
Introduction
Epithelial tissues are continuously exposed to a wide
variety of pathogens and toxins. The mammalian
immune system has developed intricate mechanisms to
provide defense at epithelial surfaces and control
potentially harmful responses to normal symbiotic
flora. These mechanisms include tightly controlled
transport across the epithelium, resident phagocytes
and antigen-presenting cells, and numerous T and B
lymphocytes providing both cell-mediated and
humoral immunity. At mucosal epithelial surfaces in
particular, the local production and transepithelial
transport of polymeric IgA secreted by resident plasma
cells plays an important role in pathogen and toxin
neutralization (1–3). Interestingly, local mucosal
immunization leads to antigen-specific IgA production

at distant mucosal sites in both humans (4, 5) and mice
(6, 7), likely through the migration of IgA-secreting B
cells (8). These findings suggest that a simple nasal or
oral vaccination (1, 9–11) may be effective at inducing
IgA-dependent pathogen protection at multiple
mucosal sites, in addition to systemic cell-mediated
immunity. The development of efficient mucosal vac-
cines capable of generating disseminated Ab-mediated
protection requires an understanding of the funda-
mental molecular mechanisms of IgA-secreting B cell
trafficking between distant mucosal sites.

Epithelial cells themselves are emerging as important
players in the homeostatic trafficking of lymphocyte sub-
sets, including Ab-secreting cells, through their secretion
of tissue-specific chemokines (12). For instance, epithe-
lial cells in the small intestine secrete the chemokine
TECK (13, 14), a ligand for the chemokine receptor CCR9
expressed on virtually all small intestinal T cells and on a
subset of circulating mucosal memory T cells, as well (14,
15). In mice, TECK is also a chemoattractant for splenic
and small-intestinal IgA Ab-secreting cells (16). Because
CCR9+ lymphocytes are rare in the colon and virtually
absent in other epithelial tissues (14, 17), CCR9 and
TECK may serve to segregate and compartmentalize the
small intestinal immune response. An analogous situa-
tion is the expression of the related chemokine
CTACK/CCL27 by keratinocytes, the epithelial cells of
the skin (18). CCR10, the receptor for CTACK, is
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expressed on circulating CLA+ skin-homing lymphocytes
(18, 19), and together with CCR4 and TARC/CCL17 (20)
(and skin-selective adhesion receptors), determines the
selectivity of skin lymphocyte trafficking.

We and others have recently identified a related
CCR10 ligand, the chemokine MEC, that is expressed
by epithelial cells in a variety of tissues, including the
salivary gland, mammary gland, small and large intes-
tines, and trachea (21, 22). MEC is also chemotactic for
circulating CLA+ lymphocytes by virtue of being a
CCR10 ligand (21, 22), but CLA+ lymphocytes are vir-
tually never found in gastrointestinal tissues because
they do not express the α4β7 integrin required for traf-
ficking into these organs (via interaction with vascular
MAdCAM-1 in intestinal sites) (23). The expression of
CCR10 at the mRNA level in many of the same sites
where MEC is expressed, including the small and large
intestines (24), suggests the presence of an unidentified
lymphocyte subset expressing CCR10.

Here, we show that CCR10 is expressed on IgA Ab-
secreting cells, but not memory T or B cells, in the
human gastrointestinal tract (i.e., stomach, small intes-
tine, and colon), salivary gland, and mucosa-associated
lymphoid tissues (i.e., tonsils and appendix). Tonsil
plasmablasts expressing CCR10 chemotax to MEC and
approximately 70% of circulating IgA plasmablasts
express CCR10, suggesting that blood IgA plas-
mablasts can home to and localize within MEC-
expressing mucosal epithelial sites using CCR10. We
also find that in the human, as in the murine system,
CCR9 is expressed on a subset of circulating IgA plas-
mablasts and on a subset of IgA plasma cells within the
small intestine, suggesting a more restricted role for
CCR9 and TECK in small intestinal IgA immunity.
Taken together, these results suggest a role for CCR10
and MEC in unifying the localization of IgA plasma
cells to the physically dispersed organs of the secretory
IgA immune system. Thus, it is likely that induction of
CCR10 on pathogen-specific IgA-secreting B cells may
be an important factor for the successful dissemination
of IgA-dependent protection following local mucosal
infection or vaccination.

Methods
Ab’s and reagents. Anti-human CCR10 mAbs 37 (mouse
IgG1), 1908 (mouse IgG1), and 1363 (mouse IgG2a) were
made by immunizing mice with murine BAF/3 pro–B
cells transfected with human CCR10, as described (19).
Anti-human CCR10 mAb 1B5 (mouse IgG2a) was made
by immunizing mice with human CCR10 transfected
L1/2 cells (a pre–B cell line) at Millenium Pharmaceu-
ticals Inc. (Cambridge, Massachusetts, USA). All four
CCR10 mAb’s exhibited virtually identical staining pat-
terns on both blood and tissue lymphocytes when test-
ed by flow-cytometry or immunohistochemistry. Anti-
human CCR9 mAb’s 3C3 (mouse IgG2b) and 96-1
(mouse IgG1) have been described (14, 15). Unconju-
gated isotype controls were obtained from Sigma-
Aldrich (St. Louis, Missouri, USA), and an IgG1-biotin

isotype control was obtained from PharMingen (San
Diego, California, USA). Anti-human CCR6 mAb
(mouse IgG2b, clone 53103.111) was obtained from
R&D Systems Inc. (Minneapolis, Minnesota, USA).
Directly conjugated mouse anti-human CD3-APC
(IgG1, clone UCHT1), CD4-phycoerythrin (CD4-PE)
(IgG1, clone RPA-T4), CD8-PE (IgG1, clone RPA-T8),
CD45RA-FITC (IgG2b, clone HI100), CD20-APC (IgG2b,
clone 2H7), CD19-PE (IgG1, clone HIB19), IgD-FITC
(IgG2a, clone 1A6-2), CD14-FITC (IgG2a, clone M5E2),
CD94-FITC (IgG1, clone HP-3D9), and CD38-FITC
(IgG1, clone HIT2) were from PharMingen. Anti-
human IgA1/2-biotin (IgG1, clone G20-359) and IgG-
biotin (IgG1, clone G18-145) were from PharMingen.
EDTA was from Sigma-Aldrich.

Tissues and lymphocyte isolation. Normal human tonsil,
stomach, jejunum, ileum, colon, and appendix were
obtained from patients undergoing various surgical
procedures. All human subject protocols were approved
by the Institutional Review Board at Stanford Universi-
ty. Some tissues were obtained as frozen specimens in
OCT from the Department of Pathology at Stanford
University or the Cooperative Human Tissue Network
(Western Division, Nashville, Tennessee, USA). Lym-
phocytes from the lamina propria of the human gas-
trointestinal tract were isolated as described previously
(14) using no enzymatic treatment. Briefly, pieces of tis-
sue were cut open, laid flat, and washed with ice-cold
HBSS. The serosa was separated from the mucosa with
scissors and discarded. The mucosa was cut into strips
and then incubated in cold 1 mM EDTA/HBSS with
constant stirring for 30 min to remove the epithelium
and intraepithelial lymphocytes (this step was repeated
several times until no more epithelial shedding
occurred). The remaining mucosal strips were crushed
through a 50-mesh strainer (Sigma-Aldrich) to isolate
lamina propria lymphocytes. Tonsil and appendix lym-
phocytes were isolated by dispersing the tissues through
a wire mesh followed by hypotonic erythrocyte lysis. We
have determined previously (14) that the nonenzymat-
ic treatments used to isolate lymphocytes from these tis-
sues do not affect chemokine receptor, adhesion mole-
cule, or marker expression. Human peripheral blood
mononuclear leukocytes (PBMLs) were isolated by
Ficoll-gradient (Amersham Biosciences, Piscataway,
New Jersey, USA) centrifugation. For analysis of circu-
lating IgA plasmablasts, PBMLs were depleted of T cells
before staining using anti-CD3 magnetic beads (Dynal
Inc., Lake Success, New York, USA), according to the
manufacturer’s directions.

Immunohistochemistry. Frozen sections of various
OCT-embedded tissues were fixed for 10 min in cold
acetone, dried at room temperature for 1 h, then rehy-
drated for 30 min in PBS. Tissues were then blocked
with 25% goat serum for 10 min before incubation with
primary (unconjugated CCR10 mAb’s, 10 µg/ml) or
secondary Ab (PE goat anti-mouse F(ab′)2, 1:100; Jack-
son ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA) for 40 min at room temperature.
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Biotinylated mouse anti-human Ig Ab’s (10 µg/ml)
were incubated for 40 min at room temperature and
detected with a 1:150 dilution of SAv-FITC (Jackson
ImmunoResearch Laboratories Inc.). Isotype control
Ab’s were detected in an identical manner. Directly con-
jugated Ab’s were incubated for 40 min at room tem-
perature. Immunohistochemical staining was visual-
ized using a laser-scanning confocal microscope (MRC
1024; Bio-Rad Laboratories Inc., Hercules, California,
USA) using Lasersharp software version 2.1 (Bio-Rad
Laboratories Inc.). Multicolor images were produced by
overlaying several single-color images.

Chemotaxis assays. Chemotaxis assays were performed
as described (20). Briefly, Transwell inserts (Corning
Costar Corp., Cambridge, Massachusetts, USA) con-
taining 2 × 106 tonsil lymphocytes were placed in the
wells of 24-well plates in contact with 600 µl of medi-
um (RPMI-1640 with 0.5% BSA) with or without
chemokine. After 2 h, a fixed volume of counting beads
(Polysciences Inc., Warrington, Pennsylvania, USA) was

added to each well for normalization, and the specific
migration was enumerated by flow cytometry after
staining for the lymphocyte subsets of interest. Human
TECK, MEC, and SDF-1α/CXCL12 were purchased
from Peprotech Inc. (Rocky Hill, New Jersey, USA).

Flow cytometry. Unconjugated mAbs were detected
using either a biotinylated horse anti-mouse IgG sec-
ondary Ab (Vector Laboratories, Burlingame, Califor-
nia, USA) and streptavidin-peridinin chlorophyll pro-
tein  (streptavidin-PerCP; PharMingen), or a goat
anti-mouse-PE F(ab′)2 secondary Ab (Jackson
ImmunoResearch Laboratories Inc.). Four-color flow
cytometry was done on a FACScalibur (Becton Dickin-
son Immunocytometry Systems, San Jose, California,
USA) using CellQuest software, version 3.1 (Becton
Dickinson Immunocytometry Systems).

Results
To identify tissue lymphocyte subsets expressing the
chemokine receptor CCR10, we first examined memory
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Figure 1
CCR10 is expressed on few gastrointestinal tissue T lymphocytes. (a) Frozen sections of epithelial tissues were costained with Ab’s against CD3
(T cells; green), CCR10 (red), and CD20 (naive, memory, and GC B cells; blue). The lack of coexpression of CCR10 with CD3 or CD20 demon-
strates that the cells expressing CCR10 within these tissues are not memory T or B cells. (b) T lymphocytes from various segments of the gas-
trointestinal tract and the tonsil were isolated and stained for CD4+ or CD8+ (and the marker CD45RA) in conjunction with CCR10 or CCR9.
CCR10 is virtually absent on T cells within these tissues (<5% CCR10+ T cells in any examined tissue), while CCR9 is expressed on almost all T
cells from the small intestine (85% ± 11% in the jejunum and 87% ± 9% in the ileum), and a subpopulation of T cells in the colon (15% ± 8%)
and stomach (11% ± 6%), as described (14). Immunohistochemistry data is representative of three salivary gland, five jejunum, three ileum,
two duodenum, four colon, and three appendix samples (and three tonsil and three stomach samples that are not shown). Flow-cytometry
data are representative of two tonsil, three stomach, three jejunum, three ileum, three colon, and two appendix samples with mean ± SD
shown. Percentage of CCR10- or CCR9-positive cells based on quadrant encompassing 3% of isotype control-stained cells in dot blots.



T lymphocytes in a variety of human epithelial tissues
(Figure 1) where MEC is also expressed (21, 22). Sur-
prisingly, flow cytometry (Figure 1b) revealed that
CCR10 was not expressed on very many epithelial tissue
memory T lymphocytes, although the small intestine
and, to a lesser extent, the colon and stomach, con-
tained CCR9+ lymphocytes as shown previously (14, 15).

Neither freshly isolated T lymphocytes nor cells incu-
bated at 37°C for 1 h stained detectably with anti-
CCR10 mAb’s. Additionally, few, if any, memory T lym-
phocytes expressing CCR10 could be detected in the
tonsil or appendix. Immunohistochemistry of various
mucosal epithelial tissues also failed to reveal CCR10
expression on tissue memory T cells (Figure 1a). Thus,
CCR10 expression on T lymphocytes appears to be char-
acteristic of CLA+ skin-homing memory lymphocytes
(18, 19), but not of the major mucosal memory T cell
populations in these tissues.

In mice we have found that TECK, an epithelial
chemokine ligand for CCR9 (15), is chemotactic for intes-
tinal IgA Ab-secreting cells (16). Since TECK is closely
related to MEC (21, 22), we decided to examine the
expression of CCR10 on the major B cell population res-
ident in mucosal epithelial tissues: the plasma cell (Fig-
ure 2). In humans, markers for differentiating B cells are
well characterized (25, 26). Germinal center (GC) B cells
can be defined as large CD38+CD19+CD20hi; plasma cells
(PCs) are defined as large CD38hiCD19+/–CD20–; and
memory B cells are defined as small or large
CD38–CD19+CD20+. In the tonsil and colon, CD38 and
CD20 expression defined populations of both GC cells
and PCs in the blast population (Figure 2a). GC cells in
both the tonsil and colon were negative for both CCR9
and CCR10, consistent with their nonmigratory nature.
Interestingly, while a fraction of tonsil PC expressed
CCR10 (and a smaller fraction expressed CCR9), colon
PCs were virtually all CCR10+. Similarly, 85–95% of PCs
in the stomach, jejunum, and ileum expressed CCR10,
while a smaller percentage of small-intestinal and some
stomach PCs expressed CCR9 (Figure 2b). In the appen-
dix, a hybrid lymphoepithelial tissue, about 40% of the PC
phenotype cells expressed CCR10 (Figure 2b), but no
memory B cells present in any tissue (even the tonsil or
appendix) expressed CCR10 (data not shown). Less than
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Figure 2
CCR10 is expressed on mucosal tissue lymphocytes with a PC phe-
notype. Lymphocytes isolated from the gastrointestinal tract or
tonsil were stained for CD19, CD20, and CD38 to define various B
cell subsets (gated on large lymphocytes by scatter). (a) Both the
colon and tonsil contained significant populations of both GC
(CD38+CD19+CD20hi) and PC (CD38hiCD19+/–CD20–) phenotype B
cells. GC cells did not express either CCR10 or CCR9 (<3% of GC cells
in all tissues examined), while a fraction of PCs in the tonsil (22% ± 4%)
and virtually all PCs in the colon (92% ± 4%) expressed CCR10. (b)
CCR10 was also expressed on the vast majority of PCs in the jejunum
(90% ± 7%), ileum (92% ± 5%), and stomach (87% ± 10%), and a sig-
nificant fraction of cells in the appendix (38% ± 11%). CCR9 was pres-
ent on PCs in the jejunum (36% ± 14%) and ileum (41% ± 18%) where
TECK is also expressed and on PCs in the stomach (13% ± 7%). (c) GC
cells in both the tonsil and colon expressed high levels of CD19 (>95%
positive), while the phenotypically defined PC in both tissues had large-
ly downregulated CD19 (<15% positive). Flow-cytometry data are rep-
resentative of two tonsil, three stomach, three jejunum, three ileum,
three colon, and two appendix samples with mean ± SD shown. Per-
centage of CCR10- or CCR9-positive cells based on quadrant encom-
passing 5% of isotype control-stained cells in dot blots.



15% of the CCR10+ PCs in both lymphoid and nonlym-
phoid tissues expressed CD19, suggesting that the major-
ity of these PCs are terminally differentiated (Figure 2c).
Thus, expression of CCR10 on PCs in the stomach, small
intestine, and colon correlates with the expression of
MEC in these tissues (21, 22), while expression of CCR9
on small-intestinal PCs correlates with restricted small
intestinal TECK expression (14).

IgA is the predominant immunoglobulin produced
by resident PCs in the mucosal epithelial tissues
examined here (3), so we used immunohistochemistry
to examine the expression of CCR10 by mucosal B
cells expressing IgA (Figure 3). In the colon, CCR10
expression colocalized to cells with IgA expression
(Figure 3a). A similar colocalization of CCR10 with
IgA was seen in the other mucosal epithelial tissues we
examined (Figure 3b). A small percentage (<5%) of
PCs expressing IgG are also present in mucosal tissues
(3), and CCR10 did not appear to colocalize with
many of these cells by immunohistochemistry,
although several IgG+ cells were faintly CCR10+ (Fig-
ure 3c), similar to the staining profile of circulating
IgG plasmablasts (see Figure 5 below). IgG Ab-secret-
ing cells in inflamed rheumatoid synovium did not
express CCR10 (data not shown), suggesting that
CCR10 may characterize mucosal-associated IgG Ab-
secreting cells. Taken together, these results identify

mucosal IgA PCs as the predominant (non–skin hom-
ing) lymphocyte subset expressing CCR10.

The development of IgA Ab-secreting cells occurs pri-
marily in lymphoid tissues (27) (although recent data
has suggested that in situ class switching to IgA may
also occur within the murine small intestine; see ref. 28).
Early IgA PCs, or plasmablasts, travel from lymphoid
tissues through the blood to mucosal epithelial tissues,
where they localize and secrete IgA. To determine if
CCR10 could be involved in plasmablast trafficking, we
asked if differentiating tonsil surface IgA+ (sIgA+) B
cells could migrate to MEC (Figure 4a). Interestingly,
tonsil B cells with a plasmablast phenotype (large
sIgA+CD38hiCD19+CD20–) migrated to MEC, while
MEC responsiveness was reduced in phenotypically
defined mature PCs (large sIgA+/–CD38hiCD19+/–CD20–,
the phenotype of effector tissue PCs). Little chemotaxis
to TECK of either population was observed (Figure 4a).
The ability of tonsil PCs to migrate to MEC, but only
weakly to TECK, correlated clearly with the high per-
centage of these PCs expressing CCR10 (particularly
IgA+ cells) but not CCR9 (Figure 4b).

We next examined circulating lymphocytes to deter-
mine if phenotypically defined IgA plasmablasts
expressing CCR10 were present (Figure 5). While cir-
culating small IgA memory B cells (Figure 5a; small
sIgA+CD19+) did not express CCR10, a subset expressed
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Figure 3
CCR10 is expressed by mucosal tissue IgA plasma cells. Epithelial tissues known to be sites of IgA plasma cell localization were costained for
CCR10 (red) and IgA1/2 (green; in a and b) or IgG (green; panel c). (a) The expression pattern of IgA on colon lymphocytes is identical to
that of CCR10. Because CCR10 is surface expressed and IgA can be both on the surface and intracellular, the merged panel includes regions
of yellow overlap as well as green and red areas. (b) Merged images of CCR10 and IgA staining from other tissues containing IgA plasma
cells demonstrate that CCR10 colocalizes with IgA in all sites examined. Luminally transported secretory IgA can be seen in the lumens of
the duodenum, jejunum, and appendix. Insets show negative control staining. (c) A small fraction of IgG PCs are present in mucosal tissues,
but CCR10 did not colocalize well with these cells. Immunohistochemistry data is representative of three salivary gland, three stomach, five
jejunum, three ileum, two duodenum, five colon, and three appendix samples.



CCR9, and virtually all were CCR6+; a similar receptor
expression profile was seen on sIgA+CD19+ large B cell
blasts (Figure 5b). In fact, the only identifiable blood B
cell population to express CCR10 was sIgA+ B cells with
a plasmablast phenotype (large sIgAintCD19int), and the
majority of these IgA+ plasmablasts were CCR10+ (Fig-
ure 5b; range = 62–80%, mean ± SD = 72% ± 8%). A sub-
set of these IgA plasmablasts also expressed CCR9, and
interestingly, as described during in vitro differentia-
tion of human B cells into PCs (29), CCR6 expression
was concomitantly reduced (CCR6 was similarly
expressed on only approximately 15% of tissue PCs;
data not shown). Confirming our immunohistochem-
ical observation that CCR10 expression was low to
absent on mucosal tissue IgG Ab-secreting cells, few cir-
culating IgG plasmablasts (large sIgGintCD19int)
expressed CCR10 or CCR9 (positive cells ranged from
8% to 20% for both receptors, depending on the donor,
and the staining was generally of low intensity across
donors), and these cells had also downregulated CCR6
(Figure 5c). Thus, the presence of migratory MEC-
responsive CCR10+ tonsil plasmablasts coupled with

the predominant expression of CCR10 on circulating
IgA+ plasmablasts strongly suggests a role for CCR10
in IgA plasmablast trafficking to and migration into
effector tissues expressing MEC. Similarly, IgA plas-
mablasts expressing CCR9 may localize to the small
intestine (where TECK is expressed) after arising in
intestinal lymphoid tissues.

Discussion
We show here that CCR10 expression characterizes
epithelial tissue IgA PCs in tissues where MEC is
expressed, but not memory T or B cells and few IgG
PCs. The luminal transport of secretory IgA is an
important part of host protection at epithelial surfaces
(1–3). The presence of MEC in gastrointestinal tissues,
the salivary gland, mammary gland, and trachea (21,
22) may provide a mechanism for circulating CCR10+

IgA plasmablasts to enter all of these diverse tissues,
while conversely, CCR9 expression on a subset of cir-
culating IgA plasmablasts may facilitate and potential-
ly focus their localization to the small intestine (see Fig-
ure 6). It is worth noting that the roles of MEC and
TECK in IgA Ab-secreting cell biology are well con-
served between human and mouse: we find that in
mice, MEC is a highly efficacious chemoattractant for
IgA (but not IgG or IgM) Ab-secreting cells from mul-
tiple mucosal tissues (small and large intestines, lung,
and mammary gland) and the lymph nodes that drain
those tissues, while TECK responsiveness is relatively
limited to IgA Ab-secreting cells within the small intes-
tine and its associated lymphoid tissues (ref. 16; N.H.
Lazarus and E.J. Kunkel, unpublished data).

Although the IgA immune system has historically
been considered a “common mucosal immune system”
(7), more recent data suggest that the IgA immune sys-
tem has both common and regional characteristics.
Small intestine-derived IgA plasmablasts appear to be
more likely to migrate to both the intestines and non-
intestinal tissues, such as the upper airways, lacrimal,
salivary, and mammary glands (6, 8), suggesting some
commonality. However, the restricted transfer of anti-
gen-specific IgA to the upper airways, lacrimal gland,
nasal cavity, and genital tract after nasal immunization
(5, 8), suggests regionalization of the upper aero-diges-
tive and genital tract. A role for CCR10 and
MEC/CCL28 in IgA Ab-secreting cell localization to
both intestinal and nonintestinal mucosal sites is com-
patible with both common and regional characteristics.
This is because, in addition to chemokines, immune
cell trafficking from the blood into tissues requires one
or more pairs of adhesion molecules (30). IgA plas-
mablasts and PCs within the intestines are almost uni-
formly positive for the α4β7 integrin (31), consistent
with the expression of the α4β7 integrin ligand MAd-
CAM-1 on intestinal endothelium (32). In the mouse,
mammary gland IgA plasmablasts also express α4β7

integrin, and lactating mammary gland endothelium
expresses MAdCAM-1 (33). Interestingly, salivary gland
endothelium does not express MAdCAM-1, but it does
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Figure 4
MEC is chemotactic for tonsil IgA plasmablasts expressing CCR10.
(a) Tonsil lymphocytes were migrated to medium, SDF-1α (100
nM), TECK (300 nM), or MEC (300 nM) and stained for sIgA,
CD19, CD20, and CD38 to identify plasmablasts and plasma cells
in the large lymphocyte gate. Only sIgA+ B cells with a plasmablast
phenotype migrated well to MEC. Plasmablasts did not migrate
well to TECK. (b) Consistent with their migration to MEC, tonsil
plasmablasts and plasma cells (CD38hiCD20–) express CCR10
(60% ± 14% of sIgA+ plasmablasts and 21% ± 13% of sIgAlo/– PCs),
while the lack of a TECK response is consistent with the small num-
ber of cells expressing CCR9 (10% ± 6% of sIgA+ plasmablasts and
4% ± 2% of sIgAlo/– PCs). Data are representative of two independ-
ent experiments with multiple wells per experiment (the percentage
of cells expressing CCR10 or CCR9 is averaged over both experi-
ments, mean ± SD). As stated, the percentages shown in b are the
percentages of sIgA+ or sIgA– plasma cells expressing each receptor.
Background migration was <1% in both cell populations.



express VCAM-1 (34), and the ability of α4β1 and pos-
sibly α4β7 on IgA plasmablasts to bind VCAM-1 (35)
may facilitate their migration into the salivary gland
and other epithelial tissues such as the trachea and
bronchioles (36). Thus, IgA plasmablasts arising in
intestinal lymphoid tissues that coexpress CCR10 and
α4β7 may be uniquely able to enter MEC-containing
mucosal sites where either MAdCAM-1 or VCAM-1 are
expressed, while those intestinal IgA plasmablasts that
also express CCR9 can additionally enter the small
intestine where TECK is expressed. Conversely, IgA
plasmablasts arising in nonintestinal mucosal lym-
phoid tissues such as the tonsils and adenoids that
largely lack CCR9 (and express lower levels of α4β7; E.J.
Kunkel, unpublished data) may therefore be restricted
to nonintestinal mucosal sites where they use CCR10
in conjunction with other adhesion molecules such as
α4β1 and L-selectin (8).

CCR9 and CCR10 exhibit interesting expression pat-
terns that appear to depend on both differentiation
state and potentially the site of antigen exposure. While
neither CCR9 (15) nor CCR10 appear to be expressed
on resting naive B cells, we cannot rule out that they are
expressed at very low levels. CCR9 is expressed on
approximately 20% of circulating IgA+ B cells with a
memory phenotype. In contrast, CCR10 is absent from
memory B cells but is expressed on IgA class-switched
plasmablasts and PCs. Therefore, the expression of
both receptors may be regulated by cytokines such as

TGF-β that are involved in IgA class switching (37). The
absence of CCR10 on memory B cells, however, sug-
gests that CCR10 expression may be more closely
linked to PC differentiation, particularly in mucosal
sites. The expression of CCR9 on a subset of memory B
cells may mean that these B cells were originally acti-
vated in small-intestinal–associated lymphoid tissues,
but the specific signals involved in CCR9 induction
(e.g., TGF-β and/or MAdCAM-1+ dendritic cells)
remain to be elucidated. Our data characterizing small-
intestinal PCs indicate that approximately 50% express
both CCR9 and CCR10. This may mean that these dou-
ble positive cells arose from IgA+ memory B cells
expressing CCR9 (or naive B cells activated in small-
intestinal lymphoid tissues) and acquired CCR10 upon
PC differentiation. Expression of both CCR9 and
CCR10 (in conjunction with α4β7 integrin) would allow
these plasmablasts to enter mucosal tissues through-
out the body. Conversely, IgA+ memory B cells that do
not express CCR9 may therefore represent B cells that
class-switched in lymphoid tissues outside of the small
intestine (for instance in large-intestinal follicles or the
tonsil, where only 5% of the PCs express CCR9). These
CCR9– IgA+ memory cells would become CCR10+ upon
PC differentiation and traffic into mucosal tissues
expressing MEC, including the small intestine if they
also coexpress α4β7 integrin (a likely scenario for PCs
induced in colon follicles but not in the tonsil). As
more information about the genetic control of B cell

The Journal of Clinical Investigation | April 2003 | Volume 111 | Number 7 1007

Figure 5
Subsets of circulating blood IgA plasmablasts express
CCR10 and CCR9. Peripheral blood lymphocytes were
isolated, depleted of T cells, and stained for surface IgA
(sIgA) or surface IgG (sIgG), CD19, a dump cocktail
(CD14, CD3, IgD, and CD94), and CCR10, CCR9, or
CCR6. (a) Of small memory lymphocytes expressing
sIgA (CD19+sIgA+; 4% ± 2% of total CD19+ cells), few
expressed CCR10 (3% ± 2%), while a small population
expressed CCR9 (16% ± 5%), and virtually all expressed
CCR6 (98% ± 1%). (b) Two discernable populations of
dump cocktail–negative lymphocytes in the large lym-
phocyte gate could be identified by expression of sIgA
and CD19. Large lymphocytes with an IgA memory phe-
notype (sIgA+CD19+) expressed CCR10 (4% ± 1%),
CCR9 (28% ± 3%), and CCR6 (90% ± 2%) in a pattern
similar to small sIgA+ memory lymphocytes. A large frac-
tion of lymphocytes with an IgA plasmablast phenotype
(sIgAintCD19int; roughly 0.1% of total CD19+ cells)
expressed CCR10 (72% ± 8%), and a smaller fraction
expressed CCR9 (17% ± 13%), while few expressed
CCR6 (13% ± 3%). (c) The majority (>90%) of sIgA-

CD19+/int lymphocytes (shown in b by box) are sIgG+.
IgG+ memory lymphocytes (sIgG+CD19+) did not
express CCR10 (3% ± 2%), while some expressed CCR9
(14% ± 3%), and almost all expressed CCR6 (84% ± 6%).
Plasmablasts expressing sIgG (sIgG+CD19int) contained
some CCR10+ (13% ± 6%) and CCR9+ (16% ± 7%) lym-
phocytes and few CCR6+ (18% ± 4%) cells. Data are rep-
resentative of four experiments from separate blood
donors with data averaged across donors (mean ± SD).



class switching and PC differentiation is uncovered
(38), it will be possible to determine what specific
inductive signals control the expression of both CCR9
and CCR10 (and specific integrins such as α4β7) during
B cell differentiation.

Our results provide an explanation for the expres-
sion of MEC within a variety of mucosal epithelial tis-
sues, even though the only T lymphocyte subset pre-
viously (or in our study) shown to express CCR10
(CLA+ skin-homing lymphocytes) does not enter these
sites (18, 19, 23). The evolutionary rationale behind
the use of one chemokine receptor (CCR10) for the
homeostatic localization of two very distinct leuko-
cyte subsets (memory T cells and IgA PCs) is intrigu-
ing. The close homology between the homeostatical-
ly expressed epithelial chemokines MEC, TECK,
CTACK and the inducible epithelial chemokine 
MIP-3α/CCL20 (21, 22) suggests that they evolved
from a common ancestor and then became associated
with one or more epithelial cell populations as the
need arose for specific types of host protection at
diverse epithelial sites. In general, the adhesion recep-
tors controlling lymphocyte recruitment into the skin
and intestines have become dissimilar enough that
CCR10 can be used selectively on both CLA+ T cells
and IgA plasmablasts, particularly within the frame-
work of the combinatorial control of lymphocyte traf-
ficking and localization (30). CLA+ skin-homing T
cells are virtually never found within the intestinal
tract, likely because they lack the gut homing receptor
α4β7 necessary for interaction with MAdCAM-1+ intes-
tinal venules (23) and because intestinal venules lack
expression of the adhesion-triggering CCR4 ligand
TARC/CCL17 (20). So even though CLA+ lymphocytes

expressing CCR10 can respond to MEC, their entry
into MEC-expressing gastrointestinal sites would be
extremely inefficient. CLA+ T cells do express the α4β1

integrin required to bind VCAM-1 expressed by
endothelia in mucosal sites such as the oral cavity, sali-
vary gland, and lung (23, 34, 36). Nevertheless,
although some CLA+ T cells can be found in the oral
mucosa and lung (12), it is unknown whether CCR10
and MEC play a role in this localization.

Our results also demonstrate an interesting bifurca-
tion in the evolutionary development of tissue-specific
T and B cell trafficking. CCR9 appears to be rather
specifically associated with both small-intestinal IgA
Ab-secreting cells (consistent with our previous finding
in the murine system; ref. 16) and small-intestinal T
cells (14, 17), while it is largely absent from both T and
PCs in other mucosal sites. On the other hand, even
though the CCR10 ligand MEC is expressed in a vari-
ety of mucosal tissues (21), few if any T cells in these tis-
sues express CCR10. Thus, in contrast to the small
intestine where CCR9 appears to be involved in both T
and B cell biology, CCR10 is associated with mucosal
PC trafficking and cutaneous T cell trafficking (19, 39).
More investigation is required to determine the reasons
for the evolutionary segregation of the small intestine
through CCR9 and the differential use of CCR10 for
mucosal B cell, but not T cell, trafficking.

In addition to expressing CCR9 and CCR10, as we
show here, circulating and tissue-resident IgA (and IgG)
plasmablasts appeared to downregulate their expression
of CCR6, the receptor for MIP-3α/CCL20 (40). In addi-
tion to being expressed on subsets of memory T cells
(41), CCR6 is also expressed on memory and naive B
cells, and, as we confirm in vivo, is downregulated as B
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Figure 6
MEC and CCR10 unify the epithelial IgA immune system.
After development in secondary lymphoid tissues (i.e., the
tonsil or appendix), IgA plasma cells (PCs) expressing CCR10
or CCR9 enter the circulation. By virtue of the expression of
both MEC and TECK in the small intestine, both CCR10+

and CCR9+ PCs can enter this tissue (although CCR10+ PCs
predominate). In other tissues where MEC expression pre-
dominates (i.e., the colon and stomach), CCR10+ PCs pre-
dominate, and CCR9+ PCs are more rare. Other epithelial
sites where MEC is expressed (i.e., the mammary gland and
trachea/bronchioles) and IgA is secreted may also contain
CCR10+ PCs. CCR9+ T cells (T) predominate in the small
intestine where TECK is expressed and exist at lower levels in
closely associated tissues such as the stomach and colon.
This separate, previously described, T lymphocyte localiza-
tion pathway for the small intestine (via CCR9/TECK) allows
functional compartmentalization of this organ, while physi-
cally dispersed organs that all share the function of pathogen
neutralization by IgA are unified by CCR10/MEC. Model
includes data from refs. 14, 21, 22.



cells mature into PCs in vitro (29). Our findings would
suggest that CCR6 is likely not involved in IgA plas-
mablast localization to epithelial tissues.

While mucosal epithelial tissues contain IgG PCs,
these cells are usually less than 3–5% of the total PC
population (3). Many more IgG PCs are found in the
spleen and bone marrow (42). We find that few IgG
PCs within MEC-expressing epithelial tissues express
CCR10, and those that do appear to express lower
levels. Similarly, in the blood, the CD19int large lym-
phocytes that express sIgG also contain few CCR10+

cells. In the murine system, IgG Ab-secreting cells
maintain high responsiveness to the chemokine
SDF-1α (16, 43), while additionally becoming
responsive to the CXCR3 ligand MIG/CXCL9 (16).
The ability of murine IgG antibody secreting cells
(ASC) to respond to SDF-1α appears to play a role in
localization to the bone marrow (43), while respon-
siveness to MIG may promote migration into inflam-
matory sites such as rheumatoid synovium. Few
murine IgG ASCs (even from Peyer’s patches or
mesenteric lymph nodes, two intestinal-associated
lymphoid tissues) respond to TECK (16) or MEC
(N.H. Lazarus and E.J. Kunkel, unpublished data).
Thus, it seems likely that, rather than homeostatic
chemokines, inflammatory chemokines (particular-
ly CXCR3 ligands) may play a dominant role in the
localization of circulating IgG plasmablasts to
epithelial (and other) tissues, allowing IgG plas-
mablast recruitment during tissue inflammation.

Interestingly, in patients with selective IgA deficien-
cy, the mucosal compartments of the upper aerodi-
gestive tract commonly contain large numbers of
IgD+, IgM+, and IgG+ PCs, while the intestinal mucos-
al compartments largely contain IgG+ and IgM+ PCs
(3). It is unclear at this point whether CCR10 and
MEC/CCL28 are involved in the mucosal migration
of plasmablasts expressing other Ig isotypes, but in
the absence of CCR10+ IgA plasmablasts, it is very
likely that CCR10+ IgG and IgM Ab-secreting cells
(which are only a small fraction of the total IgG and
IgM plasmablast population in normal individuals)
would have little competition for mucosal compart-
ments and would therefore be able to fill these com-
partments. In fact, we have preliminary evidence that
early in the human anti-rotavirus humoral response,
rotavirus-specific plasmablasts expressing IgM or IgG
can express CCR9 and/or CCR10 (M.C. Jaimes and
E.J. Kunkel, unpublished data).

In conclusion, we find that CCR10 expression char-
acterizes circulating and tissue plasmablasts and PCs
that secrete the immunoglobulin IgA. We propose that
CCR10, in conjunction with mucosal epithelial
cell–derived MEC, contributes to the selective localiza-
tion of IgA Ab-secreting cells to the physically dispersed
organs of the secretory IgA immune system. Our find-
ings provide a common chemoattractant mechanism
for the dissemination of IgA-dependent immunity fol-
lowing local mucosal stimulation or vaccination.
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