australia) and used when 8 weeks old.
Mice transgenic for the OVA;,; 530 ISQAVHAAHAEINEAGR)-
specific TCR-of3 (DOI11.10) on a BALB/c background were
originally purchased from The Jackson Laboratory and bred in-
house. All experiments were performed according to the ethical
guidelines of the National Health and Medical Research Council
of Australia and with approval from the Animal Ethics Committee
of the Telethon Institute for Child Health Research.

UV irradiation

The UVR source was a bank of six FS40 UVB lamps (West-
inghouse Corporation, Pittsburgh, PA) emitting a broad band
of UVR, 250-360 nm, with 65% of the output in the UVB
range (290-320 nm).* The radiation output for each experiment
was measured using a UVX radiometer with a UVX-31 sensor
(Ultraviolet Products Inc., San Gabriel, CA). Mice were irradiated
with 8 kJ m™ (approximately 3-4 minimal edemal doses)®* on
a clean-shaven 2 x 4 cm dorsal patch of skin either before or
post OVA sensitisation. A polyvinylchloride plastic sheet removed
wavelengths less than 290 nm. Control mice were shaved but were
not exposed to UVR.

Sensitisation and challenge of mice to ovalbumin

Unless otherwise stated, mice were injected intraperitoneally
with OVA (Sigma Chemical Company, St. Louis, MO) in alum
(aluminium hydroxide, Serva, Heidelberg, Germany) on day 0
and day 14 (20 ug OVA in 4 mg alum/mouse; 200 pl volume,
100% strength)."* On day 21, the mice were challenged with
with a 1% OVA-in-saline aerosol delivered using an ultrasonic
nebulizer (UltraNeb®, DeVilbiss, Somerset, PA) for 30 min. In
some experiments, the lymph nodes draining the peritoneal cavity
were harvested on day 7. In other experiments, mice were sensitised
and boosted intraperitoneally with a 5% dose (1 ug OVA, 0.2 mg
alum/mouse), a 1% dose (0.2 ug OVA, 0.04 mg alum/mouse) or
a 0.1% dose (0.02 ug OVA, 0.004 mg alum/mouse). The OVA in
alum suspension was diluted with 0.9% saline so that the injection
volume (200 pl) remained constant.

Culture of single cell suspensions from peritoneal- and airway
draining lymph nodes

The posterior mediastinal, tracheobrachial and parathymic lymph
nodes (which drain both the peritoneal cavity and the airways)

were removed from mice at the indicated times and physically
disaggregated in glucose-containing buffer supplemented with
10% FCS. The resultant cell suspensions were filtered through
100 um nylon mesh and washed. Cells were incubated at 10°
cells/200 ul/well in RPMI medium (Gibco, Auckland, NZ) with
10% FCS, 2 mM L-glutamine, 50 uM 2-ME, 5 ug ml™ gentamicin,
10 mM non-essential amino acids and 1 mM sodium pyruvate
(RPMI-10) at 37 °C with 5% CO,, with or without OVA (100 ug
ml™). Methyl-*H-thymidine (Amersham Pharmacia Biotech, N7,
50 uCi/ml, 10 pl/well) was added at 72 h and cells harvested
at 96 h with *H-thymidine incorporation used as a measure of
cellular proliferation. Cytokine levels in culture supernatants were
measured as previously described."!!

CD4+CD25+ cell enrichment

CD4+CD25+ cells were purified from lymph node single cell
suspensions by the AutoMACS system (Miltenyi Biotec, Bergisch
Gladbach, Germany)." Briefly, a negative selection method was
used to isolate CD4+ cells by labelling cells expressing CD8a,
CDIl11b, CD45R, CD49b and Ter-119 with biotin-conjugated
monoclonal anti-mouse antibodies and then using anti-biotin
microbeads (Miltenyi Biotec) to select for these cells. Purified
CD4+ cells were then labelled with anti-CD25-PE and a positive
selection method was used to purify CD25+ cells to >95%
purity (determined by flow cytometry) using anti-PE microbeads
(Miltenyi Biotec). For intracellular Foxp3 staining, a Foxp3
staining kit was used according to the manufacturer’s instructions
(eBioscience, San Diego, CA, USA). The flow cytometry data were
acquired on an LSRII flow cytometer (BD Biosciences, San Jose,
CA, USA) and analysed using FlowJo software (version 8.7.3).

Co-cultures using responder cells from OVA-sensitised BALB/c¢
mice

Purified cell types from lymph nodes draining the peritoneal
cavity of non- and UV-irradiated, OVA-sensitised mice in RPMI-
10 were gamma-irradiated at 830 rad using a GammaCell 3000
Elan Irradiator (MDS Nordion, Ontario, Canada) before co-
culture with unfractionated lymph node cells from non-irradiated,
OVA-sensitised, -boosted and -challenged mice at various ratios
(potential regulatory cell: responder cell ratios of 1:1, 1:2, 1:4,
1:8). The number of unfractionated responder cells was kept
constant over all ratios (10° cells per well). OVA protein was added
at 100 pg ml™ and cells cultured in 200 pl final volume RPMI-10
at 37 °C for 96 h. Methyl-*H-thymidine was added after 72 h and
cells harvested at 96 h (see above).

Tracking of CFSE+CD4+ cells from DO11.10 mice adoptively
transferred into UV-irradiated, OVA-sensitised BALB/ ¢ mice

CD4+ cells from DO11.10 mice were labelled with 5 pM
carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes,
Oregon, USA) as previously described.! Cells were resuspended in
saline and 5 x 10° cells/200 pl/mouse were adoptively transferred
into non- or UV-irradiated, BALB/c recipient mice that had been
sensitised to OVA in alum (20 pg OVA in 4 mg alum/mouse)
3 or 6 days previously. Twenty-four hours later, the recipient
mice were given an OVA aerosol challenge. The lymph nodes
draining the airways were removed from recipient mice three
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Fig.1 OVA-induced proliferation (A), and cytokine production (B-D) by cells from the lymph nodes draining the peritoneal cavity and harvested 7 days
after OVA in alum sensitisation. Cells were incubated without (—) or with (+) OVA (1 ug ml™) for 96 h. UV irradiation (solid bars) was administered 3 days
prior to OVA sensitisation. Cells from non-irradiated mice are shown by open bars. (A) *H-thymidine incorporation during the last 24 h (CPM/well). (B)
IL-5, (C) IL-10, (D) IFNY levels in the culture supernatants. Mean + SEM, n = 3 replicate cultures. An asterisk represents a significantly reduced level for

cells from U V-irradiated mice, p < 0.05. ND, not detectable.

days after challenge and physically disaggregated into single cell
suspensions. Cells were then labelled with [OVA-TCR]-PE-Cy5
(Caltag Laboratories, California, USA) and anti-CD4-APC. In
flow cytometric analysis, CFSE levels in CD4+[OVA-TCR]+ cells
were assessed. Reduced CFSE content indicated cellular division;
the percentage of cells per division was also evaluated.

Measurement of serum OVA-specific IgG1

Using a 96-well ELISA format, wells were coated with OVA
(1 ug) overnight at 4 °C in carbonate buffer (100 mM Na,CO;,
100 mM NaHCO;, pH 9.6), washed, incubated with blocking
buffer (0.5% BSA in Tris-HCl, pH 7.4) before incubation for
2 h at room temperature with serum samples either undiluted or
diluted 1:10, 1:10%, 1:10° 1:10* and 1: 10° in a Tris-based assay
buffer. Biotinylated mouse anti-IgG1 (Southern Biotechnology
Associates Inc, Alabama, USA) was added before IgG1 mea-
surement in a dissociation-enhanced time-resolved fluorescence
immunoassay with europium as the label.

Statistical analyses

When results from multiple experiments were considered, levels of
significance were calculated using raw data and a 2-way ANOVA
using [Experiment Number] as one variable and [+UV] treatment
as the other variable. Student’s ¢ test was used for replicates in a
single experiment. Each experimental group consisted of 5 mice
unless otherwise indicated.

Results

Regulation by UVR of OVA-driven proliferation of cells in the
airway draining lymph nodes 7 days after sensitisation

The shaved backs of mice were given a single exposure to UVR
(8 kJ m™) three days before intraperitoneal injection with 20 pg

OVA in 4 mg alum/mouse. After a further 7 days, the lymph
nodes draining the peritoneal cavity were harvested, and single cell
suspensions incubated with OVA protein (100 pg ml™) for 96 h.
The OVA-induced proliferation by cells from the UV-irradiated
mice was significantly less than that by cells from non-irradiated
mice (Fig. 1A). The levels of the Th2 cytokines (IL-5, IL-10)
(Fig. 1B,C), but not the Thl cytokine (IFNy) (Fig. 1D), were
significantly lower in the supernatants of cells from the UV-
irradiated mice. Less production of all cytokines, including IL-
10, suggested reduced sensitisation to OVA. However, it remained
possible that UVR-induced regulatory cells in the lymph node cell
suspensions contributed to the reduced responses.

Regulatory activity of CD4+CD25+ cells in a proliferation assay
using non-fractionated lymph node cells from OVA-sensitised mice
as responders

At this same time point (7 days after first intraperitoneal OVA in
alum injection), CD4+ cells that were CD25+ or CD25- were
purified from the lymph nodes draining the peritoneal cavity.
Yields of CD4+CD25+ cells were low with approximately 5 x
10* cells obtained from the peritoneal lymph nodes/mouse, and
were very similar from UV- and non-irradiated mice (data not
shown). Yields of CD4+CD25- cells were approximately 10-fold
higher than those of CD4+CD25+ cells. Of the CD4+CD25+ cells
(-UV, 4.9 £ 0.1% of lymph node cells; +UYV, 5.1 £ 0.2% of lymph
node cells, mean £ SEM, n = 3), 88 = 0.5% from non-irradiated
mice and 89 £ 0.8% from UV-irradiated mice expressed Foxp3. Of
the CD4+CD25- cells, 1.6 + 0.1% from non-irradiated mice and
1.7 £ 0.3% from UV-irradiated mice expressed Foxp3.

The regulatory ability of the CD4+CD25+ and CD4+CD25-
cells was examined using a proliferation assay with respon-
der cells from OVA-sensitised mice. The CD4+CD25+ and
CD4+CD25- cells (y-irradiated to prevent their proliferation)
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Fig. 2 Effect of UV irradiation of mice on the ability of lymph node CD4+CD25+ and CD4+CD25- cells to suppress proliferation in vitro by responder
cells (unfractionated lymph node cells from OVA-sensitised mice). The lymph nodes draining the peritoneal cavity were harvested 7 days after OVA in alum
sensitisation and CD4+CD25+ and CD4+CD25- cells isolated by microbead enrichment. In (A), CD4+CD25+ cells, and (B), CD4+CD25- cells were
v-irradiated before incubation with unfractionated cells from OVA-sensitised mice, together with OVA. *H-thymidine was added for the last 24 h of the 96
h culture. For each of 4 independent experiments, the level of *H-thymidine incorporated by responder cells alone (Resp, hatched bars) was normalized
to 100% and reductions due to added CD4+CD25+ or CD4+CD25- cells calculated. Solid bars indicate the result for cells from UV-irradiated mice;
open bars indicate the result for cells from non-irradiated mice. Mean + SEM. An asterisk represents significantly reduced *H-thymidine incorporation
by cultures with added CD4+CD25+ or CD4+CD25-cells compared with that measured in cultures of responder cells alone (hatched bars), p < 0.05. A
hash demonstrates a significant difference in *H-thymidine incorporation for cultures containing CD4+CD25+ cells from UV-irradiated mice compared
with those from non-irradiated mice at the same dilution, p < 0.05.

were incubated at 1:1, and decreasing ratios, with responder
cells and OVA. To validate the assay, we have previously shown
that CD4+CD25+ cells from DO11.10 mice (OVA-TCR+) can
significantly regulate OVA-induced proliferation by cells from
OVA-sensitised mice, even at a ratio of 1:16, i.e. 1 CD4+CD25+
cell incubated with every 16 responder cells."* The cumulative
results for 4 independent experiments are shown in Fig. 2A and
B. CD4+CD25+ cells for all groups but one (CD4+CD25+ cells
from non-irradiated mice diluted 1:8, i.e. one CD4+CD25+ cell
to 8 responder cells) suppressed the proliferation by responder
cells from OVA-sensitised mice (Resp, hatched bar, Fig. 2). In Fig.
2A, at a ratio of 1:4 or 1:8, the proliferation by responder cells
was significantly lower if incubated with CD4+CD25+ cells from
the UV-irradiated mice than from non-irradiated mice suggesting
greater regulatory activity for CD4+CD25+ cells from UVR-
exposed mice (Fig. 2A, 2-way ANOVA). Whether these cells con-
tributed to the differences in proliferation by cells from UV- and
non-irradiated mice (Fig. 1A) was not determined, particularly
as an anti-CD25 antibody depletion may also remove activated
cells. CD4+CD25- cells from UV-irradiated mice suppressed the
proliferation of the responder cells at a ratio of 1 : 1, and from non-
irradiated mice at a ratio of 1:2 (Fig. 2B). However, CD4+CD25-
cells from the UV-irradiated mice were not more regulatory than
CD4+CD25- cells from non-irradiated mice at any of the ratios
tested.

Search for UVR-induced regulatory cells in vivo. Adoptive transfer
of CFSE-labelled CD4+ cells from DO11.10 mice into
UV-irradiated and non-irradiated, OVA-sensitised mice

To investigate the potential involvement of UVR-induced reg-
ulatory cells of any type’®'® and not only CD4+CD25+ and
CD4+CD25- cells, an in vivo assay was established. In this assay,
CFSE-labelled CD4+ responder cells were transferred into UV-
irradiated mice and their proliferation monitored. The shaved
backs of mice were given a single exposure to UVR (8 kJ m™)
three days before intraperitoneal sensitisation with 20 ug OVA in
4 mg alum/mouse. Six days later, the mice were given via their
tail vein 5 x 10° CFSE-labelled CD4+ cells from DO11.10 mice.
Twenty-four h later, they were given a 1% OVA-in-saline aerosol.
A further 3 days later (4 days since injection of the cells), the lymph
nodes draining the airways from individual mice were isolated and
single cell suspensions prepared (n =4 mice/group of UV-and non-
irradiated mice). CFSE-dilution in the CD4+[OVA-TCR]+ cells
was analysed. In response to the OVA aerosol, the transferred
[OVA-TCR]+ cells proliferated with approximately 15% of cells
proliferating 4 times (reaching 4 generations). However, there
was no significant difference in proliferative responses by cells
transferred into UV- or non-irradiated, OVA-sensitised mice
(Table 1). A repeat experiment in which CFSE-labelled CD4+
cells from DO11.10 mice were transferred 3 not 6 days after OVA

Table 1 Proliferation of CFSE-labelled CD4+ cells from naive DO11.10 mice adoptively transferred into non-irradiated or UV-irradiated, OVA-sensitised
mice. Transfer occurred 6 days after OVA in alum sensitisation, and 24 h before OVA aerosol challenge. CFSE expression by cells in the airway draining
lymph nodes was measured 72 h after OVA challenge

Generation” 0 1 2 3 4
-Uv? 14.9 £ 4.0% 12.4+1.4% 19.7£0.9% 22.9+2.2% 15.3+1.6%
+UV 19.1 £5.4% 12.5+£0.9% 16.6 +1.4% 19.7+1.9% 15.6 £ 1.5%

“ Generation 0 = undivided cells, Generations 1, 2, 3, 4 = 1, 2, 3, 4 divisions, respectively, measured by dilution of CFSE in [OVA-TCR]+CD4+ cells.
b Recipient mice were irradiated with UV (8 kJ m=), or not (-UV), 3 days before OVA sensitisation on day 0. 5 x 10° cells were transferred into 4 mice per
group; mean = SD.
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in alum sensitisation gave very similar results (data not shown).
Thus, the immunosuppressive properties of the CD4+CD25+ cells
shown in vitro using cell ratios of 1 : 4 and 1 : 8 (Fig. 2A) could not
be confirmed in vivo. Further, the activity of other putative UVR-
induced regulatory cells was not detected (Table 1).

Regulation of allergen responses by UV irradiation of skin of
pre-sensitised mice

To demonstrate greater potential therapeutic benefit, UVR should
be modulatory in allergen pre-sensitised mice. Mice were sensitised
to 20 ug OVA in 4 mg alum/mouse (designated as 100% strength)
on day 0 and boosted on day 14. On day 18 (3 days before
OVA aerosol challenge), they were given 8 kJ m? UVR to their
shaved back. Twenty-four hours after OVA aerosol challenge
(day 22), the proliferation in vitro by airway draining lymph
nodes was investigated. OVA-induced proliferation by cells from
UVR-treated mice was not significantly different to that by cells
from non-irradiated mice (Fig. 3A for cumulative data from 3
independent experiments). Due to inter-experimental variability
in cytokine levels in the culture supernatants, the OVA-induced
levels for IL-5 and IL-10 for cells from non-irradiated mice
were normalised to 100% and changes due to UVR calculated
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Fig. 3 Effect of UVR delivered to mice pre-sensitised to OVA in alum
at 100% strength on OVA-induced proliferation by airway draining
lymph node cells harvested 24 h after OVA aerosol challenge. Cells were
incubated with (+) or without (-) OVA (1 pg ml™) for 96 h. UVR (solid
bars) was administered 3 days prior to OVA aerosol challenge. Cells
from non-irradiated mice are shown by open bars. (A) *H-thymidine
incorporation during the last 24 h (CPM/well). Mean + SEM for 3
independent experiments. (B) IL-5 and IL-10 in the culture supernatants
of cells incubated with OVA. Levels for cells from non-irradiated mice were
designated as 100%.
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(Fig. 3B). There was no significant change detected for cells from
UV-irradiated mice.

To investigate whether UVR can regulate responses developed
in response to lower concentrations of allergen and/or adjuvant,
the intensity of the sensitisation protocol was investigated. Mice
were injected intraperitoneally on days 0 and 14 with OVA
in alum at 100%, 5%, 1% and 0.1% relative strength (both
components proportionally diluted). On day 18, the mice were
tail bled for measurement of OVA-specific serum IgG1. As shown
in Fig. 4A, serum IgG1 levels were not significantly different
between mice sensitised with 100% and 5% OVA in alum. Mice
sensitised to 1% OVA in alum had significantly reduced IgGl1 levels
whilst 0.1% OVA in alum did not induce detectable IgG1 levels.
Twenty-four hours after an OVA-aerosol challenge on day 21,
the airway draining lymph nodes were harvested for assessment
of OVA reactivity in vitro. OVA-induced proliferation by cells
from the airway draining lymph nodes was similar in response
to sensitisation with 100%, 5% and 1% strength OVA in alum
(Fig. 4B). In the absence of OVA addition to the culture, reduced
proliferation was measured by cells from mice sensitised with OVA
in alum at 1% and 0.1% strength (Fig. 4B).

In response to the results of Fig. 4A and B, mice were sensitised
and boosted with 5% strength OVA in alum, i.e. the lowest dose
giving similar sensitisation measures (both cellular and humoral
responses) as 100% strength OVA in alum. Their shaved backs were
exposed to 8 k] m> UVR 3 days before OVA aerosol challenge
on day 21. For 3 independent experiments, the proliferation by
cells from the airway draining lymph nodes of U V-irradiated mice
harvested 24 h after OVA challenge was significantly reduced (Fig.
5A). Cytokine levels in the culture supernatants were also reduced
(Fig. 5B). Thus, when a less concentrated suspension of OVA in
alum was used for sensitisation, UV irradiation of skin of pre-
sensitised mice suppressed subsequent OVA-induced responses by
airway draining lymph node cells.

Discussion

UV irradiation of skin can suppress murine models of allergic
asthma. In previous studies when UVR was administered prior
to allergen sensitisation, the asthma-like responses in the large

60-
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20 #
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100% 5% 1% 0.1%

Fig. 4 Effect of reducing the concentration of the OVA in alum mixture for sensitisation. Mice were sensitised and boosted intraperitoneally on days 1
and 14 with OVA in alum undiluted (100% strength, open circles) or diluted with 0.9% saline to 5% (open triangles), 1% (closed diamonds), 0.1% (open
hexagon) or left non-sensitised (closed squares). (A) Serum OVA-specific IgG1 levels on day 18. Mean = SEM, n = 3. (B) Proliferation by airway draining
lymph node cells. Airway draining lymph nodes were harvested 24 h after OVA aerosol challenge and incubated for 96 h with (+) or without (-) OVA.
3H-thymidine incorporation during the last 24 h (CPM/well). Mean + SEM for 6 replicate wells. *H-thymidine incorporation by cells from mice sensitised
to 100%, 1% or 0.1% strength OVA in alum was compared with that by cells from mice sensitised to 5% strength OVA in alum. An asterisk is shown for
significantly different *H-thymidine incorporation by cells incubated without OVA; a hash is shown for cells incubated with OVA, p < 0.05.

1898 | Photochem. Photobiol. Sci., 2011, 10, 1894-1901

This journal is © The Royal Society of Chemistry and Owner Societies 2011


http://dx.doi.org/10.1039/c1pp05206c

Published on 14 October 2011. Downloaded by University of Liverpool on 15/11/2014 13:42:32.

View Article Online

B

50 A 150;
40 % IL-5 IL-10

= ©

2 3 — S0

t3 °

£ 2 g 7

5 2 so *
0 0

oA - - + + OVA  + * * *

Fig. 5 Effect of UVR delivered to mice pre-sensitised to OVA in
alum at 5% strength on OVA-induced proliferation by airway draining
lymph node cells harvested 24 h after OVA aerosol challenge. Cells were
incubated with (+) or without (-) OVA (1 pg ml™) for 96 h. UVR (solid
bars) was administered 3 days prior to OVA aerosol challenge. Cells
from non-irradiated mice are shown by open bars. (A) *H-thymidine
incorporation during the last 24 h (CPM/well). Mean + SEM for 3
independent experiments. (B) IL-5 and IL-10 in the culture supernatants
of cells incubated with OVA. Levels for cells from non-irradiated mice
were designated as 100%. An asterisk represents a significant change due
to UVR, p < 0.05.

airways, lung and draining lymph nodes were reduced consistently
by approximately 50%."!! In the present study, we show that UVR
administered to pre-sensitised mice can be suppressive; however, a
less concentrated allergen and adjuvant suspension was required
for sensitisation. For 3 independent experiments in which UV
was delivered to OVA-pre-sensitised mice, proliferation in vitro
by single cell suspensions from the airway draining lymph nodes
was reduced by a mean of 37%. Thus, we propose that UV may
regulate allergic airways disease by at least two different pathways
that associate with exposure to UVR before and after allergen
sensitisation.

At the time of expression of allergic airways disease (i.e. after
aerosolised allergen challenge), the reduced responses to allergen
in the UV-irradiated mice are due to fewer effector Th2 cells."! We
now report that 7 days after the initial OVA in alum sensitisation
when OVA-driven proliferation of airway draining lymph node
cells was reduced (Fig. 1), CD4+CD25+ cells from U V-irradiated
mice had greater regulatory properties in proliferative assays in
vitro than CD4+CD25+ cells from non-irradiated mice. These
CD4+CD25+ cells in the nodes of UV-irradiated mice may
help to control the development and number of effector cells.
However, the regulatory properties of these CD4+CD25+ cells
from UV-irradiated mice were not robust as these cells were
unable to reduce OVA-aerosol-induced proliferation of CFSE-
labelled CD4+ cells from OVA-TCR transgenic mice adoptively
transferred into the U'V-irradiated recipient mice. This in vivo assay
had been designed to detect all types of UVR-induced regulatory
cells (including regulatory B cells) but instead helped to determine
the relative down-regulatory potential in vivo of CD4+CD25+ cells
from UV-irradiated mice. It remains possible that UV-induced
regulatory cells affected the differentiation of CD4+ responder
cells that was not detected in the assay measuring dilution of
CFSE in proliferating OVA-TCR+ cells in the lymph nodes. In this
model of allergic airways disease, UVR may also control allergen
sensitisation and effector cell development directly, without a
major role for UVR-activated/induced regulatory cells. The ability
of UVR to suppress immune responses by reduced effector and
memory T cells, and without induction of regulatory cells, has
been reported previously by at least one other laboratory.*!

In the studies of UVR delivered to pre-sensitised mice, UV
irradiation of skin was not initially immunomodulatory (i.e. when
using 100% strength OVA in alum suspension). However, with a
sensitisation protocol using 5% of the initial allergen concentra-
tion, and 5% of the adjuvant alum, UVR was immunosuppressive.
In this 5% strength model, the mice may have been sensitised
by a different immune process. UVR may also have been down-
regulatory by a different mechanism, or at least one that may have
been operative but was not the dominant mechanism when UVR
was administered prior to sensitisation. It is possible that UVR
activated pre-existing regulatory cells, either OVA-induced or
naturally occurring T regulatory cells. In previous studies of naive
mice, UV irradiation of skin," and topical 1,25-dihydroxyvitamin
D;?* can increase the activity of CD4+CD25+ cells in the draining
nodes, and further, upon transfer into OVA-pre-sensitised mice
can down-regulate the responses associated with allergic airways
disease.

Regulation by UVR of immune responses in pre-sensitised mice
has been previously reported. In one laboratory, post-immune
UVR induced Trl-like regulatory T cells (IL-10-producing,
CD25-Foxp3- cells) that were able to suppress B cell antibody
production.’ Very high doses of UVR were administered (23 kJ
m™).* UVR control of allergic airway inflammation was also
examined;” however, the UVR was delivered one week after
the first intraperitoneal sensitisation but on the very same day
that the mice were given a second OVA sensitisation, followed
by a third sensitisation one week later.”” Thus, the effects of
the UV irradiation of skin were present during, and potentially
controlled the outcome of, the second and third intraperitoneal
sensitisations.”” In our study, the mice were twice sensitised
intraperitoneally (2 weeks apart) and the UVR was delivered 4
days after the second sensitisation, and 3 days prior to aerosol
challenge. In a further study of UVR regulation of immune
responses in pre-sensitised mice, a Thl model of delayed-type
hypersensitivity to Candida albicans was studied and antigen-
specific suppressor T cells were implicated.** The authors reported
significant suppression if the UVR (80 kJ m™ solar simulated UV)
was given 7 to 9 days post immunisation and 3 to 1 days before
challenge on day 10.%*

UV-irradiation of skin induces vitamin D; production, and
for humans, most of our vitamin D; is obtained by irradia-
tion of skin with UVB. Whether UVR-induced vitamin D; is
responsible for the UVR regulation of allergic airways disease
in our studies is a very important question particularly as it
would support vitamin D; supplementation for treatment of
inflammatory airways disease. It is possible that UVR-induced
vitamin D; may regulate one but not the other mechanism of
control proposed in this study. Chronic feeding of mice a vitamin
D;-deficient diet enhanced allergen sensitisation in the OVA-
alum model of allergic airways disease.® A recent study of mice
with experimental autoimmune encephalomyelitis concluded that
UVR could regulate the disease by mechanisms unrelated to
vitamin D;.? Thus, further novel approaches are required to
determine whether vitamin D; produced in response to acute UVR
contributes to UVR control of sensitisation in our model of allergic
airways disease.

This study cautions the interpretations of findings obtained
using one of the most commonly used rodent models of allergic
airways disease. We have observed that the doses of OVA and
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alum used in most studies?” ™ are such that a 20-fold dilution
of both components allows for comparative induction of OVA-
specific IgG1 levels, and similar proliferation to OVA in vitro by
airway draining lymph node cells. We propose that in humans,
the sensitisation to allergens is more subtle, does not occur in
the context of powerful adjuvants, and such an acute high dose of
allergen, with adjuvant, is not required. From another perspective,
modulation of sensitisation to the higher doses of OVA in alum can
show the potency of regulatory agents like UVR. Alternatively, the
ability of some agents to regulate in vivo may not be appreciated
with the high doses of OVA and alum frequently used.?’-** Perhaps,
more importantly, the inflammatory airways disease induced by
the higher concentrations of OVA in alum may be different to that
induced by lower concentrations of OVA in alum.

In summary, this study investigated UVR control of inflamma-
tory airways disease. We propose two mechanisms of suppression,
the first and most potent occurs when UVR is delivered prior
to allergen sensitisation. The second, detected when UV was
administered to pre-sensitised mice, is less potent in this murine
model but in humans in the absence of strong adjuvants may be
significant. Studies of the effect of delivery of controlled UVR
and/or vitamin D; to patients with allergic airways disease are
required.
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CFSE Carboxyfluorescein succinimidyl ester
OVA Ovalbumin
UVR UV radiation.
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