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The Journal of Immunology

Constitutive Plasmacytoid Dendritic Cell Migration to the
Splenic White Pulp Is Cooperatively Regulated by CCR7- and
CXCR4-Mediated Signaling

Eiji Umemoto,*,†,1 Kazuhiro Otani,‡,1 Takashi Ikeno,*,† Noel Verjan Garcia,†

Haruko Hayasaka,*,† Zhongbin Bai,† Myoung Ho Jang,x Toshiyuki Tanaka,{

Takashi Nagasawa,‖ Koichi Ueda,‡ and Masayuki Miyasaka*,†

Although the spleen plays an important role in host defense against infection, the mechanism underlying the migration of the innate

immune cells, plasmacytoid dendritic cells (pDCs), into the spleen remains ill defined. In this article, we report that pDCs consti-

tutively migrate into the splenic white pulp (WP) in a manner dependent on the chemokine receptors CCR7 and CXCR4. In CCR7-

deficient mice and CCR7 ligand-deficient mice, compared with wild-type (WT) mice, substantially fewer pDCs were found in the

periarteriolar lymphoid sheath of the splenicWP under steady-state conditions. In addition, the migration of adoptively transferred

CCR7-deficient pDCs into the WP was significantly worse than that of WT pDCs, supporting the idea that pDC trafficking to the

splenic WP requires CCR7 signaling. WT pDCs responded to a CCR7 ligand with modest chemotaxis and ICAM-1 binding in vitro,

and priming with the CCR7 ligand enabled the pDCs to migrate efficiently toward low concentrations of CXCL12 in a CXCR4-

dependent manner, raising the possibility that CCR7 signaling enhances CXCR4-mediated pDC migration. In agreement with this

hypothesis, CCL21 and CXCL12 were colocalized on fibroblastic reticular cells in the T cell zone and in the marginal zone bridging

channels, through which pDCs appeared to enter the WP. Furthermore, functional blockage of CCR7 and CXCR4 abrogated pDC

trafficking into the WP. Collectively, these results strongly suggest that pDCs employ both CCR7 and CXCR4 as critical chemokine

receptors to migrate into the WP under steady-state conditions. The Journal of Immunology, 2012, 189: 191–199.

P
lasmacytoid dendritic cells (pDCs), a small subset of cir-
culating leukocytes, make up 0.2–0.8% of PBMCs and are
important for the innate and adaptive immune responses to

viruses (1–4). pDCs preferentially express TLR-7 and TLR-9 and
produce large amounts of type I IFN in response to certain viruses.
pDCs have been also reported to suppress adaptive immune
responses and promote immune tolerance (5–9). Murine pDCs,
which have a CD11c+B220+Gr-1+CD11b2/low phenotype (10),
selectively express CD317/BST-2/PDCA-1 and Siglec-H; the

former is predominantly specific for pDCs in naive mice but is

upregulated in multiple cell types when stimulated (11). The latter

seems to be restricted to pDCs (12).
pDCs efficiently migrate from the blood to inflamed lymph

nodes (LNs). pDCs in humans (13) and mice (14) have been ob-

served to locate preferentially around the high endothelial venules

(HEVs) of inflamed LNs, which is compatible with the idea that

pDCs enter LNs through these blood vessels. Under inflamed

conditions, pDCs engage in a multistep adhesive process with

HEVs (15), as do naive lymphocytes. The rolling and adhesion

steps are regulated by L- and E-selectin and by b1 and b2 integrin,

respectively (15). The transmigration of pDCs across HEVs has

been shown to depend on CCR5, but not CXCR3, in mice treated

with heat-killed Mycobacterium tuberculosis (15), whereas an-

other study showed that this step is regulated by CXCL9–CXCR3

interactions in Propionibacterium acnes-primed or HSV-infected

animals (14). Recently, it was reported that CCR7-deficient mu-

rine pDCs show significantly decreased migration to LNs under

steady-state as well as inflammatory conditions (16). Given,

however, that murine pDCs express low levels of CCR7 (14, 17)

and show only modest or negligible chemotactic responses to

CCR7 ligands (14, 17–19), their constitutive migration to LNs

may require additional chemoattractant molecules.
In this regard, it is notable that unstimulated human and mouse

pDCs express CXCR4 and show chemotaxis toward CXCL12

in vitro (14, 18, 20, 21). In addition, their responsiveness to

CXCL12 is synergistically enhanced by CXCR3 ligands, such as

CXCL9, CXCL10, and CXCL11 (18, 21). pDCs require CXCL12–

CXCR4 signaling for their development and homeostasis; the

number of pDCs and their earliest progenitors are severely reduced

in the absence of CXCR4 (22). In addition, pDCs were markedly
reduced in numbers in the peripheral blood of patients with warts,
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hypogammaglobulinemia, infections, and myelokathexis (WHIM)
syndrome, which is caused by heterozygous mutations of the
CXCR4 gene (23). However, the in vivo role of CXCL12 in
constitutive pDC trafficking remains unclear.
pDCs are found in the white pulp (WP) and red pulp (RP) of

the spleen. The WP, which is structurally similar to LNs, consists
of the T cell zone, which is also known as the periarteriolar lymphoid
sheath (PALS), and the B cell zone, and is surrounded by the RP.
The WP and RP are separated by the marginal zone (MZ), a transit
area for blood cells migrating toward the WP. In healthy mice, in
steady state, pDCs are unevenly distributed in the spleen and
found mainly in the WP PALS and in the RP, but rarely in the MZ
(19, 24), indicative of directed migration. However, the chemotactic
signals involved in their trafficking or positioning within the spleen
and their migratory path within the spleen have remained unclear.
In this article, we examined the role of chemokine signaling in

pDC migration to the splenic WP and found evidence that pDCs use
both CCR7 and CXCR4 as critical chemokine receptors to migrate
into this specific lymphoid compartment under steady-state condi-
tions. pDCs may receive directional cues from two distinct stroma-
associated chemokine ligands, CCL21 and CXCL12, which are
expressed in the splenic marginal zone bridging channels (MZBCs).

Materials and Methods
Animals

C57BL/6 and BALB/c mice were purchased from Japan SLC and housed
under specific pathogen-free conditions. The plt/plt mice (25) and CCR7-
deficient mice (26) on the B6 background were provided by Dr. Hideki
Nakano (Laboratory of Respiratory Biology, National Institute of Envi-
ronmental Health Sciences, Triangle Park, NC) and Dr. Martin Lipp (Max
Delbrück Center for Molecular Medicine, Berlin, Germany), respectively.
CXCL12-GFP knockin mice were described previously (27). All animal
experiments were performed under an experimental protocol approved by
the Ethics Review Committee for Animal Experimentation of the Osaka
University Graduate School of Medicine.

Reagents and Abs

Unlabeled anti-CD317/mPDCA-1 (120G8.04) and biotinylated, APC-
conjugated anti-CD317/mPDCA-1 (JF05-1C2.4.1) mAbs were obtained
from Dendritics and Miltenyi Biotec, respectively. Purified anti-CD16/
CD32, FITC- and APC-conjugated anti-CD3ε, APC-conjugated anti-
CD4, APC-conjugated anti-CD11c, and biotinylated anti-CD45R/B220
mAbs were from BD Pharmingen. FITC-conjugated anti-CCR9, bio-
tinylated anti-CD11b, and PE–anti-CD11c mAbs were from eBioscience.
Biotinylated anti-CD19 and PE–Cy7-conjugated anti-CD11c mAbs were
from BioLegend. FITC-conjugated anti-CD169/sialoadhesin mAb and
Alexa 647-conjugated ER-TR7 mAb were from Serotec and Santa Cruz
Biotechnology, respectively. Anti-PNAd (MECA-79) mAb was purified
from ascites of mice inoculated with the hybridoma. Anti–PV-1 (MECA-
32) mAb was from Developmental Studies Hybridoma Bank. Anti-
nepmucin/CD300g (ZAQ5) mAb was prepared in our laboratory, as de-
scribed previously (28). CCL19-Fc, CXCL12-Fc, and control human IgG
Fc were provided by Drs. Kunio Hieshima and Osamu Yoshie (29) (De-
partment of Microbiology, Kinki University School of Medicine, Osaka,
Japan). CXCL10-Fc was provided by Dr. Hisahiro Hosogi (Department of
Surgery, Kyoto University Hospital, Kyoto, Japan). Recombinant mouse
CCL19, CCL21, CXCL10, and CXCL12, as well as the anti-CCL21
polyclonal Ab (pAb), were from R&D Systems. AMD3100 was from
Sigma-Aldrich.

Immunohistological staining

To analyze pDC distribution, frozen tissue sections were fixed in methanol
and blocked with PBS containing 3% BSA, 20 mg/ml mouse g-globulin,
and 20 mg/ml goat IgG; sections were next incubated with anti-CD317
mAb (120G8.04), followed by Alexa Fluor 594-conjugated goat anti-rat
IgG (Life Technologies). Samples were blocked with rat IgG and incu-
bated with a mixture of Alexa Fluor 488-conjugated anti-nepmucin/
CD300g and APC-conjugated anti-CD4 mAbs. For CCL21 analysis, sec-
tions were fixed with 1% paraformaldehyde (PFA) and incubated with
mouse g-globulin, donkey serum, and ImmunoBlock (Dainippon Sumi-
tomo Pharma). Sections were then incubated with anti-CD317 mAb, fol-

lowed by Cy3-conjugated F(ab9)2 anti-rat IgG (Jackson ImmunoResearch).
The sections were further incubated with biotinylated anti-CCL21 pAb and
Alexa Fluor 647-labeled ER-TR7, followed by streptavidin-Alexa Fluor
488. Alternatively, the sections were incubated with biotinylated anti-
CCL21 pAb and Alexa Fluor 647-labeled anti–PV-1 mAb, followed by
streptavidin-Alexa Fluor 594. For CXCL12 analysis, CXCL12-GFP knockin
mice were perfused with 4% PFA, and the spleen was treated with
increasing concentrations of saccharose. Immunohistological staining
was analyzed with an FV1000-D confocal laser-scanning microscope
(Olympus).

Preparation of pDCs

Spleens were digested with 400 Mandl U/ml collagenase D (Roche) and
10 mg/ml DNase I (Roche) in RPMI 1640/10% FCS while being stirred
continuously at 37˚C for 30 min. Cells were spun through a 17.5%
Accudenz solution (Accurate Chemical & Scientific Corporation) to enrich
for pDCs (30, 31). The cells obtained were incubated with biotinylated
anti-mPDCA1 mAb after Fc-receptor blocking, followed by autoMACS
separation (Miltenyi Biotec). The pDC purity was .90%, on average.
Bone marrow (BM)-derived pDCs were prepared as described previously
(18, 32), with minor modification. In brief, BM cells were incubated with
the cell culture supernatant of melanoma cells that secrete Flt-3L (B16-
Flt3L cells, provided by Dr. Atsushi Kumanogoh, WPI Immunology
Frontier Research Center, Osaka University) for 8–9 d, and the samples
were enriched for B220+ cells by IMAG sorting (BD Pharmingen). More
than 92% of these cells were CD11c+Siglec-H+CD11blowCD192.

Flow cytometry

To stain pDCs in various tissues, cells spun through a 17.5% Accudenz
solution were incubated for 20 min at 37˚C. Plastic nonadherent cells were
incubated with chemokine-Fc proteins, followed by PE-conjugated F(ab9)2
anti-human IgG (Jackson ImmunoResearch). The cells were incubated
with hamster and rat IgG, followed by a combination of FITC-conjugated
anti-CCR9, PE–Cy7-conjugated anti-CD11c, and APC-conjugated anti-
CD317 mAbs. To stain whole blood cells, the erythrocytes were lysed,
and the cells were incubated with FITC-conjugated anti-CD3ε and APC-
conjugated anti-CD317 mAbs. The cells were further incubated with
CCL19-Fc, followed by PE-conjugated F(ab9)2 anti-human IgG.

Chemotaxis assays

Splenocytes from B16-Flt3L cell-inoculated mice were spun through a
17.5% Accudenz solution to enrich for pDCs. The cell suspension (1.5–
2 3 106 cells/well) and chemokine solutions were applied to the upper and
lower wells, respectively, of Transwells with 3.0-mm pore-size filters
(6.5 mm diameter; Costar). After 2 h, the migrated cells were incubated
with PE–anti-CD11c and APC–anti-CD317 mAbs. The migrated cells
were counted by a flow cytometer (Gallios; Beckman Coulter), using 6.0-
mm Fluoresbrite microspheres (Polysciences) (33).

Static adhesion assays

Static adhesion assays were performed as described previously (28).

RT-PCR

pDCs were sorted by FACSAria (96.7% of the cells were CD317+Siglec-H+

CD11cint) from the spleen and peripheral lymph nodes (PLNs) of BALB/c
mice. Total RNA was isolated using TRIzol reagent (Life Technologies),
and single-strand cDNA was synthesized using ReverTra Ace (Toyobo).
PCR was performed using Z-Taq DNA polymerase (Takara Bio) at 98˚C
for 2 min; 38 cycles at 98˚C for 1 s, at 62˚C for 5 s, at 72˚C for 10 s; 72˚C
for 5 min. The primer pairs were b-actin: 59-ATGGATGACGATATCGCT-
39 (forward) and 59-ATGAGGTAGTCTGTCAGGT-39 (reverse); CXCR4:
59-GTCCACGCCACCAACAGTCA-39 (forward) and 59-TGTGATGGA-
GATCCACTTGT-39 (reverse); and CXCR7: 59-CTCTTTACAGCGTT-
GCATGTCACC-39 (forward) and 59-CACATGCCTTCTCCTCTTCATA-
CC-39 (reverse).

Adoptive transfer assays

Magnetically enriched BM-derived pDCs (2.53 107) from wild-type (WT)
mice were labeled with 1 mM 5-chloromethylfluorescein diacetate (CMFDA;
Life Technologies) for 15 min, admixed with the equivalent number of
CMRA (Life Technologies)–labeled pDCs from WT or CCR7-deficient
mice, and adoptively transferred into WT recipients. At 8 h after the in-
jection, the mice were perfused with 4% PFA, and the spleen was har-
vested. Frozen sections were stained with the MECA-32 Ab to identify the
WP and RP vasculature, and the number of pDCs in the WP was histo-
logically determined. For CXCR4-antagonist treatment, the mice were put
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under inhalation anesthesia, and Alzet osmotic pumps (model 1003D) with
either 25 or 50 mg/ml AMD3100 in 100 ml PBS were implanted s.c. on the
back of the mouse. The pumps released the reagent at the rate of 0.6 or 1.2
mg per day, respectively (34, 35). Fifteen hours after the i.v. injection of
fluorescently labeled pDCs or T cells, the mice were sacrificed and the
spleens were harvested.

Statistical analysis

Data are presented as the mean 6 SD unless otherwise described. Statis-
tical analyses were performed using the Student t test.

Results
pDCs are markedly reduced in the splenic WP of
CCR7-deficient mice and CCR7 ligand-deficient plt/plt mice

We examined the frequency of pDCs in the spleen and LNs of WT,
CCR7-deficient, and plt/plt mice, which are deficient in CCR7
ligand expression, all on the C57BL/6 genetic background. Al-
though, as reported previously, the pDCs were severely decreased
in the LNs of the CCR7-deficient (16) and plt/plt mice (16, 36),
the frequency of pDCs in the spleen was comparable among these
mutant mice and WT mice (Fig. 1A). However, immunohisto-
logical analysis revealed abnormalities in the pDC distribution in
the spleen of the CCR7-deficient and plt/plt mice. In agreement
with a previous report (19), pDCs were readily found in the WP
PALS and RP, but rarely in the MZ, in WT mice (Fig. 1B); the MZ
was identified as a structure bordered by marginal sinus endo-
thelial cells (ECs) expressing nepmucin/CD300g. However, in the
CCR7-deficient and plt/plt mice, the pDC frequency in the WP
PALS was much lower than in the WT mice (Fig. 1B, 1C). Be-
cause the WP was smaller in mutant mice than in WT mice
(Fig. 1D), we normalized the number of pDCs in the WP and RP
to the surface area of the respective regions, with basically the
same results; as shown in Fig. 1E, the WP pDC frequency/surface
area was reduced 40–50% in both the CCR7-deficient and the plt/
plt mice, compared with the WT mice, and this was not the case in
the RP. These observations are compatible with the hypothesis that
CCR7-mediated signaling is required for pDC trafficking into the
splenic WP compartment, just as for trafficking into LNs (16).

CCR7-deficient pDCs migrate poorly to splenic WP and LNs
compared with WT pDCs

To verify that CCR7 is required for the constitutive migration of
pDCs into the splenic WP, we performed competitive adoptive
transfer assays using fluorescently labeled BM-derived pDCs
from WT and CCR7-deficient mice. Preliminary analysis con-
firmed the functionality of the BM-derived pDCs; they bound
CCL19-Fc and CXCL12-Fc at readily detectable levels (data not
shown) and migrated to LNs efficiently. When a 1:1 mixture of WT
pDCs and CCR7-deficient pDCs labeled with CMFDA and CMRA,
respectively, were cotransferred into WT recipients, the WT pDCs
migrated much more readily to theWP than did the CCR7-deficient
pDCs (Fig. 2A, 2B), which instead accumulated preferentially in
the RP (Fig. 2A). CMFDA- or CMRA-labeled pDCs from WT
donors, mixed 1:1 and transferred into WT recipients, accumu-
lated at comparable levels in the WP and RP (Fig. 2A, 2B). These
results exclude the possibility that the differential pDC trafficking
to the PALS of the CCR7-deficient pDCs resulted from different
fluorescent dye labels, and indicate that CCR7-mediated signaling
is involved in pDC trafficking to the PALS.
The use of in vivo-expanded pDCs obtained from mice trans-

planted with B16-Flt3L cells (32) supported this idea; in this sys-
tem, pDCs could be expanded apparently without being activated,
because the levels of costimulatory molecules such as CD40,
CD80, and CD86 were not significantly altered from those found in
the pDCs from unperturbed mice (Supplemental Fig. 1). As shown

in Fig. 2C, WT pDCs transferred into plt/plt mice migrated into the
splenic WP ∼40% less efficiently than did those transferred into
WT recipients, confirming that, just as CCR7 is required for pDC
trafficking to LNs (16), CCR7 is also required for pDC migration
into splenic WP in the steady state.

pDCs express CCR7 capable of binding ligands and
transmitting signals

Because reports of CCR7 in pDCs are inconsistent, we examined
CCR7 ligand binding in the pDCs of unperturbed BALB/c mice,
which have a higher pDC frequency than do C57BL/6 mice (10,
24). As shown in Fig. 3A, the majority of CD317+CD11c+ pDCs
in the spleen, peripheral LNs, mesenteric LNs, and BM showed
significant CCL19-Fc binding, which was, however, not as high as
that of CD11c2 cells (a majority are lymphocytes). As expected,
the peripheral blood-derived pDCs from CCR7-deficient mice did
not bind CCL19-Fc to any significant degree, whereas those from
WT animals showed substantial CCL19-Fc binding that was
slightly less than that shown by peripheral blood T cells (Fig. 3B).
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FIGURE 1. pDCs are markedly reduced in the splenic WP of CCR72/2

and plt/plt mice. (A) Total counts of CD11cint CD317+ cells among the

low-density cells in the spleen and peripheral LNs. Data represent the

mean 6 SE from three animals. (B) Localization of pDCs in the spleen.

Frozen spleen sections from WT, CCR7-deficient, and plt/plt mice were

incubated with anti-nepmucin/CD300g (Alexa Fluor 488; green), anti-

CD317 mAb (Alexa Fluor 594; red), and anti-CD4 (APC; blue) mAbs.

Scale bars, 100 mm. (C) pDC count per 2.5 mm2 of WP or RP, determined

by immunohistochemistry. (D) WP and RP area ratio in WT, CCR7-defi-

cient, and plt/plt mice. (E) pDC frequency according to surface area: pDC

counts in the WP and RP were normalized to the surface area (1.0 mm2) of

each respective region. Data in (B) are representative of three to four

animals. Data in (C)–(E) represent the mean 6 SD from three to four

animals. **p , 0.01, ***p , 0.005.
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These results demonstrate that pDCs ubiquitously express CCR7
under physiological conditions. As reported previously (18, 21),
pDCs in these tissues also expressed CXCR3 and CXCR4, as
assessed by the binding of CXCL10-Fc and CXCL12-Fc. They
also expressed high levels of CCR9 (Figure 3A), consistent with
a previous report (37).
Functionally, WT pDCs responded to CCL21 with modest che-

motaxis, with a bell-shaped dose–response curve (Fig. 3C), whereas
CCR7-deficient pDCs showed little or no chemotaxis toward
CCL21 (Fig. 3D). However, CCR7-deficient pDCs responded to
a mixture of CXCL12 and CXCL10 as efficiently as WT pDCs
(Fig. 3D), thus excluding the possibility that CCR7-deficient pDCs
were generally defective in chemotactic migration. Further anal-
ysis confirmed the functionality of CCR7 in the pDCs: pDC
binding to immobilized ICAM-1–Fc was enhanced upon stimu-
lation with CCL21 (Fig. 3E) and was almost completely abrogated
by pertussis toxin (Fig. 3F). Thus, pDCs express CCR7 that is
capable of binding ligands and transmitting signals.

pDCs orchestrate chemotactic signals from CCL21 and
CXCL12 to migrate efficiently

The reduced but significant presence of pDCs in the splenic WP of
both CCR7-deficient and plt/plt mice indicated that some signal

other than CCR7 is involved in pDC trafficking to this region. We
previously reported that when CCR7 signaling is enhanced by
CXCL12, T cells expressing CXCR4 can respond to lower con-
centrations of CCR7 ligands (38). Given that pDCs express high
levels of CXCR4 (Fig. 3A), we tested whether CXCL12 and
CCR7 ligands acting in concert would increase the efficiency of
pDC migration. As shown in Fig. 4A, pDCs pretreated with a high
concentration of the chemokine CCL21 (1 or 2 mg/ml) showed
increased chemotaxis toward a low CXCL12 concentration (10
ng/ml), to levels comparable to that of pDCs pretreated with
CXCL10. CXCR3 ligands, including CXCL10, prime pDCs to
respond to low CXCL12 concentrations (18, 21). The CCL21-
induced enhancement of chemotaxis toward CXCL12 was ob-
served when CCL21 was used at concentrations .0.5 mg/ml (data
not shown). As shown in Fig. 4B, enhanced chemotaxis was seen
for low concentrations of CXCL12, from 5 to 25 ng/ml. Pre-
treating the pDCs with CCL19 also enhanced their chemotaxis
toward CXCL12 (data not shown). In addition, the presence of
CCL21 in the lower wells (250 ng/ml) significantly enhanced the
pDC migration toward CXCL12 (100 or 250 ng/ml) (Fig. 4C).
However, pretreating with CXCL12 did not enhance the migratory
responses of pDCs to CCL21 (data not shown).
To investigate the underlying mechanism by which CCL21

enhanced pDC chemotaxis toward CXCL12, we investigated
whether the enhancement depended on CCR7 and CXCR4 on
pDCs. As shown in Fig. 4D, CCR7 deficiency failed to sensitize
pDCs with CCL21, and CCR7-deficient pDCs did not show en-
hanced migration to CXCL12. The selective CXCR4 antagonist
AMD3100 inhibited the enhanced migratory response according
to dosage, without compromising the pDC response to CCL21
(Fig. 4E). In addition, CXCR7, the alternative CXCL12 receptor,
was not detectable under standard conditions in pDCs (Fig. 4F),
making it unlikely that CXCL12 acts on pDCs via CXCR7. As
shown in Fig. 4G, the CCL21-induced enhanced responsiveness to
CXCL12 was not due to changes in the capacity of pDCs to bind
CXCL12. These results indicate that pDC migratory responses
are upregulated by the concerted action of CCR7 ligands and
CXCL12, which is dependent on the expression of CCR7 and
CXCR4 in pDCs.

pDCs enter the splenic WP via the MZBCs

To understand the anatomical basis of pDC migration into the
splenic WP, we investigated the migratory path of the pDCs. It is
reported that T cells primarily traffic to the WP via the MZBCs
(39, 40), which occur intermittently along the outer boundary of
the PALS. Consistent with a previous report (39), MZBCs were
readily identified as the sites where the marginal sinus, containing
nepmucin/CD300g-expressing ECs, and the MZ itself, containing
CD169+ macrophages, are both interrupted; and from this region,
ER-TR7+ fibroblastic reticular cells (FRCs) extended from the MZ
to the PALS (Fig. 5A). As shown in Fig. 5B, pDCs were fre-
quently found in the MZBCs and throughout the WP in WT mice.
In contrast, in CCR72/2 mice and plt/plt mice, the pDCs were
scarce in the WP but tended to accumulate in the MZBC area, in
line with the idea that, in the absence of CCR7 signaling, pDCs do
not enter the WP efficiently after reaching the MZBCs. Upon
adoptive transfer, CMFDA-labeled WT pDCs were first readily
detectable at the MZBCs (3 h after adoptive transfer), and then
accumulated gradually in the PALS (Fig. 5C). Counting the
transferred pDCs in the ER-TR7+ and ER-TR72 regions showed
that they were exclusively in the ER-TR7+ region (Fig. 5D),
consistent with the idea that the pDCs accumulated mainly along
the ER-TR7+ FRCs in the MZBCs connecting the MZ to the
PALS, after entering the MZBC regions. These observations col-
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CCR7-deficient pDCs were adoptively transferred into WT mice. The
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the spleen was harvested 6 h later. The number of pDCs that had migrated

into the WP was immunohistologically determined. Data represent the

mean 6 SD from two independent experiments. ***p , 0.005.
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lectively support the hypothesis that pDCs enter the WP in a
CCR7-dependent manner via the MZBCs, in which FRCs extend

from the MZ to the PALS.

CCL21 and CXCL12 are coexpressed in FRCs

The MZBCs are rich in FRCs, which are reported to guide T cells
from the MZ to the PALS (39). We thus analyzed the distribution

of CCL21 and CXCL12 in the splenic WP. Consistent with pre-

vious reports (41, 42), CCL21 was expressed strongly in the

central arterioles and MZBC regions and, to a lesser degree, in the

MZ (Fig. 6A, 6B) in WT mice; these signals were virtually absent

in plt/plt mice (Fig. 6C), validating the specificity of the staining.

In WT mice, CCL21 was found in PV-1+ vascular ECs associated

with the MZBCs (Fig. 6D, 6E). We next examined CXCL12 ex-

pression using CXCL12-GFP knockin mice (27). As shown in

Fig. 6F–I, CXCL12 was found in the PALS, MZBCs, MZ, and RP;

notably, CXCL12 frequently localized with CCL21 in the PALS

and MZBCs. ER-TR7 staining confirmed that these chemokine

signals were mainly associated with FRCs in the PALS and

MZBCs (Fig. 6J–L). These observations support the idea that pDC

entry into the WP is regulated by FRCs, as is also reported for

T cells (39), and that CCR7 ligands and CXCL12 expressed on

FRCs may play an important role in guiding pDCs into the WP.

pDC entry into the splenic WP is regulated by both CCR7
and CXCR4

We finally examined the roles of CXCR4 and CCR7 in pDC traf-
ficking into the WP. To this end, we first administered the CXCR4

antagonist AMD3100 to mice by s.c. implanting an AMD3100-

loaded osmotic mini-pump to release the reagent continuously in-

to the circulation (34, 35). As shown in Fig. 7A, pDCs entered the

WP at a much lower rate than did T cells, but neither T cell nor pDC

trafficking into the WP was affected by the AMD3100 treatment.
To determine whether pDC entry into the WP depends on co-

operative CCR7 and CXCR4 action, we injected equivalent num-

bers of CMFDA-labeled WT pDCs and CMRA-labeled CCR7-de-

ficient pDCs into AMD3100-treated or untreated mice. As shown

in Fig. 7B, the CCR7-deficient pDCs migrated less efficiently into

the WP than did WT pDCs when WT mice were used as recipi-

ents, indicating the importance of CCR7 signaling in pDC traf-

ficking into the WP. Furthermore, the CCR7-deficient pDCs

migrated more poorly into the WP of AMD3100-treated mice

than into that of vehicle-treated mice, whereas they migrated into

the whole spleen at comparable levels to their WT counterparts,

irrespective of AMD3100 treatment (Fig. 7C). These results are

consistent with the idea that pDC trafficking into the WP is reg-

ulated by both CCR7 and CXCR4. In addition, CCR7-deficient

pDCs migrated more poorly into PLNs of AMD3100-treated mice

than into those of vehicle-treated mice (Fig. 7C), indicating that

the concerted action of CCR7 and CXCR4 signaling is also im-

portant in pDC trafficking into PLNs. These data fully support the

idea that pDC migration into secondary lymphoid tissues is co-

operatively regulated by CCR7- and CXCR4-mediated signaling.
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Discussion
Although pDCs localize mainly to the PALS of the WP and also to
the RP, but are rarely found in the MZ, in untreated mice (19, 24),
the mechanism underlying their steady-state migration to the
spleen is unclear. In the current study, we report that constitutive
pDC migration from the blood into the splenic WP occurs in
a CCR7- and CXCR4-dependent manner, apparently through
MZBCs that coexpress CCR7 ligands and CXCL12. In addition,
we showed that a specific pair of chemokines (CCL21 and
CXCL12) expressed in MZBC FRCs can increase the sensitivity
and dynamic range of pDC chemokine responses, thus promoting
their trafficking into the splenic WP.
We observed that CCR7-deficient pDCs were substantially re-

duced but still present in the splenic WP of unperturbed mice,
indicating both the importance of CCR7 signaling and a require-
ment for CCR7-independent signaling in steady-state pDC traf-

ficking to the WP. A CCR7 ligand induced modest chemotactic
responses in pDCs and augmented the pDC chemotaxis toward low
concentrations of CXCL12; this suggests both that CCR7 ligands
may be able to reduce the threshold of sensitivity of pDCs to
CXCL12 and that CXCR4 signaling enhanced by such a mecha-
nism may promote pDC migration into the WP. In this regard, it is
of note that CXCL12 at least partially colocalizes with CCL21 in
the FRCs of the PALS and MZBCs and that adoptively transferred

pDCs appeared first in the MZBCs and moved into the WP PALS
only after slowly accumulating in the MZBCs. Furthermore, func-
tional blockage of both CXCR4 and CCR7 almost completely abro-
gated pDC trafficking into the WP. Thus, it is likely that pDCs
access the PALS via FRCs in the MZBCs, using a mechanism that
depends not only on CCR7 signaling but also on CXCR4 signaling.
This observation is reminiscent of the elegant work by Bajénoff
et al. (39), who reported that circulating T cells use MZBCs as the

B

CXCL12 (ng/ml)

0

2

4

6

8

10
CCL21 (-)
CCL21 (+)** ***

0 100 250 500

M
ig

ra
tio

n 
in

de
x

A

C

CXCL12-Fc

Pretreatment -
Migratory chemokine

100 250 500 500 02500

- + + + -

-

AMD3100 (ng/ml)

M
ig

ra
tio

n 
in

de
x

Pretreatment (CCL21)

0

- +

-

***

D

0

2

4

6

8

M
ig

ra
tio

n 
in

de
x

Pretreatment
(μg/ml) 

Migratory
chemokine
(CXCL12)

CXCL10
1 22

- CCL21 CCL21 + CXCL10
1 22 1 22

-

- + - + + - + + - + +

***
**

E

Pretreatment
Medium

0

2

4

6

*** n.s.

0 250

-

Migratory chemokine

F

-

CXCL12 (ng/ml)

0

1

4

0 5 10 25 100

Medium

CXCL10
CCL21

M
ig

ra
tio

n 
in

de
x

CCL21

CXCL12 CXCL12

0

1

2

3

4

WT
CCR7 KO *

-
-

M
ig

ra
tio

n 
in

de
x

-

CCL21

CXCL12 CCL21

3

2

100 101 10 2 103
0

20

40

60

80

100

100 101 10 2 103
0

20

40

60

80

100

%
 o

f M
ax

CXCR7

CXCR4

β-actin

sp
leen

pDC

G

FIGURE 4. pDCs orchestrate CCL21 and CXCL12 chemotactic signals to migrate efficiently. (A) pDCs were expanded in vivo by inoculating B16-Flt3L

cells. Low-density cells were pretreated with CCL21 or CXCL10 (1 or 2 mg/ml) for 40 min and applied to the upper wells. CXCL12 at a low concentration

(10 ng/ml) was added to the lower wells. After 2 h, cells that had migrated to the lower wells were incubated with APC-conjugated anti-CD317 and PE-

conjugated anti-CD11c mAbs. CD11cintCD317+ cells that had migrated were counted by flow cytometry. (B) pDCs pretreated with CCL21, CXCL10 (1.5

mg/ml each), or medium were applied to the upper wells. Various concentrations of CXCL12 were added to the lower wells. (C) Splenic low-density cells

were added to the upper wells of Transwells, and the indicated concentration of CXCL12 with or without CCL21 (250 ng/ml) was added to the lower wells.

(D) pDCs from WT or CCR7-deficient mice were pretreated with CCL21 (1.5 mg/ml) and applied to the upper wells; CXCL12 (10 ng/ml) was added to the

lower wells. (E) CCL21-treated or untreated pDCs were added to the upper wells in the presence or absence of AMD3100. CXCL12 (10 ng/ml) or CCL21

(300 ng/ml) was added to the lower wells. (F) pDCs were analyzed for the expression of CXCR7 and CXCR4 by RT-PCR. (G) pDCs were analyzed for

CXCL12 binding after being treated with medium or CCL21 (2.5 mg/ml) for 1 h. Data represent the mean 6 SD from at least three independent

experiments (A, C, E, G) or two experiments (B, D). *p , 0.05, **p , 0.01, ***p , 0.005.

196 CCR7- AND CXCR4-DEPENDENT pDC TRAFFICKING

 by D
iane R

azanajaona-D
oll on A

ugust 28, 2012
http://jim

m
unol.org/

D
ow

nloaded from
 

http://jimmunol.org/


port of entry into the WP to gain access to the PALS, and that
T cells follow the path laid out by the chemokine-immobilized
FRC network in this region. Because CCR7 ligands are consti-
tutively expressed on FRCs (42) and regulate T cell locomotion on
FRCs, at least in LNs (43), Bajénoff et al. (39) speculated that
splenic FRCs expressing the CCR7 ligand provide access roads to
guide T cells from the MZBCs to the WP. This could also be the
case with pDC trafficking into the splenic WP; given that CCL21
is also expressed in ECs of the MZBC regions (Fig. 6D, 6E), pDCs
entering the spleen via these blood vessels may be sensitized by
this chemokine to become more reactive to another chemokine
expressed on the FRCs—namely, CXCL12—and the concerted
action of the two different chemokines may enhance pDC mi-
gration from the MZBCs to the WP. The complete inhibition of
pDC entry into the WP by the simultaneous blockage of CCR7
and CXCR4 supports this hypothesis. It is also possible that this

type of signaling promotes pDC retention after migration into the
WP. Real-time imaging of pDCs gaining access to and residing in
the WP is necessary to verify these hypotheses.
CXCL12 appears to act with multiple chemokines to regulate

leukocyte trafficking. For instance, we previously reported that
CXCL12 promotes naive T cell migration in a CCR7-dependent
manner in vitro and in vivo (38): High CXCL12 concentrations
elevate CCL21-induced T cell migration, but reversing the che-
mokine combination does not enhance migration. In the current
study, CCR7 ligands enhanced the CXCL12-induced migration of
pDCs; however, the effect was not reciprocal in this case either,
indicating that the sequential order of chemokine exposure may be
important for their concerted actions in a cell context-dependent
manner. The absence of the reciprocal effect also implies that
receptor signaling was not enhanced by the receptor engagement
of heterocomplexed chemokines generated by the coexistence of
multiple chemokines, as proposed by Paoletti et al. (44). CXCL12
also appears to cooperate with CXCR3 ligands: When added si-
multaneously, CXCL12 acts synergistically with CXCR3 ligands
to promote pDC chemotaxis in vitro (18, 21). Pretreating pDCs with
a high CXCR3 ligand concentration induces efficient migration
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toward low concentrations of CXCL12, whereas pretreatment with
CXCL12 does not alter the responsiveness of pDCs to CXCR3
ligands (21). However, because CXCR3 ligands, including CXCL9
and CXCL10, are not expressed in the spleen under steady-state
conditions (19), CXCR3 is unlikely to be involved in multiple
chemokine signaling to regulate the physiological trafficking of
pDCs into the WP.

Although CXCL12 induced robust chemotaxis to pDCs in vitro,
and the functional blockage of both CXCR4 and CCR7 almost
completely abrogated pDC trafficking into the WP, administering
the CXCR4 antagonist AMD3100 alone did not affect pDC entry
into the WP in vivo. This observation indicates that CXCR4 sig-
naling is important for pDC trafficking in vivo but can be replaced
by other signals. The possibility that CCR7 signaling compensated
for the lost CXCR4 function is unlikely, however, given the in-
complete disappearance of pDCs in CCR7-deficient mice and
CCR7 ligand-deficient plt/plt mice. The dose of AMD3100 used
in this study was sufficient to inhibit CXCR4 signaling when
CCR7 was nonfunctional (Fig. 7B) and has been reported to exert
pharmacologic effects when used in osmotic pumps in other ex-
perimental systems in vivo (34, 35). Therefore, the possibility that
the AMD3100 dose was insufficient to block pDC migration into
the WP can be excluded.
In the current study, CCL21 concentrations of $1 mg/ml were

required to observe cooperative chemokine activity in pDC mi-
gration. The multiple basic amino acid residues of CCL21 allow it
to bind readily to extracellular matrix components (33). Chemo-
kines bind to glycosaminoglycans/proteoglycans and have been
estimated to be in the micromolar range when bound to these
molecules in specific microenvironments (45). Given that CCL21
is readily detected along the fibers of FRCs in the MZBCs, this
chemokine is likely to be present physiologically at high concen-
trations in certain areas of the WP.
To circumvent the problem of obtaining limited numbers of

blood-borne pDCs in vivo, Flt3L-induced pDCs from the BM and
pDCs expanded in vivo by Flt3L were used in these migration
studies; these pDCs may not adequately represent naturally oc-
curring pDCs under steady-state conditions. However, BM-derived
pDCs express a variety of trafficking-associated adhesion mole-
cules, including L-selectin and LFA-1, at levels similar to those
found in blood-borne pDCs (15), and they migrate efficiently into
both uninflamed (16) and inflamed LNs (15). In addition, we
found that BM-derived pDCs bound CCL19-Fc, CXCL10-Fc, and
CXCL12-Fc at readily detectable levels (data not shown). The
levels of chemokine receptors, L-selectin, and costimulatory
molecules in the in vivo-expanded pDCs were almost unaltered
compared with levels in pDCs from unperturbed mice (Supple-
mental Fig. 1; data not shown). Hadeiba et al. (5) also showed
that these pDCs migrate efficiently to LNs. We thus judge that
the trafficking abilities of Flt3L-induced BM-derived pDCs and
unstimulated blood-borne pDCs are comparable, although not
completely ruling out the possibility that any cell amplification
process might produce changes in the trafficking patterns.
Collectively, our data strongly suggest that circulating pDCs

gain access to the WP constitutively, driven by a cooperative action
of CCR7 and CXCR4 signaling; this reinforces the idea that a
concerted chemokine action enhances leukocyte recruitment to tis-
sues that coexpress several chemokines.
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s.c., and 2 d later the recipient mice were injected with CMFDA-labeled

WT pDCs and CMRA-labeled CCR7-deficient pDCs (6 3 106 cells each).

The spleens were harvested 15 h after the injection. (C) Adoptive co-

transfer experiments similar to (B) were performed, and the spleen and

PLNs were harvested. The numbers of CD11cintCD317+ pDCs that had

migrated into these tissues were determined by flow cytometer.

**p , 0.01, ***p , 0.005.
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