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Abstract

UV exposure suppresses the immune response to a variety of microbial, fungal, and viral Ags. In
addition, UV radiation is a complete carcinogen and the immune suppression induced by UV
radiation is a major risk factor for skin cancer induction. In this study, we examined the mechanisms
underlying the induction of immune suppression and tolerance induction by UV radiation.
Transferring lymph nodes cells from UV-irradiated, FITC-sensitized mice into normal recipients
transferred immune tolerance. Contrary to expectations, the cell responsible was an FITC*, IL-10-
secreting, CD19%, B220* B cell. Because the lipid mediator of inflammation, platelet-activating
factor (PAF) is released by UV-irradiated keratinocytes and is essential for the induction of immune
suppression, we determined its role in tolerance induction. When UV-irradiated mice were injected
with PCA 4248, a selective PAF receptor (PAFR) antagonist, transfer of tolerance was suppressed.
However, immune suppression was not transferred when FITC* cells from the draining lymph nodes
of UV-irradiated, PAFR-deficient donor mice were injected into the recipients. Because PCA 4248
also blocks serotonin receptor binding, we measured the effect that blocking both serotoninand PAFR
binding has on the transfer of immune suppression. Only when both PAF and serotonin binding were
blocked could we inhibit tolerance induction. These data identify a novel function for PAF and
serotonin in modulating immune function, the activation of immunoregulatory B cells.

The UV radiation in sunlight, an environmental factor that humans come into contact with on
a daily basis, can adversely affect health and well-being. Sunlight-induced nonmelanoma skin
cancer is the most prevalent type of cancer diagnosed in the industrialized world (1). In addition
to being a complete carcinogen, UV radiation is also immune suppressive, and compelling
evidence generated with experimental animals, biopsy-proven skin cancer patients, and cancer-
prone immunosuppressed transplant patients indicate that the immune suppression induced by
UV radiation is a major risk factor for skin cancer induction (2). In addition to tumor immunity,
UV exposure suppresses a wide variety of immune reactions including contact hypersensitivity
(CHS)4 to chemical haptens (3), and delayed type hypersensitivity to allogeneic
histocompatibility Ags (4), viral (5), bacterial (6), and fungal Ags (7). In many of the studies

IThis work was supported by grants from the National Cancer Institute (CA75575, CA88943, and CA112660). S.N.B. was supported
by a C. J. Martin Fellowship (No. 307726) from the National Health and Medical Research Council of Australia. The animal and flow
cytometry facilities at the M. D. Anderson Cancer Center were supported in part by a core grant from the National Cancer Institute
(CA16672).

3 Address correspondence and reprint requests to Dr. Stephen E. Ullrich, Department of Immunology-902, University of Texas, M. D.
Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, TX 77030. E-mail address: sullrich@mdanderson.org.

2y M. and S.N.B. contributed equally to this work.

Disclosures

The authors have no financial conflict of interest.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsumura et al.

Page 2

mentioned above, significant and substantial immune suppression was achieved after a single
exposure to UV radiation, using doses that are easily obtained during normal human
occupational and/or recreational exposure (8,9). Because UV-induced immune suppression
contributes to skin cancer induction, and in view of the fact that a single exposure to sunlight
can suppress the immune response to microbial Ags, it is important to study the mechanisms
underlying UV-induced systemic immune suppression.

A considerable amount of evidence supports a role for UV-induced biological response
modifiers and cytokines in activating systemic immune suppression (2). Almost immediately
after UV exposure, keratinocytes secrete the lipid mediator of inflammation, platelet-activating
factor (PAF) (10). Binding of PAF to its receptor induces a number of downstream effects,
including the synthesis of cytokines and eicosanoids (11). In earlier studies, we demonstrated
that treating keratinocytes with PAF up-regulated the transcription of COX-2 and IL-10 and
activated keratinocytes to secrete PGE,. Both cytokine gene transcription and PGE, synthesis
was blocked by treating the keratinocytes with a selective PAF receptor (PAFR) antagonist
(12,13). Moreover, treating UV-irradiated mice with a series of selective PAFR antagonists
blocked UV-induced immune suppression (13), presumably by blocking the induction of
PGE,, which we know from previous work activates a cytokine cascade that results in systemic
immune suppression (14). These studies suggest that the release of PAF by UV-irradiated
keratinocytes is one of the first steps in the cascade of events leading to immune suppression.

After hapten sensitization of UV-irradiated mice, immune tolerance develops, which is specific
for the hapten used to sensitize the UV-irradiated animal, and mediated in part, by UV-induced
cytokines (15). One model system that has been used to study UV-induced tolerance induction
was originally described by Okamoto and Kripke (16). They observed that hapten
unresponsiveness could be induced in recipient mice injected with draining lymph node cells
isolated from UV-irradiated FITC-sensitized mice. The distinct advantage of using FITC as
the contact sensitizer is that one can follow the fate of the Ag-bearing cells. Using this model
system, Kripke and colleagues (16-18) found that the cells that transferred immune tolerance
were UV-damaged, pyrimidine dimer-positive, la-positive, FITC-positive APC.

The purpose of the studies presented here was to investigate the role of PAF in UV-induced
immune suppression and tolerance induction. We asked two questions: 1) Does PAF play a
role in inducing tolerance in UV-irradiated mice? 2) What are the mechanisms involved?
Although we originally expected to find that the cell that transferred immune suppression and
activated immune tolerance in the recipient mice was an Ag-positive APC, our data indicate
that the cell responsible for immune suppression and tolerance induction is an IL-10-secreting
B cell. Furthermore, we made the unexpected finding that both PAF and serotonin (5-HT)
receptor binding must be blocked to abrogate the induction of immune suppression. These
findings illustrate a novel function for PAF and serotonin in the immune response, the
activation of immune regulatory B cells that suppress CHS.

Materials and Methods

Abs and reagents

Abs (FITC, PE, allophycocyanin, and/or CyChrome conjugated) specific for B220, CD4,
CD8a, CD11b, CD11c, CD40, CD80, CD86, la, and Thy-1 were purchased from BD
Pharmingen. Abs specific for CD19, CD24, Gr-1 (Ly6G), and OX 40L (CD134L) were
purchased from eBiosciences. FITC isomer I, LPS (Escherichia coli serotype 026:B6), and the
PAFR antagonist PCA 4248, were purchased from Sigma-Aldrich. Ketanserin and CV3988

4Abbreviations used in this paper: CHS, contact hypersensitivity; PAF, platelet-activating factor; PAFR, PAF receptor; WT, wild type;
MFI, mean fluorescence intensity.
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were purchased from Biomol. Complete RPMI 1640 supplemented with 10% newborn calf
serum (HyClone) was purchased from Invitrogen Life Technologies.

Specific pathogen-free, IL-10-deficient mice (Ref. 19; stock no. 002250) and B cell-deficient
mice (Ref. 20; stock no. 002288), backcrossed onto a C57BL/6 background, and the wild-type
(WT) controls, were purchased from The Jackson Laboratory. PAFR-deficient mice,
backcrossed onto a C57BL/6 background (21), were obtained from Dr. J. Travers (University
of Indiana Medical School, Indianapolis, IN). Within each experiment, all mice were age and
sex matched. All procedures were reviewed and approved by the University of Texas M. D.
Anderson Cancer Center Animal Care and Use Committee.

Isolation of cell subsets

FITC-positive cells were isolated by incubating 107 draining lymph node cells with 10 pl of
anti-FITC microbeads (Miltenyi Biotec) in PBS containing 5% FBS at 4°C for 30 min (22).
The cell/bead suspension was washed three times and then passed over a strong magnet. Both
the flow-through fraction and the adherent fraction were collected. To isolate B220™ cells,
draining lymph node cells from hapten-sensitized mice were cultured with 10 pg of anti-B220
in PBS containing 10% FBS at 4°C for 30 min. The cells were then mixed with mouse anti-
rat-coated magnetic beads (4:1 ratio; Dynal Biotech) and the B220* cells were separated from
the B220™ cells by passing the cells over a magnetic column. Cell purity was determined by
flow cytometry.

Flow cytometry

Cells were resuspended in PBS containing 5% rat serum and 0.5% BSA (Sigma-Aldrich), and
incubated on ice with mAb for 30 min. The cells were then washed in PBS containing 0.5%
BSA and fixed in 2% paraformaldehyde. Fluorescent intensity was determined with a
FACSCalibur (BD Biosciences).

Suppression of CHS and tolerance induction by UV exposure

A modification of the procedure described by Okamoto and Kripke (16) was used to induce
immune suppression (see Fig. 1A). UV radiation (270-390 nm) was supplied by a bank of 6
FS-40 sunlamps (National Biologic). The dorsal hair of the mice was removed with electric
clippers and the mice were exposed to 15 kJ/m2 of UVB (290-320 nm) radiation as measured
with an IL-1700 research radiometer (International Light). Four days later, the mice were
sensitized on the shaved abdominal skin by applying 400 pl of a 5 mg/ml solution of FITC
diluted in acetone/dibutylphthalate (1/1 v/v). Eighteen hours later, the draining inguinal lymph
nodes were removed, single-cell suspensions were prepared, and 1 x 106 cells were injected
into each hind footpad of 10 normal syngeneic recipient mice. Six days later, the induction of
CHS in these animals was measured. The mice were sedated, and the thickness of each right
ear was measured with an engineer’s micrometer (Mitutoyo). The mice were then challenged
with hapten by applying 10 ul of a 5 mg/ml solution of FITC to each ear surface. Eighteen
hours later, the mice were sedated, the thickness of each right ear was remeasured, and the
change in ear thickness was calculated. To determine whether transferring cells from UV-
irradiated, hapten-sensitized mice induces tolerance, the animals were allowed to recover and
3wk later, they were shaved and sensitized with FITC by applying 400 pl of a5 mg/ml solution
of FITC to the abdominal skin. Six days later, the mice were sedated, the thickness of each left
ear was measured, and 10 ul of FITC was applied to each ear surface. Eighteen hours later, the
thickness of each left ear was remeasured, and the change in ear thickness was calculated. The
negative control for the CHS experiment consisted of measuring the change in ear thickness
in recipient mice that did not receive any cells. The negative control for the tolerance
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experiment consisted of measuring ear swelling in mice that did not receive any cells, were
not sensitized, but were challenged. The positive control consisted of transferring cells from
mice that were shaved and sensitized with hapten but were not exposed to UV. The data are
expressed as the mean A ear swelling = SEM (n = 10). Statistical differences between the
positive control and the experimental groups were determined by use of a one-way ANOVA
followed by the Tukey-Kramer multiple comparison test (GraphPad Software). Probabilities
<0.05 were considered to be significant.

Cytokine production by draining lymph node cells isolated from UV-irradiated mice

Results

FITC-positive draining lymph node cells were isolated from UV-irradiated or control mice
using anti-FITC magnetic beads as described above. The cells were resuspended in complete
RPMI 1640 and cultured at 37°C with and without 1 ug/ml LPS and 5 pg/ml anti-CD40 mAb.
Twenty-four hours later, the supernatant fluid was removed and cytokine production was
determined by ELISA, as described previously (14). Statistical differences between the positive
control and the experimental groups (n = 3) were determined by use of a two-tailed Student’s
t test; probabilities <0.05 were considered to be significant.

Transfer ofimmune suppression and tolerance induction by FITC* draining lymph node cells
from UV-irradiated mice

The initial focus of these experiments was to test the hypothesis that PAF plays a role in
tolerance induction. To do this, we chose to modify a procedure previously published by
Okamoto and Kripke (16). In their experiments, mice were first exposed to UV and then the
fluorescent hapten FITC was applied directly to the UV-irradiated skin. Eighteen hours later,
draining lymph node cells from the UV-irradiated mice were transferred into normal mice
where they failed to induce a CHS reaction and instead induced tolerance. They observed that
FITC* APC were responsible for transferring immune suppression in their experiments. Our
modification consisted of first exposing the mice to UV radiation but then sensitizing the mice
at a distant nonirradiated site. Others have shown previously that this modification will result
in a suppressed CHS reaction (23), suggesting that it would serve as an ideal model system to
determine whether PAFR binding plays a role in the induction of immune tolerance. The
protocol used is shown in Fig. 1A. Mice were first exposed to UV radiation and then the
fluorescent hapten FITC was applied to a nonirradiated site 4 days later. Draining lymph node
cells from these mice were then transferred into normal syngeneic recipient where their ability
to induce CHS and induce immune tolerance were examined (Fig. 1B). In the left panel of Fig.
1B, the ability of FITC* cells from normal and UV-irradiated mice to induce CHS in the
recipient mice is shown. The background response is measured in mice that did not receive
any cells (hence no immunization) but were challenged. The A ear swelling response in these
mice was minimal. The positive control for this experiment consisted of measuring the A ear
swelling response found in animals that were injected with FITC* draining lymph node cells
isolated from unirradiated mice. As expected, a vigorous CHS reaction was noted when these
cells were transferred. When, however, draining lymph node cells were transferred from UV-
irradiated, FITC-sensitized mice, the resulting CHS reaction was significantly depressed
compared with the positive control (p < 0.001).

The mice were allowed to recover, and 21 days later, they were sensitized by applying FITC
to the abdominal skin (Fig. 1B, right panel). Although a very good ear swelling reaction was
found in mice that were resensitized after first receiving draining lymph node cells from normal
FITC-sensitized mice, the mice that received draining lymph node cells from UV-irradiated

FITC-sensitized mice were tolerant, in that they were not able to generate an immune reaction
upon sensitization (p < 0.001). If the mice that received draining lymph nodes cells from UV-
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irradiated FITC-sensitized animals were sensitized with an irrelevant hapten (i.e.,
dinitrofluorobenzene), no tolerance was noted indicating that the tolerance induced was hapten
specific (data not shown). These data indicate that immune tolerance can be induced by
transferring draining lymph node cells from mice exposed to UV at one site and painted with
hapten at a distant nonirradiated site.

Characterization of the cells that induce immune tolerance

Draining lymph node cells were isolated from normal or UV-irradiated, FITC-sensitized mice
and analyzed by flow cytometry. Initially, we measured MHC class I expression, CD80, CD86,
OX40L, and B220 expression on FITC* cells and compared the profiles found on cells from
normal FITC-sensitized mice (Fig. 2A, left panel) with that found on cells isolated from UV-
irradiated FITC-sensitized mice (Fig. 2A, right panel). For the most part, the expression of
MHC class 11, CD80, CD86, and OX40L on FITC* cells was similar, regardless of whether
the cells were isolated from UV-irradiated or normal mice. One notable difference was the up-
regulation of a FITCYIm B220Pright syhpopulation of cells found in the draining lymph node
cells isolated from the UV-irradiated mice.

To determine whether the B220* cells from UV-irradiated mice play a role in tolerance
induction, Ab-coated magnetic beads were used to isolate the B220* and B220~ subpopulations
from the draining lymph nodes of UV-irradiated, FITC-sensitized mice. Recipient mice
received 1 x 108 UV B220* or 1 x 10% UV B220* cells in each hind footpad, and the ability
of these cells to induce CHS or induce tolerance is found in Fig. 2B. A vigorous CHS reaction
was observed in mice injected with UV B220™ cells, one that was statistically indistinguishable
(p > 0.05) from the positive control (mice that received 1 x 108 unseparated draining lymph
node cells from normal FITC-sensitized mice). In contrast, the CHS reaction found in mice
injected with UV B2207 cells was significantly different (p < 0.05) from the response found
in the positive control and not statistically different from the response found in the negative
control (p > 0.05). A similar situation was found when tolerance induction was measured (Fig.
2B, right panel). Sensitization of mice originally injected with UV B220* cells resulted in
tolerance (p < 0.05 vs positive control). When the mice that first received UV B220™ cells were
sensitized with hapten, the immune response generated was not statistically different from that
found in the positive control (p > 0.05). These data indicate that the B220* cells found in the
draining lymph nodes of UV-irradiated FITC-sensitized mice fail to transfer CHS, and induce
tolerance in recipient mice.

To further characterize the cells from the UV-irradiated mice that induce tolerance, we first
isolated the FITC-positive cells using anti-FITC-coated microbeads and then used anti-B220
beads to separate the FITC* population into B220* and B220~ subpopulations. These cells
were then stained with PE-conjugated mADb to yield further information regarding their cell
surface phenotype (Fig. 2C). The B220* cells expressed CD19 and CD24 on their cells surface
with minimal staining for Gr-1, Thy-1, CD8a, or CD4. A small percentage of the UV B220*
cells expressed CD11b and CD11c, suggesting that the cells within the UV B220*
subpopulation are primarily B cells with some dendritic cell contamination. For the sake of
comparison the UV B220™ subpopulation is also shown. This subpopulation of cells appears
to contain a mixture of dendritic cells, T cells, and B cells.

B lymphocytes are responsible for transfer of immune suppression and tolerance induction
in UV-irradiated mice

To determine whether the B cells or the dendritic cells found in the UV*, FITC*, B220* draining
lymph nodes transfer immune suppression and induce tolerance, two approaches were taken.
Based on the observation that one of the major differences between the draining lymph node
cells isolated from normal and UV-irradiated mice was the up-regulation of a
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FITCYimB220bright hopulation, we gated on this population (subpopulation R5 in Fig. 3, left
panel) and used flow cytometry to determine its cell surface phenotype. Because we
hypothesized that the tolerance-inducing cells may be either a B220*, CD19*, B cell, or a
B220* dendritic cell (24), we measured CD11c and CD11b expression on the
FITCYimB220bright population (Fig. 3A, right panel). Our data indicate that the B220™ cells are
not dendritic cells because they are CD11c and CD11b negative. Further support for the
hypothesis that the tolerance-inducing cells are B lymphocytes is presented in Fig. 3B. In this
experiment, draining lymph node cells were isolated from UV-irradiated WT mice, or B cell-
deficient (uMT), FITC-sensitized mice. These cells were then transferred into normal WT
animals, where CHS and tolerance induction was measured. As before, a vigorous CHS
reaction was noted in mice injected with WT FITC-sensitized draining lymph node cells, and
CHS was suppressed when the recipient mice were injected with cells from donors that were
exposed to UV radiation before FITC sensitization (p < 0.01). However, when the draining
lymph node cells were isolated from UV-irradiated, FITC-sensitized, B cell-deficient mice, no
immune suppression was noted (p > 0.05 vs FITC WT).

Similarly, B lymphocytes were required for tolerance induction (Fig. 3B, right panel). Whereas
sensitization of mice originally injected with WT cells isolated from UV-irradiated FITC-
sensitized mice induced tolerance (p < 0. 001 vs FITC WT), no tolerance induction was noted
when the donor cells were isolated from UV-irradiated B cell-deficient mice (p >0.05 vs FITC
WT). These findings indicate that UV-induced, B220*, FITC*, B cells transfer immune
suppression and mediate tolerance induction.

IL-10is secreted by FITC* cells isolated from the draining lymph nodes of UV-irradiated mice

To determine the role, if any, that cytokines play in immune suppression and tolerance
induction, we first measured cytokine release by draining lymph node cells from UV-irradiated,
FITC-sensitized mice. We were particularly interested in 1L-10 and 1L-12, because previous
studies indicated that increased IL-10 production and decreased secretion of IL-12 plays a role
in UV-induced immune suppression (25,26). Lymph node cells were isolated from control
mice (FITC-sensitized) or mice exposed to UV and then sensitized with FITC. The cells were
stimulated with LPS and anti-CD40, and cytokine secretion was measured by ELISA (Table
I). A marginal increase in IL-12p70 secretion was observed when the cells were stimulated
with LPS/anti-CD40 compared with 1L-12p70 production by cells cultured in medium only.
Prior UV exposure had no real effect on IL-12p70 secretion. A different situation was observed
when IL-10 secretion was measured. The amount of IL-10 found in the supernatant of
unstimulated cells was below the limit of detection (15 pg/ml). When cells from normal FITC-
sensitized mice were stimulated with LPS/anti-CD40, IL-10 was found in the supernatant.
Treating lymph node cells from UV-irradiated, FITC-sensitized cells with LPS/anti-CD40
caused a significant increase (p < 0.01) in IL-10 secretion when compared with the amount of
IL-10 secreted by the normal cells.

These findings suggest that increased IL-10 secretion may play a role in the induction of
tolerance in our experiments. To determine whether this was the case, draining lymph node
cells were isolated from UV-irradiated FITC-sensitized WT or IL-10-deficient mice (Fig. 4).
As expected, a vigorous CHS reaction was noted in recipient mice injected with WT FITC-
sensitized draining lymph node cells; and CHS was suppressed when the recipient mice were
injected with cells from donors that were exposed to UV radiation before FITC sensitization
(p <0.0001). However, when the draining lymph node cells were isolated from UV-irradiated,
FITC-sensitized IL-10~/~ mice, no immune suppression was noted (p > 0.62 vs FITC WT).

A similar situation was found when tolerance induction was measured (Fig. 4, right panel).
Whereas sensitization of mice originally injected with WT cells isolated from UV-irradiated
FITC-sensitized mice induced tolerance (p < 0.0001 vs FITC WT), no tolerance induction was
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noted when the donor cells were isolated from UV-irradiated, IL-10~/~ mice (p > 0.95 vs FITC
WT). These findings indicate that IL-10 plays a critical role in tolerance induction when UV-
induced, B220*, FITC* cells are transferred into normal recipient mice.

A role for PAF and serotonin receptor binding in immune suppression and tolerance

induction

To determine whether PAF plays a role in the induction of immune tolerance, mice were
injected with the selective PAFR antagonist, PCA 4248, immediately before UV exposure, as
described previously (13). The mice were sensitized with FITC, and the draining lymph node
cells were transferred into recipient mice as described above (Fig. 5A). We found a depressed
CHS reaction in recipient mice that received draining lymph node cells from UV-irradiated,
FITC-sensitized donors (p < 0.0001; UV + FITC vs FITC). The ability to generate CHS was
restored by treating UV-irradiated donor mice with the selective PAFR antagonist (p > 0.05;
FITC vs UV + FITC + PCA 4248). Similarly, tolerance induction was reversed by injecting
the donor mice with PCA 4248 (p > 0.4; FITC vs UV + FITC + PCA 4248).

We also examined the effect that injecting PCA 4248 had on the induction of the FITC™,
B220* subpopulation of cells found in the draining lymph nodes of UV-irradiated, FITC-
sensitized mice (Fig. 5B). Anti-FITC-coated magnetic beads were used to isolate draining
lymph node cells from FITC-sensitized mice, UV-irradiated FITC-sensitized mice, and UV-
irradiated FITC-sensitized, PCA 4248-injected mice. The cells were then stained with
CyChrome-labeled anti-B220. As described above, we saw an up-regulation of B220°r19" cells
after UV exposure (Fig. 5B; FITC vs UV + FITC). This population was not present in draining
lymph node cells isolated from mice exposed to UV, sensitized with FITC and injected with
PCA 4248 (Fig. 5B; UV + FITC vs UV + PCA 4248).

Because receptor antagonists, such as PCA 4248 are selective, but not specific, inhibitors of
receptor ligand binding, we repeated the experiments described above using PAFR-deficient
mice. Draining lymph node cells were isolated from UV-irradiated FITC-sensitized PAFR-
deficient mice (21) and transferred into age- and sex-matched controls. Much to our surprise,
lymph node cells from PAFR ™~ did transfer immune suppression (Fig. 6). This unexpected
result prompted a further review of the inhibitory activity of PCA 4248. PCA 4248 has dual
activities. In addition to blocking the binding of PAF to its receptor (27), it can also block
serotonin-induced inflammation (28). This suggests that to block tolerance induction in our
system, both PAF and serotonin binding must be inhibited. This was tested in two ways. First,
we exposed PAFR knockout mice to UV and then injected them with ketanserin, a serotonin
receptor antagonist (Fig. 6A). Alternatively, we exposed WT mice to UV radiation, and injected
them with a CV3988 (a PAFR antagonist) only, ketanserin only, or a mixture of the two (Fig.
6B). As can be seen in Fig. 6, transfer of immune suppression occurred only when both PAF
and serotonin receptor binding was blocked. Lymphocytes from UV-irradiated, FITC-
sensitized, PAFR-deficient mice could transfer immune suppression, and immune suppression
was blocked when these mice were injected with ketanserin. Similarly, injecting UV-irradiated
FITC-sensitized WT mice with ketanserin only, or C\V3988 only, did not reverse the transfer
of tolerance. However, when both were used in concert, the transfer of suppression was
inhibited.

Discussion

The initial focus of the experiments presented here was to determine whether PAF, a lipid
mediator of inflammation that plays a critical role in UV-induced immune suppression, could
suppress APC function in vivo. We made two unexpected observations. First, we found that
we could transfer UV-induced immune suppression and induce tolerance in normal recipients
by transferring I1L-10-secreting, B220*, CD19* B cells. Second, we observed that we could
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block the transfer of immune suppression only when we simultaneously blocked PAF and
serotonin receptor engagement.

Although not as widely studied as CD4*CD25" T regulatory cells, there is a growing
appreciation for the role of B lymphocytes in regulating T cell immunity (29). Ag-pulsed B
cells can present a tolerogenic signal for both CD4* (30) and CD8* (31) T cells, in some cases
regardless of high expression of costimulatory molecules on the Ag-pulsed B cells (31). Naive
and not memory T cells appear to be more susceptible to tolerance induction by Ag-bearing B
cells (29,30). A common mechanism to explain the induction of T cell tolerance by B cells is
IL-10 secretion. Examples include chronic intestinal inflammation (32), arthritis (33),
autoimmunity (34), and ileitis (35). The IL-10-secreting B cell that we find in the draining
lymph node of UV-irradiated mice is yet one more example that can be added to a growing list
of immunoregulatory B cells.

A second unexpected observation was the requirement for PAF and serotonin receptor binding
for the transfer of immune suppression. The role of PAF in inflammation is well-appreciated
(36). The role of serotonin in inflammation is known but perhaps not as well-appreciated.
Serotonin functions as a neurotransmitter in the brain, induces peristalsis in the gut, and can
function as an inflammatory mediator in peripheral tissues (37,38). Our findings suggest that
serotonin receptor engagement is essential for immune suppression in vivo. This appears to
contradict data published by Matsuda et al. (39) who showed that the vasoactive effects of
serotonin were critically important for the efflux of immune cells into the site of Ag deposition
during the challenge phase of delayed-type hypersensitivity. Note, however, we could only
block the induction of immune suppression when both PAF and serotonin receptor binding
was inhibited. This may suggest that serotonin receptor binding by itself sends one signal to
the immune system, but when serotonin and PAFRs are simultaneously engaged, an immune-
suppressive signal is sent. The exact source of the “UV-induced” serotonin in our system is
not entirely clear. It is interesting to note that recent studies indicate that serotonin is produced
by the skin (40). Whether its production is up-regulated following total body UV exposure
remains to be seen.

Because a common feature shared by many of the diseases mentioned above (i.e., Crohn’s,
arthritis, autoimmunity) is chronic inflammation, we suggest that inflammatory mediators such
as PAF and serotonin may be inducing/activating IL-10 secretion by B cells. Normal B
lymphocytes express both the PAFR and the serotonin receptor on their surface (37,41). In
addition, PAF-treated B cells secrete a variety of cytokines, including IL-10 (42,43). In our
studies, we find that PCA 4248, a receptor antagonist that blocks binding of both PAF and
serotonin to their receptors, inhibits immune suppression and the induction of tolerance, in part
by blocking the up-regulation of the tolerance-inducing FITC*, B220" B cells. It is interesting
to note that using an arthritis model, Mauri et al. (33) could only transfer tolerance when the
B cells were isolated from mice first injected with Ag emulsified in CFA, and then stimulated
with anti-CD40. Injecting B cells that were stimulated in vitro with anti-CD40 and Ag but
without the inflammatory signal provided by the adjuvant, was not protective. They propose
that a complex pathway of cell-cell communication is required to drive the differentiation of
the regulatory B cells in vivo. Based on our findings, we suggest that PAF and serotonin
receptor binding may be critical steps in activating the complex cellular interactions required
to activate regulatory B cells.

Our findings also provide new insight into the mechanisms underlying UV-induced immune
suppression. Although there are many examples of UV exposure activating immune regulatory
T cells (22,44-46), and evidence exists to indicate UV-damaged dendritic cells (16,17) can
induce tolerance, arole for UV-activated B cells in tolerance induction is novel. This somewhat
unexpected result may reflect the modification we used to induce tolerance in our system.
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Because we are interested in studying the mechanisms involved in the induction of systemic
immune suppression by UV radiation, and specifically the role of UV-induced epidermal
cytokines in systemic tolerance induction, we applied that hapten to unirradiated skin. In
previous studies, the contact allergen was placed directly unto UV-irradiated skin, where UV-
damaged Langerhans cells acquired the Ag, migrated to the draining lymph node (47), and
activated the suppressive pathway (16). It has been known for some time that the mechanisms
underlying the immune suppression that results after the hapten is applied directly to the UV-
irradiated site (local immune suppression) differs from that observed when the hapten is applied
at a distant nonirradiated site (Systemic immune suppression) (2). Our findings expand on
previous observations by showing that at least two separate cellular pathways lead to tolerance,
one (local) mediated by Langerhans cells and the other (systemic) mediated by B cells.

Although the cells that activate immune tolerance may differ, acommon feature shared by both
pathways is IL-10. Alard et al. (48) report that treating mice with Abs to IL-10 will reverse the
induction of tolerance in mice where the hapten is applied directly to the irradiated skin. This
compares favorably with our data showing no tolerance induction when draining lymph node
cells are isolated from UV-irradiated IL-10-deficient mice. We suspect that the IL-10
ultimately targets dendritic cells, based on the well-known ability of IL-10-treated dendritic
cells to induce immune tolerance (49). Alternatively, PAF and its downstream mediator,
PGE, may be directly affecting dendritic cells. Activation of dendritic cells in the presence of
PGE; inhibits the production of biologically active IL-12p70 and promotes the secretion of
immunosuppressive 1L-12p40 homodimers (50,51), similar to what was found when IL-12
secretion by dendritic cells isolated from UV-irradiated mice was measured (26). Studies are
in progress to determine whether PAF and/or serotonin can directly suppress the function of
dendritic cells, but at the present time we favor the view that the cytokines and biological
response modifiers up-regulated in response to UV exposure may work in parallel to target
dendritic cell function and induce tolerance.

Finally, the data presented here confirm a recent study by Byrne and Halliday (52) who report
that UV exposure activates a B cell that suppresses APC function. The data presented here
expand on Byrne’s observation by demonstrating that UV-induced inflammatory mediators
are responsible for activating the UV-induced regulatory B cells. These findings may have
broad implications besides providing a better insight into the mechanisms involved in UV-
induced tolerance induction. Secretion of inflammatory mediators such as PAF and serotonin
are up-regulated in response to chronic inflammation, oxidative stress, sepsis, cigarette
smoking, and chemotherapy (36,53,54). Some of these events are associated with immune
suppression suggesting that inflammatory mediators may play an important role. A good
example is the induction of immune suppression that results after dermal exposure to volatile
organic chemicals. We find that Th1-type immune reactions are suppressed following dermal
application of jet fuel (55,56), and that injecting PAFR antagonists into jet fuel-treated mice
blocks the induction of immune suppression (12). It is not clear whether mechanisms similar
to those described here are involved, but these observations do suggest that the role of
inflammatory mediators in activating immune suppression may be widespread.
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Transferring lymph node cells from UV-irradiated, FITC-sensitized mice to normal recipients
induces tolerance. A, Mice are exposed to 15 kJ/m? of UVB radiation and 4 days later were

painted with FITC on the unirradiated ventral skin. Eighteen hours later, the draining lymph

nodes were collected and injected into naive recipient mice. The right ear of each mouse was
challenged 6 days later. CHS was read the next day, and the mice were rested for 21 days. They
were then sensitized with FITC, and the left ear was challenged 6 days later. The induction of
tolerance was measured 1 day later. B, The recipient mice received cells from hapten-sensitized

mice (FITC™), or cells from mice that were exposed to UV

and then sensitized with hapten

(UV-FITC™), or were not injected (None).*, Statistically significant difference (p <0.001) from

the FITC?* control.
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FIGURE 2.

FITC*B220" cell transfer tolerance. A, FITC-positive cells from hapten-sensitized mice
(Normal) or UV-irradiated hapten-sensitized mice (UV) were stained with PE-labeled Abs to
various cell surface markers. The data are expressed as fluorescence intensity on a log scale.
B, The recipient mice received cells from FITC-sensitized mice (Normal) or cells from mice
that were exposed to UV and then sensitized with FITC. Magnetic beads were used to separate
the B220-positive cells (UV-B220*) from the B220cells (UV-B2207), negative controls
(None) were not injected.*, A statistically significant difference (p < 0.05) from the normal
control. C, Cell surface phenotype of UV B220* vs UV B220~ cells. Data are expressed as
relative cell count vs mean fluorescence intensity (MFI) on a log scale. Numbers indicate the
percentage of cells in each population that is positive for each marker.
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FIGURE 3.

Tolerance-inducing cells are B cells. A, FITC-bearing cells were stained with PE-B220,
allophycocyanin-CD11b, and CyChrome-CD11c. The FITCYM B220bright population was
selected (left panel, R5), and CD11c vs CD11b staining was measured (right panel). The data
are expressed as mean MFI on alog scale. B, Cells were transferred from UV-irradiated-hapten-
sensitized B cell-deficient mice (UV + FITC B cell /"), UV-irradiated hapten-sensitized WT
mice (UV + FITC WT) or hapten-sensitized WT mice (FITC WT). Negative control mice were
not injected (None).*, A statistically significant difference (p < 0.01) from the FITC* control.
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FIGURE 4.

Failure to induce tolerance when cells are transferred from 1L-10~~ UV-irradiated donor mice.
Lymph node cells were isolated from hapten-sensitized mice (FITC), UV-irradiated hapten-
sensitized WT mice (UV + FITC), or UV-irradiated hapten-sensitized IL-10-deficient mice
(UV + FITC IL-1077). CHS and tolerance were determined as described previously.*, A
statistically significant difference (p < 0.0001) from the FITC* WT control.
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Treating UV-irradiated mice with a selective PAFR antagonist blocks tolerance induction. A,
Lymph node cells were isolated from donor mice sensitized with hapten (FITC), exposed to
UV and sensitized with hapten (UV + FITC) or exposed to UV, injected with a PAFR antagonist
(PCA 4248) and then sensitized with hapten (UV + FITC + PCA 4248). CHS and tolerance
were determined as described previously.*, A statistically significant difference (p < 0.0001)
from the FITC* control. B, Anti-FITC-coated magnetic beads were used to isolate draining
lymph node cells from hapten-sensitized mice (FITC), UV-irradiated hapten-sensitized mice
(FITC), and UV-irradiated, hapten-sensitized, PCA 4248-injected mice (UV + PCA 4248).
The cells were stained with CyChrome-labeled anti-B220, and the data are expressed as MFI

on a log scale vs cell count.
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FIGURE 6.

PAF and serotonin receptor binding is required to induce immune suppression. Recipient mice
received cells from WT mice (o) or PAFR™~ mice (=) exposed to UV and sensitized with
hapten (UV + FITC). A, Transfer of cells from WT or PAFR™/~ mice induced immune
suppression (*, p < 0.05 vs FITC only control). Injecting a serotonin (ketanserin) or a PAFR
(CV 3988) antagonist into WT donors did not reverse the transfer of immune suppression.
Injecting ketanserin into PAFR™/~ mice reverses (p > 0.05 vs FITC control) the induction of
immune suppression. B, Injecting both a PAF and serotonin receptor antagonist into WT
recipients, but not either alone, blocks the transfer of immune suppression (p < 0.05 vs UV +
FITC; p>0.05 vs FITC only).
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Table |
Cytokine secretion by draining lymph node cells isolated from UV-irradiated hapten-sensitized mice®

pg/ml/10° Cells

Treatment? IL-12p70 IL-10
FITC 15.2+0.7 BLD®
FITC + LPS/anti-CD40 252149 72.0+17.0
UV + FITC 112+13 BLD
UV + FITC + LPS/anti-CD40 20.6 £3.0 166 + zl_od

aMice were exposed to UV (15 kJ/mz; dorsal skin) and 4 days later were sensitized with hapten (0.5% FITC, abdominal skin). Eighteen hours later,

FITC™ cells were isolated with magnetic beads.

bThe cells were cultured in complete RPM1 1640 with or without LPS (1 ug/ml) and anti-CD40 mAb (5 pg/ml) for 24 h. Cytokines present in the supernatant
were determined by ELISA.

cBelow the limit of detection (15 pg/ml).

dValue of p <0.01 vs FITC + LPS/anti-CD40; two-tailed Student’s t test.
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