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SUMMARY

The dynamics of when and where CD4* T cells pro-
vide help for CD8" T cell priming and which dendritic
cells (DCs) activate CD4™* T cells in vivo after localized
infection are poorly understood. By using a cuta-
neous herpes simplex virus infection model com-
bined with intravital 2-photon imaging of the draining
lymph node (LN) to concurrently visualize pathogen-
specific CD4* and CD8* T cells, we found that early
priming of CD4" T cells involved clustering with
migratory skin DCs. CD8* T cells did not interact
with migratory DCs and their activation was delayed,
requiring later clustering interactions with LN-resi-
dent XCR1* DCs. CD4* T cells interacted with these
late CD8* T cell clusters on resident XCR1* DCs.
Together, these data reveal asynchronous T cell acti-
vation by distinct DC subsets and highlight the key
role of XCR1* DCs as the central platform for cyto-
toxic T lymphocyte activation and the delivery of
CD4™* T cell help.

INTRODUCTION

The priming of T cell responses to peripheral infections where the
pathogen remains localized within the tissues requires the coor-
dination of a variety of immune cells. Dendritic cells (DCs) are
necessary to present antigens and provide appropriate costimu-
latory signals for the efficient activation of T cells. A number of
phenotypically and functionally distinct subsets of DCs populate
the lymphoid and non-lymphoid tissues and can play unique
roles in T cell activation (Heath and Carbone, 2009; Merad
et al., 2013). For example, the CD8a* DCs, which reside in
lymphoid organs, are specialized for the cross-presentation of
antigens on major histocompatibility complex (MHC) class | for
CD8™" T cell activation (Schnorrer et al., 2006), participate in viral
immunity (Belz et al., 2004a, 2005), and belong to an XCR1",
Batf3-dependent lineage that is important for cytotoxic T
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lymphocyte (CTL)- and T helper 1 (Th1) cell-mediated immunity
(Edelson et al., 2010; Hildner et al., 2008). However, these
lymph-node-resident DCs rarely act alone, especially during
localized infections where they rely upon the activation and
migration of tissue-associated DCs to deliver antigens to the
lymph node (LN) (Allan et al., 2006; Belz et al., 2004b; Igyartd
et al., 2011; Lee et al., 2009). Many vaccines and experimental
infection models can, however, bypass a requirement for migra-
tory DCs for T cell priming when injected antigens or pathogens
drain directly to the LN via the lymphatic vessels (Gerner et al.,
2015; Hickman et al., 2008; Itano et al., 2003; Kastenmuller
et al., 2013).

The process of peripheral DC migration to LN can take multiple
days, during which time different subsets of DCs emigrate from
the tissues to the draining lymph node (dLN). In the skin after her-
pes simplex virus (HSV) infection, CD11b* dermal DCs are the
first to reach the dLN (Allan et al., 2006), followed by Langerhans
cells, whereas CD103* dermal DCs contribute appreciably to an-
tigen presentation only after secondary spread of the virus
across the skin (Bedoui et al., 2009). Some of these skin-migra-
tory DCs are able to transfer antigens to LN-resident DCs,
including CD8a* DCs, facilitating CD8* T cell activation (Allan
et al., 2006). How this process of antigen handover occurs is
not known, although the arrival of infected or antigen-carrying
migratory DCs from the peripheral tissues might promote inter-
actions with LN-resident DCs because recent migrants rapidly
populate the LN paracortex after entering via the lymphatics
(Braun et al., 2011; Kissenpfennig et al., 2005).

The current paradigm of T cell activation predicts that both
CD8* and CD4™ T cells will receive signals from DCs synchro-
nously and become activated and divide with similar kinetics.
Yet the involvement of different DC subsets in this process indi-
cates that CD4* and CD8" T cells might not interact with DCs at
the same time. Although such 3-cell interactions capably
describe the existing model, temporally staggered interactions
between CD4" and CD8* T cells and DCs have also been sug-
gested (Ridge et al., 1998). Indeed, the discovery that multiple
DC subsets can stimulate CD4* T cells ex vivo after HSV infec-
tion, whereas CD8" T cells can respond only to antigens pre-
sented by CD8a.* DCs in the early phase of the response (Allan
et al., 2003; Bedoui et al., 2009), raises the possibility that
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CD4* T cells could be primed by a different subset of DCs and
subsequently engage the DCs that prime CTLs. Furthermore, a
number of infections require CD4™ T cell help via CD40L stimula-
tion for maximal CD8* T cell responses and memory (Wiesel and
Oxenius, 2012), including HSV infection (Smith et al., 2004).
Exactly how and when CD4™" T cells provide help to DCs remains
poorly understood. CD4* T cells might be required to provide
help to DCs and then recruit naive CD8"* T cells to help DCs for
more efficient priming (Castellino et al., 2006). One hypothesis
arising from these observations is that CD4* T cells that become
activated early would be more capable of providing help to DCs
and thus promoting CD8" T cell responses.

A number of studies have focused on the initiation of immune
responses subsequent to the drainage of lymph-borne antigens,
particulates, or pathogens, revealing that subcapsular sinus-lin-
ing macrophages and DCs resident in this location can capture
antigens (Carrasco and Batista, 2007; Gerner et al., 2015; Hick-
man et al., 2008; Junt et al., 2007; Phan et al., 2007). These an-
tigen-presenting cells (APCs) can become infected by lymph-
borne pathogens and present antigens directly to T cells.
Assessment of the spatial and temporal aspects of T cell priming
to such lymph-borne antigens have revealed that early CD8*
T cell interactions occur mainly in the peripheral paracortex
and interfollicular regions (Gerner et al., 2015; Hickman et al.,
2008; Kastenmililler et al., 2013). In contrast, the spatiotemporal
dynamics of T cell priming after a localized infection where
lymph-borne transport of pathogens is absent has not been
examined. To determine the dynamics of CD4* and CD8"*
T cell priming after a localized peripheral virus infection and
investigate interactions with DCs, here we have utilized cuta-
neous infection with HSV-1, a robust model of peripheral infec-
tion, combined with intravital 2-photon microscopy. We found
that the activation of virus-specific CD4" and CD8* T cells, after
localized infection, was temporally regulated by interactions with
different subsets of DCs. CD4" T cells interacted with migratory
DCs arriving from the infected skin within 14 hr of infection and
became activated. Conversely, CD8" T cells were unable to
see migratory APCs and were delayed in their interaction with
LN-resident XCR1* DCs. CD4" T cells participated in dynamic
clusters of CD8" T cells on XCR1* DCs that were the critical plat-
form for CTL priming and the delivery of CD4* T cell help. These
findings reveal a previously unidentified level of control of T cell
activation to peripheral infection.

RESULTS

Spatiotemporally Distinct Responses by Virus-Specific
CD4* and CD8* T Cells after Localized Skin HSV
Infection

To begin to explore the kinetics of both CD4" and CD8* T cell
priming after localized infection, we utilized a well-characterized
model of cutaneous HSV-1 infection of mice that induces robust
CD4* and CD8" T cell responses and memory (Gebhardt et al.,
2011; van Lint et al., 2004). Prior to infection, animals were adop-
tively transferred with CD4" and CD8* T cells from T cell receptor
(TCR) transgenic mice. gDT-Il CD4* T cells specific for an HSV
glycoprotein D epitope (Bedoui et al., 2009) and gBT-I CD8"*
T cells specific for an HSV glycoprotein B epitope (Mueller
et al., 2002a) were backcrossed onto mice ubiquitously express-

ing the fluorescent proteins GFP or DsRed to allow efficient
tracking of small populations of cells by microscopy. Initial prim-
ing and expansion of T cells after flank HSV infection occurs in
the draining brachial LN followed by emigration to the afferent
axillary LN and release into the circulation (Eidsmo et al.,
2012). When we examined gDT-Il and gBT-I T cell numbers in
the brachial LN 3 days after infection, we noted that CD4*
T cells began accumulating sooner than CD8™ T cells (Figure 1A).
Both populations of virus-specific T cells peaked in number in
the brachial LN 5-6 days after infection. CD4* T cells then accu-
mulated in the afferent axillary LN 3-4 days after infection, indi-
cating egress from the brachial LN (Figure 1B). In contrast,
gBT-I T cells entered the axillary LN only at day 5. In line with
these observations, CD4* T cells first appeared in the spleen at
day 4, and CD8" T cells 1 day later at day 5 (Figure 1C).

To ascertain whether these dissimilar CD4* and CD8* T cell
response kinetics reflected differences in the location of the cells
within the LN, we examined whole LN sections by microscopy.
Tissues were co-stained with antibodies against LYVE-1 to
detect lymphatics and B220 to visualize B cell follicles (Fig-
ure 1D). Both CD4* and CD8* T cells localized predominantly
to the T cell zone 3 days after infection (Figures 1D and 1F). In
contrast, 1 day later the virus-specific CD4" T cells exhibited
reduced accumulation in T cell zones and were observed in the
medullary as well as at the subcapsular sinus (SCS) and within
B cell follicles (Figures 1D, 1F, and S1). At this time point, the ma-
jority of the gBT-1 CD8" T cells remained in the deep T cell zone
and interfollicular regions. Concomitant with this, CD4* T cells
were found concentrated in the medullary regions of the axillary
LN, indicative of migration from the upstream brachial LN (Fig-
ure 1E). By day 5 of infection, CD8"* T cells displayed a similar
pattern of intranodal migration, with many gBT-I T cells now
observed in the medulla of the brachial LN and afferent axillary
LN. This delayed pattern of CD8"* T cell migration was reflected
in the systemic diaspora of the cells, whereby CD4* T cells
migrated to the spleen and the infected skin by day 4, yet
CD8"* T cells were absent from these sites until day 5 of HSV
infection (Figures 1G and 1H). These data indicate that CD4*
T cell responses in the draining LN and subsequent migration
to infected peripheral tissues preceded that of the CD8*
T cells, potentially giving the helper T cells a temporal advantage.

Rapid CD4* T Cell Priming in LN Follows Localized Virus
Infection

The previous experiments suggested that CD4™ T cell responses
developed more rapidly than CD8" T cell responses after
localized skin HSV infection. To examine whether this corre-
sponded with initial activation and expansion of CD4™ T cells pre-
ceding CD8* T cells, we labeled congenically marked gDT-Il and
gBT-I T cells with CellTrace Violet prior to adoptive transfer into
mice. After skin HSV infection, virus-specific T cells were as-
sessed for upregulation of the early activation marker CD69.
Within 12 hr of infection, a proportion of gDT-Il CD4* T cells
had upregulated CD69, whereas expression on the gBT-I CD8*
T cells remained undetectable until 24-48 hr after infection (Fig-
ures 2A and 2B). CD4™" T cells responding to the infection began
dividing within 48 hr, demonstrated by CellTrace Violet dilution in
a proportion of cells (Figures 2A and 2C). In contrast, CD8*
T cells showed delayed proliferation beginning 2-3 days after
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Figure 1. Distinct Kinetics and Spatiotemporal Distribution of CD4* and CD8"* T Cells after Cutaneous HSV-1 Infection

gDT-Il CD4* and gBT-I CD8" T cells were cotransferred into recipient mice 1 day prior to epicutaneous HSV-1 infection.

(A-C) Total number of gDT-Il CD4* (green) and gBT-1 CD8" (red) T cells recovered from draining brachial LN (A), downstream axillary LN (B), and the spleen (C)
over the course of HSV-1 infection. Data pooled from 2 independent experiments; n = 5-7 mice for each time point.

(D) Confocal images showing spatial distribution of gDT-Il CD4* (green) and gBT-I CD8™ (red) T cells in draining brachial LNs from days 3-5 p.i.; magnified regions
of the medulla are shown in the panels on the right. LYVE-1* lymphatic vessels are stained in white and B220* B cells in blue.

(E) Confocal images showing the infiltration of gDT-Il CD4* (green) and gBT-I CD8" (red) T cells into the afferent axillary LNs from days 3-5 p.i.

(legend continued on next page)
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infection. This could not be attributed to differential responsive-
ness of the two transgenic T cell subsets, because both re-
sponded after subcutaneous inoculation of titrated doses of
peptide, with gBT-I cells displaying slightly greater sensitivity
(Figure S2A). When we examined early CD8* T cell activation in
MHC-II-deficient mice where CD4* T cell responses are absent,
a further delay in CD69 upregulation by gBT-1 CD8" T cells was
evident (Figure 2D). This showed that asynchronous activation
of CD4" and CD8" T cells occurred after localized skin HSV
infection. We have previously shown that CD4* T cell help is
required for optimal CD8* T cell priming to HSV infection (Smith
et al., 2004). These data further suggest that CD4* T cell help is
required to promote rapid CTL priming.

CD4* T Cells Cluster in LN Early after Infection

We next sought to examine the dynamics of these early T cell
priming events after HSV infection. To do this, we employed a
modified flank HSV infection model that resulted in priming of
the T cell responses in the draining inguinal LN. The kinetics of
CD4* and CD8" T cell activation, proliferation, and migration
was the same using this method compared to the standard
site of flank infection (Figures S2B-S2D). We then utilized intra-
vital 2-photon microscopy to visualize the behavior of respond-
ing gDT-Il and gBT-I T cells in the draining LN early after infec-
tion. Within 12 hr of infection, we observed marked clustering
of the gDT-Il CD4" T cells in the T cell zone that displayed a
significantly reduced average velocity in comparison to T cells
migrating in LN of naive uninfected mice (Figures 3A-3C, Movie
S1). Most notably, gBT-1 CD8" T cells in the immediate vicinity of
CD4* T cell clusters showed no obvious change in motility or
behavior. The CD8" T cells did not cluster in the LN at this early
time point, suggesting that they were ignorant of the APC driving
CD4* T cell activation. In accordance with the temporal prolifer-
ation data shown in Figure 2, these data indicated that DCs pre-
senting antigen (Ag) on MHC-I were not yet present or accessible
to the CD8™ T cells at this early stage.

When we examined CD4* and CD8* T cell behavior 40-48 hr
after infection, we observed that both T cell subsets now formed
dynamic clusters (Figures 3A and 3B, Movie S2). Both popula-
tions of cells displayed a reduced overall migrational velocity
and greater mean confinement and a substantial proportion of
each cell type participated in clusters within each imaging
volume (Figures 3C-3E and S2E). We noted that many of the
clusters contained mostly CD4" or CD8"* T cells as opposed
to relatively equal proportions of both cell types. Conspicuously,
we also observed transient interactions between migrating
CD4" T cells that visited CD8" T cells clusters. Clustering of
the T cells was antigen specific—no clustering was observed
among non-specific OT-Il and OT-I T cells present in the LN
at the same time (Figures 3F-3H and S2F, Movie S3). We did
find that the OT-Il CD4* T cells showed a slightly reduced
average velocity in the LN of HSV-infected mice. This indicated
that the microenvironment of the inflamed LN also influenced
T cell migration.

To enumerate T cell clustering in the LN, and because intravital
2-photon microscopy is restricted to the first few hundred mi-
crons of the tissue (preventing imaging of the deep paracortex),
we imaged thick whole LN sections and quantitated CD4* and
CD8" T cell clusters. As expected from our intravital movies,
we observed extensive clustering of gDT-Il T cells 18 hr after
infection, with approximately 20% of the CD4* T cells involved
in clusters throughout the LN paracortex, whereas gBT-I
T cells did not cluster (Figures 4A, 4B, and 4E). Similar numbers
of gDT-Il and gBT-I clusters were found 42 hr after infection (Fig-
ures 4C-4E). Given the dynamic nature of the clusters we
observed by intravital 2-photon microscopy, whereby some cells
were seen entering and exiting clusters, this static analysis of
cluster frequency might reflect an underestimate of the true pro-
portion of cells involved in clusters. When we assessed the
composition of the clusters, we found that a substantial propor-
tion was composed of only CD4* or CD8* T cells (Figure 4F). This
supported our intravital imaging data, raising the possibility that
the homogenous clusters of T cells were interacting with different
DCs. Consistent with differential DC subset presentation, we
also noted that CD8™ T cells formed clusters in more localized re-
gions of the LN paracortex in all mice examined, as opposed to
CD4* T cells clusters that were distributed across one or both
lobes of the draining LN (Figure 4D).

Migratory DCs Activate CD4* T Cells Early after
Infection

The above data suggested that the temporally and spatially
segregated clusters of CD4* and CD8" T cells might be interact-
ing with different APCs specializing in presentation of antigens
on MHC class | or Il. Although we observed predominantly
CD4* T cells clustering in the early phase of the response (12—
24 hr), very rare CD8" T cell clusters were observed in some of
the mice (one to two clusters in two mice out of eight). Recent
studies have shown that priming of CD8* T cell responses to
lymph-borne virus infection involves clustering of CD8"* T cells
with infected cells (Hickman et al., 2011; Kastenmuller et al.,
2013). We could not detect drainage of fluorescently labeled
HSV from the site of infection on the flank to the draining LN after
infection (Figures S3A and S3B). We were also unable to detect
any virus in the LN within the first 3 days of HSV flank infection by
microscopy or plaque assay. In contrast, after footpad inocula-
tion, lymph-borne virus rapidly entered the draining LN and local-
ized to the SCS where we could distinguish infected cells,
including CD169* SCS macrophages (Figure S3C). We observed
CD8* T cell clusters around virus-infected cells in the interfollic-
ular regions and outer paracortex (cortical ridge) after lymph-
borne infection (Figure S3D). Thus, CD8" T cells clustered early
with infected cells when virus drained to the LN. Moreover, pro-
liferation of the CD4" and CD8" T cells proceeded synchronously
after lymph-borne infection (Figures S3E and S3F). Taken
together, this suggests that there was no significant contribution
to T cell priming by directly infected cells in the LN after localized
skin HSV infection, the focus of our studies.

(F) Proportion of gDT-Il CD4" (green) and gBT-I CD8* (red) T cells occupying the T cell zone (top) and medulla (bottom) of the draining brachial LN from days
3-5 p.i., quantitated per LN section. Data pooled from 2 independent experiments; n = 5-6 mice per time point. See also Figure S1.

(G and H) Confocal images of the spleen (G) and infected skin (H) from days 4-5 p.i.

All scale bars denote 100 um. Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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Figure 2. Differential Priming Kinetics of CD4* and CD8" T Cells after Cutaneous HSV-1 Infection

CellTrace Violet-labeled gDT-Il CD4* and gBT-1 CD8" T cells were adoptively transferred into recipient mice 1 day prior to epicutaneous HSV-1 infection.

(A) Upregulation of the early activation marker CD69 by gDT-Il CD4"* (top, green) and gBT-I CD8* (bottom, red) T cells in draining brachial LN from 12 to 72 hr p.i.
(B) Proportion of CD69" gDT-Il CD4* and gBT-I CD8" T cells in draining brachial LN over 72 hr p.i.

(C) Number of divided cells (CellTrace Violet,,) recovered per draining brachial LN over 72 hr p.i.

(D) Mean fluorescence intensity of gBT-1 CD8" T cells in draining brachial LN of B6 and MHC-II"/~ mice at various time points after infection.

Data in (A)—~(C) pooled from 2-3 independent experiments; n = 6-12 mice per time point. Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns,
not significant. See also Figure S2.
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Figure 3. Early Clustering of HSV-Specific CD4* T Cells in Draining LN

gDT-I.LEGFP CD4* and gBT-l.DsRed CD8* T cells were adoptively transferred into recipient mice prior to epicutaneous HSV-1 infection.

(A) Maximum intensity projection images showing clustering of gDT-Il CD4* (green) and gBT-l CD8* (red) T cells in the T cell zone on the inguinal LN (imaging
depth ~150-200 um under LN capsule) at different phases of infection: uninfected (left), early (16 hr, middle), and late (40 hr, right). See also Movies S1 and S2.
(B) Cell tracks of gDT-Il CD4" (top) and gBT-I CD8* (bottom) color coded to display mean track velocity at the indicated time points. Red tracks correspond to
higher track velocities and white tracks show slower cell tracks. Data from Movies S1 and S2.

(C and D) Mean velocity (C) and mean confinement ratio (D) of cell tracks normalized to naive cells. Each data point represents the mean velocity (C) or
confinement ratio (D) of all cell tracks per movie. Data pooled from at least two independent experiments; n = 2-4 movies each from 2-6 mice per time point.
(E) Proportion of clustering cells in the LN after infection. Each data point represents the proportion of clustering gDT-Il CD4* and gBT-I CD8" T cells in each
imaging volume. Data pooled from 2 independent experiments; n = 4 mice per time point.

(F and G) Maximum intensity projection images showing a snapshot of the behavior of (F) gDT-Il and OT-ll CD4* T cells and (G) gBT-l and OT-1 CD8* T cells after
infection. See also Movie S3.

(H) Mean velocity of cell tracks normalized to migration in uninfected mice. Each data point represents the mean velocity of all cell tracks per movie. Data pooled
from 2 independent experiments; n = 1-2 movies each from 4-7 mice.

Error bars represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. See also Figure S2.

The preceding experiments showed that temporally segre-
gated antigen presentation occurred after flank HSV infection.
Prior studies have shown that migratory subsets of DCs are
essential for CD8" T cell responses after skin HSV infection (Allan
et al., 2006; Stock et al., 2004). To examine whether migratory

APCs were involved in the priming of the CD4" T cell response
in vivo after localized HSV infection, we painted the flank skin of
mice with the fluorescent dye TRITC prior to virus inoculation.
This enabled tracking and visualization of DCs migrating from
the skin to the draining LN (Figure S4). Migratory TRITC* APCs
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entered the LN via the SCS and accumulated in the paracortex by
18 hr. By 40 hr after infection, the majority of the TRITC" cells had
migrated through the paracortex and were concentrated closer
to medullary regions, similar to the path of intralymphatically in-
jected DCs observed migrating through LN (Braun et al., 2011).

Clusters of gDT-Il CD4" T cells and TRITC* cells formed early
after infection (Figure 5A). Later in the response (40-48 hr),
when both CD4* and CD8" T cell clusters were established, few
clusters were directly associated with TRITC* migratory APCs.
These data indicated that early activation of CD4" T cells, but
not CD8" T cells, probably involved interactions with migratory
DCs. To test this hypothesis, we co-stained thick sections of
LN tissue with antibodies against CD69 to visualize where the
recently activated T cells localized. In the early phase of the
response, CD69 was upregulated on gDT-Il CD4* T cells clus-
tering around TRITC* APCs (Figure 5B). At this time (20 hr),
gBT-1CD8" T cells remained CD69 negative. When we examined
LNs a day later, CD69 was upregulated on CD8* T cells, but these
cells were not clustering with TRITC* cells.
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Figure 4. Spatial and Temporal Distribution
of T Cell Clusters after Cutaneous HSV-1
Infection

gDT-I.EGFP CD4* and gBT-I.DsRed CD8* T cells
were adoptively transferred into recipient mice
1 day prior to epicutaneous HSV-1 infection.

(A and C) Maximum intensity projection images of
thick inguinal LN sections (imaging volume 100-
120 pm thickness) showing the distribution of
gDT-ll CD4* (green) and gBT-I CD8" (red) cells
during early (A) and late (B) phase of infection.

(B and D) Location of clustering cells in ILN sec-
tions corresponding to (A) and (C), represented in
green (gDT-Il CD4™) or red (gBT-I CD8*) spots.
(E) Percentage of clustering cells per LN section.
(F) Composition of each cluster comprised of a
minimum of four cells. A value of 1.0 represents
homogenous (100%) gDT-Il CD4* T cell clusters
and 0.0 represents 100% gBT-I CD8* T cell clus-
ters.

Error bars represent mean + SEM. **p < 0.01;
***p < 0.001; ns, not significant. Data pooled from 2
independent experiments; n = 4-8 mice per time
point. See also Figure S3.

We next examined the dynamics of
the virus-specific T cell interactions
with the TRITC* migratory APCs in the
LN via intravital 2-photon microscopy.
The gDT-l CD4" T cells swarmed
around a subset of TRITC* migratory
APCs (Figure 5C, Movies S4 and S5).
CD4* T cells participating in these dy-
namic clusters with TRITC* APCs
demonstrated both transient and stable
interactions, with many cells remaining
in contact with APC for >30 min (Figures
5D and 5E). As anticipated, CD8" T cells
engaged only transiently with the
TRITC* DCs and did not slow down,
similar to that after mock infection with
PBS (Figures 5C-5E, Movies S4 and S5). Together, these
data reveal that CD4" T cells were being activated by migratory
APCs after localized skin HSV infection. In contrast, CD8"
T cells did not interact with migratory DCs and remained naive
during the early phase of the response in the absence of direct
virus drainage.

42h
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XCR1* LN-Resident DCs Are Required for CD8* T Cell
Priming and CD4"* T Cell Help

Migratory APCs are necessary for CD8" T cell priming after skin
HSV infection (Allan et al., 2006; Stock et al., 2004). We hypoth-
esized that migrants could present skin-acquired, virion-derived
antigens on MHC-II, yet were unable to cross-present viral
antigens to CD8" T cells. In a prior study we found that
antigen presentation for the immunodominant gBT-I epitope
(9B4gs-505) required de novo synthesis, yet expression was rapid
and was detectable by CTL within 2 hr of infection (Mueller et al.,
2003). When we infected mice on the skin with UV-inactivated
HSV (UV-HSV), only gDT-II T cells were activated (Figure S5),
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Figure 5. HSV-Specific CD4* T Cells Preferentially Interact with Migratory APCs during Early HSV-1 Infection

(A) Maximum intensity projection images of thick inguinal LN sections showing the localization of TRITC* cells (red), gDT-Il CD4* (green), and gBT-I CD8" (white)
T cells at early (top) and late (bottom) phases of infection. Scale bars represent 100 pm.

(B) Maximum intensity projection images of thick inguinal LN sections showing anti-CD69 staining (white), gDT-II (green), gBT-I (cyan), and TRITC (red). Scale bars
represent 50 um.

(C) Maximum intensity projection images from time-lapse movies showing interactions between gDT-Il CD4* (green) and gBT-1 CD8* (white) T cells with TRITC-
painted cells (red) in early infected (top) or mock infected (bottom) mice. Scale bars represent 50 um. See also Movie S4.

(D) Cell tracks color-coded to show contact (yellow) or no contact (light blue) with TRITC* DCs. gDT-Il CD4" (green box) and gBT-I CD8* (white box) tracks
correspond to Movie S4. See also Movie S5.

(E) Contact duration with TRITC* cells by gDT-Il CD4" (left) and gBT-I CD8* (right) T cells in early infected (black bars) and mock infected (white bars) mice. Data
pooled from 1-2 independent experiments; n = 4-9 mice per time point. See also Figure S4. Error bars represent mean + SEM.

further supporting a requirement for de novo synthesis of gB for The above data demonstrated that CD4™ T cells were activated
MHC-I presentation while demonstrating that virion-derived an- by migratory DCs, yet we had previously shown that the LN-resi-
tigen could be presented on MHC-II. Thus, skin migratory dent CD8a" DCs are the only cells capable of stimulating CD8*
CD11b*™ DCs were unable to cross-present antigens on MHC-I T cells ex vivo after HSV infection (Bedoui et al., 2009). We next
and/or the availability of gB for cross-presentation was insuffi-  examined the T cell-DC interactions driving CD8" T cell clustering
cient prior to viral protein synthesis. and activation by 2-photon microscopy in ltgax-EYFP mice

Immunity 43, 554-565, September 15, 2015 ©2015 Elsevier Inc. 561
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Figure 6. CD8" T Cell Priming by XCR1* LN-Resident DCs

(A) Maximum intensity projection images from time-lapse movies of ILN in HSV-infected /tgax-EYFP mice showing distinct clustering of gBT-1 CD8* T cells
(white) with non-migratory DCs (green). Scale bars represent 50 pm. See also Movie S6.

(B) Cell tracks color-coded to show contact (yellow) or no contact (light blue) with TRITC* DCs. Tracks of gDT-Il CD4™ (left) and gBT-l1 CD8" (right) correspond to
Movie S6.

(C) Duration of contact between gDT-Il CD4" and gBT-I CD8* T cells with TRITC™ cells. Data pooled from 2 independent experiments, n = 5-6 mice per group.
Error bars represent mean + SEM.

(D) 2P image of inguinal LN showing gDT-Il CD4* T cells (purple) interacting with gBT-1 CD8" T cell clusters (white). Cell tracks color-coded to show contact with
gBT-I clusters (yellow) and non-contact (blue) are depicted with a history of 20 frames. Full cell tracks are shown on the right panel. Green arrows denote CD4*
T cells in contact with gBT-I clusters. See also Movie S7.

(E) Proportion of time gDT-Il CD4* T cells were in contact with gBT-1 CD8* T cell clusters per movie. Only CD4* T cells establishing contact for >5 min with gBT-|
clusters were analyzed. Data from one representative experiment of two are shown.

(F) Maximum intensity projection images of thick inguinal LN sections showing localization of gBT-I CD8" T cell clusters (white) relative to XCR1* (red) CD11c*
(green) DCs. Dotted circles denote gBT-I clusters. Right panel shows image without gBT-I CD8* T cells. Scale bars represent 40 um.

(G) Fraction of gBT-I CD8" T cell clusters closely associated with XCR1*CD11c* DCs per mouse. Data pooled from 2 independent experiments; n = 6 mice. See

also Figure S5. Error bars represent mean + SEM.

(commonly known as CD11c-EYFP) to visualize both recent skin
migrants (TRITC*CD11c*) and LN-resident DCs (TRITC”CD11c?).
The gBT-I T cells clustered on TRITC™ cells in the draining LN 40—
48 hr after HSV infection (Figure 6A and Movie S6). These DCs ex-
pressed less CD11c, indicative of mature DCs, which upregulate
MHC-II and downregulate CD11c upon activation (Singh-Jasuja
et al., 2013). Both gBT-I and gDT-II T cells interacted only mini-
mally with TRITC* migrants at this phase of the response (Fig-
ure 6C). Notably, the clusters of CD8* T cells around CD11c*
DCs were frequently visited by CD4* T cells that interacted with
CD8" T cells for substantial periods (Figures 6D and 6E and Movie
S7). Thus, after activation by migratory DCs, CD4" T cells access
CD8" T cell clusters on resident DCs, potentially to provide DC-
licensing signals involved in CD8* T cell priming.

We assessed the identity of the DCs involved in CD8* T cell
clustering. Because CD8a* DCs are also defined by specific
expression of the chemokine receptor XCR1 (Crozat et al.,
2011; Dorner et al., 2009), we co-stained LN tissues with anti-
bodies against XCR1 and CD11c. The clusters of CD8* T cells
in LN 42 hr after HSV infection occurred almost exclusively on
XCR1* DCs (Figures 6F and 6G). Thus, although migratory DCs
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first prime CD4* T cells after localized HSV infection, CD8"
T cell activation is delayed until resident CD8a*XCR1* DCs ac-
quire the capacity to stimulate CTLs. Such temporally separated
priming of CD4" T cells by DCs specialized in MHC-II presenta-
tion prior to providing help for CD8" T cell responses highlights
the key role played by XCR1* DCs in CD8" T cell activation
and the provision of help.

DISCUSSION

The interactions between T cells and DCs and the requirements
for T cell activation are increasingly being revealed through intra-
vital imaging. Nevertheless, how both CD4" and CD8" T cell re-
sponses are initiated after infection and the involvement of
different DC subsets in the coordination of T cell priming remains
uncertain. To explore this, we utilized peripheral infection with
HSV-1, a virus that remains localized within the tissues and re-
quires antigen transport by migratory skin DCs to prime T cell re-
sponses in the LN. We found that activation of CD4* and CD8*
T cells was temporally separated and involved antigen presenta-
tion by different subsets of DCs. CD4* T cells clustered on



migratory DCs that arrived in the draining LN within 9 hr of infec-
tion, resulting in their activation. In contrast, CD8* T cells needed
to wait for XCR1* LN-resident DCs to cross-present antigens
and facilitate T cell clustering and activation. CD4* T cells also
interacted with late CD8" T cell-XCR1" DC clusters, defining
these DCs as a critical platform for the delivery of CD4* T cell
help to CD8* T cells.

These findings provide insight into the complex interactions
involved in the priming of T cell responses to peripheral infection.
Rapid activation of CD4* T cells might enable these cells to pro-
vide help via the licensing of DCs. Although it is well established
that CD4™ T cell help is required for maximal CD8* T cell re-
sponses to infections including HSV, as well as for fully functional
memory T cell populations, the mechanics of this process have
not been determined. When and where this occurs, whether
CD4* T cells are activated by the same DCs through which
they provide help, or through other DCs, are all questions that
need answering. The provision of help requires that CD4*
T cells and CD8"* T cells interact with the same DCs, though
whether this process involves simultaneous interactions by
CD4* and CD8* T cells with DCs or sequential interactions is
also not known. Moreover, in order to provide help, CD4*
T cells must first be activated and upregulate CD40L, implicating
delayed kinetics of help for CTLs until the CD4* T cells are acti-
vated and capable of licensing DCs.

Here we have provided substantial insight into these dynamic
events and demonstrate that migratory DCs activated CD4*
T cells prior to the initiation of CD8" T cell clustering on XCR1*
DCs. CD4* T cells then interacted in a dynamic fashion with
clusters of CD8" T cells being stimulated by LN-resident DCs.
These studies raise the possibility that pre-activated CD4*
T cells license CD8a.*XCR1* DCs during CD8* T cell engage-
ment, which differs for the model where CD4* T cells attract
naive CD8" T cells to licensed DCs (Castellino et al., 2006). How-
ever, we also observed some clusters of CD4" T cells on LN-
resident DCs that did not involve CD8* T cell clustering, sug-
gesting that licensing of some DCs by CD4* T cells could also
occur prior to CD8" T cell engagement. Importantly, our obser-
vations suggest that such CD4*-DC helper interactions are
dynamic and short lived. Although we introduced a higher fre-
quency of naive T cells to image these interactions, at lower pre-
cursor frequencies efficient licensing of multiple DCs by rare
antigen-specific CD4" T cells might necessitate that early-
activated helper cells move rapidly between APCs for CTL
priming.

The exact contribution of different DC subsets to CD4* T cell
priming is not known. Multiple migratory and lymphoid tissue-
resident DC subsets have been shown to have the capacity to
present antigen to CD4* T cells ex vivo (Bedoui et al., 2009;
Heath and Carbone, 2009; Kim and Braciale, 2009; Lee
et al., 2009; Zhao et al., 20083). In our model, the migratory
subset involved in antigen presentation early in the response
is primarily the CD11b™ dermal DCs, whereas the skin
CD103" DC subset does not contribute until later in the
response after secondary viral spread (Bedoui et al., 2009).
Here we have shown that migratory DCs played a key role in
activating CD4* T cells, yet were unable to stimulate CD8*
T cell in vivo. Whether early CD4* T cell activation by migratory
DCs is sufficient for optimal effector cell generation or whether

signals from XCR1* DCs are also required for complete matu-
ration and the generation of a robust memory population will
be important to determine.

The early activation of CD4™ T cells precipitated rapid intrano-
dal reorganization to B cell follicles and medullary regions,
egress to downstream lymph nodes, and more rapid accumula-
tion at the site of infection. These data might help explain how
CD4* T cells facilitate recruitment of CD8" T cells in the LN to
the infected tissues early after infection (Kumamoto et al,
2011; Nakanishi et al., 2009). Though whether such a temporal
difference occurs in other infections remains unclear given that
we have shown here that lymph-borne infection after subcu-
taneous injection of virus resulted in synchronous kinetics of
CD4* and CD8" T cell activation. The epicutaneous HSV-1
infection model used here represents a highly localized periph-
eral infection that primes robust T cell responses and memory
formation. In contrast to beads applied to scarified skin (Gerner
et al., 2015), we did not find detectable HSV infection in the LN
after localized infection, only after subcutaneous inoculation.
We found that the early events in T cell priming to localized
infection differed slightly from that after lymph-borne spread
of virus, the latter of which resulted in early activation of CD8"
T cells after clustering with infected cells. HSV binds efficiently
to receptors in the skin and is restricted by the basement mem-
brane and thus does not drain efficiently to LN (Mueller et al.,
2002b; Weeks et al., 2000; Zhao et al., 2003). Infection of
DCs in the LN has been shown to be negligible after skin HSV
infection (Allan et al., 2006). Although we can’t completely
exclude that a small number of DCs in the LN are infected,
our data suggest that cross presentation is the predominant
pathway involved in priming the CD8* T cell response via
XCR1* DCs.

Taken together, we have identified temporally staggered inter-
actions with different DCs for the priming of CD4" and CD8"
T cell responses to a localized virus infection. Our data suggest
a model whereby migratory DCs transport antigens from the
skin to the draining LN and activate CD4* T cells. Yet, migratory
skin DCs are unable to stimulate CD8" T cells, which require
antigen to be delivered to XCR1* LN-resident DCs for cross-pre-
sentation. Crucially, CD8* T cell clustering with LN-resident
DCs involved concurrent interactions with CD4* T cells, empha-
sizing the central role that XCR1* DCs play in orchestrating
both CTL priming and the delivery of help during localized
infection.

EXPERIMENTAL PROCEDURES

Mice and Infections

C57BL/6, gBT-I (Mueller et al., 2002a), gBT-1.xB6.SJL-PtprcaPep3b/BoyJ
(gBT-1.CD45.1), gBT-l.UGFP, gBT-l.dsRed, gDT-II (Bedoui et al., 2009), gDT-
ILuGFP, gDT-Il x B6.CD45.1, OT-l.uGFP, OT-Il.dsRed, ltgax-EYFP, and
MHC-II deficient (AB°) mice were bred in the Department of Microbiology
and Immunology, The University of Melbourne. gBT-l and gDT-Il encode trans-
genes expressing T cell receptor recognizing the HSV-1 glycoprotein
B-derived epitope gB4os-505 and glycoprotein D-derived epitope gD315.327,
respectively. Animal experiments were approved by The University of Mel-
bourne Animal Ethics Committee. Epicutaneous and subcutaneous infections
with HSV-1 (KOS strain) were performed as described elsewhere (van Lint
etal., 2004; Coles et al., 2002). For imaging experiments, scarification was per-
formed at the hind flank, near the transition of torso-hind limb region to allow
drainage to inguinal LN. See also Supplemental Experimental Procedures.
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T Cell Enrichment, Labeling, and Adoptive Transfer

T cells were enriched from naive lymph nodes and/or spleens of female trans-
genic mice through negative enrichment of CD4* or CD8* T cells, for gDT-II
and gBT-l, respectively. For gDT-II cells, further positive magnetic enrichment
was performed as described elsewhere (Bedoui et al., 2009). See also Supple-
mental Experimental Procedures.

TRITC Painting

Tetramethylrhodamine-5-isothiocyanate (TRITC; Life Technologies) was dis-
solved in DMSO and diluted to 0.5% (v/v) in acetone. The TRITC solution
was painted on a 1 cm? diameter region of skin in a 10 pl volume on the depi-
lated flank of anesthetized mice and allowed to dry. Mice were infected with
HSV 4-6 hr after TRITC application.

Cell Isolation and Flow Cytometry

Single-cell suspensions were resuspended in PBS containing FCS (2%) and
EDTA (5 mM) for antibody staining. For DC isolation, lymph nodes were disrup-
ted with scalpel blade and incubated in 1 mg/ml collagenase type Ill (Worthing-
ton) and 20 pg/ml DNase medium for 20 min before addition of 0.1 M EDTA.
Cells were then filtered and resuspended as above for antibody staining. Pro-
pidium iodide was added to the samples prior to acquisition by flow cytometry
(BD FACS Canto or BD Fortessa). Data were analyzed with FlowJo software
(TreeStar). See also Supplemental Experimental Procedures.

Immunofluorescence and Confocal Microscopy

Lymph nodes and spleens were harvested and fixed in PLP fixative for 6-8 hr,
washed in PBS twice for 10 min, and incubated in 20% sucrose overnight at
4°C. Tissue sections were cut at 12 pm thickness with a cryostat (Leica
CM3050S) and air-dried before being fixed in acetone for 5 min, dried, and
then blocked for 20 min (Protein Block X0909, DAKO) at RT. Sections were
then stained with primary antibodies for 1.5 hr, washed in PBS for 10 min,
and stained with secondary antibodies for 30 min. Images were acquired
with an LSM700 or LSM710 confocal microscope (Carl Zeiss) and processed
with Imaris (Bitplane), Imaged (NIH), and Photoshop (Adobe). Determination of
the LN compartments was performed with masks for different regions that
were generated semi-automatically with ImageJ (NIH) based on anti-B220
and anti-LYVE1 staining. See also Supplemental Experimental Procedures.

Intravital Two-Photon Microscopy

Surgically exposed left inguinal LNs were prepared for intravital imaging via a
modified version of a published protocol (Miller et al., 2003; Qi et al., 2006), using
an upright LSM710 NLO multiphoton microscope (Carl Zeiss) witha20x/1.0 NA
water immersion objective enclosed in an environmental chamber maintained
at 35°C with heated air. Fluorescence excitation was provided by a Chameleon
Vision |l Ti:sapphire laser (Coherent) with dispersion correction and fluores-
cence emission detected using external non-descanned photomultiplier tubes.
EGFP and DsRed were excited at 920 nm, EYFP and TRITC at 880 nm, and fluo-
rescent probes at 800 nm. For four-dimensional datasets, three-dimensional
stacks were captured every 30-45 s for 30-90 min. Raw imaging data were pro-
cessed with Imaris 7 (Bitplane). Autofluorescence was removed via channel
arithmetic function from Imaris XT (Bitplane). Cellular motion was tracked
semi-automatically via built-in tracking functions aided by manual corrections.
For tracking contact duration, spots and surfaces were generated for T cells and
TRITC™ cells, respectively, and were tracked with custom MATLAB scripts in-
terfaced with Imaris XT. Movies were generated in Imaris and composed in After
Effects (Adobe). See also Supplemental Experimental Procedures.

Imaging Thick LN Sections

Harvested LNs were either fixed in PLP for 2-6 hr or left unfixed, prior to
embedding in 2% agarose. Agarose blocks containing tissues were sliced us-
ing a VT1200 S vibratome (Leica Biosystems) into 200-250 um thick sections.
For antibody staining, tissue sections were blocked for 1.5-2 hr before incu-
bating with antibodies for 8-16 hr at 4°C. Sections were mounted on glass
slides and images were acquired on a LSM710 NLO multiphoton microscope
(Carl Zeiss). Post-acquisition processing was performed in Imaris (Bitplane).
For cluster detection, spots were created with built-in spot detection function
in Imaris and clusters detected with custom MATLAB scripts interfaced with
Imaris XT. A cluster was defined as a minimum of 3 cells aggregating within
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adistance of 15 um measured from the centroid of each cell. See also Supple-
mental Experimental Procedures.

Statistics
Comparison of data sets was performed using one-way analysis of variance
with Tukey’s post-test or two-tailed, paired t test where appropriate.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, seven movies, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.immuni.2015.07.020.
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