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FIGURE 2. Pilasma PA-specific Ab responses following nasal immunization with EdTx as adjuvant. Mice were immunized three times at weekly
intervals with 100 ug of OVA only ((J), OVA plus 5 pg of PA (B), or OVA plus 5 ug of EdTx (5 pg of PA plus 5 ug of EF) (). Plasma PA-specific
I¢E Ab responses were determined in samples collected at day 14, and plasma PA-specific Ab isotype (A) and 1gG subclass responses (B) were determined
1 wk after the last immunization. The results are expressed as the reciprocal log, titer & one SD from five separate experiments and four mice per group

per experiment. *, p < 0.05

OVA and EdTx contained significant levels of anti-PA neutraliz-
ing Abs (Table I). No significant neutralizing Abs were detected in
vaginal washes (Table I).

Ag-specific T cell cytokine responses following nasal
immunization with EdTx as adjuvant

To characterize CD4™ Th cell cytokine pathways associated with
EdTx-induced immunity, we examined the pattern of cytokines
secreted by OVA- and PA-specific CD4* T cell after a 5-day in
viro restimulation. Spleen CD4* T cells from mice immunized
with OV A and EdTx secreted mixed Thl- and Th2-type cytokines
afier in vitro restimulation with OV A or PA as indicated by high
levels of IFN-+v (Thl) but also IL-5, IL-6, and IL.-13 in culture
supernatants (Table II). IL-4 levels were below the limit of detec-
tion. The same profile of cytokine responses was seen in the cul-
ture supernatant of CLN CD4 ™ T cells restimulated under the same
conditions (data not shown).

Efect of EdTx on cytokine secretion and costimulatory molecule
expression by M@, in vitro

We assessed the direct effects of EdTx or CT on the expression of
costimulatory molecules (i.e., CD40 and CD86) as well as cyto-
kine secretion by J774 M¢ to address whether EdTx regulates
APC functions. Consistent with previous reports (44-46), CT in-
duced high levels of IL-6 responses in treated cells (Fig. 44) and
increased costimulatory molecule expression (Fig. 4B) by M¢ in
vizo. The IL-6 responses after EdTx stimulation were ~ 10-fold
lower than those measured in culture supernatants of J774 Md
cultured in the presence of CT (Fig. 4). However, EdTx up-regu-
laizd the expression of both CD40 and CD86 by J774 M¢ to the
same extent as the mucosal adjuvant CT. These findings were fur-
ther confirmed on T cell-depleted spleen cells (data not shown).

Nesal PA does not target CNS tissues

We next explored the possibility that EdTx could target the ON/E
orother CNS tissues and induce inflammatory responses. Fig. 54
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FIGURE 3. Mucosal [gA Ab responses following nasal immunization
with EdTx as adjuvant. Mice were immunized three times at weekly in-
tervals with 100 pg of OVA only, OVA plus 5 ug of PA, or OVA plus 5
ug of EdTx (5 ng of PA plus 5 pg of EF). Saliva (A) and vaginal washes
(B) were collected 2 wk after the last immunization. The Ab levels are
expressed as the reciprocal log, titer = 1 SD from five separate experi-
ments and four mice per group per experiment. Fecal extracts (C) were
collected 2 wk after the last immunization with either OVA only, OVA
plus PA, OVA plus EdTx, or OVA plus CT. The IgA Ab levels were
expressed as the reciprocal log, titer = | SD from three separate experi-
ments and four mice per group per experiment. ¥, p < 0.05
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Table 1. Neutralizing anti-PA Abs produced in response to nasal
administration of EdTx protect M¢ against the lethal effect of LeTx in
vitro“

Neutralizing Ab Titers (1/Dilution)

Immunization Plasma Saliva Vaginal Washes
OVA only BD BD BD
OVA plus PA 8,192 = 256% BD BD
OVA plus EdTx 131,072 * 1,024% 10 * 3% 3%2

“ Serial dilutions of each sample were added to J774 M cultures in the presence
of LeTx. The neutralizing titers were determined as the last dilution yielding an MTT
OD equal to twice the background value. Results are shown as neutralizing Ab titers
and are expressed as the reciprocal dilutions titers = 1 SE of three separate experi-
ments and five mice per group per experiment. BD, Below detection level; *, p <
0.05.

illustrates the failure of PA to accumulate in the ON/E 24 h fol-
lowing nasal delivery of 5 ug of PA. In addition, there was no PA
detectable in the OBs or brain and only minor amounts (< '0.15
ng/10 mg tissue) were observed in the NALT, CLN, or spleen 24 h
after nasal delivery (data not shown). Nasal PA given together with
EF (EdTx) did not increase PA accumulation in olfactory or brain
tissues (Fig. SA). In contrast to PA or EdTx, nasal delivery of a
0.5-pg dose of CT resulted in significant accumulation in the
ON/E which was further increased when the CT dose was 10-fold
higher (Fig. 54). We also found that nasal CT, but not EdTx,
up-regulated IL-1 mRNA levels in the ON/E and in the NALT
suggesting that CT targeted these two sites (Fig. 5B). Finally, mice
given nasal CT, but not those given nasal EdTx, exhibited high
levels of IL-6 in nasal washes (Fig. 5C). '

Discussion

The enterotoxins CT and LT-1, which deliver their ADP ribosyl
transferase A subunit via ganglioside targeting, are well-recog-
nized adjuvants for induction of mucosal immunity to coadminis-
tered Ags (40-42). The CTA1-DD molecule which targets CT-A
to B cells was also shown to be an effective mucosal adjuvant (31,
47, 48). EdTx delivers its adenylate cyclase EF subunit into target
cells following binding of PA on its membrane receptors, the
ATRs. It has been recently reported that ATR1/TEMS is expressed
by epithelial cells (49). However, previous studies have shown that
PA binds more effectively to the basolateral membrane of polar-
ized epithelial cells (50), suggesting that ATRs may not be ex-
pressed at the apical membrane of these cells. In this study, we
show that EdTx promotes both systemic and mucosal adaptive
immunity to nasally coadministered Ags and enhances PA-specific
Ab responses significantly above levels achieved by administration
of PA without EF. We also show that ATR targeting by EdTx did

MUCOSAL ADJUVANT ACTIVITY OF EdTx

not lead to the accumulation of this adjuvant into olfactory and
CNS tissues.

Anthrax toxin derivatives have been evaluated as molecular sy-
ringes for intracellular delivery of peptides (13, 51) or protein Ags
(14-16) for presentation via the MHC class I pathway and induc-
tion of cytotoxic CD8* T cells. Our results show that in vivo
delivery of anthrax EdTx provides necessary signals for induction
of mucosal and systemic immunity to coadministered protein Ags.
Although data summarized in this manuscript only referred to na-
sal delivery of EdTx, we also found that EdTx is an adjuvant for
protein Ags coinjected i.p. in both C57BL/6 and BALB/c mice
(data not shown). Studies with the ganglioside-targeting entero-
toxins CT and LT-I (52-55) and derivatives including their chi-
meras (34, 56) or the B cell-targeting CTA1-DD (31, 57) have
demonstrated the importance of receptor binding for controlling
the immune responses induced by these ADP-ribosylating adju-
vants. Thus, the adjuvant activity of CT appears to be more de-
pendent on IL-4 and CD4 ™ Th2 cell cytokines (52, 53). In contrast,
the more promiscuous LT-I, which binds GM1 gangliosides like
CT but also asialo-GM1 and -GM2 gangliosides, promotes a
broader spectrum of responses with CD4™ Th cells producing both
IFN-v and Th2-type cytokines (34, 54). The adjuvant activity of
nasal EdTx appears to involve Ab and T cells responses that re-
semble those induced by LT-I rather than CT. Thus, EdTx induced
CD4 ™ T cells secreting both IFN-y and Th2-type cytokines. Fur-
ther, EdTx as an adjuvant promoted only modest levels of OVA-
specific IgE (log, titers = 3) when compared with those seen after
nasal immunization with CT (i.e., log, titers = 8). Although it has
been suggested that ATRs may not be expressed at the apical
membrane of epithelial cells (50), there is no information to date
on the relative expression of ATRs on immune cells and potential
cellular targets of nasally administered EdTx. We have shown here
that PA alone or as a component of EdTx does not target olfactory
tissues and do not induce IL-1-specific mRNA in ON/E. It is also
important to note that EdTx promotes a similar profile of serum Ab
responses than CTA1-DD which targets B cells (31).

The mechanisms underlying the induction of mucosal immunity
and S-IgA Ab responses by bacterial toxins remain only partially
understood. Studies over the past two decades have shown a role
for CT-induced cytokines on its mucosal adjuvanticity. Thus, CT
was shown to induce both IL-6 and IL-1 secretion by epithelial
cells and APCs (44, 58—-60). Both IL-1 and IL-6 were later shown
to be adjuvants for systemic immunity to nasally coadministered
protein vaccines (38, 61) and IL-1 was also able to promote mu-
cosal IgA Ab responses (61). Other factors thought to contribute to
the adjuvanticity of CT include its ability to up-regulate the ex-
pression of MHC (44) and costimulatory molecules (45, 46, 62).

Table 1. Ag-specific CD4™ T cell cytokine responses induced by nasal EdTx as an adjuvant”

Cytokines (pg/ml)

In vitro
Immunization Stimulation IFN-vy IL-5 IL-6 1IL-13
OVA only None 156 = 30 BD 361 20+ 2
OVA 1320 * 49 4] * 1= 175 * 10* 366
PA 189 £ 10 BD 3t *x1 200
OVA plus EdTx None 267 * 37 BD 31 £1 200
OVA 9666 = 1524+« 418 * 85% 386 = 16* 188 + 29+#
PA 16550 * 2557%* 1340 * 160* 192 = 28+ 406 = 78=%

“Spleen CD4™* T cells were isolated 21 days after the initial immunization and restimulated in vitro with OVA (I mg/ml) or PA (20 pg/ml). Culture supernatants were
ccilected after 5 days and cytokines evaluated by ELISA. The results are expressed as the mean * | SE and are representative of four separate experiments. The same profile
of responses was seen with CD4* T cells isolated from corresponding cervical lymph nodes. BD, Below detection levels; *, p < 0.05
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FIGURE 4. Effects of EdTx on cytokine secretion
and costimulatory molecule expression by M¢. The
J774 M ¢ were cultured for 48 h in the presence of PA
(5 pg/ml), EF (5 ug/ml), EdTx (5 pg/ml PA + 5 pg/mi
EF), or CT (1 pg/ml). A, Cytokine.secretion was ana-
lyzed in culture superatants, and results were expressed
as mean * ] SD of four separate experiments (*, p <
0.05). B, Cells were analyzed by flow cytometry for ex-
pression CD40 and CD86. Results are representative of
four separate experiments.

We have shown that EdTx stimulates IL-6 secretion by M¢ cul-
tures and enhances the expression of costimulatory molecules. We
should stress that IL-6 levels induced by EdTx were ~10-fold
lower than those seen in Md¢ cultures stimulated with the same
dose of CT. The lower stimulatory effect of EdTx for IL-6 secre-
tion was [urther confirmed in vivo where nasal delivery of CT but
not EdTx induced IL-6 secretion in nasal washes. It is unlikely that
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the reduced ability of EdTx to induce IL-6 (and IL-1) could alone
explain the polarized Ag-specific mucosal IgA Abs responses
when compared with those generally induced by CT (34, 46, 63) or
LT as adjuvants (34, 46, 54, 56). The role of the adenylate cyclase
activity for the adjuvanticity remains to be elucidated. In this re-
gard, the EF used in our studies contains a S447N mutation that
could account for its recently reported 20-fold lower ability to

FIGURE 5. A, Tracking uptake into olfactory and
CNS tissues. Groups of mice were given acridinium-
labeled PA (5 ug), EdTx (5 ug of PA plus 5 pg of EF),
or CT (0.5 or 5 pg) by the nasal route. A, Twenty-four
hours later, mice were sacrificed and the ON/E and OBs
were collected, homogenized, and tested for light activ-
ity as described in Materials and Methods. Results are
expressed as mean RLU per nanogram of individual tis-
sues = 1 SD and are from two separate experiments
with three mice per group (*, p < 0.05). B, IL-1 mRNA
analysis by real-time RT-PCR. Results are expressed as
mean relative mRNA levels from triplicate assays per-
formed with pooled tissues (three mice per group) and
are representative of three separate experiments (*, p <
0.05). C, Analysis of IL- 6 levels in nasal washes by
ELISA. Results are expressed as picograms per millili-
ter = 1 SD of IL-6 levels in individual nasal washes and
are from two experiments with three mice per group. *,
p < 0.05 when compared with controls given PBS.
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induce cAMP when compared with recombinant native EF protein
(33). Several mutants of both CT and LT-I, which are devoid of
ADP-ribosyl transferase activity, were shown to retain their mu-
cosal adjuvant activity and the ability to promote high mucosal
IgA Ab responses. In another system, the mucosal adjuvant activ-
ity of CTA1-DD was reported to require both effective B cell tar-
geting and the ADP ribosy! transferase activity (57). Thus, further
studies are warranted to establish the mechanisms of mucosal ad-
juvanticity of EdTx.

Enterotoxin adjuvants are also potent immunogens which in-
duce elevated immune responses to their binding subunits (41, 43).
A major finding of this study resides in the fact that EATx is a
potent immunogen and that the presence of EF increased anti-PA
responses above levels achieved after administration of PA alone.
We have previously reported that high levels of PA-specific Abs
could be detected in mouse plasma following nasal immunization
with PA doses of up to 25 ug when CT was used as adjuvant (35).
The same studies showed that 40 pg of PA/dose were needed to
promote PA-specific mucosal IgA Abs. The results summarized
here indicated that ATR targeting with much lower doses of PA
(i, 5 ug) and EF allows the induction of PA-specific S-IgA Abs.
Interestingly, increasing the dose of PA given with EF 10 40 ug did
not increase the levels of PA-specific mucosal IgA Abs, suggesting
that codelivery of EF achieved optimal S-IgA Ab responses with
low nasal dose of PA. Although, nasal immunization with CT or
LT-I as adjuvant primarily promotes IgA Ab responses in the re-
spiratory and genitourinary tracts, low but significant responses are
consistently seen in the gastrointestinal tract. PA was previously
reported to deliver a functionally active CT-A subunit into mam-
malian cells using an LF'"2**-CT-A fusion protein (64). Therefore,
it will be interesting to examine whether the ATR-mediated cel-
lular targeting, the adenylate cyclase, and possibly other activities
of EF govemn the polarized PA-specific mucosal IgA Ab responses
induced by EdTx as adjuvant.

In summary, we have shown that ATR targeting of an adenylate
cyclase subunit provides an effective strategy for enhancing the
immune response to nasal vaccines. The EdTx as nasal adjuvant
does not target the olfactory or other CNS tissues and thus could

represent a safer alternative to ganglioside-binding adjuvants. In -

addition, EdTx very efficiently promoted anti-PA Ab responses
both in saliva and in plasma and this could have important impli-
cations for improving the efficacy of current PA-based anthrax

vaccines.
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CCRY7 Is Critically Important for Migration of Dendritic Cells
in Intestinal Lamina Propria to Mesenteric Lymph Nodes’

Myoung Ho Jang,** Nagako Sougawa,”* Toshiyuki Tanaka,* Takako Hirata,’
Takachika Hiroi,* Kazuo Tohya,? Zijin Guo,* Eiji Umemoto,* Yukihiko Ebisuno,*
Bo-Gie Yang,* Ju-Young Seoh," Martin Lipp,” Hiroshi Kiyono,* and Masayuki Miyasaka*

Although dendritic cells (DCs) located in the small intestinal lamina propria (LP-DCs) migrate to mesenteric lymph nodes (MLNs)
constitutively, it is unclear which chemokines regulate their trafficking to MLNs. In this study we report that LP-DCs in unper-
turbed mice require CCR7 to migrate to MLNs. In vitro, LP-DCs expressing CCR7 migrated toward CCL21, although the
LP-DCs appeared morphologically and phenotypically immature. In MLNs, DCs bearing the unique LP-DC phenotype
(CD11c™#"CD8 ™ CD11b"" o '™ B,"%" and CD11c™E"CD8a~ CD11bME e, '°™ B, M&") were abundant in wild-type mice, but were
markedly fewer in CCL19-, CCL21-Ser-deficient plt/plt mice and were almost absent in CCR7-deficient mice, indicating the critical
importance of CCR7 in LP-DC trafficking to MLNs. Interestingly, CCR7* DCs in MLNs with the unique LP-DC phenotype had
numerous vacuoles containing cellular debris in the cytoplasm, although MLLN-DCs themselves were poorly phagocytic, suggesting
that the debris was derived from the LP, where the LP-DCs ingested apoptotic intestinal epithelial cells (IECs). Consistent with
this, LP-DCs ingested IECs vigorously in vitro. By presenting IEC-associated Ag, the LP-DCs also induce T celis to produce IL-4
and IL-10. Collectively, these results strongly suggest that LP-DCs with unique immunomodulatery activities migrate to MLNs in
a CCR7-dependent manner to engage in the presentation of IEC-associated Ags acquired in the LP. The Journal of Immunology,

2006, 176: 803-810.

endritié cells (DCs)* are cardinal constituents of the im-
D mune system and play pivotal roles in the induction of

Ag-specific immune responses and the maintenance of
self-tolerance (1). DCs are abundant in the small intestine, both in
organized lymphoid tissues (Peyer’s patches (PPs) and isolated
lymphoid follicles (JLFs)) and in the lamina propria (LP), the layer
of connective tissue between the epithelium and the muscularis
mucosa, where they act as sentinels for incoming Ags. The precise
discrimination between harmless Ags and dangerous pathogens by
these DCs is a likely key mechanism for the maintenance of gut
immune homeostasis (2).
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Among the intestinal DCs, the DC subsets in PPs have been
characterized in the most detail (3—6). PP-DCs can educate Ag-
specific T cells to produce IL-4 and IL-10 (3) and confer gut-
homing specificity on T cells (7, 8), indicating that they have
unique immune-inductive abilities. In contrast, LP-DCs have been
only incompletely characterized, mainly due to difficulty in isolat-
ing them. Recent investigations have revealed, however, that LP-
DCs of a centain subset extend dendrites in a CX;CR1-dependent
manner to the luminal side of the gut for the uptake of Ags (9, 10).
In addition, LP-DCs that reside in the terminal ileum sample com-
mensal bacteria and constitutively express IL-12 p40, indicating
that these LP-DCs may be involved in the predisposition to chronic
inflammation (11). LP-DCs may also be important in the presen-
tation of bacterial Ags directly to LP B cells (12, 13). LP-DCs
obtained from mice treated with Flt3 (FMS-like tyrosine kinase 3)
ligand, express high levels of IL-10 and type I IFN and can induce
a state of immune hyporesponsiveness upon in vivo transfer (14),
suggesting that LP-DCs may have an immunomodulatory role in
the gut.

Apart from the LP-DCs, a distinct DC subset has been docu-
mented in rat intestinal lymph that can constitutively endocytose
apoptotic intestinal epithelial cells (JECs) and transport them to the
T cell areas of mesenteric lymph nodes (MLNs). However, it re-
mains unclear whether these DCs are derived from the LP, PPs,
and/or other intestinal compartment(s). In addition, their function
remains unexplored, although they have been implicated in toler-
ance induction’ (15). It has been separately reported that among
DCs in the MLNs, the CD8a~CD11b* DC subset plays a critical
role in inducing cross-tolerance to food Ags, although it remains to
be determined whether these DCs take up dying IECs (16).

DCs are thought to leave peripheral tissues when they receive an
inflammatory or danger signal. During this process, DCs begin to
mature, and the expression of CCR7 increases (17—-19), which al-
lows the DCs to enter lymph vessels and gain access to T cell areas
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in draining lymph nodes (LNs) in a CCR7-dependent manner (20).
Corroborating this, a deficiency of CCR7 or its ligands, CCL19
and CCL21, leads to impaired DC migration into draining LNs and
abnormal lymph node architecture in peripheral tissues (21, 22). In
addition, a recent study indicates that steady-state trafficking of
skin DCs to the draining LNs in peripheral tissues is also regulated
by CCR7-mediated signaling (23). However, it is not known
whether this commonly held paradigm of DC trafficking being
driven by CCR7-mediated signaling holds true for DCs in the in-
testinal compartment as well.

In the present study we found that there are at least two LP-DC
subsets in the intestinal LP of unperturbed mice and that they both
require CCR7 for their constitutive migration to the MLNs. They
vigorously ingest apoptotic IECs and, hence, are likely to corre-
spond to the cells identified by Huang et al. (15) in rat mesenteric
lymph. As suggested previously (15), LP-DCs can present IEC-
associated Ags to CD4™ T cells, inducing their differentiation into
IL-4- and 1L-10-producing cells. These results strongly indicate
that LP-DCs bearing a unique immunomodulatory activity migrate
constitutively to MLNs in a CCR7-dependent manner, thus gen-
erating a noninflammatory environment in the MLNs.

Materials and Methods
Mice

BALB/c mice were obtained from CLEA Japan. C57BL/6 mice were ob-
tained from Japan SLC. Mice transgenic for a TCR that recognizes the
OVAjys 330 peptide in the context of I-A% (DO 11.10 TCR-ap transgenic
mice) on the BALB/c background were a gift from Dr. S. Ono (Osaka
University Graduate School of Medicine, Osaka, Japan). The plt/plt mice
on the B6 background were provided by Dr. H. Nakano (Duke University
Medical Center, Raleigh, NC). CCR7-deficient mice on the C57BL/6 back-
ground were produced as previously described (21). All animal experi-
ments were performed under an experimental protocol approved by the
ethics review committee for animal experimentation of Osaka University
Graduate School of Medicine.

Preparation of DCs from small intestinal LP, PPs, MLNs, and
spleen

Small intestinal segments and PPs were treated with PBS containing 10%
FCS, 20 mM HEPES, 100 U/ml penicillin, 100 pug/ml streptomycin, 1 mM
sodium pyruvate, 10 mM EDTA, and 10 pg/ml polymyxin B (Calbiochem)
for 30 min at 37°C to remove epithelial cells and were washed extensively
with PBS. Small intestinal segments, PPs, MLNs, and spleen were digested
with 400 Mand! units/ml collagenase D (Roche) and 10 ug/ml DNase 1
(Roche) in RPMI 1640/10% FCS with continuous stirring at 37°C for
45-90 min. EDTA was added (10 mM final concentration), and the cell
suspension was incubated for an additional 5 min at 37°C. Cells were spun
through a 15.5% Accudenz (Accurate Chemical & Scientific) solution to
enrich for DCs. The obtained cells were incubated with FITC-conjugated
anti-CD11b and PE-conjugated anti-CD1 I ¢ after FcR blocking. DC subsets
were sorted on the basis of their expression of CDllc and CD11b by
FACSVantage SE (BD Biosciences). The purity of the sorted DCs was
routinely >95%. For the morphological study, cytospin preparations from
purified DC subsets were stained with May-Grunwald-Giemsa solution.

Double immunofluorescence staining of small intestinal LP

To determine the location of LP-DCs in the small intestinal LP, biotinyl-
ated anti-CDl1c and FITC-conjugated anti-CD11b mAbs were applied
overnight at 4°C to sections cut from frozen tissue. Samples were washed
and then incubated with streptavidin-Alexa 594 (Molecular Probes) for 2 h
at room temperature. To detect CCR7™ DCs in the small intestinal LP,
frozen sections of the small intestine were stained with rabbit anti-mouse
CCR7 pAb, provided by Dr. K. Matsushima (University of Tokyo School
of Medicine, Tokyo, Japan) and biotinylated anti-CD1 1c mAb overnight at
4°C. The sections were washed and then further incubated with Alexa
488-conjugated chicken anti-rabbit 1gG Ab (Molecular Probes) and strepta-
vidin-Alexa 594 for 2 h at room temperature. Immunohistochemical stain-
ing was analyzed with a Radiance 2100/Bio-Rad confocal laser microscope

(Bio-Rad).

CCR7 AND LAMINA PROPRIA DC TRAFFICKING

Flow cytometry

Fluorochrome-conjugated anti-CD1 1¢(HL3),anti-CD11b{(M1/70), andanti-
CD8uw (53-6.7) mAbs were used for DC staining. Anti-mouse CD16/CD32
(2.4G2) was used for FcR blocking. The expression of integrins was de-
termined using mAbs to integrin oy (CD11a; M17/4) and B8, (M293). The
expression of costimulatory molecules was determined using mAbs to
B7-1(CD80; 16-10A1), B7-2 (CD86; GL1), CD40 (3/23), and I-AY (AMS-
32.1). These reagents were all purchased from BD Pharmingen. After the
FcRs were blocked for 15 min at 4°C, the cells were stained for integrins,
CD8«, CDllc, CD11b, and costimulatory molecules and then analvzed
with a FACSCalibur (BD Biosciences). The DCs were identified by gating
on the CD11c™& cells. CCR7 expression by DCs was determined using the
CCL19-Fc chimeric protein provided by Drs. K. Hieshima and O. Yoshie
(Kinki University School of Medicine, Kinki, Japan).

RT-PCR for chemokine receptor expression

Total RNA was prepared from freshly isolated LP-DC using TRIzol (In-
vitrogen Life Technologies). RT of total RNA was conducted using oli-
go(dT),s primer and SensiScript reverse transcriptase (Qiagen). PCR was
conducted using primer pairs for CCR1 (sense, AGAAGCCTACCCCA
CAAC; antisense, TGGCCAGGTATCTGTCAA), CCR7 (sense, GGTGT
GCCTCTGCCAAGA,; antisense, TGCCAAAGATGCCCTTAC), CCR9
(sense, TGCTACTGGAGACAACTTCG:; antisense, CTCCTCAGAACT
GCAGTTAC), and B-actin (sense, ATGGATGACGATATCGCT; anti-
sense, ATGAGGTAGTCTGTCAGGT) and Ex-Tag polymerase (Takara
Shuzo). The PCR conditions were 30 cycles at 97, 57, and 72°C for 30 s
each, and the products were analyzed on agarose gels.

Chemotaxis assays

All cell suspensions and chemokine dilutions were made in RPMI 1640
containing 0.5% low endotoxin BSA (Sigma-Aldrich). The chemokine
CCL21 was purchased from Techne. Chemotactic assays were performed
as previously described (24). Two hours after the start of migration, the
inserts were removed. Migrated DCs were identified on a FACSCalibur
using FITC-conjugated anti-CDI11b mAb and PE-conjugated anti-
CDllec mAb.

Real-time chemotaxis assay

Real-time chemotaxis assays were performed as previously described (25).
To count the migrated cells in each channel, images of the cells in each
channel were digitally recorded onto a computer hard disk with time-lapse
intervals of 60 s.

Detection of apoptotic IECs in MLN-DCs

To detect IECs-derived apoptotic DNA in DCs, cytospin preparations from
FACS-sorted MLN-DCs were fixed with 1% paraformaldehyde and stained
using an ApopTag peroxidase in situ apoptosis detection kit (Serologicals)
Detection of alkaline phosphatase activity in the FACS-sorted
CD11cMe'CD8a™ o VB, "#" MLN-DC subset was performed using the
Vector Red Alkaline Phosphatase Substrate Kit I (Vector Laboratories).

Electron microscopy

Isolated cells were spun at 400 X g and fixed in 1% in glutaraldehyde in
0.1 M phosphate buffer for 1 h at 4°C. After being washed, the cells were
embedded in 2% agarose gel and postfixed in 2% osmium tetroxide in 0.1
M phosphate buffer for 2 h at 4°C. The fixed samples were then dehydrated
in a graded ethanol series, infiltrated with propylene oxide, and embedded
in Quetol 812 epoxy resin. Ultrathin sections were stained with 2% uranyl
acetate and Reynold’s lead citrate, then examined using a JEOL JEM-1230
electron microscope.

In vitro uptake of CFSE-labeled apoptotic epithelial cells by
DCs

Small 1IECs were obtained as described previously (26). IECs were then
labeled with CFSE (Molecular Probes) at a concentration of 5 uM for 5
min at 37°C and cuitured for 4 h to induce spontaneous apoptosis. Enriched
DCs were mixed with CFSE-labeled apoptotic IECs and cultured for 4 h at
37°C. After the coculture, cells were stained with PE-conjugated anti-
CD11c mAb and allophycocyanin-conjugated anti-CD11b mAb to identify
the DC subsets. The uptake of apoptotic IECs by DCs was evaluated by
FACSCalibur.

Analysis of CD4™ T cell proliferation and cytokine production

IECs obtained as described above were loaded with OVA (Sigma-Aldrich)
by osmotic shock (27). They were then cocultured with DCs for 4 h, and
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the DC subsets were subsequently sorted on the basis of their expression of
CD1lc and CD11b. Purified DCs (5 X 103 and DO11.10 OVA TCR-
transgenic T cells (1 X 10%) were mixed in 96-well plates (1/20). After 7
days, the cells were collected and stained with anti-mouse DO11.10 TCR
(KJ1-26; Caitag Laboratories) and anti-mouse CD4 (RM4-5) mAbs. Dead
cells were excluded using 7-aminoactinomycin D (Sigma-Aldrich). T cell
proliferation was measured by CFSE dilution. To examine cytokine secre-
tion, DO11.10 CD4™ T cells were cocultured with IEC-OV A-containing
DCs for 14 days (two-round stimulation with IEC-OVA-containing DCs
with a 7-day interval). The T cells were then washed and restimulated for
6 h with anti-CD3 mAb in the presence of monensin (BD Pharmingen).
Intracellular cytokine staining was performed according to the manufac-
turer’s instructions (BD Pharmingen).

Results

Small intestinal LP contains two distinct DC subsets

We first determined the localization of LP-DC subsets in the small
intestine by immunohistochemistry. As shown in Fig. 14, cells that
were CD11b7/CD11c™ (open arrowheads) and CD11b™/CD11c™
(filled arrowheads) were readily recognizable in the LP, indicating
that the small intestinal LP contains at least two phenotypically
distinguishable DC subsets. i

We next attempted to isolate LP-DCs and successfully obtained
substantial numbers of low density leukocytes from the LP (1.95 =
0.5 X 10° cells/mouse; n = 34), of which the CD11c* DCs con-
stituted ~10-15%. Among these cells, at least two LP-DC subsets
could be recognized on the basis of their different CD11c/CD11b
expression patterns: CD11c™E"CD11b™ (R1; 4.9 * 2.0% of
low density cells) and CD11c™E"CD11b™=" (R2; 8.4 * 2.0%;
Fig. 1B). The remaining cells, which were CD11c"™CD11b"&",
consisted mainly of cells that contained eosinophilic granules
(J.-H. Seoh and M. H. Jang, manuscript in preparation). The
CD11cP8" LP-DC subsets were heterogeneous in their CD8«
expression, in that the CD11c™8"CD11b'" subset expressed
CD8« at an intermediate’ level (CD8c'™),. whereas the
CD11cME"CD11b"e" subset was CD8a~ (Fig. 1B). Thus, the
phenotypes of the RI1 and R2 subsets were
CD11cMe"CD8&™CD11b™ and CD11c™&"CD8a~ CD11b"%",
respectively. '

These two subsets were found not only in the intestines of
1d2 7'~ mice, which are completely deficient in PPs and ILFs (28),
but also in the BALB/c small intestine from which PPs and ILFs
had been surgically removed before the isolation procedure (data
not shown), suggesting that they are indeed derived from the small
intestinal LP and not PPs or ILFs. Interestingly, the freshly isolated
R1 and R2 subsets both had few dendrites. The nuclear chromatin
was not very condensed, and the cytoplasm was light blue to gray-
ish when stained with May-Grunwald-Giemsa solution, suggesting
that the LP-DCs were not fully mature (Fig. 1C).

The expression of costimulatory molecules also supported the
idea that these cells were somewhat immature. As shown in Fig.
1D, LP-DCs showed substantiaily lower expression of MHC class
II and CD40 than DCs from PPs and MLNs, indicating that they
were less mature than other DCs in the intestinal compartment.
Interestingly, however, the LP-DCs displayed a relatively high ex-
pression level of B7-2, as seen in PP-DCs, if not as high as that
expressed by MLN-DCs, indicating that the LP-DCs may not be
entirely immature but, rather, may constitute semimature subsets.
The CD11c™&" LP-DC subsets were DEC-205", but B220~ and
Gr-1" (data not shown), indicating that they are distinct from plas-
macytoid DCs (29) or the recently identified CD70" APCs (30) in
the LP, both of which express readily detectable levels of DEC-
205, B220, and Gr-1.
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FIGURE 1. Identification of two DC subpopulations in the LP of the
small intestine. A, Frozen sections of small intestine were fixed, stained
with Abs specific for CD11b (green) and CDllc (red), and analyzed by
confocal microscopy. Two cell subsets, CD11b~CD11c* (red; open ar-
rowheads) and CD11b+¥CD11c™ (yellow; filled arrowheads) were readily
identifiable within the LP. B, Low density lamina propria cells were iso-
lated from the small intestines of BALB/c mice and spun through a 15.5%
Accudenz gradient. Enriched DCs were stained for CD8«, CD11b, and
CDlic and analyzed by flow cytometry. C, Two DC subsets (Rl
(CD11cM#"CD8™CD11b") and R2 (CD11cM®'CD8a~CD11bMs")
were FACS-sorted based on their CD11c and CD11b expressions and
stained with May-Grunwald-Giemsa. The R1 and R2 subsets had a mor-
phology associated with highly motile cells. D, The LP-DC subsets had a

. semimature phenotype. DC subsets from LP, PPs, MLNs, and spleen (SP)

were stained for CD11¢, CD11b, and B7-1, B7-2, CD40, or I-A® and an-
alyzed by flow cytometry. The expression levels are shown as the ratio of
the mean fluorescence intensity (MFI) to the fluorescence intensity of
SP-DCs.

LP-DC subsets express CCR7 and show directional migration
toward CCL21

Although steady-state trafficking of DCs from the skin to the drain-
ing LNs is regulated by CCR7-mediated signaling (23), it remains
to be established whether LP-DC trafficking is also regulated by a
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FIGIfRE 2. LP-DC subsets express CCR7 and show directional migration toward CCL21. A, Expression of CCR7 mRNA. cDNA was prepared from

total RNA obtained from freshly FACS-sorted LP-DCs, and the expression of chemokine receptors was analyzed by semiquantitative PCR. B, Expression
of CCR7 protein on the cell surface. DCs were stained for CCR7 using the CCL19-Fc chimera protein ([}). LPS-stimulated bone marrow-derived DC was
used as a positive control, and human Ig Fc protein served as a negative control (ED). C, Localization of CCR7*/CD11c™ DCs in the small intestinal LP.
Frozen sections of the small intestine were fixed and stained with anti-CCR7 pAb and biotinylated anti-CD11c mAb. The sections were further incubated
with Alexa 488-conjugated secondary Ab and streptavidin-Alexa 594. Arrows indicate: CCR77/CD1lc™ cells. D, Chemotaxis analysis by Transwell.
LP-DCs were placed in the upper well of a Transwell apparatus (5-um pore size), and an increasing concentration of CCL21 was added to the lower well
for 2 h. The migrated cells were stained for CD11c and CD11b, then analyzed by FACSCalibur. The proportion of migrated cells in each population was
calculated as a fraction of the input population. The chemotactic index is shown as the ratio of the proportion.of cells that migrated in the presence of
chemokine to the proportion that migrated in the absence of chemokine. B, R1 subset; O, R2 subset. E, Time-lapse video monitoring of chemotaxis. Isolated
LP-DCs were applied to the microchemotaxis chamber. After aligning the cells on the edge of the microchannel of the chamber, CCL21 (10 uM) was
applied to the opposite side of the microchannel (see fop of each frame), so that a concentration gradient of the chemokine formed from the top to the bottom
of the channel. The migration of cells in the microchannel was subsequently monitored at 6-min intervals. Note that a significant fraction of the cells had
begun migrating from the bottom to the top of the field 15-21 min after the addition of CCL21. F, Quantitative evaluation of chemotactic responses to
CCL21 Data are shown as the proportion of cells that migrated across the microchannel to the total cells in the assay area. [J, Medium alone; B, CCL21;
B, CCL21 with PTX treatment. The data are representative of at least three independent experiments.

CCR7-dependent mechanism. We thus examined CCR7 expres-
sion in LP-DCs. In the R1 (CD11c™#"CD11b**) and R2
(CD11c™8PCD11b™8") subsets, CCR7 mRNA was highly ex-
pressed, whereas CCR9 mRNA was absent (Fig. 24). Consistent
with this, LP-DCs were CCR7™, as evidenced by their binding of
a CCL19-fusion protein (Fig. 2B), and CD11c* DCs expressing
CCR7 were readily detectable in the LP by immunohistochemistry
(Fig. 2C). Furthermore, in vitro, the CD11c"&" LP-DCs efficiently
migrated through Transwell inserts in response to CCL21 with the
typical bell-shaped dose-response curve that is characteristic of
chemotaxis (Fig. 2D). To verify that this reflects directional, but
not random, migration, we adopted an optical chemotaxis assay
system that allows time-lapse video monitoring of cell behavior in
silicon-coated microchannels (25). As shown in Fig. 2F and sup-
plemental movie A, LP-DCs moved swiftly along the CCL21
concentration gradient, verifying that they can migrate direction-
ally toward a CCL21 source as a result of expressing functional
CCR?7. Compared with DCs from other tissues, LP-DCs showed

S The online version of this article contains supplemental material.

much stronger chemotaxis toward CCL21 than splenic DCs (SP-
DCs), but their chemotaxis was comparable to that seen in MLN-
DCs and PP-DCs (Fig. 2F). LPS-stimulated, bone marrow-derived
DCs responded to CCL21 much like the LP-DC subsets. In all
these cell types, CCL21-mediated migration was significantly
blocked by pertussis toxin. These data indicate that LP-DCs with
relatively immature morphology and phenotype can migrate to-
ward CCL21 as efficiently as mature DCs without deliberate in-
flammatory stimulation. :

LP-DCs migrate to MLNs in a CCR7-dependent manner

We next investigated whether LP-DCs could be identified in the
MLNs and, if so, whether their migration was dependent on CCR7.
Because a recent study indicated that DC migrants to lymph nodes
could be discriminated by their surface phenotype (31), we first
compared the expressions of various surface markers on the
CD11cM8" DCs obtained from the LP, PPs, MLNs, and spleen. As
shown in Fig. 34, LP-DCs highly expressed 8, integrin compared
with other DCs. In this regard, LP-DCs contained CD8o™g,"&"
and CD8¢:™ 3,"&" subpopulations, which correspond to the R1 and
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FIGURE 3. Apparent CCR7 dependency of the CD8a'™B,"#" and
CD8a™B,"#" subsets in MLNs. A, LP-DCs highly expressed B, integrin
compared with other DCs. Low density cells from the LP were stained for
CD11c, CD8a, and B, integrin, and the histogram profiles were acquired
after gating on CD11c"#'CD8«* DCs (R1) or CD11c™#CD8a™ DCs
(R2). B}, Isotype controls; [J, stained cells. The numbers in the histograms
indicate the MFL. B, LP-DCs and PP-DCs appear to constitute the MLN-
DCs. Low density cells from the LP were double stained for CD8a/integrin
B, or for CD8o/integrin oy . FACS profiles were acquired after gating on
the CD11cM#" cells. Based on the CD8c/integrin 8, double staining, the
MLN-DCs consisted of four recognizable subsets, with two of them phe-
notypically corresponding to LP-DCs (filled arrowheads) and the remain-
ing two corresponding to PP-DCs (open arrowheads). A similar observa-
tion was made with CDSa/integri‘n o, double staining; MLN-DCs showed
two CD8a™ subsets, one of which corresponded phenotypically to an
LP-DC subset (filled arrowhead) and the other to a PP-DC subset (open
arrowhead). C, CD8¢™8,"® and CD8« ™ 3,"#" LP-DCs were significantly
fewer in the MLNs of plt/plt mice and were almost absent from the MLNs
of CCR7-deficient mice. Numbers indicate the percentage of each subset
within gated CD11c™2" cells. '

R2 subsets, respectively, and the PP-DCs had CD8a"#"8,™ and
CDg8a~ B, populations. In contrast, the MLN-DCs contained all
four surface phenotypes, supporting the possibility that LP-DCs
and PP-DCs enter the MLNs to make up the four different DC
subsets there (Fig. 3B). Furthermore, the examination of ¢y ex-
pression in CD8a™ DCs revealed that those in the LP expressed
relatively low levels of oy (CDSa‘“‘aL’W), whereas those in PPs
expressed high levels of oy (CD8a™&"o; &™), and the MLN-DCs
consisted of both populations (Fig. 3B). These observations thus
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suggest that the MLNs collect phenotypically different DCs from
the LP and PPs, in accordance with the MLNs being the draining
LNs of the LP and PPs.

We next asked whether these intestinal DCs enter the drairing
MLNs in a manner dependent on CCR7. For this purpose, we
examined MLN-DCs in wild-type C57BL/6 mice; in C57TBL/6-plt/
plt mice, which are deficient in CCL19/CCL21-Ser (22); and in
CCR7-deficient mice (21) that had been backcrossed to the
C57BL/6 genetic background. As shown in Fig. 3C, the
CD8ca™™B,M2" and CD8a™ B,"#" subsets (R1 and R2 in the LP,
respectively) represented subsets of the MLN-DCs of wild-type
mice (15.7 and 10.7% of the total CD11c™&® DCs, respectively),
but these subsets were significantly less prominent (5.2 and 8.9%)
in the MLNs of plt/plt mice, which lack CCL21-Ser, but express
CCL21-Leu, in their lymphatics, and were almost totally absent
(1.3 and 2.7%) in the MLNs of CCR7-deficient mice. These results
strongly suggest that both the R1 and R2 LP-DC subsets migrate
to the MLNs in a CCR7-dependent manner under steady-state con-
ditions. Consistent with this, both these LP-DC subsets were
present in the intestine of CCR7-deficient mice (M. H. Jang and N.
Sougawa, unpublished observation).

We also found that the majority of MLN-DCs were CCR7%, as
evidenced by their binding of a CCL19 fusion protein (Fig. 2B),
and like the unique DCs documented in rat intestinal lymph by
Huang et al. (15), MLN-DCs contained much debris in the cyto-
plasm (Fig. 4A). The pieces of debris were TUNEL positive, that
is, they showed apoptosis-induced DNA fragmentation (Fig. 4B).
In addition, a considerable proportion of these cells contained
granules that were positive for alkaline phosphatase (Fig. 40),
which is expressed in epithelial cells, but not DCs. In contrast, the
MLN-DCs themselves showed little phagocytic activity, as de-
scribed below. These results are compatible with the idea that the
CCR7* MLN-DCs were derived from the LP in a CCR7-depen-
dent manner, after having ingested apoptotic IECs in the LP.

LP-DCs efficiently endocytose apoptotic epithelial cells

Because JIECs undergo apoptosis extensively in situ, and because
the DCs containing apoptotic epithelial cells are found in mesen-
teric lymph (15), we examined whether LP-DCs are unique in their
ability to take up apoptotic IECs by observing isolated LP-DCs by
transmission electron microscopy. As shown in Fig. 4D, the cyto-
plasm of the R1 cells contained numerous inclusions of 1-1.5 pm
in diameter with membranous materials inside them, suggesting
that these cells have a high phagocytic activity for apoptotic cells.
The cytoplasm of the R2 subset contained fewer, but nonetheless
distinct, phagocytic vesicles, a conspicuous Golgi network, well-
developed rough endoplasmic reticulum, and numerous round mi-
tochondria, suggesting that R2 is less phagocytic, but more active
in protein synthesis and secretion, than R1. Both subsets showed a
few finger-like protrusions from the cell body, with the protrusions
from R2 cells being finer than those from R1 cells. These obser-
vations indicate that LP-DCs are highly active in the metabolism
and phagocytosis of apoptotic cells.

Consistent with the above findings, in vitro analysis showed that
both LP-DC subsets were highly phagocytic, efficiently and vig-
orously taking up CFSE-labeled apoptotic IECs (Fig. 4E), with the
R1 subset taking up these cells more avidly than the R2 subset, as
evidenced by conspicuous IEC-associated fluorescence staining in
the cytoplasm (Fig. 4F). PP-DCs were heterogeneous in. their
phagocytic activity, with the CD11b™ fraction of the population
taking up apoptotic cells efficiently, and the CD11b™ population
showing less activity. In contrast, the MLN-DCs had little phago-
cytic activity regardiess of their CD11b expression, and CD11b™
SP-DCs showed intermediate levels of phagocytosis.
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FIGURE 4. LP-DC subsets efficiently endocytose apoptotic IECs. A-C,
The cytoplasm of MLN-DCs bearing the unique LP-DC phenotype con-
tains cellular debris and fragmented DNA. A, FACS-sorted
CD11M"CD8 o™ o '*¥B,7"8" MLN-DC stained with May-Grunwald-
Giemsa shows abundant cellular debris in the cytoplasm. B, Two
CD11c"e"CD8 o™ o, VB, " MLN-DCs show TUNEL-positive inclu-
sions. C, A CD11c"#"CD8a™™ o %3, MLN-DC shows alkaline phos-
phatase-positive inclusions in the cytoplasm. D, Representative transmis-
sion electron microscopic views of cells from the LP-DC R1 (upper) and
R2 (lower) subsets. All bars = | um. E, Enriched DCs were cocultured
with CFSE-labeled apoptotic IECs for 4 h. The DCs were then collected
and stained for CD1lc and CD11b and analyzed by flow cytometry. The
numbers in the histograms indicate the MFI. F, Confocal microscopic im-
ages showing the uptake of CFSE-labeled apoptotic IECs by LP-DCs.

LP-DCs presenting IEC-associated Ag induce the differentiation
of IL-10- and IL-4-producing CD4™ T cells

We next investigated whether LP-DCs could present Ag associated
with apoptotic cells to T cells. For this purpose, freshly isolated

CCR7 AND LAMINA PROPRIA DC TRAFFICKING

IECs from the small intestine were intracellularly loaded with
OVA by osmotic shock and then allowed to undergo apopiosis
spontaneously. Subsequently, the OVA-loaded apoptotic IECs
were cocultured with DCs for 4 h, and the Ag-pulsed DC subsets
were subjected to cell sorting. The purified DCs were then cocul-
tured with DO11.10 T cells for 6 days, and T cell proliferation was
measured by CFSE dilution. As shown in Fig. 54, both the LP-DC
subsets induced vigorous T cell proliferation, whereas a subset of
SP-DCs, CD11b™ SP-DCs, which displayed moderate phagocytic
activity, induced slightly less T cell proliferation than the LP-DCs.
The CD11b™ SP-DCs, which had much less phagocytic activity
than the LP-DCs, induced only weak proliferation. These results
show that LP-DCs can take up apoptotic cells and present cell-
associated Ags to T cells more potently than splenic DCs.
Mucosal DCs from the PPs and lungs tend to induce Th2 re-
sponses in T cell priming assays (3, 32). We therefore addressed
whether LP-DCs also show this tendency by examining the cyto-
kine secretion of OVA TCR-transgenic CD4" T cells primed by
LP-DCs that had been exposed to OV A-loaded apoptotic IECs. As
shown in Fig. 5B, T cells primed by LP-DCs expressed signifi-
cantly higher levels of IL-4 and IL-10 than did SP-DC-primed T
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FIGURE 5. LP-DC subsets present IEC-associated Ags. A, LP-DC sub-

sets induced. cell-associated, Ag-specific T cell proliferation. Freshly iso-
lated IECs were intracellularly loaded with OVA by osmotic shock, then
allowed to undergo apoptosis spontaneously. LP-DCs were cocultured with
the apoptotic IECs for 4 h, and the DCs were sorted using a FACSVantage
SE. Subsequently, purified DCs bearing the OVA-containing IECs were
cultured with naive DO11.10 T cells for 6 days. B, The LP-DCs primed
DO11.10 T cells to produce IL-4 and IL-10. DCs bearing OVA-containing
IECs were then cultured with DO11.10 T cells for 14 days (two rounds of
stimulation with a 7-day interval). For intracellular cytokine staining, the T
cells were restimulated with the anti-CD3e mAb for 6 h in the presence of
monensin. The data are representative of three independent experiments.
Numbers within a quadrant indicate the percentage of cytokine-producing
cells.
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cells. The production of IFN-+y was comparable among the T cells
primed with the different DCs. These results indicate that LP-DCs
have a propensity to induce IL-4- and IL-10-producing T cells
when exposed to Ag associated with apoptotic 1ECs.

Discussion

In this study we showed that there are at least two LP-DC subsets
in the intestinal LP of unperturbed mice, and they both require
CCR7 for their constitutive migration to MLNs. As speculated
previously (15), LP-DCs can, in fact, present Ag associated with
apoptotic IECs to naive CD4™ T cells to induce the differentiation
of IL-4- and IL-10-producing T cells. These observations indicate
that LP-DCs with unique immunomodulatory activities migrate (o
MLNs in a CCR7-dependent manner to engage in the presentation
of 1EC-associated Ags from apoptotic IECs that were phagocy-
tosed locally; this may help explain how a noninflammatory im-
mune response can be maintained in MLNs under steady-state
conditions.

Although it is generally accepted that DC migration is largely
under the control of chemokines and chemokine receptors, studies
of the molecules responsible for the migration of LP-DCs to MLNs
in the steady state are lacking. The almost complete absence of
DCs bearing the LP-DC phenotype (CD11cP2*CD8a™3,M#" and
CD11cMe"CD8a ™ B,™8") in the MLNs of CCR7-deficient mice
and their marked reduction in the MLNs of plt/pit mice, as shown
in this study, provide strong evidence that CCR?7 is critically im-
portant for LP-DC migration to the MLNs. Our unpublished ob-
servation that LP-DCs were found in the intestines of CCR7-de-
ficient mice also supports this hypothesis. The ligands for CCR7
are CCL19 and CCL21. The plt/pit mouse strain congenitally lacks
the expression of CCL19 and CCL21-Ser, but does express another
CCL21 gene product, CCL21-Leun, in lymphatic endothelial cells
(20). Thus, our data point to a critical role for CCR7-mediated
signaling at the step of DC entry into the intestinal lympbhatics,
although additional investigation is required to pinpoint the site(s)
of action of CCR7-mediated signaling. A pivotal role for CCR7 in
the migration of skin DCs to afferent dermal lymphatics has been
indicated in a report by Obl et al. (23).

CCR7-mediated signaling may also play a role in the maturation
and survival of LP-DCs transported to the MLNs, because CCR7
has been shown to induce antiapoptotic signaling (33) and terminal
activation (34) in DCs. Although this issue could, in theory, be
investigated by comparing the fate of CCR7-deficient vs wild-type
LP-DCs within MLNs upon their injection into the intestinal lym-
phatics, a technical difficulty involved in applying this procedure
to the mouse has prevented us from performing such experiments.

It is of note that although LP-DCs appeared to be relatively
immature, showing a CD80"“CD86™MHC class II'**¥CD40">
phenotype, they expressed CCR7 and functionally responded av-
idly to CCL21 like mature DCs (19, 35). Given that immature
DCs, albeit CCR7 negative initially, up-regulate their CCR7 ex-
pression upon ingestion of opsonized apoptotic cells (36), it is
tempting to speculate that LP-DCs acquire CCR7 expression
through the ingestion of apoptotic IECs in situ.

In contrast to the LP-derived DCs, the number of PP-derived
DCs (CD8a™2"B,™ and CD8«™ 8,"°™) was not lower in the MLNs
of plt/plt and CCR7-deficient mice (Fig. 4), indicating that PP-DCs
do not depend on CCR7 signaling for migration to the MLNs.
Previous studies showed that different PP-DC subsets differentially
express multiple chemokine receptors, including CCR1, CCR2,
CCR35, CCR7, CCRY, and CCR10, with all the subsets expressing
functional CCR7 (4, 37). Although PP-DCs may use CCR7-me-
diated signaling for their localization within PP microdomains, as
suggested previously (4), our study indicates that PP-DCs depend
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on non-CCR7 ligand chemokine(s) for their steady-state migration
to MLNs.

Although recent studies of murine LP-DCs have identified sev-
eral distinct subsets, ie., CDI11c*CD8a"CD11b* (14, 38),
CD11c*CD8a”"CD11b™ (11, 14), CDI11c*CD8a™CDIIb™,
CD11c™CD8a"CD11b*B220* (14), and CD11c~CD11b~ (30),
our data presented in this paper clearly showed that, among
these groups, the major contributors are from two popula-
tions, i.e., CD11c™E"CD8a™CD11b"% g, '°VB, " (R1) and
CD11cME"CDRa~ CD11b"ehg, low g, Bigh (R2), in unperturbed
mice. We also observed CD11¢™CD11b™8" cells to be abundant
in the LP, but we did not include them in our current analysis,
because they appeared to be different from conventional DCs, with
numerous cytoplasmic eosinophilic granules. There were also low
numbers of DC-like cells in our LP cell population, but they con-
stituted only a very small proportion of the cells compared with R1
and R2, and thus they were not analyzed in the current study.

The recently reported CD11¢*CD8« CD11b™ LP-DCs consti-
tutively expressing the IL-12 p40 promoter (11) and APCs with the
CD11c™CDI11b™ phenotype that constitutively express CD70 (30)
may have been among the cell populations we did not study. In
addition, a recent study identified CX3CR1* LP-DCs that form
dendrites through the IECs of the terminal lleum to sample bacteria
in the lumen directly (10). Because these CX3CR1* LP-DCs are
CD11c™E"CD11b™E" they resemble the R2 subset of our analysis.
However, our preliminary observation indicates that hardly any
cells in the R2 subset were reactive with an anti-CX;CR1 mAb
(M. H. Jang and N. Sougawa, unpublished observation).

Previous reports by Huang et al. (15) using mesenteric lymph-
adenectomized rats showed a DC subset in the intestinal lymph
that constitutively transports apoptotic IECs to the T cell areas in
MLNs. Our study demonstrated that although MLN-DCs with the
LP-DC phenotype are poorly phagocytic, there is irrefutable evi-
dence of previous phagocytosis, inasmuch as they contain much
intracytoplasmic cellular debris, and both CD8¢'™ and CD8a™
LP-DC subsets can ingest apoptotic JECs vigorously and present
IEC-associated Ag to CD4* T cells in vitro. These results strongly
indicate that MLN-DCs containing considerable cellular debris
correspond to the cells identified in the intestinal lymph by Huang
et al. (15), and that the site of apoptotic cell acquisition by these
cells is the LP.

Our observation that LP-DCs could polarize CD4™ T cell dif-
ferentiation to favor IL-4- and IL-10-producing T cells subsequent
to coculture with Ag-loaded apoptotic YECs parallels the observa-
tion by Iwasaki and Kelsall (3) that PP-DCs generate T cells that
produce high levels of IL-4 and 1L-10 and less IFN-v, as well as
the observation by Alpan et al. (39) that Ag-loaded DCs present in
MLNSs can induce T cells to produce IL-4 and IL-10. Thus, certain
intestinal DCs, including the LP-DCs, may have a tendency to
induce Th2, rather than Thl, cells, which may be, at least in part,
related to their localization to a specific microenvironment. Be-
cause phagocytosis of apoptotic cells has been reported to result in
an anti-inflammatory state via transcriptional suppression of 1L-12
(40), DCs that are closely colocalized with IECs in the LP may
become locally imprinted not to induce Th1 cells upon ingestion of
apoptotic IECs. In addition, conditioned medium of IECs have
been shown to induce DCs to release 1L-6 and to prime Th2 re-
sponses (41). Thus, the local microenvironment appears to confer
on DCs a propensity to induce Th2 cells.

Collectively, these data provide strong evidence that CCR7 is
critical for the recruitment of LP-DCs into the MLNs under steady-
state conditions. Because these LP-DCs phagocytose apoptotic
IECs and present JEC-associated Ag to induce IL-4- and 1L-10-
producing CD4™" T cells, they are likely to be involved in the
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immunomodulation of T cells within the MLNs. Thus, our study
strengthens the idea that CCR7 is involved in the maintenance of
peripheral tolerance (23) and points to a role for CCR7 in the
recruitment of immunomodulatory DCs to the MLNs.
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CD37CD4"CD45™ inducer cells are required for the

initiation of mucosa-associated organogenesis of both
nasopharynx-associated lymp/)oid tissues (NALT) and
Peyer’s patches (PP) in the aerodzgestwe tract,

CXCL13™"~ mice and mice carrying the paucity
of lymp/) node T cell (plt) mutation and lacking
expression of CCL19 and CCL21 accumulate
CD3~CD4* CD45™ cells at the site of NALT but not
of PP genesis. Alt/)ougb NALT was observed to develop
in adult CXCL13™"~ and plt/plt mice, the formation
of germinal centers in CXCL13™'~ mice was zzﬁ%cted

and their population of B cells was much lower than in
the NALT of CXCL13™'~ mice. Szmzlarl_y, fewer T
cells were observed in the NALT of plt/ plt mice than in
controlmice. These findings indicate that the initiation
of NALT organogenesis is independent of CXCLI13,

CCL19, and CCL21. However, the expression of these
lymphoid chemokines is essential for the maturation of
NALT microarchitecture. The Journal of Immunol-

ogy, 2006, 177: 4276-4280.
N plays a pivotal role in the initiation of Ag-specific im-
mune responses at both systemic and mucosal sites
(1). Thus, NALT acts as an important inductive site for the gen-
eration of Ag-specific IgA-committed B cells (1). In addition,
although NALT possesses a predominance of naive Th0 CD4*
cells, the Ag-specific Th1 and/or Th2 immune responses can be
induced in NALT through intranasal administration of Ags and
mucosal adjuvants (e.g., cholera toxin) (1). Thus, NALT is

asopharynx-associated lymphoid tissue (NALT)?

thought to be a key secondary lymphoid structure for the upper
respiratory tract.

The lymphotoxin (LT)BR signaling pathway is essenrial for
the organogenesis of secondary lymphoid tissues, including pe-
ripheral lymph nodes (LN) and Peyer’s patches (PP) (2). How-
ever, previous reports by our and other groups (3, 4) have dem-
onstrated that NALT organogenesis, unlike that of other
secondary lymphoid tissues, can occur independently of the
LTBR signaling pathway. Inducer cells with phenotypes of
CD37, CD4™, and CD45™ are required for the initiation of
the organogenesis of NALT, PP, and LN (1-3). Lymphoid che-
mokines, including CXCL13, CCL19, and CCL21, have been
shown to be important for the recruitment of
CD3 CD47CD457 cells to the PP anlagen (5, 6). Not sur-
prisingly then, CXCR5 ™/~ mice and CXCL13 ™/~ mice lack
PP and several types of LN such as inguinal and iliac LN (7).
Although PP and LN are developed in mice carrying the paucity
of LN T cell (p/) mutation, which are known not to produce
CCR?7 ligands, CCL19 and CCL21, a study using double mu-
tants of CXCL13™/~ and pl#/plt mice revealed thac CCL19,
CCL21, and CXCL13 were cooperatively involved in the de-
velopment of secondary lymphoid organs (7). However, little is
known about the involvement of these lymphoid chemokines
for the recruitment of CD37CD47CD45" cells to sites of
NALT development.

To better understand the varying roles of lymphoid chemo-
kines in the development of NALT and the maintenance of its
architecture, we investigated the unique characteristics of
NALT development using CXCL13 ™'~ mice and pl#/pl mice.
Our resules provide the first evidence that the initiation of
NALT organogenesis is independent of lymphoid chemokines,
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including CXCL13, CCL19, and CCL21. Lymphoid chemo-
kines have been shown to play an important role in the maru-
ration of the microarchitecture of secondary lymphoid organs
(8, 9), and our current findings show that these same chemo-
kines are essential for NALT microarchitecture formation as
well.

Materials and Methods
Mice

BALB/c and C57BL/6 mice were purchased from Japan SLC. The procedure
for generating CXCL13 ™'~ mice on a C57BL/6 background was reported pre-
viously (10). Plt/plt mice with a BALB/c background were provided from Drs.
H. Nakano and T. Kakiuchi (Department of Immunology, Toho University
School of Medicine, Tokyo, Japan) (11). CXCL13 - " plt/plr mice were gener-
ated by intercrossing CXCLI3™/~ mice with plt/p/t mice. PCR primers
D4Mit237 (sense, 5'-TTCAAACTCATGAGTCTATGGGG-3'; antisense,
5'-ATATACACGTAGACTCGCACGC-3') were used to determine the ge-
nome type of plt/plt and ple/+ or +/+ (11).

Cell analysis and isolation by flow cytomerry

Cells were isolated from the nasal tissues and intestines and then stained with
the appropriate fluorescence-conjugated anti-CD3¢ (145-2C11; BD Pharmin-
gen), anti-CD45 (30-F11; BD Pharmingen), anti-CD4 (L3T4; BD Pharmin-
gen), anti-B220 (RA3-6B2; BD Pharmingen), anti-CD11c¢ (HL3; BD Pharm-
ingen), anti-CXCR5 (2G8; BD Pharmingen), and/or anti-CCR7 (4B12;
eBioscience) (3). Cells were then analyzed using a FACSCalibur flow cytometer
(BD Biosciences), and data analysis was performed with CellQuest software
(BD Biosciences). For the purification of CD3~CD4*CD45™ cells from in-
fant nasal tissues (10-day-old) and embryonic intestines (17-day-old embryos
(E17)), we used an AutoMACS (Miltenyi Biotec) combined with a FACSAria
cell sorter (BD Biosciences), as described previously (3).

Lsolation of NALT anlagen for RT-PCR

Following the manufacturer’s recommendations, we obtained RNA from
NALT anlagen by using the laser microdissection (LMD) system (Leica Micro-
systems). Unfixed nasal tissues isolated from newborn, 7-day-old, 14-day-old,
and 6-wk-old mice were frozen in liquid nitrogen. Samples were sectioned into
8-uum thicknesses and immediately fixed in 75% ethanol/diethylpyrocarbon-
ate-treated water for 30 s. Sections were counterstained with toluidine blue
(Wako Pure Chemical) for 30 s. After the dehydration with ethanol and xylene,
the sections were dissected with a LMD system (Leica Microsystems). The site
of NALT formarion was captured from each tissue and lysed in TRIzol (In-
vitrogen Life Technologies) for quantitative RT-PCR using the LightCycler
system (Roche Diagnostics) (12).

Primers and hybrid probes for real-time RT-PCR

The primers and hybrid probes used for PCR were as follows: the oligonucle-
otide primers specific for CXCR5 (sense, 5-TTCTCCACCCAATGTACC-
3’; antisense, 5-AACCTCTGTCGTCATTCTC-3"), CXCR5 detection
FITC-labeled probe (5'-ATTCTACGCACCAATGGGGAAGGAAGC
CAACT-3"), and LightCycler Red 640-labeled hybrid probe (5'-GCCTGGG
GAAAGCAAGATAGCAAAGTGGTCCTA-3'); the oligonucleotide primers
specific for CCR7 (sense, 5-ATGCTGGCTATGAGTTTC-3"; antisense, 5'-
GCTGCTATTGGTGATGTT-3"), CCR7 detection FITC-labeled probe
(5"-ATGATCACCTTGATGGCCTTGTTCCGCTCAAAG-3'), and Light-
Cycler Red 640-labeled hybrid probe (5'-TGCGTGCCTGGAGCAAGG
TACGGATGATAATGA-3"); the oligonucleotide primers specific for
CXCL13 (sense, 5'-GAACAGGCATTTAGTGACAAC-3’; antisense, 5'-
TTTTGGAAGCCTGCGTTTT-3"), CXCL13 detection FITC-labeled
probe (5'-AATGTGAACTTGTAGCTCGTACTAACAAGAGG-3"), and
LightCycler Red 640-labeled hybrid probe (5'-TTGCGAGATGGACT
TCAGTTATTTTGCACC-3"); the oligonucleotide primers specific for
CCL19 (sense, 5'-GCCAAGAACAAAGGCAACA-3', antsense, 5'-CA
CACTCACATCGACTCTCTA-3"), CCL19 detection FITC-labeled probe
(5'-TGGCCCAGGAAACCAAGGACCA-3"), and LightCycler Red 640-la-
beled hybrid probe (5-AAGAGAGGACCAGGCCTCCT-3'); the oligonu-
cleotide primers specific for CCL21a (sense, 5'-ACAGACACAGCCCTCAA-
3'; antisense, 5'-CATGAGGTGGCTGCTTT-3'), CCL21a detection FITC-
labeled  probe (5’-CCAGGAGATCCCCCACGAACTTC-3"), and
LightCycler Red 640-labeled hybrid probe (5'-AGCTGGGTGGT
TCACGGT-3'); and the oligonucleotide primers specific for GAPDH (sense,
5'-TGAACGGGAAGCTCACTGG-3"; antisense, 5'-TCCACCACCCT
GTTGCTGTA-3"), GAPDH detection FITC-labeled probe (5'-CTGAG
GACCAGGTTGTCTCCTGCGA-3"), and LightCycler Red 640-labeled hy-
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brid probe (5'-TTCAACAGCAACTCCCACTCTTCCACC-3"). They were
designed and produced by Nihon Gene Research Laboratories.

Immunobistochemistry

For confocal microscopic analysis, the nasal tissues and intestines were fixed in
4% paraformaldehyde for the preparation of cryostatsections (5 um) (3). These
tissues were then stained with appropriare fluorescence-conjugared mAb as de-
scribed above. To assess the formation of the germinal center and follicular den-
dritic cell (FDC) network in NALT, the previously described nasal immuniza-
tion protocol was used (3). NALT sections were incubated with biotinylated
peanut agglutinin (PNA) (Vector Laboratories) and then stained with FITC-
streptavidin (BD Pharmingen). To detect the FDC network, the serial sections
were stained with anti-FDC-M1 (BD Pharmingen) and then visualized with
FITC-conjugated anti-rat IgG (BD Pharmingen). Histological analysis was

performed using a confocal microscope (Leica Microsystems).

Results and Discussion
Lymphoid chemokine family-independent accumulation of

CD3~CD47CD45™ cells at the NALT anlagen

The lymphoid chemokines CXCL13, CCL19, and CCL21 were
shown to be involved in the migration of CD3~CD4"CD45"
inducer cells into the PP anlagen (5, 6). Our previous study
showed that CD3~CD4" CD45" inducer cells accumulated at
the site of NALT development in mice aged between 7 and 10
days (3). When these lymphoid chemokine-deficient mice were
examined, we detected a cluster of the inducer cells at the site of
NALT formation in the infant nasal cavity of 10-day-old
CXCL13 ™'~ mice, plt/plt mice, and CXCL13 ™'~ plt/plr mice in
addition to 10-day-old C57BL/6 and BALB/c mice (Fig. 14).
The size of the CD3~CD4™" inducer cell cluster in the NALT
anlagen of CXCL13 ™/~ infant mice and p/#/plt infant mice was
similar to that observed in control C57BL/6 and BALB/c mice,
respectively. When single—cell preparations from nasal tissues of
10-day-old CXCL13 ™'~ mice, 10-day-old p/t/pit mice, and 10-
day-old CXCL13™/“plt/plr infant mice were examined,
CD37CD4*CD45™" cells were also found (Fig. 24). The num-
ber of CD3 CD4YCD45™ cells isolated from nasal tissues of
CXCL13™'™ mice, plt/plt mice, and CXCL13™/~ pltipls mice
did not differ significantly from that of controls (Fig. 2B). As
one might expect based on the previous study (6), several cel-
lular clusters of CD3~CD4 " inducer cells were observed in the
intestine of 17-day-old embryos (E17) of C57BL/6 and
BALB/c mice (Fig. 1B). In contrast, we could not detect any
signs of an accumulation of CD3~CD4™ inducer cells in intes-
tines isolated from E17 CXCL13 ™'~ miceand CXCL13 ™/~ pleiple
mice (Fig, 1B). These results confirm those of a previous study
(6) and indicate that the degree to which the initiation of tissue
genesis depends on lymphoid chemokines can be used to dis-
tinguish NALT inducer cells (NALT?1) (independent) from PP
inducer cells (PP1) (dependent). Thus, CXCL13 is indispens-
able for the accumulation of CD3~CD4 " CD45™ PPi but not
of NALT1 in the respective tissue anlagen.

Unexpectedly, the accumulation of inducer cells was also ob-
served in the mesentery of E17 CXCL13™'~ mice and
CXCLI?)”/—pltép/t mice, indicating that CXCL13 is not essential
for the formation of mesenteric LN (MLN), the other member of
GALT (Fig. 10). Furthermore, the development of MLN was
conserved in CXCR5 ™'~ mice and CXCR5~/"CCR7 ™" mice
(7). Even among GALT, then, the migration of CD3~CD4" cells
into the specific tissue anlagen (e.g., PP and MLN) shows a variable
dependence on CXCL13. Surprisingly, FACS analysis revealed
that CD37CD4+CD457 cells were observed in mononuclear
cells isolated from E17 intestines of CXCL13 ™™ mice, plthple
mice, and CXCL13 '~ pl/plt mice (Fig. 2A). The number and the
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A

FIGURE 1. Histological analysis of
infant nasal tissues and fetal intestines
in lymphoid chemokine-null mice. 4,
Nasal tissues were isolated from 10-
day-old C57BL/6, CXCL13™'7,
BALB/c, plifplt, and CXCL13™ "plt/
plt mice. B, Fetal intestine was isolated
from E17 of C57BL/G, CXCL13™/~,
BALB/c, plifplt, and CXCLI3™/"plt/
plr mice. C, Mesenteries were isolated
from E17 C57BL/6, CXCL13™',
BALB/c, plt/plr, and CXCL13™ "plt/
plr mice. Frozen sections were incu-
bated with anti-mouse CD3e-FITC
(green) and anti-mouse CD4-PE (red).
Arrowheads in A and arrows in B indi-
cate the accumulation of CD37CD4™
cells at the anlagen of NALT and PP,
respectively. Scale of bars, 100 um.

C57BL /G

frequency of CD37CD47CD45™ cells in CXCL13™"™ and
pltlplr embryonic intestines did not differ significantly from those
observed in control mice (Fig. 2). These results indicate that the
migration of CD37CD47CD45™ cells into embryonic intestine
does not depend on lymphoid chemokines; however, CXCL13 is
essential for directing the inducer cells at the site of PP anlagen.
These data demonstrate that CD3~CD4"CD45™ NALTi
can migrate to the site of NALT formation without lymphoid
chemokines such as CXCL13, CCL19, and CCL21, which are
known to be associated with the other lymphoid tissue genesis
programs. Furthermore, the size of the CD3 CD4*CD45™
cell cluster and the number of CD3~CD4*CD45 ™ cells in in-
fant nasal tissues did not change in lymphoid chemokine-defi-
cient mice. Thus, the PP genesis-associated lymphoid chemo-
kines may not have any involvement in the formation of the
NALT anlagen operated by the NALT1. If that is the case, then
our efforts should be focused on identifying the molecules that
are at work in the migration of NALTi to the NALT anlagen.

The expression of chemokine receptors by NALT:

Inasmuch as the chemokine receptor family of CXCR5 and
CCR7 has been shown to play a key role in the migration of PPi
to the tissue genesis site (5), it was logical to next examine the
use of the chemokines by NALTi. We first performed quanti-
tative RT-PCR to examine the levels of CXCR5 and CCR7 ex-
pression by NALTi and PPi. For both chemokine receptors,
levels expressed by NALTi were significantly lower than those
expressed by PPi (Fig. 34). Thus, CXCR5 and CCR7 expres-
sion by NALTi fell to levels that were barely detectable. The
finding was further confirmed by FACS analysis, where PPi ex-
pressed CXCR5 and CCR?7, especially the CD4Me" fraction
(Fig. 3B). However, NALT] expressed neither CXCR5 nor
CCRY7 (Fig. 3B).

The interaction of CXCRS/CXCL13 essentially promotes
chemotactic activity for the clustering of PPi in the embryonic
intestine (5). Furthermore, together with IL-7Ra signaling,
CXCRS5 is involved in the induction of LT a1 B2 expression on
PPi (7). In addition, CXCRS3 signaling mediates the activation
of B, integrin expressed on PPi for the interaction of VCAM-
1TICAM-1" stromal cells at the PP anlagen (6). Although the

CXCL13+

CXCL13+pit/pit

pitplt

multipotent function of CXCRS5 expressed by PPi is required to
initiate the development of PP, NALTi did not express
CXCRS5. Therefore, NALTi is thought to mediate the initiation
of NALT organogenesis without a CXCR5/CXCL13-mediated
signal. Furthermore, CCR7 expressed on CD3 CD4*CD45*
cells are cooperatively involved in the organogenesis of PP and
other LN (5, 7). Given that neither CCR7 nor CXCRS5 is ex-
pressed on NALTi (Fig. 3, A and B), it is likely that the initial
step of NALT organogenesis is completely independent of the
lymphoid chemokine signaling mediated by the corresponding
receptors of CXCR5 and CCR7.

Uniqueness in the production of lymphoid chemokines by NALT

To further support our findings using immunohistological
analysis of the lymphoid tissue genesis in lymphoid chemokine-
deficient mice, CXCL13-specific mRNA was rarely produced
at the site of NALT formation of pewborn and 7-day-old
BALB/c and C57BL/6 mice (Fig. 3C). Likewise, the produc-
tion of CCL19-specific mRNA at NALT anlagen was nil or ex-
tremely low in newborn mice. In contrast, we detected consti-
tutive mRNA expression of CCL21 at the site of NALT
development in mice newly born up to mice aged 6 wk (Fig.
30). High levels of mRNA expression for CXCL13, CCL19,
and CCL21 were also detected in the NALT of 6-wk-old mice
(Fig. 3C). As NALT developed, the expression of lymphoid
chemokines, including CXCL13 and CCL19, gradually
increased.

CXCL13 and CCL19 have been shown to be produced by
VCAM-1"ICAM-17 stromal cells in the anlagen of PP (5).
LTPBR signaling through the alternative NF-«B pathway by the
interaction of stromal cells and PPi is thought to induce
CXCL13, CCL19, and CCL21 expression (2). In the case of
NALT, neither CXCL13 nor CCL19 was expressed at birth,
but the expression of both gradually increased as NALT ma-
tured. Thus, it is interesting to postulate that the initial trigger-
ing of CXCL13 and CCL19 production is induced by the clus-
ter of NALTi accumulated at the NALT anlagen in the neonatal
stage, with lymphoid cells gradually raking over the expression
of these two chemokines.
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FIGURE 2. Analysis of inducer cells of lymphoid chemokine-null mice.
Mononuclear cells were isolated from nasal tissues of 10-day-old mice and in-
testines of E17 mice. 4, FACS analysis was performed to detect
CD3~CD47CD45" cells in C57BL/6, CXCL13™'~, BALB/c, pltiplr, and
CXCL13 ™/~ plt/plt mice. Results are representative of three independent exper-
iments. B, The number of CD37CD4*CD45™ cells in day 10 (D10) nasal
tissues (NALT1) and E17 intestines (PPi) in C57BL/6, CXCL13~'7, BALB/c,
and pit/plr mice. No significant differences were noted between lymphoid che-
mokine-null (CXCL13™'~ and plt/p/t mice) and control (C57BL/6 and
BALB/c) mice. Significance was evaluated by an unpaired ¢ test.

CCL21 is produced by stromal cells in the T cell area, endo-
thelial cells of high endothelial venules, and lymphatic vessels
(7). Therefore, since the level of CCL21 expression is high at
birth and remains high during the maturation stage related to
the other two chemokines, stromal cells and endothelial cells in
NALT, including anlagen and adult stages, scem to be a key
source for the production of CCL21.

Microarchitecture of NALT in the lymphoid chemokine-null mice

Thus far, our data have demonstrated that the lymphoid che-
mokines CXCL13, CCL19, and CCL21 are not involved in the
induction of NALT organogenesis. The role of lymphoid che-
mokines for the maintenance of mature NALT in adult mice
should be investigated next. The total number of mononuclear
cells in NALT of young adult CXCL13™'" mice and pli/plt
mice was always lower than in normal mice (Fig. 44). Of the
various lymphoid cell subsets, the population of B220" B cell
saw the greatest decrease, followed by CD3 * cellsand CD11c™
cells in the NALT of CXCL13™/~ mice (Fig. 44). Further-
more, we sought to determine whether the migration of Bl and
B2 cells into NALT might be altered in CXCL13 ~’~ micesince
the most obvious alteration was associated with the B cell sub-
set. The level of CXCRS expression by B1 cells in NALT was
similar to that by B2 cells (our unpublished data). Although it
has been established that a major subset of NALT B cells belong
to B2 cells (13), both Bl and B2 cells were reduced in the
NALT of CXCL13™'~ mice (our unpublished data). These
data indicate that CXCL13 is required for the migration of both
B1 and B2 cells into NALT. Using confocal microscopic anal-
ysis, we further showed that the microarchitecture of the B cell
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FIGURE 3. Analysis of the expressions of lymphoid chemokines and their
corresponding receptors by NALTi and PPi and NALT anlagen. 4,
CD3~CD4*CD45 ™ cells were sorted from mononuclear cells of day 10 (D10)
nasal tissues (NALTI) and of E17 intestines (PPi) by FACSAria. Quantitative
analysis of CXCRS and CCL7 mRNA expression was performed using Light-
Cycler. The expression of each chemokine receptor was normalized to the ex-
pression of GAPDH. RNA was extracted from three individual experiments per
group. Significance was evaluated by an unpaired # test. %, p < 0.05. B, CXCR5
and CCRY expression of CD37CD4" cells of D10 nasal tissues and E17 in-
testines were analyzed using FACSCalibur. C, Chronological analysis of lym-
phoid chemokine expression in NALT was performed using NALT anlagen of
newborn (NB), 7-day-old (D7), and 14-day-old (D14) mice, NALT, and
spleen of 6-wk-old (6W) C57BL/6 and BALB/c mice, which were isolated by a
LMD system. Quantirarive analysis of mRNA expression of lymphoid chemo-
kines (CXCL13, CCL19, and CCL21) was performed using LightCycler. *,
2 < 0.05 compared with 6 wk via an unpaired test (7 = 3 on each time point).

area was destroyed in CXCL13 ™'~ mice, leaving the NALT ex-
tensively occupied by T cells (Fig. 45B). The formation of a ger-
minal center and FDC network was thus disrupted in the
NALT of CXCL13™'~ mice (Fig. 4B). In contrast, the T cell
area was not observed in the NALT of plt/plt mice (Fig. 4B).
The formation of the germinal center and the FDC network
was intact in the NALT of plt/pit mice (Fig. 4B). These findings
suggest that CXCL13 is involved in the recruitment of lympho-
cytes into NALT instead of the initiation of NALT tissue gen-
esis. Furthermore, it was previously suggested thar CXCL13
contributed to the subsequent microarchitecture formation of
the B cell zone in NALT (9). However, it should be noted that
B cell themselves are also capable of regulating the microarchi-
tecture formation via the use of LT family-mediated signals (8).
LTl B2-expressing B cells themselves promote the formation
of follicles in secondary lymphoid organs (8). Therefore, B cell
migration into NALT may also affect the disorganized follicles
in the NALT of CXCL13™’" mice. In contrast, CCL19 and
CCL21 preferentially promoted T cell migration into NALT



4280

A i
Totai CD3+ 220*?01?(:**‘ CD3+{%)B220"(%)
< 3 W

150 r L-aH | * i A

[JexcLis+-
BcxeLis+

CIBALB/c |
W prpit

1643

126

20
E

—
43 .
Dy
5 ¢ >
et 206
P f VLA
<

CD3e-FITC
/B220-PE

PNA-FITC

FDC-FITC B

CXCL13+¥ CXCL13+ BALB/c

FIGURE 4. Microarchitecture of NALT in adult CXCL13 ™'~ and plt/plr
mice. A, Mononuclear cells isolated from the NALT of CXCL13%/~,
CXCL13™'~, BALB/c, and plt/plt mice were analyzed using FACSCalibur.
Data were obtained from three individual experiments. Significance was eval-
vated by an unpaired ¢ test. * p < 0.05. B, NALT was obuined from
CXCL13%/~, CXCL13~/~, BALB/c, and plt/plt mice nasally immunized with
cholera toxin. Frozen secrions of NALT were incubated with anti-mouse
CD3e-FITC (green) and anti-mouse B220-PE (red) (s0p panels). The forma-
tion of a germinal center was analyzed by PNA-FITC (green) (middle panels).
The network of FDC was stained by anti-FDC-FITC (green) (bottom panels).
Scale of bars, 80 um.

pit/pit

but were not involved in the genesis of tissue or the formation of
microarchitecture like the germinal center and FDC network.

The cytokine signaling via LTBR induces the expression of
CXCL13 by stromal cells in the B cell area for the recruitment
of B cells into the follicular regions and the formation of ger-
minal centers in spleen (7). This evidence provides a logical ex-
planation as to why the microarchitecture of NALT is disorga-
nized in mice lacking LTBR signaling (e.g., LTa™'™ mice,
LTB ™'~ mice, and IxkB kinase™* mice) (3, 4, 14). Our data fur-
ther support the findings by Ying etal. (15), which showed that
the reduced production of CXCL13, CCL19, and CCL21 in
LTa and LTB deficiency resulted in the disorganization of
NALT. Thus, not only do our results confirm the findings that
CXCL13 is involved in the maintenance of the microarchitec-
ture of NALT (9) (Fig. 4), they further show that it is not in-
volved in the initiation of the tissue genesis (Figs. 1-3). The
analysis of plt/plt mice showed that CCL19 and CCL21 pro-
mote T cell migration to NALT. CXCL13 also plays an essen-
tial role in the formation of the germinal center and FDC net-
work, whereas CCL19 and CCL21 are not involved.

Our findings demonstrate that the lymphoid chemokine
family interactions of CXCR5/CXCL13 and CCR7/CCL19
and CCL21 are not essential for the initiation of NALT genesis
associated with the NALTi migration into the NALT anlagen.
However, as our current study demonstrates, these lymphoid

CUTTING EDGE: UNIQUE CHEMOKINE REQUIREMENT FOR NALT ORGANOGENESIS

chemokines do play key roles in the creation and maintenance
of NALT structure in adult mice. The latter finding is in total
agreement with the recent study by Rangel-Monero et al. (9),
which showed CXCL13, CCL19, and CCL21 were required
for the organization of NALT. Our further examinations sug-
gested that the lymphoid chemokine interactions of CXCR5/
CXCL13 and CCR7/CCL19 and CCL21 provide distinct sig-
nals for the initiation of tissue genesis, as well as recruitment of
lymphoid cells and subsequent microarchitecture formation of
different mucosa-associated lymphoid tissues located in the
aero-digestive tract.
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A Second Generation of Double Mutant Cholera Toxin
Adjuvants: Enhanced Immunity without Intracellular
Trafficking’

Yukari Hagiwara,*' Yuki I. Kawamura,’ Kosuke Kataoka,* Bibi Rahima,*
Raymond J. Jackson,* Katsuhiro Komase,” Taeko Dohi,* Prosper N. Boyaka,*
Yoshifumi Takeda,® Hiroshi Kiyono,*7 Jerry R. McGhee,* and Kohtaro Fujihashi?*

Nasal application of native cholera toxin (nCT) as a mucosal adjuvant has potential toxicity for the CNS through binding to GM1
gangliosides in the olfactory nerves. Although mutants of cholera toxin (mCTs) have been developed that show mucosal adjuvant
activity without toxicity, it still remains unclear whether these mCTs will induce CNS damage. To help overcome these concerns,
in this study we created new double mutant CTs (dmCTs) that have two amino acid substitutions in the ADP-ribosyltransferase
active center (E112K) and COOH-terminal KDEL (E112K/KDEV or E112K/KDGL). Confocal microscopic analysis showed that
intracellular localization of dmCTs differed from that of mCTs and nCTs in intestinal epithelial T84 cells. Furthermore, both
dmCTs exhibited very low toxicity in the Y1 cell assay and mouse ileal loop tests. When mucosal adjuvanticity was examined, both
dmCTs induced enhanced OV A-specific immune responses in both mucosal and systemic lymphoid tissues. Interestingly, although
both dmCT E112K/KDEV and dmCT E112K/KDGL showed high Th2-type and significant Th1-type cytokine responses by
OVA-specific CD4™ T cells, dmCT E112K/KDEV exhibited significantly lower Thl-type cytokine responses than did nCT and
dmCT E112K/KDGL. These results show that newly developed dmCTs retain strong biological adjuvant activity without CNS

toxicity. The journal of Immunology, 2006, 177: 3045-3054.

n important aspect of immune responses at mucosal sur-

faces is the production of polymeric IgA Abs, as well as

their transport across the epithelium and release as se-
cretory IgA (S-IgA).® Because this S-IgA Ab response represents
the first major line of defense against invasion by viral and bac-
terial pathogens (1), recent efforts have been focused on the de-
velopment of vaccines that are capable of inducing effective im-
mune responses in mucosal tissues. However, most protein Ags are
rather weak immunogens when given by a mucosal route. If the
full potential of the new generation of mucosal vaccines is to be
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realized, effective and reliable mucosal adjuvants must be
developed.

Our recent study (2) showed that nasal vaccines for nasopha-
ryngeal-associated lymphoreticular tissue (NALT)-based mucosal
immunity could make a significant contribution to protecting the
elderly. Furthermore, these nasal and oral vaccines would be easier
to administer than parenteral ones. Mucosal vaccines would also
carry less risk of transmitting infections like hepatitis B and HIV,
which are still associated with the use of imjectable vaccines in
several parts of the world. Despite these many attractive features,
it has often proved difficult in practice to stimulate strong mucosal
S-IgA Ab responses with subsequent protection by the use of mu-
cosal administration of vaccines, and the results to date for muco-
sal vaccinations using soluble protein Ags have been, with a few
notable exceptions, rather disappointing (3).

Native cholera toxin (nCT) produced by Vibrio cholerae is
structurally similar to the native heat-labile enterotoxin (nL.T) of
enterotoxigenic Escherichia coli. Both toxins act as adjuvants for
the enhancement of mucosal and systemic Ab responses to coad-
ministered protein Ags given by either oral or nasal routes (4-7)
and. consequently, are the most widely used experimental mucosal
adjuvants in animal models. Furthermore. both act as mucosal ad-
juvants by inducing CD4™ Th2 cells secreting IL-4, IL-5, IL-6,
and IL-10, which provide help for Ag-specific S-IgA as well as
plasma IgG1, IgA. and IgE Ab responses (8. 9). Although they are
potent mucosal adjuvants, both nCT and nLT are also toxic and,
thus, are not suitable for use with mucosal vaccines in humans.
Therefore, a number of nontoxic mutant derivatives of cholera
toxin (CT) or heat-labile enterotoxin (LT) have been constructed.

Qur own group has contributed to the efforts of constructing
nontoxic mutant derivatives; we generated two mutant CTs
(mCTs), mCT S61F and mCT E112K. by substituting a single
amino acid in the ADP-ribosyltransferase active center of the A

0022-1767/06/$02.00
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subunit (10. 11). Although these originally created forms of mCT
did not induce ADP-ribosylation and cAMP formation, they still
served as mucosal adjuvants by inducing CD4™ Th2 cells, thereby
providing effective help for Ag-specific. mucosal S-IgA, as well as
plasma IgG and IgA Ab responses.

It is clearly too dangerous to use an enterotoxin as an adjuvant
for mucosal vaccines in humans. Our previous studies have shown
that nasally administered nCT accumulates in the olfactory nerves
and epithelium (ON/E) and olfactory bulbs (OBs) of mice after
binding to GM1 gangliosides (12). Furthermore, nCT as a mucosal
adjuvant redirects coadministered protein Ags into these neuronal
tissues (12). This finding has provoked some concern about the
potential role for ganglioside GM1-binding molecules that target
neuronal tissues. including the CNS, in nasal immunization. Al-
though deposition of nCT via the ON/E and OBs did not lead to
obvious pathologic changes in brain tissue after nasal administra~
tion (13), it has been reported that a human vaccine containing
inactivated influenza and nLT as an adjuvant resulted in a very
high incidence of Bell's palsy (14, 15). These results strongly in-
dicate thatitis essential to develop a safer and more effective nasal
adjuvant for human use.

Both nCT and nLT consist of a ring of five B subunits and a
single A subunit that is cleaved into Al and A2 chains. Previous
studies showed that the carboxyl terminus of the A2 subunit of
nCT contains the ER retention signal tetrapeptide KDEL (RDEL in
LT). These results show that the toxin is transported via the ves-
icles from the plasma membrane to the Golgi compartment with
subsequent separation of the A and B subunits of nCT (designated
throughout as CT-A and CT-B, respectively). The CT-A subunit is
redirected to the plasma membrane by retrograde transport via the
ER, whereas the CT-B subunit persists in the Golgi compartment.
The intracellular target of toxin is G,, the stimulatory regulatory
component of adenyl cyclase (16, 17). Thus, mutations in KDEL
influence the movement of CT from the Golgi apparatus to the ER
(18-21). It has previously been shown that mutation in K(R)DEL
of both CT and LT delayed the time course of toxin-induced Cl™~
secretion. Furthermore. consistent with a slower rate of signal
transduction, KDEL mutants trafficked more slowly to the baso-
lateral membrane than did nCT (18, 19).

However, a recent report indicated that mutant LT RDEL re-
tained ADP-ribosyltransferase activity and induced morphological
changes in Chinese hamster ovary (CHO) cell cultures (19). In
contrast, mCT E112K has proven to be a safe and stable adjuvant
(10, 11, 13, 22). The mCT E112K was constructed to be devoid of
toxicity while retaining its adjuvant activity. Our previous studies
showed that mCT E112K was effective in the murine system. Na-
sal immunization of OVA, the pneumococcal surface protein A of
Streptococcus preumoniae. or diphtheria toxoid plus mCT E112K
elicited both Ag-specific IgA and IgG Ab responses in mucosal
and systemic immune compartments (10, 11. 13). Although our
recent studies showed that mCT E112K did not elicit any neuronal
damage based upon nerve growth factor-B1 production in the CNS
as well as Ag redirection (23, 24), these studies did not provide any
direct information as to whether mCT E112K migrates into the
CNS after nasal application. In this regard. we have developed
double mutants of CT (dmCTs) by introducing a potent mutation
in the ADP-ribosylation activity center and KDEL (E112K/KDEV
or E112K/KDGL). Therefore, it is now essential for us to deter-
mine whether potentially less trafficking of these new dmCTs,
when compared with mCT E112K. will occur in their distribution
into the CNS. In this study, we have examined the mucosal adju-
vanticity and toxicity of these two dmCTs for our continuing ef-
forts to develop safe and effective nasal adjuvants for mucosal
vaccines.

DOUBLE mCTs AS SAFE MUCOSAL ADJUVANTS

Materials and Methods

Preparation of recombinant mCTs

The plasmids containing nCT or mCT E112K genes were constructed as
described previously (10). These plasmids were cloned into pUC119 of a
3.1-kb EcoRU/PsiI DNA fragment including nCT or mCT E112K genes
(10). The KDGL and KDEV mutants were constructed by site-directed
mutagenesis in which amino acid substitutions were introduced on a plas-
mid of nCT using PCR. The following oligonucleotides were used to create
genes encoding the mutant toxins KDEV and KDGL: 5'-TAA GGA TGA
AGT ATG ATT AAATTA A-3' and 5'-TAG AAT TAA GGA TGG ATT
ATG ATT A-3' (mutant codons underlined). To construct dmCT E112K/
KDEV and E112K/KDGL, the BspEV/Hincll fragments including KDEV
or KDGL mutations were ligated to a plasmid of mCT E112K. After the
DNA sequences were confirmed, pUC119 harboring the mutated CT genes
at the EcoRVPsil site were transformed into E. coli DHS-«. The E. coli
strains containing the plasmids for the dmCT genes were grown in Luria-
Bertani medium (10 g of NaCl, 10 g of tryptone, and 5 g of yeast extract
per liter) with 100 pg/ml ampicillin, and dmCTs were purified according
to the method described previously (25). Briefly, the bacteria were har-
vested and lysed with a sonicator (Insonator 201M; Kubota). The crude
lysate was then applied to an immobilized p-galactose column (Pierce) and
eluted with galactose. The purified recombinant dmCTs contained <0.05
endotoxin U/ug protein.

Intracellular tracking

Human intestinal epithelial T84 cells were incubated with 10 pg/ml Alexa
Fluor 488-conjugated nCT, mCT E112K, dmCT E112K/KDEV, or dmCT
E112K/EDGL. To identify their intracellular destination, we used boron
dipyrromethane Texas Red ceramide (Invitrogen Life Technologies) as a
marker for the Golgi apparatus (26) and ER-Tracker (Invitrogen Life Tech-
nologies) Blue-White p-xylene-bis-pyridinium bromide as a marker for the
ER (27). Boron dipyromethane Texas Red-ceramide was added to individ-
ual cultures at a concentration of 5 M for 10 min before termination of the
cultures. Cells were washed once before being further cultured in medium
containing 2 M ER-Tracker for 30 min. After incubation, cells were
washed three times with PBS and then fixed with 3.7% formaldehyde in
PBS for 10 min at room temperature. After fixation, a Leica TCS SP2-
AOBS model confocal microscope or a LMS510 model confocal micro-
scope (Zeiss) was used to visualize the cells. The merged color (yellow)
area of each Golgi or ER staining image was picked up using Adobe Pho-
toshop software and converted into a black and white picture. The black
area in this black and white picture is based upon the original yellow color
and was measured using ImageJ (National Institutes of Health). The con-
dition for picking up the yellow area was saved and applied to all pictures.
A monolayer of T84 cells covered most of the dish surface; however, for
accuracy, we measured the total pixel area covered with cells in the iden-
tical picture using ImagelJ software. Thus, each picture covers 12.96 mm?
of culture surface, which is equal to 262144 pixels. The results were shown
as the percentage of yellow color area pixels per the total area pixels cov-
ered with cells.

_ Bioassay and toxicity analysis

We next studied the ability of newly created dmCTs and nCT (List Bio-
logical Laboratories) to induce toxic effects on cultured mouse Y-1 adrenal
tumor cells, following a previously developed procedure (28). Briefly, se-
rial dilutions of dmCT E112K/KDEV, dmCT E112K/KDGL, mCT E112K,
or nCT were added to cultures of Y-1 cells at a density of 5 X 10% cells/
well in 0.1 m! of F-10 medium (Invitrogen Life Technologies) containing
15% horse serum and 2.5% FCS and incubated at 37°C with 5% CO, for
24 h. Light microscopy was then used to examine cells for morphological
changes such as the common “rounding” of cells. The toxin concentration
required to initiate the rounding of Y-1 cells was determined. For the
CAMP assay, 1.5 X 10? CHO cells in F-10 medium containing 1% FCS
were cultured with 100 ng/ml} dmCT E112K/KDEV, dmCT E112K/KDGL,
mCT E112K, or nCT at 37°C with 5% CQ, for 18 h. Intracellular cAMP
measurement was done with an enzyme immunoassay kit (Amersham Bio-
sciences). The protein amount for some samples was determined with a
Coomassie protein assay reagent (Pierce), and the levels of cAMP were
expressed as picomoles of cAMP per milligram of protein ( 10). The mouse
ileal loop test was conducted essentially as described previously (29, 30).
Brietly, the jejenum was ligated with a piece of cotton thread at a distance
of ~3 cm from the pylorus. Imumediately after ligation, each loop was
injected with 0.1 ml of toxin or PBS (as a control). After 3 h, each loop was
hung on a fixed clip and stretched by placing another clip weighing 2 g on
the other end of the loop. Then, the length and weight of each loop were





