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The salivary glands are important effector sites for IgA-medi-
ated humoral immunity to protect oral surfaces. Within mu-
rine submandibular glands (SMG), we identified a memory CD8
T-cell population that exhibited a unique cell-surface pheno-
type distinct from memory CD8 T cells in spleen but similar
to memory T cells resident in the intraepithelial lymphocyte
compartment of the intestinal mucosa. In mice immune to
lymphocytic choriomeningitis virus (LCMV) or vesicular stoma-
titis virus (VSV), virus-specific memory CD8 T cells with this
unusual phenotype were present in SMG at remarkably high
frequencies. LCMV-specific memory CD8 T cells in SMG showed
potent functional activities in vivo, including cytokine-induced
bystander proliferation, antigen-triggered IFNγ production, and
viral clearance. Adoptive transfer experiments further revealed
that the capacity to accumulate in SMG decreased during CD8 T-
cell differentiation and that SMG CD8 T cells were poorly replen-
ished from the circulation, indicating that they were tissue-res-
ident. Moreover, they preferentially relocalized within their
tissue of origin after adoptive transfer and antigen rechallenge,
thus revealing an imprinted differentiation status. Accumula-
tion of memory CD8 T cells within SMG did not require local
antigen presentation but was promoted by the epithelial differ-
entiation molecule E-cadherin intrinsically expressed by these
CD8 T cells. This finding extends the epithelial-restricted func-
tion of E-cadherin to an impact on lymphocyte accumulation
within epithelial tissues.

epithelial tissues | viral infections

The establishment of a multilayered memory T-cell system
provides high flexibility to combat reinfections with different

pathogens. Central memory T cells (TCM) build up a long-lasting
pool of rapidly replicating cells in secondary lymphoid organs
whereas effector memory T cells (TEM) patrolling blood, spleen,
and nonlymphoid tissues are crucial to fighting incoming infec-
tions by immediate effector functions (1, 2). Parabiosis experi-
ments, however, revealed that entry of blood-borne memory T
cells into brain and gut lamina propria is restricted (3). More-
over, recent studies have suggested a prominent role of tissue-
resident memory T cells (TRM) in providing local protection (4).
Virus-specific CD8 TRM cells have been described in sensory
ganglia, skin, brain, and intestinal mucosa (4–11). Common
features of differently localized TRM cells are the expressions of
the αEβ7 integrin CD103 and of CD69 (4, 5, 7, 9).
Submandibular glands (SMG) are accessory organs of the oral

mucosa and well-characterized effector sites of the mucosal IgA
response (12, 13). In addition to B cells, SMG also accommodate
αβ and γδ T cells, NK cells, and other innate immune cell pop-
ulations (13, 14). The glandular tissue further represents an
important target organ for cytomegalovirus infections and for
autoimmune reactions (15, 16). As SMG are exocrine epithelial
tissues, the epithelial differentiation molecule E-cadherin is
highly expressed in these organs. E-cadherin is a well-known
homotypic cell–cell adhesion molecule for epithelial cells, and
heterotypic binding of E-cadherin on epithelial tissues to CD103
on lymphocytes is well documented (17–19). In contrast, the

functional role of E-cadherin on the surface of lymphocytes has
not yet been addressed in vivo (20–24).
Examining the tissue distribution of virus-specific memory

CD8 T cells after systemic lymphocytic choriomeningitis virus
(LCMV) infection, we detected an enrichment of LCMV-spe-
cific memory T cells in SMG that resembled TRM cells. In the
present report, we characterize the unique phenotype and the
functional features of these T cells.

Results
Accumulation of CD8 T Cells in SMG After LCMV Infection. Infection
of C57BL/6 (B6) mice with LCMV-WE (200 pfu) induces a ro-
bust virus-specific CD8 T-cell response followed by rapid virus
clearance and stable memory formation. We observed that
absolute numbers of CD45 leukocytes within SMG of LCMV-
immune mice [4–16 wk post infection (p.i.)] increased approxi-
mately threefold compared with noninfected controls (Fig. 1A).
Flow cytometric analysis further revealed a proportional increase
of CD8 (8 ± 2% vs. 21 ± 1%) and a decrease of NKp46 (14 ± 2%
vs. 5 ± 1%) cells in noninfected vs. infected mice (Fig. 1B).
Nearly all CD8 cells isolated from SMG expressed αβ TCR and
CD8 α- and β-chains, indicating that these cells represented CD8
T lymphocytes (Fig. S1A). Percentages of the other main leu-
kocyte subsets—including CD4 T cells (12 ± 4%/9 ± 2%), CD19
B cells (26 ± 6%/29 ± 3%), CD11c/CD11b macrophages/DC (40
± 11%/28 ± 5%), and Gr-1 granulocytes (3 ± 1%)—were com-
parable between infected and noninfected mice (Fig. 1B and Fig.
S1B). Immunohistological examination of SMG sections from
infected mice further showed a scattered distribution of CD45
and CD8 cells within the glandular tissue and no evidence of the
formation of leukocyte clusters (Fig. S1C).

High Frequencies of Antigen-Specific Memory CD8 T Cells in SMG. The
frequencies of LCMV-specific CD8 T cells in SMG and spleen of
LCMV-immune B6 mice were determined by MHC class I tet-
ramers (gp33/H-2Db). Because SMG are part of the digestive
tract and the intestine is known to harbor antigen-experienced
CD8 T cells, intraepithelial lymphocytes (IEL) from gut epi-
thelium of the small bowel were included in the analysis. As
shown in Fig. 2A, percentages of gp33-specific memory CD8 T
cells were considerably higher in SMG (13 ± 1%) than in IEL
(1 ± 0.2%). In spleen, intermediate percentages (4 ± 0.4%) of
LCMV-specific memory CD8 T cells were found. To determine
whether the high frequencies of virus-specific CD8 T cells in
SMG represented a phenomenon restricted to the LCMV in-
fection, virus-specific memory CD8 T cells were analyzed in
VSV-immune B6 mice (28 wk p.i.) by MHC class I tetramers
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(np52/H-2Kb). As depicted in Fig. 2B, 16 ± 1% of SMG CD8
memory T cells were specific for VSV np52 whereas the corre-
sponding frequencies were considerably lower in IEL and spleen
(2 ± 0.7% and 1 ± 0.4%). Similar results were obtained when
VSV-immune mice were analyzed 4 wk p.i. (Fig. S2). To extend
the analyses to a monoclonal antigen-specific system, LCMV
gp33-specific CD8 T cells from P14 TCR transgenic mice were
used. A tracer population of naive P14 CD8 T cells (Thy1.1+)
was transferred into B6 recipient mice followed by LCMV in-
fection. At the stationary phase of infection (4–16 wk p.i.), the
frequencies of P14 memory T cells within the CD8 T-cell pop-
ulation isolated from SMG and spleen were determined. In
LCMV-immune P14 chimeric mice, the tissue distribution of P14
memory T cells (spleen: 22 ± 3%; SMG: 74 ± 3%; IEL: 10 ± 1%)
was comparable to non–TCR-transgenic memory CD8 T cells in
LCMV-immune B6 mice. P14 memory T cells were around seven
times more frequent among SMG CD8 T cells compared with
CD8αβ IEL (Fig. 2C). Taken together, these data revealed
a long-term persistence of virus-specific memory CD8 T cells
within SMG after systemic viral infection with considerably
higher frequencies than in the IEL compartment and in spleen.

CD8 T Cells in SMG Express a Unique Cell-Surface Phenotype. In
striking contrast to splenic P14 memory T cells, P14 T cells
isolated from SMG of LCMV-immune P14 chimeric mice
expressed high levels of CD69, CD103, and E-cadherin (Fig. 3).
Ly6C and CD127 expression levels were reduced, and P14 T cells
positive for KLRG1 were lacking. CD44, CD62L, and CD27
could not be used for analyses because these markers were
sensitive to collagenase treatment, required for efficient lym-
phocyte isolation from SMG. Importantly, non–TCR-transgenic
CD8 T cells in SMG of LCMV-immune B6 mice showed the
same cell-surface phenotype (Fig. S3A). The high levels of CD69
and CD103 in SMG P14 memory T cells were reminiscent of the
previously described phenotype of P14 memory T cells isolated
from the IEL compartment (7). In contrast to P14 memory T
cells in SMG, P14 IEL were negative for Ly6C but could also be
stained with E-cadherin–specific mAb (Fig. S3B).

Functional Activities of SMG CD8 Memory T Cells. Poly I:C treatment
is known to induce bystander proliferation of memory CD8 T
cells via induction of type I IFN and IL-15 (25). To determine
whether SMG memory CD8 T cells were capable of responding
to this cytokine stimulation in vivo, LCMV-immune B6 mice
were treated with poly I:C, and T-cell proliferation was de-
termined by Ki-67 expression. As shown in Fig. 4A, poly I:C
treatment induced Ki-67 expression in SMG CD8 T cells (49 ±
3%) at levels comparable to those in CD44high memory-pheno-
type CD8 T cells in the spleen (40 ± 4%). To evaluate the an-
tigen-specific response of SMG CD8 T cells, we systemically

administered the cognate LCMV gp33 peptide into LCMV-im-
mune P14 chimeric mice. Soon (6 h) after gp33 peptide treat-
ment, P14 T cells from SMG and spleen were isolated and
directly stained for intracellular IFNγ. Similar percentages of
SMG and splenic P14 memory T cells produced IFNγ (spleen:
87 ± 4%; SMG: 90 ± 4%) in response to gp33 antigen stimu-
lation in vivo (Fig. 4B). P14 memory T cells from SMG
restimulated with gp33 peptide in vitro were also able to produce
IFNγ (19 ± 4%) and to degranulate (CD107a: 39 ± 6%), but the
proportions of responding cells in these assays were about two-
to threefold lower compared with gp33-restimulated splenic P14
memory T cells (CD107a: 78 ± 3%; IFNγ: 60± 8%) (Fig. S4A).
To determine whether SMG CD8 T cells can provide immunity
to local infection, LCMV titers in SMG were determined in
different groups of mice 3 d after intraglandular (i.g.) infection
of the salivary glands with the fast-replicating LCMV strain
Docile. In nonimmune mice, this infection route led to signifi-
cantly higher viral titers (∼10-fold) in SMG compared with
spleen whereas systemic infection (i.v.) resulted in high titers in
spleen but not in SMG (Fig. S4B). To prevent lymphocyte egress
from nearby lymphoid tissues, mice were treated with FTY720
during viral rechallenge. The results from these experiments
revealed that LCMV was completely cleared in SMG of LCMV-
immune B6 and P14 chimeric mice whereas high LCMV titers

Fig. 1. Accumulation of CD8 T cells in SMG of LCMV-immune mice. (A)
Absolute numbers of CD45 leukocytes per SMG in noninfected vs. LCMV-
immune B6 mice (4–16 wk p.i.). *P < 0.05. (B) Percentage of corresponding
cell populations within CD45 cells of SMG in noninfected vs. LCMV-immune
B6 mice. Dots represent values of SMG pools from three to five mice. *P <
0.05; **P < 0.01.

Fig. 2. High frequencies of antigen-specific memory CD8 T cells in SMG. (A)
Percentages of CD8 memory T cells specific for LCMV gp33 peptide in spleen
(SP), SMG, and IEL of LCMV-immune (4–16 wk p.i.) B6 mice determined by
MHC class I tetramer (gp33/H-2Db) staining. (B) Percentages of CD8 memory
T cells specific for VSV np52 in spleen (SP), SMG, and IEL of VSV-immune B6
mice determined by MHC class I tetramer (np52/H-2Kb) staining 28 wk p.i. (C)
Percentages of CD8 memory T cells carrying the P14 TCR (Thy1.1) in spleen
(SP), SMG, and IEL determined in LCMV-immune (4–16 wk p.i.) P14 chimeric
mice. Representative dot plots and statistical graphs are shown. All samples
were gated on CD45 cells. Percentages of CD8 T cells specific for the in-
dicated markers are depicted. Dots in statistical graphs represent values from
individual mice. **P < 0.01; ***P < 0.001.
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were found in SMG of the nonimmune control (8 × 105 ± 3 × 105

pfu/SMG) and of VSV-immune mice (5 × 105 ± 3 × 105 pfu/
SMG), confirming antigen specificity (Fig.4C). Neutralizing
antibodies could not be detected in the sera of these LCMV-
immune mice (Fig. S4C), rendering humoral immunity as the
responsible effector mechanism in this experimental setting
very unlikely.

P14 Effector but Not Resting P14 Memory Cells Accumulate in SMG.
To test whether effector or memory CD8 T cells from spleen
were able to accumulate in SMG in the absence of a LCMV
infection, we adoptively transferred P14 effector (day 8 p.i.), late
effector (day 18 p.i.), or resting memory (day 110 p.i.) cells from

LCMV-immune P14 chimeric mice into B6 recipient mice. The
recipient mice were analyzed 1 wk after cell transfer (Fig. 5). P14
effector (day 8) T cells were found at clearly higher frequencies
in the CD8 T-cell population of SMG (10.4 ± 3.5%) compared
with the spleen (1.3 ± 0.4%) whereas the relative tissue distri-
bution of P14 late effector (day 18) T cells was similar between
spleen (3.3 ± 0.3%) and SMG (3.0 ± 0.9%). In striking contrast,
after transfer of resting P14 memory (day 110) T cells, we failed
to recover any P14 T cells from SMG whereas 1.3 ± 0.4% of CD8
T cells in spleen carried the P14 TCR in the same mice. Taken
together, these data indicate that the capacity to accumulate in
SMG decreases during T-cell differentiation and further suggest
that SMG CD8 T cells were not rapidly replenished from the
circulation in the resting state.

Tissue-Specific Accumulation of SMG P14 Memory T Cells After LCMV
Rechallenge. To assess the impact of the SMG environment
during the differentiation of CD8 memory T cells, P14 memory T
cells from SMG and spleen were transferred into B6 mice fol-
lowed by LCMV infection. Six days later, the recall response in
blood of the recipient mice was monitored. As shown in Fig. 6A,
SMG P14 memory T cells were able to mount a secondary
proliferative response in blood, but the magnitude of the re-
sponse was considerably lower compared with splenic P14
memory T cells (13 ± 1% vs. 72 ± 1% of CD8 T cells carrying
P14 TCR). To determine whether the origin of P14 memory T
cells influenced their tissue distribution after recall, we examined
these mice 3 wk p.i. (Fig. 6B). As expected from the marked
difference in clonal burst after rechallenge, overall frequencies
of secondary P14 memory T cells were considerably higher in
mice that had been repopulated with splenic P14 memory T cells.
In these mice, percentages of secondary P14 memory T cells
among CD8 T cells were highest in spleen (34 ± 2%), followed
by SMG (22 ± 4%) and IEL (9 ± 1%). Strikingly, mice repo-
pulated with SMG P14 memory T cells showed higher frequen-
cies in SMG (8 ± 2%), followed by IEL (2 ± 1%) and spleen (1 ±
0.4%). Thus, P14 memory T cells from SMG preferentially
reaccumulate in SMG after LCMV rechallenge.

Fig. 4. Functional activities of SMG CD8 memory T cells. (A) Poly I:C (250 μg) was administered i.p. into LCMV-immune B6 mice, and intranuclear Ki-67
expression was evaluated 72 h later. Controls are derived from untreated LCMV-immune B6 mice. Percentages of splenic total CD8 T cells or CD44high CD8 T
cells and total SMG CD8 T cells positive for Ki-67 are depicted. Dots represent values from individual mice. **P < 0.01; ***P < 0.001. (B) LCMV-immune P14
chimeric mice were injected (i.v.) with gp33 peptide (200 μg). Six hours later, P14 memory T cells from spleen (SP) and SMG were isolated and immediately
stained for intracellular IFNγ. Shown are representative dot plots and a statistical graph depicting percentages of P14 memory T cells positive for IFNγ. Dots
represent values from individual mice. Horizontal dashed black line represents mean percentage of P14 memory T cells positive for IFNγ from untreated
LCMV-immune P14 chimeric mice. (C) The indicated groups of mice were infected i.g. with LCMV-Docile, and viral titers in SMG were determined on day 3 p.i.
Dots represent titers in plaque-forming units per organ from individual mice. Horizontal gray line marks the detection limit (5 × 103 pfu/organ).

Fig. 3. Unique cell-surface phenotype of SMG CD8 memory T cells. P14
memory T cells from SMG (red line) and spleen (SP, blue line) of LCMV-im-
mune (week 14 p.i.) P14 chimeric mice were analyzed with the markers in-
dicated. Representative flow cytometry profiles are depicted. All samples
were pregated on CD45 cells. Histograms were further gated on P14 T cells
(Thy1.1/CD8). Isotype controls are shown in gray.
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Accumulation of P14 Memory T Cells in SMG Is Independent of Local
Antigen. In the experimental conditions used here to generate
LCMV-immune mice, LCMV was not detectable in SMG by
virus plaque assay either at the acute or at the stationary phase of
the infection (Fig. S5), suggesting that accumulation of LCMV-
specific CD8 memory T cells in SMG was antigen independent.
To provide further evidence for this notion, short-term (day 3)
gp33 peptide-activated P14 T cells were transferred into B6
mice. One and four weeks after adoptive cell transfer, P14 T cells
were traced in spleen, SMG, and IEL. As shown in Fig. 7 A and
B, P14 T cells could be detected in all of these tissues, but their
frequencies varied considerably. At both time points, frequencies
of P14 T cells within the CD8 T-cell population were highest in
SMG (week 1: 32 ± 6%; week 4: 42 ± 8%), lower in spleen
(weeks 1 and 4: 14 ± 3%), and only marginal in IEL (week 1:
0.6 ± 0.2%; week 4: 0.3 ± 0.1%). Similar to the LCMV infection
model, a significant proportion of P14 T cells (26 ± 1%) re-
covered from SMG expressed E-cadherin 1 wk after adoptive cell
transfer. This proportion was further increased (50 ± 4%) 4 wk
after transfer. E-cadherin was also found on a fraction (week 1:
22 ± 6%; week 4: 20 ± 3%) of the few P14 IEL but not on splenic
P14 T cells (Fig. 7C). Next, CD103 expression on P14 T cells
isolated from spleen, SMG, and small intestine epithelium was
examined (Fig. 7D). CD103 was expressed at high levels by al-
most all (79 ± 7%) P14 T cells in the IEL compartment but not
at all by P14 T cells from spleen. Among SMG P14 T cells,
CD103high expression was found on a clearly smaller fraction
(32 ± 7%) than in P14 IEL. Altogether, these data indicate that
accumulation of antigen-specific memory CD8 T cells in SMG
was independent of local antigen and also occurred in the ab-

sence of inflammatory conditions. In vitro-activated P14 T cells
used for adoptive transfer completely lacked E-cadherin and
CD103 surface expression (Fig. S6A), indicating that these ad-
hesion molecules were induced in P14 T cells within glandular
and small intestinal tissues. This was also confirmed by the ob-
servation that P14 T cells present in SMG at an early time point
(day 3) after transfer did not express E-cadherin (Fig. S6B).

E-Cadherin Expressed by SMG CD8 T Cells Promotes Their Tissue
Accumulation. SMG CD8 T cells showed an intriguing E-cadherin
expression. To examine whether E-cadherin was synthesized di-
rectly by CD8 T cells or acquired from the surrounding SMG
epithelium that expresses high levels of E-cadherin, mice carry-
ing a T-cell–specific deletion of the E-cadherin gene were
analyzed. These mice were generated by breeding CD4-Cre
transgenic mice with mice carrying a floxed allele of the E-cad-
herin gene. For the analysis, littermates carrying CD4-Cre+E-
cadfl/fl and CD4-Cre−E-cadfl/fl genotypes were used. As depicted
in Fig. 8A, E-cadherin staining of SMG CD8 T cells from
LCMV-immune (4–16 wk p.i.) CD4-Cre+E-cadfl/fl mice de-
creased strongly compared with the respective cells derived from
CD4-Cre−E-cadfl/fl mice. This result indicated that E-cadherin
was synthesized by SMG CD8 T cells. Notably, E-cadherin ab-

Fig. 6. Tissue-specific accumulation of SMG P14 memory T cells after LCMV
rechallenge. (A) B6 mice were seeded with 105 P14 memory T cells from
spleen (SP) or SMG, and proliferative capacity was assessed in blood of the
recipient mice 6 d after LCMV rechallenge. (B) Tissue distribution of P14
memory T cells derived from spleen (SP) or SMG determined 3 wk after
retransfer and rechallenge. Dots in statistical graphs represent values from
individual mice. *P < 0.05; ***P < 0.001.

Fig. 7. Antigen-independent accumulation of P14 T cells in SMG and tissue-
specific induction of E-cadherin and CD103 expression. P14 T cells (5 × 106)
activated in vitro with LCMV gp33 peptide for 3 d were transferred into naive
B6 mice. Percentage of CD8 T cells carrying the P14 TCR (Thy1.1) recovered
from spleen (SP) and SMG (A) and from IEL (B) were determined 1 and 4 wk
after adoptive cell transfer. (C) E-cadherin expression by in vitro-activated and
transferred P14 T cells (Thy1.1) recovered from spleen (SP), SMG, and IEL. (D)
Representative dot plots depicting CD103 expression of P14 T cells (Thy1.1)
collected fromspleen (SP), SMG,and IEL3wkafter adoptive transferof in vitro-
activated P14 T cells. All samples were pregated on CD45. Dots in statistical
graphs represent values from individual mice. *P < 0.05; **P < 0.01.

Fig. 5. Only P14 effector but not resting P14 memory T cells accumulate in
SMG in the absence of a LCMV infection. P14 effector T cells (day 8 p.i., 5 ×
106), P14 late effector T cells (day 18 p.i., 4 × 106), or resting P14 memory T
cells (day 110 p.i., 2 × 106) from spleen of P14 chimeric mice were transferred
(i.v.) into naive B6 mice. Percentages of CD8 T cells carrying the P14 TCR
(Thy1.1) recovered from spleen (SP) and SMG of the recipient mice were
determined 1 wk after adoptive transfer. Dots in statistical graphs represent
values from individual mice. *P < 0.05.
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lation in SMG CD8 T cells did not restore KLRG1 expression in
these cells (Fig. 8A). The role of E-cadherin in cell adhesion
mediated by homotypic interactions is well known. Therefore, E-
cadherin expressed by SMG CD8 T cells might be important for
accumulation of these cells within the submandibular gland tis-
sue. Indeed, percentages of CD8 T cells among CD45 leukocytes
from SMG were significantly lower in LCMV-immune CD4-
Cre+E-cadfl/fl (24 ± 1%) mice compared with CD4-Cre−E-cadfl/fl

(32 ± 2%) mice (Fig. 8B). Importantly, the corresponding per-
centages did not differ in splenocytes (20 ± 1% vs. 21 ± 1%) of
the same animals (Fig. 8B). Thus, these data indicate that E-
cadherin expressed by SMG CD8 T cells promotes accumulation
of these cells in this epithelial tissue.

Discussion
The phenotype of SMGmemory CD8 T cells was clearly different
from splenic memory CD8 T cells but were reminiscent of αβTCR
CD8αβ cells in the IEL compartment (7). In LCMV-immune P14
chimeric mice, P14 T cells in both SMG and IEL were positive for
CD69, CD103, and E-cadherin and lacked KLRG1 expression.
However, Ly6C expression was found only on P14 T cells in SMG,
indicating that antigen-specific CD8 T cells in SMG and IEL ex-
hibit a similar but not an identical phenotype. Moreover, percen-
tages of virus-specific CD8 T cells in the CD8αβ T-cell com-
partment were strikingly higher in SMG than in IEL. This finding
indicates that the mechanisms that govern entry, retention, and/or
survival of antigen-specific CD8 T cells in SMG and IEL are dif-
ferent. This notion is further supported by the finding that short-
term (day 3) in vitro-activated P14 T cells accumulated efficiently
in SMG but not in IEL after adoptive transfer.
P14 memory T cells isolated from SMG exhibited decreased

functional activity compared with their splenic counterparts
when tested in restimulation assays in vitro. However, when the
responsiveness of these cells was examined after antigen stimu-
lation in vivo, P14 memory T cells from SMG and spleen showed
comparable levels of IFNγ production. These different results fit
well with the observation by Wakim et al. (5) that tissue-resident
memory T cells from brain show impaired functional activity
after dissociation from the tissue in which they reside. The de-
creased expansion rate of isolated and adoptively transferred P14
memory T cells from SMG upon recall may also be, at least
partially, due to this effect. Nonetheless, these recall experiments
demonstrated that P14 memory T cells from spleen preferen-
tially resided in spleen after rechallenge whereas P14 memory
T cells from SMG accumulated mainly within SMG. Thus, the
tissue origin of “primary” P14 memory T cells influenced tissue
localization of the corresponding “secondary” P14 memory T
cells. Adoptive transfer experiments with effector and memory

P14 T cells from spleen further revealed that the capacity to
accumulate in SMG decreases during the course of T-cell dif-
ferentiation. Short-term (day 3) in vitro-stimulated P14 T cells
and P14 effector T cells (day 8 p.i.) exhibited a high competence
to enrich in SMG followed by “late” P14 effector T cells (day 18)
whereas resting P14 memory T cells (day 110 p.i.) failed to ac-
cumulate in SMG. Hence, not only the tissue of origin but also
the differentiation stage determines the extent of accumulation
in SMG. The failure of peripheral resting P14 memory T cells to
accumulate in SMG further implies that SMG memory CD8 T
cells are poorly replenished from the circulation, and thus they
can be considered as tissue resident.
After skin scarification with HSV or after intranasal VSV in-

fection, there is good evidence that local antigen presentation is
required for the induction of TRM cells (4, 5). Nonetheless, long-
term residence of these cells may be independent of persisting
antigen (5). VSV-specific TRM cells in the brain have been shown
to cluster around former hot spots of local antigen (5). Our data
reveal a widely scattered distribution of CD8 T cells within the
glandular tissue of LCMV-immune mice and the lack of leuko-
cyte clusters, suggesting an accumulation process independent of
local antigen. This conclusion is further based on the finding that
gp33 peptide-activated P14 T cells accumulated in SMG after
adoptive transfer. As the gp33 peptide has a very short half-life
in vivo (26), residual traces of gp33 peptides, possibly present in
the transfer inoculum, would be degraded within minutes in the
recipient mice. In addition, LCMV could not be detected in
SMG by standard virus plaque assay either at the acute or at the
stationary phase after low-dose systemic LCMV infection used
here for generation of LCMV-immune mice. In this respect,
accumulation of antigen-specific CD8 T cells in SMG differs
from the local viral infection models (4, 5); it resembles more the
entry of “early” LCMV-specific effector CD8 T cells into the gut
epithelium after systemic infection, a process that is also in-
dependent of local priming events (6).
The interaction of CD103 expressed by CD8 T cells with E-

cadherin on epithelial tissues has been thoroughly investigated
(17–19). On the contrary, expression of E-cadherin on lympho-
cytes has been analyzed in only a few studies. E-cadherin has
been found on fetal thymocytes, IEL, and dendritic epidermal T
cells (DETC) in the skin (21–23), and it has also recently been
postulated to function as an inhibitory receptor on DETC (24).
Interestingly, leukocytes infiltrating SMG of autoimmunity-
prone NOD mice have further been reported to express E-cad-
herin (20). The possibility that the positive E-cadherin staining of
these cells was due to adsorption from the surrounding epithelial
tissue, however, was not addressed. The adoptive cell transfer
experiments with short-term (day 3) in vitro-stimulated P14 T
cells indicate that E-cadherin expression by CD8 T cells within
SMG was driven by the glandular environment. Our data in
combination with the reported infiltration of E-cadherin–positive
leukocytes during autoimmunity affecting SMG imply that E-
cadherin–assisted accumulation of lymphocytes in SMG not only
may be relevant for foreign-specific but also for self-specific T
cells. The diminished enrichment of E-cadherin–deficient com-
pared with wild-type CD8 T cells in SMG of LCMV-immune
mice can readily be rationalized by a decreased adhesiveness of
the cells to E-cadherin–expressing epithelial cells. Because E-
cadherin is also involved in signaling pathways (27), E-cadherin
ligation on T cells may alternatively impact their function or
survival. This issue, as well as the role of CD103 and VLA-1 that
have been shown to be important for retention and survival of
memory T cells in other epithelial tissues, need to be addressed
for SMG memory CD8 T cells (5, 28).
The salivary glands are important effector sites of IgA-medi-

ated humoral immunity to protect oral surfaces (12, 13). We now
demonstrate that these glands also harbor antigen-specific CD8
memory T cells with features of TRM cells at surprisingly high

Fig. 8. E-cadherin expressed by SMG CD8 T cells promotes their tissue ac-
cumulation. (A) Expression of E-cadherin and KLRG1 by SMG CD8 T cells of
LCMV-immune CD4-Cre+E-cadfl/fl and CD4-Cre−E-cadfl/fl mice. Representative
dot plots of CD45 pregated samples are shown. (B) Percentage of CD8 T cells
within CD45 cells in spleen (SP) and SMG of LCMV-immune CD4-Cre+E-cadfl/fl

(E-cad−) and CD4-Cre−E-cadfl/fl (E-cad+) mice. Dots in statistical graphs rep-
resent values from individual mice. **P < 0.01.
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frequencies and that these cells can provide local immunity to
reinfection. It is further intriguing to speculate that these cells
may also play a role in the autoimmune processes of Sjögren’s
syndrome affecting this gland.

Materials and Methods
Mice. C57BL/6J (B6) mice were obtained from Janvier. Thy1.1+ P14 TCR
transgenic mice [B6; D2-Tg (TcrLCMV) 318Sdz/JDvsJ] specific for aa 33–41
(gp33 epitope) of the LCMV glycoprotein (29) were maintained in our col-
ony. CD4-Cre transgenic mice (30) were kindly provided by Ulrich Kalinke
(Twincore, Hannover, Germany), and mice carrying the floxed E-cadherin
gene (31) were a kind gift from Rolf Kemler (Max Planck Institute of
Immunobiology and Epigenetics, Freiburg, Germany). Mice were kept under
specific pathogen-free conditions. Animal care and use was approved by the
Regierungspräsidium Freiburg. Mice infected i.v. with 200 pfu LCMV-WE or
2 × 106 pfu VSV-Indiana were considered to be virus-immune after 4 wk p.i.

Isolation of Lymphocytes. Both splenic and SMG leukocytes were isolated by
mincing, followed by incubation with collagenase type II (2,000 U/mL; GIBCO)
at 37 °C for 30 min. All lymph nodes and connective tissue in SMG were
removed before leukocyte isolation. Small-intestine IEL were prepared by
shaking with low agitation of the cleaned small intestine in cell culture
medium containing 10% FCS and antibiotics for 45 min at 37 °C.

Adoptive Cell Transfer. P14 chimeric mice were generated by adoptive
transfer (i.v.) of 105 naive splenic P14 T cells into B6 recipients 1 d before

infection with 200 pfu LCMV-WE (i.v.). For secondary transfers, 105 P14 T
cells isolated from spleen or SMG of LCMV-immune P14 chimeric mice were
transferred (i.v.) into B6 followed by LCMV-WE (200 pfu i.v.) infection 1
d later. For generation of in vitro-activated P14 T cells, P14 splenocytes (2 ×
106/mL) were stimulated with 10−7 M LCMV gp33 peptide (KAVYNFATM) for
3 d. Peptide-stimulated P14 T cells (5 × 106) were transferred i.v. into B6
recipient mice.

Flow Cytometry. Antibodies and MHC tetramers are listed in SI Materials and
Methods. Samples were analyzed using a FACSCalibur flow cytometer (BD
Biosciences) and FlowJo software (Tree Star).

Antiviral Protection Assay.Mice were infected i.g. (32) with 5 × 103 pfu LCMV-
Docile (in 50 μL), and viral titers were determined 3 d p.i. by standard viral
plaque assay (33). During viral rechallenge, mice were treated i.v. with
FTY720 (US Biological; dose: 1 mg/kg body weight) on days 0 and 2.

Statistical Analyses. Statistical significance was evaluated with Student’s t test
using SigmaPlot software. SEM was used to determine the mean.
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