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The Journal of Immunology

Differential Migration of Epidermal and Dermal Dendritic
Cells during Skin Infection'

Liv Eidsmo,* Rhys Allan,* Irina Caminschi,” Nico van Rooijen,” William R. Heath,?*"
and Francis R. Carbone®*

Dendritic cells (DCs) are extremely heterogeneous, most evident in the skin where a variety of different subsets have been
identified in recent years. DCs of healthy skin include a number of distinct populations in the dermal layer as well as the
well-characterized Langerhans cells (L.Cs) of the epidermis. These steady-state populations are augmented during bouts of
local inflammation by additional monocyte-derived DCs. In an effort to better understand the distinction between the
different subsets, we examined their behavior following skin infection with HSV. LC emigration rapidly followed appearance
of virus in the skin and resulted in depopulation of regions in areas surrounding infected nerve endings. A separate DC
population was found to accumulate within the dermis under patches of active epidermal infection with at least some derived
from blood monocyte precursors. Ag-positive DCs could occasionally be found in these dermal accumulations, although they
represented a minority of DCs in these areas. In addition, infected DCs appeared compromised in their trafficking capa-
bilities and were largely absent from the migrating population. On resolution of skin disease, LCs repopulated the reformed
epidermis and these were of mixed origin, with around half entering from the circulation and the remainder derived from
local progenitors. Overall, our results show a range of migrational complexities between distinct skin DC populations as a

consequence of localized infection. The Journal of Immunology, 2009, 182: 3165-3172.

endritic cells (DCs)? are key players in T cell stimula-

tion. In recent years, it has become increasingly evident

that DCs represent a heterogeneous population (1). This
is true for both lymphoid (2) and nonlymphoid tissues (3—7), where
one can find the presence of multiple DC subpopulations. It is
likely that this DC heterogeneity reflects the diversity in DC con-
tribution to T cell priming or tolerance induction. Of the various
known DC populations, plasmacytoid DCs are particularly adept at
type I IFN production compared with other DCs to such an extent
that this may be their predominant function (8), although Ag pre-
sentation has also been attributed to this particular population (9).
Within the nonplasmacytoid or conventional subsets, mouse CDS8
DCs have been credited with unique cross-presentation ability dur-
ing cytotoxic T cell priming (10, 11). Some reports suggest that
this subset may dominate class I-restricted presentation in general
(12), although whether this totally precludes other functionalities
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or whether specific subsets are specialist helper T cell stimulators
remains unclear.

Although certain subsets, such as the CD8 DCs, may be in-
volved in selective MHC presentation, there are likely to be other
factors that contribute to the observed DC diversity. An obvious
candidate is anatomical localization, such as an origin in lymphoid
vs nonlymphoid location. Even positional differences within a
given tissue may dictate the existence of distinct and nonoverlap-
ping DC populations. The skin contains a number of DC subsets,
with clear differences between the DCs found in the outer epider-
mis (the Langerhans cells (LCs)) and those located within the un-
derlying dermis layer (the dermal DCs) (13). LCs and dermal DCs
are known to migrate to different regions of skin draining lymph
nodes (14) and they have been shown to derive from distinct pre-
cursors, with LC stem cells residing in the skin and dermal pre-
cursors originating largely from the circulation (15, 16). A small
subset of dermal DCs are also replaced by local radioresistant cells
during bone marrow transplantation (17), consistent with further
diversity within this skin-derived population. An additional com-
plexity has been revealed with the recent identification of a unique
CD103-staining, langerin-positive dermal population that is differ-
ent from the epidermal LCs traditionally associated with this latter
marker (3-5). Finally, inflammation recruits a separate and distinct
DC population of monocytic origins (18). These monocyte-derived
DCs have been shown to carry Ag to the draining nodes (19) as
well as replenish the LCs that are lost as a consequence of the
initial migratory stimulus (17).

Although the above DC complexity has been variously defined
and studied in steady-state or nonspecific inflammatory settings, a
direct correlation of subset migration and replenishment with the
progression of infection has often been lacking. Given this, we set
out to accurately define the behavior and movement of the different
DC populations of the skin in response to the appearance and ul-
timately clearance of a highly localized infection of this tissue with
a skin tropic pathogen, HSV.
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Materials and Methods
Mice

C57BL/6, B6.SJL PtprcaPep3b/BoylJ (B6.Ly5.1), and C57BL/6-Tg(UBC/
GFP)30 Scha/7 were obtained from the Department of Microbiology and
Immunology (University of Melbourne, Melbourne, Australia). Mice were
housed in specific pathogen-free conditions and all experimentation was
conducted according to institutional ethical guidelines.

Generation of bone marrow chimeras

Chimeric mice were generated by irradiation of recipient C57BL/6 mice
(CD45.27™) with two doses of 550 Gy, 4 h apart. Four hours after treatment,
5 X 10° B6.Ly5.1 (CD45.1") bone marrow cells were injected i.v. The
mice were allowed to recover for 8 wk before use.

HSYV infection

The KOS strain of HSV type 1 was propagated and titrated with VERO
cells grown in MEM containing 10% FCS. Mice were inoculated with 1 X
10° PFU of HSV-KOS via the flank scarification model of HSV infection
as previously described (20). Viral titers in infected skin were determined
by standard plaque-forming assays of homogenized skin on VERO cells.

Cytokine analysis in skin homogenates

TNF-a, IFN-v, and IL-18 were assayed by using a BD Biosciences cyto-
metric bead array flex set for mice.

Tetramethylrhodamine isothiocyanate (TRITC) painting

TRITC (Invitrogen) was prepared in a 10% stock in DMSO and diluted to
1% solution in acetone. Ten microliters was applied along the zoster site 2
days after infection.

Depletion of circulating monocytes by clodronate-loaded
liposome treatment

CLMDP (clodronate) was a gift from Roche Diagnostics and incorporated
into liposomes as previously described (21). Two hundred microliters of
clodronate-containing liposomes were injected i.v. at the day of infection
and thereafter at a daily dose of 150 ul.

Labeling of Gr1™" blood monocytes

Gr1™e" monocytes were labeled by i.v. injection of 200 wl of 0.5 wm of
FITC-conjugated microspheres (0.1% solids (w/v) diluted in PBS; Poly-
sciences) in the lateral tail vein 16—18 h after a single dose of 200 ul of
clodronate-containing liposomes (18).

HSV infection of bone marrow-derived DCs

Bone marrow collected from C57BL/6-GFP was matured in the presence
of GM-CSF (1 wg/ml) and IL-4 (0.3 ng/ml) for 6 days followed by an 18-h
maturation in LPS (1 ug/ml) in RPMI 1640 containing 10% FCS and
streptomycin. HSV was added in PBS at 5 multiplicity of infection for 1 h
before injection. In brief, 3 X 10° cells were injected s.c. in the footpad.
Popliteal lymph nodes were harvested 24 h after injection for FACS
analysis.

Immunofluorescence microscopy

Skin tissues or lymph nodes were frozen immediately after euthanatization
in Tissue-Tek OCT (Sakura Finetek). Sections (8—12 wm) were cut in a
cryomicrotome (CM3050S; Leica), air dried, and fixed in ice-cold acetone
or 3% paraformaldehyde (CD45.1). Epidermal sheets were prepared as
previously described (15). The following primary Abs were used in PBS
containing 5% donkey serum (The Jackson Laboratory): rat-anti-langerin
(1/500, clone 929F3; Dendritics), polyclonal-rabbit-anti-HSV (1/10, Dako-
Cytomation), biotinylated hamster-anti-CD11c (1/100, clone HL3; BD
Biosciences), rat-anti-MHC class 11 (MHCII; 1/500, clone M5/114), bio-
tinylated rat-anti-FIRE (1/100, clone 6F12, obtained from K. Shortman
(22)), rabbit-anti-PGP9.5 (1/500; AbD Serotec), mouse-anti-CD45.1 (1/
300; eBioscience), F4/80 (1/400, clone CLA3-1; Caltag Laboratories),
and MOMA-1 (1/100, obtained from K. Shortman, The Walter and
Eliza Hall Institute, Melbourne, Australia), IL-1b (1/100; R&D Sys-
tems). Isotype controls were obtained from BD Biosciences and
eBioscience and used at the same concentrations as the primary Abs in
combination with secondary reagents. The sections were incubated with
primary Abs at 4°C for 16—18 h, followed by incubated for 20 min with
secondary Abs at room temperature (streptavidin-Alexa Fluor 488 or 594
and anti-rabbit Alexa Fluor 488, anti-rat Alexa Fluor 594 or 647 (1/750;
Molecular Probes).
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FIGURE 1. Progression of HSV from nerves to skin. A, Schematic of the
spread of HSV in the zosteriform model of flank infection that shows the
primary infection (i), the entry of virus into sensory nerve endings and move-
ment to the sensory dorsal root ganglia via retroaxonal flow (ii), the second
round of virus replication within the ganglia and spread to new nerve bodies
(iii), the movement of virus in a centrifugal fashion from the dorsal root gan-
glion (iv), and the emergence of virus at a site spatially distinct from the origin
of primary inoculation (the zoster site) (v). B, Viral load at the zoster site of
infection between days 2 and 8 after inoculation. C, Staining of HSV Ag at day
3 after inoculation at the zoster site in cryosections using anti-HSV Ab (green)
and DAPI (blue). D, Costaining of nerve endings at the epidermal-dermal
junction in infected skin at day 3 after inoculation with anti-PGP9.5 (red)
followed by anti-HSV Ab (green). E, Patches of infected keratinocytes within
the epidermis at the zoster site of infection visualized using anti-HSV Ab
(green) and DAPI (blue) in transverse sections and F, from above, in epidermal
sheets at day 4 after infection.

The staining of PGP9.5 and HSV-1 was performed with anti-PGP9.5
as a primary Ab followed by anti-rat Alexa Fluor 594 and then FITC-
conjugated polyclonal anti-HSV-1. FIRE and MHCII were costained by
using rat anti-MHCII as a primary Ab, followed by donkey anti-rat-
Alexa Fluor 594, then biotinylated anti-FIRE and SAV-Alexa Fluor
488. Slides were mounted with Vectashield containing 4’,6-diamidino-
2-phenylindole (DAPI; Vector Laboratories).

All immunostaining was performed in duplicates and repeated at least four
times. The density of LCs in epidermis and langerin™ cells in dermis was
assessed by counting 10 representative fields per sample at X 1000 magnifi-
cation. Images were acquired using a fluorescence microscope (DMI 4000B;
Leica) and digital Leica cameras (models DFC 350 FX and DFC 490; Leica)
and were analyzed using IM50 software and Adobe Photoshop. Confocal im-
ages were obtained using a Meta 5110 (Leica) and analyzed using Image J or
(confocal software). Statistical analysis was performed with Prism 4.0 (Ap-
plied Biosystems) using the Mann-Whitney U test.

Preparation of single-cell suspension from flank skin tissue

Euthanized mice were perfused with HBSS and a 1-cm? piece of skin was
removed. Full-thickness skin or epidermal sheets (prepared as previously
described (16)) were cut into small pieces and digested for 90 min at 37°C
in a solution of RPMI 1640 plus 5 wg/ml DNase I (Sigma-Aldrich) and 3
mg/ml collagenase type III (Sigma-Aldrich) containing 2% FCS. The cell
suspensions were passed over 70-um filter mesh and washed before
immunolabeling.

DC isolation from lymph nodes

Popliteal lymph nodes were cut into small fragments and digested at room
temperature in RPMI 1640-FCS medium containing collagenase (1 mg/ml,
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FIGURE 2. Rapid LC emigration on HSV emergence into the skin epi-
dermis. A, Transverse section of skin 3 days after infection show costaining
of langerin (red) adjacent to a HSV-1 Ag-expressing nerve ending (green,
white arrow marks region of interest). B, The network of LCs (red) in
control epidermal sheets (upper panel) and HSV-infected (green) epider-
mis at day 3 (lower panel) with nuclear DAPI staining (blue). C, LCs (red)
emigrating from the epidermis next to a HSV ™ nerve (green, white arrow).
D, Dot plots showing density of LCs in epidermis (right panel) and dermis
(E; left panel). Median is shown with a horizontal bar (*, p < 0.05; *x, p <
0.01; and ==, p <0.001).

type II; Worthington Biochemical) and DNase I (Boehringer Mannheim)
followed by EDTA (1 ml, 0.1 M (pH 7.2)) incubation as previously de-
scribed (23). DC enrichment was performed by incubation on ice for 30
min with the following mAb: anti-CD3 (KT3-1.1); anti-Thy 1 (T24/31.7, a
pan-Thy 1); anti-Gr1 (RB68C5); and anti-erythrocyte (TER-119) followed
by incubation with anti-rat Ig-coupled magnetic beads (Dynal). Upon re-
moval of magnetic beads, the DC-enriched fraction was immunolabeled for
flow cytometry analysis.

Immunolabeling of single-cell suspensions and flow cytometry

Single-cell suspensions were incubated with an anti-FcIIIR/IIR (clone
2.4G2; BD Pharmingen) mAb in PBS containing 1% BSA. The following
Abs were used for immunolabeling: Grl-allophycocyanin, CD11b-PE-
Cy7, MHCII biotinylated, CD45.2-FITC, streptavidine-allophycocya-
nin-Cy7 (BD Pharmingen), CD45.1-allophycocyanin, and CDI11c-Al-
exa Fluor 700 (eBioscience). The total number of DCs was calculated
by adding 2 X 10* BD Pharmingen Sphero Blank calibration particles
to each sample and collecting 1 X 10* beads during analysis. The data
were collected and analyzed using a FACSCanto II flow cytometer (BD
Biosciences) and FlowJo software (Tree Star).

Results
Progression of HSV from nerves to skin during flank
zosteriform spread

Flank infection with HSV results in the progressive movement of
virus from the site of inoculation into the sensory nerve endings at
the point of inoculation (20, 24). The virus then travels to the nerve
cell bodies originating in the dorsal root ganglia (Fig. 14). After
local replication within the nerve cell bodies, virus spreads to other
neurons within a given ganglion before emerging via anterograde
axonal flow. Since the intraganglionic spread brings into play ad-
ditional nerve projections, the virus ultimately emerges over the
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FIGURE 3. Emigration is biased toward noninfected skin DCs. A, HSV
Ag-positive (green) CD11c™ (solid square) and langerin™ cells (white ar-
row) in dermis underlying HSV-1-infected epidermis. B, Left and middle
panel, 1-pm-thick sections of a HSV™ (green) CD11c¢™ (red) cell (upper
panel) and a HSV* (green) Langerin® (red) cell (lower panel). Nuclei
were visualized by DAPI (blue). Right panel, Z-stack of 12 slices was
projected according to maximal intensity. C, Costaining of TRITC (red)
and HSV (green) in cross-section through a skin draining lymph node 4 days
after HSV infection and 48 h after TRITC application to HSV- infected skin.
D, Representative density plots show live GFP expressing HSV-infected (left
panel) or control (right panel) monocyte-derived DCs in skin draining lymph
nodes 24 h after s.c. injection. E, Dot plot showing the number of DCs mi-
grated to skin draining lymph nodes. Pooled data from two separate experi-
ments is shown. Mann-Whitney U test was used for statistics.

whole dermatome in a zosteriform band that extends well beyond
the original point of contact. In the experiments used here, virus
could first be detected at the zoster site of infection around day 3
after inoculation, although there was considerable variation in both
the timing of emergence and the amount of virus recovered from
independent samples (Fig. 1B). Fig. 1C shows day 3 postinocula-
tion staining for HSV Ag at this secondary region of infection. The
anti-HSV antisera clearly lit up structures at the dermal-epidermal
junction of the skin that costained with anti-PGP9.5, which is a
ubiquitin protein hydrolase and a specific marker for small nerve
fibers in peripheral tissues (25) (Fig. 1D). In some cases (Fig. 1C,
left panel), there was little spread of infection into the epidermal
layer itself, with few Ag-positive keratinocytes near infected nerve
endings. In other cases (Fig. 1C, right panel), virus could be seen
spreading to neighboring keratinocytes at this time and we suspect
that these examples correspond to a more advanced course of in-
fection and thus higher titer day 3 samples in Fig. 1B. Infection
spread from focal points in the epidermis around nerves endings to
form infected patches completely contained in the epidermis,
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FIGURE 4. Accumulation of DCs in the dermis below areas of HSV infection. A, H&E staining 4 days after infection shows focal dermal mononuclear
inflammation under two infected epidermal foci (arrowheads). B, Costaining of langerin (red) and CD11c (green) in transverse sections of skin 4 days after infection.
C, Area of scarce (middle panel) and dense (right panel) inflammation costained for CD11c (green) and MHCII (red) as compared with uninfected skin (left panel). D,
Costaining of FIRE (green) and MHCII (red) in an area of dense inflammation 4 days after infection (right panel) as compared with uninfected skin (left panel). E,
Expression of F4/80 (red, right panel), MOMA-1 (red), and CD11c (green, left panel) in infected skin on day 4. Nuclei were visualized with DAPI (blue). F, Expression
of CD11c (green), MHCII (red, left panel), F4/80 (red, middle panel), and MOMAL (red, left panel) counterstained with DAPI (blue) on day 10 after HSV infection.

shown in Fig. 1E in transverse sections and Fig. 1F as a top view
of epidermal sheets.

Rapid LC emigration on HSV emergence into the skin epidermis

Fig. 2A shows reduced density of LCs in epidermis within the
proximity of emerging virus-positive nerve endings even in the
absence of overt infection of neighboring keratinocytes (shown by
the arrow), arguing that the arrival of the virus caused rapid LC
mobilization and emigration from the skin. This is also evident in
the top view of the epidermal sheets shown in Fig. 2B (bottom
panel), which has LC-deficient areas surrounding the infected
patches. LCs could also be seen actively leaving the epidermis as
shown in Fig. 2C. This was also seen in quantitation of skin LC
density with time after infection, which revealed a drop in epider-
mal LC density (Fig. 2D) and a corresponding increase in the
number of langerin-positive cells in the underlying dermis (Fig.
2E), again arguing for virus-induced LC migration from the epi-
dermal layer.

Emigration is biased toward noninfected skin DCs

Given the concomitant emergence of HSV into the epidermal layer
and LC emigration in Fig. 24, we looked for the presence of virus-
infected LCs within the underlying dermis. Virus-positive DCs
were found in this layer (Fig. 3, A and B), although they were both
langerin-positive and negative and thus not exclusively of epider-
mal origin. In addition, infected cells represented only a minority
of all DCs in this region. Thus, it appeared that only a small frac-
tion of emigrating LCs were infected or if infection was wide-
spread, such cells were undergoing rapid elimination. The latter is
consistent with the highly cytopathic nature of this virus (26). That

infected DCs did not survive migration was suggested by exam-
ining TRITC-labeled skin emigrants in the skin draining lymph
nodes for signatures of active infection, which showed that the DC
migrants were overwhelmingly negative for HSV Ag (Fig. 3C).
Formal proof that direct DC infection resulted in compromised
migration, is shown in Fig. 3, D and E, where in vitro-infected or
control bone marrow-derived DCs were directly injected under the
skin to show reduced LN accumulation in the former population.
Overall, the results argued that although HSV emergence initiated
DC migration from the skin, the cells that entered the lymph node
were largely not those infected with virus.

DCs accumulate in the dermis below areas of HSV infection

As the HSV infection spread within the epidermis, areas of dense
mononuclear cell infiltrates could be seen within the dermis (Fig.
4A). These were directly under the infected epidermal patches
(data not shown). Although a few langerin-positive cells were
found in these infiltrates, the majority of cells were CD11c posi-
tive, langerin negative and thus clearly not of epidermal origin
(Fig. 4B). Closer examination showed that the dermal accumula-
tion occurred in two waves (Fig. 4C), an early wave of moderate
cell density under infected surface patches followed by a more
extensive accumulation 1 day later as infection spread throughout
the epidermis. During the later phase, MHCII-positive but CD11c-
negative cells accumulated deep in the dermis under the more su-
perficial CDI11c™ infiltrate. This deeper population expressed
FIRE, an F4/80-like receptor (Fig. 4D), which is found on blood-
derived monocytes, tissue macrophages, and a subpopulation of
splenic DCs (22). FIRE is down-regulated on the DCs upon stim-
ulation and maturation (22), arguing that this FIRE™ population
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epidermal HSV infection. A, Bar graph showing the concentration of
IFN-7v, TNF-q, and IL-18 in skin homogenates from HSV on day 3 (&),
HSV on day 5 (M), and control skin ([J). B, Expression of IL-18 in healthy
skin and HSV-infected skin on day 4.
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allophilic macrophages (Fig. 4F) similar to what has been reported
previously by Dupasquier et al. (27) in healthy skin. MHCII- and
F4/80-expressing macrophages were present in high numbers
throughout the dermis after disease resolution, whereas MOMA-
1-expressing macrophages consistently were found in the deeper
parts of the dermis (Fig. 4F). These regions represented areas of
local inflammation confirmed by up-regulation of TNF-«, IL-18,
and IFN-vy expression in HSV-infected skin (Fig. 5A) and the pres-
ence of inflammatory cytokines TNF-a (data not shown) and
IL-18 around infected areas (Fig. 5B), the latter apparently made
by the keratinocytes. Furthermore, the levels of the monocyte/mac-
rophage-associated chemokines MIP-1«, MIP-13, and MCP-1 as
well as the keratinocyte-derived chemokine were >10-fold in-
creased in HSV-infected skin as compared with naive skin or
HSV-infected skin at the time of virus reemergence (data not
shown).

Accumulating DCs are of monocytic origin

Newly infiltrating Grl™ monocytes recruited into sites of inflam-
mation can be tracked by labeling them with fluorescent beads

Derm IEpi

FITC beads

Naive 3 4 5 6 8 10
Days after Infection

Number of CD11¢* MHC II'DCs O

FIGURE 6. DC infiltrates of monocytic origins accumulate in the dermis below areas of HSV infection. A, Density plots (left panel) showing Grl
expression combined with FITC-labeled bead content of CD45™" cells from zoster site skin at different times after infection. Histograms (middle and right
panels) show CD11c and MHCII expression of the indicated populations of FITC*Gr1™&" or FITC*Gr1'¥ cells. Data are representative of three inde-
pendent experiments. B, Staining of HSV (left panel) and FITC beads (right panel) on day 4 (upper panel) and day 5 (lower panel) after infection. C, The
bar graph represents number of CD45*CD11b"Gr1'*CD11¢*MHCII* DCs/cm? in the skin during the progression of HSV-1 infection. Data were pooled

from three independent experiments.
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FIGURE 7. Clodronate-loaded liposome (CLL) treatment depletes cir-
culating monocytes and impairs skin DC replenishment during infection. A,
Representative FACS profiles of CD45"CD11¢"MHC II'" DCs in naive
skin and 6 days after infection with or without clodronate treatment (upper
panel). The bar graph (lower panel) shows the number of DCs per cm? skin
at the times indicated during daily clodronate treatment. Data were pooled
from two independent experiments and mean and SE are shown. B, Trans-
verse skin sections stained for CD11c¢ (left panel) and MHCII (right panel)
in naive skin (upper panel) 4 days after infection (middle panel) and 4 days
after infection under HSV-infected epidermis after daily clodronate treat-
ment (lower panel).

after transient elimination of the Grl~ population of circulating
monocytes using clodronate-loaded liposomes (18). Fig. 6A shows
the infiltration of a Gr1 "FITC™ subset into skin around 2 days
after infection as detected by flow cytometric analysis of whole
skin. This population was replaced by bead-positive DCs that were
Grl~CD11c¢*MHCII™, starting around day 3 after infection at low
numbers and reaching peak levels after day 5. Populations of FITC
bead-containing cells were also detected under infected epidermis
by histological analysis (Fig. 6B). The increase in bead-labeled
CD11c™ cells in the skin mirrored the overall increase in total
CD11¢"MHCII™ cells from day 6 after infection (Fig. 6C). It
should be noted that there was a transient loss of cells with these
markers, reaching a numerical nadir around day 4 (Fig. 6C). This

MIGRATION OF SKIN DCs DURING VIRAL INFECTION

A

B Control Infected
10 1] |43 1

Donor Ly5

1 " el 58|
Host Ly —— =

o

100+
2
5 [JHost
: 759 I Donor
&
=
G 501
o
c
m
o 254
o
* |

Control Infected

FIGURE 8. On resolution of infection, LC replacement in the re-
formed epidermis is from mixed local and blood-derived origin. A,
Transverse section of HSV-infected skin 5 days after infection stained
for HSV (green), CDI11c (red), and DAPI (blue). The arrow shows
shedding of HSV™ epithelium. B, Representative dot plots from epi-
dermal sheets prepared from healthy skin (controls) and scar tissue 30
days after HSV infection (infected) stained for Ly5.1 and Ly5.2. C, Bar
graphs show the origin of epidermal CD11c*MHCII* cells in CD45.1
(donor)—CD45.2 (host) bone marrow chimeric mice 1 mo after HSV-1
infection assessed by FACS. Mean and SE from data pooled from two
independent experiments are shown. D, Epidermal sheets covering
HSV- induced scar tissue stained for CD45.1 (green) and langerin (red)
1 mo after HSV infection with clusters of donor-derived cells shown
circled in the right panel.

likely reflects emigration of DCs seen after the first arrival of HSV
into the skin.

That monocyte-derived DCs accumulated in infected skin was
confirmed by showing that clodronate-loaded liposome ablation of
circulating monocytes reduced the CD11c¢*MHCII" cells in in-
fected but not naive mice, as detected by flow cytometry (Fig. 7A4).
In addition, this treatment appeared to also reduce the intensity of
MHCII and CDl11c staining under the infected epidermal patches
on day 4 as shown in Fig. 7B. Overall, the data argued that at least
some of the cells that accumulated under the HSV-infected epi-
dermis were of monocytic origin and that these cells replaced DCs
that had left the skin as a consequence of HSV infection.
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On resolution of infection, LC replacement in the reformed
epidermis is from mixed local and blood-derived origin

The zosteriform disease resulted in considerable damage to the
skin and complete destruction of the epidermis (Fig. 8A). It has
been reported that LCs can be replaced from precursors that orig-
inate in the blood, such as those of monocyte origin (17, 28). In
addition, LC precursors also exist within the skin itself (15). Given
this, we set out to determine whether both cell types could equally
repopulate the epidermis that reformed after resolution of infec-
tion. To do this, we took advantage of the finding that the local LC
precursors survive irradiation (15), whereas the blood-derived pop-
ulation can be replaced by bone marrow reconstitution (16). Fig. 8,
B and C, shows that LCs in the healed epidermis were nearly
equally of host and donor origin 1 mo after infection compared
with control uninfected mice, where 80% of LCs in control skin
where donor derived. The replacement of LCs by both host- and
donor-derived precursors was also evident in histological analysis
(Fig. 8D). Moreover, the histology showed that these cells were
interspersed, suggesting a random reconstitution of LCs by distinct
precursors (Fig. 8D, left panel), although clusters could occasion-
ally be seen in the epidermal sheets (Fig. 8D, right panel). Overall,
although destruction of the epidermis resulted in considerable re-
placement by blood-derived LC precursors, a local population
nonetheless made a significant contribution to the replenishment of
this tissue.

Discussion

The zosteriform model of HSV infection has unique advantages
when it comes to the examination of DC behavior in the skin. The
pathogen enters the skin via an endogenous axonal-mediated route
and thus does not involve any form of tissue trauma, which is a
known stimulus for skin DC migration (29). Separately, virus rep-
lication is largely confined to the epidermis, making it a perfect
model to study LC behavior in the face of infection in this location.
As can be seen in this study, the infection proceeds from nerve
endings to adjacent cells in the epidermal layer. Temporal tracking
of LC migration showed that they were mobilized very fast after
appearance of virus in the skin. Indeed, changes in LC staining
could be seen when virus Ags were largely confined to the nerve
endings and before extensive infection of the adjacent keratino-
cytes. It has been shown that LCs are poor contributors to T cell
activation after HSV infection (16, 30). A rapid mobilization and
emigration from the skin before extensive spread of infection
could, in part, explain their lack of presentation. In addition, in-
fected DCs are functionally compromised and rapidly die (26, 31),
which would further decrease their contribution to overall T cell
priming. Our results reinforced this by showing that few migrants
within the draining lymph nodes expressed HSV Ags and that
infection with this virus actually inhibited DC migration.

One striking result from this study is the observed difference in
behavior of epidermal LCs and the dermal DC populations. The
epidermal regions around infection appeared to be largely devoid
of LCs, consistent with their rapid emigration from this layer of
skin. In contrast, there was a marked accumulation of DCs in the
dermis just under infected areas. A similar pattern of subepithelial
accumulation was also seen in vaginal infections with HSV-2 (30).
In that case it was not determined whether the DCs were all of
local origin or whether some had entered from some external
source, although a subsequent study suggested that infiltrates were
indeed of monocytic origin (32). In this study, the dermal DC
accumulations include a monocyte-derived population, determined
by a combination of bead tracking and clodronate depletion. The
flow cytometric studies showed a conversion of the recruited
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FITC-bead-positive cells from Grl*CDI11c™ infiltrating mono-
cytes to a Gr—CD11c¢™ DC population, as reported in other cases
of local inflammation (17). Interestingly, histological assessment
showed that cells with a monocyte phenotype, marked by expres-
sion of FIRE, were located much deeper in the dermis than the
CD11c™ DCs. This suggests the existence of some form of mat-
uration gradient toward the dermal-epidermal junction and possi-
bly the migration of monocyte-derived DCs toward the infected
epidermis. If so, such migration would be distinct from what was
seen with the epidermal LCs, which migrated in the opposite di-
rection on first appearance of pathogen, most likely en route to the
lymph nodes.

Skin DC numbers decline with infection, reaching relatively low
levels by day 4 after inoculation (Fig. 4C). It is likely that the
increases seen after this time reflected recruitment of monocytes
and their conversion to a dermal DC population. Treatment with
clodronate-loaded liposomes significantly reduced the DC content
at day 6 after infection, at a time when monocytes were seen con-
verting to a Grl "CD11c¢™ population. This result argued that ma-
jority of DCs were of monocytic origin as infection progressed,
although we assume that this is not the only means of local DC
replenishment. Nonetheless, HSV-induced replacement by mono-
cytes recruited from the circulation is consistent with the results
from vaginal infection (32). The newly recruited DCs may be in-
volved in continuous trafficking of Ag to the draining lymph nodes
and it has been shown that such DCs can indeed transport skin-
derived material in this matter (19). Alternatively, this relatively
late DC infiltration may serve another purpose, such as the stim-
ulation of T cells within the infected skin itself. Local DC stimu-
lation has been shown in the case of memory and effector T cell
populations (33, 34). In addition, the recruited monocytes could
well be the precursors of long-lived DC populations that persist
after the resolution of infection. It has been shown that LCs can, in
part, be derived from monocytic precursors subsequent to skin
inflammation (17). In this study, infection resulted in extensive
damage to the outer epithelial layer of the skin, which is reformed
by around days 9-10 after inoculation. The LCs that repopulated
this reformed skin were found to be of mixed origin, either derived
from radioresistant LC precursors or recruited from some radio-
sensitive subset, presumably derived from the circulation. Both
populations were intermixed and were evenly spread in the epi-
dermal layer, which is different to what is seen in other cases of
skin and mucosal LC ablation (3, 17, 32). One difference between
the situation here and the previous reports, which involved near
complete elimination of all LCs, is that the skin surrounding the
site of infection was left relatively unaffected. As a consequence,
these intact epidermal areas could contribute the local precursors
that partly replenish the lost LC population.

Overall, this study shows that the skin DC populations behave in
a complex fashion after infection in the skin, both in terms of their
migrational characteristics and their localization in the skin. Such
results build on the growing evidence that the different DC subsets
are indeed unique and distinct in their functional capacities.
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