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SUMMARY

Differentiation of proinflammatory CD4+ conventional T cells (Tconv) is critical for productive antitumor responses yet their elicitation remains poorly
understood. We comprehensively characterized
myeloid cells in tumor draining lymph nodes (tdLN)
of mice and identified two subsets of conventional
type-2 dendritic cells (cDC2) that traffic from tumor
to tdLN and present tumor-derived antigens to
CD4+ Tconv, but then fail to support antitumor CD4+
Tconv differentiation. Regulatory T cell (Treg) depletion
enhanced their capacity to elicit strong CD4+ Tconv
responses and ensuing antitumor protection. Analogous cDC2 populations were identified in patients,
and as in mice, their abundance relative to Treg predicts protective ICOS+ PD-1lo CD4+ Tconv phenotypes
and survival. Further, in melanoma patients with
low Treg abundance, intratumoral cDC2 density
alone correlates with abundant CD4+ Tconv and with
responsiveness to anti-PD-1 therapy. Together, this
highlights a pathway that restrains cDC2 and whose
reversal enhances CD4+ Tconv abundance and controls tumor growth.
INTRODUCTION
Recent therapeutic advances blocking T cell checkpoint molecules like CTLA-4 or PD-1/PD-L1 have demonstrated clinical
success, but in only a subset of patients (Hodi et al., 2008; Topalian et al., 2014). Limitations in efficacy can be attributed to tumor-induced generation of dysfunctional and exhausted T cells
reminiscent of exhaustion seen in chronic infection (Schietinger
et al., 2016). Irreversibly exhausted T cells in the tumor microen556 Cell 177, 556–571, April 18, 2019 ª 2019 Elsevier Inc.

vironment (TME) are unlikely to be rescued by immune checkpoint blockades (ICB) (Pauken et al., 2016; Philip et al., 2017).
Thus, in patients with poor T cell infiltration or exhaustion,
improving priming may be necessary to engage effective antitumor immunity (Philip et al., 2017).
While CD8+ T cells are often immunotherapeutic targets due to
their role in tumor cell cytolysis, CD4+ Tconv are emerging as an
important contributor to antitumor responses. Effector CD4+
Tconv can augment immunity by licensing dendritic cells (DC)
(Behrens et al., 2004) and stimulating pro-inflammatory myeloid
cell programs (Corthay et al., 2005). Notably, effective antiCTLA-4 therapy generates ICOS+PD-1lo CD4+ T helper 1-like
(Th1-like) effector CD4+ Tconv critical for an antitumor response
(Fan et al., 2014). Conversely, presence of PD-1hi CD4+ Tconv
cells, correlated with high tumor burden and likely T cell exhaustion, is a negative prognostic indicator for ICB (Zappasodi et al.,
2018). As such, the processes contributing to antitumor CD4+
Tconv activation and differentiation merit further investigation.
Prior to tumor infiltration, antitumor T cells are activated in the
tumor-draining lymph node (tdLN) by antigen-presenting cells
(APC) such as conventional dendritic cells (cDC) that present antigen and provide co-stimulation and cytokines to tumor antigenspecific T cells. There has long been interest to augment cDC as
a means to boost T cell effector function, but approaches like
vaccination or administration of cDC growth factors are susceptible to endogenous immunosuppressive cells such as Treg that
can potently suppress cDC (Bauer et al., 2014). The diversity of
cDC populations, however, makes it unclear if specific subsets
are selectively impacted.
cDC can be divided into cDC1 and cDC2 populations that are
either LN resident or migrate to the LN from peripheral tissues
(Merad et al., 2013). cDC1 and cDC2 can take on specialized roles
in CD8+ and CD4+ T cell priming by differentially processing and
presenting antigen (Gutiérrez-Martı́nez et al., 2015) and producing
cytokines (Merad et al., 2013). cDC1 are critical for directing CD8+
T cell immunity to various pathogens (Bedoui et al., 2009) and

antitumor responses (Broz et al., 2014; Roberts et al., 2016;
Salmon et al., 2016), while cDC2, a heterogeneous population,
preferentially initiate CD4+ Tconv responses in several conditions
(Gao et al., 2013; Krishnaswamy et al., 2017). While the division
of labor between cDC1 and cDC2 in engaging CD8+ and CD4+
T cells, respectively, is well established, tissue type and the nature
of the challenge may determine whether they tolerize or activate
their T cell partners. Indeed, the specific cDC roles in eliciting antitumor CD4+ Tconv immunity remain unresolved.
We applied single-cell RNA-sequencing (scRNA-seq) to
myeloid populations from tdLNs in mouse and human to understand the diversity and function of cell types and how the variance in TME might affect the nature of the CD4+ Tconv generated.
We then sought to understand how therapeutic intervention
altered the outcome of CD4+ Tconv priming. We confirmed these
findings in humans determining how CD4+ Tconv phenotype and
cDC composition are connected.
RESULTS
Myeloid Heterogeneity at Single-Cell Resolution
To define the myeloid populations capable of antitumor
CD4+ Tconv priming, we sorted B16-F10 tdLN myeloid cells
(CD90.2 B220 NK1.1 and CD11c+ or CD11b+) and performed
scRNA-seq using the 10X Genomics Chromium platform paired
with deep sequencing. Analysis of 4133 tdLN myeloid cells
yielded 10 unique population clusters (Figures 1A and S1A).
To determine cluster identity, we generated gene signatures of
populations expected in the LN from publically available data
(Heng and Painter, 2008) and plotted expression of these on
the tdLN t-SNE plot (Figure 1B; Table S1). Clusters 8 and 9 appeared to be lymphocyte contaminants and were subsequently
excluded (data not shown). We then overlaid canonical myeloid
markers to explore the cluster identities. Ccr7 and Itgax demarcated migratory (clusters 0, 1, 2, 4, and 6) and resident (clusters
3, 5, and 7) DCs, consistent with our assignments (Figure S1B).
cDC clusters (0–4, 6–7) were confirmed using canonical genes
Zbtb46 and Flt3, whereas monocytes and T cell zone macrophages (TZ macrophages), which are unable to prime CD4+ Tconv
(Baratin et al., 2017), both occupied cluster 5, localizing to opposite sides of the cluster (Figure S1C).
We performed differential expression (DE) analysis for each
myeloid cluster versus all other clusters and generated heatmaps for the top 10 most differentially expressed genes (Figure 1C; Table S2). In addition to highlighting key genes contributing to unbiased population segregation, several markers
validated previous reports of specialized cellular functions e.g.,
production of Il12b in mCD103+ cDC1(Miller et al., 2012) or
Ccl17 in cDC2 and mLC (Alferink et al., 2003). Moreover, there
was a pattern of shared transcriptional identity within resident
and migratory populations, which was further defined by DE
analysis of migratory (clusters 0, 1, 2, 4, and 6) compared to resident (clusters 3 and 7) DC populations (Figure S1D; Table S3).
Expression was largely uniform within migratory and resident
DC, with enrichment of genes previously associated with migratory populations such as Socs2 or Fscn1 (Miller et al., 2012).
Populations identified through unbiased clustering largely
mirrored those identified using gene signatures; however, in

contrast to mCD103+ cDC1, the signature for migratory cDC2
applied to multiple clusters indicating substantial heterogeneity.
DE analysis between migratory cDC2 clusters 0 and 4 identified
specific expression of Cd9 on cluster 0 (Figure 1D; Table S4).
Surface CD9 expression parsed the two cDC2 populations and
correlated with CD301b, a previously identified molecule distinguishing cDC2 subsets (Kumamoto et al., 2013), allowing for
identification of CD9CD301b (mCD301b) and CD9+CD301b+
(mCD301b+) populations (Figures 1D and S1E). Due to the
existing literature and robust staining, CD301b was subsequently used.
CD301b is often expressed by cells of monocyte and macrophage (Mo/Mac) lineage, so we assessed expression of
Mo/Mac-related molecules on mCD301b and mCD301b+.
mCD301b and mCD301b+ cells expressed cDC2 markers
FLT3 and SIRPa (Miller et al., 2012) and are cDC based on
expression of Zbtb46 (Figure S1H) (Meredith et al., 2012; Satpathy et al., 2012). mCD301b+, however, expressed markers associated with cells of a Mo/Mac lineage (Gautier et al., 2012),
including CD14, CD16/32 (FcgRIII/II), CD200R, and CD206 (Figure S1F). Furthermore, mCD301b+ expressed higher levels of
inhibitory receptors PD-L2 and LILRB4 (Figure S1G).
From this analysis, we derived a flow cytometry panel encompassing this heterogeneity (Figure 1E) and determined the
frequency of each population (Figure S1I). We next sought to
identify the exact APC(s) responsible for anti-tumor CD4+ Tconv
priming by using these markers.
Requisite Migration of tdLN Populations
CD103+ cDC1 migration to the tdLN is critical for antitumor CD8+
T cell priming (Roberts et al., 2016), but less is known about
cDC2 migration from the tumor. We sought to identify whether
these two cDC2 populations were tumor-originating and bore tumor-antigen. Consistent with our scRNA-seq analysis, migratory
populations expressed surface CCR7 within the tdLN (Figure S1J), corresponding to migration from the periphery. We
then assessed the levels of tumor antigen within myeloid cells
of tdLN from B16-ZsGreen (B16ZsGr) tumor-bearing animals (Figure 1F) and found that mCD103+, mCD301b, and mCD301b+
were the dominant ZsGreen+ migratory populations, while resident populations generally had lower and heterogeneous levels,
consistent with previous findings (Roberts et al., 2016). Notably,
CD301b and CD301b+ cDC2 are also present within the TME
with fractions of both populations expressing CCR7 (Figure S1K),
indicating their migratory capacity. We then generated B16mCherry-OVA (B16ChOVA) tumor-bearing Ccr7/ mice, which
lacked all migratory DC in the tdLN (Figure S2A); in this context,
transferred OT-II almost completely failed to proliferate (Figure S2B) confirming that migratory DC populations were critical.
De Novo Priming of CD4+ Tconv by cDC2 in the tdLN
To identify which cell(s) directly present antigen and how they influence CD4+ Tconv priming, we sorted tdLN myeloid populations
from mice bearing B16ChOVA tumors and co-cultured them
ex vivo with naive OT-II. This demonstrated that both migratory
cDC2 supported OT-II expansion based on cell number (Figure 2A) and frequency of division (Figure 2B). Despite similar antigen loading (Figure 1F), rCD11b+ induced little proliferation of
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Figure 1. Unbiased scRNA-seq of Myeloid Cells in the tdLN Reveals Extensive Heterogeneity
(A) t-SNE display and graph-based clustering of CD90.2 B220 NK1.1 CD11b+ and/or CD11c+ myeloid cells sorted from B16F10 tdLN and processed for
scRNA-seq. Each dot represents a single cell.
(B) Expression of ImmGen population-specific gene signatures distributed across t-SNE plot of (A).
(C) Heatmap displaying top 10 DE genes for each cluster when comparing clusters 0 through 7 (ranked by fold change).
(D) Left: a heatmap displaying the top 30 DE genes between clusters 0 and 4, with Cd9 highlighted by a red line. Right: a flow cytometry histogram displaying the
differential surface expression of CD301b between CD9 and CD9+ CD11b+ CD24 DCs.
(E) Representative gating strategy used to identify myeloid populations in the tdLN.
(F) Representative flow cytometry histograms displaying levels of ZsGreen tumor antigen within myeloid populations in the tdLN (left). Frequency of ZsGreen+
cells within tdLN myeloid populations (right). Data pooled from two independent experiments.
See also Figure S1 and Tables S1, S2, S3, and S4.
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Figure 2. mCD301b/+ cDC2 Are Uniquely Able to Induce Anti-tumor CD4+ Tconv Proliferation but Fail to Initiate CD4+ Tconv Differentiation
(A–D) OT-II were co-cultured with APC sorted from tdLN of control B78ChOVA-bearing animals and analyzed 3 days after plating.
(A) Absolute number of live OT-II recovered, normalized, and statistically compared to mCD301b+ condition.
(B) Histograms of OT-II dye dilution (left). Frequency of recovered OT-II that had undergone division with statistical comparison to mCD301b+ condition
(t test) (right).
(C) Absolute number of live OT-II recovered from co-culture containing exogenous OVA peptide (323–339), normalized and statistically compared to mCD301b+
condition.

(legend continued on next page)
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OT-II cells. Addition of exogenous OVA peptide (OVA323–339) resulted in comparable proliferation by all populations, confirming
their viability and capacity to engage CD4+ Tconv; these populations likely do not process and present tumor antigen on MHC-II,
restricting their ability to prime CD4+ Tconv (Figures 2C and 2D).
To test whether cDC2 were required in vivo for initiating CD4+
Tconv priming, mice deficient in Irf4 in DC, which lack LN cDC2
(Krishnaswamy et al., 2017), were used. Use of Irf4flox/floxItgaxCre
resulted in spontaneous germline deficiency (data not shown)
preventing us from deleting Irf4 specifically in myeloid cells.
D/D
Instead, we used globally deficient Irf4 (Irf4flox/floxActBCre)
B16ChOVA-tumor-bearing animals that had reduced numbers of
all migratory cDC2 populations in the tdLN (Figure 2E). Transferred CD45.1+ OT-II in Irf4D/D mice failed to proliferate and accumulate in the tdLN (Figure 2F) while in Xcr1DTR mice, depletion of
cDC1 did not impact OT-II proliferation (Figures S2C and S2D).
As Cx3cr1 is differentially expressed by rCD11b+ (Table S2),
we generated Cx3cr1lsl-DTRCD11cCre animals that allowed specific depletion of rCD11b+ (Figure S2E); depletion of rCD11b+
similarly did not reduce OT-II proliferation (Figure S2F). Both
in vitro and in vivo migratory cDC2 are thus the primary inducers
of antitumoral CD4+ Tconv priming.
Tolerogenic CD4+ Tconv Priming in the tdLN
In tumor-bearing mice, despite evident initiation of CD4+ Tconv
priming, anti-tumor immunity is ineffective. We thus hypothesized that CD4+ Tconv may not be differentiating to effectors
and directly compared in vivo activation and differentiation of
transferred OT-II in the tdLN (tdLNB16ChOVA), in a tolerizing LN
via injection of adjuvant-free antigen (endoOVA) and with inflammation-inducing influenza virus (X31pOVA). CD69 expression on
OT-II at day 3, indicating strength of T cell activation (Allison
et al., 2016) and/or exposure to inflammatory cytokines (Shiow
et al., 2006), was similar in tdLNB16ChOVA and tolerizing endoOVA
and much lower as compared to X31pOVA (Figure 2G). X31pOVA
infection induced potent activation markers on OT-II, namely
CD44 upregulation and CD62L downregulation, which was not
observed to the same extent on tdLNB16ChOVA OT-II nor endoOVA
OT-II (Figures 2H and 2I).
Finally, we found minimal ICOS+PD-1lo Th1 differentiation in
both tdLNB16ChOVA and endoOVA conditions at day 7, compared
to X31pOVA (Figure 2J) coinciding with minimal cytokine production following restimulation (Figure 2K). While cDC2 initiate CD4+
Tconv priming in the tdLN, defective effector Tconv differentiation

predicts that therapeutic improvement of CD4+ Tconv priming
may be possible through alterations in cDC2 phenotype.
Concomitant Expansion of Treg and cDC2 in the TME
While tumor expression of GM-CSF (B16Gm-csf) alters the proportion of cDC2 in the TME (Broz et al., 2014), CD4+ Tconv
numbers do not rise appreciably with increases in cDC2 (both
CD301b and CD301b+ subsets) (Figures 3A and S3A). As these
cDC2 present antigen to CD4+ T cells (Figure 2), we hypothesized that Treg prefentially expand and act as a feedback mechanism suppressing cDC2 function and antitumor CD4+ Tconv
priming. We found a positive correlation between Treg and
cDC2 frequencies in the TME, and as DC may be inhibited by
Treg (Bauer et al., 2014), we tested whether Treg may negatively
regulate cDC2 impact on CD4+ Tconv differentiation.
Therapeutic Benefits of Treg Depletion Rely on De Novo
CD4+ Tconv Priming
Diphtheria toxin (DT) treatment of Foxp3DTR mice (Kim et al.,
2007) led to robust Treg depletion and tumor rejection (Figures
3B, S3B, and S3C) that required CD4+ Tconv as previously shown
(Bos et al., 2013) (Figure 3C). We next tested whether rejection
depended on reactivation of CD4+ Tconv in the TME or infiltration
of new CD4+ Tconv from the tdLN. Treatment with the S1PR
antagonist FTY720 blocks T cell egress from the tdLN (Chiba
et al., 1998) but had little effect on tumor growth. FTY720/DTtreated Foxp3DTR mice, however, were unable to reject tumors
in contrast to their DT-treated Foxp3DTR controls (Figure 3D).
Thus, CD4+ Tconv tdLN priming and egress is required for tumor
rejection following Treg depletion.
Treg Depletion Induces Enhancement of Both cDC2 and
CD4+ Tconv
Transferred OT-II in B16ChOVA tumor-bearing Treg-deplete
animals showed enhanced expansion in the tdLN at day 3
(Figure 3E), and we hypothesized that Treg depletion relieved
suppression of the cDC2/CD4+ Tconv axis. Thus, we examined
DC antigen trafficking to the tdLN following Treg depletion in
B16ZsGr tumor-bearing mice. Following Treg depletion, ZsGreen+
mCD301b and mCD301b+ in the tdLN were greatly increased
in number while other migratory populations were only weakly
increased or unchanged (Figure 3F). Mice deficient in Il-10,
Itgb8 (transforming growth factor b1 [TGF-b1]-related), or Areg
had no change in the number of ZsGreen+ cDC2 in the tdLN

(D) Histograms of OT-II dye dilution (left). Frequency of recovered OT-II that had undergone division with statistical comparison to mCD301b+ condition
(t test) (right).
(E) Frequency of tdLN DC populations in control or Irf4/ tumor-bearing mice.
(F) Purified CD45.1+ OT-II were adoptively transferred to control or Irf4/ B16ChOVA tumor-bearing mice with tdLN harvested 3 days later to assess OT-II dye
dilution (left) and quantify the OT-II that divided (middle) and their frequency (right).
(G–K) CD45.1+ OT-II were transferred to wild-type mice that were inoculated with B16chOVA (tdLNB16ChOVA), endoOVA, or X31pOVA and draining LNs were
harvested for analysis.
(G) Histogram of CD69 on divided CD45.1+ OT-II (left) and quantification of MFI with each cell division as determined by dye dilution (right) 3 days following
transfer.
(H and I) Surface CD44 (H) and CD62L (I) levels on transferred CD45.1+ OT-II (left) and quantification of MFI (right) 3 days following transfer.
(J) Frequency of transferred CD45.1+ CD44+ OT-II that are ICOS+PD-1lo Th1-like.
(K) Frequency of transferred CD45.1+ CD44+ OT-II that produce interleukin (IL)-4, IL-17A, and IFNg following ex vivo restimulation 7 days after transfer. Data are
represented as average ± SEM unless explicitly specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
See also Figure S2.
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Figure 3. Treg Depletion Enhances cDC2 Migration to the tdLN and Unleashes an Anti-tumor CD4+ Tconv Response

(A) Correlation of intratumoral CD11b+ CD301b/+ cDC2 frequency compared to CD4+ Tconv (left) or Treg (right). Dots colored according to ratio of B16F10:B16Gmcsf cells in the tumor. Two pooled experiments displayed.
(B) Tumor growth from control and Foxp3DTR mice. Black arrowheads indicate DT treatment. Results depict tumor growth curves of individual mice.
(C) Tumor growth from control or Foxp3DTR mice injected with depleting antibodies. Results depict tumor growth curves of individual mice. Two pooled
experiments displayed.
(D) Tumor growth from control or Foxp3DTR mice injected with with vehicle or FTY720. Results depict tumor growth curves of individual mice. Two pooled
experiment displayed.
(E) CD45.1+ OT-II T cells were adoptively transferred into DT-treated control or Foxp3DTR B16ChOVA-tumor-bearing mice and recovered 3 days later for analysis of
dye dilution (left) and quantification of absolute number of OT-II present within the tdLN (right). Three pooled experiments displayed with normalization to control.
(F) Absolute number of ZsGreen+ migratory DC in the tdLN of control and Foxp3DTR B16ZsGreen tumor-bearing analyzed at day 5 post-DT.
(G) Absolute number of ZsGreen+ migratory DC in the tdLN of control and Foxp3DTR B16ZsGreen tumor-bearing analyzed at days 0, 1, 3, and 5 post-DT. Data
displayed as percent of maximum absolute number. Samples statistically compared to day 0 DT.

(legend continued on next page)
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(Figures S4A–S4C) showing these molecules were not the
mechanism of Treg suppression. Trafficking of tumor cDC2,
however, depended upon chemokine signaling as pertussis
toxin (PTX) blocked the rise in cDC2 in the Treg deplete condition
(Figure S3D). Neither proliferation of cDC2 in the tdLN
(Figure S3E) nor frequency of DC precursors in the bone
marrow of Foxp3DTR mice was altered (Figures S3F and S3G),
suggesting the expansion of cDC2 was primarily due to
enhanced migration. Furthermore, a wave of enhanced
cDC2 migration (Figure 3G) coincided with increases in T cell
activation markers CD69 and CD44 (Figures 3H and S3H)
consistent with newly arriving cDC2 capable of improved Tconv
priming quality.
To test whether tdLN APC populations in the absence of Treg
were capable of priming CD4+ Tconv, we co-cultured APC isolated from Foxp3DTR tdLN with OT-II ex vivo and measured their
proliferation. mCD301b and mCD301b+ remained the only cells
able to support OT-II division and accumulation (Figures 4A and
4B), while other APC still could prime OT-II if provided OVA peptide (Figure S5A). Preliminary results also indicate that in the
absence of Treg, cDC2 were critical for inducing enhanced
OT-II proliferation in vivo (Figures S5B and S5C). By crossing
Xcr1DTR with Foxp3DTR, we further confirmed that cDC1 populations were not required for improved CD4+ Tconv priming and
tumor rejection following Treg depletion (Figures S5D–S5F). To
determine whether cDC2 in the absence of Treg primed more
effectively, we measured CD69 expression on divided OT-II
co-cultured with cDC2 in vitro (Figure 4C) and on divided OT-II
transferred in vivo (Figure S5G). In both settings, similar to
OT-II in X31pOVA (Figure 2), primed OT-II had increased expression of CD69 compared to in control tdLN.
We then performed scRNA-seq of Foxp3DTR tdLN to measure
transcriptional changes in cDC2. This confirmed normal representation of myeloid populations within the Foxp3DTR tdLN (Figure S5H) and comparable UMI within each cluster (Figure S5I).
Comparing gene expression differences between mCD301b
and mCD301b+ from Foxp3DTR tdLN showed that mCD301b
expressed higher levels of costimulatory molecules in addition to
key CD4+ Tconv chemoattractant chemokines, while mCD301b+
expressed higher levels of AP-1 family members (Figure S5J;
Table S5). We then aggregated scRNA-seq data from tdLN
and Foxp3DTR tdLN and performed DE analysis on mCD301b
and mCD301b+ from the two conditions and found pronounced
increases in genes involved in costimulation (Cd80, Cd86),
T cell chemoattraction (Ccl17, Ccl22), and those expressed in
response to pro-inflammatory cytokines (Stat1, Stat4) on cDC2
in Foxp3DTR tdLN (Figure 4D; Table S5). The increase in expression of both Cd80 and Cd86 was verified by flow cytometry
(Figure 4E) and was also increased on other DC populations
(Figure S5K).
We next assessed whether this coincided with improved CD4+
Tconv cell differentiation in vivo. We observed profound increases

in CD44+ICOS+PD-1lo Th1-like cells in the tdLN and tumor
following Treg depletion, similar to that seen in X31pOVA (Figures
2, 4F, and 4G), and these cells expressed T-bet (Figure S4L).
Loss of expression of Il-10, Itgb8, or Areg had minimal impact
on the proportion of ICOS+PD-1lo Th1-like cells in the tdLN (Figures S4A–S4C), confirming that Treg utilize another mechanism
to suppress the cDC2/CD4+ Tconv axis.
To confirm Th1-like cells arise from de novo priming and differentiation, we treated control and Foxp3DTR mice with DT and
FTY720. While FTY720 had minimal impact in control tdLN,
treatment of Foxp3DTR mice led to increases of Th1-like cells in
tdLN (Figure 4H) and a precipitous drop in the TME (Figure 4I),
indicating that the expansion of tumor Th1-like CD4+ Tconv in untreated Foxp3DTR mice was due to tdLN priming.
Anti-CTLA-4-Based Therapies Function to Induce
Expansion and Functional Enhancement of cDC2
We hypothesized that Treg depletion within the TME specifically
was critical for enhanced cDC2 migration and CD4+ Tconv differentiation. Thus, we selectively depleted intratumoral Treg (Selby
et al., 2013) in B16ZsGreen tumor-bearing animals using a
depleting anti-CTLA-4 clone that reduced Treg within the TME
but not the tdLN (Figure 5A). This clone, but not a non-depleting
anti-CTLA-4 clone (Figures S6A–S6C), led to increased migration of mCD301b+ to the tdLN (Figure 5B) and a significant
increase in ICOS+ PD-1lo CD4+ Tconv in the tdLN and tumor (Figure 5C). Furthermore, levels of CD80 and CD86 were only
increased on cDC2 upon depletion of Treg within the TME (Figures S6D and S6E). These data support Treg depletion in the
TME as the primary enhancer of cDC2 migration and function.
As GM-CSF can induce cDC2 expansion, we hypothesized
that combination of GVAX (irradiated B16Gm-csf) and antiCTLA-4 therapy would potentiate CD4+ Tconv immunity through
expansion of cDC2 and release of their suppression through
Treg depletion at the vaccine site. We compared the immune
composition of the vaccine site between BVAX (irradiated B16F10) ± anti-CTLA-4 and GVAX ± anti-CTLA-4. In either GVAX
condition, we observed significant increases of both cDC2 subsets (Figure 5D), but anti-CTLA-4 treatment led to a reduction in
Treg and expansion of CD4+ Tconv. (Figure 5E). GVAX and antiCTLA-4 functionally enhanced cDC2, increasing both CD80
and CD86 on mCD301b within the vaccine-draining LN (vaxLN),
whereas mCD301b+ benefitted primarily from GVAX alone (Figure 5F), suggesting that Treg may more specifically suppress
CD301b cDC2. When we compared tumor growth between
BVAX ± anti-CTLA-4 and GVAX ± anti-CTLA-4, we observed
that BVAX alone or in combination with anti-CTLA-4 was ineffective at inducing robust antitumor immunity. In contrast, GVAX
combined with anti-CTLA-4 lead to a reduction in tumor growth
rates (Figure 5G). To assess cDC2 dependency for CD4+ Tconv
priming in a GVAX setting, we analyzed cDC composition in
the vaccine site and vaxLN of control and Irf4D/D mice treated

(H) Control and Foxp3DTR B16ZsGreen tumor-bearing mice were analyzed for the frequency of CD4+ Tconv expressing CD69 and CD44 at days 0, 1, 3, and
5 post-DT. Data displayed as frequency of maximum expression. Samples statistically compared to day 0 DT condition. Data are represented as average ± SEM.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
See also Figures S3 and S4.
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Figure 4. Treg Depletion Enhances cDC2 Function and CD4+ Tconv Differentiation
(A–C) OT-II were co-cultured with APC sorted from tdLN of control or Foxp3DTR B78ChOVA-bearing animals and analyzed 3 days after plating.
(A) Absolute number of live OT-II T cells recovered, normalized, and statistically compared to mCD301b+ condition.
(B) Frequency of divided OT-II, statistically compared to mCD301b+ condition (t test).
(C) Histogram of CD69 on divided OT-II.

(legend continued on next page)
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with anti-CTLA-4 and a combination of GVAX and irradiated
B16ChOVA. Loss of Irf4 greatly reduced the presence of cDC2
(Figure 5H), which corresponded to a near complete loss of
OT-II proliferation in the vaxLN (Figure 5I). Taken together, these
data along with our prior findings indicate that cDC2 are active
targets of Treg-mediated suppression and are central to the
initiation of CD4+ Tconv antitumor immunity following therapeutic
intervention.
scRNA-Seq of the Human tdLN Reveals Similar
Heterogeneity within cDC2 Subset between Mouse
and Human
scRNA-seq on normal human blood has shown heterogeneity
within cDC2 (Villani et al., 2017), although the existence of these
populations within the human tdLN has not been assessed.
Thus, we performed scRNA-seq on myeloid cells from a human
melanoma-draining LN. Following removal of non-APC cellular
contaminants, we observed 7 unique clusters from 1,710 input
cells (Figure 6A). Using DE and gene overlays, we established
cDC1 (hereby referred to as BDCA-3+ cDC1) as cluster 5 and
BDCA-1+ cDC2 as cluster 0 (Figures 6B and 6C; Table S6) with
both populations expressing genes similar to those identified
previously (Villani et al., 2017). To parse additional heterogeneity,
we reclustered BDCA-1+ cDC2 and identified 3 populations (Figure 6D) that were transcriptionally distinct based on DE (Figures
6E and 6F; Table S7). Cluster 0.2 expressed CD1E, SLAMF7, and
HLA-DQB2, genes that had been identified on a subset of blood
cDC2 (Villani et al., 2017). Cluster 0.3, similar to mCD301b+ cDC2
in mouse, expressed genes associated with cells of a monocyte
and macrophage lineage, including CD14, VCAN, and S100A8
and like cluster 0.2, resembled a previously identified cDC2 population (Villani et al., 2017). Cluster 0.1 was enriched for genes
associated with cell motility (CORO1A, CRIP1, SEPT6, ANXA6)
and may represent cellular status instead of a distinct cellular
population. We found that CD14 BDCA-1+ cDC2 and CD14+
BDCA-1+ cDC2 were also present within the TME of a human
head and neck squamous cell carcinoma (HNSC) tumor and
both expressed CCR7, indicating their migratory potential (Figure 6G). Our data suggest that cDC2 subsets in human tdLN or
TME have similar characteristics to mouse cDC2 subsets.
Parsing the Predictive Nature of BDCA-1+ cDC2 in the
Human TME
Our data in mice predict that CD4+ Tconv quantity and quality will
vary with intratumoral cDC2 and Treg density. To assess this
in patients, we analyzed the immune composition of 32 primary

tumors from the head and neck region, a tumor type rich in Treg
(Mandal et al., 2016) (Figures 6G and S7A). We found three
distinct patient TME groups with varied abundance of
BDCA-1+ cDC2 or Treg (Figure 7A). As predicted, patient TME
with low BDCA-1+ cDC2 demonstrated the lowest level of
CD4+ Tconv infiltration (Figure 7B). Consistent with Treg suppressing CD4+ Tconv immunity through BDCA-1+ cDC2, BDCA-1+
cDC2HIGH/TregLOW TME had greater CD4+ Tconv infiltration than
BDCA-1+ cDC2HIGH/TregHIGH TME. To ensure that differences
in CD4+ Tconv were not merely due to a proportional shift, we
analyzed CD8+ T cell frequencies that varied independently of
either Treg or CD4+ Tconv frequency (Figure S7B).
Patients with BDCA-1+ cDC2LOW/TregLOW TME had CD4+
ICOSloPD-1hi Tconv while CD4+ Tconv from BDCA-1+ cDC2HIGH/
TregHIGH TME were ICOSmidPD-1hi, perhaps reflective of cells
previously reported (Zappasodi et al., 2018) (Figure 7C). In
contrast, CD4+ Tconv from BDCA-1+ cDC2HIGH/TregLOW TME
were ICOShiPD-1lo (Figures 7C, S7C, and S7D). While cancer
staging at the time of analysis was similar (Figure 7D), progression-free survival was significantly better in BDCA-1+
cDC2HIGH/TregLOW TME patients than either of the other two
TME classes (Figure 7E). These data suggest that the content
of immune infiltrate informs the quality of an immune response
(ICOShiPD-1lo CD4+ Tconv) and downstream antitumor immunity
(progression-free survival).
The presence of high BDCA-3+ cDC1 and NK cells within
melanoma (SKCM) is a prognostic indicator of anti-PD-1 responsiveness (Barry et al., 2018). However, in that study, patients with
higher densities of CD4+ Tconv were present among responders
without higher densities of cDC1. To assess whether BDCA-1+
cDC2 could also contribute to anti-PD-1 responsiveness, we
re-analyzed and plotted frequency of BDCA-3+ cDC1 and
BDCA-1+ cDC2 (both CD14/+) of HLA-DR (Figure 7F). While
non-responder TME were generally lower for DC of both subtypes (Figure S7E), responder TME were divided based on the
abundance of either BDCA-3+ cDC1 or BDCA-1+ cDC2. We
found that responders high for BDCA-1+ cDC2, compared to responders high for BDCA-3+ cDC1, had a significantly lower proportion of CD8+ T cells but significantly higher CD4+ Tconv within
their TME (Figure 7G), promoting the hypothesis that these
BDCA-1HIGH patients have improved CD4+ Tconv activity. We
reasoned that BDCA-1+ cDC2 abundance alone may predict
CD4+ Tconv abundance in melanoma (SKCM), as proportions of
Treg were significantly lower than in HNSC. (Figure 7H). These
data suggest that classes of human TME can be divided based
on the abundance of BDCA-1+ cDC2 and that this can be an

(D) Volcano plots of DE genes comparing control and Foxp3DTR tdLN mCD301b (left) and mCD301b+ (right). Log N fold cutoff of 0.4 used. Genes of interest
labeled.
(E) Histogram of CD80 and CD86 on mCD301b and mCD301b+ in control and Foxp3DTR tdLN.
(F) Frequency of CD44+ CD4+ Tconv that are ICOS+ PD-1lo in control and Foxp3DTR tdLN (left). Frequency of tdLN CD44+ CD4+ Tconv producing IL-4, IL-17A, or
IFNg from control or Foxp3DTR tumor-bearing mice following ex vivo restimulation (right).
(G) Frequency of CD44+ CD4+ Tconv that are ICOS+ PD-1lo in control and Foxp3DTR TME (left). Frequency of CD44+ CD4+ Tconv producing IL-4, IL-17A, or IFNg in
control or Foxp3DTR TME following ex vivo restimulation (right).
(H and I) Control and Foxp3DTR tumor-bearing mice were treated with FTY720 or vehicle and tdLN (H) or tumor (I) were harvested to quantify frequency of CD45+
cells that are CD44+ CD4+ ICOS+ PD-1lo Tconv (left) and are IFNg-producing CD44+ CD4+ Tconv following ex vivo restimulation (right). Representative experiment
displayed. Data are represented as average ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
See also Figures S4 and S5 and Table S5.

564 Cell 177, 556–571, April 18, 2019

Figure 5. Anti-CTLA-4 Induces Expansion and Functional Enhancement of CD11b+ cDC2
(A) Frequency of Treg within CD4+ T cells in tdLN (left) or tumor (right) from B16ZsGreen tumor-bearing mice treated with mouse isotype or anti-CTLA-4 IgG2c.
(B) Absolute number of ZsGreen+ DC in tdLN (normalized to weight of associated tumor).
(C) Frequency of CD44+ CD4+ Tconv with ICOS+ PD-1lo surface phenotype in tdLN (left) or tumor (right).
(D) DC frequency of CD45+ cells within the vaccine site of mice treated with BVAX ± aCTLA-4 or GVAX ± aCTLA-4.
(E) Frequency of Treg among CD4+ T cells (left) and frequency of CD44+ CD4+ Tconv or CD44+ CD8+ T cells among CD90.2+ T cells within the vaccine site of mice
treated with BVAX ± aCTLA-4 or GVAX ± aCTLA-4 (right).
(F) Quantification of CD80 and CD86 DMFI on mCD301b (left) or mCD301b+ (right) within the vaxLN of mice treated with BVAX ± aCTLA-4 or GVAX ± aCTLA-4.
(G) Tumor growth from mice treated with BVAX ± aCTLA-4 or GVAX ± aCTLA-4. Ratio represents number of mice with tumors that displayed profound response
(<250 mm3 dotted line). Representative experiment displayed.
(H) DC frequency of either CD45+ or live cells within the vaccine site (left) or vaxLN (right) of control or Irf4D/D mice treated with GVAX-B16ChOVA and anti-CTLA-4.

(legend continued on next page)
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indicator for both CD4+ Tconv quality and to identify patients who
are likely to respond to ICB.
DISCUSSION
Here, we define the cell type(s) necessary for de novo priming of
new antitumor CD4+ Tconv. A fundamental conclusion is that
MHC-II presentation of peptides to prime naive CD4+ Tconv is
heavily biased to cDC2, with the phenotype of these cells distinguishing tumor control versus tumor tolerance. CD4+ Tconv priming in tdLN most resembles that of non-inflamed lymph nodes,
where CD4+ Tconv are generated with a depressed activation
state, with little or no evidence of the Th1-like ICOS+ PD-1lo
phenotype (Figure 2). While the TME may further drive exhaustion, this conclusion suggests that efficacy of immunotherapies
for CD4+ Tconv will rely on modulation of this defective step of
priming. Indeed, given the apparent irreversibility of certain
forms of exhaustion (Philip et al., 2017), it is possible that the efficacy of ICB is linked to ongoing de novo lymph node priming
rather than only blockade of checkpoint ligands in the tumor.
Our scRNA-seq and functional data demonstrate that two
distinct populations of IRF4-dependent cDC2—for which we
found homologs in human tdLN and TME—are required in vivo
for initiating activation of antitumor CD4+ Tconv. The complement
of myeloid cells identified in mouse tdLN are consistent with
previous reports (Salmon et al., 2016) with our approach assaying all populations in parallel to unambiguously confirm of CD4+
Tconv stimulatory function. Our data suggest mCD301b and
mCD301b+ play largely redundant roles in antitumor immunity
as each population was capable of supporting comparable
OT-II proliferation ex vivo and collectively in vivo (Figure 2),
although we cannot exclude the possibility that these cell populations have disparate functions in other tumor models or
following different treatments. cDC2 have been previously associated with CD4+ Tconv priming. CD301b+ cDC2 specifically
induce Th2 response to adjuvant (Kumamoto et al., 2013) and
a second study demonstrated that pan-cDC2 population in tumor could induce Th17 differentiation, though we do not observe
notable Th17 skewing in our study (Laoui et al., 2016). Our findings specifically document suboptimal triggering of early T cell
activation (e.g., CD69, CD44 levels) as well as poor induction
of OT-II effector differentiation in tdLN and non-inflamed LN
compared to inflammatory conditions such as influenza or
Treg-depletion (Figure 2). Previous work has identified an interferon (IFN)g-dependent homeostatic 200 gene program associated with poor DC:T cell priming, some of which is co-opted in
tumors (Nirschl et al., 2017). We also found expression of
some of these genes in tdLN mDC (e.g., Socs2, Fscn1) (Figure 1)
and were able to further define a functional readout for phenotypic defects in cDC2. Whether these genes underlie Treg-mediated suppression or defects in CD4+ Tconv differentiation is unclear, although these data support a homeostatic phenotypic

dampening of cDC function, particularly in cDC2, that can be reverted during specific inflammatory settings.
Both systemic and tumor-specific therapeutic depletion of Treg
enhanced cDC2 migration and reverted phenotypic dysfunction,
which in turn allowed productive antitumor CD4+ Tconv priming
in the tdLN. Previous studies have demonstrated reactivated
CD4+ Tconv immunity following Treg-depletion (Bos et al., 2013),
although the mechanism through which reactivation occurred
was unknown. While we cannot preclude the possibility that
Treg suppress CD4+ Tconv directly (Pandiyan et al., 2007) or
impact DC more generally (Bauer et al., 2014), our data demonstrate a potently immunosuppressive relationship between Treg
and cDC2. Expansion of cDC2, in either the TME (Figure 3) or
GVAX site (Figure 5), induces concurrent increases in Treg that
likely promote continued cDC2 suppression, opposing their ability to drive productive priming of effector CD4+ Tconv. Enhanced
cDC2 migration to the tdLN was observed following Treg depletion induced by either genetic or therapeutic means (Figures 3
and 4). While DC upregulate CCR7 in response to inflammatory
cues, DC can also migrate continuously under homeostatic conditions (Baratin et al., 2015). Given the rapid migration of cDC2
from tumor to tdLN following Treg-depletion, we suspect that
Treg may regulate homeostatic cDC2 trafficking to the tdLN.
Enhanced cDC2 supported better CD4+ Tconv priming and
improved differentiation to a ICOS+ PD-1lo Th1-like phenotype
(Figures 3 and 4). Although CD103+ cDC1 can induce Th1 immunity in specific inflammatory settings (Liang et al., 2016), they
were dispensable for tumor rejection following Treg depletion,
supporting our data demonstrating that cDC2 are uniquely able
to initiate productive antitumor CD4+ Tconv priming in the
absence of Treg (Figure 4). Efficacious anti-CTLA-4 treatment in
both mouse and human is associated with the generation of
ICOS+ PD-1lo Th1-like systemically (Fan et al., 2014; Wei et al.,
2017), although the site of this population’s initial emergence
was previously undefined. We found that antitumor ICOS+
PD-1lo CD4+ Tconv arise in tdLN during de novo priming, and infiltration of these tdLN-derived antitumor CD4+ Tconv, as opposed
to via local reactivation in the TME, was the dominant mechanism through which tumor rejection occurred (Figures 3 and 4).
Together, this highlights the importance of activating cDC2
to improve distal priming for more effective immunotherapy in
patients.
In human HNSC TME, we found a remarkable concordance
with our murine data whereby heterogeneity in Treg and cDC2
abundance parsed subsets of patients with distinct phenotypes,
and the relationship between BDCA-1+ cDC2 and Treg informed
both the quantity and character of CD4+ Tconv. This parallel
strongly suggests that a similar mechanism of Treg-mediated
suppression exists in human. The use of Treg alone as a prognostic indicator has varying levels of predictive power (Shang
et al., 2015), which may in part be that low Treg abundance fails
to differentiate cohorts that have or lack requisite cDC2

(I) Purified CD45.1+ OT-II were adoptively transferred to control or Irf4D/D mice treated with GVAX-B16ChOVA and anti-CTLA-4 and vaxLN were harvested 3 days
later to assess OT-II dye dilution (left) and quantify the frequency of cells that had divided (middle) and their frequency of endogenous CD4+ T cells (right). Data are
represented as ± average SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
See also Figure S6.
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Figure 6. scRNA-Seq of Human Melanoma tdLN Reveals Heterogeneity within BDCA-1+ cDC2
(A) t-SNE display of CD45+ CD3 CD19/20 CD56 myeloid cells sorted from a human melanoma tdLN and processed for scRNA-seq with pDC, neutrophil, NK
cell, T cell, and B cell contaminants removed from graph-based clustering analysis.
(B) Heatmap displaying top 10 DE genes for each cluster when comparing clusters 0 through 6 (ranked by fold change).
(C) Gene overlays of markers associated with various myeloid cell types on human tdLN t-SNE.
(D) t-SNE display and graph-based clustering of BDCA-1+ cDC2 (cluster 0) from (A).
(E) Heatmap displaying DE genes between clusters 0.1–0.3 with genes of interested labeled.
(F) Violin plots displaying expression probability differences for denoted genes within clusters 0.1–0.3.
(G) Gating strategy (left) in human TME to identify BDCA-3+ cDC1, CD14 BDCA-1+ cDC2, and CD14+ BDCA-1+ cDC2. Cell surface expression of CCR7 on
BDCA-3+ cDC1, CD14 BDCA-1+ cDC2, and CD14+ BDCA-1+ cDC2 (right).
See also Tables S6 and S7.
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Figure 7. BDCA-1+ cDC2 Proportion in Human TME Impacts CD4+ Tconv Proportion and Quality
(A) Dot plot of BDCA-1+ cDC2 frequency of HLA-DR+ cells and Treg frequency of CD3+ T cells as quantified by flow cytometry in 32 human HNSC tumor samples.
Dotted lines demarcate samples based on proportion of BDCA-1+ cDC2 (CD14/+) and Treg.
(B) Frequency of CD4+ T cells within each type of TME identified in (A).
(C) Surface expression of ICOS and PD-1 on CD4+ Tconv, as a normalized geometric MFI, within each type of human TME identified in (A).
(D) Percent of patients with a given stage of cancer at the time of flow cytometric analysis.
(E) Progression-free survival since disease diagnosis. Mantel-Cox test performed between groups.
(F) 19 human melanoma tumor samples (14 anti-PD-1 responder, 5 anti-PD-1 non-responders; see Figure S6E) were ordered based on abundance of BDCA-3+
cDC1 and plotted for proportions of both BDCA-3+ cDC1 (black) and BDCA-1+ cDC2 (orange). Responders were parsed based on those high for either BDCA-3+
cDC1 (above median split of 3.63) or BDCA-1+ cDC2 (above median split of 12.4).
(G) Frequency of CD3+ T cells that are CD8+ T cells (left) and CD4+ Tconv (right) from the two groups identified in (F).
(H) Proportions of Treg among CD3+ T cells in samples from HNSC (A–E) and skin cutaneous melanoma (SKCM) (includes anti-PD-1 responders and non-responders) (F and G). Data are represented as ± average SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
See also Figure S7.
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populations for CD4+ Tconv priming. Our pairing of Treg abundance with BDCA-1+ cDC2 unmasks heterogeneity of the
TME, allowing for significant predictions of immune response
quality and disease-free survival (Figure 7). Looking forward,
this suggests that BDCA-1+ DC abundance is a biomarker for
a primed TME that can respond to ICB or to novel therapies targeting Treg suppression of cDC2. Indeed, a human TME dataset
of anti-PD-1 responder and non-responders demonstrated that
while BDCA-3+ cDC1 cellularity is largely associated with antiPD-1 responsiveness (Barry et al., 2018), some patients were
surprisingly BDCA-3+ cDC1LOW, but contained higher proportions of BDCA-1+ cDC2 and CD4+ Tconv. This patient group suggests that at least in some TME, such as those with tumor cells
that express MHC-II (Johnson et al., 2016), CD4+ Tconv may be
capable of playing a preeminent role in successful antitumor
responses.
Taken together, our work highlights cDC2/BDCA-1+ cDC2 as a
target of Treg suppression and as a necessary population for directing antitumor CD4+ Tconv immunity. Furthermore, cDC2
abundance in the human TME may act as a biomarker for not
only CD4+ Tconv quality but also as a contributing indicator for
ICB responsiveness. Classifying TME based on immune infiltrate
has predictive power (Binnewies et al., 2018 ), and thus recent
(Lavin et al., 2017) and future efforts to characterize disparate
TME with unbiased high-dimensional techniques will undoubtable prove invaluable for identifying unique classes of patient
TME that are profoundly immunosuppressed or poised for therapeutic response.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human Tumor Samples
The human head and neck tumor set consisted of a total of 32 tumors removed from the head and neck region, agnostic to location.
The anti-PD-1 responder/non-responder melanoma tumor set was published previously (Barry et al., 2018). All patients consented for
tissue collection under a UCSF IRB approved protocol (UCSF IRB# 13-12246 and 14-15342). Samples were obtained after surgical
excision with biopsies taken by the Pathology Department to confirm the presence of tumor cells. Patients were selected without
regard to prior treatment. Freshly resected samples were placed in ice-cold PBS or Leibovitz’s L-15 medium in a 50 mL conical
tube and immediately transported to the laboratory for evaluation. Patient samples were coded and flow analysis was scored by
separate individuals prior to data agglomeration. All samples were processed and analyzed by flow cytometry, but only those
with at least 1,000 live CD45+ cell events were included in the analysis.
Mice
All mice were treated in accordance with the regulatory standards of the National Institutes of Health and American Association of
Laboratory Animal Care and were approved by the UCSF Institution of Animal Care and Use Committee. The following mice were
purchased for acute use or maintained under specific pathogen-free conditions at the University of California, San Francisco Animal
Barrier Facility: C57BL/6J, C57BL/6J CD45.1, OT-II, Irf4fl/fl, ActB-Cre, CD11cCre, Cx3cr1iDTR, Ccr7/, Zbtb46GFP, Foxp3DTR,
Xcr1DTR, Foxp3Cre/YFP, Itgb8fl/fl, Il-10fl/fl, Areg/. All mice used in experimentation were bred to a C57BL/6 background. We attempted to use Irf4flox/flox;CD11cCre but discovered independent breeding cages were producing germline Irf4 globally deficient pups
within a single generation, complicating our findings (data not shown). Mice of either sex ranging in age from 6 – 12 weeks were
used for experimentation.
Tumor cell lines
B16-F10 (ATCC, CRL-6475) was purchased. B16-ChOVA (B16ChOVA), a derivative of B16-F10, was created through transduction of
B16-F10 with an mCherry-OVA (ChOVA) fusion construct identical to that used in previous studies in our lab (Roberts et al., 2016).
B78ChOVA, derived from the parental B78 subline of B16, was generated in our laboratory and described previously (Broz et al., 2014).
B16-ZsGreen (B16ZsGr) was previously generated in our laboratory as described (Headley et al., 2016). B16GM-CSF (GVAX) (Dranoff
et al., 1993) were acquired from the laboratory of Dr. Lawrence Fong at UC San Francisco. Adherent cell lines were cultured at 37 C in
5% CO2 in DMEM (Invitrogen), 10% FCS (Benchmark), Pen/Strep/Glut (Invitrogen).
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METHOD DETAILS
Tumor cell injections and tumor growth experiments
For tumor cell injection, adherent tumor cells were lifted using 0.05% Trypsin-EDTA (Thermo Fisher Scientific) and washed 3X with
DPBS (Thermo Fisher Scientific). 1.0x105 – 2.5x105 tumor cells were resuspended in DPBS and mixed 1:1 with Matrigel GFR
(Corning) for a final injection volume of 50 mL. Mice anesthetized with isoflurane (Henry Schein) were shaved on their flank and injected
subcutaneously either unilaterally or bilaterally depending on the experimental setup.
For tumor measurements, tumors were typically measured 3 times per week using electronic calipers. Tumor volume was calculated through the formula V = 0.5(w2 x l). Mice were removed from the study and euthanized when tumors exceeded a volume of
1000 mm3.
Single Cell RNA Sequencing (scRNA-Seq)
For mouse scRNA-seq, live CD90.2- B220- Ly6G- NK1.1-CD11b+ and/or CD11c+ cells were sorted from inguinal and axillary LN with a
BD FACSAria Fusion. For human scRNA-seq, live CD3-CD19/20-CD56- cells were sorted from a melanoma-draining LN on a BD
FACSAria Fusion. After sorting, cells were pelleted and resuspended at 1x103 cells/ml in 0.04%BSA/PBA and loaded onto the
Chromium Controller (10X Genomics). Samples were processed for single-cell encapsulation and cDNA library generation using
the Chromium Single Cell 30 v2 Reagent Kits (10X Genomics). The library was subsequently sequenced on an Illumina HiSeq
4000 (Illumina).
Single Cell Data Processing
Sequencing data was processed using 10X Genomics Cell Ranger V1.2 pipeline. The Cell Ranger subroutine mkfastq converted raw,
Illumina bcl files to fastqs which were then passed to Cell Ranger’s count, which aligned all reads using the aligner STAR (Dobin et al.,
2013) against UCSC mm10 or GRCh38 genomes for mouse and human cells, respectively. After filtering reads with redundant unique
molecular identifiers (UMI), count generated a final gene-cellular barcode matrix. Both mkfastq and count were run with default
parameters.
Cellular Identification and Clustering
For each sample, the gene - barcode matrix was passed to the R (v. 3.4.3) software package Seurat (Satija et al., 2015) (https://
satijalab.org/seurat) (v2.3.0) for all downstream analyses. We then filtered on cells that expressed a minimum of 200 genes and
required that all genes be expressed in at least 3 cells. We also removed cells that contained > 5% reads associated with cell cycle
genes (Kowalczyk et al., 2015; Macosko et al., 2015). Count data was then log2 transformed and scaled using each cell’s proportion
of cell cycle genes as a nuisance factor (implemented in Seurat’s ScaleData function) to correct for any remaining cell cycle effect in
downstream clustering and differential expression analyses. For each sample, principal component (PC) analysis was performed on a
set of highly variable genes defined by Seurat’s FindVariableGenes function. Genes associated with the resulting PCs (chosen by
visual inspection of scree plots) were then used for graph-based cluster identification and subsequent dimensionality reduction using
t-distributed stochastic neighbor embedding (tSNE). Cluster-based marker identification and differential expression were performed
using Seurat’s FindAllMarkers for all between-cluster comparisons.
ImmGen Signature Generation
To generate a priori signatures for the myeloid cell types that we expected to find in the mouse tdLN sample, we downloaded
microarray based transcriptional profiles from the Immunological Genome Project data Phase 1(Heng and Painter, 2008) (GEO:
GSE15907). See Table S1 for the specific samples used.
For each ImmGen population, we performed DE analysis comparing samples from the population of interest to the aggregate of
the remaining 6 groups using the R package limma (Ritchie et al., 2015). We ordered the top 20 genes with the smallest FDR values
(Benjamini and Hochberg, 1995) by fold change (excluding any genes that were downregulated in the group of interest) and then
cross referenced the resulting list with the single cell expression matrix from each sample. This left genes that were both highly
differentially expressed in the IMMGEN profiles and expressed in our single cell datasets of interest. The top 10 genes (or fewer if
less than 10 genes remained) by fold change were then median normalized and aggregated to create a single ‘‘signature gene’’
for each cell type. These signature genes were 0-1 scaled and plotted in the context of the t-SNE dimensionality reduction to
show cellular location.
Sequencing Sample Aggregation
In order to generate pairwise aggregations between samples and control for potential batch effects, we used Seurat’s Canonical
Correlation Analysis (CCA) functionality. All post-filtered cells from each of the single sample analyses were used in the aggregate.
CCA was performed on the union of the 2000 genes with highest dispersions from each dataset. The number of canonical correlation
vectors (CCVs) used in downstream clustering and t-SNE analyses was chosen by visual inspection of heatmaps of genes associated
with those top CCVs. Results were robust to moderate changes in this final number of CCVs.
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Mouse Tissue Digestion and Flow Staining
Tumor and LN tissues were harvested and enzymatically digested with 0.2 mg/ml DNase I (Sigma-Aldrich), 100 U/ml Collagenase I
(Worthington Biochemical), and 500 U/ml Collagenase Type IV (Worthington Biochemical) for 30-45 minutes at 37 C. TdLN included
inguinal and axillary LN. Tumor samples were subjected to consistent agitation during this time and LN samples were rapidly pipetted
at the half-point time. Samples were filtered to generate a single-cell suspension and washed with stain media (PBS, 2% FCS). For
bone marrow cells, mouse femurs and tibias were flushed with stain media and subsequently underwent red blood cell lysis.
Cells harvested from these tissues or in vitro culture were washed with PBS and stained with Zombie NIR fixable viability dye
(BioLegend) for 30 minutes at 4 C to distinguish live and dead cells. Cells were then washed with stain media and non-specific binding was blocked with anti-CD16/32 (BioXCell), and 2% rat serum (Invitrogen) and 2% Armenian hamster serum (Innovative Research).
Cell surface proteins were then stained on ice for 30 minutes. Cells were washed again and re-suspended with stain media prior to
collection and analysis on a BD Fortesssa or LSR-II flow cytometer. When applicable, black latex beads were added to the sample for
quantification of absolute cell number. For intracellular stains, cells were fixed and permeabilized with the FoxP3/Transcription Factor
Staining Buffer Set (Thermo Fisher Scientific) after surface marker staining. Intracellular antibodies were stained in permeabilization
buffer with 2% rat serum for at least 30 minutes at room temperature.
Human Tissue Digestion and Flow Staining
Tumor or LN tissue was thoroughly chopped with surgical scissors and transferred to GentleMACs C Tubes (Miltenyi Biotec)
containing 20 uL/mL Liberase TL (5 mg/ml, Roche) and 50 U/ml DNase I (Roche) in RPMI 1640 per 0.3 g tissue. GentleMACs C Tubes
were then installed onto the GentleMACs Octo Dissociator (Miltenyi Biotec) and incubated according to the manufacturer’s instructions. Samples were then quenched with 10 mL of sort buffer (PBS/2% FCS/2mM EDTA), filtered through 100 um filters and spun
down. Red blood cell lysis was performed with 175 mM ammonium chloride.
Cells were then incubated with Human FcX (Biolegend) to prevent non-specific antibody binding. Cells were then washed in DPBS
and incubated with Zombie Aqua Fixable Viability Dye (Biolegend). Following viability dye, cells were washed with sort buffer and
incubated with cell surface antibodies for 30 minutes on ice and subsequently fixed in either Fixation Buffer (BD Biosciences) or
in Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific) if intracellular staining was required.
APC-T cell In Vitro Co-Culture Assays
APC populations were double-sorted (yield followed by purity) from tdLN using a BD FACSAria Fusion and co-cultured with 2x104
isolated eFluor670-labeled OT-II T cells at a 1:5 ratio in complete RPMI (Pen/Strep, NEAA, NaPyr, 2-ME, 10% FCS) in 96-well
V-bottom plates. Cells were harvested for analysis 3 days later. OVA peptide 323-339 (GenScript) was added to wells at 1 mg/ml
as a positive control.
Mouse T cell Isolation and In Vivo Adoptive T Cell Transfer
Inguinal, axillary, brachial, superficial cervical and mesenteric LN were isolated from CD45.1+ OT-II mice. LN were smashed through
100 um filters and subsequently spun down and counted. CD4+ T cells were then isolated using EasySep CD4 negative-selection kits
(STEMCELL Technologies).
1x105 isolated CD45.1+ CD4+ OT-II T cells were either transferred immediately in cases of PMA/Ionomycin restimulation experiments or labeled with Cell Proliferation Dye eFluor670 (Thermo Fisher Scientific) and 1.0-5.0x105 cells were adoptively transferred
to CD45.2+ mice. LN were harvested for proliferation analysis at day 3 post-transfer and for PMA/ionomycin re-stimulation at
day 7 post-transfer. XCR1DTR and Cx3cr1iDTR mice were treated with 500 ng of DT every other day beginning the day prior to
OT-II transfer through the experimental end point. Foxp3DTR mice were injected with DT for two days prior to OT-II transfer and
then the day following OT-II transfer.
T Cell Cytokine Analysis
For cytokine analysis of endogenous or adoptively transferred T cells, cells from either LN or tumors were used for re-stimulation.
Single cell suspensions were incubated with 50 ng/ml PMA (Sigma-Aldrich), 500 ng/ml ionomycin (Thermo Fisher Scientific),
3 mg/ml brefeldin A (Cayman Chemical Company), and 2 mM monensin (Thermo Fisher Scientific) for 5-6 hours in complete RPMI
and stained for surface and intracellular proteins using the Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific).
In Vivo Treatments
For diphtheria toxin (DT), while treatment schedules varied depending upon mouse genetic strain or type of experiment, mice
received 500 ng boluses of un-nicked DT (List Biologics, 150) intraperitoneally. Foxp3DTR, XCR1DTR and Cx3cr1iDTR mice were typically injected on days 9, 10 and 12 followed by flow cytometric analysis at day 14.
For comparisons of CD4+ Tconv priming between steady-state, tumor-bearing and influenza-infected conditions, mice were
injected subcutaneously with either 20 mg of endotoxin-free ovalbumin (Invivogen) in 50 mL of PBS or 2.0x105 B16ChOVA. Mice
receiving influenza were infected intranasally with 1x105 PFU of X31-OT-II (Thomas et al., 2006), prepared as previously described
(GeurtsvanKessel et al., 2008).CD45.1+ OT-II+ CD4+ T cells were transferred intravenously 2 days after ovalbumin and X31-OT-II
treatment and 14 days after B16ChOVA injection.
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To assess CD4/CD8 T cell dependency for tumor rejection following Treg depletion or GVAX/anti-CTLA-4 treatment, mice were
injected with 250 mg of isotype (Clone: LTF-2, BioXCell), anti-CD4 (Clone: GK1.5, BioXCell) or anti-CD8a (Clone: 2.43, BioXCell)
was injected intraperitoneally at days 10, 13 and 16 post-tumor injection for Foxp3DTR and days 4, 7 and 10 for GVAX/anti-CTLA4 treatment.
To assess the requirement of T cell LN egress, control or Foxp3DTR mice were treated intraperitoneally with 500 ng of DT on days 9,
10 and 12 post-tumor injection and with 200 mg FTY720 (Cayman Chemicals) every day beginning on day 8 post-tumor injection
through the end of the experiment.
For Fc-modified anti-CTLA-4 experiments, mice were injected with 2x105 B16ZsGreen cells. On days 7, 9, 10, 11 and 13 post-tumor
injection, mice received 250 mg of mouse IgG2c isotype, anti-CTLA-4 IgG2c (modified clone 9D9, Bristol-Myers-Squibb), mouse IgG1
isotype or anti-CTLA-4 IgG1 (modified clone 9D9, Bristol-Myers-Squibb) intraperitoneally.
For GVAX/anti-CTLA-4 experiments, mice were injected with either 1x105 (tumor growth) or 2x105 B16-F10 (cellular analysis). On
days 3, 6 and 9 post-tumor injection, mice were injected subcutaneously on their contralateral flank with either PBS or 1x106
50 Gy-irradiated GVAX cells and received either 250 mg anti-CTLA-4 (9H10, BioXCell) or Syrian hamster IgG isotype (BioXcell) intraperitoneally on day 3, and 100 mg of antibody on days 6 and 9.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
Unless specifically noted, data displayed is from a representative experiment of R 2 independent experiments. Experimental group
assignment was determined by genotype or, if all wild-type mice, by random designation. Error bars represent mean ± SEM calculated using Prism unless otherwise noted. Statistical analyses were performed using GraphPad Prism software. For pairwise comparisons, unpaired t tests were used unless otherwise noted. For statistical measures between more than two groups, one-way
ANOVA would be performed unless otherwise noted. Comparisons found to be nonsignificant are not shown. Investigators were
not blinded to group assignment during experimental procedures or analysis.
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession number for the expression matrix for the single-cell RNA-sequencing reported in this paper is GEO: GSE125680.
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Supplemental Figures

Figure S1. Unbiased scRNA-Seq of Myeloid Cells in the tdLN Reveals Extensive Heterogeneity, Related to Figure 1
(A) Average cell UMI across the 10 clusters present in the tdLN t-SNE (Figure 1A) with bars denoting standard deviation.
(B) Gene expression overlay of Ccr7 and Itgax plotted on the tdLN t-SNE. Scale bar indicates relative expression level.
(C) Gene expression overlay of canonical cDC markers, Zbtb46 and Flt3 on the tdLN t-SNE (left), monocyte marker Ly6c2 (middle) and T cell zone macrophage
markers Cx3cr1 and Mertk (right).
(D) Heatmap displaying top 20 DE genes for mDC and rDC when clusters 0, 1, 2, 4 and 6 are compared to clusters 3 and 7 (ranked by log N fold change).
(E) Surface expression of CD9 on CD301b- and CD301b+ CD11b+ CD24lo DC populations.
(F) Surface expression of denoted cell markers on mCD301b- and mCD301b+.

(legend continued on next page)

(G) Surface expression of known inhibitory receptors on mCD301b- and mCD301b+.
(H) GFP expression in myeloid populations detected in tdLNs from tumor-bearing Zbtb46GFP (green) and control (black) mice.
(I) Frequency of myeloid populations within the tdLN.
(J) Surface levels of CCR7 on tdLN myeloid populations.
(K) Gating strategy of myeloid populations in mouse TME (top) and surface expression of CCR7 on tumor DC populations (bottom).

Figure S2. mCD301b/+ cDC2 Are Uniquely Able to Induce Anti-tumor CD4+ Tconv Proliferation but Fail to Initiate CD4+ Tconv Differentiation,
Related to Figure 2
(A) Frequency of tdLN DC populations in control or Ccr7/ tumor-bearing mice.
(B) Proliferation of CD45.1+ CD4+ OT-II T cells in tdLN that had been transferred to control or Ccr7/ tumor-bearing mice 3 days prior as assessed by dye dilution
(left), the frequency that had divided (middle), and their frequency of endogenous CD4+ T cells (right).
(C) Frequency of tdLN DC populations in control or Xcr1DTR tumor-bearing mice.
(D) Proliferation of transferred CD45.1+ CD4+ OT-II T cells in tdLN of control or Xcr1DTR tumor-bearing mice with analysis of dye dilution (left), the frequency that
had divided (middle), and their frequency of endogenous CD4+ T cells (right) 3 days post-transfer.
(E) Frequency of tdLN DC populations in control or Cx3cr1iDTR tumor-bearing mice.
(F) Proliferation of transferred CD45.1+ CD4+ OT-II T cells in tdLN of control or Cx3cr1iDTR tumor-bearing mice with analysis of dye dilution (left), the frequency that
had divided (middle), and their frequency of endogenous CD4+ T cells (right) 3 days post-transfer.
Data are represented as average ± SEM unless explicitly specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure S3. Treg Depletion Enhances cDC2 Migration to the tdLN and Unleashes an Anti-tumor CD4+ Tconv Response, Related to Figure 3
(A) Dot plot correlation of intratumoral CD11b+ CD301b- cDC2 frequency within MHC-II+ cells (left) or CD11b+ CD301b- cDC2 within MHC-II+ (right) and Treg
frequency within CD90.2+ T cells. Best fit line shown. Pearson correlation performed for r value. Data pooled from two experiments.
(B and C) Gating example of FoxP3 expression in CD4+ T cells of DT-treated control and Foxp3DTR mice and the frequency of FoxP3+ Treg within CD4+ T cells in the
(B) tdLN or (C) tumor.
(D) Control and Foxp3DTR B16-F10 tumor-bearing mice were treated with DT and PTX and absolute number of migratory DC in the tdLN were analyzed at day 5
post-DT. Samples normalized to their genetic PTX-untreated condition. Representative data of two independent experiments displayed.
(E) Frequency of EdU incorporation after 2 h within migratory DC from tumor-bearing control and Foxp3DTR mice 2 days post-DT administration.
(F) Representative gating scheme for DC precursors in mouse bone marrow.
(G) Absolute numbers of DC precursors in bone marrow of tumor-bearing control and Foxp3DTR animals 5 days after DT administration.
(H) Representative histograms of CD69 and CD44 surface levels from data in Figure 3H.
Data are represented as ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure S4. Canonical Treg Suppressive Cytokines Do Not Impact cDC2 Migration nor Antitumor CD4+ Tconv Quality, Related to Figures 3 and 4
(A) Analysis of immune populations in tdLN from B16ZsGreen tumor-bearing control and Itgb8fl/flFoxp3CreYFP mice. Absolute number of ZsGreen+ DC populations
(left) and frequency of CD44+ CD4+ Tconv with ICOS+ PD-1lo surface phenotype (right).
(B) Analysis of immune populations in tdLN from B16ZsGreen tumor-bearing control and Areg/ mice. Absolute number of ZsGreen+ DC populations (left) and
frequency of CD44+ CD4+ Tconv with ICOS+ PD-1lo surface phenotype (right).
(C) Analysis of immune populations in tdLN from B16ZsGreen tumor-bearing control and Il-10fl/flFoxp3CreYFP mice. Absolute number of ZsGreen+ DC populations
(left) and frequency of CD44+ CD4+ Tconv with ICOS+ PD-1lo surface phenotype (right).
Data are represented as average ± SEM unless explicitly specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure S5. Treg Depletion Enhances cDC2 Function and CD4+ Tconv Differentiation, Related to Figure 4
(A) OT-II T cells were co-cultured with APC populations sorted from Foxp3DTR tdLN in media containing exogenous OVA peptide (323-339) and analyzed 3 days
later for the absolute number of live (left) OT-II T cells recovered and the frequency of cells that had divided (right). Data were normalized and statistically
compared to mCD301b+ condition.
(B) Analysis of CD11b+ cDC2 immune populations in tdLN from B16ChOVA tumor-bearing Foxp3DTR Irf4+/+ and Foxp3DTR Irf4D/D mice.

(legend continued on next page)

(C) Proliferation of CD45.1+ OT-II T cells in tdLN that had been transferred to Foxp3DTRIrf4+/+ Foxp3DTRIrf4D/D mice 3 days prior as assessed by dye dilution (left)
and absolute number (right). (B,C) was a preliminary experiment that was only performed once.
(D) Proliferation of CD45.1+ OT-II T cells in tdLN that had been transferred to control, Foxp3DTR, Xcr1DTR, or Foxp3DTRXcr1DTR tumor-bearing mice 3 days prior as
assessed by dye dilution.
(E) Frequency of OT-II that divided 6+ times (left). The absolute number of transferred OT-II (right).
(F) Tumor growth from control, Foxp3DTR, Xcr1DTR and Foxp3DTRXcr1DTR mice. Results depict tumor growth curves of individual mice.
(G) Cell surface CD69 levels on divided OT-II T cells 3 days after transfer into control and Foxp3DTR B16ChOVA tumor-bearing mice. Representative data of three
independent experiments displayed.
(H) t-SNE plot and graph-based clustering of CD90.2- B220- NK1.1- CD11b+ and/or CD11c+ myeloid cells sorted from a DT-treated Foxp3DTR B16F10 tdLN and
processed for scRNA-seq. Each dot represents a single cell.
(I) Average cell UMI across the 10 clusters present in the primary Foxp3DTR tdLN t-SNE from Figure S5H with bars denoting standard deviation.
(J) Volcano plots displaying DE genes comparing Foxp3DTR tdLN mCD301b- and mCD301b+. Log N fold cutoff of 0.4 used. Genes of interest labeled.
(K) Cell surface levels of CD80 (left) and CD86 (right) on mCD103+, mLC, in control and Foxp3DTR tdLN.
(L) Representative flow cytometry plots of ICOS, PD-1 and T-bet expression in CD44+ CD4+ Tconv within the tdLN of control and Foxp3DTR mice.
Data are represented as average ± SEM unless explicitly specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure S6. Anti-CTLA-4 Induces Expansion and Functional Enhancement of CD11b+ cDC2, Related to Figure 5
(A) Frequency of Treg within CD4+ T cells in tdLN (left) or tumor (right) from B16ZsGreen tumor-bearing mice treated with mouse IgG1 isotype or anti-CTLA-4
(mouse IgG1).
(B) Absolute number of ZsGreen+ DC in tdLN (normalized to weight of associated tumor).
(C) Frequency of CD44+ CD4+ Tconv with ICOS+ PD-1lo surface phenotype in tdLN (left) or tumor (right).
(D) DMFI (CD80/CD86 MFI – Isotype MFI) from mCD301b- from tdLN of B16ZsGreen tumor-bearing mice treated with either Isotype/anti-CTLA-4 (mouse IgG2c)
(left) or Isotype/anti-CTLA-4 (mouse IgG1) (right).
(E) DMFI (CD80/CD86 MFI – Isotype MFI) from mCD301b+ from tdLN of B16ZsGreen tumor-bearing mice treated with either Isotype/anti-CTLA-4 (mouse IgG2c)
(left) or Isotype/anti-CTLA-4 (mouse IgG1) (right).
Data are represented as average ± SEM unless explicitly specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure S7. BDCA-1+ cDC2 Proportion in Human TME Impacts CD4+ Tconv Proportion and Quality, Related to Figure 7
(A) Gating strategy of human HNSC TME to identify T cell populations.
(B) Frequency of CD8+ T cells (of CD3+ T cells) within each type of HNSC TME identified in Figure 7A.
(C) Scaled ICOS (left) and PD-1 (right) MFI on CD4+ Tconv within each type of HNSC TME identified in Figure 7A (left).
(D) Representative example of ICOS and PD-1 expression on CD4+ Tconv within each HNSC TME subset.
(E) Frequency of BDCA-3+ cDC1 (black) and BDCA-1+ cDC2 (orange) within HLA-DR+ cells in human melanoma tumors from 5 anti-PD-1 non-responders.
Data are represented as average ± SEM unless explicitly specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

