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distribution of PC3, do not show a corresponding spectral
change. If the cell was able to break down the hemozoin bio-
crystals, we would expect to see a change in the spectra to
reflect the heme components (e.g. hemin), which are spectrally
distinct from hemozoin.** The relative stabrhty of the hemo-
zoin spectra indicates that the cell is unable to breakdown the
hemozoin within the five hour time period observed in this
study. Consistent with this finding, it has also been observed
that hemozoin outside the cell is resistant to degradation by a
number of acids, peroxides etc. and it is therefore assumed
that hemozoin is similarly-not broken down by such chemicals
within the phagosome/lysosome ‘We also measured the
hemozoin spectra under varying pH conditions and did not

find a significant pH dependence of the spectra, confirming

that the spectral changes observed are not related to differing
pH environments within the cell (ESI $31).

Since the hemozoin does not appear to be broken down
lysosomal compartments. could become overloaded resulting
in lysosomal dysfunction and lysosome membrane permeabili-
zation (LMP).*® Partial LMP can result in the generatlon of
reactive oxygen species. (ROS)‘18 which is a known inducer of
cellular inflammatory pathways, for example the NLRP3
inflammasome,**** while massive LMP will result in the
release of the lysosomal contents into the cytoplasm, trigger-
ing conditions such as oxidative stress and inflammation, ulti-
mately resulting in the induction of cell death. pathways.*®
These processes would be expected to occur over Ionger time
scales than were studied in our experiments, and observation
over later time steps should provide additional findings.
However, we focused on the initial uptake over the ti‘me scale
where hemozoin should reach the lysosomes. This time scale
also. precludes the chance that hemozoin had already been
processed and ejected from another macrophage before being
phagocytosed by the macrophage under observation, which
could occur at longer time scales.

Conclusions

The macrophage ‘res‘ponse to hemozoin mediates inflam-
mation and some of the detrimental effects of malaria infec-
tion. The chemical specificity of the label- free Raman
measurements show that the spatial information provlded by
the imaging mode is essential for observing the location and
dynamics of hemozoin and the corresponding changes in
macrophages. The additional discrimination of multiple hemo-
zoin components in the - input samples and their different
fates within the cell is a key factor in understandmg the role of

‘hemozoin in the immune response. This will be an important

step to solving some of the still unknown questions  that
concern innate immune responses which occur dunng malaria.
Macrophages engulf hemozoin upon exposure, and hemo-
zoin was observed in an 1nhomogeneous dlstnbutlon through-
out the cytoplasm. Hemozoin was not observed to enter the
nucleus, but in the cytoplasm, inclusion of hemozoin causes a
rearrangement of the endogenous molecules in the cell. The
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macrophage cells also increase in size and large vacuoles
appear. Although intuitive in the sense that cellular molecules
cannot exist where hemozoin nanocrystals exist, the extent to
which hemozoin"forced,'t,he exclusion of cellular content was
not expected. This type of study is an ideal target‘ for Raman,
imaging analysis, since it readily separates contributions from
the cell as a whole. into discrete spectral components. The
large holes observed in the PCA analysis (PC2) preclude signifi-
cant co-localization of hemozoin with other molecules

The hemozoin samples measured in vitro were found to
contain two components, which were similarly observed in the
cells. One hemozoin component is anti- correlated with a lipid-
based change in the cell: a transrent hpld response which
occurs around 3 hours, then decreases by 5 hours. We attri-
bute the lipid-rich components to. the plasma membranes
involved. in the phagocytosrs of hemozom particles, followed

- by fusion with lysosomes From our results, it also appears

that neither type of hemozoin is degraclcd,by;the macrophage
within the time period studied here. The subsequent increase
in hemozoin fractions can then be attrrbuted to the build-up
of hemozoin within the lysosomes as a result of its poor
degradability.

There are a number of contradrctory reports on whether the
presence of hemozoin results in up- or down-regulatron of the
immune response.®” 47_These could, in part, be,explarned by
different types of hemozoin  or. the ‘inclusion’ of additional
molecules in the hemozoin preparatlon 78,10 ‘Many reports
using hemozoin do not measure the spectra and those that
do, to our knowledge have measured hemozoin reference
spectra without consideration of the spatial dlstrrbutron, or
whether the hemozorn reference is uniform. Our reference
spectrum from the hemozoin preparatron (ESI SZT) clearly
shows two spectral components which are spatially isolated.
The reason for this is not clear but it is worth noting that the
same is likely to be true in other experlments using synthetic
(and perhaps also from parasite-derived) hemozoin. The
close match between these two hemozoin. components. and
the prmcrpal components observed in the multivariate ana-
lysis shows that the two components in the reference spectra
do not appear to be changed by the cell. The fact that these
two components in the cell are not co-localized addmonally
hints that they are subject to different processes wrthm the cell.
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SUMMARY

Mast cells (MCs) mature locally, thus possessing tis-
sue-dependent phenotypes for their critical roles in
both protective immunity against pathogens and the
development of allergy or inflammation. We previ-
ously reported that MCs highly express P2X7, a re-
ceptor for extracellular ATP, in the colon but not in
. the skin. The ATP-P2X7 pathway induces MC activa-
tion and consequently exacerbates the inflammation.
Here, we identified the mechanisms by which P2X7
expression on MCs is reduced by fibroblasts in the
skin, but not in the other tissues. The retinoic-acid-de-
grading enzyme Cyp26b1 is highly expressed in skin
~ fibroblasts, and its inhibition resulted in the upregula-
_ tion of P2X7 on MCs. We also noted the increased
expression of P2X7 on skin MCs and consequent
P2X7- and MC-dependent dermatitis (so-called reti-
-noid dermatitis) in the presence of excessive amounts
of retinoic acid. These results demonstrate a unique
skin-barrier homeostatic network operating through
Cyp26b1-mediated inhibition of ATP-dependent MC
activation by fibroblasts.

INTRODUCTION

Mast cells (MCs) produce inflammatory mediators to initiate aind
exacerbate inflammation (Gilfillan and Beaven, 2011; Tsai et al.,

530 Immunity 40, 530-541, April 17, 2014 ©2014 Elsevier inc.

2011). Therefore, depletion or inhibition of activated MCs attenu-
ates the inflammatory reactions (Feyerabend et al., 2011; Otsuka
et al., 2011). MCs are activated by various stimuli such as
allergen-immunoglobulin E (IgE) complex and high-affinity IgE re-
ceptor (FceRl) pathway, and molecules released from necrotic
cells (e.g., IL-33) after tissue injury in various inflammatory condi-
tions (Lunderius-Andersson et al., 2012). Furthermore, previous
findings, including ours, suggest that extracellular ATP acts as
a danger signal to MCs and initiates inflammation (Kurashima
et al., 2012; Sudo et al., 1996). Extraceliular ATP is released in
response to various stresses including shear, osmolality, oxida-
tive, and inflammatory one (Junger, 2011). Local ATP injection
into the skin induces ear swelling (Mizumoto et al., 2002). Further-
more, ATP amounts are increased in the extracellular compart-
mentinirritant contact dermatitis associated with zinc-deficiency
(Kawamuraet al., 2012; Mizumoto et al., 2002). In addition to skin
inflammation, increased ATP concentrations are also found in
asthma, graft-versus-host disease, and inflammatory bowel dis-
ease (ldzko et al,, 2007; Wilhelm et al., 2010; Kurashima et al.,
2012). Toresolve mﬂammatlon, the extracellular ATP is degraded

_ by the ectonucleoside triphosphate diphosphohydrolase CD39

expressed on immune cells such as Langerhans cells (LCs) and
regulatory T cells (Junger, 2011). Therefore, inflammation is exac-
erbated in CD39-deficient mice because of increased local ATP
concentration (Mizumoto et al., 2002).

As receptors for extracellular ATP, P2 purinoceptors
comprise P2X1 to P2X7 and act as ATP-gated ion channels
(Di Virgilio, 2007). P2X7 is involved in various inflammations -
and thus inflammation associated with graft-versus-host dis-
ease and colonic inflammation are ameliorated by P2X7 inhibi-
tion (Kurashima et al., 2012; Wilhelm et al., 2010). In addition,
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Figure 1. Low P2X7 Expression on Skin
Mast Cells )

A P2X7 expresslon on MCs in the colon, small
intestine (S, lung, peritoneal cavity (PEC), and
skin was measured by flow cytometry. “Isotype”
indicates ‘isotype 1gG2b. staining: as-a. negative
control. Data are representative of at.least six:in-
dependent experiments. .

(B) Gene expression of P2rx7 in sorted MCs from
various tissues was exammed by quan’utatwe

ISOtype 04 . RT-PCR. Data are means = SEM (n=4).* p< 0.05;
RN @0 éo **p'<0.01.
: Qé . (C). Production of MCP1' and- TNF-q. in“culture

supernatant was determined: after. stimulation of

with 05 mM ATP. Data are shown ‘as means
SEM (n = 3). *p < 0.01; n.s., not significant.

IL-1B (pg/mi)

(D) IL-1B product:on was meastred by ELISA after -
sorted "MCs from WT “or P2rx7~'~ mice “were
stimulated with LPS with or without' ATP (n =3).
*p <0.01; n.s., not significant. «

cathelicidin-derived peptide LL37 directly stimulates P2X7
and induces skin inflammation such as psoriasis and rosacea
(Elssner et al., 2004; Yamasakr et al., 2007). Desplte such re-
searches, httle is understood about the regulatory mechamsms
of P2X7 expressron
We previously generated an anti- P2X7 monoclonal antlbody
and revealed that P2X7 is highly expressed on oolomc MCs,
which is associated with the aggravation of intestinal inflamma-
_tion (Kurashima et al., 2012). We simUIta'neously observed that

skin MCs_ have lower—or_almost no expression of P2X7

(Kurashima et al., 2012). Intngurngty, it was reported that exces-
sive productlon of IL-18 in skin MCs asa result of constltutwe
activation of NOD-like receptor famrly, pynn domain-containing
3 (one of the signal pathways of P2X7) causes skin inflammation
(Nakamura et al., 2012). These observatlons suggest that
ectopic expression and aberrant actlvatlon of P2X7 inMCs mrght
elicit skin inflammation. Here, we rdentmed the’ umque regu!atory
function of skm flbroblasts in producmg the retmoxc acid (RA)-de-
grading enzyme Cyp26b1 to inhibit P2X7 expression on MCs for
maintaining the skin homeostasns Furthermore, we provide evi-
dence that disruption of Cyp26b1-med|ated regulatory function
of skin fibroblasts, together with commensal microbial stimula-
tion, induced the development of P2X7— and ‘MC- medlated
severe dermatitis.

RESULTS

Low P2X7 Expression by Skin MCs Accounts for
Insensitivity to Extracellular ATP

We initially confirmed that skin c-kit* FcaRIa cells were MCs by
their selective depletion by. drphthena toxin (DT) treatment of
MaS-TRECK mice where DT receptor (DTR) was specifically ex-

pressed on MCs (see Figure S1A avail-
able online) (Sawaguchi et al., 2012). In
~our previous study, P2X7 is kexpressed
- on MCs in the colon but low.or undetect-
able in skin MCs (Kurashlma etal, 2012)
When we further compared P2X7 expression on. MCs among co-
fon, smalil intestine, lung, pentoneal cavity (PEC), and skin, it was
Iower on skin MCs than.on MCs in the other tissues (thure 1A)
To assess whether the lower P2X7 expression.on, skm MCs was
due to low expression at transcription. or. posttranscnptaonal
events, we performed RT-PCR and intracellular flow: cytometry
analysis. Gene - expression encodmg P2X7 (P2rx7) was low on

skin MCs, but not on, MCs from the other tlssues (Figure 1B).

Conststentiy, the rntracellular expressnon of P2X7 protein was
also low in skin MCs (Figure S1B).

MCs can be categorlzed into two types connectwe tissue
and mucosaﬁ—-m terms of protease phenotype Connectrve»tls-
sue-type MCs are jocated malnly in the skin and PEC and ex-
press. mast cell protease (Mcpt ) 4.and 5 (Gurish and Austen,
2012) ‘Mucosal-type MCs are located in-the gastroenterological .
mucosa and express Mcpt2 (Xing ¢ et al., 2011). ‘Quantitative RT-
PCR (qRT—PCR) and gene-microarray- analyses. indicated that
even though the protease expression patterns were ldentrcal to
those in previous observatlons (Figure S1C) P2X7 -expression
patterns were not applicable to the current two-MC subtypes
(Figure S1D).

To examine the reactivity of skin MCs against extrace!lular
ATP, we st;mulated them with ATP and measured the production
of tumor necrosis factor alpha (1' NF-a) and MCP1. Inaccordance
with the lack of P2X7. expression -on skin MCs, productlon of
TNF-a and MCP1 upon ATP stimulation was detected in bone-
marrow-derived MCs (BMMCs) but not skin' MCs (Fxgure 1C).

'P2X7 plays a pivotal role.in mﬂammasome activatuon along

with stimulation by bacterial components such as hpopoiysac~
charide (LPS); these actions lead to mterleukm -18.(IL-1p) pro-:
duction (Di Virgilio, 2007). Thus, IL-18 productron was . noted
when PEC MCs from wild-type (WT) but not P2rx7~'~ mice

Immunity 40, 530-541, April 17, 2014 ©2014 Elsevier Inc. - 531
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were stimulated with both LPS and ATP. In contrast, skin MCs
from both WT and P2rx7~/~ mice did not produce IL-1p
(Figure 1D).

‘Skin Environment-Mediated Downregulation of P2X7
Expression Is’'Independent of Commensal Microbiota
and Immune Cells

MC progenitors differentiate into mature MCs in the local tissues
(Gurish and Austen, 2012; Xing et al., 2011).. We therefore
considered that P2X7 expression would be affected by skin envi-
ronment: To test this possibility, we transferred P2X7-expressing
(WT) BMMCs directly into the skin of MC-deficient Kif"-sVW-sh
mice: P2X7 expression on transferred MCs was gradually
decreased. to identical ex'pression to those- of skin resident
MGCs in WT mice within 10.days after. adoptive transfer (Figures
2A-and 2B). Furthermore long-term reconstitution of MCs via
the. intravenous and. intraperitoneal routes in Kit"S"W-s" mice
led to successful reconstitution of P2X7-expressing MCs in the
PEC and colon, whereas MCs in the skin showed low P2X7
expression (Figure S2A; data not shown) (Kurashima et al.,
2012). These results indicated that P2X7 expression on MCs
was reversible which was directly and negatively regulated by
the skin environment.

1t was recently shown that commensal microbiota stimulate
immune responses in the skin (Naik et al., 2012), allowing us to
compare P2X7 expression in specific-pathogen-free (SPF) and
germ-free (GF) mice and in mice lacking MyD88, an adaptor
molecule of an innate sensor for bacterial components (e.g.,
toll-like receptors [TLRs]). The'low P2X7 expression on skin

- MCs was maintained in these mice (Figures 2C and D), suggest-
‘ing that commensal microbiota did not directly influence P2X7
‘expression on skin MCs.

'Various~‘unique immune cells, such asy3 T cells and LCs, are
important for maintaining’ skin homeostasis (Di Meglio ‘et al.,
2011). To examine the contributidn ofimmune cells to the reduc-
tion “of ‘P2X7 on skin " MCs, we ahalyzed mice lacking T cells
(Terb™~TCRd™'™), B cells (lghm™'"), orboth (Rag?~""). Identi-

“cally low P2X7 expression was seen on skin MCs of these
mice (Figures 2C and 2E). To further explore the involvement of
other immune cells, we analyzed DT-treated ltgax-DTR mice
(Jung et al., 2002) and /d2~'~ mice (Hacker et al., 2003), which
lack ‘dendritic cells (DCs) and LCs, respectively. No change of
'P2X7 expression on skin MCs was noted in' the absence of
DCs or LCs (Figures 2C and' 2F). Also, the P2X7 expression in
the colon MCs was comparable among these gene-deficient
and 'WT mice (data not shown). Thus T and B cells, DCs, and
'LCs were dispensable for the downregulahon of P2X7 expres-
sron on skin MCs.

The skin possesses inhibitory cytokines, vntamms and lipid
mediators (B|ggs‘etal 2010; Schirmeretal., 2010). Forinstance,
vitamin D3 and IL=10 play regulatory roles in skin inflammation
(Biggs et al.,”2010). " Although 'IL-10 receptor expression on

“MCs was slightly higher in skin than in-colon (Figure 2G), no
changes of P2X7 expression were noted on MCs supplemented
with 10,25(0H);D5 (an active metabolite “of vitamin' Dg) or in
1110~"= mice (Figure S2B; Figure 2H). We also assessed the
involvement of prostaglandin E2 (PGEy), another candidate for
‘control-of skin MC functions (Gilfillan and Beaven, 2011). P2X7
“expression on BMMCs was not altered when they were treated
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with PGE,, indomethacin, or pertussis toxin, an inhibitor of G
protein-coupled receptor pathway including PGE, receptors
(Figure S2C). These results indicated that these mediators
were redundant in regulating P2X7 expression on MCs.

‘Skin Fibroblasts Downregulate P2X7 Expression on MCs

It has been suggested that communicatior of MCs with stromal
cells or fibroblasts induces optimal and tissue-dependent matu-

“ration. Indeed, coculture of skin 3T3 fibroblasts. with immature

MCs modulates the MC phenotypes, such as the expression
of proteases and adhesion molecules (Takano et al., 2008). We
confirmed that skin MCs were localized with fibroblasts in vivo
(Figure S3A). To test the involvement of fibroblasts in the regula-
tion of P2X7 expression, we isolated fibroblasts or stromal
cells from the skin, lung, small intestine, and colon. We
confirmed the morphological characteristics of tissue-derived
fibroblasts or stromal cells (e.g., bipolar or multipolar) and their
elongated shape with adherent growth together with expression
of ER-TR7, a stromal cell pan-marker (Figures S3B and S3C).
Coculture of BMMCs with colon stromal cells induced the
expression of Mcpt1 and Mcpté‘, indicative of mucosal-type
MCs; whereas skin fibroblasts induced: Mcpt4 .expression in
cocultured BMMCs, which is indicative of connective tissue

“MCs (Figure S3D). In contrast, the expression of FceRla on-

MCs was not changedin these conditions (Figure S3D). In addi-
tion, morphological and biochemical analyses revealed that
skin fibroblasts regulated the expression of secretory granule
components, such as heparin and chondroitin sulfate, in the
cocultured MCs (Figure S3E); this behavior is characteristics
of connective-tissue-type MCs (Gurish-and Austen, 2012). These

results indicated that coculture with stromal cells or fibroblasts

induced the terminally differentiated and local-environment-
adjusted MCs.

Under these experimental conditions,  skin fibroblasts in-
hibited the P2X7 expression on cocultured BMMCs (Figures 3A
and 3B). However, stromal cells from the colon and small intes-
tine did not suppress their P2X7 expressiori (Figures 3A and 3B).
In"the case of coculture with lung-derived fibroblasts, P2X7
expression was partially suppressed but the suppression was
weaker than that with skin ﬁbroblasts (F|gures 3A and 3B). Inter-
estingly, inhibition of P2X7’ expression still occurred when both
cell types were separately cultured in a transwell culture system
(Figure 3C), suggesting that secretory factors from the skin fibro-

‘blasts are capable of reducing the P2X7 expression on MCs.

Because MCs were differentiated from MC progenitors (Gurish
and Austen, 2012), we cocultured BM cells containing MC pro-
genitors with either skin fibroblasts or colon stromal cells for 2
to 3 weeks. P2X7 expression.on hewly differentiated MCs was
detected in the presence of colonic stromal cells, whereas their
P2X7 expression was'decreased in the presence of skin fibro-
blasts (Figure 3D). Furthermore, P2X7 expression recovered
when the skin fibroblasts were removed from the culture or re-
placed with colon stromal-cells (Figures 3E and 3F). Consistent
with our findings (Figure 1), the expression of mRNA encoding
P2rx7 was accordingly changed (Figure 3G), and BMMCs cocul-
tured with skin fibroblasts did not produce MCP1 and TNF-o.

upon’extracellular ATP stimulation (Figure 3H). Like P2X7
expression, gene expressions of Mcpt1, Mcpt2, and Mcpt4
and the production of heparin and chondroitin sulfate induced
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Figure 2. Skin Environment Regulates P2X7 Expression .

{A and B) Flow cytometric analysis was performed to measire P2X7 expression on skin MCs’ from WT or Kit"-=MW-sh mice receiving adaptive transfer of P2X7*
bone-marrow-derived MCs (BMMGs) (A} and mean: fluorescence |nten5|ty (MF1) was examined (B) Data are means + SEM. p <0.05 (n 3)i**p<0.01;ns., fiot
significant. .

(C-F) MF1 of P2X7 expressron on skin MCs from various mice were examined by flow cytometry (C) Dataare means + SEM(n=3 to 8) (D F) P2X7 expressionwas
measured by flow cytometry on skin MCs from specific-pathogen free (SPF), germ free (GF), and Myd88~'~ mice (D), and Terb ™~ Terd ™'~ Jghm™ -, andRag1~'~
mice (E), d:phthena—toxm-treated Itgax—DTR transgemc Id2“’ *, and Id2“’ ~ mice (F). Control staining with isotype control is shown as gray.

(G)IL-10 receptor (IL-10R) expression on MCs from skin'and colon was analyzed by flow cytometry.

(H) P2X7 expression on skin MCs was measured in WT and #i10~/~ mlce Contro| stalmng with isotype control is shown' as gray. All data are representatnve of at
least three independent experiments.
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Figure 3. Skin Fibroblasts Regulate P2X7 Expression.on Mast Cells

None Colon Skin

(A) BMMCs were cultured with or without skin fibroblasts, lung fibroblasts, or small intestine (Sl) or colon stromal celis and stained for P2X7. Control staining with

rat IgG2b is shown as gray.

(B) Mean fluorescence intensity (MFl) of P2X7 expression is shown. Data are means + SEM. **p < 0.01, one-way ANOVA and Tukey’s method (n = 5 to 8).

(C) BMMCs and colon stromal cells or skin fibroblasts were separately cultured in the transwells for 3 weeks. P2X7 expression BMMCs was measured by flow
cytometry. Control staining with rat IgG2b is shown as gray. Data are means + SEM (n'= 6). **p < 0.01.

(D) Bone marrow cells were cultured with or. without skin fibroblasts or colon stromal cells, together with IL-3 and stem cell factor for. 3 weeks. Expression of c-kit,
FceR1a, and. P2X7 was measured by flow cytometry Control staining with rat igG2b is shown as gray. )
(E and F) Bone-marrow. cells were cocultured with skin fibroblasts for.3 weeks and then cultured with or without skin fibroblasts or colon stromal cells for an
additional 4 days. P2X7.was measured by flow cytometry (E) and MF| of P2X7 expression is shown (F). Data are means + SEM. *p < 0.01, (n = 4to 6). All data are
representative of at least three independent experiments.

(G) BMMCs were sorted after coculture with skin fibroblasts-and:colon stromal cells; and P2rx7 expression was éxamined by quantitative RT-PCR. Relative
expression was normalized against Gapdh. Data are means + SEM. "p < 0.01,*p < 0.05 (n 4).

(H) BMMCs were sorted after coculture with skin fibroblasts and colon stromat cells and then stimulated with.0.5 mM ATP. Production of MCP1 and TNF- in

culture supernatant was determined. Black bars, no treatment; white bars, ATP stimulation. Data are means = SEM. *p < 0.05, **p < 0.01, n.s. not significant.

by coculture with skin fibroblasts were reversed by removal of
skin: fibroblasts or replacement with colon stromal cells (Figures
S3E and S3F). These results suggest that skin fibroblasts play a
pivotal role in the downregulation of P2X7 expression on MCs,
leading to the blockade of their reactivity to extraceliular ATP.

Cyp26b1 Plays a Critical Role in Negative Regulation of
P2X7 Expression on MCs

~ Gene expression was compared between skin fibroblasts and
colon stromal cells, as an example of P2X7-inhibitor and nonin-
hibitor cells, respectively. Gene microarray analysis identified
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several genes.expressed.more highly.in skin fibroblasts than in
colonic stromal cells, including gene encoding the retinoic-acid
(RA)-degrading enzymes Cyp26al and Cyp26b1 (Figure 4A).
Quantitative RT-PCR analysis confirmed the higher expression
of Cyp26b1 in the skin fibroblasts than colonic stromal cells (Fig-
ure 4B), whereas vimentin, a stromal cell pan-marker, was iden-
tically expressed in.both cell types.(Figure 4C). It was reported
that Cyp26b1 is involved in skin homeostasis and thus increases
in RA concentrations through disruption of Cyp26b1 cause ab-
normalities in embryonic skin barrier formation (Okano et al.,

* 2012). In addition, in vitro culture of CD8* T cells with RA induces
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.'Figure 4. Critical Role of Cyp26b1 in Regulating P2X7 Expression on Mast Gells

(A) Gene microarray analysis was performed.to compare the gene expression between skin fibroblasts and ‘colon stromal cells;: representatxve genes:are shown.
(B) Gene expression of Cyp26 families was exammed by quantitative RT- PCR Gene expression relatlve to Gapdh is shown. Data are means + SEM. *p <
0.05(n =4).

(C) Vimentin expression on skin f:brob!asts and colon stromal cells was examined by quantitative RT-PCR (qRT-PCR). Relative expressnons were normalized
against Gapdh. Data are means + SEM (n = 4). n.s., not srgmﬁcant

(D and E) BMMCs were treated with 50 nM of retinoic acid (RA) for 6 days. The expression of P2X7 (D) and Mcp1 Mcp2, Mcp4 and Fcerla (E) was then examnned
by flow.cytometry and qRT-PCR, respectively. Data: are means = SEM (n'= 4). *p < 0.05.

(F) BMMCs were cocuiltured with-skin fibroblasts or colon stronial cells, with or without RA,-LE540, or liarozole and stained for P2X7 Control staining w1th rat

IgG2b is shown as gray. Data are representative. of at least three independent experiments.
(G) MFI of P2X7 expression was shown (n = 3 t0 6). Data are means +.SEM. *p < 0.01,

(H) P2rx7 expre35|on on cocultured BMMCs was exammed by qRT~PCR Data are means + SEM (n = 4).

P2x7 expres‘sio,ri‘(Heiss et al., 2008). Therefo're; it is possible
that Cyp26b1-mediated control of RA concentrations by skin
fibroblasts regulates P2X7. expressuon on MCs. To test this hy-
pothesis, we exammed the P2X7 expressnon after addmg RA to
BMMCs. P2X7 expressnon increased in ‘the presence. of RA
without affecting gene expression of Mcpt1 Mcpt2 and Mcpt4
(Figures 4D and 4E). Smdarly, adding RA to BMMCs in the pres-
ence of skin fibroblasts also increased the P2X7 expression (Fig-
ures 4F and 4G). Rec:procal A LE540 an inhibitor of retinoid X
receptor and retinoid A receptor suppressed the P2X7 expres-
sion on MCs cocultured wnth colon stromal cells (Figures 4F
and 4G). In addition, in vitro treatment of skin ﬂbroblasts with liar-
ozole, a Cyp26b1 inhibitor, augmented P2X7 expression on MCs

p<‘0{01.'

(F lgurés 4F—4H) Thesedata démonstrakte‘the' i;ritic’al roles of skin
fibroblasts in modulation of P2X7 expression on MCs via the RA
metabolic enzyme Cyp26b1

Aberraiit P2X7 Expfessibn on MCs lnduces Skin

Inﬂammatuon, and lts Inhlbmon Amehorates Disease
Development

Retinoid and its metabolites play |mportant roles in both pro -and
antl mﬂammatory responses: (Fisher and Voorhess, -1996). Reti-
noids display key physiological roles in maintaining skin homeo-
stasis, and dysregulation of retin’oid signaling is found in various
skin diseases. Indeed, topical treatment with retinoids causes
epidermal hyperplasia and thickening of the differentiated

Immunity 40, 530—541, April 17, 2014 ©2014 Elsevier Inc. 535
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Figure 5. Aberrant P2X7 Expression in Mast Cells induces Retinoid Dermatitis
(A) Hematoxylin and eosin (H&E) staining of skin from mice treated with vehicle or RA with or without liarozole (Ilaro) for 2 weeks. Data are representative of at least

three independent experiments. Scale bars represent 100 pm.

(B) Thickness of ear was measured. Data are means = SEM. *p < 0.01 (n = 4).

(C) Severity of inflammation was scored. Data are means + SEM. *p < 0.05 (n = 4).
(D) Expression of P2X7 on skin MCs in RA- or vehicle-treated mice was examined by flow cytometry analysis.
(E) Mice (WT; diphtheria toxin-treated MaS-TRECK, MaS;. diphtheria toxin-treated BaS-TECK, Ba$S; and nude; nu/nu) were treated with RA for 8 weeks and ear

thickness was measured:(n = 6.to'24).

(F) Severity of inflammation was scored {n = 3 to 4} (means = SEM. *p < 0.05, **p < 0.01, one-way ANOVA and Tukey's method).

(G) Representative H&E staining of ear are shown. Scale bars represent 100-um:.

suprabasal layers, eventually leading to retinoid dermatitis

_(Fisher and Voorhees, 1996; Garcia-Serrano et al., 2011). Addi~

tionally, skin irritation occurs with retinoid treatment (Varani
et al., 2003). High-dose oral administration of RA to pregnant
mice causes skin inflammation in the fetus (Okano et al., 2012).
These findings led to a hypothesis that P2X7 expression on
"skin'MCs induced by high concentration of RA might be of rele-
vance toskin irritation or retinoid dermatms
To test this hypothesis, mice were orally inoculated with 0.4%
RA twice a week for several weeks. These RA-treated mice
showed sKin™ irritation” and’ hypertrophy when compared with
vehicle=treated mice (Figures 5A=5C; Figure S4A). Hlstologlcal
analysis showed that RA treatment caused dermatitis assocnated
withthe accumulation of inflammatory cellsand MCs (Flgures 5A;
Figure S4B-S4E). Importantly, P2X7 expression in skin MCs in
RA-treated mice was augmented compared with that in vehicle-
treated mice (Figure "5D)'. Moreover, inhibition of Cyp26b1-depen-
dent RA'metabolism by the treatment with liarozole exacerbated
the skin'inflammation compared with RA treatment alone (Figures
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5A-5C; Figure :S4B).- These:results indicated that: Cyp26b1
counteract the onset ‘of ‘RA-induced- dermatitis. - Furthermore,
RA-induced dermatitis was ameliorated in P2rx7 /"~ and MC-
deficient mice, but not in basophil-deficient mice (Figures 5E-5G).

We confirmed a previous report (Hall et al., 2011) that RA in-
duces the differentiation of both T helper 17 (Th17) and regulatory
T cells (Figure S4F). RA treatment also slightly induced P2X7
expression on skin T cells (Figure S4G). Therefore, to evalate
the possible involvement of T cells in the induction of RA-induced
dermatitis, we analyzed T cell-deficient nude (nu/nu) mice (Figures
5E~5G). We observed ear swelling accompanied by inflammation
in nu/nu mice (Figures 5E-5G), indicating that, even though RA
treatment affected the P2X7 expression in both T cells and

‘MCs, MCs play cenitral roles in the induction of retinoid dermatitis.

To examine the expression of P2X7 ligands in retinoid derma-
titis, we next measured the production of extracellular ATP—a
major ligand of P2X7—in mice with retinoid dermatitis or mice .
receiving skin scratch as a cOntrOI (Kawamura et al., 2012). We
detected elevated amounts of ATP in the skin of mice with
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Figure 6. Skin COmmensal Bactena Contnbute to P2X7~Meda|ted Retmoad Dermatms

(A ATP concentrations released from skin tissues were measured (means + SEM. *p < 0.05; **p < 0.01).

(B) The numbers of monocytes and macrophages (Mono Mac) and neutrophuls (Neu) in the skin after RA-treatment were quantified (black bars, WT; gray bars;
P2x7~'~: white bars, diphtheria toxin-treated MaS-TRECK mice) (means + SEM. *p < 0.05; **p < 0.01).

(C) TLR2 expression was examined-in MCs, CD11b* Mono-Mac, and v3 T cells. Control staining with isotype control antibody is shown as gray.

(D) TiIr2™'~, Myd88~'~, andTir4~'~, specific-pathogen-free (SPF), germ-free (GF), and antibiotic-treated mice were- treated with retinoic acid for 8 weeks;.
representative hematoxylm and eosin staining of ear.are shown. Data are representatlve of at least three independent.experiments. Scale bars represent 100 um

(E) Severity of inflammation was scored (n.= 4 to 6) Data are means + SEM. **p < 0.01;-0ne-way ANOVA-and Tukey's method.

F) Cathellcndm (green) expressmn was measured by confocal mlcroscopy Scale bars represent 100 pm. oy

(G) Kallikrein (KLK) 5n=29) and 7.(n' = 4) expression was exammed by qRT<PCR Data are means SEM. P < 0 05

retinoid dermatitis as scratched skin (Flgure GA) In addmon
degradatlon of extraceliular ATP by local admmlstratlon of
apyrase suppressed at least partly the seventy of retunord derma-
titis (Figures SSA—S5C) The ATP- P2X7 pathway leads to the pro-
duction of lipid meduators (e.0., Ieukotnene B4) and chemokines
(e.g., MCP1, CCL7, and CXCL2) from MCs to recruit inflamma-
tory cells such as monocytes and neutrophlls (Kurashlma etal.,
2012). We found that CD11b* monocytes and macrophages
and Gr-1* neutrophils were increased in’ the skln of mice treated
with RA, but their abundance was lower in RA—treated mice
lacking P2X7 or MCs (Figure, 6B). These results suggest that
increased ATP, productlon in the RA- treated skin caused P2X7-
and MC-~ ~-dependent skln lnflammatlon )

P2X7-Mediated Retinoid Derma'titis Requires Innate
Immune Slgnalmg »

External strmulr—especrally antlmlcrob|al S|gnahng can pro-
voke or inhibit skin inflammation (in et al., 2009). We found

that TLR2 was hlghly expressed by the accumulated cells (e.g.,
monocytes and macrophages) but relatively low.i in MCs -and yd
T cells (Figure 6C). To determme whether microbial stimulation
via TLR2 partncnpated in the induction of retlnord dermatitis,

,Tlr2" ~ and Myd88~'~ mice were inoculated with a high dose
‘of RA. Those mice had only minor incidence of retmord dermatltls

after 8 weeks .of RA inoculation, whereas |dent|cally treated
TIr4‘/ ~ mice had typlcal signs of retinoid dermatitis (Figures 6D
and 6E). These results suggest that stgnallng from. TLR2 contrib-
utes to the development of retinoid dermatitis. It remains unclear
whether TLR2 signaling is | medlated by. mlcroblal .components,
because other endogenous llgands, such. .as hyaluronan frag-
ments, blglycan and serum _amyloid A, also activate' TLR2
(Emdge, 2010).. Therefore, to determlne the reqmrement for
TLR2 ligands derived from skln mlcroblota we induced retinoid
dermatitis in GF mice. in addmon we used mice recelvmg anti-
biotics orally because, unlike GF mice, which were free from
both gut and skin microbiota, oral antibiotic administration rarely

Immunity 40, 530-541, April 17, 2014 ©2014 Elsevier Inc. .537



influences the skin microbiota but diminishes the gut microbiota
(Naik et al., 2012). Whole-mount fluorescent in situ hybridization
(FISH) analysis with EUB338 (a probe for most bacterial species)
confirmed the presence of skin bacteria in.antibiotic-treated
mice, but not in GF mice (Figure S5D).-When these two groups
of mice were subjected to retinoid dermat&tis inflammatory signs
were found in the antibiotic-treated m|ce but not GF mice (Fig-
ures 6D and 6E). These findings suggest that recruitment and
activation of TLR2" monocytes and macrophages by skin micro-
biota are important for the aggravation of retinoid dermatitis.
Not only ATP but also the cathelicidin-derived peptide. LL37
directly activates P2X7 (Etssner et al., 2004). Moreover, bacterial
components’ such-aslipoteichoic acid, a ligand: of TLR2, induce

cathelicidin production (Yamasaki et al;, 2007). Indeed we found.
that expression of gene. encodmg cathelicidin’ were fow-in: GF;«
mice subjected-to: retinoid dermatttus induction, but. they were

unaltered ‘in’ antibiotic:treated mice with retinoid. dermatitis,
compared with SPF mice (Figure 6F). In addition, in vitro analysis
revealed that inflammatory monocytes increased the extracel-
lular, ATP production: and cathelicidin expression via TLR2-
dependent manner (Figures S5E and S5F). Kallikrein (KLK) 5
and 7 are required to process cathelicidin to produce LL37 in

the skin (Morizane et al., 2010). We found that R ’treatment up-

regulated the expression of both KIk5 ¢ an
noid dermatitis (Figure 6G). Furthermore, anot

mducated that Cxcl7 and Cxcl2 expression was in reasedin MCs

when they were cocultured with monocytes activated via TLR2
- (Figure S5G). These observations indicated that cross-commu-
nication between skin microbiota- and TLR2-dependent produc-
tion of P2X7 ligands such as ATP and LL37 from inflammatory

monocytes and the activation of MCs via P2X7 is critical for

the development of retinoid dermatitis.
DISCUSSION

-Skin and mucosa possesses immunologically-unique regulatory
systems that create balanced homeostatic conditions in the face
of the harsh outside environment. It was suggested that tissue
environmental factors regulate locally. unique MC phenotypes
(Xing et al., 2011). As protease expression patterns on MCs
(Xlng et al., 2011), our previous findings suggested that P2X7
Vexpressmn 'on'MCs differs between the skin and intestine (Kura-
shimaet al,, 2012) Here, we found a function of skin fibroblasts
in reducmg the P2X7 expressu)n onMCs thfough the metabolism
of RA. This pathway creates unique niches for regulating the
homeostatlc ‘network of the skin-surface barrier by inhibiting
excessive ATP-mediated activation of MCs. We also proposed
the poss:ble involvement of LL37 as another ligand of P2X7in
skin inflammation. These observattons reveal the unique tis-
'sue~dependent immune regulation mediated by structural cells
such as stromal cells and fibroblasts to create homeostasis at
the skin-surface barrier. Breakdown of this'system leads to the
'fdevelopment of inflammation’such as retinoid dermatitis.
Activatlon of MCs is tightly regulated by multiple receptors.
For |nstance elevated expression of IL-33 from epidermal kera-
tinocytes and dermal fibroblasts’ as a result of sun exposure
induces -MC activation and hence ‘skin mﬂammatlon (Lunder-
jus-Andersson et al., 2012) Sumultaneously, various inhibitory
receptors, such as leukocyte monoummunoglobuun -like recep-
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tor 3 and paired immunoglobulin-like receptor B, are typically ex-
pressed on MCs.(Izawa et al., 2012; Masuda et al., 2007). Along
with the expression of these inhibitory receptors, regulation of
the expression of activation- -type receptors such as P2X7 might
be important for inhibiting the abnormal activation of MCs under
tissue-specific environment, far example at sites where ligands
(e.g., ATP.and LL37) are constantly. or easily produced: Our re-
sults showed that TLR2-mediated activation was involved in
extracellular ATP release and simultaneous enhancement of
LLL37 production by monocytes or macrophages. Furthermore,
MCs produced ATP via the actions of ATP synthase and adeny-
late kinase (Kurashima et al., 2012). Thus, extracellular ATP is

released . from a-various sources at millimolar concentration,

which are sufﬂctent for P2X7-mediated. MC: activation at the
site of skm inflammation (T akahashi et al., 201 3). Therefore, the
balanced and optimal expression of activation and inhibitory re-
ceptors, as well as ligand production, is required to maintain ho-
meostasis, which was tissue dependent. From this perspective,
our-findings provide evidence for the presence and mechanism
of skin-specific negative regulation of ATP-mediated MC activa-
tion via the downregulation of P2X7.

" RA has been : 'sed' clin |caHy to normalize skin homeostasis

,m pahent W|th acne or sonasusk(Gena and Scheinfeld,; 2008)."

'fexcesstve amounts of RA accel-
and Voorhees, 1996). Treatment
9-cis RA causes epidermal prolifera-
tion and increased skin thickness in mice (Garcia-Serrano et al.,

2011). Furthermore, Cyp26b1 deficiency in. keratmocytes and
fibroblasts causes skin barrier disruption and:inflammation in
mice (Okano et al., 2012). Our study indicated the importance
of RA-mediated upregulation of P2X7 on MCs in the develop-
ment of skin inflammation. Liarozole inhibits RA metabolism
with targeting not only Cyp26b1 but other P450 enzymes; thus,

off-target effects of liarozole could not-be negligible (De Coster

et al,, 1996). Our data indicated -the -highest expression of
Cyp26b1 in skin fibroblasts; these. data; plus:-those from the
studies mentioned above; reflect:the important aspects -and ki-
netics of the skin fibroblast-Cyp26b1-mediated regulatory and
inhibitory-system for creating. and maintaining a physiologically
optimized skin-surface barrier system.

Mcpt expression is reversibly regulated by the tissue environ-
ment (Xing et al., 2011). Our data indicate that RA does not

'regulate Mcpt expression, suggestmg that the soluble signals

emariating from stromal cells and fibroblasts for MC differentia-
tion and for downregulatlon of P2X7 expressions differ from each
other. Our current- findings also revealed that coculture with
lung fibroblasts partially reduced P2X7 expression in BMMCs.
This effect on P2X7 expression was weaker than that of skin fi-
broblasts; moreover, P2X7 ‘suppressive capacity was correlated
with reduced expression of Cyp26b1 (data not shown). Because

‘concentrations of extracellular ATP were high in respiratory

inflammation and lung MCs in vivo expressed high P2X7 (Idzko
st al., 2007), reducing P2X7 expressmn on MCs by enhancing
Cyp26b1 expression in fibroblasts in  the lung would be a thera-
peutic strategy for respiratory disorders.

MCs are involved in various skin inflammation, such as psori-
asis, atopic dermatitis, and alopecia areata (Cetin et al., 2009;
Gilfillan and Beaven, 2011; Otsuka et al., 2011). In this context,
high vitamin A concentration in serum is associated with a risk
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of atopic dermatitis (Kull et al., 2006). In addition, it was recently
reported that dietary vitamin A is involved in aggravating chronic
inflammatory status in alopecia both in mice and human (Duncan
et al.,, 2013). In mice with alopecia areata, RA synthesis is
increased and simultaneously RA degradation is ‘decreased,
thus resulting in excess concentrations of RA at the site of skin
inflammation (Duncan et al., 2013). Indeed, P2X7* MCs. are
accumulated at the site of alopecia in human (data not shown)
These results imply.that dysregulation of P2X7 expression on
MCs occurs in.particular.-skin inflammation..associated ‘with
disruption ‘and interruption of :RA ‘metabolism: Therefore, it is
possible that RA-induced P2X7-MC:cascades are also involved
in the RA-related skin inflammation.

Skin-resident bacteria play an autonomous role in controlling
the local inflammatory milieu by modulating the function of skin-
resident T cells (Naik et al, 2012). Functional TLRs are
expressed on MCs (Matsushnma et al., 2004, Sandlg and Bul-
fone-Paus, 2012). In addition, cathelicidin expressron on MCs'is
induced by the activation of TLR2 by hpote:chorc acrd produced
by commensal bacteria. Indeed, TLR2 is hrghly expressed on
BMMCs (Wang et al., 2012). Therefore it'is possmle that P2X7
and TLR2 dual pathways affect the skm MC mduced product:on
of inflam matory mediators. However, our experiments with three
different clones (6C2, mT2.7, and mT2.5) of anti-TLR2 monoclonal
antibodies revealed that TLR2. was poorly expressed onthesur-
faces of skin MCs. Indeed, reconstitution:of TLR2-deficient MCs
to the MC-deficient mice showed retinoid dermatitis after. RA-
treatment (data not shown). In contrast, CD11b*:monocytes
and macrophages in the skin highly expressed TLR2; indicating
that skin=microbiota-mediated srgnalrng stimulates accumulation
and activation of |nﬂammatory cells inthe skin: this might initiate
disruption of skin homeostasis, including the skin fibroblast-
Cyp26b1-mediated downregulatron system of P2X7~dependent
MC activation. In addition, recrurtment or_activation of the
TLR2-expressing |nflammatory cells is led by chemokmes (e.g.,
MCP1) or lipid mediators (e.g., 1eukotr|enes) re!eased upon MC
activation and the induction of mflammatory responses by ATP
release. MCs alsotdlrectly regulate DC activation -in the. skin;
indeed, maturation and:-migration-of DCsare - regulated -by
TNF-a and ICAM1 on MCs; thus, MC-DC direct interaction could
also affect the pathogenesis:of skin inflammation (Otsuka-et al.,
2011). Our in vitro observation revealed that TLR2* inflammatory
cells directly enhanced CXCL1 and CXCL2 expression in-MCs,
which potentially led to the neutrophil recruitmentinto the inflam-
matory site. These results implied the existence of the inflamma-
tory loop among various immune cells incltding MCs.”

These findings collectively reveal that MCs in various tissues
helptocreate trssue-specmc looal homeostasrs operated by mda-
vidual structural cells (e.g., frbroblasts) Cyp26b1 expressing
skin fibroblasts ‘thus play a central role in’ homeostatrc P2X7
downregulation on skln MCs, Ieadlng to the suppression. of
ATP-induced abnormal activation. When the skin homeostatic
pathway is sporadically interrupted, such as.in hypervitaminosis
A, skin bacterial stimulation triggers inflammation via the TLR2-
mediated pathway. Our additional.understanding of the molecu-
lar and cellular bases of the functions and phenotypes of localized

MCs and their surrounding structural-cells (e.g., fibroblasts and.

stromal cells) will facilitate the discovery of innovative and bene-
ficial targets for the control of tissue-specific inflammation.

‘Mice

EXPERIMENTAL PROCEDURES

C57BL/6, Balb/c, GF, and nu/nu™ ~ mice were purchased from Japan CLEA.
Rag1™'~, Terb™~, Terd™'~, Ighm" =, P2rx77'", and ltgax-DTR mice ‘were
obtained from Jackson Laboratory., T/r?" =, Tird™"=, and Myd88~"~ mice were
obtalned from Dr. S. Akira (Osaka Unrversdy) 1d2~'~ "mice were generated as
previously described (Yokota et al., 1999). Kit"" -shW-sh ice were obtained
from Dr. H. Suto (Juntendo University). MaS»TRECK and BaS-TRECK ‘mice
were established as previously reported (Sawaguchi et al., 2012) All mice
were maintained under SPF or GF conditions at the Experimental Anlmat Facility
of the Institute of Medical Science, the University of Tokyo, All expenments were
approved by the Animal Care and Use Commrttee of the Umversxty of Tokyo

In Vivo Treatment
To remove DCs, we intraperitoneally treated Itgax-DTR mice wrth DT (500 ng,

. Srgma—Aldnch) (Jung et al., 2002). To depiete MCs and basophlls, we injected

MaS-TRECK and BaS-TRECK mice mtrapentoneally with 250 ng DT for, 5
consecutive days and then with 150 ng DT every other day (Sawaguchi et al.,

2012). Mice were orally inoculated with 0.4% RA (Sigma- A!dnch) in corn oil
(Wako) twiceaweek. Liarozole (1mg, mtrapentoneauy)orapyrase @ U/ear, grade
Vi, Srgma Aldnch mtradermally) was injected before RA treatment. Muce
received a mixture of ampicillin “ g/L Srgma—Aldrrch) vancomycm (500 mg/L
Shronogl) neomycin (1 g/L_; Sigma-Aldrich), and metronidazole (1 o/ L, Srgma—
Aldnoh) in drinking water since 2 weeks before RA treatment (Obata et al.,

2010). MCs were reconstituted in Kit"**"*" mice by intraperitoneal and intra-
venous (5 x 10° cells each) or intradermal (1 x 10° cells) injection of BMMGCs.

Cell Preparatlons

Mononuglear cells from the smail mtestlne colon, PEC, Iung, and skin werelso-
lated, and BMMCs were obtained as previously described (Kurashrma etal,
2012; Kurashima et al., 2007). To prepare stromal cells and  fibroblasts, tissues

‘were digested with EDTA and collagenase. (Slgma-Aldnch) and adherent cells

were passaged every 4 days (process repeated once). Before coculture with
BMMCs, cells were treated with 10 ng/mi mitomycin C (Slgma—Aldnch) for
3 hr and washed twice with PBS. In some experiments, BMMCs were
cytospinned (600 rpm, 4 min) and stained for 1 hr with alcian blue (Muto Pure
Chemicals, Tokyo, Japan) and for 20 min with safranin (Muto Pure Chemrcals)
Inflammatory monocytes or macrophages were collected from PEC 3 days
after rntrapentoneal m]ectlon of 2 mil of 4% throg!ycolate

In Vitro Treatment N o » )

For MCP1 and TNF-a measurement, 2 x 10° cells were stimulated with 0.5 mM
of ATP for 2 days. For IL-1B measurement, 2 x 105 cells were stimulated with
0.1 ug/mL LPSfor 8hr, followed by 0, 0.5, or 5 mM of ATP for 1.hr. Chemokme
and cytokme prcductron in the culture supernatant‘ was measured wrth CBA
mﬂammatory cytokrne kit (BD Bloscrences) and’ IL-1 B ELISA ,&D Systerns)
To strmulate TLR2-mediated pathway, we cu!tured ‘thioglycolate-induced
monocytes and macrophages with PamZCSK4 0.2 ug/mL lnvrvoGen) To
measurs ATP secretion from skin organ, we floated skm (8.0 mm' square)
with the epidermis side upward on 12-well plates contamrng 1 ml PBS and
incubated on ice for 10 min. ATP concentration in the culture was measured
by ATP luciferase assay (PerkinElmer) (Kawamura et al., 2012; Kurashima
etal., 2012), '

Flow Cytometry

Cells were incubated with 5 ug/ml of anti-CD16/32 antibody (Biolegend) for
5'min and then stained for 30 min at 4°C with fluorescence-labeled antrbodles,
c-kit (0. 2 ug/mL) Gr-1 (0 4 ug/mb), CD4 (1 pg/mL), CD11b (02 ng/mL), CD11c
(04 ug/ml), and. 8220 (04 ug/mL) BD Bloscrences) FceRla (0.4 ug/mL)
and CDZO? (04 ug/mL) (eBioscience); and F4/80 (20 ug/mL) and ER -TR7
(5 ug/mL) (Abcam), and P2X7 2 pg/mL, clone 1F1 1) (Kurashlma etal., 2012).
Flow cytometric analysis and cell sorting were performed with FACSCalibur
and FACSAria (8D Bloscrences), respectively.

Hlstology and Scoring
Skin’ samples were fixed in 4% paraformaldehyde and embedded in paraffin.

Tissue sections (5 um) were stained with ‘hematoxylin and eosin (Wako). To
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stain collagen” fibroblasts, we stained tissue sections with anilin biue orange G
solution (Muto Pure Chemicals) for 1 hr and counterstained with toluidine blue
(Wako) for 20 min. For the staining with anti-mouse cathelicidin antibody
(Abcam), tissue sections were retrieved with Retrievagen A (BD Biosciences).

Inflammation severity was scored as follows: 0, no; 1, minimal; 2, mild; 3,
moderate; and 4, marked. The slides were blinded, randomized, and reread
to determine score. The.total score was calculated as the sum of scores for
inflammation, neutrophil number, mononuclear cell number, edema, and
epithelial hyperplasia (Otsuka et al., 2011).

' Whole-Mount FISH

Skin was fiXed in 4% paraformaldehyde at 4°C overnight and washed with
PBS for 7 hr. Tissues were hybridized with 10 pg/mL of Alexa 488-conjugated
DNA probe (EUB338, Invitrogen) in a hybridization buffer (0.9 M NaCli, 20 mM
Tris-HCI, 0.1% SDS, and 10 pg/mL) at 42°C overnight. After washing twiceina
washing buffer (0:45 M NaCl, 20 mM Tris-HCI, 0.01% SDS) at 42°C for 10 min,
tissues were flushed with PBS and observed by confocal microscopy (DM
IRE2/TCS SP2, Leica) (Obata et al., 2010). '

Microarray Analysis

Total RNA was prepared with RNeasy kit (QIAGEN), cRNA was hybridized with
DNA probes on a GeneChip Mouse Genome 430 2.0 array (Affymetrix) (Kuni-
sawaetal., 2013). Data were analyzed with GeneSpring 7.3.1 software (Silicon
Genetics).

Quantitative RT-PCR

Total RNA was prepared with TRizol (Invitrogen) and reverse transcribed by
Superscript VILO (Invitrogen). Quantitative RT-PCR was performed with the
LightCycler 480 Il (Roche) and the Universal Probe Library (Roche). Primer
sequence is available in Table S1.

Statistical Analysis

Statistical analysis was performed with the unpaired two-tailed Student’s t test
and Welch's t test. In some’ experiments, one-way ANOVA and Tukey’s
method were employed as indicated in figure legends.

SUPPLEMENTAL INFORMATION

Supplemental information inc\udes one table and five figures and canbe found
with this article online at http://dx.doi.org/10.1016/j.immuni.2014.01.014.
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Regulation of Intestinal IgA Responses by Dietary Palmitic

Acid and Its Metabolism

Jun Kunisawa, "% 59 Eri Hashnmoto,""lr Asuka Inoue,”" Risa Nagasawa ot
Yuji Suzuki,” Izami Ishlkawa, Shiori Shikata,*’" Makoto Arita,*#*1 Junken Aokl,l B and
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Enhancement of intestinal IgA responses is a primary strategy in the development of oral vaccine. Dietary fatty acids are known to
regulate host immune responses. In this study, we show that dietary palmitic acid (PA) and its metabolites enhance intestinal IgA
responses. Intestinal IgA production was increased in mice maintained on a PA-enriched diet. These mice also showed increased
intestinal IgA responses against orally immunized Ag, without any effect on serum Ab responses. We found that PA directly stim-
ulates plasma cells to produce Ab. In addition, mice receiving a PA-enriched diet had increased numbers of IgA-producing plasma
cells in the large mtestme, this effect was abolished when serine palmitoyltransferase was inhibited. These findings suggest that

dletary PA regulates intestinal IgA responses and has the potential to be a diet-derived mucosal adjuvant.

Immunology, 2014,.193: 000-000.

igh levels of IgA are present-in the intestine, where they
protect the host against pathogenic microorganisms by
| preventing their attachment to and entrance into epithelial
cells, as well as by neutralizing their toxins (1). Some patients with
IgA deﬁc1ency show increased susceptibility to infectious pathogens,
including. Giardia lamblza Campylobacter Clostridium, Salmonella,
and rotavirus (2). Given the immunologic importance of IgA in
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immunosurveillance in the intestine, the primary goal of effective oral
vaccines is the efficient induction of Ag-specific IgA responses (3).

An efficient intestinal IgA response requires host-derived factors,
including cytokines (e.g., IL-5, IL-6, IL-10, IL-15, APRIL, BAFF)
and chemokines (e.g., CCL25/CCR9) (4, 5), as well as immunologic
cross-talk with environmental factors (e.g., commensal bacteria and

. dietary materials) (6). Indeed, germ-free mice have decreased in-

testinal IgA responses because of the immature structure of Peyer’s
patches (PPs) and isolated lymphoid follicles (7, 8). We recently
identified a unique subset of intestinal IgA-producing plasma cells
(PCs) in the murine intestine; these cells expressed CD11b, re-
quired microbial stimulation-and-mature PP structure, proliferated
vigorously, and produced high amounts of IgA (9).

In addition to commensal bacteria, nutritional molecules, such
as vitamins, are essential for the development, maintenance, and
regulation: of mtestmal immune responses (6, 10, 11). Therefore,
nutritional deficiencies. and.inappropriate. dietary intake increase
the risk for infectious; allergic, and inflammatory diseases (12,
13).-Among various dietary factors, oils are known to influence host
immune function and inflammatory responses (14-16). Overnutri-
tion due to a high-fat diet leads to the development of inflammation
in adipose tissue, which is frequently associated with obesity and
atherosclerosis (17). Recent findings suggest that, in addition to the

quantity of oil ingested, the fatty acid (FA) composition of theoil is

an-important factor- in. various” immunologic- and inflammatory
conditions (14-16). Dietary oil is generally composed of long-chain
saturated FAs (e.g., C16:0 palmitic acid [PA] and C18:0 stearic
acid) and mono- or polyunsaturated FAs (PUFAs; e.g., C18:1 oleic
acid, C18:2 linoleic acid, and C18:3 a-linolénic acid). a-Linolenic
acid and linoleic acid are-precursors of w3 and w6 PUFAs, re-
spectively; w3 FAs are metabolized into anti-inflammatory mol-

ecules, whereas w6 FAs are converted into proinflammatory lipid

mediators (16, 18). Therefore, the ratio of a-linolenic acid/linoleic
acid in dietary oils is thought to determine the onset of various
immunologic conditions. In addition to.modulating the @3-w6 PUFA

. balance, saturated FAs, such as PA, stimulate host immune responses

by promoting the production of proinflammatory cytokines, in-
cluding IL-6 and TNF-« (19, 20). Although these proinflammatory
cytokines are prerequisite factors for the efficient induction of IgA



responses (5), the immunologic function of dietary PA in the control
of IgA production remained to be investigated. In this study, we
show that PA-enriched diets enhance intestinal IgA responses both
directly and through their metabohc pathways

Materials and Methods
Mice

'Female BALB/c, C3H/HeJ, and C3H/HeN mice were purchased from
CLEA Japan (Tokyo; Japan). Chemically defined AIN-93M-based diets
containing soybean, palm; or coconut oil or soybean oil plus supplemental
purified PA were from Oriental Yeast (Tokyo, Japan). All mice were pro-
vided with a sterile diet and water ad libitam. To inhibit serine palmi-
toyltransferase (SPT) activity, mice were treated w1th ‘myriocin (1.0 mg/kg
i.p. daily; Sigma-Aldrich, St. Louis, MO) for 4 d (21). All mice were
maintained in the experimental animal facility at the University of Tokyo
and National Institute of Biomedical Innovation; the experiments were ap-
proved by the Animal Care and Use Committee of each institute and con-
ducted in accordance with their guidelines.

Cell isolation

To isolate mononuclear cells from PPs, we stirred intestinal tissues in RPMI
1640 medium containing 2% FCS and 0.5 mg/ml collagenase (Wako,
Osaka, Japan): Cells were isclated from the intestinal lamina propria (iLP)
as previously described (9, 22). Briefly, PPs were removed, and-small and
large . intestines were cut into 2-cm pieces, which were stirred in RPMI
1640 containing 1 mM EDTA and 2% FCS. Then the tlssues were stirred
in collagenase for 15 min three times (small intestine; 0.8 mg/ml; large
intestine, 1.6 ‘mg/ml) ‘beforeundergoing - discontinuous Pércoll” gradient
centrifugation. Lymphocytes were isolated at the interface between the 40
and 75% layers. .

Oral zmmumzatzon

Mice received sodlum bicarbonate to neutrahze gasmc acid before oral
immunization (9, 22). Thlrty mmutcs later, the mice were immunized
orally concurrently with 1 mg OVA ‘(Sigma-Aldrich) and 10 g cholera
toxin -(CT; -List Biological Laboratories, Campbell, ‘CA):" This oral-
immunization procedure was conducted on.days 0, 7,/and ‘14,

Detection of total Ig by ELISA and OVA-specific Ab responses
by ELISPOT assay e ‘

Total Ig levels in serum and fecal extracts were determined by ELISA as
previously described (9, 22). To measure Ab concentration, purified murine
isotype-specific Abs (BD onscxences, ‘San Jose, CA) were. used ‘as
standards for quantification. For the -detection ‘of OVA-specific Abs and
Ab-forming cells, fecal extracts and iLP were prepared 7 d after the final
immunization. Standard OVA-specific ELISAs and ELISPOT assays were
performed as previously described (9, 22).

Flow cytometry and cell sorting

Flow cytometry and cell sorting were performed as previously dés,cribed’(Q,
22). Cells were preincubated with anti-CD16/32 Ab and then stained with
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fluorescent Abs specific for B220, IgG1, IgA (all from BD Biosciences),
CD19, and CD138 (BioLegend, San Diego, CA). Forward scatter-height
and forward scatter-area discrimination was used to exclude doublet cells,
and -Via-Probe Cell Viability Solution (BD Bioscierices) was used 'to-dis-
criminate between dead and living cells: For the BrdU-uptake assay, mice
received 1 mg BrdU i.p., and the BrdU signal was detected according to
the manufacturer’s protocol (BD Biosciences) (9). Concentration-matched
isotype Abs were used as negative controls.-Flow cytometric.analysis -and
cell sorting were carried out using FACSCanto II and FACSAria (BD
Biosciences), respectively, We confirmed that cell purity was ~95%.
In vitro culture of PCs with PA
Stock- solutions containing 5 -mM ‘PA and .10% BSA were prepared as
prevmusly reported (23). Purified IgA* B220™ PCs isolated from. the iLP
1o* cells/well) or CD19* CD138" PCs isolated from the spleen (10° cells/
well) were cultured with 10 or 100 uM PA for 96 h. The amount of IgA

(for iLP) or IgG (for spleen) in'the culture supematant was determmed by
ELISA, as described earlier.

Measurement of PA in the serum and; intestinal tissues,

Lipids.. were extracted from serum and intestinal tissues by using
chlomform——methanol and chloroform solutions. <The specimens were
dried in mtrogen gas and dissolved in 0.4 M potassium methoxide in
methanol and 14% boron trifluoride in methanol. The FA concentratlons in
the solutions were ‘measured (SRL, Tokyo, Japan) usmg ‘gas chromatog-
raphy. (model: GF:17A; Shimazu, Kyoto Japan).

Statistics 7
Experimental groups were compared using the Mann~Whitney U test
(GraphPad, San Diego, CA).

Résults

Mice maintained on a diet containing palm oil show enhanced

intestinal IgA production

To examine whether dietary PA affects intestinal IgA production,
we maintained mide on a diet containing 4% soybean (control) or
palm (PA-tich) oil for 2’ mo (Fig. 1A) and measured the. amounts of
fecal IgA. Intestinal IgA producuon ‘was ‘higher in the mice that
received palm oil than in those given soybean 011 (Fig. 1B). In
contrast, the amounts of serum TgG and TgA were similar between
the soybean and palm oil groups (Fig. 1B, Supplemental Fig. 1).
Palm oil is high in both PA and oleic acid (Fig. 1A), but mice
maintained on a diet containing rapeseed oil, which contained a
similar amount of oleic acid as that present in the palm oil,

showed no enhancement of 1ntest1nal IgA-production (data not

shown).

We then conmdered wheth jer’fsatu:ated FAs enhance in-
testinal IgA production. To- this end, we used coconut oil, which
(like palm oil) is a Palmae plant-based oil but contains large
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amdunts of other saturated FAs, including lauric and myristic

,:aci'ds (Fig..1A). Unlike palm oil, coconut oil did not alter fecal or
serum Ab production in the mice (Fig. 1B). These findings suggest
that dietary PA uniquely enhances intestinal IgA production.

PA-enriched dietary oils enhance intestinal IgA production and
IgA responses against oral vaccine Ag

To confirm that PA enhances intestinal JgA production, we added
. PA to soybean oil to adjust its PA concentration to that of palm oil
(Fig. 2A, upper bar). Fecal IgA levels in mice maintained for
2 mo on a diet containing the PA-enriched soybean oil were in-
creased similarly to those of mice fed a palm oil-containing diet,
but serum‘IgA production was unchanged (Fig. 2A, lower bar,
Supplemental Fig. 1). These data suggest that PA is a key FA in
the enhancement of intestinal IgA production.

We then investigated whether the enhanced production of in-
testinal IgA induced by dietary PA is reflected in the responses to an
-orally administered vaccine. To this end, we orally immunized mice
concurrently with OVA and the mucosal adjuvant CT. In agreement
_ with levels of naturally produced IgA, OVA-specific fecal IgA
responses were enhanced in mice maintained on a diet that con-
tained palm oil (Fig. 3). In addition, similarly increased OVA-specific
IgA production was noted in mice maintained on PA-enriched
soybean oil (Fig. 3). These findings suggest that dietary PA enhanced
not only naturally produced intestinal IgA but also Ag-specific
intestinal IgA induced by oral immunization.

PA content is increased in the intestinal, but not systemic,
compartment

‘We next measured the amounts of PA in the intestines and serum of
the mice. PA concentrations in the small and large intestines were
highér« in the mice maintained on PA-rich soybean oil compared
with soybean oil alone (Fig. 4). In contrast, PA amounts in serum
were comparable between groups (Fig. 4). These findings indicate
that.dietary PA affects the amount of PA locally in the intestine
without any influence on serum PA concentration.
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FIGURE 2. Dictary PA alone is sufficient to enhance intestinal IgA ‘pro-
duction. (A) Purified PA was added to soybean oil to achieve the same PA
content as that in palm oil. (B) Mice were maintained for'2 mo on a diet. con-

" taining soybean oil, with or without supplemental PA. The IgA levels of fekéaly S

extracts were measured (mean * 1 SD, n = 16/gtbup)‘
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Ingestion of PA-enriched oil enhances intestinal IgA re-
sponses against orally immunized Ag.‘ After mice were maintained for
2 mo on a diet containing soybean oil, soybean oil + PA, or palm oil, they
were orally immunized with OVA plus CT on days 0, 7, and 14. On day 21,
fecal extracts were collected for the determination. of OVA-specific intes-
tinal IgA by ELISA. Data are mean = 1 SD (n = 4/group), and similar
results were obtained from two independent experiments. *p < 0.05.

PA directly stimulates intestinal PCs to produce IgA

We then examined whether PA directly affected IgA. production
from PCs. To address this issue; we purified IgA* PCs from the
intestine and cultured them with PA for 4 d. The amount of IgA in
the intestinal PC culture supernatants increased in a dose-dependent
manner (Fig: 5A). ELISPOT assays showed that PA did not increase
the number of IgA-forming cells (Fig. 5B), suggesting that PA in-
stead enhances Ab production from PCs. In addition, IgG produc-
tion from CD19* CD138" PCs from the spleen was increased in the
presence of PA (Supplemental Fig. 2), indicating that PA enhances
Ab production, regardless of the Ig subtype.

PA acts as a ligand for TLR4 (24), prompting our investigation
into whether TLR4 mediated the PA-induced. direct activation of
IgA PCs. To address this issue, we used C3H/HeN and C3H/Hel
mice. Although TLR4-mediated signaling differs between these
two strains because of a spontaneous point mutation in the T/r4
gene of the C3H/HeJ mice (25, 26), intestinal PCs from these
mouse strains produced identical levels of PA-induced IgA
(Fig. 5C). Therefore, the direct effect of PA on IgA production
from PCs likely is independent of the TLR4 pathway.

The PA-induced increase in IgA PCs in the large intestine is
dependent on SPT

We used flow cytometry to determine the frequency of IgA™ PCs in
the small and large intestines. Although no significant difference
between the control and PA-enriched diets was noted in the small
intestine, the frequency of IgA* B220™ PCs was increased in the
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FIGURE 4, Increased PA content in the intestine of mice maintained on

PA-enriched oils. Mice were maintained for 2 mo on a diet containing

~ soybean oil, with or without PA, and small and large intestinal tissues and
~ serum were collected for measurement of their PA contents. The graphs

show data from individual mice, and the horizontal lines indicate the
means; similar results were obtained from two independent experiments.
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FIGURE 5. - PA directly stimulates IgA-producing PCs via-a TLR4-independent mechanism. IgA* B220" PCs.were isolated from the small intestine of
BALB/c (A and B) and C3H/HeN or C3H/HeJ: mice (C) and cultured with 10 or 100 p,M (A) or 100 wM (B and C) PA. The amount.of IgA in the culture
supernatant (A and C) and the number of IgA* Ab—-formmg cells. (lgA*-AFCs) B were deterrmned by ELISA and ELISPOT, respecnvely The graphs show
data from individual samples, and the horizontal lines indicate the means; similar results were obtamed from two mdependent expenments (A and C) Data
in (B) are. mean = 1 SD (n = 10/group from two separate experlmems)

large intestine of the PA-enriched diet group (Fig. 6A). Similarly,
the number of OVA-specific IgA-forming cells was increased in
the large, but not small, intestine of mice receiving oral immu-
nization and the PA-enriched diet (Fig. 6B). In agreement with
the lack of a PA-associated effect on small intestinal IgA, B cell
differentiation into IgA’r cells in the PPs, a lymphoid tissue for
the initiation of small intestinal IgA responses (3), was unchanged
in mice maintained on a PA-enriched diet (Supplemental Fig. 3).

PA can be- converted: into sphmgohplds, including: ceramide,
sphingosine, and sphmgosme 1 phosphate (S1P) (Fig. 6C) all of these

lipids all known to promote cell proliferation, survival, and trafﬁckmg
(27, 28). Therefore, we supposed that these PA-derived sphmgohplds
might be involved in the regulatlon of intestinal IgA PCs in the Iarge
intestine. To test this posmblhty, mice were treated w1th myriocin,
an inhibitor of SPT, which is a key enzyme in the conversion of PA

‘into sphmgohplds (Flg 6C). The PA-mediated i increase in IgA PCs

did not occur in the large intestine of mlce that recelved mynocm
(Fig. 6D), and myriocin had little effect on thc number of IgGl+ .
cells in the spleen (Supplemental Fig. 4) suggestmg that SPT ac-
tivity is requlred for this effect on large mtestmal IgA PCs.
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FIGURE 6. - SPT is required for the increased number of IgA PCs in the large intestine. Mice were maintained on a diet contalmng soybean oil; with or
without PA; for 2 mo. (A) Mononuclear cells were isolated from the small and large intestines for the flow cytometric analysis of [gA* B220™ PCs. Data are
representative of three independent experiments. (B) Mice were orally immunized with OVA plus CT on days 0, 7, and 14. On day 21, mononuclear cells
were isolated from the small ‘and large intestine for the detection of OVA-specific IgA Ab-forming cells by ELISPOT assay.: Data are mean = 18D (n=6/
group from two separate experiments). (C) The metabolic pathway mediated by SPT to generate sphingolipids from PA. (D) The frequency of 1gA*B220~ PCs
in the large intestine of mice maintained on a PA-enriched diet.and myriocin. The graphs show data from individual samples, and the horizontal lines indicate the
means. Similar results were obtained from two independent experiments.
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The increased proliferation of IgA PCs in the large intestine of
mice maintained with a PA-enriched diet

We performed BrdU-uptake assays to examine the effects of PA on

“the proliferation and survival of IgA PCs in the large intestine. Soon
after BrdU administration (day 1), the proportions. of BrdU" and

BrdU™ IgA™ cells in the large intestine were higher when mice
were maintained on a PA-enriched diet than when they were -
maintained on the control diet, but the increase ratio of IgA™ cells -

was higher in BrdU* IgA™ cells than in BrdU~ IgA™ cells
(Fig. 7A). These findings suggest that PA metabolites induced the
proliferation of IgA™ cells in the large intestine. In contrast, on day
4, both the control and PA-enriched groups showed similar levels
of BrdU" IgA™ cells (Fig. 7B). These data collectively suggested
that PA metabolites primarily induced the proliferation of IgA*
cells in the large intestine rather than prolonged their survwal

Discussion

In the current study, we extended our knowledge. of lipid-mediated
1mmune regulatlon by showing the immunologic function of di-
etary PA in the enhancement of intestinal IgA rtesponses. Unlike
the sterile environment of systemic immune compartments (e.g.,
spleen) intestinal tissues are continuously exposed to exogenous
,factors mcludmg commensal. bacteria and dietary materials and
kactxv,ely use them (o, establish a homeostatic inflammatory condition
(6). Indeed, in contrast to the massive inflammatory responses in-
duced by the systemic injection of bacterial products, such as LPS
(e.g. sepsis), the intestinal immune system requires bacterial stimu-
lation for its maturation (29) Our current study demonstrates that
dietary PA can augment intestinal IgA responses when an ap-
propriate amount of dietary oil (4%) is supplied. This effect
contrasts.sharply with the. deleterious plasma PA levels that are
induced by a high-fat diet and are considered to be a risk factor for
inflammation and diabetes (30). Therefore, like bacterial products,
PA has the opposite immunologic effect on intestinal and systemic
immune compartments and actually plays a beneficial role in the
maturatlon of the'intestinal immune system.

he enhancement of mtestma] IgA responses by dietary PA is

n addition to these two pathways, PA
, ‘APCs (e.g., macrophages and dendritic cells) to promote
Ag presentation and the production of cytokines, including IL-6
and TNF-a; this effect is at least partly mediated by TLR4 (31, 32)
and represents a plausible third pathway to enhancing intestinal

IgA production. Unlike the effect of PA on APCs, PA promoted -
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"FIGURE 7. ~ A PA-enriched diet induces the proliferation of IgA PCs.
Mice were maintained on ‘a diet containing soybean oil, with or without

PA, for 2'mo, after which BrdU was injected i.p. (day0). On day 1 (A) and

day 4 (B), mononuclear cells isolated from the large intéstine were ana-
lyzed by flow cytometry to determine the proportion of BrdU* IgA* PCs.
Data are mean * 1°SD (n ='4). Similar results were obtained from two
independent experiments.

istinct pathways. One is PA’s direct effect,
d the other'is mediated by PA-derived

IgA production from PCs in a TLR4-independent manner in our

- current study. In line with this finding, several groups reported that

TLR2 acts: as a receptor for PA or that PA enters cells where it
induces signal transduction for the consequent production of in-
flammatory cytokines (33-36).

In addition to PA’s direct effect-on IgA-producing PCs, the SPT-
mediated metabolism of PA is involved in the PA-mediated en-
hancement of intestinal IgA responses. SPT is an essential enzyme
for the de novo pathway of sphingolipid synthesis, in which
palmitoyl-CoA and serine act as substrates of SPT to generate 3-
keto-dihydosphingosine, with subsequent conversion into other
sphingolipids, such as sphingomyelin, ceramide, sphingosine, and
S1P (37, 38). Sphingolipids are a class of membrane lipids that
also are known to have biologic functions (27, 28). For example,
ceramide regulates cytoskeletal changes, cell cycle, and apoptosis
(27, 28). Accordingly, perhaps an increase in ceramide concen-
trations induced the proliferation or prolonged the survival of IgA
PCs, subsequently increasing the number of IgA-producing PCs in
the large intestine. In addition, in the extracellular compartment,
S1P controls cell trafficking by recruiting cells toward regions
with high concentrations of S1P (39). Of note, we previously re-
ported that SIP regulates intestinal IgA responses by controlling
trafficking of IgA™ cells from inductive sites (e.g., PPs and peri-
toneal cavity) into the iLP (22, 40). Therefore, another possibility
is that the PA-enriched diet induced an increase in the intestinal
extracellular S1P concentration, resulting in. the effective recruit-
ment of IgA PCs into the intestine. Our current findings suggest
that at least one of the enhancing effects of the PA-enriched diet
was. mediated by the induction of proliferating IgA* PCs in the
large intestine,

PA was not .only included in the diet but was also generated
through de novo lipogenesis, whereby carbohydrates are converted
to PA. The de novo pathway achieves stable concentrations of PA
in vivo. This pathway can explain the specificity of the effect of
dietary PA enrichment on the PA content in various tissues. In this
study, we found that the increases in.PA in the PA-enriched diet
group were $pecific to the: mtestmal tlssues and not the serum. This
tissue specificity is consistent. with the spe01ﬁc effectof dletary PA,
whxch increased intestinal IgA responses without affecting serum
Ab productlon Mice fed high-fat diets. show increased serum PA
levels, which are a risk factor for inflammation and diabetes (30).
However, our current findings indicate that the increased propor-
tion of PA in the dietary oil did not affect serum PA levels when
the overall amount of oil consumed was normal (4%).

Intestinal tissues contain- higher levels of sphingolipids than do
other tissues (41), and we found that the effectof an SPT inhibitor
was selective for the large, but not small, intestine. One of the
major differences between the small.and large intestines is the
amount of commensal bacteria. We recently reported that some
lipid metabolic pathways are uniquely mediated by commensal
bacteria (42), raising the possibility that commensal bacteria may
affect sphingolipid metabolism. However, germ-free and specific
pathogen—free rats have comparable levels of sphingolipids in the
intestine (43). Therefore, it is plausible that commensal bacteria
are unlikely to participate in this pathway. In contrast, the expres-
sion pattern of enzymes involved in the generation of sphingolipids
differs between intestinal compartments (44, 45), indicating that the -
differences in-sphingolipid metabolism between the small and.large
intestines determine their . differing  dependence on: SPT ‘in PA-
mediated intestinal IgA: responses.

Taken together, our current findings -demonstrate that dietary PA
and its metabolites play a critical role in the enhancement of in-
testinal IgA responses. This information can be applied to the
development of mucosal adjuvants.



