duosnuely Joyiny [INHH 1duosnuely Joyiny |AHH

1duosnue Joyiny INHH

h h m Howard Hughes
Medical Institute

Published as: Nature. 2014 March 13; 507(7491): 243-247.

L-Myc expression by dendritic cells is required for optimal T-cell
priming

KC Wumeshl, Ansuman T. Satpathyl, Aaron S. Rapaport!, Carlos G. Brisefiol, Xiaodi Wul,
Joérn C. Albring?, Emilie V. Russler-Germain?, Nicole M. Kretzerl, Vivek Durail, Stephen P.
Persaud!, Brian T. Edelson!, Jakob Loschko?, Marina Cellal, Paul M. Allenl, Michel C.
Nussenzweig?, Marco Colonnal, Barry P. Sleckman?, Theresa L. Murphy!, and Kenneth M.
Murphyl:4.*

1Department of Pathology and Immunology, Washington University School of Medicine, 660 S.
Euclid Ave., St. Louis, MO 63110, USA.

2Department of Medicine/Hematology and Oncology, University of Muenster, Muenster,
Germany.

SLaboratory of Molecular Immunology, Howard Hughes Medical Institute, The Rockefeller
University, New York, NY 10065, USA.

“Howard Hughes Medical Institute, Washington University School of Medicine, 660 S. Euclid
Ave,, St. Louis, MO 63110, USA.

Abstract

The transcription factors c-Myc and N-Myc encoded by Myc and Mycn, respectively, regulate
cellular growth® and are required for embryonic development?:3. A third paralog, Mycl1, is
dispensable for normal embryonic development but its normal biologic function has remained
unclear®. To examine the in vivo function of Mycl1, we generated an inactivating Mycl19™ allele
that also reports Mycl1 expression. We found that Mycl1 was selectively expressed in dendritic
cells (DCs) of the immune system and controlled by IRF8, and that during DC development,
Mycl1 expression was initiated in the common DC progenitor® (CDP) concurrent with reduction in
c-Myc expression. Mature DCs lacked expression of c-Myc and N-Myc, but maintained L-Myc
expression even in the presence of inflammatory signals, such as GM-CSF. All DC subsets
developed in Mycl1-deficient mice, but several DC subsets, such as migratory CD103* ¢DCs in
the lung and liver, were significantly reduced at steady state. Importantly, loss of L-Myc by DCs
caused a significant decrease in the in vivo T-cell priming during infection by Listeria
monocytogenes and vesicular stomatitis virus. The replacement of c-Myc by L-Myc in immature
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DCs may provide for Myc transcriptional activity in the setting of inflammation that is required
for optimal T-cell priming®.

c-Myec regulates cellular proliferation, metabolism, and maintenance of progenitor
populations’-8 and globally amplifies transcription by direct interactions with RNA
polymerases I, 1l and 11, accounting for its regulation of disparate and context-dependent
target loci across cell types®-11. Forced expression of L-Myc exerts weaker effects than c-
Myc for cell growth, apoptosis and transformation?2 but is more efficient in reprogramming
fibroblasts toward induced pluripotent stem cells13. However, the in vivo function of L-Myc
has not been established?.

Mature DCs exhibit substantial proliferative activity!15. In a 4-hour in vivo 5'-bromo-2'-
deoxyuridine (BrdU) pulse labeling, B cells, monocytes and neutrophils showed a low rate
of ~1% BrdU uptake (Extended Data Fig. 1a), while splenic cDC subsets showed 4-8%
BrdU uptake, consistent with previous studies415. In agreement, 4-7% of cDCs were in
S/G2/M phase by DAPI staining and 17-34% were in cell cycle by Ki67 staining (Extended
Data Fig. 1b). Although splenic pDCs had little proliferative capacity, a significant fraction
of pDCs in bone marrow (BM) were in S/G2/M phase by DAPI staining (Extended Data Fig
1c).

Myc and Mycn were highly expressed in various hematopoietic progenitor populations but
were significantly reduced in mature DCs (Fig. 1a). In contrast, Mycl1 was expressed by the
CDP, the committed precursors to cDCs® (pre-cDCs), and by mature splenic DCs (Fig. 1a),
but not other hematopoietic lineages® (Extended Data Fig. 1d,e), indicating that L-Myc
expression replaces c-Myc and N-Myc during DC development. We compared c-Myc to L-
Myc expression at a single-cell resolution using Myc9' reporter micel6 encoding a GFP-c-
Myc N-terminal fusion protein and a novel L-Myc allele, Mycl19%, that substitutes Gfp for
the first coding exon (Extended Data Fig. 1f, Extended Data Fig. 2). c-Myc protein was
highly expressed in FIt3* common myeloid progenitors (CMPs), was greatly reduced in
CDPs and pre-cDCs (Fig. 1b,c) and undetectable in mature splenic DCs (Fig. 1d,e). In
contrast, Mycl19 was absent in CMPs, became detectible in CDPs and precDCs (Fig. 1b,c),
and was highly expressed in mature splenic CD8a* ¢cDCs, CD8a~ ¢DCs, and pDCs, but not
neutrophils, monocytes, red pulp macrophages, NK cells and T and B cells (Fig. 1d-f),
consistent with Mycll mRNA expression (Extended Data Fig. 1d).

DC subsets that developed in Mycl197/9f (L-Myc-deficient) mice showed no compensatory
induction of Myc expression (Extended Data Fig. 1g, h). Mycl19™ expression was observed
in DCs that developed from FIt3 ligand (FIt3L)-treated BM cultures in vitro (Extended Data
Fig. 3a, b). Retroviral overexpression of c-Myc, but not L-Myc, into FIt3* CMPs reduced
the proportion of mature cDCs and pDCs that developed in FlIt3-ligand (FLT3L) cultures
(Extended Data Fig. 3c, d), suggesting that L-Myc may be non-redundant with c-Myc for
DC development.

We also compared Myc9™ and Mycl19% expression in other tissues. In inguinal and
mesenteric lymph nodes, Mycl19%, but not Myc8™, was expressed by pDCs and by
migratory and resident cDCs (Fig. 2a, Extended Data Fig. 3e, f). In the lung, liver, and
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dermis, Mycl19 was expressed predominantly by CD11b~ cDCs, but, in the small intestine,
Mycl19™ was expressed by CD11b* and CD11b~ ¢DCs (Fig. 2b). Mycl19% was more highly
expressed in resident CD8a.* and the migratory CD103* ¢DCs than in CD11b* cDC subsets
(Extended Data Fig. 3f) and was absent in macrophages in the peritoneum, kidney and liver
(Extended Data Fig. 3g). Mycl19P-expressing DCs were abundant in the T-cell zones of
spleen and lymph nodes, and less frequent within B cell follicles and the splenic red pulp
(Fig. 2c). Sparse Mycl19-expressing DCs were present in the sub-capsular sinus of inguinal
lymph nodes where Zbtb46* cDCs residel” (Fig. 2c). In addition, Mycl19 was expressed by
CD47B220 cells in small intestinal lamina propria, inside villi and within Peyer's patches
(Fig. 2c). Mycl19™ expression was not expressed in vascular endothelium, unlike Zbtb469™
(Extended Data Fig. 4a, b). Thus, Mycl9 expression identifies DCs in both lymphoid and
non-lymphoid peripheral tissues.

Mycl1 expression by CMPs was reported to be IRF8-dependent®. In mice homozygous for
the 1rf8R294C point mutation!? that interrupts IRF8-PU.1 interactions, Mycl19% expression
was absent in DC progenitors and substantially reduced in pDCs (Extended Data Fig. 5a,b).
Moreover, Mycl19% was expressed in DCs differentiated from WT, but not [rf8R294C
Ly6CN monocytes using IL-4 and GM-CSF17:20 (Extended Data Fig. 5a,c). L-Myc protein
was maintained in cDCs under various inflammatory conditions including treatment with
IFN-B or IFN-y and increased by treatment with GM-CSF (Fig. 2d, Extended Data Fig. 5d).
ChlIP-Seq analysis identified several IRF8 binding regions across the Mycl1 that did not
require the transcription factor BATF3 (ref 21) (Fig. 2e, Extended Data Fig. 5e-g). Together,
these results support a role for IRF8—PU.1 interactions in Mycl1 expression.

In lymphoid and peripheral tissues, absence of L-Myc decreased the total number and
relative frequency of DCs, which competitive mixed BM chimeras suggest is due to a cell-
intrinsic defect (Fig. 3a-c, Extended Data Fig. 6). The largest reduction was to the
CD103*CD11b~ cDCs in the lung, an organ rich in GM-CSF22. Gene Set Enrichment
Analysis (GSEA) also revealed significant enrichment of cell-cycle-related transcripts in
lung CD103*CD11b~ ¢DCs as compared to migratory CD103*CD11b~ ¢DCs in draining
lymph nodes (Extended Data Fig. 6f,g). Thus, variations in the abundance of cell-extrinsic
factors such as GM-CSF in the local tissue microenvironment result in different homeostatic
requirements for DCs that are revealed by the loss of L-Myc.

Analysis of gene expression microarrays from WT and L-Myc-deficient pDCs, CD8a/*
cDCs, and CD8a~ cDCs identified a few presumed L-Myc target genes associated with
cellular proliferation and apoptosis (Extended Data Figs. 7a,b). In agreement, splenic
CD8a™* cDCs from L-Myc-deficient mice showed a 50% reduction in in vivo BrdU
incorporation relative to WT mice (Fig. 3d). Also, a tamoxifen-activated L-Myc (L-MYC-
ERT2 fusion protein) markedly and specifically increased proliferation of CD8a* ¢DCs (Fig.
3e), suggesting L-Myc can regulate DC proliferation. GM-CSF, a cytokine known to
regulate DC homeostasis, increased CD8a* ¢cDC cell size and expression of >500 genes,
including many involved in regulation of apoptosis (Extended Data 7c-f). Notably, the
ability of GM-CSF to increase CD8a* ¢cDCs survival was impaired in the absence of L-Myc
(Fig. 3f,g). Genes that appear to be targets of L-Myc in CD8a* ¢cDCs include eukaryotic
translation initiation factor 1 (Eif1) and NADH dehydrogenase (ubiquinone) Fe-S protein 5
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(Ndufs5) which could impact global protein translation and energy metabolism.
Furthermore, of the 500 genes induced by GM-CSF treatment in WT DCs (Extended Data
Fig. 7e), 442 are reduced in expression in L-Myc-deficient CD8a* ¢cDCs (Fig. 3h),
suggesting that the absence L-Myc broadly limits inducible genes expressed in activated
CD8a™* cDCs.

Finally, we assessed whether L-Myc expression was required for T cell priming and other
functions attributed to DCs23:24, We measured antigen-specific CD8* and CD4* T cell
responses after infection with L. monocytogenes expressing soluble ovalbumin (LM-OVA).
Loss of L-Myc significantly decreased the total number of IFN-y-producing OV A-specific
CD8" and CD4" T cells (Fig. 4a,b, Extended Data Fig. 8a,b). To demonstrate that these
effects were not the result of a requirement for L-Myc in T cells, we adoptively transferred
congenically marked L-Myc-sufficient OT-1 CD8" T cells into WT and L-Myc-deficient
mice. After infection with LM-OVA, OT-1 CD8* T cell expansion was dramatically reduced
in L-Myc-deficient mice as compared to WT mice (Fig. 4c,d). L-Myc-deficient mice also
showed impaired CD8* T cell priming after infection with vesicular stomatitis virus
expressing ovalbumin (VSV-OVA) (Extended Data Fig. 8c,d). These priming defects were
attributable to the action of L-Myc in CD8a* ¢DCs, as depletion of pDCs2® or Notch2-
dependent CD11b* cDCs26:27 had no impact on CD8* T cell priming after infection with
LM-OVA (Extended Data Fig. 9a-c). Further, the defect did not appear to involve
processing and presentation of soluble antigen (Extended Data Fig. 10a,b). Mixed chimera
analysis using Zbtb46-DTR mice?6 indicated that priming defect is intrinsic to cDCs
(Extended Data 9d-g).

We recently showed that CD8a* cDCs are required for L. monocytogenes to establish
infection in mice via the intravenous route, since Batf3~~ mice lacking these cells are
entirely resistant to lethal infection?®. Further, for the first 24 h after infection, bacteria grow
entirely within CD8a* ¢cDCs2°, which are the initial reservoir for bacterial expansion. Since
L-Myc is most highly expressed in the CD8a* cDCs in spleen, we asked whether L-Myc
deficiency might influence infection by L. monocytogenes. L-Myc-deficient mice were
remarkably resistant to lethal infection by L. monocytogenes relative to WT mice (Fig. 4e).
This resistance was caused by significant reduction in the intracellular growth of bacteria
within L-Myc-deficient CD8a.* ¢DCs, and not due to reduced bacterial capture or DC
viability during the first 24 h of infection (Fig. 4f, Extended Data Fig. 8e-h). This reduced
growth of L. monocytogenes is cell-intrinsic to CD8a™ ¢cDCs (Fig. 4g) and is sufficient to
prevent the subsequent spread of bacteria to other lineages (Fig. 4h, Extended Data Fig.
10e).

The functional relationship of L-Myc to other Myc factors has remained uncertain®. We
show that L-Myc is selectively expressed in DCs, maintained during inflammation, and
required by cDCs for optimal priming of T cells in bacterial and viral infection. Since c-Myc
is repressed by interferons3?, and inducible genes can depend on c-Myc, L-Myc provide a
means to support transcriptional responses, for example by GM-CSF, required during T cell
priming by cDCs.
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Methods Summary

Mice
Wild-type (WT) 129S6/SvEv mice were from Taconic. WT C57BL/6 mice, Csf2rb™'~ mice
and the congenic strain B6.SJL-Ptprc? Pepc?/BoyJ (B6.SJL) were from The Jackson
Laboratory. Mice were maintained in our specific pathogen-free animal facility according to
institutional guidelines. Generation of c-Mycd™/9f, Zbtb46DTR/DTR and 1rf8R294C mice were
described6:19.26 |fgR294C mjce were backcrossed to C57BL/6 for 11 generations.
Experiments used sex- and age-matched mice at 6-16 weeks of age. All pathogen infections
were performed on mice of the 129S6/SvEv genetic background unless indicated.

Myc, Mycn and Mycl1 expression in Fig. 1a was determined by microarrays for the long-
term hematopoietic stem cell (LT-HSC), FIt3* multi-potent progenitor (FIt3* MPP),
common myeloid progenitor (CMP), granulocyte-macrophage progenitor (GMP), common
lymphoid progenitor (CLP), common dendritic cell progenitor (CDP), bone marrow (BM)
pre-cDC (PrecDC), splenic pDC, splenic CD8a* DC and splenic CD8a~ DC. In Fig. 1b,
Lineage markers included Ter119, NK1.1, B220, MHCII, CD3, and CD11b. For Fig. 1c,
CMP were Lin"CD16/32-FIt3*cKit*, CDP were Lin"CD16/32 Flt3*cKit"~CD115%, and
pre-cDC were Lin"CD16/32-FIt3*cKit"CD11c*. For Fig. 1d-f, gating is as follows; DCs,
CD11c*MHCII*; neutrophils (PMN), Ly6G*CD11b*; monocytes (Mono),
Ly6C*CD11b*Ly6G™; red pulp macrophages (RPM), autofluorescent F4/80%; NK cells
NK1.1*CD3e™; CD8 T cells (CD8 T) CD3s*CD8a*CD4~; CD4 T cells (CD4 T),
CD3s*CD4*CD8a™; and B cells, CD19*B220*SiglecH™. In Fig. 2, pDCs were gated as
CD11cMMHCIINY= cells; resident DC as CD11c*MHCIIM cells; and migratory DCs as
CD11cMMHCII* cells. In Fig. 2c, tissues were stained spleen, B220 (blue); F4/80 (red);
GFP (green); lymph node B220 (blue), CD169 (red) and GFP (green); small intestine CD4
(blue), p-catenin (red) and GFP (green); Peyer's patch CD4 (blue), B220 (red) and GFP
(green). In Fig. 2d, BM cells were cultured for 9 days with FIt3 ligand, treated with media,
interleukin 4 (IL-4), interferon gamma (IFN-v), granulocyte-macrophage colony-stimulating
factor (GM-CSF), and heat-killed Listeria monocytogenes EGD (HKLM) for 24 hours.
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Figure 1. Dendritic cells selectively express Mycl1 but not Myc or Mycn
a, Shown are mean values for Myc, Mycn and Mycl1 expression in progenitors and DC

subsets as described in the Methods (bars, s.d., n = 2-4 biological replicates). b, c-Kit and
GFP expression by Flt3* Lin-CD16/32~ BM cells from WT, Myc9P/8% and Mycl1+/9 mice.
¢, c-Myc-GFP and L-Myc-GFP expression in the indicated progenitors and mice. Numbers
indicate mean fluorescent intensities. d-f, GFP expression for mice in (c) for the indicated
cell populations. Data representative of at least 4 experiments (n=10 mice).
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Figure 2. Mycl1 is restricted to dendritic cells in lymphoid and peripheral tissues and regulated

by IRF8 and GM-CSF

a, CD11c and MHCII expression is shown for GFP* cells from spleen, inguinal lymph node
(ILN), and mesenteric lymph node (MLN) from Mycl1*/9" mice (n=5 mice). b, CD11b and

GFP expression in CD45*CD11c*MHCII* cells from indicated tissues of WT and

Mycl1+/9% mice (n=5mice). ¢, Immunofluorescence for indicated markers from Mycl1+/9
mice. Scale bars, 200 uM. d, Western analysis for L-MYC and PLC-y2 from FIt3L-derived
DCs from WT, Mycl19™/9, and Csf2rb™'~ mice, treated as indicated for 24 h. e, IRF8
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binding in the Mycl1 locus determined by ChIP-Seq in WT or Batf3~/~ DCs. Numbers
represent normalized reads. Data representative of at least 3 experiments.
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Figure 3. Mycl1 regulates DC proliferation and survival
a, Normalized donor contribution for indicated DC subsets in mixed BM chimeras. (bar,

s.d., n=9 mice). b, CD103*CD11b~ DCs from tissues from the indicated mice as percentage
of CD45.2* cells. (bar, s.d., n=5-7 mice). ¢, Donor contribution of CD103*CD11b™ DCs as
in (a) shown for indicated tissues. d, 1 hour BrdU incorporation for indicated cells and mice.
(bar, s.d., n = 5). e, BrdU incorporation of CD24* cDCs expressing ERT2 or L-MYC-ERT?

fusion proteins in response to tamoxifen (4-OHT) treatment (bar, s.d., n=4). f, 7AAD/
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AnnexinV staining of splenic CD8a* DCs from WT or Mycl19P79P (KO) mice treated with
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GM-CSF. g, Viable splenic CD8a* DCs from (f) for WT or Mycl19P79fP (KO) mice (bar,
s.d, n=4). h, Volcano plot of WT and Mycl19P9% (KO) CD8a* DCs treated with or without
GM-CSF. Shown are genes increased >2-fold (red) or decreased >2-fold (blue) in WT
relative to Mycl19P79% (KO) mice. Top 500 genes induced in WT cells by following GM-
CSF treatment are shown (green). (n=3 biological replicates). *, p<0.05, ***, p<0.001, ns,
p>0.05. Data representative of 2-3 experiments.
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Figure 4. Mycl1 supports normal T cell priming by DCs following infection but mediates

resistance to lethal Listeri

a monocytogenes challenge

a-b, CD8" T cells from wild type (WT) and Mycl19/9% (KO) mice infected with LM-OVA
treated with SIINFEKL were analyzed for TNF-a and IFN-vy production (a). Data (a-b) are
from 2 independent experiments (bar, s.d., n=12). ¢, CD45.1 OT-I T cells transferred into
the indicated mice and infected with LM-OVA were measured after 7 days. Numbers are
OT-I T cells as a percent of all splenocytes. d, Total OT-1 CD8* T cells were measured from
the indicated recipient mice after infection as described in (c). (bar, s.d., n=8). e, Survival of
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WT and Mycl97/9% (KO) mice after infection with L. monocytogenes. (bar, s.d., n=15). f, L.
monocytogenes was measured in purified CD8a* DCs after 2 h or 24 h of infection from (e)
as described®2. g, Splenic CD8a* DCs from mice infected for 2 h were cultured in vitro in
media with the indicated antibiotic for 12 h and viable intracellular bacteria quantitated as
described®2. (bar, s.d., n=4). h, Viable intracellular bacteria was measured as in (g) from the
indicated cells from WT and Mycl19/9fP (KO) mice infected with L. monocytogenes for 60
h. (bar, s.d., n=3). **, p<0.001, ns, p>0.05.
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Extended Data Figure 1. Mycl1 expression within the immune system is restricted to dendritic
cells

a, Shown is the percent of BrdU* cells within each indicated lineage from WT mice 4 hours
after BrdU administration. Data are from 2 independent experiments (bars, SD; n = 9 mice
per group, one-way analysis of variance (ANOVA) Tukey's post hoc test). b, Shown are
single-color histograms of DAPI and Ki67 expression for indicated cell types from the
spleen of WT mice. Dotted lines represent isotype control staining. Numbers represent
percent of cells in the indicated gate. Data are representative of 3 independent experiments.
¢, Shown are two-color histograms of CD11c and SiglecH expression for all live BM cells
from WT mice, or B220 and MHCII expression for CD11c*SiglecH* cells, which were
evaluated for DAPI expression (bottom panels). d, Relative Mycl1 mRNA expression was
determined by quantitative real-time PCR (qPCR) in pDCs isolated from BM and other
indicated cell types isolated from the spleen of WT mice. Shown is a graph of Mycl1 values
normalized to Hprt values (bar, SD; n=3 biological replicates per cell type). e, CMP and
CDP populations described in Methods Summary were analyzed by gene expression
microarray. Shown are transcription factor probe sets with normalized linear expression
value in the CDP greater than 100. The horizontal axis indicates the ratio of gene expression
in the CMP compared to the CDP, and the vertical axis indicates the ratio of the mean
expression in CD8a* ¢cDCs, CD11b* ¢cDCs and pDCs compared to a tissue panel excluding
DCs (described in Methods). f, Relative Mycll mRNA expression was determined by gPCR
for indicated mice. Shown is a graph of Mycl1 values normalized to Hprt values (bar, SD;
n=3 biological replicates per cell type). g, Splenocytes from WT and Mycl19/9 mice on
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the C57BL/6 genetic background were stained for analysis, and pDCs (CD11c"SiglecH™"),
CD8a* DCs (CD11c*MHCII*CD8a*CD205*SiglecH™), and CD8a~ DCs
(CD11c*MHCII*CD8a~CD205-SiglecH™) were identified. Shown are two-color histograms
of CD11c and SiglecH expression, MHCII and CD11c expression, and CD8a and CD205
expression for pre-gated cells as indicated above the plots. Numbers represent percent of
cells in the indicated gate. Data are representative of at least 5 independent experiments. h,
Relative Myc mRNA expression was determined by gPCR for indicated mice. Shown is a
graph of Myc values normalized to Hprt values (bar, SD; n=3 biological replicates per cell
type, Student's t-test). *, p<0.05; ns, p>0.05; ND, not detected.
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Extended Data Figure 2. Generation of Mycl 199 mijce by homologous recombination
a, The genomic context for Mycl1, the targeting vector, and targeted allele are shown. Notl

restriction digest of the WT locus generates a 12.5 kb fragment detectable by either 5' or 3'
probes. Ncol restriction digest of the targeted locus generates a 3.3 kb fragment detected by
the 5' probe, a 2.3 kb fragment containing most of the GFP-Neo cassette, and a 9.3 kb
fragment detected by the 3' probe. b, ¢, Southern blot analysis of Ncol-digested total DNA
using the 5' probe (b) and 3' probe (c). Shown are results obtained from genomic DNA of
WT (Mycl1*/*) and heterozygous (Mycl1+/9%) mice. d, Genotyping PCR using genomic
DNA of WT (Mycl1*/*), heterozygous (Mycl1*/9%), and homozygous (Mycl197/9%) mice.
The WT allele yields a 337 bp product and the targeted allele yields a 525 bp product.
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Extended Data Figure 3. Mycl1 expression is restricted to dendritic cells in lymphoid and non-
lymphoid tissues
a, Shown are single-color histograms of GFP expression for the indicated cells derived from

WT, Mycl1*/9, and Mycl19/9° BM cells cultured in FMS-like tyrosine kinase 3 ligand
(FIt3L) for 10 days. cDCs (FIt3L cDC) were gated as CD11c*MHCII*SiglecH™ and pDCs
(FIt3L pDC) were gated as CD11c!"SiglecH*. Numbers represent GFP* cells as a percent of
live cells. Data are representative of 3 independent experiments. b, Shown are two-color
histograms of CD24 and SIRP-a expression for FIt3L ¢cDCs as described in (a) from BM of
WT mice (left panel) and Mycl1*/9% mice (middle and right panels). FIt3L cDCs from BM
of Mycl1*/9% mice were pre-gated as either GFP* or GFP~. Numbers represent the percent
of cells in the indicated gate. ¢, FIt3* CMPs purified by cell sorting from WT BM cells were
cultured in FIt3L for 12 hours before transduction with control (Empty) retrovirus or with
retrovirus expressing IRF8, L-Myc, or c-Myec. Cells were cultured for an additional 5 days
and then stained for analysis. Shown is a two-color histogram of MHCII and SiglecH
expression for each indicated transduction. cDCs are gated as MHCII*SiglecH™ and pDCs
are gated as MHCII~SiglecH*. Numbers represent the percent of cells in the quadrant gate.
d, Shown is a quantitation of undifferentiated (non-cDC or non-pDC) cells from (c). Data
are from 4 independent transductions per retrovirus (bar, SD; n=4, one-way ANOVA
Tukey's post hoc test). e, Cells from the spleen (left panel), inguinal lymph nodes (ILN,
middle panel), and mesenteric lymph nodes (MLN, right panel) of WT, Myc9P/9P, and
Mycl1*/9 mice were stained for analysis. Shown are two-color histograms of CD11c and
GFP expression for non-autofluorescent cells. Numbers represent percent of cells in the
indicated gate. Data are representative of at least 5 independent experiments. f, Shown are
single-color histograms of GFP expression for resident DCs (CD11c*MHCIIM, DC) and
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migratory DCs (CD11¢™MHCII*, mDC) from mesenteric lymph nodes (MLN, top panel)
and inguinal lymph nodes (ILN, bottom panel) of WT (grey lines) and Mycl1*/9 mice
(green lines). Resident DCs were further gated as CD24*SIRP-a~ (CD8a* DC) and
CD247SIRP-a* (CD8a~ DC). MLN mDCs were gated as CD103*CD11b~ (CD103* mDC),
CD103*CD11b* (CD103*CD11b* mDC), and CD103-CD11b* (CD11b* mDC). ILN
mDCs were gated as CD103*CD11b~ (CD103* mDC), CD103~CD11b* (CD11b* mDC),
and CD103-CD11bi"U~ (Langerhans cells). g, Cells from the brain, spleen, peritoneum,
kidney, and liver of WT and Mycl1*/9% mice were stained for analysis. Shown are two-color
histograms of F4/80 and GFP expression for microglia (CD45"CD11b*), splenic red pulp
macrophages (F4/80*autofluorescentM9", RPM), peritoneum macrophages (F4/80*CD11b"),
liver and kidney macrophages (F4/80*CD11bi™), and liver DCs (CD11c*MHCIIY). Live
hematopoietic cells were pre-gated in all non-lymphoid tissues as CD45*/int7AAD".
Numbers represent percent of cells in the indicated gate. Data are representative of 2-3
independent experiments(n=4 mice). *, p<0.01; ns, p>0.05.
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Mesenteric lymph node GFP B220 MAdCAM-1

b
Mesenteric lymph node GFP B220 MAdCAM-1

Extended Data Figure 4. Mycl1 expression is restricted to dendritic cells
Mesenteric lymph nodes from Mycl1+/9% (a) and Zbtb46*/9™ (b) mice were analyzed for

expression of B220 (blue), MAdCAM-1 (red) and GFP (green). Scale bar, 100 um
(Mesenteric lymph node).
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Extended Data Figure 5. IRF8 regulates the expression of Mycl1 in multiple dendritic cell
lineages
a, (left panels) BM cells and splenocytes from Mycl1*/*1rf8*/*, Mycl1 /9P| rfg*/+,

Mycl1+/*1rfgR294C and Mycl1*/9%1rfgR294C mice were stained for analysis. Shown are two-
color histograms of GFP and CD11c expression. Numbers represent the percent of cells in
the indicate gates. Data are representative of 3 independent experiments. (right panels)
Ly6C*CD11b* BM monocytes were isolated by cell sorting from Mycl1+/*Irf8*/*(black
line), Mycl1*/*1rf8R294C(grey line), Mycl1*/9P1rfgR294C light green line),
Mycl1+/8%1rfg+/+mice (dark green line) and differentiated for 4 days either with GM-CSF
(left panel) or with GM-CSF and IL-4 (right panel). Shown are single-color histograms of
GFP expression for pre-gated live CD11c* cells from the indicated genotypes. b,
Splenocytes from WT (top panels) and 1rf8R294C (hottom panels) mice on the C57BL/6
genetic background were stained for analysis. Shown are two-color histograms of CD11c
and SiglecH expression (left panels), and CD11b and CD205 expression (right panels), for
cells pre-gated as either B220*CD11b~ or CD11c*MHCII*B220~. pDCs were gated as
CD11c*SiglecH*B220*CD11b~. Numbers represent the percent of cells in the indicated
gates. Data are representative of 2 independent experiments. ¢, Ly6C* BM monocytes were
isolated by cell sorting from Mycl1*/*Irf8*/*, Mycl1+/*+1rfgR294C Mycl1+/9%P|rfgR294C and
Mycl1*/9%|rfg+/+ mice. Monocytes were cultured either with GM-CSF or with GM-CSF
and IL-4 for 4 days and then stained for analysis. Shown are two-color histograms of MHCII
and CD11c expression for differentiated monocytes. Numbers represent the percent of cells
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in the quadrant gate. Data are representative of 2 independent experiments. d, Phoenix-E
cells were transfected with murine stem cell virus (MSCV) retroviral plasmids expressing
the mutant human estrogen receptor (ER"2), murine Myc (c-MYC), murine Mycl1 (L-

MY C), and a fusion between Mycl1 and the mutant human estrogen receptor (L-MYC-
ERT2). Whole-cell extracts were prepared 2 days after transfection and Western blot analysis
was performed. Shown are blots probed for L-MYC (left, a-L-MYC) and ¢c-MYC (right, a-
c-MYC) for the indicated transfections. Blots were stripped and re-probed for GFP (bottom,
a-GFP). e, IRF8 DNA binding was assayed by ChlP-Seq. Shown is a histogram of
normalized reads per bp per peak within a 4-kb window centered on transcriptional start
sites (TSS). f, Uniquely mapped IRF8 ChIP-Seq reads were evaluated for peak discovery by
Model-based Analysis of ChIP-Seq (MACS) as described in Methods and peaks were
annotated by the Homer software package using default annotation settings. Shown is the
distribution of peak annotations within introns, intergenic regions, promoters, transcription
termination sites (TTS), 3'-untranslated regions (3'UTR), exons, and 5'-untranslated regions
(5'UTR). Numbers represent the percent of annotations in each category. g, Peaks identified
in (f) were evaluated for de novo motif discovery using the Homer software package as
described in Methods. Analysis was performed 3 separate times to identify the most
significant motifs. Shown are the top 3 DNA motifs conserved in IRF8-bound loci along
with the closest known motif and associated p-value (cumulative binomial distribution).
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Extended Data Figure 6. Mycl1 regulates the homeostasis of CD8a™ DCs and peripheral tissue
CD103* DCs

a, Splenic DC subsets as gated in (Extended Data Fig. 1e) were quantitated from WT
(black dots) and Mycl19%/9™ (green dots) mice on the 129SVEv genetic background. Shown
are graphs of total cell number per spleen for the indicated DC subsets (right panels) and of
each DC subset as a percent of all splenocytes (left panels). Data are from 3 independent
experiments (bar, SD: n=10 biological replicates, Student's t-test). b, c, d, Cells from the
liver (b), lung (c), and small intestine (d) of WT and Mycl19%/9f° mice on the C57BL/6
genetic background were stained for analysis. Shown are two-color histograms of 7AAD
and CD45 expression, MHCII and CD11c expression, and CD103 and CD11b expression.
Hematopoietic cells were gated as 7AAD"CD45" (Live CD45%) and DCs were gated as
MHCII*CD11c™. e, Cells from the lung, liver and small intestine of mixed BM chimeras
described in (Fig. 3a, c) were analyzed for relative donor contribution. Shown is the
contribution of CD45.2* WT BM or CD45.2* Mycl19°79 BM to CD103~CD11b* DCs in
the indicated peripheral tissues as a ratio of peripheral blood neutrophils from the same
animal. Data are representative of 3 independent experiments (bar, SD; n=5-10 mice, Mann-
Whitney U test). f, Shown is relative Mycl1 mRNA expression determined by gene
expression microarrays of lung-resident CD103*CD11b~ DCs and of migratory
CD103*CD11b~ DCs from mediastinal lymph nodes (MLN) (bar, SD; n=3 biological
replicate arrays, Student's t-test). g, Differences in microarray-based gene expression data
between lung-resident CD103*CD11b~ DCs (Lung, red) and migratory CD103*CD11b~
DCs (Lymph node, blue) were analyzed for enrichment of a set of cell cycle genes
(KEGG_Cell_Cycle) by Gene Set Enrichment Analysis (GSEA). Shown is a GSEA plot of
running enrichment score (top), gene set member ranks (middle), and ranked list metric
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values (bottom) (signal-to-noise metric, n=3 biological replicate arrays per group). **,
p<0.01, ***, p<0.001; ns, p>0.05.
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Extended Data Figure 7. GM-CSF treatment and L-Myc deficiency in bone marrow pDCs,
splenic CD8a™ DCs and CD8a,” DCs

a, Shown is a Venn diagram of probe sets changed at least 2-fold in expression between the
indicated WT and L-Myc-deficient DC populations on gene expression microarray analysis.
Indicated in each zone of the diagram is the number of probe sets. b, Shown are gene
symbols and Gene Ontology (GO) biological process annotations for selected growth-related
genes obtained from the analysis in (a). c, CD8a* DCs
(CD11c*MHCII*CD24*SIRPa~B2207) and CD8a~ DCs
(CD11c*MHCII*SIRPa*CD247B2207) were purified by cell sorting from the spleen of WT
mice and cultured with media alone (Untreated) or with GM-CSF as indicated. After 24 h,
cells were analyzed for viability. Shown are two-color histograms of 7AAD and AnnexinV
expression. Numbers indicate the percent of cells in each quadrant gate. Also shown are
single-color histograms of forward scatter (FSC-A) for live cells (AnnexinV"7AAD") to
determine relative size for the indicated treatments. Data are representative of 3 independent
experiments. d, Shown are Wright-Giemsa stains of cytospins prepared from CD8a* DCs
described in (c). Scale bars represent 20 um. e, Gene expression microarray analysis was
performed using CD8a* DCs described in (c). Shown is an M-plot of log,-transformed
normalized expression values for probe sets either increased (red) or decreased (blue) at
least 2-fold in expression on treatment with GM-CSF, omitting probe sets lacking gene
annotations. f, Functional annotations for 500 probe sets most induced by GM-CSF
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treatment (e, red) were clustered using the highest classification stringency by DAVID
Bioinformatics Resources. Shown are the associated GO term, enrichment score, and
number of contributing genes for the top 12-enriched clusters.
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Extended Data Figure 8. Mycl1 is necessary for normal T cell priming by dendritic cells during
infection

a, WT mice (top panels) and Mycl197/9P mice (bottom panels) were infected intravenously
with 3x103 LM-OVA. Splenocytes were harvested 7 days after infection, re-stimulated with
LLO190-201 peptide in vitro for 5 hours, and stained for analysis. Splenocytes from
uninfected mice (control, left panel) served as a staining control. Shown are two-color
histograms of TNF-a, and IFN-B expression for cells pre-gated as Thy1.2*CD4*. Numbers
represent the percent of cells in the indicated gate. Data are from 2 independent experiments.
b, Shown is the total number of IFN-y* CD4* T cells per spleen from the experiment
described in (a). Data are from 2 independent experiments (bar, SD; n=12 biological
replicates, Student's t-test). ¢, WT mice (top panels) or Mycl19/8% mice (bottom panels)
were infected intravenously with 5x108 pfu VSVOVA. Splenocytes were harvested 7 days
after infection, re-stimulated with SIINFEKL peptide in vitro for 5 hours, and stained for
analysis. Splenocytes from uninfected mice (control, left panel) served as a staining control.
Shown are two-color histograms of TNF-a and IFN-y expression for cells pre-gated gated as
Thy1.2*CD8a*. Numbers represent the percent of cells in the indicated gate. Data are
representative of 2 independent experiments. d, Shown is the total number of IFN-y* CD8*
T cells per spleen from the experiment described in (d). Data are from 2 independent
experiments (bar, SD; n=11 biological replicates, Student's t-test). e, WT mice (black dots)
and Mycl197/9% mice (green dots) were infected as described in (Fig. 4f) and CD8a.~ DCs
(CD11c*MHCII*SIRPa*CD24~B2207) were purified by cell sorting. Shown is the amount
of viable intracellular bacteria determined for the indicated time points. Data are from 2
independent experiments (bar, SD; n = 4-6 biological replicates). f, g, CD8a* DCs purified
from infected mice described in (Fig. 4f) were cultured for 12 h in media containing either
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gentamicin (f) or penicillin/streptomycin (g). CD8a* DCs purified from uninfected mice
were used as controls (uninfected, left panels). Cells were assessed for viability as in (Fig.
3f). Shown are two-color histograms of 7AAD and AnnexinV for the indicated conditions.
Data are representative of 2 independent experiments. h, Mixed BM chimeras described in
(Fig. 3a, c) were infected intravenously with 5x107 LM-EGD and splenocytes were
analyzed for relative donor chimerism after 24 h. Uninfected chimeras served as controls.
Shown is the contribution of CD45.2* WT BM or CD45.2* Mycl19P3% BM to splenic
CD8a™ DCs as a ratio of peripheral blood neutrophils from the same animal (bar, SD; n=5,
Mann-Whitney U test). *, p<0.05; **, p<0.01; ***, p<0.001; ns, p>0.05; ND, not detected.
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Extended Data Figure 9. Mycl1 expression in CD8a* DCs is necessary for normal T cell priming
a, WT mice (black box) and BDCA2-DTR transgenic mice (open box) were treated with

125 ng diphtheria toxin (DT) per mouse 1 day before infection with 3x10% LM-OVA. DT
treatment was continued on days 1, 3, and 5 after infection, and splenocytes harvested on
day 7 were stained for analysis. Shown is the quantitation of pDCs as a percent of all
splenocytes to confirm efficiency of deletion (bar, SD; n=4 biological replicates per group,
Student's t-test). b, Splenocytes described in (a) were re-stimulated with SIINFEKL peptide
in vitro for 5 h. Shown is the quantitation of IFN-y* cells as a percent of CD8* T cells (gated
as Thy1.2* CD8a*) (bar, SD; n=4 biological replicates, Student's t-test). ¢, Peripheral blood
from Notch2"f mice (black box) and Cd11c-Cre Notch2"f mice (open box) was collected on
day 7 after infection with 3x103 LM-OVA. After red blood cell lysis, CD8" T cells were
stained with H-2KP-SIINFEKL tetramer. Shown is the frequency of tetramer* cells as a
percent of CD8* T cells (bar, SD; n=4 biological replicates, Student's t-test). d, BM from
CD45.1* WT mice and BM from CD45.2* Zbtb464tr/dir mice were mixed in a 50:50 ratio
and injected into lethally irradiated WT recipient mice. Ten weeks after transplant, 400 ng
DT was administered to each chimeric mouse and splenocytes harvested at 48 h, 72 h and 96
h after DT treatment were stained for analysis. Shown are two-color histograms of CD45.1
and CD45.2 expression for pre-gated DCs (CD11c*MHCII™, top panels) to determine
relative donor chimerism and efficiency of deletion. e, Shown is an experimental outline for
LM-OVA infection of BM chimeras following DC depletion and replenishment. f, BM
chimeras were generated using a 50:50 ratio of Zbtb464t/dir B\ and WT BM (DTR:WT), or
of Zbtb464tr/dir BM and Mycl197/8% BM (DTR:Mycl197/9%) or of Zbtb464tr/dr BM and
Batf3~/~ BM (DTR: Batf3~/7). Twelve weeks after lethal irradiation and transplant, BM
chimeras were infected according to the time course outlined in (g). Expansion of donor
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CD45.1" OT-1 CD8* T cells was evaluated 7 days after infection with 300 LM-OVA. g,
Shown is the total number of OT-1 CD8" T cells from infected DTR:WT, DTR:Mycl19%/9fp |
and DTR:Batf3~/~ chimeric mice described in (e, f). Data are from 2 independent
experiments (bar, SD; n=8 infected biological replicates, one-way ANOVA Tukey's post
hoc test). *, p<0.05; **, p<0.01; ns, p>0.05.
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Extended Data Figure 10. L-Myc-deficient dendritic cells process and present soluble antigens
efficiently
a, b, CD8a™ DCs, CD8a~ DCs, and pDCs were isolated by cell sorting from the spleen of

WT mice (top panels) and Mycl19/9%P mice (bottom panels). OT-1 CD8* T cells and OT-I
CD4* T cells were isolated by cell sorting from the spleen of CD45.1* OT-I transgenic and
CD45.1" OT-II transgenic mice, respectively, and T cells were then labeled with CFSE. DCs
were pulsed with whole ovalbumin protein (Ova) for 2 h at 37°C, then washed extensively
before co-culture with OT-1 CD8* T cells (a) or OT-11 CD4™ T cells (b) at a DC:T cell ratio
of 1:5. Ovapg7.p64 (OT-1 CD8* T cell epitope) and Ovazpz339 (OT-11 CD4* T cell epitope)
were used as positive controls (panels not shown). Cells were analyzed 3 days later for
CFSE dilution. Shown are single-color histograms of CFSE for pre-gated live T cells. Data
are representative of 2 independent experiments. ¢, WT mice (black dots) and Mycl19%/gfp
mice (green dots) were infected with 10° L. monocytogenes expressing ovalbumin (LM-
OVA). After 24 h, CD8a* DCs and CD8a~ DCs were purified from infected spleens and co-
cultured with CFSE-labeled OT-1 CD45.1* CD8* T cells. Cells were analyzed 60 h later for
CFSE dilution. Shown are single-color histograms of CFSE for live OT-I T cells gated as
CD45.1*CD8a™. d, Shown is the quantitation (described in Methods) of live OT-1 CD8* T
cells from (c) after co-culture with the indicated DCs from WT (black dots) and Mycl19f/gfp
(green dots). Data are from 2 independent experiments (bar, SD; n = 3 biological replicates,
Student's t-test). e, Histopathology (H&E) of spleens (top panels) and livers (bottom panels)
from WT (left panels), Mycl197/9f° (middle panels), and Batf3~/~ (right panels) mice 3 days
after infection (10° L. monocytogenes i.v.). Scale bars 200 um. *, p<0.01; ns, p>0.05.
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