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is necessary for rapid CD4 T cell responses

to local bacterial infection

Rajesh Ravindran*, Lori Rusch?, Andrea Itano®, Marc K. Jenkins*, and Stephen J. McSorley**

*Center for Infectious Diseases and Microbiology Translational Research, Department of Medicine, Division of Gastroenterology, Hepatology
and Nutrition, McGuire Translational Research Facility, and TCenter for Inmunology, Department of Microbiology, University of Minnesota

Medical School, Minneapolis, MN 55455

Edited by Philippa Marrack, National Jewish Medical and Research Center, Denver, CO, and approved May 23, 2007 (received for review February 13, 2007)

The contribution of CCR6 and phagocyte recruitment to the initiation
of T cell responses to a local pathogen is unclear. CD4 T cell activation
to an injected soluble antigen occurred rapidly and was completely
CCR6-independent. In marked contrast, the tempo of pathogen-
specific CD4 T cell activation depended on whether the antigen was
secreted or cell-associated. Furthermore, lymph node pathogen-spe-
cific CD4 T cell activation required CCR6 and cell migration from the
site of infection. Surprisingly, adoptive transfer of wild-type blood
phagocytes rescued bacteria-specific T cell activation in CCR6-defi-
cient mice, even when these cells were unable to participate in direct
antigen presentation. These data demonstrate that T cell responses to
a local bacterial infection follow a distinct tempo, largely determined
by bacterial protein secretion, and that CCR6-mediated blood phago-
cyte recruitment to the site of infection is a critical step in the initiation
of pathogen-specificimmune responses in skin draining lymph nodes.

antigen presentation | bacteria

It is clear that dendritic cells (DCs) play a critical role in the
initiation of naive T cell responses to microbial pathogens (1, 2);
however, few studies have directly visualized antigen presentation
and pathogen-specific T cell activation simultaneously in vivo (3).
We previously demonstrated two distinct “waves” of antigen pre-
sentation in the lymph node after injection of a soluble protein (4).
The first wave involved presentation of lymph-borne antigen,
whereas the second wave was mediated by DCs migrating from the
injection site. Antigen presentation and T cell activation to a local
bacterial infection are likely to be considerably more complex than
injection of single soluble protein (5). It remains unclear whether
migrating skin DCs (4, 6), recruited bloodborne DC precursors (7,
8), or lymph node resident DCs (9) are involved in T cell activation
to local bacterial infection.

CCL20 is rapidly secreted in response to inflammatory stimuli,
attracting CCR6 expressing cell populations, including immature
DCs and blood monocytes (8). Although CCR6 is known to play an
important role in initiating T cell activation at mucosal surfaces (2,
8), the contribution of CCR6 to T cell activation at other sites of
infection has not been examined. Indeed, the kinetics of antigen
presentation and T cell activation in response to local infection have
not been examined in any detail and it remains unclear whether
secreted or cell-associated antigens induce different responses
in vivo.

Here, we demonstrate that antigen presentation and T cell
activation in response to secreted versus cell-associated bacterial
antigens are temporarily distinct, and that CCR6-mediated recruit-
ment of blood phagocytes to the inflammatory site is an essential
component of pathogen-specific T cell activation in the draining
lymph node. Surprisingly, these recruited blood phagocytes are not
required to present antigen directly to lymph node T cells and may
simply shuttle antigen to the draining lymph node to increase the
efficiency of antigen presentation.

Results

Detection of Bacterial Antigen Presentation in Vitro and in Vivo. The
Y-Ae antibody recognizes a peptide from Ea bound to I-AP and can
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be used to examine antigen presentation directly in vivo (4). To
examine Salmonella antigen presentation, Salmonella strains ex-
pressing red fluorescent protein (RFP), or EaRFP were con-
structed, and both fluoresced red [supporting information (SI) Fig.
8]. A significant proportion of CD11c" splenic DCs were Y-Ae™,
24 h after in vitro incubation with purified E«RFP or Heat-killed
Salmonella-EaRFP, but not with Salmonella-RFP (Fig. 14, in vitro).
Furthermore, Y-Ae™ CD11c" cells were detected in the draining
lymph node of mice, 24 h after injection of E«RFP or heat-killed
Salmonella-EoRFP (Fig. 14, in vivo). These data demonstrate that
the Y-Ae antibody can detect Salmonella antigen presentation in
vitro and in vivo.

Detection of Bacterial Antigen-Presenting Cells During Live Infection.
In marked contrast, no Y-Ae™ cells were detected by flow cytom-
etry in the draining lymph nodes after injection of live Salmonella-
EaRFP, in the Peyer’s patches after oral infection, or in the spleen
after i.v. infection (data not shown). As an alternative approach, we
examined Y-Ae staining by immuno-fluorescent staining of lymph
node sections. Although background fluorescence near the capsule
was detected in most sections (Fig. 1B, Isotype staining), Y-Ae
staining was detected in the draining lymph nodes 14 h after s.c.
infection with Salmonella-EaRFP (Fig. 1B, Salmonella-EaRFP),
but not with Salmonella-RFP (Fig. 1B, Salmonella-RFP). At this
time point, Y-Ae staining was localized immediately below B cell
follicles.

Delayed Bacterial Antigen Presentation Requires Migration from the
Site of Infection. We examined the kinetics of Salmonella antigen
presentation, using histological staining. There was little or no
detection of Ea/I-AP complex in the draining lymph nodes of mice
infected for 4 or 8 h with Salmonella-EaRFP (Fig. 2 A and B).
However, Ea/I-A® complex was detected throughout the paracortex
24 h after infection (Fig. 2C). YAe staining was only detected in
lymph nodes of mice with an intact injection site (Fig. 2D) and was
ablated if the injection site was removed (Fig. 2E).

Kinetics of Bacterial T Cell Activation Are Regulated by Bacterial
Antigen Expression. We used Ea-specific TEa T cell antigen recep-
tor (TCR) transgenic mice to confirm these histological observa-
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Fig. 1. Detection of bacterial antigen presentation in vitro and in vivo. (A)
Spleen cells were isolated from C57BL/6 mice and incubated with soluble EaRFP,
heat-killed Salmonella-RFP, or heat-killed Salmonella-EaRFP for 24 h before
staining with Y-Ae and an antibody specific for CD11c (in vitro). Alternatively,
C57BL/6 mice were immunized s.c. with soluble EaRFP, heat-killed Sa/monella-
RFP, or heat-killed Salmonella-EaRFP, and draining lymph nodes were recovered
24 h later and stained with Y-Ae, isotype control, or anti-CD11c (in vivo). Numbers
show the percentage of Y-Ae* cells within the boxed gate. Data are represen-
tative of three different experiments. (B) Cervical lymph nodes were harvested
from C57BL/6 mice 14 h after s.c. injection of 2 X 10° Salmonella-RFP or Salmo-
nella-EaRFP and frozen sections fixed and stained with Y-Ae, isotype control, and
anti-B220 and analyzed by confocal microscopy. Images depict Y-Ae (red) and
B220 (blue) staining in the same lymph node sections. The optical thickness of
each image is 9 um.

tions. C57BL/6 mice were adoptively transferred with 5- and
6-carboxyl-fluorescein diacetate succinimidyl ester (CFSE)-labeled
TEa T cells and injected with purified E«RFP or infected with
Salmonella-EaRFP. TEa T cells had undergone several rounds of
cell division and increased expression of CD11a in both groups of
mice 3 days later (Fig. 34). Thus, TEa T cells proliferate similarly
whether antigen is injected as a soluble protein, or expressed by live
bacteria.

Less than 1% of TEa T cells were CD25*CD69" in the lymph
nodes of naive mice (Fig. 3B, Transfer Only). Twelve hours after
injection of soluble EaRFP, a large proportion of TEa cells were
activated to increase surface expression of CD25 and CD69 (Fig.
3B, Soluble EaRFP). In contrast, TEa T cells in infected mice did
not increase expression of CD25 or CD69 (Fig. 3B, Salmonella
EaRFP and Salmonella RFP). Indeed, activated TEa T cells were
detected as early as 4 h after administration of soluble E«RFP, with
peak expression occurring at 12 h (Fig. 44). In contrast, TEa T cells
did not increase expression of CD69 at any point during the first
24 h after Salmonella-EaRFP infection (Fig. 44). These data are in
broad agreement with the Y-Ae histological staining in infected
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Fig. 2. Bacterial antigen presentation requires cell migration from the site of
infection. (A-C) C57BL/6 mice were infected s.c. with Salmonella-EaRFP for 4 (A),
8 (B), or 24 (C) h before cervical lymph nodes were recovered, and E:l-AP
complexes and B cell follicles were detected by staining with Y-Ae and anti-B220.
(D and E) In a separate experiment, C57BL/6 mice were infected s.c. with Sa/mo-
nella-EaRFP for 24 h with an intact injection site (D) or after injection site removal
1 h after infection (E). Cervical lymph nodes were recovered and processed as
above. The images depict the location of pEa:l-AP complexes (red) and B cell-
follicles (blue). The optical thickness of each image is 9 um.

mice and together suggest that rapid antigen presentation occurs
after administration of soluble EaRFP but does not occur in
response to local bacterial infection.

Bacteria Do Not Inhibit Antigen Presentation in Response to Soluble
Antigen Administration. It has been reported that Salmonella can
suppress T cell activation in the draining lymph node (10). We
examined whether bacterial infection can inhibit early activation of
TEa T cells in response to soluble antigen administration. Injection
of EaRFP caused rapid TEa activation in the draining lymph node,
whereas infection with Salmonella-EaRFP did not (Fig. 3D). How-
ever, TEa activation after coinjection of E«aRFP and Salmonella
was indistinguishable from that observed in mice administered
EaRFP alone (Fig. 3D).

Migration from the Site of Infection Is Required for Bacteria-Specific
T Cell Activation. We also examined the importance of migration
from the injection site by using the synthetic prostaglandin analog
BW245C, which inhibits cell migration (9, 11). Injection of BW245C
severely reduced the proliferation of TEa T cells in the draining
lymph node, 3 days after infection with Salmonella-EaRFP (Fig.
3E). Thus, bacteria-specific CD4 T cell proliferation in the draining
lymph node requires migration from the site of infection.

The Tempo of T Cell Activation Is Determined by Bacterial Antigen
Location. It seemed plausible that the delay in TEa T cell activation
after Salmonella-EaRFP infection could be attributed to the cell-
associated nature of E«RFP, and a secreted bacterial protein might
be presented more rapidly. Flagellin is one of the most abundantly
secreted Salmonella proteins (12, 13) and the target of SM1 TCR
transgenic T cells (14). In contrast to TEa T cells, SM1 T cells
displayed increased CD69 expression, 12 h after infection with
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Fig. 3. Bacteria-specific CD4 T cell activation kinetics are determined by bac-
terial antigen secretion. C57BL/6 mice were adoptively transferred with 2 x 106
CFSE-labeled, CD90.1 congeic, TEa, or SM1 T cells and infected s.c. the next day
with 2 X 10° Salmonella-RFP, Salmonella-EaRFP, and Salmonella-FlagEa or im-
munized with 50 pg of EaRFP. (A) Three days after infection or immunization,
cervical lymph nodes were harvested and stained with antibodies specific for CD4
and CD90.1 to detect TEa T cells. Plots show CD11a expression and CFSE-dye
dilution after gating on CD90.1 TEa T cells from uninfected mice (Transfer Only),
mice infected with Salmonella-EaRFP, or mice immunized with EaRFP. (B) Twelve
hours after infection or immunization, cervical lymph nodes were harvested and
stained with antibodies specific for CD4 and CD90.1 to detect TEa T cells. Plots
show surface expression of CD25 and CD69 after gating on CD90.1 TEa T cells from
uninfected mice (Transfer Only), mice infected with Salmonella-RFP, Salmonella-
EaRFP, or Salmonella-FlagE«a or immunized with EaRFP. (C) Twelve hours after
infection orimmunization, cervical lymph nodes were harvested and stained with
antibodies specific for CD4 and CD90.1 to detect SM1 T cells. Plots show surface
expression of CD25 and CD69 after gating on CD90.1 SM1 T cells from uninfected
mice (Transfer Only), mice infected with Salmonella-EaRFP or Salmonella-FlagE«
or immunized with EaRFP. (D) Twelve hours after infection or immunization,
cervical lymph nodes were harvested and stained with antibodies specific for CD4
and CD90.1 to detect TEa T cells. Plots show surface expression of CD25 and CD69
after gating on CD90.1 SM1 T cells from uninfected mice (Transfer Only), mice
infected with Salmonella-RFP or Salmonella-EaRFP or immunized with EaRFP or
a mix of Salmonella-EaRFP and EaRFP. (E) Three days after infection, cervical
lymph nodes were harvested and stained with antibodies specific for CD4 and
CD90.1 to detect TEa T cells. Plots show CD11a expression and CFSE-dye dilution
after gating on CD90.1 TEa T cells from uninfected mice (Transfer Only) or mice
infected with Salmonella-EaRFP after administration of 20 ul of 100 nM BW245C
or vehicle control.

Salmonella-EaRFP (Fig. 3C). Indeed, activation of SM1 T cells was
detected as early as 4 h (Fig. 4B), very similar to the kinetics
observed after soluble protein injection (Fig. 44). We tested the
hypothesis that antigen secretion determines the tempo of antigen
presentation by infecting mice with a Salmonella strain expressing
the Ea peptide embedded in flagellin (Salmonella-FlagEa). In
contrast to our analysis of Salmonella-EaRFP, infection with
Salmonella-FlagEa induced early CD25 and CD69 expression by
both TEa and SM1 T cells (Fig. 3 B and C). Thus, the early kinetics
of bacterial-specific T cell activation is determined by whether
antigens are secreted or cell-associated.
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Fig. 4. Early kinetics of T cell activation after infection or immunization.
C57BL/6 mice were adoptively transferred with 2 X 105 CFSE-labeled, CD90.1
congeic, TEa or SM1 T cells and infected s.c. the following day with 2 x 10°
Salmonella-RFP or Salmonella-EaRFP or immunized with 50 ug of EaRFP. At
various time points after infection or immunization, cervical lymph nodes were
harvested and stained with antibodies specific for CD4 and CD90.1 to identify TEa
or SM1 T cells. Each point shows the mean percentage of CD69* TEa (A) or SM1
(B) T cells in infected or immunized mice. Each time point shows the mean = SD
of three mice per group and is representative of two individual experiments.

CCR6-Deficiency Does Not Alter Lymph Node DC Populations Under
Steady State or Inflammatory Conditions. We detected no obvious
differences in DC populations in the lymph node of WT or
CCR6-deficient mice (SI Fig. 9). Furthermore, we examined DC
populations in the draining lymph node of WT and CCR6-deficient
mice infected with either Salmonella-EaRFP or Salmonella-FlagEa
and detected no differences (SI Fig. 10).

CCR6 Is Required for Bacterial-Specific T Cell Responses in the Draining
Lymph Node and Is Rescued by Transfer of Blood Phagocytes. We
examined whether CCR6 was required for the activation of T cells
after administration of soluble protein or bacterial infection. Three
days after soluble E«RFP administration, TEa T cells had com-
pleted a similar number of cell divisions in both WT and CCR6-
deficient recipients (Fig. 54), indicating that CCR6 is not required
for T cell proliferation to soluble protein. In marked contrast,
CCRG6 was required for optimal CD4 T cell responses to bacterial
infection. In WT recipients, TEa T cells had undergone several
rounds of cell division in the draining lymph node after Salmonella-
EaRFP infection, but this proliferation was significantly diminished
in CCRo-deficient recipients (Fig. 54). If bacteria were heat-killed
before injection, TEa T cells proliferated similarly in response to
Salmonella-EoRFP in WT and CCR6 recipients (Fig. 5B). Thus,
CCRG6 is required for optimal T cell activation to a cell associated
bacterial antigen expressed by live bacteria.

Next, we examined whether reduced bacteria-specific TEa re-
sponses in CCRé6-deficient recipients was affected by the transfer of
CCRGé6-sufficient blood cells. White blood cells were harvested from
the blood of WT mice and adoptively transferred into CCR6-
deficient mice, 10 min before infection with Salmonella-EaRFP.
The transfer of CCR6-sufficient blood cells was sufficient to rescue
T cell responses in CCR6-deficient mice (Fig. 64). To determine
which blood leukocyte population was responsible for enhancing T
cell responses, we FACS-sorted CD11b*Gr1*, CD11b*Grl1~, and
CD11b~Grl™* blood cells and adoptively transferred these into
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Fig. 5. Induction of CD4 T cell responses to live bacteria requires CCR6. Wild-
type or CCR6-deficient mice were adoptively transferred with 2 x 10® CFSE-
labeled TEa T cells, and immunized s.c. with 50 ug of EaRFP or infected s.c. with
2 X 10° Salmonella-EaRFP (A) or immunized with 2 X 105 Heat-killed Sa/monella-
EaRFP or infected with 2 X 10° live Salmonella-EaRFP (B). Three days after
infection orimmunization, cervical lymph nodes were harvested and stained with
antibodies specific for CD4 and CD90.1 to detect TEa T cells. Plots show CD4 and
CD90.1 expression on total lymph node cells or CD11a expression and CFSE-dye
dilution after gating on CD47CD90.1* TEa T cells from uninfected mice (Transfer
Only), mice infected with Salmonella-E«RFP, or mice immunized with E«RFP or
heat-killed Salmonella-E«RFP.

CCRe6-deficient mice before infection. Surprisingly, the transfer of
either blood subpopulation partially rescued TEa expansion and
CFSE-dye dilution (Fig. 6B), whereas the transfer of blood CD4 T
cells did not (data not shown). CD11b*Grl1" and CD11b*Gr1~
blood cells expressed both CCR6 and CCR2 (SI Fig. 11), but none
of these populations expressed high levels of CD11c (data not
shown).

Blood Phagocytes Are Recruited to the Site of Infection but Do Not
Participate Directly in Antigen Presentation. Mice were infected with
Salmonella, and 12 or 24 h later, the site of infection was removed
and processed to examine the cell infiltrate. A population of
autofluorescent cells was detected after tissue processing of the
injection site from infected and uninfected mice (Fig. 74). How-
ever, at 12 h after infection, a large recruitment of CD11b*Gr1*
and CD11b"Grl~ cells was detected at the site of infection and
increased over the next 12 h (Fig. 74). It seemed possible that this
infiltrate captured bacterial antigen and migrated to the lymph
node to activate T cell directly, or shuttled bacterial antigen to the
lymph node for another cell to activate T cells (9). To discriminate
between these possibilities, we adoptively transferred class-II-
deficient FACS-sorted blood cells into CCR6-deficient mice. The
transfer of class-II deficient blood cells resulted in a similar rescue
of TEa cell division in CCR6-deficient mice (Fig. 7B), indicating
that recruited blood phagocytes are not required to participate
directly in antigen presentation.

Discussion

We have visualized antigen presentation and T cell activation
during the early stages of a local bacterial infection. Antigen
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Fig.6. Adoptive transfer of WT blood phagocytes restores T cell expansion and
cell division in infected CCR6-deficient mice. Wild-type or CCR6-deficient mice
were adoptively transferred with 2 X 108 CFSE-labeled TEa T cells, and immunized
s.c. with 50 ug of EaRFP or infected s.c. with 2 X 10° Salmonella-EaRFP. Three days
after infection or immunization, cervical lymph nodes were harvested and
stained with antibodies specific for CD4 and CD90.1 to detect TEa T cells. Plots
show CD11a expression and CFSE-dye dilution after gating on CD90.1 TEa T cells
from uninfected mice (Transfer Only), mice infected with Salmonella-EaRFP, or
mice immunized with E«RFP. Some groups of CCR6-deficient mice were injected
i.v. with, 1 X 106 mononuclear blood leukocytes (A) or purified Gr1*CD11b™,
Gr1*CD11b*, or Gr1-CD11b~ blood monocytes from WT mice 10 min before
infection (B). Expansion plots show detection of TEa T cells 3 days after infection
or immunization of WT and CCR6-deficient recipients, some which were injected
with sorted cells 10 min before infection. Numbers show the percentage of TEa
T cells within each boxed gate. Lower plots show CD11a staining and CFSE dye
dilution of gated TEa T cells from the respective TEa expansion plots. Each plot is
representative to two to three mice per group and two individual experiments.

presentation could be visualized by histological staining but not by
flow cytometry, even after enriching for antibody-binding cells (16).
It seems likely that antigen presentation fell below the limit of
detection for flow cytometry, but was detected in histological
staining because of the use of a more sensitive biotinyl-tyramide
amplification system. Low levels of presentation during live infec-
tion may result from active inhibition of antigen processing by
bacteria (17, 18), or increased competition from other bacterial
antigens. Either way, we were able to examine the kinetics of
presentation in histological sections and confirm that these kinetics
parallel bacteria-specific T cell activation in vivo.

Our study demonstrates that the kinetics of antigen presentation
and T cell activation during bacterial infection are distinct from
soluble antigen administration (4). After bacterial infection, Y-Ae™
cells were first detected at 12-14 h, and peak staining occurred at
24 h. TEa T cells were activated to express CD69 and CD25 within
hours of soluble antigen administration, but were CD69725~
during the first 24 h of bacterial infection. These data suggest a
greater dependence on cell migration when dealing with a cell-
associated bacterial antigen. Indeed, removing the site of infection
completely ablated bacterial antigen presentation, and blocking
antigen transport with BC245C inhibited bacteria-specific TEa T
cell proliferation.

It is possible that antigen dose is responsible for the differential
kinetics of T cell activation in response to soluble antigen versus
bacteria. However, our data demonstrate that an identical dose of
Salmonella engineered to express a soluble or cell-associated anti-
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gen can induce a T cell response with substantially different kinetics
(Fig. 4). Furthermore, despite the differing tempo of early activa-
tion, soluble EaRFP and Salmonella-EaRFP induced very similar
TEa CFSE dye dilution profiles at day 3, suggesting that T cells were
eventually stimulated to an equivalent degree. We also completed
experiments titrating our bacterial challenge dose. Unfortunately,
increasing the challenge dose 10-fold caused rapid death of infected
mice, whereas decreasing the Salmonella dose 10-fold reduced our
ability to reliably detect TEa T cell activation (data not shown).
Thus, although we think it unlikely that antigen dose is responsible
for these differences in early T cell activation kinetics, we cannot
completely rule out this possibility.

Our data demonstrate greater dependence on antigen transport
from the site, but this only applies to cell-associated bacterial
proteins. A naturally secreted bacterial antigen and Ea peptide
imbedded within a secreted bacterial antigen activated T cells with
kinetics similar to soluble EaRFP. Thus, the kinetics of T cell
activation in response to bacterial antigens can be delineated based
on immediate antigen access to lymph fluid. It is tempting to
speculate that such temporal differences may alter the nature of T
cell responses to secreted versus cell-associated bacterial antigens,
and this will be the focus of future study in our laboratory. An
alternative possibility is that TLRS ligation is responsible for these
early temporal differences in T cell activation because EaFlag can
bind TLRS5, whereas E«RFP cannot. Indeed, the TLR11 ligand,
profilin, can enhance the efficiency of antigen presentation and T
cell activation to proflin epitopes (19). Although we cannot com-
pletely exclude this possibility, the rapid activation of TEa T cells in
response to soluble EaRFP suggest that the soluble nature of the
target antigen is the major determining factor for rapid T cell
activation.

A number of reports have described the inhibition of antigen
presentation and T cell activation after Salmonella infection (10,
20-23). Our data demonstrate the detection of antigen presenta-
tion and T cell activation in the draining lymph node, suggesting
that significant inhibition of antigen presentation does not occur in
vivo. However, it is possible that our visualization techniques are
sensitive enough to detect antigen presentation and T cell activation
even in the face of considerable bacterial suppression, and there-
fore, we do not completely rule out a role for active suppression of
immune activation during Salmonella infection.

CCRG6 was not required for expansion and proliferation of T cells
responding to soluble antigen. Thus, neither waves of lymph node
antigen presentation is CCR6-dependent, and is more likely to
depended on CCR7 (24). The absence of a requirement for CCR6
after soluble antigen administration is not wholly surprising given
that expression of CCL20 is induced by inflammatory stimuli (25).
In contrast, presentation of a bacterial cell-associated protein was
heavily dependent on CCR6. A requirement for CCR6 during skin
bacterial infection is somewhat unexpected and suggests a wider
role for this chemokine receptor in microbial immunity than has
been previously appreciated.

Reduced bacterial-specific T cell responses in CCR6-deficient
recipients were rescued by adoptive transfer of blood phagocytes,
and Gr1*CD11b* were also rapidly recruited to the infection site.
These data suggest that CCL20 is induced at the site of infection and
mediates CCR6-dependent recruitment of cells from the blood,
although other chemokine receptors may also be involved. Al-
though infiltration of phagocytes was required for T cell prolifer-
ation to bacterial antigen, MHC class-II expression by these cells
was not required. A previous report described the role of infected
Gr-1* neutrophils as a substrate for the cross-priming of CD8* T
cells to nonsecreted Listeria antigens (26). Together, these data
suggest that the influx of phagocytes to the site of infection may play
an important role in amplifying T cell responses, especially to
nonsecreted bacterial antigens.

These data allow us to propose the following model. After local
bacterial infection, CCL20 is rapidly produced at the site, attracting
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blood phagocytes in a CCR6-dependent manner. These phagocytes
engulf bacteria and migrate to the lymph node where antigen is
transferred to resident DCs that can then mediate T cell activation.

The involvement of a CCR6-dependent, blood-derived phago-
cyte is somewhat unexpected, because tissue and lymph node
contain numerous DCs that can presumably access bacterial anti-
gens directly. It seems possible that this phagocyte population either
increases the efficiency of DCs antigen acquisition at the site of
infection or simply increases the amount of antigen being delivered
to the lymph node. A similar antigen “shuttling” model has been
proposed for dermal DCs during CD8 T cell activation (9), and may
be a more common process in lymph node T cell activation than
previously appreciated.

Materials and Methods

Mice. C57BL/6 mice were purchased from NCI (Fredrick, MD).
SM1 and TEa TCR transgenic mice expressing the Thyl.1 allele
have been reported in refs. 14, 27, and 28. CCR6-deficient mice (29)
were provided by L. Lefrancois (University of Connecticut Health
Center, Farmington, CT). All mice were cared for in accordance
with University of Minnesota and National Institutes of Health
guidelines.

Plasmids and Template Plasmid Construction. Plasmids, pKD46,
pKD13, and pCP20, were obtained from the E. coli Genetic Stock
Center (Yale University, New Haven, CT) (30). DNA from the
pKD13 plasmid was cut with BamHI restriction enzyme and sense
and antisense Ea peptide oligo flanked by BamHI residues were
ligated into the BamHI site. Additional sense and antisense oligos
were constructed consisting of three copies of the FLAG epitope
flanked by Accl residues. The pKD13E« plasmid was cut with Accl
and FLAGx3 annealed oligos inserted.

Generation of Bacterial Strains. Epitope-tagging of Salmonella genes
has been described (31). A modification of this method was used to
introduce internally tagged Ea«FLAGx3 into the hypervariable
region of fliC (Salmonella-FlagEc«). Primer pairs were designed
which would anneal to the pPKD13EaFLAGx3 template plasmid
over constant regions and contain 45-nt extensions homologous to
the middle variable region of the fliC gene (starting at 575-620 nt)
in the forward primer and to a downstream region (862-907 nt of
fliC). PCR products were purified and introduced into SL1344
carrying the pKD46 plasmid and recombinants selected by using
kanamycin. The kanamycin resistance gene was then flipped out of
the inserted EaFLAGx3 sequence by introducing pCP20. The
internally tagged fliC gene had an 82-aa deletion in the variable
region of the gene and an 81-aa insert consisting of EeFLAGx3 and
a residual scar sequence encoding a new 27-residue peptide. Two
other recombinant Salmonella strains were generated, expressing
EaRFP (Salmonella-EaRFP) or RFP alone (Salmonella-RFP).
Salmonella-EoaRFP was generated by electroporation of plasmid
pTrc-EaRFP carrying a fusion protein of RFP and Ea®27%7 (4), into
the virulent strain SL12023.

Salmonella Strains, Infection, and Immunization. Bacteria were
grown in LB medium, supplemented with 100 pg/ml Ampicillin
(Sigma—Aldrich, St. Louis, MO). At mid-log phase, expression of
recombinant protein was induced by IPTG (1 mM) for 7 h, after
which bacteria were washed and resuspended in PBS. Typically, 2 X
10° bacteria were injected intradermally in a volume of 25 ul in the
tip of the ear, using a Hamilton (Reno, NV) syringe fitted with a
30.5-gauge needle. Soluble E«RFP was produced as described in
ref. 4, and injected into the ear in a similar manner.

T Cell Adoptive Transfer. Spleen and lymph node cells were har-
vested from TEa or SM1 TCR transgenic mice and 1 X 10° TCR
transgenic cells adoptively transferred into recipient mice via the
lateral tail vein. The frequency of TCR transgenic T cells was
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determined by staining an aliquot of cells with antibodies specific
for CD4, CD90.1, and Va2 (TEa), or VB2 (SM1). In most exper-
iments, TEa transgenic cells were labeled with CFSE as described
in ref. 32.

DC Purification. Cervical lymph nodes were pooled and digested
with collagenase D and EDTA as described in ref. 33. DCs were
enriched by CDl1l1c-labeled magnetic bead selection from total
lymph node cells (Miltenyi Biotech, Auburn, CA) and stained
sequentially with specific antibodies.

Flow Cytometry. Cervical lymph node cells or purified DCs were
washed in HBSS containing 5% FCS and 0.05% Sodium azide
before incubation on ice for 30 min in the presence of Fc block
(spent 24G2 culture supernatant, 2% rat serum, 2% mouse serum
and 0.01% sodium azide) and primary antibodies. FITC-, phyco-
erytherin (PE)-, CyChrome-, PE-Cy5-, allophycocyanin-, Pacific
blue-, Pacific orange-, PE-Cy7-, Alexa 750-, or biotin-conjugated
antibodies specific for CD4, CDS, CD11a, CD11b, CD11c, CD25,
CD45.1, CD69, CDY0.1, B220, Gr-1, EpCam, and MHC-II were
purchased from eBioscience (San Diego, CA) or BD Biosciences
(San Jose, CA). After staining, cells were washed and fixed in 2%
formaldehyde, and data were collected by using a FACSCanto or
LSR II (BD Biosciences). All FACS data were analyzed by using
FlowJo software (TreeStar, Ashland, OR).

Prostaglandin D2 Analog BW245C Treatment. In some experiments,
20 ul of prostaglandin D2 analog, BW245C (100 nM; Cayman
Chemical, Ann Arbor, MI) or DMSO (vehicle control) was injected
intradermally into the ear. After 20 min, mice were inoculated with
Salmonella on the BW245C-treated region.

Adoptive Transfer of Blood Phagocytes. Blood from C57BL/6 mice
was diluted 1:1 with PBS, layered over LSM separation medium
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Immunohistochemistry. Cervical lymph nodes were harvested from
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snap frozen in OCT compound (Tissue-Tek, Hatfield, PA). Tissue
sections (9 wm) were cut by using a cryostat, dehydrated in acetone,
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detected in sections by sequential addition of biotin-labeled Y-Ae
antibody, streptavidin-HRP, biotinyl tyramide amplification, and
detection of signal, using streptavidin-Cy5 (Zymed, Carlsbad, CA).
B cell follicles were identified by FITC-labeled anti-B220 (BD
Biosciences), and DAPI (Molecular Probes, Carlsbad, CA) was
used to stain nuclei. Slides were mounted by using Immuno-mount
(Thermo-Electron, Pittsburgh, PA) to preserve fluorescence and
images acquired by using a Zeiss 510 (Zeiss, Thornwood, NY) or a
Bio-Rad (Hercules, CA) MRC-1000 confocal microscope equipped
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CA) or Imaris software (Bitplane, Zurich, Switzerland).
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