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Lymphocytes migrate into the parenchyma 
of secondary lymphoid organs, such as periph-
eral LNs (PLNs) and Peyer’s patches (PPs), 
through specialized blood vessels called high 
endothelial venules (HEVs; Butcher and Picker, 
1996; von Andrian and Mempel, 2003). This 
process is important for the immune system to 
efficiently recognize antigens accumulated in 
the secondary lymphoid organs. HEVs have a 
characteristic cuboidal morphology and a prom-
inent Golgi complex where unique sulfated 
glycans are synthesized (Girard and Springer, 
1995). Lymphocyte migration is achieved by 
a series of interactions between lymphocytes 
and HEVs (Springer, 1994): (1) lymphocyte roll-
ing mediated by L-selectin on the lymphocytes 
and sulfated glycans on the HEVs; (2) activation 
of lymphocytes by chemokines presented on 
the surface of HEVs by heparan sulfate; (3) firm 

attachment of lymphocytes mediated by inte-
grins; and (4) transmigration.

Studies of the carbohydrate-based ligands 
for L-selectin expressed on LN HEVs have 
identified several sialomucins, including Gly-
CAM-1, CD34, podocalyxin-like protein, and 
Sgp200 (Rosen, 2004), that are reactive with 
the MECA-79 antibody (Streeter et al., 1988), 
which blocks L-selectin–mediated lymphocyte 
binding to HEVs. Peripheral node addressin 
(PNAd) is the general term for MECA-79– 
reactive antigens. The binding of these sialomu-
cins to L-selectin is dependent on their deco-
ration with a specific carbohydrate structure 
known as 6-sulfo sialyl Lewis X (Sialic acid2-
3Gal1-4[Fuc1-3(sulfo-6)]GlcNAc1-R; 
Rosen, 2004; Kawashima, 2006). The 6-sulfo 
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Nasal-associated lymphoid tissue (NALT) is a mucosal immune tissue that provides immune 
responses against inhaled antigens. Lymphocyte homing to NALT is mediated by specific interac-
tions between lymphocytes and high endothelial venules (HEVs) in NALT. In contrast to HEVs in 
other mucosal lymphoid tissues, NALT HEVs strongly express peripheral node addressins (PNAds) 
that bear sulfated glycans recognized by the monoclonal antibody MECA-79. We investigated 
the role of PNAd in lymphocyte homing to NALT using sulfotransferase N-acetylglucosamine-6-
O-sulfotransferase (GlcNAc6ST) 1 and GlcNAc6ST-2 double knockout (DKO) mice. The expres-
sion of PNAd in NALT HEVs was eliminated in DKO mice. Short-term homing assays indicated 
that lymphocyte homing to NALT was diminished by 90% in DKO mice. Production of antigen-
specific IgE and the number of sneezes in response to nasally administered ovalbumin were also 
substantially diminished. Consistently, the NALT of DKO mice showed reduced production of IL-4 
and increased production of IL-10 together with an increase in CD4+CD25+ regulatory T cells  
(Treg cells). Compared with the homing of CD4+CD25 conventional T cells, the homing of 
CD4+CD25+ Treg cells to NALT was less dependent on the L-selectin–PNAd interaction but was 
partially dependent on PSGL-1 (P-selectin glycoprotein ligand 1) and CD44. These results dem-
onstrate that PNAd is essential for lymphocyte homing to NALT and nasal allergic responses.

© 2011 Ohmichi et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
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revealed that PPs and NALT are two of the main components 
of mucosa-associated lymphoid tissue (MALT) and are im-
portant inductive sites for mucosal immunity against antigens 
entering through the mucus by ingestion and inhalation, re-
spectively (Kiyono and Fukuyama, 2004). It has been revealed 
that the interaction of 47 integrin on lymphocytes and 
mucosal addressin cell adhesion molecule 1 (MAdCAM-1) on 
HEVs is essential for lymphocyte homing to PPs (Nakache  
et al., 1989; Berlin et al., 1993). In contrast, adhesion mole-
cules important for lymphocyte homing to NALT in vivo 
have yet to be identified. Considering that nasal vaccination 
protocols have achieved effective immune reactions (Imaoka 
et al., 1998; Kurono et al., 1999; Imai et al., 2005) and that 
various antigens, including pollen and house dust, that are 
taken up from the nasal mucosal barrier often cause Th2-
mediated allergic rhinitis characterized by antigen-specific IgE 
production and nasal symptoms, such as sneezing (Gelfand, 
2004), understanding the molecular mechanisms of cellular 
trafficking to NALT and how to manipulate them is clini-
cally important. It was previously reported that PNAd is ex-
pressed in NALT HEVs (Csencsits et al., 1999), but the 
significance of its expression for lymphocyte homing in vivo 
remains elusive.

In the present study, we sought to determine the role of 
PNAd in lymphocyte homing to NALT and in allergic immune 
responses against inhaled antigens using sulfotransferase DKO 
mice. The results of this study demonstrate that expression of 
PNAd is completely abrogated in the NALT of DKO mice 
and that lymphocyte homing to NALT is significantly dimin-
ished in these mutant mice. We also found that IgE production 
and nasal symptoms of rhinopathy are suppressed in DKO 
mice in relation to a reduction in IL-4 and increases in IL-10 
and CD4+CD25+ regulatory T cells (Treg cells). Moreover, we 

sialyl Lewis X structure is present in either the core 2 or  
extended core 1 branch (or both) of L-selectin ligand O-glycans. 
MECA-79 antibody recognizes O-glycans containing 6-sulfo 
N-acetylglucosamine in the extended core 1 structure (Yeh  
et al., 2001). It has been reported that N-glycans modified with 
the 6-sulfo sialyl Lewis X structure are also important for lym-
phocyte homing to PLNs (Mitoma et al., 2007).

To determine the sulfation requirement of L-selectin ligands 
in vivo, mice deficient in two HEV-expressed sulfotransfer-
ases, N-acetylglucosamine-6-O-sulfotransferase (GlcNAc6ST) 
1 and GlcNAc6ST-2 (also called HEC-GlcNAc6ST or  
L-selectin ligand sulfotransferase) were generated (Kawashima 
et al., 2005; Uchimura et al., 2005). Immunofluorescence studies 
revealed that binding of the MECA-79 antibody to LN HEVs 
of the GlcNAc6ST-1 and GlcNAc6ST-2 double KO (DKO) 
mice was completely abrogated, indicating that GlcNAc-6- 
O-sulfation in the extended core 1 branch of O-glycans in 
HEVs was absent in DKO mice. Accordingly, DKO mice showed 
a significant reduction in lymphocyte homing to PLNs. Contact 
hypersensitivity responses were also significantly diminished in 
DKO mice as the result of a reduction in lymphocyte trafficking 
to the draining LNs (Kawashima et al., 2005).

Nasal-associated lymphoid tissue (NALT) is a mucosal 
lymphoid tissue in rodents that is considered to be equivalent 
to Waldeyer’s ring in humans, including tonsils and adenoids 
(Hellings et al., 2000). More recent studies examined human 
nasal tissue blocks of 150 children who had died in the first  
2 yr of life and indicated the presence of a NALT-like struc-
ture in humans as a morphologically distinct structure from 
tonsils and adenoids disseminated in the nasal mucosa, with 
morphological features typical of secondary lymphoid organs, 
such as HEVs and lymphoid follicles, sometimes with germinal 
centers (Debertin et al., 2003). Studies using rodents have 

Figure 1. Expression of the chimeric protein GlcNAc6ST-2-EGFP, MECA-79, and MECA-367 antigens. Frozen sections of NALT, PLNs, and PPs 
from WT, GlcNAc6ST-2–deficient (GlcNAc6ST-2 KO), and GlcNAc6ST-1 and GlcNAc6ST-2 DKO mice were stained with MECA-79 (A, red) or MECA-367  
(B, red) mAb. Green fluorescence is from the GlcNAc6ST-2–EGFP chimeric protein that had been knocked-in to the GlcNAc6ST-2 locus (Hiraoka et al., 
2004; Kawashima et al., 2005). Bars, 30 µm. Data are representative of four independent experiments.
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transferases are essential for the sulfation of PNAd in NALT 
HEVs. Strong staining with the antibody MECA-367, which 
reacts with MAdCAM-1 (Nakache et al., 1989), was observed 
in PPs but not in NALT or PLNs (Fig. 1 B). Thus, although 
NALT is a MALT similar to PPs, its addressin expression  
pattern is more similar to that of PLN.

Roles of PNAd in lymphocyte homing to NALT
To assess the role of PNAd expressed in NALT HEVs, we 
next performed a lymphocyte homing assay (Fig. 2 A). In 
DKO mice, lymphocyte homing to NALT and PLNs was di-
minished by 90% compared with that observed in WT mice, 
indicating that PNAd plays a critical role in lymphocyte 
homing to NALT and PLNs. Consistent with that result, the 
total cell number in NALT was reduced by 50% in DKO 
mice, similar to what was observed in PLNs (cervical LNs 
[CLNs]; Fig. 2 B).

To determine the specificity of the residual lymphocyte 
homing to NALT observed in DKO mice, we next examined 

found that CD4+CD25+ Treg cells are recruited to NALT in  
a manner less dependent on the L-selectin–PNAd interaction 
and partially dependent on P-selectin glycoprotein ligand 1 
(PSGL-1) and CD44. Our results suggest that blocking PNAd-
mediated lymphocyte homing to NALT could serve as a ther-
apeutic target for allergic rhinitis induced by inhaled antigens.

RESULTS
Expression of PNAd, but not MAdCAM-1, in NALT HEVs
An immunofluorescence study using the antibody MECA-79 
(Streeter et al., 1988) indicated that PNAd is strongly ex-
pressed in the NALT HEVs of C57BL/6 WT mice (Fig. 1 A). 
In GlcNAc6ST-2–deficient (KO) mice, staining with  
MECA-79 was observed only on the abluminal side of NALT 
HEVs, surrounding green fluorescence derived from EGFP-
GlcNAc6ST-2 fusion proteins, which accumulate in the Golgi 
apparatus of HEVs (Hiraoka et al., 2004; Kawashima et al., 
2005). Moreover, no staining with MECA-79 was observed 
in NALT HEVs in DKO mice, indicating that the two sulfo-

Figure 2. Reduction of lymphocyte homing to NALT in DKO mice. (A) Lymphocyte homing to secondary lymphoid organs. Lymphocytes labeled with 
CFSE were injected into tail veins of WT and DKO mice, and fluorescent lymphocytes from NALT, PLNs, and spleen were quantified by flow cytometry. Data 
from four separate experiments were pooled. n = 11–12. Each bar represents the mean ± SD. *, P < 0.001; **, P < 0.02 versus WT mice. (B) The total numbers 
of cells in NALT and PLNs (CLNs) from WT and DKO mice were counted. n = 3–14. Each bar represents the mean ± SD. *, P < 0.01 versus WT mice. (C) Expres-
sion of L-selectin ligands. Frozen sections of NALT and PLNs were stained with L-selectin–IgM (L-sel-IgM, red). Green fluorescence is from the GlcNAc6ST-2-
EGFP chimeric protein. Bar, 30 µm. Data are representative of three independent experiments. (D) Inhibition of lymphocyte homing in DKO mice by MEL-14. 
CFSE-labeled lymphocytes preincubated with MEL-14 or control rat IgG were injected into the tail vein of each DKO mouse. Each bar represents the mean ± SD.  
n = 3. *, P < 0.05; **, P < 0.005 versus rat IgG-injected mice. N.S., not significant. Data are representative of two independent experiments.
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CD4+CD25+ T cells expressed Foxp3 (Fig. 3 B), a Treg cell–
specific transcription factor (Hori et al., 2003), indicating that 
most of the CD4+CD25+ T cells observed in Fig. 3 A were 
Treg cells. Notably, CD4+CD25+ Treg cells expressing a lower 
level of L-selectin (CD62L) were more enriched in the NALT 
and spleen in DKO mice (Fig. 3 C). A short-term homing  
assay indicated that the homing of CD4+CD25 conventional 
T cells (Tconv cells) to NALT and PLNs was significantly de-
creased in DKO mice. Similarly, homing of CD4+CD25+ Treg 
cells to PLNs was also significantly decreased in DKO mice. 
In contrast, homing of CD4+CD25+ Treg cells to NALT in 
DKO mice was almost comparable with that observed in WT 
mice (Fig. 3 D). Collectively, these results suggest that homing 
of CD4+CD25+ Treg cells to NALT is less dependent on an  
L-selectin–PNAd interaction than that of CD4+CD25 Tconv 
cells to NALT and those of CD4+CD25+ Treg and CD4+CD25 
Tconv cells to PLNs.

Roles of PSGL-1 and CD44 in the homing of CD4+CD25+ Treg 
cells to NALT
Consistent with the results in the previous section, the short-
term homing assay indicated that the anti–L-selectin mAb 
MEL-14 significantly inhibited homing of CD4+CD25 Tconv 
cells to NALT but only partially inhibited that of CD4+CD25+ 
Treg cells (Fig. 4 A). In contrast, homing of both CD4+CD25 
Tconv and CD4+CD25+ Treg cells to PLNs was significantly 
inhibited by MEL-14 (Fig. 4 B).

To identify the homing receptors other than L-selectin 
that mediate the homing of CD4+CD25+ Treg cells to NALT, 
we next examined whether PSGL-1 (Alon et al., 1995; Moore 
et al., 1995) and CD44 (DeGrendele et al., 1996), the other 
carbohydrate-dependent rolling receptors on lymphocytes, 
might play a role. As shown in Fig. 4 (A and B), an anti–PSGL-1 
blocking mAb 4RA10 (Frenette et al., 2000) and an anti– 
P-selectin mAb RB40.34 (Bosse and Vestweber, 1994) partially 
inhibited homing of CD4+CD25+ Treg cells to NALT but not 
to PLNs. Consistently, real-time quantitative PCR analysis 
using FACS-sorted CD4+CD25 Tconv cells and CD4+CD25+ 
Treg cells (Fig. 4 C) showed that expression of the mRNA for 
fucosyltransferase-VII, which is required for a posttransla-
tional modification of PSGL-1 required for its interaction 

whether L-selectin ligands could still be detected in DKO 
mice. Immunofluorescence study using an L-selectin–IgM 
chimeric molecule indicated that L-selectin ligand expression 
in NALT was significantly lower in the KO mice (Fig. 2 C). 
Only faint staining with L-selectin–IgM was observed in 
NALT in the DKO mice, suggesting that a very small amount 
of L-selectin ligand activity remains in the DKO mice. Con-
sistent with this notion, pretreatment of fluorescence-labeled 
lymphocytes with MEL-14, a mAb that blocks L-selectin 
function (Gallatin et al., 1983), significantly inhibited the re-
sidual lymphocyte homing to NALT observed in the DKO 
mice, similar to what was observed in PLNs (Fig. 2 D). These 
results indicate that PNAd plays a major role in lymphocyte 
homing to NALT, although a small amount of L-selectin li-
gands are expressed in the NALT of DKO mice.

Changes in lymphocyte subpopulations in DKO mice
We next examined lymphocyte subpopulations in NALT by 
flow cytometry (Table I). In DKO mice, CD19+ B cells were 
more significantly diminished than CD3+ T cells in NALT.  
To examine the possibility that chemokine expression might 
differ in WT and DKO mice in NALT, we performed immuno-
histochemical staining using anti-chemokine antibodies against 
CCL21, which primarily attracts T cells, as shown by the analy-
sis of plt (paucity of LN T cell) mutant mice (Luther et al., 
2000; Nakano and Gunn, 2001) and CXCL12, which is im-
portant for B cell homing (Okada et al., 2002; Fig. S1). We did 
not see a significant difference in chemokine expression be-
tween WT and DKO mice. These results suggest that the de-
crease of B cells in DKO mice was not explained by the 
difference in chemokine expression but might be explained 
by the fact that B cells express lower levels of L-selectin com-
pared with T cells and that B cell homing is more susceptible 
to the reduction of L-selectin ligands in HEVs than that of  
T cells (Gauguet et al., 2004; Uchimura et al., 2005).

Another notable difference was that CD4+CD25 T cells 
were decreased in DKO mice, whereas CD4+CD25+ and 
CD8+ T cells were increased in DKO mice (Table I). In par-
ticular, the ratio of CD4+CD25+ T cells among total lympho-
cytes in NALT was approximately four times higher in DKO 
mice than in WT mice (Table I and Fig. 3 A). Most of the 

Table I. Number of lymphocyte subpopulations in NALT and PLN in WT and DKO mice

Cell population Cells in NALTa Cells in PLN (CLN; ×103)a

WT DKO WT DKO

CD3+ 8,205 ± 470 (10.7 ± 0.6) 7,560 ± 360 (21.0 ± 1.0) 9,413 ± 380 (56.4 ± 2.3) 7,081 ± 199 (76.6 ± 2.2)
CD3+CD4+ 6,673 ± 503 (8.7 ± 0.7) 5,319 ± 105 (14.8 ± 0.3) 4,809 ± 86 (28.8 ± 0.5) 4,053 ± 237 (43.9 ± 2.6)

CD3+CD4+CD25 5,955 ± 632 (7.8 ± 0.8) 3,964 ± 346 (11.0 ± 1.0) 4,232 ± 41 (25.3 ± 0.2) 3,548 ± 239 (38.4 ± 2.6)

CD3+CD4+CD25+ 718 ± 129 (0.94 ± 0.17) 1,355 ± 274 (3.8 ± 0.76) 576 ± 47 (3.5 ± 0.28) 505 ± 14 (5.5 ± 0.15)
CD3+CD8+ 1,531 ± 288 (2.0 ± 0.38) 2,241 ± 283 (6.2 ± 0.79) 4,604 ± 311 (27.6 ± 1.9) 3,028 ± 262 (32.8 ± 2.8)
CD19+ 64,903 ± 364 (85.1 ± 0.5) 24,575 ± 663 (68.3 ± 1.8) 6,365 ± 396 (38.1 ± 2.4) 1,727 ± 182 (18.7 ± 2.0)
Others 3,193 ± 112 (4.2 ± 0.15) 3,865 ± 999 (10.7 ± 2.8) 923 ± 19 (5.5 ± 0.11) 432 ± 42 (4.7 ± 0.45)

Numbers in the parentheses represent the mean percentage ± SD of cells in each lymphoid organ.
aValues represent means ± SD of cell numbers in NALT and CLN per mouse (n = 3).

http://www.jem.org/cgi/content/full/jem.20101786/DC1
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higher in CD4+CD25+ Treg cells than in CD4+CD25 Tconv 
cells. In addition, RT-PCR analysis, using total RNA from HEV 
cells from NALT purified by immunomagnetic selection using 
HEV-specific mAb S2 (Hirakawa et al., 2010), indicated that 
P-selectin mRNA was expressed in NALT HEVs (Fig. 4 E).

To determine the role of CD44, we next examined the 
effects of the anti-CD44 mAb IM7, which blocks CD44-
mediated lymphocyte rolling on hyaluronic acid (HA)–coated 
dishes (DeGrendele et al., 1996). As shown in Fig. 4 A, IM7 
significantly inhibited the homing of CD4+CD25+ Treg 
cells to NALT. IM7 also slightly inhibited the homing of 
CD4+CD25+ Treg cells to PLNs (Fig. 4 B). Consistent with these 
findings, expression of HA, a ligand for CD44 (Aruffo et al., 
1990), was detected in the NALT and PLN HEVs (Fig. 4 F). In 
addition, CD4+CD25+ Treg cells expressed CD44 more abun-
dantly than CD4+CD25 Tconv cells (Fig. 4 G). Furthermore, 
treatment of CD4+CD25+ Treg cells with a mixture of MEL-14, 
4RA10, and IM7 more significantly inhibited the homing of 
these cells to NALT than treatment with the individual mAbs 
(Fig. 4 A). In contrast, treatment with the mixture of mAbs 
failed to show any additive inhibitory effects compared with 
that with MEL-14 alone regarding the homing of CD4+CD25 
Tconv cells to NALT. Collectively, these results indicate that 
the homing of CD4+CD25+ Treg cells to the NALT is less de-
pendent on L-selectin but is more dependent on PSGL-1 and 
CD44 compared with the homing of CD4+CD25 Tconv cells 
to the NALT.

Roles of PNAd in allergic immune responses  
after intranasal immunization
As described in the previous section, NALT is a mucosal im-
mune tissue where immune responses against antigens from 
the nasal mucosal barrier occur. To determine if PNAd is in-
volved in the allergic immune responses in NALT, we next 
immunized WT and DKO mice intranasally with OVA. Produc-
tion of OVA-specific serum IgE in DKO mice was about 
three times lower than that in WT mice (Fig. 5 A). OVA-specific 
serum IgG and nasal wash IgA were not significantly different 
between the two genotypes of mice (Fig. 5, B and C). Consis-
tently, the number of sneezes after intranasal immunization 
with OVA was lower in DKO mice than in WT mice (Fig. 5 D). 
We further examined the effects of L-selectin blockade on al-
lergic responses using mAb MEL-14. As shown in Fig. S2, 
MEL-14 suppressed OVA-specific serum IgE production and 
sneezing to a degree almost comparable with that observed in 
DKO mice, indicating that blockade of the L-selectin–PNAd 
adhesion pathway suppresses allergic immune responses after 
intranasal immunization. In addition, immunofluorescence 
studies revealed that HA was expressed in NALT HEVs in 
WT and DKO mice after intranasal immunization with OVA 
(Fig. S3), which could partly mediate trafficking of Treg cells to 
NALT, as described in the previous section.

Cytokine production in NALT after intranasal immunization
To determine the molecular basis for the alleviation of allergic 
immune responses in DKO mice after intranasal immunization, 

with P-selectin (Snapp et al., 1997), was 12× higher in 
CD4+CD25+ Treg cells than in CD4+CD25 Tconv cells (Fig. 4 D). 
The expression of PSGL-1 core protein was also slightly 

Figure 3. Accumulation of CD4+CD25+ Treg cells in the NALT of DKO 
mice. (A) Frequency of CD4+CD25+ Treg cell subsets. NALT, PLN (CLN), and 
splenic lymphocytes from WT and DKO mice were stained with APC- 
conjugated anti-CD3, APC-Cy7–conjugated anti-CD4, and FITC-conjugated 
anti-CD25 mAbs and analyzed by flow cytometry. The vertical axis represents 
the percentage of CD4+CD25+ T cells relative to total lymphocytes. Each bar 
represents the mean ± SD. n = 3. *, P < 0.002; **, P < 0.01. (B) Foxp3 staining of 
gated CD4+CD25+ T cells from the spleen (WT-Spleen) and the NALT (WT-NALT) 
of WT mice and from the NALT of DKO mice (DKO-NALT, shaded). Staining of 
gated CD4+CD25+ T cells from WT spleens with an isotype control (thin line). 
(C) CD62L expression. The expression of CD62L on gated CD4+CD25+ Treg cells 
from the NALT and the spleen of WT and DKO mice was examined by flow 
cytometry. The number of each panel indicates the mean percentage ± SD of 
cells in the gate (n = 3). P < 0.01. (D) Homing of CD4+CD25 Tconv cells and 
CD4+CD25+ Treg cells. CFSE-labeled lymphocytes were injected intravenously 
into WT or DKO mice. 2 h after injection, lymphocytes from NALT and PLNs 
(CLNs) were stained with APC-Cy7–conjugated anti-CD4 and APC-conjugated 
anti-CD25 mAbs to differentiate CD4+CD25 Tconv cell and CD4+CD25+ Treg cell 
homing after gating CFSE-positive cell fractions. Each bar represents the mean 
± SD. n = 3. *, P < 0.01 versus WT. N.S., not significant. Data are representative 
of two (A, B, and D) or three (C) independent experiments.

http://www.jem.org/cgi/content/full/jem.20101786/DC1
http://www.jem.org/cgi/content/full/jem.20101786/DC1
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Figure 4. Homing of CD4+CD25+ Treg cells to NALT is partially dependent on PSGL-1 and CD44. (A and B) CFSE-labeled CD4+CD25 Tconv cells and 
CMTMR-labeled CD4+CD25+ Treg cells were treated with or without neutralizing mAb, mixed at a ratio of 1:1, and injected into WT mice intravenously. 2 h 
later, lymphocytes from the NALT (A) and the PLNs (CLNs; B) were collected and analyzed by flow cytometry after gating on the CFSE- or CMTMR-positive 
cell fractions. The neutralizing mAbs used were anti–L-selectin (MEL-14), anti–PSGL-1 (4RA10), anti–P-selectin (RB40.34), and anti-CD44 (IM7), and rat IgG 
as a control. In some experiments, cells were treated with a mixture of MEL-14, 4RA10, and IM7 (mAb Mix). Each bar represents the mean ± SD. n = 4. *, P < 
0.002; **, P < 0.01; ***, P < 0.03. N.S., not significant. Rat IgG-treated control was set as 100%. In A and B, data from four separate experiments were pooled. 
(C) FACS sorting and Foxp3 staining. FACS-sorted CD4+CD25+ Treg cells (R2) and CD4+CD25 Tconv cells (R1) from WT mice were stained with PE-conjugated 
anti–mouse Foxp3 mAb (bold line) or PE-conjugated isotype control (thin line) using a Treg cell staining kit and analyzed by flow cytometry. Representative 
data from two independent experiments are shown. (D) Real-time quantitative PCR analysis. Total RNA from FACS-sorted CD4+CD25 Tconv cells and 
CD4+CD25+ Treg cells was subjected to real-time PCR analysis for Foxp3, fucosyltransferase-VII (FucT-VII), and PSGL-1. Each bar represents the mean ± SD.  
n = 3. *, P < 0.005; **, P < 0.02. Representative data from three independent experiments are shown. (E) RT-PCR analysis of P-selectin expression in NALT 
HEVs. Total RNA was purified from CD4+CD25 Tconv cells (CD4+CD25) and the mAb S2+ HEV cells from NALT (NALT-HEV). Single-stranded cDNA was pre-
pared from the total RNA in the presence (+) or absence () of RT and was subjected to PCR using primers for P-selectin, GlcNAc6ST-2, and -actin. Sizes 
of the PCR products are indicated on the right. Data are representative of two independent experiments. (F) Expression of HA in NALT and PLN HEVs. Frozen 
sections of NALT and PLNs from WT mice were costained with DyLight 488–conjugated MECA-79 (green), and biotinylated HA-binding protein and Alexa 
Fluor 594–conjugated streptavidin (red). Bar, 50 µm. Data are representative of three independent experiments. (G) CD44 expression on Tconv and Treg cells. 
The expression of CD44 on gated CD4+CD25 Tconv (red line) and CD4+CD25+ Treg cells (blue line) from the NALT and spleen of WT mice was examined by 
flow cytometry. The green line represents unstained lymphocytes without mAb incubation. Data are representative of two independent experiments.
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we next prepared total RNA from NALT after immunization 
and performed real-time quantitative PCR analysis (Fig. 6). The 
induction of the humoral immunity-related Th2 cytokine IL-4, 
which is a major mediator of IgE class switching in B cells  
(Zhu and Paul, 2008), was observed in WT mice, but not in 
DKO mice, after intranasal immunization with OVA. In con-
trast, more mRNA for the immune-suppressive cytokine IL-10 
was detected in DKO mice than in WT mice after immuniza-

tion, consistent with the higher amount of Foxp3 
mRNA and the higher ratio of Treg cells recruited 
to NALT in DKO mice, as shown in the previous 
section. Only a slight increase in TGF- was ob-
served in the NALT of DKO mice, suggesting that 
IL-10–producing, but not TGF-–producing, Treg 
cells increased in the NALT of DKO mice. The 
amount of mRNA for the Th1-related cytokine 

IFN- and the Th17-related cytokine IL-17A in the NALT in 
DKO mice was not statistically different from that in WT mice 
(unpublished data).

DISCUSSION
In this study, we found that PNAd plays an essential role in lym-
phocyte recruitment to a mucosal lymphoid tissue, NALT, and in 
the allergic immune responses after intranasal immunization.  

Previous studies from our laboratory and others indi-
cated that PNAd plays an essential role in lymphocyte 
trafficking to PLNs but not to the PP mucosal lym-
phoid tissue (Kawashima et al., 2005; Uchimura et al., 
2005). We also found that PNAd is involved in the  
regulation of lymphocyte subpopulations and the 
cytokine environment, both of which are critical for 
balancing immune responses in NALT.

Csencsits et al. (1999) showed that NALT HEVs 
of BALB/c mice were reactive with both MECA-79 
and MECA-367 antibodies and that binding of lym-
phocytes to NALT HEVs was significantly inhibited 
by MEL-14, but not by MECA-367, in a Stamper-
Woodruff ex vivo cell binding assay. Although the 

Figure 5. DKO mice exhibit reduced OVA-specific 
IgE production and attenuated nasal symptoms.  
(A, B, and C) ELISA for OVA-specific IgE (A) and IgG (B) in 
serum and IgA in nasal wash (C). WT and DKO mice were 
immunized intranasally with OVA and CT in PBS (closed 
and open triangles, respectively) or with PBS alone (closed 
and open circles, respectively) on days 0, 7, and 14, and 
OVA-specific antibodies were measured by ELISA on day 21. 
Error bars represent the SD of triplicate determinations.  
*, P < 0.05; **, P < 0.01. Data are representative of four 
independent experiments. (D) Nasal symptoms after intra-
nasal immunization. WT and DKO mice were intranasally 
immunized with OVA and CT on days 0, 7, and 14. On day 
21, mice were intranasally challenged with PBS alone or 
OVA and CT in PBS. 2 min later, the number of sneezes was 
counted for 5 min. Each horizontal bar represents the 
mean of the values obtained from 6–10 animals. *, P = 
0.07. Data from three separate experiments were pooled.

Figure 6. Real-time quantitative PCR analysis of various 
mRNAs in NALT after immunization. Real-time quantitative 
PCR analysis was performed using total RNA samples from 
NALT collected on day 15 from WT or DKO mice that had been 
immunized with OVA and CT in PBS (OVA) or with PBS alone 
(PBS) on days 0, 7, and 14. Each bar represents the mean ± SD. 
n = 3–7. *, P < 0.02; **, P < 0.05. N.S., not significant. Data 
from two separate experiments were pooled.
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are Treg cells, suggesting that adhesion molecules other than  
L-selectin might mediate the homing of CD4+CD25+ Treg cells 
to PLNs in these mutant mice. It was reported that plt mutant 
mice, which have mutations in CCL21 (produced by stromal 
cells and HEVs) and CCL19 (Luther et al., 2000; Nakano and 
Gunn, 2001), showed aggravated allergic symptoms associated 
with a reduction in Treg cells expressing CCR7, the receptor for 
CCL21 (Yoshida et al., 1998) and CCL19 (Yoshida et al., 1997), 
in NALT, showing the importance of the chemokines CCL21 
and CCL19 for Treg cell homing to NALT (Takamura et al., 
2007). However, as far as we know, no previous reports have 
shown the importance of adhesion molecules for Treg cell hom-
ing to NALT in vivo. It has been well discussed that appropri-
ate localization is indispensable for the appropriate function of 
Treg cells in vivo (Huehn and Hamann, 2005). We believe that 
the results of the present study have clarified, at least in part, the 
address codes for Treg cell migration, and they should permit 
the function of Treg cells to be manipulated in the future, with 
relevance for host responses to tumors, transplant rejection,  
autoimmunity, and allergies (Sakaguchi, 2005).

Flow cytometric analysis indicated that CD4+CD25+ Treg 
cells expressing lower levels of L-selectin accumulate not only 
in NALT but also in the spleen of DKO mice (Fig. 3 C), 
probably because CD4+CD25+ Treg cells expressing lower levels 
of L-selectin are preferentially maintained in DKO mice. 
Considering a previous study that fibroblastic reticular cells in 
LNs provide survival signals through IL-7 to naive T cells (Link 
et al., 2007), one possible explanation for why CD4+CD25+ 
Treg cells expressing lower levels of L-selectin accumulate in 
DKO mice is that naive CD4+CD25+ Treg cells that can migrate 
to secondary lymphoid organs in an L-selectin–independent 
manner might be better maintained in DKO mice. Alternatively, 
because some CD4+CD25+ Treg cells sequentially migrate from 
inflamed tissues to draining LNs (Zhang et al., 2009) and 
some others are induced by a commensal bacterium of the 
intestinal microbiota (Round and Mazmanian, 2010; Atarashi 
et al., 2011), the CD4+CD25+ Treg cells activated in the in-
flamed mucosa or induced in the intestines expressing lower 
levels of L-selectin might accumulate in DKO mice.

Another notable observation in relation to the homing of 
CD4+CD25+ Treg cells is that homing of these cells to NALT was 
less dependent on L-selectin compared with the homing to 
PLNs (Fig. 4, A and B). In immunofluorescence studies, the 
MECA-79 staining intensities in NALT HEVs and PLN HEVs 
were indistinguishable under the staining conditions we used, 
suggesting that PNAd in these lymphoid organs is modified with 
a similar level of sulfated extended core 1 O-glycans. However, 
because the other core structures, such as core 2 O-glycans  
(Hiraoka et al., 2004) and N-glycans (Mitoma et al., 2007), as well 
as fucosylation (Homeister et al., 2001) and sialylation (Rosen  
et al., 1985) of PNAd, are also important for L-selectin binding, 
one possible explanation is that some of these glycosylation events 
might be less efficient in NALT HEVs than in PLN HEVs.

Although L-selectin ligand activity was not completely 
abrogated in DKO mice, IgE production and the number of 
sneezes after intranasal immunization with OVA were lower 

latter finding is consistent with our in vivo results, the former 
is not consistent with our results showing that the NALT HEVs 
of C57BL/6 mice were exclusively reactive with MECA-
79. To solve this discrepancy, we stained the NALT HEVs 
of BALB/c mice with MECA-367 and detected reactivity in 
some HEVs with this antibody (Fig. S4). This result suggests that 
the strain difference accounts for the differential expression pat-
tern of MECA-367 antigens. It is of note that all of the NALT 
HEVs in BALB/c mice expressed MECA-79 antigen, whereas 
63% of them coexpressed MECA-367 antigen (Csencsits  
et al., 1999), suggesting that even though MECA-367 antigen 
is expressed in NALT HEVs in BALB/c mice, PNAd should 
play a major role in lymphocyte recruitment to NALT in 
these mice.

L-selectin–IgM staining and a blocking experiment with 
MEL-14 antibody indicated that a faint but detectable amount 
of L-selectin ligands remain in NALT HEVs in DKO mice 
(Fig. 2). It seems likely that unsulfated sialyl Lewis X struc-
tures support the residual L-selectin–dependent lymphocyte 
homing to NALT in DKO mice because this carbohydrate 
structure binds to L-selectin in vitro (Foxall et al., 1992). In 
support of this notion, the staining of NALT sections from 
WT and DKO mice with the recently generated antisulfated 
glycan mAbs S1 and S2, which specifically recognize 
GlcNAc-6-O-sulfated carbohydrate structures (Hirakawa  
et al., 2010), indicated that GlcNAc-6-O-sulfation was  
completely eliminated from the NALT HEVs of DKO mice 
(Fig. S5). In addition, a carbohydrate structural analysis of 
PLN HEV–derived glycoproteins performed in our previous 
study indicated that 6-sulfo sialyl Lewis X structures were  
almost completely abrogated, whereas unsulfated sialyl Lewis  
X structures were significantly enhanced in DKO mice  
(Kawashima et al., 2005).

Unlike GlcNAc6ST-2, GlcNAc6ST-1 is widely expressed 
in various tissues (Uchimura et al., 1998). Thus, one may argue 
that the lack of GlcNAc6ST-1 in immune cells in DKO 
mice might have some functional immunological relevance. 
However, although GlcNAc6ST-1 is relatively strongly expressed 
in various organs such as the brain, eyes, lung, and pancreas, it 
is not expressed in bone marrow and is only very weakly ex-
pressed in the thymus and spleen (Uchimura et al., 1998), 
suggesting that immune cells do not express GlcNAc6ST-1. 
In addition, our previous results indicated that immune re-
sponses were unaffected in GlcNAc6ST-1 single KO mice 
(Kawashima et al., 2005). Thus, we think that it is unlikely that 
the lack of GlcNAc6ST-1 in immune cells in DKO mice has any 
functional relevance regarding immune responses in NALT, al-
though we cannot completely rule out this possibility.

Importantly, the homing of CD4+CD25+ Treg cells to 
NALT was less dependent on the L-selectin–PNAd interac-
tion than that of CD4+CD25 Tconv cells (Fig. 4). Furthermore, 
we found that the homing of CD4+CD25+ Treg cells to NALT 
was also dependent on PSGL-1 and CD44. It was reported that 
CD4+CD25+ Treg cell migration to PLNs requires L-selectin 
(Venturi et al., 2007). The same paper also reported that 40%  
of the CD4+ T cells in the PLNs of L-selectin–deficient mice  

http://www.jem.org/cgi/content/full/jem.20101786/DC1
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suspensions of recipient lymphoid organs were stained with allophycocyanin 
(APC)-conjugated anti–mouse CD25 (PC61.5; eBioscience) and APC–cyanine-
7 (Cy7)–conjugated anti–mouse CD4 (GK1.5; BioLegend) to differentiate 
homing of CD4+CD25 Tconv cells and CD4+CD25+ Treg cells. To deter-
mine the effects of various mAbs on Treg and Tconv cell homing, CD4+CD25+ Treg 
cells and CD4+CD25 Tconv cells were purified from PLNs, MLNs, and spleens 
of WT mice using a CD4+CD25+ Treg cell isolation kit (>95% purity; Miltenyi 
Biotec), labeled with 0.75 µM CMTMR (5-(and-6)-(((4-chloromethyl)ben-
zoyl)amino)tetramethylrhodamine; Lonza) and 0.05 µM CFSE, respectively, and 
treated with 33 µg/ml (10 µg/mouse) of control rat IgG or anti–PSGL-1 
(4RA10; BD), anti–P-selectin (RB40.34; BD), anti-CD44 (IM7; BioLegend), or 
anti–L-selectin mAb (MEL-14) for 10 min. In some experiments, cells were in-
cubated with a mixture of 33 µg/ml (10 µg each mAb/mouse) MEL-14, 
4RA10, and IM7 for 10 min. Equal numbers of CMTMR- and CFSE-labeled 
T cells were then mixed, and 300 µl of the lymphocyte suspension was injected 
intravenously (1.5 × 106 lymphocytes/mouse) into WT mice. After 2 h, lym-
phocyte suspensions of recipient lymphoid organs were analyzed by flow cy-
tometry as described earlier in this section.

Flow cytometric analysis. Single-cell suspensions were prepared from 
NALT, PLNs, and spleens. The cell suspension was passed through a nylon 
mesh and incubated with various combinations of mAbs as follows: (1) APC-
conjugated anti–mouse CD3 (2C11; eBioscience), R-PE–conjugated anti–
mouse CD19 (1D3; BD), APC-Cy7–conjugated anti–mouse CD4 (GK1.5; 
BioLegend), PE-Cy7–conjugated anti–mouse CD8 (53–6.7; BioLegend), 
and FITC-conjugated anti–mouse CD25 (7D4; Beckman Coulter) for dif-
ferential staining of T and B cell subpopulations; (2) PE-conjugated anti–
mouse CD4 (GK1.5; Beckman Coulter), FITC-conjugated anti–mouse 
CD25, and APC-conjugated anti–mouse CD62L (MEL-14; Beckman Coul-
ter) for staining of L-selectin; and (3) biotin-conjugated anti–mouse CD3 
(2C11; BD), PE-conjugated anti–mouse CD4, APC-conjugated anti–mouse 
CD25 (PC61.5; eBioscience), and FITC-conjugated anti–mouse/human 
CD44 (IM7; BioLegend), followed by streptavidin-conjugated PerCP-Cy5.5 
(BioLegend) for CD44 staining. For intracellular Foxp3 staining, cells were 
stained with a mouse Treg cell staining kit (eBioscience) containing FITC-
conjugated anti–mouse CD4 (RM4-5), APC-conjugated anti–mouse CD25 
(PC61.5), and PE-conjugated anti–mouse/rat Foxp3 (FJK-16s) according to 
the manufacturer’s instructions. The cells were analyzed by flow cytometry 
on a FACSCanto II (BD). The data were acquired and analyzed with FACS 
Diva software (BD) and FlowJo software (Tree Star, Inc.).

Purification of Treg cells by FACS sorting. Lymphocytes from WT PLNs 
were stained with FITC-conjugated anti–mouse CD4 (RM4-5; eBiosci-
ence) and APC-conjugated anti–mouse CD25 (PC61.5; eBioscience) in PBS 
containing 0.1% BSA. After 30 min of incubation at 4°C, cells were washed, 
resuspended in PBS containing 2% FBS, and filtered through a cell strainer 
with a pore size of 40 µm (BD). CD4+CD25+ Treg and CD4+CD25 Tconv 
cells were sorted by a FACSAria II (BD), immersed in RNALater solution 
(Ambion), and stored at 80°C until use for real-time quantitative PCR. A 
portion of the sorted cells were stained with PE-conjugated anti–mouse/rat 
Foxp3 (FJK-16s; eBioscience) and analyzed on a FACSCanto II as described 
in the previous section.

Real-time quantitative PCR. Total RNA was extracted from the whole 
NALT, CD4+CD25+ Treg cells, and CD4+CD25 Tconv cells using the 
RNAspin Mini (GE Healthcare). cDNA was synthesized using Prime-
Script RT-PCR kit (Takara Bio Inc.) and subjected to real-time quantitative 
PCR using SYBR Premix Ex Taq II (Takara Bio Inc.). The expression of 
each mRNA was normalized to the expression of -actin with the Ct 
method according to the manufacturer’s instructions (Thermal Cycler Dice 
TP870; Takara Bio Inc.). The primer sets used were as follows: -actin,  
5-CATCCGTAAAGACCTCTATGCCAAC-3 and 5-ATGGAGCCAC-
CGATCCACA-3; IL-4, 5-TCTCGAATGTACCAGGAGCCATATC-3 
and 5-AGCACCTTGGAAGCCCTACAGA-3; IL-10, 5-ACCTGG-
TAGAAGTGATGCCCCAGGCA-3 and 5-CTATGCAGTTGATGAA-
GATGTCAAA-3; TGF-, 5-GCAACATGTGGAACTCTACCAGAA-3 

in DKO mice (Fig. 5). These results suggest that complete 
blockade of the PNAd-mediated adhesion pathway, which is 
too difficult to attain in clinical settings, seems not to be re-
quired to suppress allergic symptoms. Our data collectively 
support the model that Treg cells accumulate in NALT in 
DKO mice because of their decreased dependency on the  
L-selectin–PNAd adhesion pathway and their greater de-
pendency on PSGL-1–P-selectin and CD44–HA adhesion  
pathways, and they thereby create an immune-suppressive envi-
ronment in the NALT (Fig. S6). Consistent with this model, 
we detected higher levels of the immunosuppressive cytokine 
IL-10 (Fig. 6), which is known to be secreted from Treg cells, in 
DKO mice compared with WT mice, suggesting that IL-10 
production explains, at least in part, why allergic immune re-
sponses are reduced in DKO mice. Collectively, our results 
indicate that blocking PNAd-mediated lymphocyte recruit-
ment could serve as a novel therapeutic approach for modulating 
allergic rhinitis.

MATERIALS AND METHODS
Mice. GlcNAc6ST-2 KO and GlcNAc6ST-1 and GlcNAc6ST-2 DKO mice 
were backcrossed at least five generations to C57BL/6 mice and maintained 
as described previously (Kawashima et al., 2005). Genomic DNA was isolated 
from mouse tails and used for PCR genotyping. C57BL/6 mice were used as 
WT controls throughout the study. BALB/c mice were purchased from Japan 
SLC. Mice were treated in accordance with the guidelines of the Animal Re-
search Committee of the University of Shizuoka.

Immunohistochemistry. 7-µm-thick frozen sections were fixed with ice-
cold acetone and incubated with PBS containing 3% BSA (Sigma-Aldrich). 
The sections were incubated with 10 µg/ml MECA-79 or MECA-367 (BD) 
primary antibody, followed by 10 µg/ml biotinylated secondary antibody 
(mouse anti–rat IgM [BD] or goat anti–rat IgG F(ab)2 fragment [Rockland 
Immunochemical]). In some experiments, sections were incubated with  
L-selectin–IgM (Hiraoka et al., 2004), 10 µg/ml goat anti–mouse CCL21 
(R&D Systems), or 10 µg/ml goat anti–mouse CXCL12 (Santa Cruz Bio-
technology, Inc.), followed by 2 µg/ml Alexa Fluor 594–labeled goat anti– 
human IgM (Invitrogen) or 3 µg/ml biotinylated rabbit anti–goat IgG (Vector 
Laboratories). Binding of biotinylated secondary antibodies was detected with 
2.5 or 5 µg/ml Texas red avidin D (Vector Laboratories) or 1 µg/ml Alexa 
Fluor 594–conjugated streptavidin (Invitrogen). To detect HA expression on 
HEVs, frozen sections were stained with 2.5 µg/ml DyLight 488–conjugated 
MECA-79 and 5 µg/ml of biotinylated HA-binding protein (Seikagaku  
Kogyo Co., Ltd), followed by 0.5 µg/ml Alexa Fluor 594–conjugated strepta-
vidin. After incubation, sections were mounted with GEL/MOUNT (Biomeda 
Corp.). In all experiments, isotype-matched antibodies were used as negative 
controls. Data were acquired on a confocal laser-scanning microscope 
(LSM510 META; Carl Zeiss) using a 40× water immersion objective.

Lymphocyte homing assay. Lymphocyte homing was assayed as described 
previously (Hiraoka et al., 2004; Kawashima et al., 2005) with some modifica-
tions. In brief, lymphocytes prepared from the spleens and mesenteric LNs 
(MLNs) of WT mice were labeled with 1 µM CFSE (Invitrogen) and injected 
intravenously into WT or mutant mice (2.7 × 107 lymphocytes/mouse). 1 h  
after injection, the fraction of CFSE+ cells in a cell suspension of recipient lym-
phoid organs was determined by flow cytometry on a FACSCanto II (BD). All 
data were analyzed with FACS Diva software (BD) and FlowJo software (Tree 
Star, Inc). For the L-selectin inhibition experiment, CFSE-labeled cells were 
preincubated for 15 min with 100 µg/ml control rat IgG (Sigma-Aldrich) or 
MEL-14 (Beckman Coulter), and the mixture of cells and antibodies (300 µl/
mouse) was injected intravenously into mice. For Treg cell homing assays,  
CFSE-labeled PLN and MLN lymphocytes were injected intravenously 
(2.5 × 107 lymphocytes/mouse) into WT and DKO mice. After 2 h, lymphocyte 
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symptoms. Fig. S3 shows expression of HA in NALT HEVs in WT and DKO 
mice. Fig. S4 shows expression of MECA-367 antigens in NALT HEVs in 
BALB/c mice. Fig. S5 shows that GlcNAc-6-O-sulfated glycans were elimi-
nated from the NALT and PLN HEVs of DKO mice. Fig. S6 shows a proposed 
model for the molecular mechanisms of Treg and Tconv cell homing to NALT and 
the reduction of allergic responses in DKO mice. Online supplemental material 
is available at http://www.jem.org/cgi/content/full/jem.20101786/DC1.
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and 5-GACGTCAAAAGACAGCCACTCA-3; Foxp3, 5-CCCAGGAAA-
GACAGCAACCTT-3 and 5-TTCTCACAACCAGGCCACTTG-3; 
FucT-VII, 5-CTGAGAAGTTCTGGCGCAATG-3 and 5-TGACGAG-
GAAGACAGCCAGTT-3; and PSGL-1, 5-CTTCCTTGTGCTGCT-
GACCAT-3 and 5-TCAGGGTCCTCAAAATCGTCATC-3.

Purification of HEV cells from NALT and RT-PCR. Freshly isolated 
NALT from 10 WT mice was minced with glass slides and suspended in ice-cold 
DME containing 10% FBS, 10 mM HEPES, 1 mg/ml collagenase A (Roche), 
0.5 mg/ml dispase (Invitrogen), and 20 U/ml DNase I (Roche). The cell sus-
pension was incubated for 60 min at 37°C with gentle shaking. After centrifu-
gation, cells were resuspended in PBS containing 0.02% trypsin (Invitrogen) 
and 1 mM EDTA and incubated for 5 min at 37°C. DME containing 10% FBS 
and 10 mM HEPES was added to terminate the enzymatic digestion, and the cell 
suspension was passed through a 70-µm cell strainer (BD). The cells were incu-
bated with 5 µg/ml biotin-conjugated mAb S2 (Hirakawa et al., 2010) for  
10 min, washed with PBS containing 0.2% BSA, and incubated for 10 min with 
streptavidin-microbeads (1:10 dilution; Miltenyi Biotec). After washing, the cells 
were purified using the MS column in the Mini MACS according to the manu-
facturer’s protocol (Miltenyi Biotec). The total RNA was purified from the mAb 
S2+ cells (NALT HEV cells) and CD4+CD25 Tconv cells, and used for RT-
PCR. The primers used were: GlcNAc6ST-2, 5-TCCATACTAACGC-
CAGGAACG-3 and 5-TGGTGACTAAGGCTGGAACC-3; P-selectin, 
5-GCTTCAGGACAATGGACAGC-3 and 5-CTTTCTTAGCAGAGC-
CAGGAGTG-3; and -actin, 5-TGGAATCCTGTGGCATCCATGA-
AAC-3 and 5-TAAAACGCAGCTCAGTAACAGTCCG-3. The PCR 
cycle (94°C, 30 s; 62°C 30 s; 72°C 30 s) was repeated 42 times for GlcNAc6ST-2. 
The PCR cycle (94°C, 30 s; 65°C 30 s; 72°C 30 s) was repeated 42 times for 
P-selectin and 38 times for -actin.

Intranasal immunization. WT and DKO mice were lightly anesthetized 
with sodium pentobarbital (Nembutal; Abbott) and immunized intranasally (in 
the left nostril) on days 0, 7, and 14 with 100 µg of OVA (Sigma-Aldrich) in 
PBS together with 1 µg cholera toxin (CT; EMD or List Biological Laborato-
ries Inc.; used as a mucosal adjuvant) in a total volume of 12.5 µl per mouse. 
Control mice were given PBS in the same volume on days 0, 7, and 14. On day 
21, serum and nasal wash (obtained by washing the nasal cavities with 10 µl 
PBS/nostril) were collected from each mouse and stored at 80°C until use for 
measurement of OVA-specific Abs. To assess nasal symptoms after intranasal im-
munization, mice were immunized on days 0, 7, 14, and 21 as described. 2 min 
after intranasal immunization on day 21, the number of sneezes in 5 min was 
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