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Dendritic cells (DCs) are antigen-presenting cells specialized for
activating T cells to elicit effector T-cell functions. Cross-presenting
DCs are a DC subset capable of presenting antigens to CD8™" T cells
and play critical roles in cytotoxic T-cell-mediated immune re-
sponses to microorganisms and cancer. Although their importance
is known, the spatiotemporal dynamics of cross-presenting DCs
in vivo are incompletely understood. Here, we study the T-cell
zone in skin-draining lymph nodes (SDLNs) and find it is compart-
mentalized into regions for CD8* T-cell activation by cross-presenting
DCs that express the chemokine (C motif) receptor 1 gene, Xcr1
and for CD4" T-cell activation by CD11b* DCs. Xcr1-expressing DCs
in the SDLNs are composed of two different populations: migra-
tory (CD103") DCs, which immigrate from the skin, and resident
(CD8«™) DCs, which develop in the nodes. To characterize the
dynamic interactions of these distinct DC populations with CD8*
T cells during their activation in vivo, we developed a photocon-
vertible reporter mouse strain, which permits us to distinctively
visualize the migratory and resident subsets of Xcr1-expressing
DCs. After leaving the skin, migratory DCs infiltrated to the deep
T-cell zone of the SDLNs over 3 d, which corresponded to their
half-life in the SDLNs. Intravital two-photon imaging showed
that after soluble antigen immunization, the newly arriving
migratory DCs more efficiently form sustained conjugates with
antigen-specific CD8* T cells than other Xcr1-expressing DCs in
the SDLNs. These results offer in vivo evidence for differential
contributions of migratory and resident cross-presenting DCs
to CD8* T-cell activation.

dendritic cell | CD8" T cell | cross-presentation | intravital two-photon
imaging | photoconversion

Dendritic cells (DCs) play critical roles in shaping T-cell re-
sponses as they present antigenic peptides and provide the
requisite costimulatory signals for T-cell activation (1). In pri-
mary immune responses, naive T cells receive these antigen and
costimulatory signals by physically interacting with DCs in sec-
ondary lymphoid tissues such as lymph nodes (LNs). Recent
advances in intravital imaging techniques using two-photon ex-
citation fluorescent microscopy reveal the dynamic DC and
T-cell behaviors during T-cell activation. When naive T cells
encounter DCs presenting sufficient amounts of antigenic pep-
tides, they reduce their motility and attach to the DCs for pro-
longed periods of time, ranging from 10 min to hours (2-4). A
limitation of previous imaging studies was the inability to visually
distinguish endogenous DC subpopulations that are distinct from
one another in phenotype and function (5-7). This has clouded
the ability of the studies to define the relative contributions of
the different DC subsets in T-cell activation.
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Cytotoxic T cells, which play critical roles in the defense against
microorganisms and cancer, are generated from CD8" T cells
through interactions with relatively small populations of DCs. In
LNs, it is the CD8a*CD103™ class of DCs that is capable of cross-
presenting exogenous antigen-derived peptides on major his-
tocompatibility complex (MHC) class I, making them impor-
tant for CD8" T-cell responses. Other DC subsets, including
CD11b" DCs, are mainly involved in CD4* T-cell responses (5, 8,
9). Among CD8a*CD103* DCs, CD8«"CD103™ DCs are a
LN-resident population (hereafter called LN-resident DCs or
CD8a™ DCs) whereas CD8a™CD103" DCs are a migratory
subset derived from peripheral tissues (hereafter called migratory
DCs or CD103" DCs). The migratory DCs constantly immigrate
from the skin to the skin-draining LNs (SDLNs). Upon activation
by innate stimuli, e.g., double-stranded RNAs, the skin migratory
DCs increase their rate of immigration to the SDLNs (10). The
first compelling evidence for the differential distribution of distinct
DC populations in LNs was reported a decade ago (11). Until
recently, however, the distribution of CD8o™ DCs and CD103"
DCs could not be studied because of the difficulty in histologi-
cally identifying these cells in LNs. Computational processing of
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multicolor histological images suggested that these cross-presenting
DC subsets were preferentially accumulated in deep areas of the
T-cell zone in the SDLNs (12). Other studies directly visualized
both DC subsets by histological analyses of chemokine (C motif)
receptor 1 (XCR1) expression, which is selectively and highly
expressed in both LN-resident DCs and migratory DCs (13-16).
These studies have demonstrated the differential localization of
cross-presenting DCs and other types of DCs in the SDLNs.

Despite the above advances, there remain many open ques-
tions concerning the interactions of DCs and T cells. For example,
it is not known whether the activation of CD8" T cells and CD4*
T cells in the SDLNs is spatially coordinated according to the
differential localization of cross-presenting DCs and other DCs.
Moreover, little is known about the dynamics of migratory DCs in
the SDLNs. In addition, it is difficult to compare the contributions
of LN-resident DCs and migratory DCs to CD8" T-cell activation
in the SDLNs. Only somewhat indirect assays have been used; for
example, an ex vivo assay using DCs sorted from the SDLNs has
been used to study the events of herpes simplex virus type 1 (HSV-1)
infection (17). For soluble protein vaccination, the DC subsets
that most contribute to CD8" T-cell activation in the SDLNS re-
main unknown. Soluble protein antigens administered s.c. are
delivered to the SDLNs not only by skin DCs but also via lymph
flow in lymphatic sinuses and LN conduits, permitting DCs in the
SDLNs to sample them (18, 19). Mechanical disruption of LNs for
the ex vivo assay may artificially expose irrelevant DC subsets to
soluble protein antigens. Thus, it is important to establish the
in vivo assay system to evaluate the differential roles for the mi-
gratory and LN-resident DC subsets in CD8* T-cell activation.

In this study, we have used direct imaging approaches to
determine the locations for activation of CD8* T cells and CD4* T
cells in the SDLNs. Using newly generated reporter mice expressing
a photochromic fluorescent protein in DCs that express the XCR1
gene (Xcrl), we have developed a method to distinctively visualize
the LN-resident DCs and migratory DCs in the SDLNs. Intravital
microscopy has been used to analyze cognate interactions of the
DC subsets with CD8* T cells after immunization with soluble
antigen. Our results provide insights into the DC inter- and
intratissue migration dynamics, which are associated with in vivo
contributions of different DC subsets to CD8" T-cell activation.

Results

Regionalization of Xcr1-Expressing DCs in the SDLNs. We histologi-
cally analyzed the localization of cross-presenting DCs in the
SDLNS by using Xcrl"™*™* mice, in which the coding region of
the Xcrl gene was replaced with a gene encoding the yellow
fluorescent protein Venus (16). Xcrl-expressing DCs were found
enriched in deep parts of the T-cell zone (Fig. 14). Xcrl-
expressing DCs were sparse in regions of the T-cell zone proxi-
mal to B-cell follicles or medullary regions, where many high
endothelial venules (HEVs) and CD11b* DCs were enriched
(Fig. 1 A and B and Fig. S14). These results are consistent with
the previous multicolor histological analyses of cross-presenting
DCs (12). XcrlVes/Vems cross-presenting DCs were found lo-
calized normally in the deep parts of the T-cell zone, indicating
that XCR1 expression was not required for the localization
(Fig. S1B).

To investigate the relationship between the differential local-
ization of the DC subsets and activation of CD8" T cells and
CD4" T cells, we cotransferred ovalbumin (OVA)-specific TCR
transgenic CD8* (OT-I) T cells (20) and OVA-specific TCR
transgenic CD4* (OT-II) T cells (21) to Xerl"*™'+ mice. Before
immunization, OT-I T cells and OT-II T cells seemed to be evenly
distributed throughout the T-cell zone (Fig. 1C). However, quan-
titative analysis to measure the distance between individual anti-
gen-specific T cells and the centroid of the Xcrl-expressing DC
area showed that OT-I T cells were distributed slightly but sig-
nificantly closer to the Xcrl-expressing DC area centroid than
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Fig. 1. Localization of Xcr1-expressing DCs and spatial segregation of antigen-
engaged CD8* T cells and CD4* T cells in the SDLNs. (A and B) Immunofluo-
rescence images of serial inguinal LN sections from an unimmunized Xcr7"e"“s*
mouse. Fig. S1 shows the grayscale images of the individual fluorescence
channels in A. (C and D) Fluorescence images of inguinal LN sections from
Xcr1Venus™+ mice transferred with 5 x 106 DiD-labeled OT-I T cells and 5 x 108
tdTomato* OT-II T cells. The LN sections are from an unimmunized mouse
(C) and a mouse s.c. immunized with soluble OVA plus poly(l:C) for 24 h (D).
“b,” "¢,” and “m"” indicate B-cell follicle, cortical side, and medullary side,
respectively. (E and F) (Left) Distances between the Xcr1-Venus™ cell area
centroid and individual OT-I or OT-II T cells. Each symbol represents one cell.
Bars indicate median values in each group. Data are pooled from three
images of different lymph nodes from unimmunized mice (E) or mice im-
munized with OVA plus poly(l:C) for 24 h (F). Fig. S1 C and D shows
the processed images used for data analysis. Bars indicate mean values in
each group.

OT-II T cells (Fig. 1E and Fig. S1C). Although priming of OT-I
T cells seemed to be slower than that of OT-II T cells after im-
munization with soluble OVA plus double-stranded RNA analog
poly (I:C) adjuvant, the majority of both OT-I and OT-II T cells
had up-regulated CD69 and CD25 by about 1 d postimmunization
(Fig. S1 E and F). At this time point, OT-I T cells accumulated in
the Xcri-expressing DC-rich region whereas OT-II T cells were
mostly localized in the Xcrl-expressing DC-sparse region (Fig. 1 D
and F and Fig. S1D). These results indicate that the T-cell zone is
compartmentalized into subregions for cognate interactions of
CD8" T cells with Xcrl-expressing DCs and for cognate interac-
tions of CD4* T cells with Xcrl~ DCs. They also suggest that
migration of naive CD8" T cells and CD4" T cells in the T-cell
zone is biased to facilitate scanning for their cognate DCs.

Xcr1-Expressing DCs Are the Main Interaction Partners of Antigen-
Specific CD8* T Cells. We analyzed the interaction dynamics be-
tween Xcrl-expressing DCs and antigen-specific CD8* T cells with
intravital two-photon excitation fluorescence microscopy of the
SDLNs. XcrIV™* mice were cotransferred with GFP-expressing
OT-I T cells and tdTomato-expressing polyclonal CD8" T cells.
One day later, the mice were s.c. immunized with soluble OVA
plus poly(I:C). Further entry of lymphocytes into the SDLNs was
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blocked by i.v. injection of anti-CD62L antibody at 2 h after the
immunization. OT-I T cells exhibited similar motility to polyclonal
CD8* T cells until 8 h postimmunization but started to decrease it
by 12 h after immunization. By 18-26 h postimmunization, the
majority of OT-I T cells became much more sessile, moving at a
median velocity of <4 pm/min (Fig. 2 4 and B and Movie S1),
which suggests their sustained interactions with cognate antigen-
presenting cells. Indeed, more than 90% of the sessile OT-I T cells
were seen to form stable contacts with XcrI-Venus™ DCs (Fig. 2C,
Fig. S24, and Movie S2). Interestingly, some Xcrl-Venus™ DCs
seemed to be interacting with multiple OT-I T cells, whereas some
of the other Xcrl-Venus™ DCs were not in stable contacts with
OT-I T cells (Fig. 24, Fig. S24, and Movie S2). After 46 h of
immunization, OT-I T cells swelled and regained their motility
(Fig. 2.4 and B and Movie S1). These results are largely consistent
with the previous imaging reports about interactions between
antigen-specific CD8" T cells and peptide-pulsed DCs (3) and
suggest that it takes 812 h for the emergence in the SDLNs of
DCs that have cross-presented significant amounts of OVA.

To confirm that the interaction with Xcrl-expressing DCs is
important for antigen-specific CD8* T-cell activation, we used
Xep]PTRVerusit mice to deplete Xcrl-expressing DCs (16) and
evaluated its impact on the proliferation of antigen-specific CD8"
T cells upon immunization. Both XcrI** mice and Xcr1P™RVers/i+
mice were cotransferred with OT-I T cells and OT-II T cells and
treated with diphtheria toxin (DT) on day —1. The mice were s.c.
immunized with soluble OVA plus poly(I:C) on day 0, additionally
treated with DT on day 1 and day 3, and killed for flow cytometric
analysis of the SDLNs on day 4. This resulted in 86 + 2.2% (n = 3)
depletion of cross-presenting DCs (total number of LN-resident
DCs and migratory DCs) in the SDLNs of Xcr/”™RVes/* mice,
The number of OT-I'T cells but not that of OT-II T cells was much
reduced in the LNs of Xcr1?TRV5* mice compared with XcrI '+
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Fig. 2. Xcr1-expressing DCs are the main interaction partners of antigen-
specific CD8* T cells. Xcr1Ve""* mice were cotransferred with 4 x 10° GFP*
OT-I T cells and 1 x 10° tdTomato™ polyclonal CD8* T cells, s.c. immunized
with soluble OVA plus poly(l:C), and subjected to intravital imaging of in-
guinal LNs. (A) The 3D-rendered fluorescence images, OT-I T-cell tracks, and
polyclonal CD8* T-cell tracks at the indicated time postimmunization. Im-
aging duration, 30 min; image depth, 75 pm (Movie S1). (B) Median velocity
of OT-I T cells and polyclonal CD8" T cells. Each symbol represents one cell.
Bars indicate median values in each group. Data are pooled from at least
two imaging sessions in different LNs. (C) Percentage of OT-I T cells stably
interacting with Xcr1-expressing DCs in low-motility OT-I T cells (Fig. S2A and
Movie S2). Values represent mean + SEM (n = 3; 46, 18, and 69 low-motility
OT-I T cells scored in each experiment).
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mice (Fig. S2B). These results indicate that Xcrl-expressing DCs
are the primary interaction partners of antigen-specific CD8"
T cells in the SDLNs upon soluble antigen immunization.

Next we tested the function of XCR1 expressed by DCs in
CD8" T-cell responses. We transferred OT-I T cells to Xcrl "'+
mice and Xerl"*™V™s mice. On day 3 and day 15 after immu-
nization with soluble OVA plus poly(I:C), we found no significant
reduction in the OT-I T-cell number in draining LNs from
Xcr1VerssVens mice compared with Xerl”™™* mice (Fig. S2C).
The deficiency of XCL1, a ligand for XCR1, in CD8* T cells was
reported to impair sustainment of antigen-engaged CD8" T cells
by 12 d after immunization (15). The reason for the seemingly
contradictory results to those of the previous report is uncertain at
this point, but it might be because of the different adjuvant types
used for immunization or because of the potential existence of
other unknown receptors for XCL1.

Photoconversion-Based Fluorescent Labeling of Xcr1-Expressing Resident
CD8a" DCs and Migratory Xcr1-Expressing CD103" DCs in the SDLNs. As
shown previously (16), XcrI-expressing DCs in the SDLNs consist
of two populations: resident CD8a™ (MHC-II"™) DCs and migra-
tory CD103" (MHC-II™) DCs, the latter of which are absent
in the spleen (Fig. S34). To distinguish these two populations in
imaging analyses, we generated the Xcrl®*“®+ mouse strain, in
which the Xcr! coding region was replaced by a gene-encoding
photoconvertible fluorescent protein, Kikume Green-Red
(KikGR) (Fig. S3 B and C) (22). To photoconvert the KikGR
protein expressed in the migratory Xcrl-expressing DCs in the
dermis, the skin of the abdomen, lower back, hip, and thigh of
XerIM*GR mice was exposed to violet-blue light. Before skin
illumination, XcrI-expressing DCs in the skin and SDLNs were
all green fluorescent (KikG*KikR") (Fig. 34 and Fig. S3 D and E).
Immediately after illumination, CD103™ DCs in the light-exposed
skin became red fluorescent (KikR*) (Fig. S3 D and E). By 1 d
after skin illumination, KikR* cells became detectable in the
SDLNSs. As anticipated, most, if not all, of the KikR* cells in the
SDLNs were migratory CD103" DCs (Fig. 3 4 and B). Meanwhile
the KikG'KikR™ cells are a mixed population of migratory
CD103" DCs, which had reached the SDLNs before the skin il-
lumination, and LN-resident CD8a™ DCs (Fig. 3 4 and B). Re-
peated daily 3-min illumination on the skin resulted in a gradual
replacement of the KikG*KikR -labeled, migratory CD103" DC
pool in the SDLNs with the KikR™ cells. The LN-resident CD8a™
DCs (green fluorescent; KikG*KikR ™) remained unchanged (Fig.
3 A and B). After 6 d of daily skin illumination, a near complete
demarcation of migratory CD103" DCs and LN-resident CD8a"
DC:s by red fluorescence and green fluorescence, respectively, was
achieved in the SDLNs (Fig. 3 A and B). Thus, it is suggested that
a turnover of skin-derived CD103" DCs in the SDLNs takes at
least 6 d (half-life, about 3 d).

We conducted histological analysis of KikR* DCs and
KikG*KikR™ DCs in the SDLNs. Because of the technical reasons
described in SI Materials and Methods, we prepared vibratome
slices of unfixed LNs instead of cryosections of fixed LNs. After
9 d of daily illumination, when the photoconversion-based color
separation of migratory DCs and LN-resident DCs in the SDLNs
had been already achieved (Fig. 3 A and B), the migratory DCs
and LN-resident DCs were both found in the deep T-cell zone.
LN-resident DCs, but not migratory DCs, were distributed also in
other parts of the LNs, including the region close to the LN
capsule (Fig. 3C). Two-photon microscopy analysis of intact LNs
showed that migratory DCs and LN-resident DCs together form
the meshwork, through which naive T cells migrate (Fig. S3F and
Movies S3 and S4). )

We tracked the dynamics of Xcrl-expressing CD103" DCs
after their arrival in the SDLNs. One day after skin illumination,
KikR* DCs were found in the cortical half of the XcrI-expressing
DC-rich area in the T-cell zone (Fig. 3D). Two days after
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Fig. 3. Photoconversion-based fluorescent labeling of Xcr1-expressing CD103" migratory DCs and Xcr1-expressing CD8a" resident DCs in the SDLNSs. (A) Flow
cytometry of inguinal LN cells from Xcr1X%G"* mice illuminated with violet-blue light at the indicated time points. Values represent mean + SEM (n = 3).
(B) Percentage of the indicated cell populations. Each symbol represents one mouse. ((—F) Confocal images of halves of inguinal LN sagittal slices from
Xcr1¥GR™* mice illuminated with violet-blue light once a day for 9.d (C), 1 d before analysis (D), 2 d before analysis (E), and 3 d before analysis (F). Shown is an
x-y plane approximately 20 pm deep from the vibratome slice surface. “b,” “c,” and “m” indicate B-cell follicle, cortical side, and medullary side, respectively.

illumination, KikR* DCs infiltrated more extensively in the Xcrl-
expressing DC-rich area, and 3 d after illumination, some of them
reached the most medullary side of the T-cell zone (Fig. 3 E and
F). These results indicate that after leaving the skin, migratory
DC:s infiltrate into the deep T-cell zone of the SDLNs in 3 d.

Antigen-Specific CD8" T Cells Preferentially Interact with Migratory
CD103" DCs That Have Newly Arrived in the SDLNs. We sought to
determine which XcrI-expresssing DC subset is most efficiently
engaged in interactions with antigen-specific CD8" T cells after
immunization. The migratory DCs in the SDLNs can be further
subdivided into subpopulations: the migratory DCs newly arriv-
ing in the LNs after the immunization and the migratory DCs
that have already reached the LNs before immunization. To vi-
sualize the distributions of antigen-specific CD8" T cells and the
migratory DC subpo%ulation newly arriving in the SDLNs upon
immunization, XcrI®*C®* mice were transferred with DiD-
labeled OT-I T cells. The mice were subsequently illuminated
with violet-blue light to photoconvert the migratory DCs in
the skin and were immunized s.c. with soluble OVA plus poly(L:C).
After 2 h, the mice were i.v. injected with anti-CD62L antibody
(Fig. 44). About 1 d after the skin illumination and immunization,

rather than by light illumination (Fig. S4 E and F). One day after
Poly(I:C) injection, CD86 and CD80 were up-regulated in all of
the three DC subsets, and the up-regulation was most prominent
in the migratory DCs newly arriving in the SDLNs (KikR* DCs)
(Fig. S4 B-D).

For the direct assessments of stable interactions, we performed
intravital imaging of the KikR* DCinfiltrated region, using the
protocol shown in Fig. 44. Among OT-I T cells that had slowed
down their migration (median speed less than 4 pm/min, Fig. 2B),
we found OT-I T cells interacting with (i) KikG"KikR™ DCs but
not with KikR* DCs, (i) KikR* DCs but not with KikG"KikR~
DCs, and (iii) both KikG*KikR™ DCs and KikR* DCs. The
number of those in contact with (i) KikR™ DCs but not with
KikG*KikR™ DCs for more than 10 min was significantly (P <
0.002) more than the number of those in contact with (i)
KikG'KikR™ DCs but not with KikR* DCs (Fig. 5 A-D and
Movies S5 and S6). Because there seemed to be more KikR* DCs
than KikG'KikR™ DCs in the imaging volumes, we normalized
the results in Fig. 5D by the volumes occupied by KikR* DCs or

KikR"™ DCs were again found in the cortical half of the Xcri- A Skin gwiﬂ"ﬁ;(l.qs . D
expressing DC-rich area. Interestingly, the majority of OT-1 T cells OT- transfer o-CDB2L Abiv. , P<005
were colocalized with the KikR* DCs (Fig. 4 B-D). Flow cyto- I 24 hr T2h T tg22nr > Ambee g6
metric analysis has shown that poly(I:C) injection at the time of XorT KGR~ . KKGKKR cellarea| 8 4
skin illumination significantly increased the number of KikR* DCs é%?é‘{ﬁ “‘""'“--,\K'kR 5% 5 2 /
arriving in the SDLN in 1 d; whereas the number of migratory ¥ E /
DCs that had reached the SDLNs before the skin illumination B 4 . |70 o o
(KikG*KikR~ CD103" DCs) or that of the LN-resident DCs N A
(KikG"KikR™ CD8uM DCs) was not significantly changed by poly b § §
(I:C) injection (Fig. S44). HIEES
To gain molecular insights into the T-cell-DC interactions, we ’ \f

analyzed the surface expression of costimulatory molecules in
each DC subset. Without Poly(I:C) injection, expression of the
costimulatory molecules CD86 and CDS80 was only slightly higher
on the migratory DCs newly arriving in the SDLNs (KikR* DCs)
than on the migratory DCs that have reached the nodes before
immunization (KikG"KikR~ CD103" DCs) and LN-resident DCs
(KikG*KikR~ CD8a™ DCs) (Fig. S4 B-D), which suggests that
illumination-induced activation of the migratory DCs in the skin
was minimal, if any. The slight activation of CD103" DCs seemed
to be caused by the hair removal procedure using depilatory cream
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Fig. 4. Antigen-specific CD8" T cells colocalize with Xcr1™ migratory DCs that
have arrived in the SDLN after immunization. (A) Experimental design. (B) A
fluorescence image of a half of an inguinal LN sagittal slice from an Xcr1<keR+
mouse treated as described in A. A maximal projection image of six confocal
sections (35-um depth) is shown. The dotted line demarcates the LN boundary.
“c" and “m" indicate cortical side and medullary side, respectively (C) De-
marcation of the KikG*KikR™ area, the KikR™ area, and the OT-I T-cell-occupied
area in the image shown in B. See S/ Materials and Methods for the de-
marcation method. (D) Area occupancy by OT-I T cells in the KikG*KikR™ area
and in the KikR™ area calculated from the data in C and four other datasets.
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Fig. 5. Antigen-specific CD8" T cells preferentially interact with Xcr1™ mi-
gratory DCs that arrived in the SDLN after immunization. (4) An intravital
two-photon image of an inguinal LN of an Xcr1“*%"* mouse treated as in
Fig. 4A, except that 8 x 10° OT-I T cells were transferred. A 3D-rendered
fluorescence image is shown. Image depth: 100 pm (Movie S5). (B) OT-I T-cell
tracks. Imaging duration: 30 min. (C) The interaction partners of low-motility
OT-I T cells (median velocity <4 pm). The colored dots were placed on low-
motility OT-I T cells interacting with the indicated cells (Movie S6). (D) Per-
centage of the interaction partners of low-motility OT-I T cells. Data repre-
sent mean + SEM (n = 3, 43, 113, and 121 stable interactions lasting more
than 10 min in each experiment). (E) Reconstructed KikG*KikR™ cell volumes
and KikR" cell volumes. (F) Interaction index (SI Materials and Methods).
Each pair of red and green symbols represents one mouse.

KikG*KikR™ DCs (Fig. 5E and SI Materials and Methods). The
resultant “interaction indexes” suggested that individual KikR*
DCs are more capable of stably interacting with OT-I T cells
than individual KikG*KikR™ DCs (Fig. 5F). A similar trend
was observed when we performed imaging analysis using the
9-d illumination protocol to compare KikR* entire migratory DCs
and KikG*KikR™ resident DCs (Fig. S5). Taken together, these
results suggest that migratory DCs arriving in the SDLN after s.c.
immunization with soluble antigen plus double-stranded RNA
analog are most efficiently engaged in stable interactions with
antigen-specific CD8" T cells.

Discussion

It is often argued that the immune system is organized to opti-
mize the cell-antigen and cell-cell interactions underlying im-
mune function. Indeed, the distinct properties and roles of DC
subsets in T-cell activation and regulation may explain the
physiological significance of the differential localization of DC
subsets in the spleen and SDLNs (12, 23). Our studies on the DC
localization in Xcrl reporter mice confirm the localization patterns
suggested by computational processing of multicolor histological
images: LN-resident CD8«™ DCs and migratory CD103" DCs
are enriched in the deep part of the T-cell zone in the SDLNS;
CD11b* DCs are enriched near the lymphatic sinuses and con-
duits (12, 19). Our results suggest that this DC regionalization
creates segregated locations for activation of antigen-specific
CD4* T cells and CD8* T cells. Given recent findings (19), this
may suggest that it is advantageous for CD11b™ DCs to sample
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antigens from the LN sinuses and conduits for rapid CD4" T-cell
activation; in contrast, antigen delivery for CD8" T-cell activation
may be more dependent on migratory DCs that capture antigen in
the skin and migrate to the T-cell zone of the SDLNs. This notion
is consistent with our data showing that OT-II T-cell activation
was somewhat faster than OT-I T-cell activation. Our results also
suggest that migration of naive CD8" T cells and CD4* T cells in
the T-cell zone is biased to facilitate scanning for their cognate
DCs. This notion is also supported by the previous observation
that naive CD4" T cells spend less time scanning the T-cell zone
than naive CD8" T cells after their LN entry through HEVs near
the conduits and before their exit from the sinuses (24).

During the revision of this paper, the spatiotemporal charac-
terization of antigen-specific CD4™ T cells and CD8* T cells in
the SDLNs was reported in HSV-1 or vaccinia virus infection
(25, 26). Although the location and/or timing of initial activation
of CD4™ T cells and CD8" T cells and the roles of XCR1* DCs
vary, depending on the types of vaccines and microbes, these
studies, together with ours, clearly indicate spatially or tempo-
rally segregated interactions of DC subsets with antigen-specific
CD4" T cells and CD8" T cells.

Our data show that after immunization with soluble antigen
and double-stranded RNA, Xcrl-expressing migratory DCs that
have newly arrived in the SDLN interacted with antigen-specific
CD8" T cells more prominently than other XcrI-expressing DCs,
i.e., LN-resident DCs and the migratory DCs that had arrived in
the LNs before immunization. Future studies need to test whether
the superior interaction ability is dependent on the prominent up-
regulation of CD86 and CD80 by the newly arriving migratory
DCs, because the costimulatory molecules can strengthen antigen-
dependent interactions between T cells and DCs (27). It is also
likely, but not certain, that the newly arriving migratory DCs
present the highest amounts of peptides after they have encoun-
tered antigen plus double-stranded RNA in the skin. Nonetheless,
we observed that a nonnegligible number of LN-resident DCs
were stably interacting with antigen-specific CD8* T cells. LN-
resident DCs can present antigen that has been transported either
through lymphatic sinuses and conduits or through antigen
transfer from the newly arriving migratory DCs (19, 28). In this
sense, it is of note that a small fraction of XcrI-expressing DCs
near the LN capsule are predominantly LN-resident DCs. It will
be needed to investigate whether Xcrl-expressing LN-resident
DCs sample antigen from the subcapsular sinus and migrate to the
T-cell zone for interacting with CD8* T cells. More importantly,
future studies should perform similar imaging analyses with the
Xcr1K*GR* mouse strain during different types of immune re-
sponses, because capabilities of the migratory and resident DC
subsets to interact with CD8" T cells are likely to be affected by
the types of vaccines and microbes (17, 25, 26, 28).

In this study we have directly shown the immigration kinetics
of Xcrl-expressing migratory DCs from the skin to the SDLNGs.
The turnover rate of these migratory DCs in the SDLNs from
our photoconversion experiments is similar to the one reported
previously: 9 d for the BrdU-labeled CD8"DEC-205" DCs in the
SDLNSs, which were presumably a mixture of LN-resident CD8a™
DCs and migratory CD103" DCs (29). A recent study used
transgenic mice expressing KikGR ubiquitously to infer a shorter
lifetime of MHC-IT"CD103* DCs (4-5 d), likely to be the same
population as migratory CD103"™ DCs in this study (30). The
reason for this faster turnover is unclear, but it may reflect their
more invasive method to surgically expose the SDLNs (30).

Turnover dynamics of LN-resident DCs could not be assessed
in this study. However, a previous work reported that transferred
DC precursors, which could give rise to LN-resident DCs in-
cluding CD8a™ DCs, primarily entered the SDLNs through
HEVs in the medullary side and then appeared near the LN sinus
in 6 d (31). This may suggest that LN-resident DCs in the deepest
region of the T-cell zone are newly formed from DC precursors.
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Because we have observed that the migratory DCs eventually
reach the same region, it would be interesting to test in future
studies whether antigen transfer occurs from the migratory DCs to
the newly differentiated LN-resident DCs in this region (32).
Our previous work analyzing Xcrl-expressing DCs in various tis-
sues using Xcrl"“™™* mice has shown that CD103" DCs in the gut
lamina propria and mesenteric LNs are expressing a similar level of
Venus to that in CD103" DCs in the SDLNs (16). The CD103* DCs
in the lamina propria are thought to induce differentiation of naive
CD4" T cells into regulatory T cells in the mesenteric LNs to es-
tablish immune tolerance in the gut (33, 34). However, much re-

mains to be learned about migration dynamics of the CD103" DCs
from the lamina propria to the mesenteric LNs. The Xcrl®*“R+

mouse strain developed here will enable future studies to track the
mucosal CD103" DCs, providing insights into the mechanisms un-
derlying T-cell regulation as well as T-cell activation.

Materials and Methods

Mice. All animal experiments were approved by the Animal Research Com-
mittees of RIKEN Yokohama Research Institute and Osaka University. Gen-
eration of the Xcr1¥*R mouse strain and information about the other mice
are in S| Materials and Methods.

Photoconversion. lllumination of the mouse skin was performed as described
in ref. 35 with some modifications. The details are described in S/ Materials
and Methods.
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Intravital Two-Photon Microscopy. The inguinal LN of an anesthetized mouse
was imaged by the TCS SP5 inverted microscope (Leica Microsystems)
equipped with a Chameleon Ultra Il Ti:Sapphire laser (Coherent). The details
are described in S/ Materials and Methods.

Image Analysis of Two-Photon Microscopy. Cell-tracking and cell-cell in-
teraction analyses were performed using Imaris software (Bitplane) as de-
scribed previously (36). The cell volume was obtained by using the “Cells”
function of Imaris. The details are described in SI Materials and Methods.

Preparation of Vibratome Slices. Inguinal LNs embedded in an agarose gel
were sagittally sliced by a VT1200 S vibrating blade microtome (Leica
Microsystems). The slices were stained with antibodies and imaged by an SP5
Il confocal microscope (Leica Microsystems). The details are described in S/
Materials and Methods.

The other methods used in this study including flow cytometry, cell
preparation, immunization, cryosection staining, and statistical analysis are
described in detail in S/ Materials and Methods.
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