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The question of which dendritic cells (DCs) cross-present peripheral tumor antigens remains unanswered. We
assessed the ability of multiple skin-derived and lymphoid resident DCs to perform this function in a novel orthotopic
murine melanoma model where tumor establishment and expansion is within the skin. Two migratory populations
defined as CD103¡XCR1C and CD103CXCR1C efficiently cross-presented melanoma-derived antigen, with the
CD103¡XCR1C DCs surprisingly dominating this process. These results are critical for understanding how antitumor
CD8C T cell immunity is coordinated to tumor antigens present within the skin.

Introduction

Currently, limited information exists on the exact cell types
responsible for generating an antitumor CD8C T cell response.
Thus, the overall aim of this study was to identify the DCs that
are important for the cross-presentation of cutaneous melanoma
antigen to naive tumor-specific T cells within the skin-draining
lymph nodes. A novel orthotopic melanoma transplant model
that predominantly confines peripheral tumor growth to the epi-
dermal and dermal layers of the skin is utilized in this study to
answer the important question of which DCs cross-present
peripheral tumor antigen.

DCs are the master regulators of T cell immunity.1 Peripheral
sites, such as the skin, contain a rich network of heterogeneous
DCs.2 Such diversity allows individual subsets to perform a par-
ticular function, enabling a division of labor. This concept is sup-
ported by studies highlighting that some subsets of DCs are
superior at presenting endocytosed antigen to CD4C T cells on
major histocompatibility complex (MHC) class II molecules,
while others are better at introducing exogenous antigens into
the MHC class I pathway in a process referred to as cross-presen-
tation.3-6 These differences reflect inherent variations between
DC subsets that include possession of specialized intracellular
processing machinery enabling external antigens to access the
MHC class I peptide-loading pathway5 or the expression of

defined endocytic receptors to facilitate the specific uptake of
antigen from their surroundings.3,4

Specific categorization of the different DC lineages remains
challenging, although subclassification into independent sub-
sets is possible.7 An immediate segregation can be made of
plasmacytoid DCs (pDCs) and classical DCs (cDCs). Both of
these subgroups arise from a common DC precursor before
terminally differentiating into their respective subgroups.8,9

Traditionally, demarcation of these subgroups relies on expres-
sion of selective surface antigens and their specific immune
function. For example, expression of CD317 within the DC
compartment is restricted to pDCs and these cells are the pri-
mary source of type I interferon following viral infection.10,11

An improved understanding of the transcription factors con-
trolling DC development provides an alternate means to clas-
sify distinct DC subsets. Using this approach, pDCs can be
separated from cDCs by regulation of their differentiation pro-
gram dependent on specific transcription factors such as
E2-2.12,13 Furthermore, cDCs can be further divided into sev-
eral subgroups displaying common functional features and
properties. For example, certain mouse strains lacking the
gene encoding the transcription factor Batf3 do not have the
capacity to cross-present antigens.14,15 However, identification
of specific lineage markers exclusively expressed on cross-pre-
senting DCs remains elusive.
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Numerous studies have established that the CD8C DC subset
excels at cross-presenting antigens.16 This particular subset predomi-
nantly resides in the spleen and lymphoid organs. Recent reports
demonstrate that skin-derived CD103C DCs also efficiently cross-
present antigens.2,17 In certain mouse strains, these subsets share a
dependency on key transcription factors crucial for their develop-
ment.18 Thus, based on their similar functional specialization and
unified gene expression signature, the CD8C and CD103C DCs
appear to represent a distinct lineage of DCs. More recently, the
expression of the XC-chemokine receptor 1 (XCR1) has been used
to identify cross-presenting DCs.19-23 This marker is not found on
all CD8CDCs and the existence of XCR1CDCs that do not express
either CD8 or CD103 have been reported.22

In summary, a strong link exists between DC subtypes that
express a common set of transcription factors and the ability to
cross-present antigens to CD8C T cells,14,24 but linking this
with the expression of particular surface markers remains chal-
lenging. Here, surface expression of CD8, CD103 and XCR1 is
used to describe various DC populations within the skin-drain-
ing lymph nodes of mice. We report that four XCR1C DC
populations with heterogeneous surface marker expression can
be identified. Using a novel transplant model of cutaneous mel-
anoma where tumor growth is within the skin, we demonstrate
that two migratory populations defined as CD103¡XCR1C and
CD103CXCR1C are superior at cross-presenting melanoma-
derived antigen, with the CD103¡XCR1C population dominat-
ing this process. This report provides new insight into the func-
tional specialization within the broad network of DCs that are
responsible for skin immunosurveillance and possess the capac-
ity to initiate antitumor CD8C T cell immunity.

Results

Cross-presentation of cutaneous-derived melanoma antigen
Immunity to cancer is a classic biological scenario that relies

heavily on cross-presentation to elicit a CD8C T cell response.
To date, the exact DC populations responsible for cross-present-
ing cutaneous tumor antigen remain ill-defined. In this study, we
focused our attention on melanoma. Traditionally, the standard
preclinical model of melanoma involves subcutaneous delivery of
B16 melanoma cells.25 This robust model results in tumor
growth beneath the skin. However, the etiology of malignant
melanoma in humans is within the epidermis. The early stages of
this disease display aberrant intraepidermal growth that pro-
gresses to vertical growth and dermal invasion.26 This certainly
allows local epidermal- and dermal-derived DCs to sample the
malignant tissue before their migration to the tumor-draining
lymph nodes. Thus, to conduct studies on skin-derived DC
immunosurveillance of melanoma, a more realistic model that
more closely mimicks human disease is required. Therefore, we
developed an orthotopic murine melanoma model where tumor
establishment and expansion takes place within the skin.

Such a model is achieved by grafting B16 cells directly onto
the skin of mice in a procedure referred to as cutaneous inocula-
tion. Figure 1A shows the growth of cutaneous tumors at various
timepoints. It clearly shows that cutaneous tumors grow superfi-
cially whereas subcutaneous tumors grow beneath the skin
(Fig. 1B). Histological examination confirmed the macroscopic
observations (Fig. 1C–E), thus our novel grafting procedure pro-
vides a robust model of disease progression in the correct ana-
tomical microenvironment. Interestingly, cutaneous-derived

wild-type B16 tumors reliably form
metastases in the draining lymph node
(Fig. 1F). This is not observed in the
classical subcutaneous model and it is a
bona-fide metastasis, as B16 cells trans-
duced to express eGFP can be grown in
vitro from tumor-draining lymph node
explants (Fig. 1G). Of critical relevance
here, cutaneous inoculation results in
melanoma establishment within the epi-
dermis and dermis, mimicking the
human condition and allowing skin resi-
dent DCs to sample local tumor
antigens.

To assess tumor antigen presentation
in vivo in the cutaneous model, B6 mice
were inoculated with B16 cells expressing
the model antigen ovalbumin (OVA).
To monitor antigen presentation, we
tracked the proliferation of CFSE labeled
CD8C OT.I T cells specific for an H-
2Kb-restricted epitope of OVA27 60 h
after intravenous injection into B6 mice
harboring palpable cutaneous B16-OVA
tumors. This approach revealed that
OVA-specific T cell proliferation

Figure 1. Orthotopic model of cutaneous melanoma. Wild-type B16 melanoma cells were grafted via
the (A) cutaneous or the (B) conventional subcutaneous route. Disease progression over time is
depicted for cutaneous lesions. (C–E) H & E staining of skin identifying the epidermal, dermal, adi-
pose tissue and subcutaneous muscle layers on (C) uninoculated skin, (D) cutaneous, and (E) subcu-
taneous tumor grafts. (F) Metastatic disease in the tumor draining brachial lymph node. (G) eGFP
expression on cells grown from lymph node explants (green) were compared to B16_eGFP (blue)
and parental B16 (red) cells grown in vitro. Data are representative of at least two independent
experiments.
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occurred in the draining lymph nodes (Fig. 2A). Within this
experimental model B16-OVA melanoma cells that have metas-
tasized to the regional nodes have the capacity to present antigen
directly to T cells. To circumvent this possibility, we acquired a
variant of B16 that selectively lacks H-2Kb molecules and trans-
duced it with OVA to generate B16Kb¡-OVA. Treatment of
wild-type B16-OVA and B16Kb¡-OVA cells with IFNg results
in the expression of H-2Db molecules in both lines. However,
upregulation of H-2Kb molecules after IFNg treatment was not
observed in the B16Kb¡OVA cell line (Fig. 2B), confirming pre-
viously published results that this variant has lost this particular
MHC restriction element.28 Considering OT.I T cells recognize
a H-2Kb-restricted epitope, potential direct presentation by
B16Kb¡-OVA melanoma cells is abrogated and only host-derived
cross-presenting DCs can drive melanoma-specific CD8 T cell
proliferation. Interestingly, metastases to the skin-draining lymph
nodes are either reduced or absent when this particular B16Kb¡

variant is grafted onto the skin. Thus, in this particular experi-
mental setup melanoma growth is predominantly confined to the
skin. To confirm cross-presentation occurs in this setting, the
proliferation of OVA-specific CD8 T cells was investigated in B6
mice harboring cutaneous B16Kb¡-OVA cells. Robust T cell acti-
vation was observed (Fig. 2C), confirming that efficient cross-
presentation of melanoma-derived antigen by host cells occurs in
this setting.

Expression of XCR1 defines DCs with a similar phenotype
and ontogeny

The ability to segregate the complex skin DC network into
defined populations is necessary before assessing their capacity to
cross-present cutaneous melanoma antigen. Expression of either
CD8 or CD103 is traditionally used to describe independent
cross-presenting DC subsets. Another approach to identify these
DCs is by the differential expression of CD172a (Sirpa) and
CD24 (heat stable antigen), with a CD172aloCD24hi phenotype
restricted to CD8C and CD103C DCs.22,29 More recently, the
expression of the chemokine receptor XCR1 has been used to
identify cross-presenting DCs.19-22 While many surface markers
on DCs have been identified, to date they remain insufficient to
completely describe unified DC populations.22,30

The expression of these various surface markers on DCs iso-
lated from skin-draining lymph nodes was investigated. DCs were
isolated from lymph node suspensions as reported previously31

and stained with the pan-DC marker CD11c as well as MHC II,
CD8, CD103, XCR1, CD172a and CD24. Figure 3A shows our
gating strategy where cDCs, identified as CD11cCMHC IIC,
were segregated into specific populations. Initially, cDCs were
divided by expression of CD8, which is expressed on lymph node-
resident DCs.16 CD8C DCs were divided further based on XCR1
expression into CD8CXCR1C and CD8CXCR1¡ populations.
The heterogeneous CD8¡ DC population was divided into two
further groups: previously described CD8¡CD103CXCR1C der-
mal-derived DCs,17 which we called CD103CXCR1C; and rela-
tively uncharacterized CD8¡CD103¡XCR1C DCs, which we
called CD103¡XCR1C. Our analysis of these DCs for the expres-
sion of CD172a and CD24 showed XCR1C DCs have a unified

Figure 2. Tumor-specific CD8C T cells proliferate in mice bearing cutane-
ous melanomas. (A) A total of 106 CFSE-labeled CD8C OT.I T cells were
adoptively transferred into mice bearing cutaneous B16 or B16-OVA
tumors. After 60 h, the tumor-draining lymph nodes were analyzed by
flow cytometry for the proliferating CD45.1CCD8CVa2CCFSECPI¡ cells.
Shaded and open histograms are from mice with either B16 or B16-OVA
tumors respectively. (B) Wild-type B16 and B16Kb¡ melanoma cells were
cultured in vitro with or without addition of IFNg and analyzed for up-
regulation of H2Kb and H2Db. Shaded histograms represent untreated
controls. (C) A total of 106 CFSE-labeled CD8C OT.I T cells were adoptively
transferred into mice bearing cutaneous B16Kb¡ or B16Kb¡-OVA tumors.
After 60 h, the tumor-draining lymph nodes were analyzed by flow
cytometry for the proliferating CD45.1CCD8CVa2CCFSECPI¡ cells.
Shaded and open histograms are from mice with either B16Kb¡ or
B16Kb¡-OVA tumors respectively. Representative histograms from at
least three independent experiments.
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phenotype of CD172aloCD24hi, whereas the CD8CXCR1¡ DCs
expressed high levels of both markers (Fig. 3B). This result sug-
gests CD8CXCR1¡ DCs may be either a precursor population to
a XCR1C DC subset or they represent a distinct differentiated
population.

To investigate this further, the transcription factors involved
in guiding the differentiation of distinct lineages of DCs was ana-
lyzed in multiple isolated populations including CD8CXCR1¡

DCs. Those DCs that are highly efficient at cross-presenting
exogenous antigens on MHC class I molecules to CD8C T cells
are reported to share a dependence on the transcription factors
ID2, IRF8, and Batf3.14 DCs that are more efficient in present-
ing MHC class II-restricted antigens to CD4C T cells express the
lineage-specific transcription factor IRF4.24,32 Splenic CD8C

and CD8¡ DCs were used as controls during these analyses as
the correlation between discrete functions and the expression of
corresponding transcription factors has been articulated clearly
for these populations. The results revealed that all XCR1C DCs
expressed higher levels of ID2, IRF8, and Batf3 than the
CD8CXCR1¡ DC subpopulation, which expressed abundant
IRF4 transcripts (Fig. 3C). These data suggest that expression of
XCR1, but not CD8 or CD103, defines DCs with a similar
ontogeny.

CD103¡XCR1C DCs are
heterogeneous, comprised of lymphoid
resident and migratory subpopulations

Examination of MHC class II expres-
sion on the various DC populations
defined in Figure 3A revealed that
CD8CXCR1C DCs have low/intermedi-
ate expression and the CD103CXCR1C

DCs have high expression (Fig. 4A).
This phenotype is consistent with the
CD8CXCR1C DCs being immature
and lymphoid resident in nature, in
contrast to the CD103CXCR1C DCs
having matured following migration
from the periphery. Interestingly, the
CD103¡XCR1C DC subpopulation
displays bimodal expression of MHC
class II, indicative of a heterogeneous
population of resident and migratory
DCs.

DC migration from the periphery to
the draining lymph nodes depends on
expression of CCR7.33 To validate fur-
ther that CD103¡XCR1C cells are het-
erogeneous and comprised partially of a
trafficking population, the DC com-
partment within CCR7o/o mice was
examined. Similar proportions of
CD8CXCR1C DCs were present within
skin-draining lymph nodes of control
C57BL/6 (B6) wild-type mice and
CCR7o/o mice. This population has
similar levels of MHC II expression in

both strains, indicating that this lymph node resident popula-
tion remains unaltered in the absence of CCR7 expression
(Fig. 4B). In contrast, the skin-draining lymph nodes of
CCR7o/o mice completely lack the dermal-derived
CD103CXCR1CMHC IIhi DCs as compared to an abundant
population expressing high levels of MHC II within B6 con-
trol mice. In addition, CD103¡XCR1CMHC IIhi DCs are
also absent within CCR7o/o mice whereas the population of
CD103¡XCR1CMHC IIlo DCs remains unaffected. This pro-
vides further evidence that the CD103¡XCR1C DCs are com-
prised of both a lymphoid resident population and a
peripheral migratory population in the skin-draining lymph
nodes.

To validate further that a CD103¡XCR1C skin-emigrant DC
transports antigen from the periphery to the draining lymph
nodes, we painted the skin of B6 mice with FITC dissolved in
the strong irritant dibutyl phthalate, known to rapidly promote
DC migration.34 We observed relatively few CD8CXCR1C and
CD8CXCR1¡ cells co-staining for FITC 4 d post skin painting,
consistent with the notion that both populations are lymphoid
resident within the skin-draining lymph nodes. As expected, a
large proportion of the dermal-derived CD103CXCR1C and epi-
dermal-derived CD326C Langerhans cells (LCs) were FITCC,

Figure 3. Expression of XCR1 defines DCs with a similar phenotype and ontogeny. (A) Gating strat-
egy for identifying enriched DC populations from the skin-draining lymph nodes. (B) Surface expres-
sion of CD172a and CD24 on CD8CXCR1C, CD8CXCR1¡, CD103CXCR1C, and CD103¡XCR1C DCs.
Shaded histograms represent fluorescence minus one control staining. Representative plots from
three independent experiments are shown. (C) Quantitative RT-PCR of the transcription factors ID2,
IRF8, BATF3 and IRF4 in purified DC populations. Data show the expression normalized to HPRT of
two pooled biological replicates each assayed in triplicate for each DC population (mean § SEM).
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consistent with published findings that
many of these cellular populations effi-
ciently migrate within this timeframe
(Fig. 5A).35 Again, MHC class II expres-
sion was low/intermediate on FITC¡

residents and high on FITCC trafficking
DCs. Analysis of the CD103¡XCR1C

DCs showed the existence of a FITCC

population restricted to only those cells
expressing high levels of MHC class II.
Similar proportions of FITCC cells are
observed within all MHC IIhi trafficking
populations (Fig. 5B), indicating the
migratory capacity of peripheral
CD103¡XCR1C is similar to well-
defined trafficking DC populations fol-
lowing application of an irritant to the
skin. Collectively, these results confirm
that CD103¡XCR1C DCs are heteroge-
neous, comprised of a skin-resident
migratory population and a blood-
derived lymphoid resident population.

Differential expression of CD207
distinguishes lymph node resident from
migratory CD103¡XCR1C DCs

The heterogeneous CD103¡XCR1C

DC population was examined for sur-
face expression of a number of markers
characteristic of the DC lineage in order
to identify a potential phenotypic
marker differentially expressed. As demonstrated previously, res-
ident and migratory populations can be discriminated based on
their expression of MHC class II (Fig. 6A). Our results show
that the skin-derived CD103¡XCR1CMHC IIhi DCs express
abundant levels of the C-type lectin CD207 similar to the levels
observed on previously reported CD103CXCR1C DCs and
CD326C LCs;2 whereas expression of CD207 was considerably
less abundant within the lymph node resident
CD103¡XCR1CMHC IIlo DCs (Fig. 6B). Thus, a
CD103¡XCR1CCD207C DC population is present within skin
and migrates to the lymph nodes where a distinct resident
CD103¡XCR1CCD207lo DC population co-exists.

Skin-derived CD103¡XCR1C DCs and CD103CXCR1C

DCs are the dominant migratory populations capable
of cross-presenting cutaneous melanoma antigens

Many studies, including our own, have used ex vivo isolation
of DCs to demonstrate which DCs are involved in cross-pre-
senting antigens. DCs were isolated from tumor-draining lymph
node suspensions as described previously.31 Enriched DCs were
stained with the pan-DC marker CD11c as well as MHC II,
CD8, CD103, XCR1 and CD326 (Fig. 3A). Next, we sorted
CD11cCMHC IIC DCs by flow cytometry on the basis of dif-
ferences in expression of these markers to delineate various pop-
ulations. In this sorting scheme, lymphoid resident CD8C DCs

are isolated first with two populations collected based on their
differential expression of XCR1 (CD8CXCR1C and
CD8CXCR1¡), then from the CD8¡ fraction we took the
CD103CXCR1C dermal DCs followed by collection of the
migratory CD103¡XCR1CMHC IIhi DCs and resident
CD103¡XCR1CMHC IIlo DCs before isolating the LCs from
the remaining DCs on the basis of CD326 expression. Fol-
lowing sorting, we examined these populations for their pre-
sentation of melanoma-derived OVA by co-culturing each
purified DC population with CFSE-labeled OT.I cells
(Fig. 7A). The results show that CD103CXCR1C DCs and
the migratory CD103¡XCR1CMHC IIhi DCs were highly
efficient at cross-presenting cutaneous melanoma antigen. We
consistently observe that the CD103¡XCR1CMHC IIhi DCs
drive the most abundant proliferation within the tumor-spe-
cific T cells, suggestive that on a per cell basis they are the
most efficient DC at cross-presenting in this setting. Antigen
cross-presentation was observed by all XCR1C DC popula-
tions, with the lymph node resident CD8CXCR1C and
CD103¡XCR1CMHC IIlo DCs driving modest T cell prolif-
eration at higher DC:T cell ratios. This is in contrast to the
CD8CXCR1¡ DC population, where no proliferation of mel-
anoma-specific T cells is observed (Fig. 7B), even in co-cul-
tures containing as many as 4 £ 104 of these DCs (data not
shown).

Figure 4. CD103¡XCR1C DCs from the skin-draining lymph nodes are comprised of a migratory MHC
IIhi population and a lymphoid resident MHC IIlo population. Analysis of MHC II expression on
enriched CD8CXCR1C, CD103CXCR1C, and CD103¡XCR1C DCs isolated from the skin-draining lymph
nodes of (A) wild-type B6 and (B) CCR7o/o mice. The numbers indicate the percentage of CD8C DCs
(left) and CD103C/¡ DCs that co-express XCR1. Histograms represent MHC II expression on each of
the gated subpopulations. Data are representative plots from three independent experiments.
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Discussion

This study describes a novel cutaneous melanoma trans-
plant model that was used to determine the DCs responsible
for cross-presenting peripheral skin-derived tumor antigen.
This new mouse model more closely reflects human mela-
noma than the standard subcutaneous model routinely
employed in most laboratories worldwide. This is due to mel-
anoma establishment and progression within the dermal and

epidermal layers, a process not
observed in the standard subcutane-
ous model. This model better allows
for an understanding of how the rich
and complex skin DC network inter-
acts with melanoma at this site.

Using this model, we identified that
the skin contains at least two popula-
tions of migratory CD103¡XCR1C

and CD103CXCR1C DCs that excel at
cross-presenting solid peripheral tumor
antigen to CD8C T cells. To a much
lesser extent, two lymphoid resident
DCs, defined as CD8CXCR1C and
CD8¡XCR1C, cross-presented tumor
antigen. It is important to note that not
all of these cross-presenting DCs dis-
play CD8 or CD103 on the cell sur-
face, even though current nomenclature
commonly links expression of these
molecules to the unique capacity of
cross-presenting antigens. An alterna-
tive means of unifying DCs with
common attributes is via their tran-
scriptome, where the differentiation of
distinct DC subtypes is specifically reg-
ulated by particular sets of transcription
factors.36 This is demonstrated in mice
lacking key transcription factors
responsible for the development of
cross-presenting DCs, such as ID2o/o,
IRF8o/o, and Batf3o/o animals, which
exhibit a severe deficit in the ability to
elicit immune responses dependent on
cross-presentation.14,24

Recently, it has been suggested
that a more appropriate nomenclature
to classify ID2-IRF8-Batf3 dependent
DCs as cDC1, whereas DCs that rely
on the transcription factor IRF4 are
classified as cDC2, with expression of
these transcription factors inversely
correlated.37 We identified that
CD8CXCR1¡ DCs express high lev-
els of IRF4 mRNA, consistent with a
cDC2 phenotype. This argument is
supported with data showing that this

population has abundant CD172a expression and is unable to
cross-present melanoma antigen. Thus, CD8 expression is not
a reliable marker for identifying a uniform cross-presenting
DC subset. Several studies have identified a similar DC popu-
lation in the spleen22 and mesenteric lymph nodes,30 with a
functional role for this particular subset remaining to be
documented.

The elevated expression of ID2, IRF8, and Batf3 mRNA
observed in the XCR1C DCs analyzed in this report is consistent

Figure 5. CD103¡XCR1CMHC IIhi DCs migrate from the skin to the skin-draining lymph nodes with sim-
ilar kinetics as CD103CXCR1C DCs and CD326C LCs. (A) Wild type mice were shaved, depilated and
painted with a 0.5% FITC solution prepared in an inflammatory stimulating mixture of acetone and
dibutyl phthalate (1:1, vol:vol) on the flank skin. After 96 h, single cell suspensions from pooled drain-
ing lymph nodes were enriched for DCs and CD8CXCR1C, CD8CXCR1¡, CD103CXCR1C, CD103¡XCR1C

DCs and CD326C LCs were examined for FITC and MHC II expression by flow cytometry. (B) The per-
centage MHC IIhi migratory DCs positive for FITC in the draining lymph nodes 96 h after FITC painting.
Data are pooled from 8 to 9 mice from three independent experiments presented as mean § SEM.
Representative plots from three independent experiments are shown.
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with a cDC1 phenotype.37 This is sup-
ported by the ability of all isolated
XCR1CDCs to cross-present tumor anti-
gen to CD8CT cells. Among the XCR1C

DCs, only the migratory DCs express
high levels of CD207. These
XCR1CCD207C DCs can be further
subdivided based on differential expres-
sion of CD103, with both migratory
CD103CXCR1C and CD103¡XCR1C

DC populations exceling at cross-pre-
senting antigen from cutaneous mela-
noma lesions that are present within the
dermis. While both these DCs are capa-
ble of cross-presenting cutaneous mela-
noma antigen, others have demonstrated
that a skin-derived CD103¡CD207C

DC population, analogous to the
CD103¡XCR1CCD207C population
described in this study, fail to cross-pres-
ent epidermal antigen from keratino-
cytes.2 The inability of CD103¡XCR1C

DCs to cross-present epidermal-derived
antigen may be explained by inadequate
access to antigen at that particular site. It
is possible that CD103¡XCR1C DCs
reside deeper within the dermis mitigat-
ing their ability to access epidermal-
restricted antigens. In contrast, the
CD103CXCR1CDCs are known to con-
gregate close to the epidermal-dermal
junction, especially around the hair fol-
licles.38 How this subset acquires epider-
mal antigen that is restricted to the other
side of the basement membrane remains
undetermined, but this process may
occur around hair follicles, which consti-
tute a common portal of entry for invad-
ing microbes39 and topical DNA
application.40

It is unclear why so many different
DCs with the ability to cross-present are
observed in this study. It is possible that
the XCR1C DCs that do not express
either CD8 or CD103 are precursors in a late stage of differentia-
tion, retaining the potential to commit to either CD8C lymphoid
resident or CD103C skin-resident DCs. A requirement to reside
in close proximity to the epidermis may exist in order for such a
precursor to upregulate CD103. For example, transforming
growth factor-b 1 is expressed by the skin epithelium,41 where it
is known to drive the upregulation of CD103 in other immune
cells.42 Future experiments are required to address the potential
of such precursors to actively differentiate into either CD8C or
CD103C DCs.

Alternatively, the presence of a deeper level of functional spe-
cialization may exist within an already specialized group of cells,

providing an increased capacity to coordinate more effective
immune regulation. It is plausible that one faction consists of the
CD8CXCR1C and CD103CXCR1C DCs, whereas the
CD8¡XCR1C and CD103¡ XCR1C DCs represent another.
These two groups share the capacity to cross-present, but may be
strategically placed within an appropriate niche to sample antigens
by unique methods within both the periphery and secondary lym-
phoid compartment. This view is substantiated by reports of a
unique DC subset that obtains antigens by merocytosis, defined as
the uptake of small particles.43 This subset is capable of storing
acquired antigens within compartments with reduced lysosomal
degradation, resulting in prolonged antigen retention and

Figure 6. The resident CD103¡XCR1CMHC IIlo and migratory CD103¡XCR1CMHC IIhi DCs differ in their
expression of CD207. (A) DC populations from the skin-draining lymph nodes were identified as per
Fig. 1A. The CD103¡XCR1C DCs were divided into MHC IIlo and MHC IIhi populations. (B) Surface
expression of CD207 on CD8CXCR1C, CD8CXCR1¡, CD103CXCR1C, CD103¡ XCR1CMHC IIlo, CD103¡

XCR1CMHC IIhi DCs and CD326C LCs. Shaded histograms represent fluorescence minus one control
staining. Representative plots from three independent experiments are shown.
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presentation.44 This “merocytic” DC subset has been identified so
far only in the spleen and the reported surface antigen phenotype
is in line with the CD8¡XCR1C and CD103¡XCR1C DCs
described in this study. An investigation of the anatomical location
of the four XCR1C DCs analyzed in this study may reveal that the
spatial relationship within the skin or lymph node is distinct,
enabling each subset to have unique interactions with neighboring
cellular networks. Further characterization of these DCs is
required to support this concept.

In summary, a clear indication of
which cells present tumor antigen to
lymph node T cells has not been
defined previously. However, a role for
CD8C DCs and undefined migratory
populations has been reported.45 This
study identifies four populations of
XCR1C DCs with unique surface anti-
gen expression that possess the ability to
cross-present cutaneous tumor antigen,
raising the possibility that a complex
division of labor exists among DCs
responsible for immunosurveillance of
the skin. This concept requires further
examination before it can be exploited
for optimal delivery of vaccine antigen
into the skin to promote enhanced anti-
tumor CD8C T cell immunity.

Materials and Methods

Mice
C57BL/6 (B6) female mice that

express the CD45.2 allele were purchased
from the Animal Resource Center, Mur-
doch, Western Australia. CCR7o/o33 and
OT.I27 mice on a C57BL/6.SJL-Ptprca-
Pep3b/BoyJ background (CD45.1) were
bred and maintained at the Telethon
Kids Institute. All animal experiments
were performed in accordance with pro-
tocols approved by the Telethon Kids
Institute Animal Ethics Committee
(Ethics Application ID: 243) and con-
formed to the National Health andMed-
ical Research Council Australia code of
practice for the care and use of animals
for scientific purposes.

Cell lines
The B16.F10 melanoma cells were

purchased from the ATCC. The
B16Kb¡ cell line was a kind gift from
Esteban Celis, University of Southern
Florida, USA. B16 lines were transduced
with retroviruses constructed using
Fugene� transfection reagent (Promega)

to transfect 293T cells with MSCV vectors containing a full-length
membrane-bound form of OVA and eGFP, pMD.OLD.GAG.
POL and pCAG-eco. The supernatant containing ecotrophic retro-
viruses was collected after 72 h and filtered through a 0.45 mM fil-
ter before being incubated with target cells in the presence of 8 mg/
mL polybrene (Sigma). Transduction was confirmed by eGFP
expression and eGFPC cells were sorted by flow cytometry to estab-
lish purified lines. B16 cells were passaged routinely at 70–80%

Figure 7. CD103CXCR1C and CD103¡XCR1C migratory DCs cross-present cutaneous melanoma anti-
gen to CD8C T cells. (A) Proliferation of 5 £ 104 CFSE-labeled OVA-specific CD8C T cells (OT.I) after
60 h of culture together with serial dilutions of DC populations isolated from the tumor draining
lymph nodes of mice bearing B16Kb¡-OVA melanoma. (B) Representative dot plots of CFSE dilution on
CD8C OT.I cells co-cultured with 104 of each DC population. Numbers indicate the percentage of
divided cells. Data are representative of two independent experiments, which showed a similar trend.
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confluency and cultured in RPMI media (Life Technologies) sup-
plemented with 10% FCS, 2-mercaptoethanol (50 mM), L-gluta-
mine (2 mM), penicillin (100 U/mL) and streptomycin (100 mg/
mL) in a 5%CO2 incubator at 37

�C.

Cutaneous melanoma engraftment
Mice were anaesthetized with a mixture of Ketamine

(100 mg/kg) and Xylazil (10 mg/kg) (Troy Laboratories) admin-
istered intraperitoneally (10 mL/g body weight). The eyes of the
mice were covered with a Refresh� Lacri-Lube� (Allergan) from
the time of anesthesia to when they regained consciousness to
prevent them from drying out. The flank of the mouse was
shaved and depilated with Veet� (Reckitt Benckiser). A small
(»2mm2) area of skin on the flank was abraded using a MultiPro
Dremel with a grindstone attachment. 105 B16 melanoma cells
were washed, resuspended in 10 mL of MatrigelTM (BD) and
applied to the abraded area. To contain the cells at the abraded
site, the matrigel was allowed to set before covering it with a piece
of Op-site FlexigridTM (Smith and Nephew). The torsos of the
mice were wrapped, first with a soft hypoallergenic MicroporeTM

tape (3M Health Care) and then by a stronger porous polyethene
TransporeTM tape (3M Health Care) to protect the site. Mice
were allowed to recover from anesthesia on a heating pad and
monitored daily until bandages were removed 6 d post grafting.

Flow cytometry
Monoclonal antibodies specific to mouse CD8a, CD11c,

MHC II, CD103, CD326, CD207, CD24 and CD172a were
purchased from BD or eBioscience. The monoclonal antibody
specific to XCR1 was kindly provided by R.A. Kroczek. Multi-
parameter analysis was performed on a LSRFortessa (BD) and
cells were sorted using a FACSAriaIII (BD). All data were ana-
lyzed with FlowJo (Tree Star). Prior to acquisition cells were
stained with propidium iodide (PI; Sigma) to exclude dead cells.

DC isolation and sorting
DCs were isolated from lymphoid organs as described previ-

ously.31 Briefly, single cell suspensions were prepared from
pooled skin- or tumor-draining lymph nodes and enriched for
conventional DCs using antibody depletion and magnetic bead
enrichment. These cells were stained with anti-CD11c, -MHC
II, -CD8a, -XCR1, -CD103 and -CD326 antibodies. DC sub-
sets were sorted from PI negative events. During sorting DCs
were collected in buffer containing FCS (Serana) and EDTA
(Sigma) and kept on ice at all times.

Preparation of T cells
OT.I T cells were purified as described previously.46 Briefly,

single cell suspensions were prepared from pooled lymph nodes
and spleens from OT.I female mice and enriched using antibody
depletion and magnetic bead enrichment. Purity of enriched cell
suspensions usually yielded >80% CD8CVa2C cells.

Ex vivo culture assays
Flow cytometrically sorted DCs were washed and resuspended

in RPMI media (Life Technologies) supplemented with 10%

FCS, 2-mercaptoethanol (50 mM), L-glutamine (2 mM), peni-
cillin (100 U/mL) and streptomycin (100 mg/mL) and cultured
in a 5% CO2 incubator at 37

�C for the duration of the experi-
ment. For ex vivo presentation assays, serial dilutions of sorted
DCs were co-cultured for 60 h with 5 £ 104 OT.I CD8C T cells
labeled with 2.5 mM CFSE (Sigma). Proliferation of OT.I cells
was measured by flow cytometry as CFSE dilution in the
CD45.1CCD8CVa2C cell population.

Fluorescein Isothiocyanate (FITC) painting
Mice were anaesthetized, shaved and depilated using Veet�

(Reckitt Benckiser). The back and flanks of mice were painted
with 100 mL of 0.5% (w/v) FITC solution (Sigma) prepared in a
1:1 mixture of acetone and dibutyl phthalate. DCs were isolated
from the skin-draining lymph nodes 96 h after painting. Migra-
tory DC were defined as FITCC CD11cCMHCIIC cells by flow
cytometry.

Preparation of RNA
Isolated DC populations were resuspended in 1 mL of Trizol

solution (Life Technologies) immediately after sorting and stored
at ¡80�C. RNA was extracted using phenol chloroform extrac-
tion and the RNEasy Mini Kit (Qiagen) according to the man-
ufacturers’ instructions. Reverse transcription of mRNA was
performed using the SuperscriptIII First Strand Synthesis System
(Invitrogen), with 2 mg of RNA per reaction, according to man-
ufactures instructions.

Quantitative polymerase chain reaction
Following cDNA synthesis, quantitative polymerase chain

reaction (qPCR) assays were performed using SYBR� green
chemistry according to the manufacturers’ instructions
(Applied Biosystems). Briefly, wells contained 10 mL (1x)
SYBR� green master mix, 4 mL primer mix (forward and
reverse) (200 mM final concentration), 2 mL of DNase/RNase
free water and 4 mL of cDNA (from first strand synthesis reac-
tion). Cycling conditions were as follows; hold for 20 s at
95�C, cycle 40£ through 95�C for 1 s, 60�C for 20 s fol-
lowed by a hold for 2 min at 25�C. Amplification and detec-
tion was performed using an ABI 7900HT Fast Real-time
PCR system with SDS 2.3 software (Applied Biosystems). For
analysis of transcripts associated with DC ontogeny, primer
sequences were: IRF4: forward 50-TGCAAGCTCTTTGACA-
CACA-30; reverse 50-CAAAGCACAGA GTCACCTGG;
IRF8: forward 50-CAGGAGGTGGATGCTTCCATC-30; reverse
50- GCACAGCGTAACCTCGTCTTC-30; ID2: forward
50-ATGAAAGCCTTCAGTC CGGTG-30; reverse 50-AGCA-
GACTCATCGGGTCGT-30; BATF3: forward 50- GCGCC-
CGGGAACCA-30; reverse 50-AACCCGGTTTTTCTCT-
CTCCTT-30. For quantification of relative gene expression, the
comparative DDCT method was employed using HPRT expres-
sion as the reference.
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