














100 VITAMIN D; SYNERGIZES WITH PGE, TO INDUCE CCR8 EXPRESSION

for CCR8 expression (Fig. 4F). This finding clarifies why neither
TCR triggering alone nor activation of the 32 adrenergic receptor
are effective at inducing CCRS8 expression as these receptors pref-
erentially activate PKA-I (21, 22). We conclude that the cAMP
elevating agents PGE, and forskolin are potent CCR8-inducing
agents when added at micromolar concentrations.

Active vitamin D3 synergizes with PGE; to induce CCR8
expression

PGE, alone is not as effective as ECM at inducing CCRS8 ex-
pression, and PGE, levels in ECM are below micromole con-
centrations (44.8 * 33.9 nM; 14.95-83.72 nM; n = 5), suggesting
that other factor(s) may work in concert with PGE,. Previous
reports highlight the critical role for vitamins A and D in the
regulation of tissue-homing receptor expression (3). However,
neither of these vitamins alone showed significant activity in our
previous human CCRS induction experiments. To our surprise, we
found that the combination of 1,25(OH),D3, a metabolite typically
found in ECM cultures, with suboptimal levels (0.1 uM) of PGE,
resulted in a significant increase in the percentage of CD4" and
CD8* T cells expressing CCR8 over PGE, alone (p < 0.0001) or
1,25(0OH),Dj3 alone (p < 0.01; Fig. 5A, 5B). Interestingly, com-
bining these metabolites resulted in a synergistic increase in
CCR8 expression for five of the nine responding T cell donors
tested, whereas the remaining four donors only showed an additive
response (Fig. 5C). The reason for this difference is unclear but
may reflect donor variability in the responsiveness to these
metabolites as well as the timing of delivery. However, it is im-
portant to note that for some donors the response to 1,25(OH),D3
alone was relatively high when compared with the median
(Fig. 5B) or when compared with previously published experi-
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ments (12). For these donors, it is conceivable that the effect of
1,25(0OH),D; alone precluded any synergistic effect when com-
bined with PGE,. Of note, and in line with our findings with ECM,
CCRS expression in CD4" T cells routinely exceeded the levels
observed in CD8* T cells (data not shown). This effect was spe-
cific for the active metabolite of vitamin D3 because neither the
precursor 25(OH)Dj3 nor the vitamin A metabolite, all-trans-retinoic
acid, showed synergistic activity (Fig. 5A; data not shown). This
synergistic effect could also be seen when 1,25(OH),Dj; was
combined with suboptimal levels of the EP4 receptor agonist
CAY 10598 (Fig. 5SD) as well as forskolin (data not shown) but not
the EP1/EP3 agonist 19R(OH)-PGE, or the EP2 agonist butaprost
(Fig. 5D).

We previously reported that the addition of IL-12 to T cell-
keratinocyte cocultures inhibited the keratinocyte-mediated CCR8
induction (12). In agreement, in this paper, we report that the
addition of IL-12 inhibited the synergy between 1,25(OH),D; and
0.1 uM PGE, during induction of CCRS8 expression (Fig. SE),
which is in contrast to CCR10, whose modest expression depen-
ded on this cytokine (Fig. SF). Likewise, the addition of IFN-a also
significantly reduced the percentage of activated T cells expressing
CCRS after treatment with PGE, plus 1,25(OH),Ds, whereas IFN-vy,
IL-6, and TNF-a did not have this effect. The inhibitory effect of
IL-12 and IFN-a could be seen for both CD4" and CD8™ T cells
(Supplemental Fig. 2A), and similar data were obtained when using
only 50 nM PGE, in combination with 1,25(OH),D; (Supplemental
Fig. 2B) or when T cells were stimulated in the presence of ECM
(Supplemental Fig. 2C).

Because ECM possessed the ability to “imprint” a skin-homing
phenotype in responding T cells (Fig. 1E), we next examined
whether 1,25(OH),D3 could prime naive T cells for CCR8 ex-
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FIGURE 5. Ability of 1,25(OH),D; to enhance PGE,-mediated CCR8 induction. (A—C) Naive T cells were stimulated in the presence of 0.1 uM PGE,
alone, 0.1 uM 1,25(OH),D; alone, or PGE,; in combination with either 0.1 uM 1,25(OH),D; or 0.1 uM 25(OH)D;. (A) Representative dot plots for CCR8
expression on gated CD4"* and CD8" T cells after 5 d are shown, whereas in (B) the percentage of gated CD3" T cells, expressing CCR8 is plotted for each
responding donor (n = 9). Line (—) denotes geometric mean. (C) The response of each donor to these treatments is plotted according to whether the
resulting percentage of CCR8 expressing T cells in response to PGE, + 1,25(0OH),D; exceeded the sum of either metabolite alone (synergy; left panel) or
whether it was equal to the sum of the responses induced by each metabolite alone (additive; right panel). (D) Naive T cells were stimulated in the presence
of various EP receptor agonists at 0.01 or 0.1 .M in media alone or in combination with 0.1 uM 1,25(OH),Ds. The percentage of CD4" T cells expressing
CCRS8 was determined after 5 d and plotted as mean = SD from two independent experiments. (E and F) Naive T cells were stimulated in the presence of
0.1 uM PGE, + 0.1 uM 1,25(0OH),Dj; in the absence or presence of 12.5 ng/ml IL-12, 100 U/ml IFN-a, 12.5 ng/ml IFN-y, 50 ng/ml IL-6, or 20 ng/ml TNF-a.
After 5 d, the percentage of CD3"* T cells expressing CCRS8 (E) or CCR10 (F) was determined by flow cytometry. The percentage of cells expressing CCR8
is plotted in (E) as mean * SD relative to T cells treated with PGE, + 0.1 uM 1,25(0OH),D; alone from five independent experiments. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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pression. To do so, naive T cells were first pulsed with either
1,25(0H),Dj3 alone, 1,25(0OH),D3 plus IL-12, or its precursor
25(0OH)D5 for 18hrs, washed and then stimulated with anti-
CD3/CD28 beads in the presence of a suboptimal concentrations
of PGE, (0.025-0.1 uM). Consistent with our findings with ECM,
the pulsing of T cells with 1,25(OH),D3, but not its inactive pre-
cursor, 25(OH)Ds, resulted in a significant increase in CCRS8 ex-
pression over either PGE, alone (p < 0.001 for 0.025 uM PGE,)
or 1,25(0OH),Dj; alone (p < 0.001; Fig. 6A, 6B), indicating that
skin-derived 1,25(OH),D3 does not need to be present at the time
of activation and plays an important role in conditioning T cells
for skin homing. Interestingly, and in contrast to data shown in
Fig. 5C, pulsing naive T cells with 1,25(OH),D;3 prior to activa-
tion in the presence of PGE, resulted in a synergistic response for
all donors tested (Fig. 6C), whereas pulsing with 1,25(OH),D3 in
the presence of IL-12 inhibited this synergy, revealing an early
inhibitory effect of IL-12. These findings are in line with the view
that the active metabolite of vitamin D5 acts on local T cells before
they interact with local DCs or migratory DCs in the draining
lymph nodes following their exit from the skin.

Regulation of CCR8 expression by skin tissue is conserved
between mice and humans

A recent study suggested that CCRS8 expression is also restricted to
skin tissue in mice (23). As a result, we next examined tissues from
healthy B6 mice and found that CCR8 mRNA expression is
largely restricted to the CD45" fraction of immune cells localized
in the skin and skin-draining lymph nodes, and consistent with
a previous report, CCR8 mRNA was also detected at high levels
in murine thymocytes (Fig. 7A) (24, 25). Further examination us-
ing custom-made AF647-labeled murine CCL1 (AF647-muCCL1)
determined that, as in humans, CCRS is primarily expressed by
memory (CD44") T cells present in the skin and skin-draining
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lymph nodes (Fig. 7B) as well as by some single-positive and
double-negative thymocytes (Supplemental Fig. 3). In murine
skin, expression was detected on both CD4* and CD8" skin
T cells, whereas expression in draining lymph nodes was re-
stricted to the CD4" subset, consistent with previous reports
showing that the recirculation patterns of the two memory T cell
subsets differ (26-28). In contrast, significant levels of CCR8 were
not detected on lymphocytes isolated from the spleen, mesenteric
lymph nodes, or even peripheral blood (Fig. 7B, Supplemental
Fig. 3).

On the basis of the comparatively conserved expression patterns
of CCRS, we next asked whether the mechanism regulating human
CCRS8 expression would also regulate murine CCRS8 expression.
Activation of naive mouse T cells in the presence of mouse skin—
conditioned medium resulted in the upregulation of murine CCR8
mRNA (Fig. 7C) and surface protein expression (Fig. 7D) signi-
fying a conserved cross-species regulation of CCR8 expression by
skin tissue. As for induction of human CCRS, this effect was more
prominent on murine CD4* than CD8" T cells and could be
replicated using ECM prepared from dorsal epidermal sheets (data
not shown). However, unlike human T cells, the elevation of in-
tracellular cAMP was not required for murine CCR8 expression as
neither forskolin (Fig. 7E) nor cAMP analogs (data not shown)
were capable of inducing CCR8 expression at the mRNA (Fig.
7E) or protein level (data not shown) in activated mouse T cells.
In agreement, the addition of either PGE, alone or PGE, plus
1,25(0OH),D3 were also ineffective in inducing CCR8 expression
(Fig. 7F). Inactivity of these factors may reflect differences in
human and mouse T cell responsiveness to 1,25(OH),D5 as was
reported in the regulation of CCR10 expression (10). Of note,
vitamin D synthesis is absent in murine skin (29), explaining why
this metabolite cannot participate in immune modulatory pro-
cesses in the skin of mice and possibly other nocturnal verte-
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FIGURE 7. Conserved regulation of murine CCR8 expression by skin tissue. (A and B) Expression of murine CCR8 was evaluated by quantitative PCR
in purified CD45" and CD45"# cell populations isolated from the skin, spleen, skin-draining lymph nodes, and thymus (A) and by flow cytometry on gated
CD8" and CD4* memory (CD44") T cells isolated from mouse skin, skin-draining LN (dLN), mesenteric LN (mLN), and spleen (B) from wild-type B6
mice stained with AF647-muCCL1. Data in (A) are plotted relative to the skin CD45-negative population. (C and D) Naive splenic T cells were stimulated
in vitro with plate-bound anti-CD3 plus soluble anti-CD28 in the absence or presence of mouse skin—conditioned medium (SCM). After 5 d, cells were
harvested and assayed for CCR8 expression at the RNA level by quantitative PCR (C) or stained with AF647-muCCL1 * excess unlabeled muCCL1 (D) to
detect surface CCR8 expression by flow cytometry on gated CD4" T cells. Results in (C) are plotted as mean = SD from two independent experiments (n =
2-3 mice) and dot plots in (D) are representative of four independent experiments from cells pooled from two to three mice each. (E) Naive splenic T cells
were stimulated in vitro with plate-bound anti-CD3 plus soluble anti-CD28 in the absence or presence of 10 or 25 uM forskolin. After 5 d, cells were
harvested and assayed for CCRS8 expression at the RNA level by quantitative PCR. (F) Naive splenic T cells were stimulated in vitro with plate-bound anti-
CD3 plus soluble anti-CD28 in the presence of 1 uM PGE,, 0.1 uM 1,25(0OH),Dj3 alone, or PGE, + 1,25(0OH),D5. After 5 d, cells analyzed for CCR8
expression by flow cytometry. nd, not detected.

brates. However, the possibility that other factors combine with under different circumstances, although further investigation is
1,25(0H),Dj3 in the regulation of mouse CCR8 cannot be ex- needed. In support, we have reported that CCRS is expressed by a
cluded. Nevertheless, it is clear that CCR8-expressing memory majority of memory T cells isolated from healthy human skin,
T cells accumulate in the skin of mice and humans and that skin whereas CCR10 is largely absent (12).
tissue-derived factors regulate CCR8 expression in both species Skin is the primary site for vitamin D5 synthesis because its
and, as such, underlies a conserved mechanism in the localiza- precursor 7-dehydrocholesterol (or provitamin D) is uniquely
tion of skin-specific memory T cells. produced at high levels in this tissue (31). Upon exposure to
sunlight, this precursor is converted to previtamin D3, which then
Discussion isomerizes spontaneously over time to vitamin Dj. This conver-
Control of tissue-resident memory T cells by distinct tissue sion occurs almost exclusively within the epidermis because UVB
environments represents a new paradigm in peripheral immune penetration is limited to this layer (31). Although the majority of
surveillance. The importance of this paradigm is underscored by vitamin Dj is then transported to the liver and kidney for con-

the fact that healthy peripheral tissues harbor vast numbers of version to 25(OH)Dj3 and its active form 1,25(OH),Ds, respec-
memory T cells whose presence is essential for maintaining tissue tively, basal keratinocytes also express the necessary enzymes

integrity and longevity. In this study, we show a mechanism for the (25-hydroxylases and 1-hydroxylase) to convert vitamin Dj to
control of human CCR8 expression involving the skin-produced 1,25(0OH),D3, indicating that skin tissue itself is a source of the ac-
metabolites 1,25-dihydroxyvitamin D3 and PG E,. Activation of tive metabolite (32). Local production is essential as 1,25(OH),D3
the cAMP/PKA-signaling pathway was found to be essential for is required for keratinocyte differentiation (33) and skin tissue
the induction of CCRS, and in agreement, PGE, alone could in- defense (34), but the levels found in circulation are low (<100 pM)
duce CCR8 expression. However, this effect was only observed at and are unlikely to sufficiently supply the epidermis. Interestingly,
high (micromolar) concentrations of PGE,, whereas induction of the photosynthesis of vitamin D appears to be an adaptation of
CCR8 at concentrations of PGE, produced by steady-state epi- diurnal vertebrates to sunlight because nocturnal animals, includ-
dermis only occurred in the presence of the active vitamin D ing rodents, do not possess this ability (29, 35). This provides an ex-
metabolite, 1,25(OH),D3. Our data highlight an important role planation for why certain skin tissue—expressed immune-associated

for vitamin D3 in modulating the expression of skin-homing che- genes such as cathelicidin (36), CCR10 (10, 37), and CCRS, as
mokine receptors in a context-driven manner. In the presence of shown in this study, are positively regulated by 1,25(OH),D; in
the inflammatory cytokines IL-12 (10) or TNF-a plus IL-6 (30), humans but not in mice.

1,25(0OH),D3, induces low-level expression of the chemokine re- Vitamin D3 plays an important immune-modulatory role be-
ceptor CCR10 in T cells, whereas in the presence of basal levels of cause deficiency in this vitamin in humans is associated with in-
PGE,, we found that 1,25(OH),D5 synergistically enhanced ex- creased incidence of infection and autoimmunity (38). In terms of

pression of CCR8. Importantly, we also found that the addition of T cell differentiation, 1,25(OH),D5 is thought to play a predomi-
the type 1 proinflammatory cytokines IL-12 and IFN-« inhibited nant inhibitory role because it indirectly promotes the differenti-
CCR8 expression, suggesting that CCR8 and CCR10 are induced ation of regulatory T cell subsets through its actions on dendritic
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cells (DCs) (39, 40), whereas it primarily inhibits the differentia-
tion of other Th cell subsets (41). Whether the effects of 1,25(0OH),D5
on T cell differentiation are due solely to indirect actions via DCs
is unclear, but our findings along with those from Sigmundsdottir
et al. (10) clearly show that 1,25(OH),Dj; acts directly on human
T cells to promote skin homing receptor expression. On the basis
of these data, it is possible that the decreased production of vita-
min D; in aged skin could be a factor in the age-related decline in
the local skin immune memory response (42, 43).

PGE, has also been previously implicated in the regulation of
skin immune cell migration. Specifically, PGE, was shown to
promote the maturation and migration of Langerhans cells, and as
in our study, this effect was dependent on signaling through EP4
(44). More recently, PGE, was shown to indirectly promote a skin-
homing phenotype in responding T cells as a result of its action on
DCs. A study by Stock et al. (45) demonstrated that skin-produced
PGE, was responsible for inhibiting the expression of retinoic
acid—producing enzymes by DCs. As a consequence, T cells
primed with these “skin-conditioned” DCs had higher expres-
sion of P-selectin ligands and accumulated in murine skin tissue
(45). However, it remains unclear as to how interference with
vitamin A metabolism in DCs promotes skin tropism in activated
T cells. In human T cells, retinoid acid, the active form of vitamin
A, did not interfere with CCRS8 expression (12).

Like vitamin D3, PGs are also important for skin tissue ho-
meostasis (46). In fact, PGE, is one of the main cutaneous eico-
sanoids produced by both epidermal keratinocytes and dermal
fibroblasts. However, only primary cultures of epidermal kerati-
nocytes are capable of producing both PGE, and 1,25(OH),Ds3,
consistent with their unique ability to support CCR8 expression
(12). Many of the effects of PGE, on immune cells have been
attributed to the activation and accumulation of intracellular
cAMP and its downstream activation of cAMP-dependent PKA. In
agreement, in this paper, we document that the PGE,-mediated
induction of CCRS8 expression in naive T cells required PKA
signaling. Although inhibitory at high levels (47, 48), the gener-
ation of intracellular cAMP has also been shown to be necessary
in the differentiation of Thl and Thl7 cells (49) and also to
promote the responsiveness of primed T cells to restimulation
(50).

Our study emphasizes the unique role played by tissues in
maintaining the tissue-specific immune surveillance T cell reper-
toire. We propose that the skin tissue environment provides signal 3
in the multistep process of immune memory T cell formation. TCR
triggering during adhesive interaction of naive T cells with Ag-
presenting DCs provides signal 1 and leads to primed T cells
receptive for costimulatory signals (signal 2) that drive T cell
differentiation and expansion. Epidermis-derived factors, includ-
ing 1,25(OH),D3 and PGE,, as shown in this study, play an am-
bassador role in relaying the tissue-homing information (signal 3)
to local, emigrating, and/or skin-draining lymph node T cells.
Because CCR8™ T cells predominate in healthy skin, we suggest
that signal 3 is primarily active during the steady state (i.e., under
conditions of immune homeostasis). This suggests that signal 3
could occur prior to T cell activation (signal 1 and 2), consistent
with our priming data. Under inflammatory conditions, the effect
of skin factors may be overridden by inflammatory mediators
(i.e., IL-12 and IFN-a) that ensure the recruitment of newly
generated effector T cells in response to inflammatory chemo-
kines. We do not yet know how CCR8" T cells relate to inflam-
matory T cells and, indeed, when during the course of primary
immune responses CCR8" T cells are being formed. We have
noted that excessive TCR triggering (i.e., high anti-CD3 concen-
trations neutralized the effect of CCR8-inducing factors [unpub-
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lished observations]), which agrees with the view that CCR8
becomes expressed during the resolution phase of inflammation
when the Ag density on DCs becomes limited. A recent study
examining the differentiation of skin-resident memory T cells in
mice found that CCR8 mRNA levels increased in tissue-resident
T cells during the resolution phase of an immune response
(>7 d postchallenge) (23). It remains to be investigated whether
CCRS expression occurs locally (i.e., at the late stage of inflam-
mation) or in tissue-specific lymph nodes that drain the necessary
signal 3 tissue factors. Even though the CCR8-inducing factors
appear to differ between mice and humans, our findings show that
the localization of CCR8" memory T cells and the regulation of
CCRS8 expression by skin tissue are conserved, indicating that it is
now possible to investigate the kinetics of CCR8 expression in
mouse models of skin infections and vaccination.
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