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In Brief

Roberts et al. show that intratumoral
CD103* dendritic cells (DC) in mice, or
CD141* DC in humans, traffic tumor
antigens to lymph nodes to prime CD8*
T cells, which requires CCR7 on these DC.
High CCRY7 expression level in human
tumors correlates with signatures of
CD141* DC and better clinical outcomes.
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SUMMARY

Intratumoral dendritic cells (DC) bearing CD103 in mice or CD141 in humans drive intratumoral CD8* T cell
activation. Using multiple strategies, we identified a critical role for these DC in trafficking tumor antigen to
lymph nodes (LN), resulting in both direct CD8* T cell stimulation and antigen hand-off to resident myeloid
cells. These effects all required CCR7. Live imaging demonstrated direct presentation to T cells in LN, and
CCRY7 loss specifically in these cells resulted in defective LN T cell priming and increased tumor outgrowth.
CCRY7 expression levels in human tumors correlate with signatures of CD141" DC, intratumoral T cells, and
better clinical outcomes. This work identifies an ongoing pathway to T cell priming, which should be har-

nessed for tumor therapies.

INTRODUCTION

CD8" T cells, specifically cytotoxic T cell lymphocytes (CTLs),
are a critical component of the protective immune response
against tumors. Tumor-specific, antigen-experienced T cells
can be found in most tumor tissue as well as circulating in
mouse and human tumor patients (Robbins et al., 2013). The
frequency and location of T cell infiltrates in tumors has strong
prognostic value for survival in human patients (Galon et al.,
2006). In many mouse models, anti-tumor immunity requires
the generation of tumor-specific CTLs (Dunn et al., 2004) and
it is similarly believed that CTLs, generated through lymph
priming, are major players in successful immunotherapies of
human cancers.

Draining lymph nodes (dLN) serve to organize immune re-
sponses by bringing antigen-presenting cells (APCs) and
T cells together spatially and temporally to promote T cell prolif-
eration. T cell priming in cancer similarly is thought to require a
pool of specific tumor antigens that can be recognized by the
host as well as an APC population capable of robust tumor anti-
gen cross-presentation (Huang et al., 1994) that can move these
antigens to the dLN. Although specific proteins mutated in tumor
cells have been identified as antigenic targets of tumor-infil-
trating T cells (Kawakami et al., 1994a, 1994b; Robbins et al.,
2013), the identity of the APC(s) that move antigens to dLN and
prime cells there remains unresolved.

Myeloid APCs, which include multiple subsets of dendritic
cells (DC) and macrophages, are specialized cells that acquire,

Significance

and future immunotherapies.

Emerging cancer immunotherapies enhance the ability of T cells to reject tumors. While it is increasingly clear that myeloid
antigen-presenting cells play both positive and negative roles in influencing intratumoral T cell expansion and function, the
identity of populations and mechanisms of tumor antigen transfer responsible for LN priming of T cells remains obscure.
Here, we have undertaken multiple labeling strategies to demonstrate that the majority of trafficking occurs via CCR7-
dependent migration of the CD103*/CD141* subset of DC. By identifying this population as a strong driver of T cell expan-
sion and overall outcome in both mouse and human tumors, this work isolates this pathway as a strong partner for current
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Figure 1. Migratory CD103* DC Carrying Tumor Antigen Accumulate in the Tumor dLN

(A) Representative histogram of tumor-derived mCherry fluorescence across the tumor dLN populations of the inguinal and axillary LN in the ectopic B78ChOVA
tumor model.

(B) Frequency of mCherry* DC populations across the tumor dLN of multiple B78ChOVA tumors. Data were pooled from dual-flank-bearing tumor animals and
plotted as mean + SEM for each population (n = 5). Mig, migratory; Res, resident, Macs, macrophages.

(C) Representative histogram of tumor-derived mCherry florescence across the tumor dLN populations of the inguinal and axillary LN in the spontaneous
PyMTChOVA breast tumor model.

(D and E) Representative confocal image of sorted CD103* DC from tumor dLN (D) or primary tumor (E) of B78ChOVA-bearing mice. Cell membranes labeled with
brilliant violet 421-conjugated MHC class Il antibody are shown in blue with tumor-derived mCherry fluorescence in red.

(F) Representative flow cytometric histograms of tumor-derived mCherry fluorescence within the CD103* DC populations in the tumor dLN of tumor-bearing
animals over tumor progression from day 6 through day 18. Data are from dual-flank-bearing tumor animals from the left and right inguinal and axillary dLN (n = 3).
Overlays represent individual LN.

(legend continued on next page)

2 Cancer Cell 30, 1-13, August 8, 2016



Please cite this article in press as: Roberts et al., Critical Role for CD103*/CD141* Dendritic Cells Bearing CCR7 for Tumor Antigen Trafficking and
Priming of T Cell Immunity in Melanoma, Cancer Cell (2016), http://dx.doi.org/10.1016/j.ccell.2016.06.003

process, and present antigens to naive T cells for the induction of
antigen-specific immune responses. Within the LN, DC can be
grouped as either LN resident, which include CD8«" and
CD11b™* resident DC, or migratory, which include CD103* and
CD11b* migratory DC. The LN is also populated with specialized
populations of macrophages, including CD169* subcapsular
macrophages and occasionally with monocyte-derived macro-
phages, sometimes called moDC or inflammatory DC (iDC)
that share similar features with DC. Previously, using Batf3~/~
mice deficient for both CD103* and CD8a.* DC, it was observed
that one or both of these are required for cytotoxic T cell immu-
nity and ultimately for rejection of highly immunogenic tumors
(Hildner et al., 2008). Another report demonstrated that
CD169* macrophages played a key role in the priming of
T cells in response to injected apoptotic tumor cells (Asano
et al., 2011). However, the complete pathway of antigen transfer
from tumor to dLN APCs for presentation to T cells in the context
of a growing tumor has not been carefully dissected.

Previously, we identified a critical role for intratumoral CD103*
DC in T cell repriming and adoptive T cell therapy, specifically at
the tumor site (Broz et al., 2014). These DC have homologous
populations in human tumors, which are defined by expression
of CD141 (also known as BDCA3 [Haniffa et al., 2012]). Here,
we aimed to extend these findings to explore the mechanisms
of antigen transfer to the dLN necessary for the generation of
tumoral T cell infiltrate.

RESULTS

Progr ion and Di
Environment

To dissect the APC compartment of the tumor dLN, we utilized a
12-color flow cytometry panel to identify the unique DC and
macrophage subsets from both healthy and tumor dLN. We
identified populations including resident CD8a* DC, resident
CD11b* DC, migratory CD11b* DC, CD103* DC, and rare mac-
rophages (Figures S1A and S1B). We applied this approach to
mice bearing the B78ChOVA melanoma (Broz et al., 2014), a
variant of B16-F10 (Fidler, 1975) engineered to express both
ovalbumin as a neo-tumor antigen as well as the fluorescent
mCherry protein to track antigen uptake by phagocytes. Using
this tumor, which grows progressively in immunocompetent
mice, we tracked the changes within the LN during tumor devel-
opment and found a steady decrease in all APC subsets as a
fraction of all LN cells, despite a general increase in overall
dLN cellularity (Figures S1C-S1F). This reduction in frequency
was not due to the arrival of metastatic tumor cells in the LN,
as CD45~ mCherry* cells were not found in dLN even at late
time points. We also observed this trend in multiple other tumor
models including those that arise spontaneously due to tissue-

tion of the Tumor-Draining LN

specific oncogene expression (e.g., Engelhardt et al., 2012). It
was against this backdrop that we sought to track the mecha-
nisms that carried antigens to the dLN in progressively growing
tumors.

Migratory CD103" DC Is the Dominant Cell Type that
Carries Antigen to the dLN

To track the population(s) of APC in the dLN that had originated
in the tumor microenvironment, we undertook two complemen-
tary approaches. First, we implanted B78ChOVA tumors subcu-
taneously and, by flow cytometry, identified all dLN cells that
displayed mCherry fluorescence. At day 15 after implantation a
significant proportion of CD103* DC, typically 10%-15%, were
mCherry* in tumor dLN (Figures 1A and 1B). In contrast, only
modest proportions of other myeloid populations were mCherry*
with ~3% of CD11b* migratory DC, ~1% of resident CD11b™"
DC, and <0.5% of LN macrophages displaying mCherry fluores-
cence. We found the same profound bias in another ectopic
mouse model of cancer (Figure S1G) and also in a spontaneous
breast tumor model, PyMTChOVA (Engelhardt et al., 2012)
(Figure 1C), which suggests that this was not an artifact of the
injection route or abnormal features of this particular tumor
microenvironment.

mCherry* CD103* DC were also sorted from the dLN and tu-
mors of tumor-bearing mice and imaged using confocal micro-
scopy. Vesicularized intracellular mCherry fluorescence could
be identified in cells from both the dLN (Figure 1D) and the pri-
mary tumor (Figure 1E), confirming that CD103* DC had engulfed
tumor antigen. While other studies, using apoptotic tumor cell
injections, have suggested CD169* macrophages as important
tumor dLN APCs, we did not observe them to be loaded in pro-
gressively growing tumors; however, we did confirm their
loading when tumors were irradiated prior to injection and LN
were isolated a day after the injection (Figures STH-S1J). Such
loading may therefore result from bolus drainage of dead cells
from the injection site. The tumor antigen loading of CD103"
DC also increased as tumors grew (Figure 1F), rising from 2%
to 5% of CD103" DC in the dLN at early time points to 12%-—
15% at late tumor stages (Figure 1G).

Since it was possible that this method failed to capture cells
that completely digested the tumor-intrinsic fluorophore, we
devised a second lineage-tracing method for tracking the migra-
tion of APCs from tumor to LN. We crossed mTmG mice in which
cells expressing active Cre change from tdTomato* (mT) to GFP™*
(mG) (Muzumdar et al., 2007) to Ubc-CreERT2 mice in which Cre
moves to the nucleus and becomes active in the presence of
4-hydroxy-tamoxifen (4OHT) (Indra et al., 1999). We then intro-
duced tumors into these mice and administered 40OHT by injec-
tion either intratumorally or subcutaneously (Figure 1H). Controls
received vehicle alone (DMSOQ) intratumorally. We then analyzed

(G) Frequency of mCherry* CD103* DC in the tumor dLN over tumor progression. Data were pooled from dual-flank-bearing tumor animals, and plotted as mean +
SEM for each population at each time point compared with a healthy animal on day 0 (n = 3). **p < 0.001.

(H) Schematic showing the method of labeling tumor stroma by intratumoral injection of 4OHT in UbcCreERT2 mTmG mice bearing B16F10 tumors.

(I) Representative flow cytometric plots showing mG fluorescence of LN stromal populations when 40HT or vehicle is administered intratumorally or subcuta-

neously. Data are representative of five independent experiments.

(J) Histograms showing marking of tumor dLN myeloid populations 24 hr after three daily intratumoral injections of 4OHT treated with 0.5 ng of either PTX or PBS

4 hr prior to each injection with 40HT (n > 4 for all groups).

Plots show mean + SEM. Data are representative of five independent experiments. *p < 0.05, **p < 0.01, **p < 0.001. n.s, not significant. See also Figure S1.
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Figure 2. Several Tumor dLN Myeloid Populations Stimulate Naive OTI Proliferation In Vitro

(A) Representative flow cytometric plot showing expression of the Venus transgene within the myeloid populations in the tumor dLN.

(B) Time projection of representative multiphoton microscopy image of tumor dLN explants of B78ChOVA-bearing Xcr1-Venus mice 2 days after transfer of
2 x 108 GFP* OTI T cells. XCR1* cell time projections are represented in yellow, OTI T cells in blue, and mCherry in red. Two regions of interest (ROI) are shown.
(C) Time projection of the XCR1" DC and interacting OTI T cells in ROI 1 and ROI 2.

(legend continued on next page)
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the LN stroma to ensure that our intratumoral injections were not
delivering the 40OHT directly to the LN. Although subcutaneous
injections resulted in robust conversion from mT* to mG* in a
portion of the lymphatic endothelium and occasionally small
fractions of the blood endothelium, we never observed this direct
drainage with intratumoral injections (Figure 11). We verified that
the 40HT was not directly draining to the dLN for all subsequent
experiments, permitting us to then ask which immune popula-
tions, labeled specifically in tumors, migrate to the LN.

When we analyzed mG™ cells in the dLN after three doses of
40HT given daily, we found that while 0.5%-1% of total
CD103* DC were routinely labeled, there was no detectable la-
beling of CD8a* DC or resident CD11b* DC and less than
0.1% labeling of migratory CD11b* DC (Figure 1J). The propor-
tion of CD103" DC labeled was comparable with that labeled
in the tumor, where approximately 1% of cells were labeled in
various populations (Figure S1K). While LN macrophages were
occasionally autofluorescent, there was no statistically signifi-
cant increase in macrophage labeling with 4OHT. For both
CD103* DC and the minimal CD11b™ DC migration, injection of
pertussis toxin (PTX) into mice during the assay, which blocks
Go; signaling and thus many types of chemokine-dependent
migration, completely abrogated labeling in the LN (Figure 1J).

While both of these assays lack the ability to measure subtle
trafficking of either antigen or cells, both support the existence
of prominent CD103* DC movement, from tumor to the dLN,
with much less traffic of other cell types, prompting us to ques-
tion which cell types were critical for mediating LN priming.

CD103* DC Interact with Tumor-Specific T Cells in

the dLN

The amplification of tumor-specific T cells (tumor-infiltrating lym-
phocytes [TILs]) in both mice and humans is a very well studied
phenomenon in cancer, despite their apparent ineffectuality in
tumor eradication. However, the source of initial T cell LN priming
is still unclear. Based on the trafficking data in Figure 1, and ob-
servations of poor tumor control in Batf3~/~ animals lacking
CD103* and CD8a* DC (Fuertes et al., 2011; Hildner et al.,
2008), we hypothesized that the CD103* DC were, in fact, the
population of APC responsible for anti-tumor T cell priming.
Since CD103" and CD8a" DC both express the chemokine re-
ceptor XCR1 and of these cells only CD103* DC are mCherry*,
we used an Xcr1-Venus allele together with mCherry positivity
to determine whether antigen-bearing CD103* DC form synap-
ses with naive T cells in the tumor dLN in vivo. We first confirmed
that both CD8a.* DC and CD103* DC are XCR1 positive and that

this correlates with Venus expression in the LN (Figure 2A). We
then introduced B78ChOVA tumors into Xcr7-Venus mice, and
adoptively transferred GFP-expressing naive OVA-reactive OTI
CD8" T cells. 48 hr later we imaged live tumor dLN explants by
two-photon microscopy to determine whether XCR1* cells
were mediating T cell arrest. In Figure 2B, we highlight two re-
gions of interest (ROI) containing direct T cell-DC contacts within
a larger field comprising the T cell zone. This time projection
across the full 30 min of real-time acquisition shows a pseudo-
color scale where purple represents areas where T cells are pre-
sent for long periods of time (Figure 2B). Both of these regions
can be seen to be “hotspots” for T cell arrest and are both nucle-
ated by a Venus™ cell. GFP* OTI T cells were found to interact
with mCherry™ Venus™ cells (CD103* DC) as well as mCherry~
Venus* cells (Figure 2C and Movie S1). However, the average
interaction time for T cells with the mCherry* XCR1* (CD103*
DC) cells were significantly longer than those with mCherry™
Venus® cells, and 22% of T-DC interactions exceeded 5 min
for the mCherry® DC compared with 6.9% for the mCherry™
DC (Figure 2D), indicating that the CD103* DC carrying tumor an-
tigen were capable of inducing stable motility arrest of OTI T cells
in the dLN. We note that mCherry levels may be below the detec-
tion limit of two-photon microscopy, since the proportion of
mCherry* XCR1* DC was much lower in these experiments
than was found by the more sensitive flow cytometric measure-
ments (Figures 1A and 1B); failure to detect these cells may bias
our measurements of the extent of their T cell engagement.

Robust LN Priming by CD103* DC and Evidence for
Antigen Hand-Off to Resident APC Populations

To directly test which LN populations were capable of robustly
stimulating tumor-specific T cells, we isolated CD8a" DC,
CD11b* DC migratory and resident, CD103* DC, and macro-
phages from the dLN of B78ChOVA tumor-bearing mice and as-
sayed their ability to activate naive OTI T cells in vitro, without the
addition of exogenous antigen (Figure 2E). At 12 hr, only the
CD103* DC from the dLN induced the early activation of
T cells, as measured by CD69 and Nur775¢F" induction (Fig-
ure 2F). When assessed for cell division by dye dilution at
72 hr, the CD103* DC were again the most robust stimulators
of OTI T cell proliferation, both in percent diluted as well as total
T cells recovered. Migratory CD11b* DC also drove a lower, but
still substantial degree of OTI proliferation, however, these re-
sulted in much lower total T cell recovery, particularly in the
divided fraction (Figures 2G and 2H). This latter distinction may
be a result of decreased survival or enhanced apoptosis

(D) Representative OTI T cell dwell time on XCR1* population determined by mCherry fluorescence within the dLN. Data are plotted as median + interquartile
range and statistics were performed using the Mann-Whitney U test. ***p < 0.0001.

(E) Schematic of T cell activation assay with sorted populations from the dLN of B78ChOVA tumor-bearing mice.

(F) Representative flow cytometric histograms of the induction of Nur775%FF transgene and the early activation marker CD69 by OTI T cells cultured for 12 hr on
APCs sorted directly from the tumor dLN of mice. CD103" DC is green, migratory CD11b* DC orange, resident CD11b* DC purple, CD8«.* DC blue, and

macrophage red. Data are representative of three independent experiments.

(G) Representative flow cytometric plots of naive OTI T cell proliferation, as measured by dye dilution of eFluor 670 plotted against Nur775¢, at 72 hr following
co-culture with tumor dLN APC populations. Gray, BM-derived DC + OTI cognate peptide (SL8). Data are representative of four independent experiments.
(H) Proportion of OTI T cells at 72 hr that have divided following co-culture with tumor dLN APC populations. Plots show mean + SEM. Data are representative of

four independent experiments.

(1) Proportion of pmel T cells at 72 hr that have divided following co-culture with tumor dLN APC populations + addition of gp100 peptide. Plots show mean + SEM.

Data are representative of two independent experiments.
See also Movie S1.
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concomitant with the weaker proximal signaling indicated by
CD69 and Nur77E%FF. To confirm that this was not an artifact
of the high affinity of the OTI system for its cognate antigen,
we repeated this analysis using pmel T cells that recognize the
gp100 peptide in B16 melanoma cells. The same pattern was
seen with the pmel system whereby CD103* DC were the most
robust stimulators of CD8" T cells (Figure 2I). Furthermore,
upon addition of gp100 peptide all myeloid subsets were seen
to be robust stimulators of pmel CD8" T cells, suggesting that
all subsets had the capacity to stimulate naive CD8" T cells,
but only the CD103* and migratory CD11b* DCs were in fact
endogenously presenting tumor antigen in the dLN, the former
more significantly than the latter (Figure 2l).

While in vitro assays do not fully represent the situation occur-
ring in vivo, they clearly indicate increased T cell stimulation ca-
pacity for the CD103* DC and to a lesser extent the migratory
CD11b* DC. However, given our trafficking data, we were sur-
prised by the consistent observation of modest stimulation of
T cells by CD8«*, CD11b* resident DC, and macrophage popu-
lations as evidenced by small numbers of cells in the dye-diluted
pools as well as the induction of Nur775%FP at later time points
(Figure 2G). Based on the cellular trafficking of Figure 1, this
would not be expected unless antigens were passed between
the trafficking populations and the resident populations as has
previously been observed in skin-infection models (Allan et al.,
2006), or if antigens were passively draining to the dLN in
lymphatics.

CD103* DC Tumor Antigen Trafficking to the LN Is CCR7
Dependent

To provide a greater possibility to track antigens that might be
degraded during hand-off or transit, we engineered another
variant melanoma line, this time taking the parental B16 mela-
noma cell line and introducing the bright and highly stable fluoro-
phore ZsGreen (Nakamura et al., 2013), which is documented to
resist both low pH and lysosomal degradation (Katayama et al.,
2008), and which we have confirmed to be significantly less sub-
ject to degradation when ingested by phagocytes (data not
shown). When we introduced these tumors into mice and
removed dLN to analyze the myeloid populations, similarly to
the previous assays we found that the fluorophore was again
compartmentalized within CD103* DC (Figure 3A). However,
we now also found that we could detect fluorescence by flow cy-
tometry in all the remaining myeloid populations in the LN, with
quantitatively greatest levels in the macrophages and resident

CD11b* DC (Figure 3B). Since these did not themselves traffic
to this extent (Figure 1), we hypothesized that antigen-containing
compartments might be shared with other APCs by some form of
transport (Allan et al., 2006) or that stable ZsGreen drained
directly into the LN. Using the fluorescent-antigen tracking
method, we observed that the accumulation of mCherry*
CD103* DC in dLN was PTX sensitive (Figure S2A). Likewise,
in the context of the more stable ZsGreen fluorophore, accumu-
lation of fluorescence by all cell types was PTX sensitive (Fig-
ure 3B). Both were consistent with the hypothesis, above, that
this more stable antigen is being brought into the LN in a chemo-
kine signaling-dependent manner and is not simply passively
draining in lymphatics.

Conventional DC LN trafficking is driven by the chemokine re-
ceptor CCR7 (Ohl et al., 2004). Therefore, we assayed the
expression of Ccr7 within intratumoral APCs (Figure S2B) and
found that CD103* DC have ~5 -fold higher levels of Ccr7 tran-
script than CD11b* DC and approximately 100-fold higher levels
than tumor-associated macrophage (TAM) populations. Analysis
of cell surface CCR7 level showed selective expression in intra-
tumoral CD103" DC. Approximately one-third of CD103* DC ex-
pressed CCR7, perhaps representing variations in maturation
state (Figure 3C). Comparatively, 100% of CD103* and
CD11b™ migratory DC in tumor dLN expressed high levels of
CCRY protein on their surface (Figure S2C).

When B78ChOVA tumors were introduced into Ccr7~/~ ani-
mals, CD103* DC and CD11b* migratory DC were approxi-
mately 10-fold reduced in total dLN compared with controls
(Figures 3D and 3E). We also found that while Ccr7 deficiency
did not lead to deficits in DC frequencies within tumors (Fig-
ure S2D) nor in their ability to take up tumor antigen and become
mCherry positive (Figure S2E), it did lead to nearly complete loss
of ZsGreen* cells within dLN populations when the tumor ex-
pressed the more stable ZsGreen fluorophore (Figure 3F) and,
similarly, loss of detectable mCherry fluorescence when tumors
expressed this protein (Figure S2F).

CCR7 Dependence of T Cell Priming in the Tumor dLN

Given these observations, we sought to address the conse-
quence of CCRY loss for the ability of a tumor dLN to support
naive CD8"* T cell priming and proliferation. Since CCR7 is also
required for T cells to enter the LN, we devised a system in which
Ccr7-sufficient OTI T cells were adopted into wild-type (WT) or
Cer7~'~ mice (Figure 4A). Doing this, we observed that T cells
in Ccr7~~ mice displayed a significantly diminished activation

Figure 3. Tumor Antigen Arrival in All Tumor dLN DC Populations Is CCR7 Dependent

(A) Schematic of assessment for LN drainage of the pH-stable fluorophore ZsGreen and representative confocal image of sorted CD103* DC from tumor dLN of
B16 ZsGreen-bearing mTmG mice. Cell membrane is labeled with membrane bound tdTomato in red and tumor-derived ZsGreen fluorescence in green.

(B) Representative histogram of tumor-derived ZsGreen florescence across the tumor dLN populations of the inguinal and axillary LN in the ectopic B16 ZsGreen
melanoma tumor model treated with 0.5 pg of either PTX (paler line) or PBS (darker line) for 5 days compared with the non-dLN (gray). Data are representative of
two independent experiments.

(C) Representative flow cytometric histograms of CCR7 levels on tumor myeloid populations and T cells (colored) compared with isotype control (gray) (n = 3).
(D) Representative flow cytometric plot of CD8a* and CD103* DC in the tumor dLN of either WT or Ccr7 '~ mice. Cells shown were gated as CD11c*, MHC class
II*, F4/80~, Ly6C~, CD90.2™, and B220™.

(E) Frequency of DC populations as a percentage of total live cells in the tumor dLN of WT or Ccr7 '~ mice. Pooled data from individual mice with dual-flank
tumors are presented as mean + SEM for each population (n = 3), and are representative of three independent experiments. *p < 0.05, **p < 0.01, **p < 0.001.
(F) Quantification of the proportion of total myeloid populations that are ZsGreen* within the tumor dLN in the presence or absence of CCR7. Data are presented
as mean = SEM for each population (n = 5) and are representative of two independent experiments. *p < 0.05, “*p < 0.01.

See also Figure S2.
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Figure 4. CCR7-Dependent Trafficking of Tumor Antigen to the Tumor dLN Is Required for Anti-Tumor T Cell Priming In Vivo

(A) Schematic of adoptive transfers of labeled T cells into tumor-bearing WT or Ccr7~'~ mice for dLN analysis.

(B) Representative flow cytometric histogram of CD44 and CD69 expression on transferred T cells in the tumor dLN after 48 hr from either WT (red) or Ccr7 '~
(blue) mice, with endogenous T cells in gray. Duplicate histogram overlays represent individual mice. Data are representative of two independent experiments.
(C) Quantified geometric mean fluorescent intensity of CD69 and CD44 expression of transferred OTI T cells in the tumor dLN of WT or Ccr7~'~ mice at 48 hr. Data
are presented as mean + SEM (n = 3) and are representative of two independent experiments.

(D) Representative flow cytometric plots of proliferation measured by dye dilution of adoptively transferred OTI T cells in the dLN of tumor-bearing WT (red) or
Cer7~'~ (blue) mice 2 days following transfer.

(E) Representative flow cytometric plots of dye dilutions of adoptively transferred OTI T cells in the dLN of tumor-bearing WT (red) or Ccr7~/~ (blue) mice following
transfer and plotted against CD69 expression. Quantified frequencies, as a percentage of total live LN cells, are plotted for the proportion of recovered transferred
T cells (Transferred) as well as the proportion of those transferred T cells that divided (Diluted). Data were pooled from dual-flank-bearing tumor animals, and
plotted as mean + SEM (n = 3). Data are representative of two independent experiments.

(F) Tumor growth curves for ectopic B78ChOVA tumors in Ccr7 '~ or aged-matched WT C57BL/6 mice over 16 days (without adoptively transferred T cells). Data

are presented as tumor area and plotted as mean + SEM (n = 5). *p < 0.05.

profile as measured by expression of CD69 and CD44 (Figures
4B and 4C). In addition, transferred T cells failed to proliferate
in the dLN as indicated by dilution of a vital dye, VPD450,
measured after 2 days (Figure 4D). When VPD450 versus CD69
upregulation was used to measure the percentage of divided
cells, we found that there was a nearly 5-fold reduction in the
number of diluted cells recovered from dLN in Ccr7~/~ mice
compared with WT controls (Figure 4E).

Despite the rapid growth of these tumors in WT hosts, loss of
CCRY7 led to even faster tumor growth (Figure 4F). Taken
together, these results suggest that ongoing priming of new
T cell clones and concomitant immune pressure on tumor growth
is dependent upon the continual trafficking of antigens by spe-
cific DC populations through a CCR7-dependent pathway to
the LN. However, as CCR7 deficiency also leads to defects in
LN architecture and loss of other cellular subsets from the
dLN, we sought to more specifically assess the role of CCR7
within the CD103* DC compartment. To this end we created
mixed bone marrow (BM) chimeras consisting of 50% Xcr1-
DTR BM, where cells expressing Xcr1 express the primate diph-
theria toxin receptor (DTR) allowing their selective ablation, and
50% Ccr7~'~ or WT BM. In these mice, 50% of all immune cells
derive from Ccr7~/~ BM while the other 50% are Ccr7*/* but
contain the Xcr1-DTR transgene; this means that in the absence
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of diphtheria toxin (DT) treatment, 50% of all immune cells may
traffic to the LN normally, but upon administration of DT all
Ccr7*’* XCR1* cells are ablated. Within the tumor, only the
Xcr1-DTR BM-derived CD103" DC are ablated, leaving the
Ccr7”/~ CD103* DC compartment intact (Figure S3A). As
such, the role of CD103" DC within the dLN could be parsed
from their previously demonstrated important roles in the tumor
microenvironment. Similarly, within the lymph node, Xcr1-DTR
BM-derived CD8a* DC are ablated, leaving the Ccr7~/~ CD8a*
DC intact (Figure S3B). The migratory CD11b* DC from the
Ccr7~/~ BM fail to migrate to the dLN but those derived from
the Xcr1-DTR BM do migrate and are not ablated, resulting in
intact migration of these DC. Conversely, the CD103" DC within
the LN are completely lost since those derived from the Ccr7—/~
BM fail to migrate to the dLN and those from the Xcr7-DTR BM
are ablated (Figure S3C). In this way, administration of DT selec-
tively removed the CD103* DC compartment from the dLN.
Low numbers of OTI cells were transferred into these mice
before being injected with B78ChOVA tumors. DT was adminis-
tered throughout tumor development, and at day 15 the dLN and
tumors were harvested to determine the number of OTI cells pre-
sent in both compartments (Figure 5A). In the presence of DT,
while the proportion of the dLN consisting of T cells was only
marginally affected (Figure 5B), the generation of the anti-tumor
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Figure 5. Migratory CD103* DC Are Required in the dLN for Effective Anti-Tumor CD8* T Cell Priming
(A) Schematic of adoptive transfers of 5,000 CD45.1* OTI T cells into XCR7-DTR:Ccr7 '~ mixed BM chimeras for analysis of TIL expansion + elimination of

CD103* DC in the dLN.

(B) Proportion of live cells in the dLN that are CD90* T cells 15 days after B78ChOVA inoculation in XCR7-DTR:WT and XCR1-DTR:Ccr7 '~ mixed BM chimera +
DT treatment throughout tumor growth. Data are presented as mean + SEM (n = 5).

(C and D) Proportion of CD8* T cells in the dLN (C) or tumor (D) from the transferred CD45.1* OTI T cells 15 days after B78ChOVA inoculation in XCR71-DTR:WT
and XCR1-DTR:Ccr7~'~ mixed BM chimera = DT treatment throughout tumor growth. Data are presented as mean + SEM (n = 5).

*p < 0.05; n.s, not significant. See also Figure S3.

OTI T cell response was dramatically impaired in the absence of
CD103* DC migration (Figure 5C). More critically, this corre-
sponded to a loss of the OTI T cell response within the primary
tumor, where the OTI T cell response was almost undetectable
within the CD8" T cell compartment (Figure 5D), indicating that
migration of CD103* DC to the LN and naive priming there is
the critical determinant of generating effective anti-tumor CD8*
T cell responses in the LN and the tumor.

A CCR7-DC Axis Is Critical for Regulating T Cell
Infiltration and Disease Progression in Human
Melanoma

To put this work in the context of human melanoma, we queried
databases containing expression profiles from individual human
lesions. In previous work, we identified both /RF8 and FLT3 as
“signature genes” for the human equivalents of the CD103*
DC population (Broz et al., 2014); in humans these are defined
by expression of XCR1 as in mouse, but express CD141
(BDCAB) rather than CD103 (Haniffa et al., 2012). We previously
also described CCR7 as one of these signature genes (Broz
et al., 2014), without understanding the full import of this associ-
ation. Now, by assessing individual patient biopsy expression
data, we observed a correlation between /RF8 and CCR7 and
between FLT3 and CCRY in both a 44-patient cohort dataset
that contains significant pathology and outcome data (Bogu-

novic et al., 2009) (Figure 6A) and arecent TCGA dataset (Figures
S4A and S4B). Such a correlation is consistent with the hypoth-
esis that tumoral Ccr7 expression is contained within the CD141*
DC subset. To directly test this, we isolated cells from fresh hu-
man melanoma biopsies and analyzed CCRY7 levels on different
tumor-infiltrating populations by flow cytometry. We found that
only the CD141* DC expressed detectable surface CCR7 (Fig-
ure 6B). This demonstrated that CCR7 is particularly prominent
on CD141* DC in human tumors and therefore is likely to repre-
sent the same axis of presentation that we observed in mouse.
We noted that, as in mouse, the population was bimodal,
perhaps suggesting that a maturation event takes place within
this population, leading to upregulation of CCR7 and subsequent
trafficking.

Finally, we sought to determine whether CCR7 expression,
and thus antigen-trafficking capacity, also predicted the genera-
tion of large numbers of TILs and had any correlation with patient
survival. In the TCGA dataset, intratumoral CCR7 expression
was highly correlated with tumoral CD3E expression (Fig-
ure S4C). In the 44-patient cohort, we found that a median split
for the CCR7 expression also strongly correlated with CD3*
T cell infiltration, measured histologically (Figure 6C). More rele-
vant to immune surveillance, the same median split provided a
highly significant parsing of patient outcome; whereas the
CCR7" cohort had perished by 1,250 days, 65% of the CCR7"
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population remained alive at the end of data collection in this
dataset (Figure 6D).

DISCUSSION

While treating tumor immunology as a series of blocked T cell
checkpoints has been undoubtedly useful for the generation
of therapies (Pardoll, 2012), this report describes a native and
intact priming mechanism for anti-tumor CD8* T cells, appar-
ently intact within multiple tumor models in mice as well as pre-
sent, by inference, in some human tumors. While the tumor
microenvironment itself has been an important site for study
of the fundamental mechanisms in T cell inhibition (Gajewski
et al., 2013), it is equally important to understand the processes
that might generate robust numbers of incoming and activated
CD8" TILs. Here, we have defined a prominent mechanism
whereby tumor antigens make their way from the tumor into
the dLN for the purpose of driving anti-tumor T cell prolifera-
tion. The most numerous migratory cell type with the greatest
inherent stimulatory capacity is the CD103" DC population.
These cells traffic tumor antigens in a CCR7-dependent
manner to the dLN and this trafficking is critical for effective
anti-tumor CD8" T cell priming.

Previous work has shown intratumoral CD103* DC to have
critical roles as stimulatory, albeit rare, partners for T cells within
tumors (Broz et al., 2014). The current study extends this result,
showing that these same cells, through expression of CCR7 and
trafficking to the LN, also represent key allies for therapies that
focus on T cell priming. Furthermore, through the use of Ccr7
Xcr1-DTR mixed BM chimeras we have been able to further
separate the roles of CD103* DC in the tumor microenvironment
from their roles in the dLN. Previously we have shown that
CD103" DC are required for efficient repriming of transferred
activated CTLs and subsequent tumor control by blocking LN
egress with FTY-720. In this study we show that in addition to
this critical role in the primary tumor, CD103" DC have another
crucial role to play in the priming of naive CD8" T cells in the tu-
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mor dLN, which ultimately dictates the ability of CTLs to infiltrate
the primary tumor.

Earlier reports using Batf3~'~ mice, which result in the loss of
both CD103* and CD8«* DC (Edelson et al., 2010), demon-
strated that this broad lineage was necessary for tumor rejection
(Hildner et al., 2008). Further work described robust T cell stim-
ulation by CD8a.* DC purified from the spleens of tumor-bearing
mice, promoting these as the critical population for the priming of
new CD8" T cells (Fuertes et al., 2011). Our work is consistent
with the Batf3 result insofar as we found CD103* DC to be essen-
tial, and these rely upon BATF3 (Edelson et al., 2010). Although
the CD8a.* may be relevant, our results from directly comparing
CD8a.* and CD103* DC highlight the relatively greater impor-
tance of the latter for the triple role of transporting antigen,
directly presenting antigen in a highly stimulatory context
in vitro and in vivo, and potentially serving as a conduit for hand-
ing off antigen to other LN resident DC, including CD8a." DC. Our
study also adds significant nuance to the understanding of LN
priming by showing significant, albeit less, trafficking of antigens
via CD11b™ migratory DC as well as through the aforementioned
hand-off mechanism that may also derive from these cells.

This hand-off pattern of tumor antigen trafficking bears similar-
ities to the import of antigens in skin infections into LN, which
take place on one APC subset and are then disseminated to
others (Allan et al., 2006). A key difference is that in skin infec-
tions, CD8a" DC were ultimately superior for stimulation of
CD8"* T cells when compared head-to-head with CD8a~ DC,
which would include the CD103* DC population. This raises
the specter that a solid T cell response in tumors may ultimately
profit from activation of the CD8x." DC alongside the already
stimulatory CD103* DC. Indeed, the previous studies that pro-
moted CD8a." DC as the critical cells for priming T cells in spleen
noted that such priming required signaling through type | inter-
feron (Diamond et al., 2011; Fuertes et al., 2011). To this extent
it is intriguing that our real-time imaging showed both DC sub-
sets were frequently together in the same clusters with activating
T cells; it is tempting to propose that a concerted dynamic
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whereby both DC are activated, perhaps via type | IFN, may pro-
duce yet better effectors. Similarly, the other APC populations,
while not as robust stimulators of CD8" T cell activation and pro-
liferation in our assays, may have other, as yet undefined but
important, roles in the “quality” of the CD8" T cell response, as
well as other T cell subset activation in vivo, including CD4* T ef-
fectors and T regulatory cells. Future studies should now be in a
position to address these issues.

It is also important to consider how different phases of tumor
growth may be sampled differently. For example, although it is
sometimes postulated that antigen presentation may occur
through normal and ongoing tumor cell death, we found that sig-
nificant import of a 26-kDa pH-stable fluorophore was also
blocked by PTX administration and largely abrogated in the
absence of CCR7-dependent trafficking. Since this molecule is
small enough that it would be expected to be able to drain via
lymph to the dLN directly (Sixt et al., 2005), its accumulation in
these other myeloid populations in a CCR7-dependent manner
very much points to ongoing intratumoral uptake by migratory
DC and subsequent trafficking to dLN as cellular “cargo” for
direct antigen hand-off. However, this also suggests that there
is not typically drainage of small, intact molecules derived from
dead tumor cells in the lymph to the dLN, at least in our various
mouse models. It remains possible, however, that highly necrotic
tumors, particularly as may be the case after certain chemo- and
radiotherapy regimes, may more resemble the bolus injection of
dead tumor cell debris, which previously implicated CD169*
macrophages in T cell priming (Asano et al., 2011). Furthermore,
other mechanisms such as antigen release in the lymphatics may
also contribute to a CCR7-dependent acquisition of antigens by
LN resident APCs, although that might be expected to resultin all
LN populations having more uniform and low-level presentation
whereas we observe a fraction of cells with high levels, consis-
tent with some form of packet exchange. Future experiments
should seek to directly image the cell biology of such a transfer.

This work provides significant rationale for further exploring
the CCRY7 axis in human cancers as a means to “pull” additional
DC populations into LN. In the absence of CCR7 despite the
CD103" DC being present in the tumor at similar levels and being
loaded with tumor antigen, anti-tumor T cells were no longer effi-
ciently primed in the dLN, correlating with reduced overall tumor
control. Furthermore, intratumoral CCR7 expression levels were
found to be a strong predictor of T cell infiltration and overall sur-
vival in human metastatic melanoma, together establishing the
critical role of migratory CD103*/CD141* DC in LN trafficking
and anti-tumor immunity. It will be interesting, as more immuno-
profiling of human dLN becomes possible, to correlate TIL infil-
tration with the presence of CCL21 in sentinel nodes. Yet, given
the variety of human melanoma phenotypes, it is important to
recognize that LN expression of CCR7 ligands may in some
cases provide a route for tumor cells expressing CCR7 to under-
take lymph-based metastasis. Indeed, one recent study demon-
strated spontaneous CCR7 expression in a melanoma cell line
(Emmett et al., 2011) and, contrary to our results, another has
associated expression of CCR7 in tumors with more metastasis
and worse prognosis in some uveal melanomas (van den Bosch
et al., 2013). Thus, although this mechanism appears relevant
across multiple mouse and human datasets in our hands, it will
be important to consider the exact cells expressing CCR7 across

indications. Similarly, it has been suggested that tumor-specific
T cells can be primed directly in tumor tissue in the absence of
LN (Thompson et al., 2010). In this regard, though, given
the role that CD103* DC play in both LN priming (this work)
and within the tumor (Broz et al., 2014), coupling the viability of
these cells to therapy remains a high priority, regardless of the
priming site.

How, then, to boost this pathway for therapeutic benefit?
Regarding CCR?7, it was recently shown that immune complexes
stimulate CCR7-dependent DC migration to the LN, which may
represent an axis of therapeutic manipulation to drive DC into
the LN to enhance anti-tumor T cell priming (Clatworthy et al.,
2014). Comparatively, chemo -and radiotherapies, which release
tumor antigens, could also increase antigen availability for traf-
ficking CD103* DC, thus further improving naive anti-tumor
T cell responses (Vanneman and Dranoff, 2012). Similarly,
coupling of these proposed DC stimulatory therapies with exist-
ing immunotherapies, such as checkpoint blockade, will provide
exciting opportunities looking forward, especially as it has been
noted that several checkpoint blockade therapies, including
anti-CTLA4, have heightened effects in the context of DC
augmentation strategies (Curran and Allison, 2009). Finally, in
noting that CD11b* DC are relatively weak in trafficking antigens
to tumor dLN, we can speculate that there is a “defect” in this
axis compared with conventional LN priming; such a defect
may ultimately skew T cell responses, particularly as presenta-
tion by non-CD103 DC appears important for early CD8* and
CD4* T cell priming in other contexts (Eickhoff et al., 2015; Poo-
ley et al., 2001). In sum, this work highlights specific DC subpop-
ulations as prominent components for LN priming and provides a
roadmap for considering how they contribute to ongoing and
effective anti-tumor T cell priming.

EXPERIMENTAL PROCEDURES

Human Specimens

Melanoma samples were obtained from patients at the University of California
San Francisco (UCSF) undergoing surgical resection. Experimental protocol
CC #138510 was followed and was approved by the institutional review board
at UCSF. Informed consent was obtained from patients.

Mouse Strains

All mice were maintained under specific pathogen-free conditions and treated
in accordance with the regulatory standards of the NIH and American Associ-
ation of Laboratory Animal Care standards, and are consistent with the UCSF
Institution of Animal Care and Use Committee (IACUC approval: AN106779-
01A). OTI transgenic mice (Hoquist et al., 1994) were interbred with CD45.1,
Nur775¢FF mice (Moran et al., 2011), and Cd2-RFP mice (Veiga-Fernandes
etal., 2007). Xcr1-Venus, Xcr1-DTR (Yamazaki et al., 2013), and PyMT-ChOVA
C57BL/6 mice (Engelhardt et al., 2012) and Ccr7~/~ C57BL/6 mice (Forster
et al., 1999) were bred at UCSF. Ubc-CreERT2 mice (Ruzankina et al., 2007)
were crossed to the mTmG reporter strain (Muzumdar et al., 2007) to generate
Ubc-CreERT2 mTmG mice. C57BL/6 (Simonsen) were used for all ectopic
tumor studies.

LN Digestion and DC Isolation

LN were carefully dissected from tumor-bearing or WT mice, and cleaned of
fat. For both the PyMTChOVA and B78ChOVA tumors, inguinal and axillary
LN were taken as tumor draining. Nodes were pierced and torn with sharp for-
ceps in 24-well plates and incubated for 15 min at 37°C in 1 ml of digestion
buffer (100 U/ml collagenase A, 500 U/ml collagenase D, and 20 ng/ml DNAse
I in RPMI-1640). After the first 15 min of incubation, cells was pipetted up and
down repeatedly, then returned for a second 15-min incubation at 37°C. After
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digestion, LN were washed with RPMI-1640 plus 10% fetal calf serum (FCS)
and filtered through 70-um Nytex filters before staining for flow cytometry.
When sorting from LN, cells were stained with biotin-conjugated anti-B220
and anti-CD90.2 antibodies, and negative selection was performed with an
EasySep Biotin Selection Kit following the manufacturer’s instructions before
staining.

Flow Cytometry and Antibody Clones

All antibodies were purchased from BD Pharmingen, eBioscience, Invitrogen,
BioLegend, and the UCSF hybridoma core, or were produced in the Krummel
laboratory. For surface staining, cells were incubated with anti-Fc receptor
antibody (clone 2.4G2) and then stained with antibodies in PBS + 2% FCS
for 30 min on ice. Viability was assessed by staining with fixable Live/Dead
Zombie (BioLegend) or DAPI. Flow cytometry was performed on a BD Fortessa
instrument. Analysis of flow cytometry data was done using FlowJo (Treestar)
software. Cell sorting was performed using a BD FACS Aria Il.

eFluor 670 or VPD450 Labeling of T Cells

OTI T cells were incubated in RPMI-1640 without FCS with 2 uM eFluor 670
(eBioscience) or 5 uM VPD450 (BD Biosciences) for 15 min at 37°C. Cells
were then quenched with 2 ml of FCS and washed three times in RPMI-1640
with 10% FCS before use.

T Cell Proliferation Assays

LN cells from OTI TCR transgenic mice were isolated and enriched for naive
CD8* T cells by a StemSep CD8 enrichment kit (STEMCELL Technologies).
2 x 10* enriched naive CD8" T cells labeled with 2 pM eFluor 670 were mixed
with either 4 x 10® BM-derived DCs pulsed with or without 25 ng/ml SL8 pep-
tide (OTI) or 4 x 10% unpulsed tumor-derived APCs (unless otherwise noted) in
96-well V-bottom plates for either 12, 48, or 72 hr at 37°C with 5% CO,, at
which point activation was measured by CD69 and Nur77 upregulation and
eFluor 670 dilution via flow cytometry.

Human Gene-Expression Analysis

We used previously published microarray and clinical outcome data deposited
in the Gene Expression Omnibus (GEO: GSE19234) (Bogunovic et al., 2009)
and publicly available TCGA RNA-sequencing and clinical outcome data avail-
able at http://cancergenome.nih.gov/ to perform survival and correlation ana-
lyses. Statistical analysis was carried out using GraphPad Prism. Survival
curves were assessed for statistically significant differences using the
Gehan-Breslow-Wilcoxon test, and correlations by calculating the Pearson
R value.
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