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Introduction
C-C chemokine receptor 7 (CCR7) is a chemokine recep-
tor that plays a pivotal role in guiding T cell migration in 
health and disease (Yoshida et al., 1997; Förster et al., 1999). 
In the thymus, positive selection–inducing TCR signals el-
evate CCR7 expression in immature thymocytes that are 
generated in the thymic cortex (Ngo et al., 1998; Ueno et 
al., 2004), whereas a fraction of medullary thymic epithelial 
cells (mTECs) constitutively express the ligands for CCR7 
(Ueno et al., 2002; Lkhagvasuren et al., 2013). Consequently, 
CCR7-expressing positively selected thymocytes are attracted 
to the medullary region in the thymus (Ueno et al., 2004; Witt 
et al., 2005; Ehrlich et al., 2009). The thymic medulla provides 
the microenvironment for developing thymocytes to establish 
self-tolerance, by negatively selecting self-reactive thymocytes 
and promoting the generation of regulatory T cells (Kyewski 
and Klein, 2006; Anderson and Takahama, 2012). In mice 
deficient in CCR7, thymocyte accumulation in the thymic 
medulla is defective (Ueno et al., 2004), so that T cells are 
unable to establish medullary self-tolerance, thereby causing 
autoimmune diseases (Kurobe et al., 2006; Davalos-Misslitz et 
al., 2007; Martin et al., 2009).

CCL19 and CCL21 are the functional ligands for CCR7 
to attract immune cells (Yoshida et al., 1998). Genes that en-
code CCL19 and CCL21 are well conserved among verte-
brate species in their sequences and in their mutual proximity 

in the genome (Lu et al., 2012; Nomiyama et al., 2013; Fig. 
S1 A). In the mouse, three distinct genes, Ccl21a, Ccl21b, and 
Ccl21c, all of which are localized in chromosome 4, encode 
CCL21 proteins (Vassileva et al., 1999; Nomiyama et al., 2013; 
Fig. S1, A and B). Mouse Ccl21a gene is proximal to the Ccl19 
gene, similar to Ccl21 genes in other species, including human, 
whereas Ccl21b and Ccl21c genes are distant from Ccl19 and 
Ccl21a genes (Fig. S1 B). CCL21 protein encoded by mouse 
Ccl21a gene differs from Ccl21b- and Ccl21c-derived proteins 
in 1 aa; Ccl21a gene encodes the CCL21Ser protein, whereas 
both Ccl21b and Ccl21c genes encode the CCL21Leu  
protein (Nakano and Gunn, 2001; Chen et al., 2002; Lo et 
al., 2003). The expression of the CCL21Ser-encoding Ccl21a 
gene is predominantly detectable in immune organs, includ-
ing the thymus and the lymph nodes, whereas the expression 
of CCL21Leu-encoding Ccl21b and/or Ccl21c transcripts 
(Ccl21b/c) is predominantly detectable in nonimmune or-
gans, including the lung (Lo et al., 2003). CCL21Ser and 
CCL21Leu proteins are functionally equivalent in attracting 
CCR7-expressing cells (Chen et al., 2002).

Naturally occurring plt/plt (PLT) mutant mouse carries 
a genomic deletion that causes the lack of proximally localized 
Ccl19 and Ccl21a loci (Nakano et al., 1998; Luther et al., 
2000; Nakano and Gunn, 2001). The reduction of Ccl21b/c 
expression in immune organs is detected in PLT mice (Na-
kano et al., 1998; Nakano and Gunn, 2001), which may be due 
to the loss of a distant cis-regulatory element that is localized 
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within the deleted sequences in the PLT mutation, and/or the 
loss of cross-reactively detected Ccl21a transcripts predomi-
nantly expressed in immune organs (Nakano et al., 1998). Be-
cause of the defective expression of CCR7 ligands in immune 
organs, PLT mice are essentially similar to CCR7-deficient 
mice in terms of defective medullary accumulation of pos-
itively selected thymocytes and impaired self-tolerance in T 
cells, reinforcing the involvement of these CCR7 ligands in 
the cortex-to-medulla migration of developing thymocytes to 
establish self-tolerance (Kurobe et al., 2006). In contrast, mice 
specifically deficient in CCL19 are neither defective in thymic 
medulla formation nor prone to autoimmune disease, suggest-
ing that CCL19 alone is not necessary for the medulla mi-
gration of thymocytes and the establishment of self-tolerance 
in T cells (Link et al., 2007; Britschgi et al., 2010). It is thus 
possible that the loss of any one or two of among the three 
CCR7 ligands may be compensated by the remaining li-
gands, so that like CCL19-deficient mice, mice deficient in 
CCL21Ser and/or CCL21Leu may be undisturbed in the es-
tablishment in the thymic medulla of self-tolerance in T cells. 
Alternatively, unlike CCL19, CCL21Ser and/or CCL21Leu 
may play a nonredundant role in the medulla migration of 
thymocytes. Thus, whether any one of the CCR7 ligands 
plays a unique role in the thymus and how CCL21Ser and/
or CCL21Leu contribute to the medulla migration of thy-
mocytes and the establishment of self-tolerance in T cells 
have remained unanswered.

We report herein the generation of mice in that the 
CCL21Ser-encoding Ccl21a sequence is specifically deleted. 
The mice lacked Ccl21a but not Ccl19 or Ccl21b/c tran-
scripts. In these Ccl21a-deficient mice, positively selected 
thymocytes failed to accumulate in the thymic medulla, and 
medullary deletion of self-reactive thymocytes was defective. 
The Ccl21a-deficient mice developed autoimmune dacryoad-
enitis. These results reveal a nonredundant role of CCL21S-
er-encoding Ccl21a in the establishment of self-tolerance in 
T cells in the thymic medulla.

Results and discussion
Generation of Ccl21a-deficient mice
To generate mice specifically deficient in the CCL21S-
er-encoding Ccl21a gene, a targeting vector that contained 
the gene encoding the tandem dimeric tomato fluorescence 
protein (tdTomato) at the translation initiation site of the 
Ccl21a gene along with neighboring genomic sequences was 
introduced into TT2 embryonic stem cells for homologous 
recombination (Fig. S1 B). Southern blot analysis, PCR anal-
ysis, and sequence analysis of genomic DNA isolated from the 
tails of offspring mice indicated successful germline recom-
bination at the Ccl21a locus as designed, without affecting 
Ccl21b and Ccl21c loci (Fig. S1, C and D). Because the two 
independent mouse lines obtained in this study have exhib-
ited essentially identical phenotypes, we will show the results 
of one line of Ccl21a-deficient mice.

Ccl21a-deficient mice lack Ccl21a 
but not Ccl19 or Ccl21b/c
To measure the expression of CCL21Ser-encoding Ccl21a 
and CCL21Leu-encoding Ccl21b and/or Ccl21c (Ccl21b/c)  
transcripts, we designed PCR primers specific for Ccl21a 
and Ccl21b/c sequences. Evaluation of PCR conditions 
using Ccl21a-containing and Ccl21b/c-containing plasmids 
demonstrated that the detection of Ccl21a and Ccl21b/c 
was similarly specific at ∼103–104-fold signal-to-noise ratio 
(Fig. S1 E). Quantitative RT-PCR analysis using these PCR 
conditions showed that Ccl21a gene expression was severely 
defective in various immune organs of Ccl21a-deficient 
mice and PLT mice (Fig. S1 F). Sequence analysis of trace 
amounts of PCR products detectable by Ccl21a-specific 
RT-PCR of the samples derived from Ccl21a-deficient 
mice showed that those products entirely represented the 
amplification of Ccl21b/c but not Ccl21a cDNA (unpub-
lished data), confirming that Ccl21a gene expression is 
lost in Ccl21a-deficient mice. On the other hand, the ex-
pression of Ccl21b/c gene predominantly detected in the 
lung was not reduced in Ccl21a-deficient mice or PLT 
mice (Fig. S1 G), indicating that Ccl21b/c gene expres-
sion is not lost in Ccl21a-deficient mice. Unlike in PLT 
mice, the expression of Ccl19 in immune organs was not 
lost in Ccl21a-deficient mice (Fig. S1 H). These results in-
dicate that the Ccl21a-deficient mice newly generated in 
this study specifically lack the expression of the CCL21Ser- 
encoding Ccl21a gene, but not the CCL21Leu-encoding 
Ccl21b/c or Ccl19 gene.

Ccl21a-deficient mice are defective in the expression 
of CCL21 protein in mTECs
In the thymus, CCL21 protein is predominantly detectable 
in the medullary region (Ueno et al., 2002, 2004; Misslitz et 
al., 2004). The detection of tdTomato fluorescence protein in 
mice that heterozygously carried the Ccl21a-deficient allele 
indicated the transcription of the Ccl21a gene in the thymic 
medulla (Fig. 1 A). Flow cytometric analysis demonstrated that 
the tdTomato fluorescence in the thymus was predominantly 
detectable in mTECs (Fig. 1 B; and Fig. S2, A and C). Quan-
titative RT-PCR analysis of cDNAs extracted from isolated 
cells supported the predominant expression of Ccl21a gene in 
mTECs rather than cortical thymic epithelial cells (cTECs) or 
thymocytes (Fig. 1 C). By measuring transcript copy numbers 
using digital PCR analysis (Fig. 1 D), Ccl21a and Ccl21b/c 
were readily detected in mTECs (Fig. 1 E), but not cTECs 
or CD45−EpCAM− non-TECs (Fig. S2 B). The expression of 
Ccl21a but not Ccl21b/c was severely diminished in mTECs 
of Ccl21a-deficient mice, in quantitative RT-PCR analysis 
and in digital PCR analysis (Fig. 1, C–E). Antibody staining 
of the thymic sections with anti-CCL21 antibody, which de-
tected both CCL21Ser and CCL21Leu proteins, showed that 
the majority of CCL21 proteins were lost in the medullary 
region in the thymus of Ccl21a-deficient mice (Fig. 1 F). Flow 
cytometric analysis supported that CCL21 protein levels ex-
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pressed in mTECs were severely reduced in Ccl21a-deficient 
mice (Fig. 1 G). The amount of Ccl21b/c mRNA produced 
by mTECs in Ccl21a-deficient mice (Fig. 1 E) might be trans-
lated inefficiently leading to an amount of CCL21 proteins 
below the threshold, detectable by the anti-CCL21 antibody 
used in this study (Fig. 1, F and G). In contrast to PLT mice, 
Ccl19 mRNA in mTECs nor CCL19 protein in the thymic 
medulla were detected in Ccl21a-deficient mice (Fig. S2, D 
and E). These results indicate that mTECs in Ccl21a-deficient 
mice are severely and specifically defective in the expression 
of Ccl21a gene and CCL21 proteins. These results also suggest 
that most CCL21 proteins expressed in the thymic medulla are 

CCL21Ser, derived from Ccl21a gene, rather than CCL21Leu,  
derived from Ccl21b or Ccl21c gene.

It was previously noted that scattered signals of 
CCL21 proteins are detectable in the thymic cortex, pre-
dominantly in the deep cortex (Misslitz et al., 2004; Ueno 
et al., 2004). Those cortical CCL21 proteins were lost in 
Ccl21aKO mice (Fig. S2 F), whereas tdTomato+ cells in 
Ccl21a-tdTomato-knock-in mice were detectable predomi-
nantly in the thymic medulla and barely in the cortical region 
(Fig. 1 A and Fig. S2 F), suggesting that most CCL21 proteins 
detectable in the thymic cortex are derived from CCL21Ser 
proteins secreted in mTECs.

Figure 1. CC L21 expression in thymus of Ccl21a-deficient mice. (A) Immunofluorescence analysis of tdTomato (red), Ly51 (blue), and K14 (green) in 
the thymic sections of WT mice and heterozygous mice carrying one targeted allele (Ccl21aHet). Bars, 300 µm. Representative results from three indepen-
dent experiments. (B) Flow cytometric analysis of liberase-digested thymic cells from WT and Ccl21aHet mice. Dot plots show tdTomato and propidium 
iodide (PI) expression in total cells (left), and the histogram shows EpCAM expression in tdTomato−PI− (blue) and tdTomato+PI− (red) cells. The contour plot 
shows UEA1 reactivity and Ly51 expression in tdTomato+EpCAM+ (red) TECs. Numbers indicate frequency of cells within the areas. Representative results 
from three independent experiments are shown. (C) Relative mRNA level (means and SEs; n = 4; four independent experiments) of Ccl21a in CD45+ thymo-
cytes, CD45−EpCAM+UEA1+Ly51− mTECs, and CD45−EpCAM+UEA1−Ly51+ cTECs isolated from indicated mice. mRNA levels were normalized to Gapdh mRNA 
levels and are shown relative to the levels in the thymus of B6 mice. Open circles indicate individual data. (D) Digital PCR analysis of Ccl21a and Ccl21b/c 
cDNA-containing plasmid DNAs (104 copies) using VIC-labeled Ccl21a and FAM-labeled Ccl21b/c probes. (E) Digital PCR analysis of Ccl21a and Ccl21b/c 
expression in mTECs isolated from indicated mice. Means and SEs (n = 8) from eight independent experiments are shown. Open circles indicate individual 
data. ***, P < 0.001; n.s., not significant (unpaired Student’s t test). (F) Immunofluorescence analysis of CCL21 (red), Ly51 (blue), and UEA1-binding molecules 
(green) in the thymic sections of indicated mice. Bars, 75 µm. Representative results from three independent experiments. (G) Flow cytometric analysis of 
CCL21 expression in CD45−EpCAM+UEA1+Ly51− mTECs from indicated mice. Representative results from three independent experiments are shown.
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Defective thymocyte accumulation in thymic medulla 
of Ccl21a-deficient mice
We next examined whether the medullary accumulation of 
developing thymocytes was defective in Ccl21a-deficient 
mice, as was observed in CCR7-deficient mice or PLT mice 
(Ueno et al., 2002; Misslitz et al., 2004; Nitta et al., 2009). To 
do so, we first analyzed the hematoxylin and eosin–stained 
thymic sections of Ccl21a-deficient mice (Fig. 2 A). We found 
that the medullary regions in the thymus of Ccl21a-deficient 
mice were small and scattered; this was observed in the thy-
mus of PLT mice, but not in the thymus of CCL19-deficient 
mice or control littermates (Fig. 2 A). Image analysis of the 
thymic sections demonstrated that the thymic medullas in 
Ccl21a-deficient mice were significantly (P < 0.05) enriched 
in small regions and devoid of large ones, like the thymic 

medullas in PLT mice and unlike those in CCL19-deficient 
mice (Fig.  2, B and C). Total medullary areas in the larg-
est coronal thymic sections were comparable among the 
mice analyzed in this study (Fig. S2 G), highlighting that 
CCL21Ser but not CCL19 affects the size of individual med-
ullary areas in the thymus.

We then analyzed the distribution of thymocytes in 
the thymic microenvironments. Immunofluorescence stain-
ing for monoclonal OT-I-TCR-Vα2high cells in the thymus 
of Ccl21a-deficient mice that were reconstituted with bone 
marrow cells from OT-I-TCR–transgenic Rag1-deficient 
β2m-deficient mice showed that Vα2high mature thymocytes 
distributed predominantly in the medullary region in the thy-
mus of control mice but were mainly detectable in the corti-
cal region in the thymus of Ccl21a-deficient mice (Fig. 2 D). 

Figure 2. T hymic medulla in Ccl21a- 
deficient mice. (A and B) Hematoxylin and 
eosin staining of thymic sections of 5-wk-old 
mice. Bar, 2 mm. The medullary regions were 
highlighted in red. Representative data from 
three independent experiments are shown 
(B). (C) Number of the medullary regions of a 
given size in the largest coronal thymic sec-
tions of 5-wk-old indicated mice. The x-axis 
indicates area (mm2) of individual medulla 
and the y-axis indicates the number (means 
and SEs; n = 3) of medullary regions. Open 
circles indicate individual data. *, P < 0.05;  
**, P < 0.01; n.s., not significant (unpaired Stu-
dent’s t test). (D) T cell–depleted bone marrow 
cells from OT1-TCR-transgenic Rag1-deficient 
β2m-deficient mice were transferred into le-
thally irradiated control (Ccl21aHet) mice or 
Ccl21aKO mice. Thymic sections were analyzed 
for TCR-Vα2 (green) and K14 (red). Areas sur-
rounded by white line indicate thymic med-
ullary region. Bars, 300 µm. Representative 
data from at least three independent exper-
iments are shown. (E) Immunofluorescence 
analysis of Ly51 (green), K14 (red), and Aire 
(white) in thymic sections of indicated mice. 
Bars, 75 µm. Representative results from 
three independent experiments are shown. 
(F) Flow cytometric analysis of Aire expression 
in CD45−EpCAM+UEA1+Ly51− mTECs from 
5–6-wk-old Ccl21aWT mice (open bar) and 
Ccl21aKO mice (filled bar). Graph indicates fre-
quency (means and SEs; n = 6–8) of Aire+ cells 
in mTECs. Open circles indicate individual data.
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In addition, in the polyclonal situation, the density of the 
numbers of CD4+CD8− and CD4−CD8+ thymocytes in the 
thymic medulla was reduced in Ccl21a-deficient mice but 
not CCL19-deficient mice (Fig. S2 H). The defect in the dis-
tribution of mature thymocytes in Ccl21a-deficient mice was 
similar to the defective medullary accumulation previously 
reported in CCR7-deficient mice and PLT mice (Ueno et 
al., 2004; Nitta et al., 2009). These results indicate that the 
medullary accumulation of mature thymocytes is impaired in 
the thymic microenvironments of Ccl21a-deficient mice.

Nonetheless, the medullary regions were present albeit 
small (Fig. 2, A–D), and Aire-expressing mTECs were readily 
detectable in Ccl21a-deficient mice (Fig. 2, E and F), suggesting 
that the maturation of mTECs to give rise to Aire-expressing 
mTECs is not defective in Ccl21a-deficient mice.

Thymocyte development and peripheral T cell distribution 
in Ccl21a-deficient mice
Despite the defective accumulation of developing thymocytes in 
the thymic medulla, CD4/CD8 profiles of thymocytes and the 
cellularity of CD4−CD8−, CD4+CD8+, CD4+CD8−TCRβhigh, 
and CD4−CD8+TCRβhigh thymocytes were comparable in 
Ccl21a-deficient mice and control mice (Fig.  3, A and B). 
Interestingly, unlike PLT mice and CCR7-deficient mice, in 
which the seeding of lymphoid progenitor cells into the thy-
mus is defective (Misslitz et al., 2004; Liu et al., 2005), and 
like CCL19-deficient mice (Link et al., 2007), the numbers of 
CD4−CD8− (double negative; DN) thymocytes and their DN1 
(CD25−CD44+), DN2 (CD25+CD44+), DN3 (CD25+CD44−), 
and DN4 (CD25−CD44−) subpopulations were not reduced in 
Ccl21a-deficient mice compared with those in control mice 
(Fig. 3, B and C; and Fig. S3). The cellularity of thymic B 
cells was reduced in Ccl21a-deficient mice (Fig. S2 I). These 
results indicate that the development of the various thymocyte 
subpopulations is not disturbed in Ccl21a-deficient mice, and 
suggest that the absence of Ccl21a-encoding CCL21Ser alone 
does not severely diminish the seeding of lymphoid progenitor 
cells into the postnatal thymus.

In the secondary lymphoid organs, the cellularity of  
T cells was reduced in the lymph nodes but not in the spleen 
in Ccl21a-deficient mice, as was observed in PLT mice 
(Fig. 3 D). Immunofluorescence analysis of the distribution 
of endogenous or transferred T cells showed that T cells in 
the lymph nodes were less densely accumulated in the T cell 
zones of the lymph nodes in Ccl21a-deficient mice than in 
control mice (Fig. 3, E–G; and Fig. S2 J), whereas T cells in the 
spleen were less densely detected in the white pulp and more 
densely accumulated in the red pulp in Ccl21a-deficient mice 
than in control mice (Fig. 3, E and H). These results indicate 
that in Ccl21a-deficient mice, T cells are defective in the ac-
cumulation in the T cell zones.

Autoimmune dacryoadenitis in Ccl21a-deficient mice
Systemic examination of hematoxylin and eosin–stained 
sections revealed that lymphocyte infiltration was de-

tectable in the lacrimal glands and the salivary glands in 
Ccl21a-deficient mice (Fig.  4  A), as was observed in PLT 
mice and CCR7-deficient mice (Kurobe et al., 2006; 
Davalos-Misslitz et al., 2007). The inflammation in those 
exocrine glands became obvious in most individual mice by 
20 wk old (Fig. 4 B). The production of tears decreased in 
Ccl21a-deficient mice, indicating functional damage in the 
lacrimal glands (Fig.  4 C). Adoptive transfer of spleen cells 
from Ccl21a-deficient mice reproduced the inflammation in 
the lacrimal glands in athymic nude mice, indicating the con-
tribution of T cell–mediated autoimmunity to dacryoadenitis 
in Ccl21a-deficient mice (Fig. 4, D and E). The lacrimal and 
salivary glands exhibit no statistically significant inflammation 
in CCL19-deficient mice (n = 7, Mann-Whitney test; and 
not depicted). These results demonstrate that like PLT mice 
and CCR7-deficient mice, Ccl21a-deficient mice are prone 
to autoimmune dacryoadenitis.

Defective negative selection of thymocytes 
in Ccl21a-deficient mice
Our results showed that Ccl21a-deficient mice were defec-
tive in the medullary accumulation of developing thymo-
cytes and were prone to autoimmune dacryoadenitis. It was 
therefore reasonable to speculate that the establishment of 
self-tolerance in T cells in the thymic medulla was defective 
in Ccl21a-deficient mice. To test this possibility, we finally 
examined whether Ccl21a-deficient mice were defective in 
the negative selection of thymocytes and regulatory T cell 
generation in the thymus. To analyze how mTEC-mediated 
negative selection of thymocytes was affected in the thymic 
medulla of Ccl21a-deficient mice, Ccl21a-deficient mice 
were crossed with RIP-mOVA-transgenic mice, in which 
membrane-bound chicken ovalbumin antigen was expressed 
in mTECs, and were lethally irradiated for the reconstitu-
tion with bone marrow cells from OT-I-TCR-transgenic 
β2m-deficient mice (Fig. 5 A). We found that RIP-mOVA–
dependent negative selection of CD4−CD8+TCR-Vα2+ 
mature thymocytes was significantly (P < 0.05), albeit in-
completely, disturbed in the thymus of Ccl21a-deficient mice 
(Fig.  5, A and B). However, the cellularity of CD4+CD8− 
CD25+Foxp3+ cells was not diminished in the thymus of 
Ccl21a-deficient mice (Fig.  5, C and D). These results in-
dicate that Ccl21a-deficient mice are defective in the 
mTEC-dependent negative selection of thymocytes but not 
in the generation of regulatory T cells in the thymus.

Discussion
The present results demonstrate that mice specifically de-
ficient in Ccl21a-encoded CCL21Ser, one of the three 
CCR7 ligands, are defective in the medullary accumulation 
of positively selected thymocytes and the establishment of 
self-tolerance in T cells. It was previously unknown whether 
any one of the three CCR7 ligands in mice plays a unique 
role in immune system development, including T cell de-
velopment in the thymus. This study reveals that the CCR7 
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ligand, Ccl21a-encoded CCL21Ser, plays a nonredundant 
and major role in the migration of positively selected thy-
mocytes into the thymic medulla and the establishment of 
self-tolerance in T cells.

A previous study reported that CCL19 is dispensable for 
the thymocyte migration into the thymic medulla and for the 
T cell migration into T cell zones in the lymph nodes (Link 
et al., 2007). It was therefore possible that CCL21 and CCL19 
might play an equivalent and mutually compensatory role in 
attracting T cells. However, CCL19 and CCL21 proteins have 
distinct structural properties and CCR7-stimulating capabil-
ity, despite sharing the same signaling receptor CCR7 (Nag-

ira et al., 1997; Bardi et al., 2001; Kohout et al., 2004). It was 
shown that CCL19 is essential for the homeostatic mainte-
nance of T cell numbers in the secondary lymphoid organs 
(Link et al., 2007). Our results highlight the disparity between 
the in vivo roles of CCL21 and CCL19, by indicating that 
unlike CCL19, Ccl21a-encoded CCL21Ser plays an essential 
role in guiding the migration of T cells in the thymus and the 
secondary lymphoid organs.

Unlike CCL21Ser and CCL19, CCL21Leu and  
CCL21Leu-encoding Ccl21b and CCL21c genes are pres-
ent only in mouse and not in many other species, including 
human (Fig. S1 A). Nonetheless, the function of CCL21Leu 

Figure 3. T  cell development in Ccl21a- 
deficient mice. (A) Flow cytometric anal-
ysis of thymocytes from 5-wk-old female 
mice. Shown are representative dot plot pro-
files of CD4 and CD8 expression in PI− via-
ble cells from five independent experiments. 
Numbers in dot plots indicate frequency 
of cells within indicated area. (B–D) Cell 
numbers of indicated thymocyte subpop-
ulations (B and C) and TCRβ+B220− T cells 
in the LNs and the spleen (D) are plotted 
(means and SEs; n = 4–10). Thymocyte sub-
populations examined are CD4−CD8− (DN), 
CD4+CD8+ (DP), CD4+CD8−TCRβhigh (CD4), and 
CD4−CD8+TCRβhigh (CD8) PI− viable cells (B), 
and CD25−CD44+CD4−CD8− (DN1), CD25+C-
D44+CD4−CD8− (DN2), CD25+CD44−CD4−CD8− (DN3), 
and CD25−CD44−CD4−CD8− (DN4) PI− viable 
cells. Open circles indicate individual data. 
*, P < 0.05; **, P < 0.01 (unpaired Student’s 
t test). (E) Immunofluorescence analysis of 
CD3 (red) and B220 (green) in the LNs and 
spleens of indicated mice. Bars, 300 µm (top 
and bottom) and 150 µm (middle). Represen-
tative results from three independent experi-
ments are shown. (F-H) T cell migration assay. 
CFSE-labeled TCRαβ+ B6 T cells were intrave-
nously transferred into indicated mice. (F) The 
sections of the LN and the spleens were ana-
lyzed for CFSE (green), TCRβ (red), and B220 
(blue). Bars, 150 µm (top and bottom) and 300 
µm (middle). (G and H) T- and B-zones were 
identified with anti-TCRβ and anti-B220, re-
spectively. Numbers of CFSE-labeled T cells in 
1 mm2 of T-zone area in the LNs are shown (G). 
(left) The size (mm2) of T-zones per mm2 of the 
spleen sections; (right) number of CFSE-labeled 
T cells per mm2 of red pulp (non-T- and non-
B-zone) in the spleen sections (H). Means and 
SEs from three different sections in two inde-
pendent experiments are shown. Open circles 
indicate individual data. *, P < 0.05. **, P < 0.01 
(unpaired Student’s t test).
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in mouse remains unclear. It was reported that CCL21Ser and 
CCL21Leu exhibit an equivalent ability to recruit T cells into 
the pancreatic islets in transgenic overexpression mouse mod-
els (Chen et al., 2002). However, it was also suggested that 
CCL21Ser and CCL21Leu might participate differently in 
the recruitment of T cells into the lung (Lo et al., 2003). Our 
results further indicate that CCL21Leu does not seem to con-
tribute to the medullary migration of developing thymocytes 
in the thymus, even though CCL21Leu-encoding Ccl21b/c 
mRNA transcripts being still detectable in mTECs isolated 
from either normal or Ccl21a-deficient mice.

Our results also show that Ccl21a-deficient mice de-
velop autoimmune exocrinopathy with dacryoadenitis, and 
that this exocrinopathy is reproduced in T cell-lacking athy-
mic nude mice that are adoptively transferred with spleen 

cells from Ccl21a-deficient mice. These results indicate that 
T cells generated in the thymus without CCL21Ser fail to 
establish self-tolerance to the exocrine tissues. Interestingly, 
genome-wide association studies of human populations have 
revealed that single-nucleotide polymorphisms in the single 
human Ccl21 gene are associated with autoimmune diseases, 
including rheumatoid arthritis and dermatomyositis (Ray-
chaudhuri et al., 2008; Orozco et al., 2010; Stahl et al., 2010; 
Sundqvist et al., 2011; Miller et al., 2013; Chen et al., 2015). 
However, the association between CCL19 polymorphisms 
and autoimmune diseases remains unclear. Thus, CCL21 
rather than CCL19 appears to be important for the establish-
ment of self-tolerance in both human and mouse.

Finally, our results show that in Ccl21a-deficient mice, 
T cells are abnormally distributed between the white pulp 

Figure 4. A utoimmune dacryoadenitis in 
Ccl21a-deficient mice. (A) Hematoxylin and 
eosin staining of salivary and lacrimal glands 
from indicated mice (females) at 17 wk of age. 
Bars, 200 µm. Representative results from at least 
three independent experiments are shown. (B) 
Histological grading of inflammatory lesions in 
Ccl21aHet mice (open circles) and Ccl21aKO mice 
(filled circles). The x-axis shows ages in weeks, and 
the y-axis shows inflammation grade (0, none; 
1, mild; 2, moderate; and 3, severe) from at least 
three independent experiments. Symbols indicate 
data from individual mice. (C) Tear secretion for 
3 min was measured by ZONE-QUI​CK™, which is 
cotton thread containing phenol red. The color of 
the cotton thread changes from yellow to red on 
absorbing tears (top). Bar, 1 cm. Graph indicates 
the length of cotton thread that absorbed tears 
per minute normalized to body weight. Sym-
bols indicate data from individual mice. ***, P < 
0.001 (unpaired Student’s t test). (D and E) Sple-
nocytes from Ccl21aWT or Ccl21aKO mice were 
intravenously transferred into B6-nu/nu mice. 
Lacrimal glands were stained with hematoxylin 
and eosin (D). Bars, 200 µm. Histological scores 
of inflammatory lesions are shown (E). Symbols 
indicate data from individual mice. *, P < 0.05 (un-
paired Student’s t test).
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and the red pulp in the spleen and are defective in the ac-
cumulation in the T cell zones in the lymph nodes, which 
was not previously detected in CCL19-deficient mice (Link 
et al., 2007). The results also demonstrate the separation 
between T cell zones and B cell zones in Ccl21a-deficient 
mice. Further analysis of the lymph nodes and the 
spleens in Ccl21a-deficient mice versus PLT mice and 
CCL19-deficient mice, especially for the behavior and dis-
tribution of T cells and other immune cells during immune 
responses, should help clarify the role of CCL21Ser in the 
secondary lymphoid organs.

In conclusion, we have demonstrated that CCL21Ser 
in mouse plays a nonredundant role in T cell migration and 
self-tolerance establishment in T cells, by newly generating 
mice in that the CCL21Ser-encoding Ccl21a gene is spe-
cifically deleted. CCR7 and its ligands are important for 
various aspects of immune system development and im-
mune response in health and disease. The role of CCL21 
and CCR7 interactions has also been noted in cancer me-
tastasis and tumor-induced immune modulation (Müller 

et al., 2001; Shields et al., 2010; Riedel et al., 2016). The 
Ccl21a-deficient mice generated in this study will be 
useful for further studies of the roles of CCL21Ser and 
other CCR7 ligands in vivo.

Materials and methods
Mice
C57BL/6 (B6) mice and OT-I-TCR transgenic Rag1-defi-
cient mice were obtained from SLC and Taconic, respectively. 
B6-plt/plt (PLT) mice (Nakano et al., 1998), CCL19-KO 
mice (Link et al., 2007), RIP-mOVA transgenic mice (Kurts 
et al., 1996), and β2m-deficient mice (Koller et al., 1990) 
were described previously. B6-nude (nu/nu) mice were 
obtained from Riken Bio-Resource Center through the 
MEXT National Bio-Resource Project, Japan. All mouse 
experiments were performed with consent from the An-
imal Experimentation Committee of the University of 
Tokushima (#13116) and the Institutional Animal Care and 
Use Committee of Institute of Physical and Chemical Re-
search Kobe Branch (AH13-03).

Figure 5. N egative selection and reg-
ulatory T cell development in the thy-
mus of Ccl21a-deficient mice. (A and 
B) T cell–depleted bone marrow cells from 
OT-I-TCR-transgenic β2m-deficient mice 
were transferred into lethally irradiated 
RIP-mOVA-transgenic Ccl21aHet mice or 
Ccl21aKO mice. (A) Dot plots show CD4 and 
CD8 expression profiles in PI− viable thymo-
cytes. Histograms show TCR-Vα2 expression in 
CD4−CD8+PI− thymocytes. Numbers indicate 
frequency of cells within indicated area. Rep-
resentative results from five independent ex-
periments are shown. (B) Shown are frequency 
(means and SEs; n = 6–20) of TCR-Vα2high 
cells within CD4−CD8+ cells (top) and absolute 
numbers of CD4−CD8+TCR-Va2+ thymocytes 
(bottom). Open circles indicate individual 
data. *, P < 0.05; n.s., not significant (unpaired 
Student’s t test). (C) Dot plots of Foxp3 and 
CD25 expression in CD4+CD8− thymocytes in 
indicated mice (5-wk-old female). Numbers 
in dot plots indicate frequency of cells within 
indicated area. Representative results from 
five independent experiments are shown. (D) 
Absolute numbers (means and SEs; n = 5–10) 
of CD4+CD8−CD25+Foxp3+ thymocytes in 
indicated mice. Open circles indicate individ-
ual data. Data are not significantly different 
among the groups (unpaired Student’s t test). on June 19, 2017
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Generation of Ccl21a-deficient mice
The targeting vector shown in Fig.  1  B was prepared 
by subcloning Ccl21a-containing mouse genomic BAC 
fragments (Advanced GenoTechs) and tdTomato-encoding 
cDNA (Clontech) into a plasmid containing a pgk-neo 
cassette. The linearized targeting vector was introduced into 
TT2 ES cells (Yagi et al., 1993). Targeted alleles were screened 
by genomic PCR analysis and Southern blot analysis. Mice 
(accession no. CDB1030K) are available to the scientific 
community (http​://www2​.clst​.riken​.jp​/arg​/mutant%20mice 
%20list​.html). The primers used for genotyping PCR were 
as follows; WT-F, 5′-CTG​GTC​TCA​TCC​TCA​ACT​CA-
3′; WT-R, 5′-TGT​AAC​CCT​AGG​ATT​GTA​GG-3′; and 
tdTomato-R, 5′-GGT​CTT​GAA​CTC​CAC​CAG​GT-3′.

Southern blotting
Genomic DNA extracted from the liver was digested with 
KpnI, electrophoresed in 1% agarose, and transferred to nylon 
membrane (Hybond-N+; GE Healthcare). Probe was labeled 
with a PCR DIG Probe Synthesis kit (Roche) and hybridiza-
tion was detected using anti–DIG-AP Fab fragment (Roche), 
CDP-STAR (Roche), and Light Capture II (Atto).

Quantitative RT-PCR analysis
Total cellular RNA was reverse-transcribed (RT) with oligo- 
dT primers and SuperScript III reverse transcription (Invi-
trogen). Quantitative real-time PCR was performed using 
SYBR Premix Ex Taq (TaKaRa) and 7900HT Sequence De-
tection System (Applied Biosystems). The primers used were 
as follows: Ccl21a, 5′-AAG​GCA​GTG​ATG​GAG​GGG​GT-3′ 
and 5′-CTT​AGA​GTG​CTT​CCG​GGG​TG-3′; Ccl21b/c, 
5′-AAG​GCA​GTG​ATG​GAG​GGG​GA-3′ and 5′-GGC​TTA​
GAG​TGC​TTC​CGG​GGTA-3′; Ccl19, 5′-CTG​CCT​CAG​
ATT​ATC​TGC​CAT-3′ and 5′-AGG​TAG​CGG​AAG​GCT​
TTC​AC-3′; and Gapdh 5′-CCG​GTG​CTG​AGT​ATG​TCG​
TG-3′ and 5′-CAG​TCT​TCT​GGG​TGG​CAG​TG-3′. Am-
plified products were confirmed to be single bands in gel 
electrophoresis and normalized to the amount of Gapdh 
amplification products.

Digital PCR analysis
Amplified DNA was detected with VIC-labeled Ccl21a and 
FAM-labeled Ccl21b/c probes. Amplification primers were 
5′-GGC​TAT​AGG​AAG​CAA​GAA​CCA​AGTT-3′ and 5′-
CAT​AGC​TCA​GGC​TTA​GAG​TGC​TT-3′. Detection probes 
were 5′-CAA​TCC​TGT​TCT​CAC​CCCG-3′ for Ccl21a and 
5′-CAA​TCC​TGT​TCT​TAC​CCCG-3′ for Ccl21b/c. PCR 
products were analyzed using QuantStudio 3D Digital PCR 
Chip Loader, GeneAmp PCR System 9700, and QuantStu-
dio 3D Digital PCR System (Applied Biosystems).

Bone marrow chimeras
Bone marrow cells from OT-I-TCR–transgenic β2m-de-
ficient mice were magnetically depleted of T cells by using 
anti-CD90.2 microbeads (Miltenyi Biotec). Recipient mice 

were irradiated with 10 Gy x-rays and injected with T cell–
depleted bone marrow cells. Mice were analyzed 4–5 wk 
after the reconstitution.

T cell migration assay
TCRαβ-expressing T cells were enriched in spleens and 
peripheral lymph nodes of B6 mice by depletion of B220-, 
NK1.1-, TCRδ-, CD11b-, and CD11c-expressing cells using 
Microbeads (Miltenyi Biotec) and were >95% TCRβ+. The 
cells were labeled with 2 µM CFSE, and 2 × 107 cells were 
intravenously transferred into recipient mice. Spleens and 
lymph nodes were frozen either 1 h or 15 h after the transfer. 
T- and B-zone were determined by anti-TCRβ and anti- 
B220 staining, respectively, of the tissues. T- and B-zone areas 
(mm2) were computed by using ImageJ software (National 
Institutes of Health). Non-T- and non-B-zone areas were 
calculated by subtracting T-zone and B-zone areas from the 
whole area in each image.

Adoptive cell transfer
Splenocytes (5 × 106) from Ccl21a-deficient mice or control 
mice were intravenously injected into B6-nude mice. Tissues 
fixed in 4% phosphate-buffered formaldehyde, pH 7.2, were 
analyzed 8 wk after the cell transfer.

Flow cytometric analysis and cell sorting
For the analysis of thymic epithelial cells (TECs), minced thy-
muses were digested with 1 unit/ml Liberase (Roche) in the 
presence of 0.01% DNase I (Roche). Single-cell suspensions 
were stained with antibodies specific for CD326 (EpCAM; 
BioLegend), CD45 (eBioscience), and CD249 (Ly51, eBio-
science), and for the reactivity with UEA-1 (Vector Laborato-
ries). For the analysis of Aire and CCL21, surface-stained cells 
were fixed in 4% (g/vol) paraformaldehyde, permeabilized in 
0.1% saponin, and stained with anti-Aire (5H12; eBioscience) 
antibody or anti-CCL21 (AAM27; Bio-Rad Laboratories) 
antibody. For the analysis of thymocytes, splenocytes, and 
lymph node cells, cells were surface-stained with the indi-
cated antibodies. For the intracellular staining of Foxp3, the 
surface-stained cells were fixed and permeabilized by using 
a Foxp3 Staining Buffer Set (eBioscience) and stained with 
anti-Foxp3 antibody (eBioscience). For the isolation of TECs, 
CD45− cells were enriched in magnetic bead conjugated anti- 
CD45 antibody (Miltenyi Biotec). Multicolor flow cytom-
etry and cell sorting were performed on FAC​SAria II (BD).

Immunofluorescence analysis
Paraformaldehyde-fixed frozen tissues embedded in OCT 
compound (Sakura Finetek) were sliced into 5-µm-thick 
sections. Lymph nodes were sliced into 10-µm-thick sec-
tions. The sections were stained with anti-CCL21 (Bio-Rad 
Laboratories), anti-CCL19 (R&B System), anti-Aire (eBio-
science), anti-Ly51 (eBioscience), anti-K14 (Covance), an-
ti-B220, anti-CD3, anti-CD4, anti-CD8, or anti-TCR-Vα2 
(eBioscience) antibodies and UEA-1 (Vector Laboratories). 
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Images were analyzed with a TSC SP8 confocal laser scan-
ning microscope (Leica).

Hematoxylin and eosin staining
Paraformaldehyde-fixed and frozen sections were stained 
with hematoxylin and eosin (Muto Pure Chemicals Co.) and 
observed under an Eclipse E1000 microscope (Nikon). The 
size (mm2) of medullary regions in the thymic sections was 
measured by using ImageJ software.

Tear secretion
Tear secretion in 3 min was measured by using cotton thread 
that contained phenol red (Zone-Quick; Showa Yakuhin 
Kako). The length of cotton thread that absorbed tears per 
minute was normalized to body weight.

Inflammation grade
Histological grading of inflammatory lesions was performed 
as described previously (Kohashi et al., 2008). A score of 1 
indicates that one to five foci composed of more than 20 
mononuclear cells per focus were seen; a score of 2 indicates 
that more than five such foci were seen, but without signifi-
cant parenchymal damage; and a score of 3 indicates degener-
ation of parenchymal tissue.

Statistical analysis
Statistical significance was accessed using the two-tailed 
unpaired Student’s t test with Welch’s correction for  
unequal variances.

Online supplemental material
Fig. S1 shows the generation of Ccl21a-knockout mice. 
Fig. S2 shows additional phenotypes of Ccl21a-knock-
out mice. Fig. S3 shows the cellularity of thymocytes in 
CCL19-deficient thymus.
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