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In response to microbial stimulation, monocytes can differentiate
into macrophages or monocyte-derived dendritic cells (MoDCs) but
the molecular requirements guiding these possible fates are poorly
understood. In addition, the physiological importance of MoDCs in
the host cellular and immune responses to microbes remains elusive.
Here, we demonstrate that the nuclear orphan receptor NR4A3 is
required for the proper differentiation of MoDCs but not for other
types of DCs. Indeed, the generation of DC-SIGN+ MoDCs in re-
sponse to LPS was severely impaired in Nr4a3−/− mice, which
resulted in the inability to mount optimal CD8+ T cell responses
to gram-negative bacteria. Transcriptomic analyses revealed that
NR4A3 is required to skewmonocyte differentiation towardMoDCs,
at the expense of macrophages, and allows the acquisition of mi-
gratory characteristics required for MoDC function. Altogether, our
data identify that the NR4A3 transcription factor is required to
guide the fate of monocytes toward MoDCs.
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Dendritic cells (DCs) play crucial roles in the induction of the
adaptive immune response of T cells to pathogens. Their

ability to sense microbial molecular patterns using innate re-
ceptors and to display peptidic fragments of microbes on MHC
class I and II (MHCI and MHCII) molecules allows them to act
as extremely efficient antigen-presenting cells to prime naive
T cell responses. Given the central role of DCs in linking the
innate and adaptive immune responses, substantial efforts were
made in studying the ontology and function of different DC
subsets to better exploit their roles in infectious diseases. Cur-
rently, DCs are broadly categorized into two main groups: con-
ventional DCs (cDCs) and plasmacytoid DCs (pDCs). Both
cDCs and pDCs originate in the bone marrow (BM) from a
macrophage/dendritic cell progenitor (MDP) that can further
differentiate into the common DC progenitor (CDP). This pro-
genitor can mature into a pDC, which requires the transcription
factor E2-2 (1), or specify into precommitted progenitors (pre-
DCs) that give rise to cDCs (2). Based on the requirement for
lineage-defining transcription factor for their development and
function, cDCs can be subdivided into two main subsets
(reviewed in ref. 3). cDC1 requires IRF8, BATF3, NFIL3, ID2,
and BCL6 for its development, whereas cDC2, which expresses
IRF4, is heterogeneous and comprises both NOTCH2- and KLF4-
dependent populations. Understanding the transcriptional net-
works controlling the generation of DC subsets has facilitated the
engineering of mouse models in which a specific cDC type is de-
pleted, making it possible to define the unique functions of each
cDC subset in the immune response. For example, the use of
Batf3−/− mice has revealed the biological importance of IRF8+

cDC1 cells in cross-priming and in the generation of resident
memory T cells (4, 5). Within the IRF4+ cDC2 subset, NOTCH2-

dependent DCs were shown to be crucial for early innate pro-
tection to Citrobacter rodentium infection (6).
In addition to cDCs and pDCs, monocyte-derived DCs (MoDCs)

have been described (7–11). In response to several types of micro-
bial stimulation, monocytes differentiate into MoDCs; they up-
regulate CD11c and MHCII, present antigen, and modulate the
T cell response. For example, upon LPS exposure, monocytes
convert into DC-SIGN+ MoDCs, which also express CD206, CD14,
and Sirpα (7). They locate to the T cell zone of the skin-draining
lymph nodes (skLNs) and exhibit efficient T cell priming and cross-
priming in vitro. However, the in vivo role and the transcriptional
requirements for the differentiation of these MoDCs has yet to
be demonstrated.
The transcriptional requirements for the differentiation of

monocytes into MoDCs have not been as extensively studied as that
of the development of cDCs. This is due, in part, to the difficulty in
distinguishing MoDCs from both macrophages and other cDC
subsets, especially in inflammatory conditions. The identification of
the transcription factor ZBTB46 and the C-type lectin receptor
DNGR-1 (encoded by Clec9a) as genetic tracers of DC lineages has
helped clarify some of the issues associated with inflammatory
conditions (12–14). Interestingly, both in vivo-generated DC-SIGN+
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MoDCs and MoDCs obtained from in vitro cultures of isolated
monocytes with GM-CSF and IL-4 (hereafter GM-CSF+IL-4)
generate Zbtb46-transcribing cells (12, 15). These observations
could suggest that MoDCs are part of the DC family, as opposed
to activated macrophages. In addition, MoDCs are enriched for
the DC but not the macrophage signature, further suggesting that
they represent true DCs (16–18).
In GM-CSF+IL-4 cultures, at least two populations, recently

termed GM-DC and GM-Mac, are produced (18). The GM-DC
population, defined by elevated expression of MHCII and de-
creased CD11b surface expression, is superior in its antigen pre-
sentation capacity and is transcriptionally enriched in DC-associated
genes, including Zbtb46. In contrast, the MHCIIintCD11bhi GM-
Mac cells bear both functional and transcriptional macrophage-
like properties. Interestingly, GM-CSF+IL-4 drives the expression
of nuclear orphan receptor Nr4a3 in both human and mouse
monocyte cultures (15, 19), where Nr4a3 is most strongly expressed
in the MHCIIhi subset (publicly available data in refs. 18 and 20).
These results suggest that NR4A3 may play a role in the differen-
tiation of MoDCs.
The NR4A nuclear orphan receptors, NR4A1-3, are tran-

scription factors whose expression is rapidly induced following a
variety of stimuli (21). Several roles have been suggested for
NR4A nuclear orphan receptor family members within the my-
eloid lineage. Mice lacking the expression of both NR4A1 and
NR4A3 rapidly develop acute myeloid leukemia (22) and NR4A1,
a close homolog of NR4A3, was shown to control the generation
of the Ly6Clo monocyte subset and some macrophage functions
(23, 24). However, the specific role of NR4A3 in monocytes has
not been investigated and only recently was a role attributed for
NR4A3 in DC migration (25).
Here, we have uncovered an essential role for NR4A3 in the

differentiation of DC-SIGN+ MoDCs following in vivo LPS in-
jection. Moreover, we demonstrate that naive CD8+ T cell
priming to LPS-expressing bacteria is severely compromised in
Nr4a3−/− mice, probably as a consequence of ineffective MoDC
differentiation. NR4A3 was also required for the in vitro gen-
eration of MoDCs in GM-CSF+IL-4 culture and, in its absence,
differentiation is diverted to a macrophage fate. Comparative
transcriptomic analysis of Nr4a3+/+ and Nr4a3−/− monocyte dif-
ferentiation into MoDCs has allowed us to reveal an unforeseen
parallel between the gene-expression program induced by NR4A3
and the migratory DC signature. We further demonstrate that
Nr4a3 transcription is downstream of IRF4.

Results
NR4A3 Is Required for the In Vitro Differentiation of GM-CSF+IL-4
MoDCs. Infection and inflammation promote the massive in
vivo differentiation of monocytes into MoDCs (7–11). Further-
more, monocytes can also differentiate into MoDCs following in
vitro culture with GM-CSF and IL-4 (18). This offers a unique
system to better define the molecular events controlling MoDC
differentiation and the role of NR4A3 in this process. Although
Nr4a3−/− cells expressed normal levels of IL-4 and GM-CSF
receptors (SI Appendix, Fig. S1 A and B), we found that NR4A3
deficiency significantly reduced (approximately 9-fold) the number
of BMDCs recovered in GM-CSF+IL-4 cultures (Fig. 1A). This
was not a consequence of reduced proliferation during the dif-
ferentiation of the culture (SI Appendix, Fig. S1C). In contrast, the
in vitro differentiation of CDPs into cDCs (CD8α+ cDCs and
CD8α− cDCs) and pDCs that occurs following culture with
FLT3L (2, 26, 27) was unaffected for Nr4a3−/− BM cells (Fig. 1 B
and C). Similar results were obtained using an improved FLT3L
differentiation protocol where Notch signal is provided (SI Appen-
dix, Fig. S1D and E) (28). This suggests that NR4A3 selectively
promotes the differentiation of monocytes into DCs.
Different BM progenitors—including MDPs, common monocyte

progenitors (cMoPs), CDPs, and monocytes—contribute with dif-
ferent efficiency to the generation of BMDCs in GM-CSF+IL-4
cultures (18). No significant differences in the frequency of these
progenitors in the BM of Nr4a3+/+ and Nr4a3−/− mice were found

Fig. 1. NR4A3 is required for the in vitro generation of GM-CSF+IL-4 MoDCs
but is dispensable for FLT3L-generated DCs. (A and B) BM cells from Nr4a3+/+

and Nr4a3−/− mice were cultured for 7 d with GM-CSF+IL-4 (A) or 8 d with
FLT3L (B). (C) Analysis of the proportion of plasmacytoid DC, CD8α+, and CD8α−

subpopulations of DCs obtained at the end of the culture of Nr4a3+/+ and
Nr4a3−/− BM cells with FLT3L. (D) 104 CD45.2+ Nr4a3+/+ or −/− MDP, cMoP, CDP,
and Ly6Chi monocytes were sorted and cultured for 7 d with GM-CSF and
IL-4 on CD45.1+ total BM cells. The proportion of CD45.2+ cells within CD11c+

cells (which are MHCII+) (SI Appendix, Fig. S1H) is shown for each progenitor
population. Shown at the bottom of the panel is the fold-increase in the cel-
lularity of CD11c+ cells over input of indicated sorted progenitors. (E) Sorted
BM monocytes were cultured with GM-CSF+IL-4 for 7 d and analyzed by flow
cytometry for the proportion and number of generated CD11c+MHCII+ DCs.
Each symbol represents culture from an individual mouse (A, B, and E) or is the
average of 2 or 3 replicates from a single experiment (D). Unpaired Student’s
t test (A, B, D, and E). Data are pooled from at least 3 independent experi-
ments (A, B, D, and E) or 1 representative example from these experiments is
shown (C and D). *P < 0.05, **P < 0.01, ***P < 0.001.
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(SI Appendix, Fig. S1 F and G). We thus tested the potential of
progenitors from Nr4a3−/− mice to differentiate into BMDCs by
adding sorted CD45.2+ MDPs, cMoPs, CDPs, or monocytes (SI
Appendix, Fig. S1F) to CD45.1+ feeder cells in GM-CSF+IL-4
cultures (18). We observed that all Nr4a3−/− progenitors had a
decreased capacity to generate DCs (CD11c+MHCII+) after 7 d of
culture (SI Appendix, Fig. S1H), and that the differences were more
pronounced in progenitors with monocytic potential (MDP, cMoP,
and monocytes) in comparison with CDPs and pre-DCs (Fig. 1D
and SI Appendix, Fig. S1I). When taking into account their intrinsic
capacity to expand (expressed by the “fold over input” value) and
the initial frequency of the progenitors in the BM, cMoPs, and
monocytes were largely responsible for the decreased number of
BMDCs obtained in cultures from bulk Nr4a3−/− BM cells while
CDP contribution was negligible (SI Appendix, Table S1). Finally,
the defect of generation of BMDCs in Nr4a3−/− mice was also
observed when cultures were performed using monocytes as pre-
cursors (Fig. 1E). Taken together, these data are consistent with
the hypothesis that NR4A3 is specifically required for the differ-
entiation of MoDCs.

NR4A3 Deficiency Diverts Differentiation to the Macrophage Lineage.
Based on MHCII expression, BMDCs generated with GM-
CSF+IL-4 can be classified into at least 2 populations (18).
MHCIIint cells have a transcriptomic, phenotypic and functional
profile that is more akin to macrophages (termed GM-Mac),
while MHCIIhi cells resemble proper DCs (GM-DCs). We ob-
served altered expression of MHCII on Nr4a3−/− BMDCs,
resulting in an increase in the proportion of MHCIIint cells (Fig.
1A and SI Appendix, Fig. S2 B and C). This was accompanied by
an increase in macrophage-associated markers F4/80, CD64,
CD11b, and Mertk on Nr4a3−/− BMDCs and a decrease in the
GM-DC–associated molecules (Fig. 2A). These results were re-
capitulated with cultures from sorted monocytes (SI Appendix,
Fig. S2A). Although there are more GM-Mac cells in the
Nr4a3−/− culture, altered expression of macrophage markers can
be observed in both MHCIIint and MHCIIhi populations (SI
Appendix, Fig. S2B), which have expected phenotypes (18), in-
cluding for transcription factors ZBTB46, PU.1, IRF4, and
IRF8, important in macrophage and DC function and differen-
tiation. Similar results were obtained when IL-4 was omitted
from the BMDC differentiation culture (SI Appendix, Fig. S2D–G),
suggesting that defective MoDC differentiation cannot be
solely attributed to defective IL-4 signaling in Nr4a3−/− cells.
Additionally, the gene signature of CD11c+MHCII+ cells in
Nr4a3−/− cultures showed enrichment in macrophage-associated
transcripts Mertk, Ctsl, Pla2g4a, Cd164, Tbxas1, Tcn2, and Dok3
(Fig. 2B), while the DC-associated transcripts, Flt3, Traf1, Ccr7,
Rab30, and Adam19 were decreased (Fig. 2B) (29, 30). This is
also reflected at the morphological level with Nr4a3−/− BMDCs
bearing fewer dendrites, a characteristic feature of DCs (Fig.
2C). Finally, when excluding CD11c+MHCII+ cells expressing
the macrophage markers CD64 and F4/80 from analysis, a more
pronounced decrease (20-fold) in the generation of BMDCs is
observed in the absence of NR4A3 (Fig. 2D). Therefore,
NR4A3 appears essential specifically for the in vitro generation
of CD11c+MHCIIhi GM-DCs.
As might be expected for cells with macrophage characteris-

tics, Nr4a3−/− cells from GM-CSF+IL-4 differentiation culture
were not efficient at stimulating naive CD8+ OT-I T cells with
the ovalbumin (OVA) (SIINFEKL) peptide (Fig. 2E and SI
Appendix, Fig. S2H) and were less efficient at cross-presenting
OVA to OT-I T cells (SI Appendix, Fig. S2 I and J) (18, 20). This
defect in Ag presentation to naive CD8+ T cells is not the con-
sequence of change in the expression level of MHCI molecules
(Fig. 2F). Altogether, these results demonstrate a critical role for
NR4A3 during monocyte-derived BMDC differentiation.

NR4A3 Is Necessary for the Differentiation of DC-SIGN+ MoDCs.
BMDCs generated with GM-CSF+IL-4 in vitro are reminiscent
of DC-SIGN+ MoDCs found in vivo as both express DC-SIGN,

CD11b, Sirpα, and high levels of MHCII (7). In addition, both
cell types are highly efficient at antigen presentation and cross-
presentation (7, 15). Because NR4A3 is required for the in vitro
differentiation of GM-CSF+/−IL-4 BMDCs of monocytic origin,
we postulated that NR4A3 would have a role in the differentiation

Fig. 2. Nr4a3-deficient cells acquire macrophage characteristics upon differ-
entiation with GM-CSF and IL-4. (A) Analysis of Nr4a3+/+ and −/− BMDCs for
macrophage- (F4/80, CD64, CD11b, Mertk) and DC-associated (CCR7) molecules.
Control indicates isotype or streptavidin-only controls (CCR7). (B) qRT-PCR on
sorted CD11c+MHCII+ cells from Nr4a3+/+ and Nr4a3−/− BMDCs for genes asso-
ciated with DC- (blue) and macrophage- (red) associated signature genes. (C)
Morphology of Nr4a3+/+ and −/− BMDCs stained with Wright–Giemsa. (D) Num-
ber of cells with a DC phenotype (CD11c+MHCII+CD64−F4/80−) generated in
Nr4a3+/+ and Nr4a3−/− cultures. (E) CTV-labeled OT-I T cells were cultured for 3 d
with Nr4a3+/+ or Nr4a3−/− BMDCs loaded with the indicated concentration of
OVA peptide (SIINFEKL). Proliferation of OT-I T cells was evaluated as the percent
of CD44hiCTVlo cells. (F) Expression of the MHCI molecule H-2Kb on Nr4a3+/+ or
Nr4a3−/− BMDCs generated after 7 d of culture with IL-4 and GM-CSF. Unpaired
Student’s t test (B,D, E, and F). Data are from at least 2 independent experiments
with each 3 to 4 biological (B, D, and F) or technical (E) replicates or are a rep-
resentative of 3 experiments (A and C). *P < 0.05, **P < 0.01, ***P < 0.001.
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of in vivo LPS-induced DC-SIGN+ DCs, which have been sug-
gested to differentiate from monocytes (7). Indeed, adoptive
transfer of monocytes followed by LPS injection leads to the
generation of DC-SIGN+ MoDCs (7). However, this was chal-
lenged in a study showing a reduction in the LPS-induced differ-
entiation of DC-SIGN+ DCs in Flt3l-deficient mice, arguing for a
CDP origin for these DCs (13). A more recent study possibly
reconciles these discordant findings by demonstrating that a subset
of monocytes expresses FLT3 (CD135) and that this subset can
differentiate in vitro into DC-SIGN+ DCs with GM-CSF (10).
Therefore, we used different approaches to validate the monocytic
origin of DC-SIGN+ DC.
First, we used unsupervised analysis of flow cytometry data to

better define the cell surface phenotype of DC-SIGN+ DCs. The
expression of CD11c was used to identify 3 distinct subsets
(R1 to R3). By comparing the subsets of cells positive for CD11c
following PBS versus LPS injection, we could clearly identify that
the subset R3 contains most of the LPS-induced DCs (Fig. 3A).
The R1 and R2 subsets distinguish cDC1 (XCR1+) and cDC2
subsets (Sirpα+) both in PBS- and LPS-treated mice (Fig. 3A and
SI Appendix, Fig. S3A). Importantly, DC-SIGN expression is
restricted to the R3 subset (Fig. 3A), which expresses a profile
characteristic of monocyte-derived DC, namely DC markers
CD11c and CD26, monocyte/macrophage markers CD14, CD64,
and F4/80, and high levels of MHCII molecules (Fig. 3A). We
also used a directed gating strategy that distinguishes DCs of
CDP versus monocyte origin based on expression of lineage-
associated markers (CD64-F4/80+/− for CDP and CD64+F4/80+

for monocyte origin) on mature cells as described by Guilliams
et al. (31). We find that DC-SIGN+ DCs are enriched within the
CD64+F4/80+ fraction (Fig. 3B), suggesting a monocytic origin.
To further demonstrate that these cells are monocyte-derived,

we performed adoptive transfer experiments of sorted monocytes.
Because FLT3 expression distinguishes 2 different monocyte
subsets, we adoptively transferred sorted total monocytes (FLT3+
and FLT3−) or FLT3− monocytes from C57BL/6 (CD45.2+) BM
(SI Appendix, Fig. S3B) (sorting strategy) into congenic B6.SJL
recipients (CD45.1+). The fate of the adoptively transferred
monocytes was analyzed 1 d after LPS injection. As shown in Fig.
3C, we observed the generation of DC-SIGN+ MoDCs (F4/80+,
CD64+, CD11c+, MHCIIhi, CD14+, DC-SIGN+) only when
FLT3+ monocytes were included within the transferred pop-
ulation. In one experiment, we were able to sort enough FLT3+
monocytes to study their differentiation following adoptive trans-
fer and LPS injection. As expected, these cells generated DC-
SIGN+ DCs (SI Appendix, Fig. S3C). The adoptive transfer of
sorted pre-DCs did not generate DC-SIGN+ DCs (SI Appendix,
Fig. S3D). These data allow us to conclude that DC-SIGN+ DCs
are monocyte-derived.
The monocytic origin of DC-SIGN+ DCs, lead us to evaluate

whether NR4A3 was required for the differentiation of this
MoDC subset. Upon intravenous LPS injection, DC-SIGN+

MoDCs were virtually absent from skLNs of Nr4a3−/− mice rel-
ative to Nr4a3+/+ mice (Fig. 4A). By using CD14, CD206, and
Sirpα as alternate cell surface markers to identify DC-SIGN+

MoDCs, we validated that NR4A3 affects the generation of
these cells and does not solely regulate DC-SIGN expression
(Fig. 4B). The lack of generation of DC-SIGN+ MoDCs in the
absence of NR4A3 was confirmed using unsupervised analysis of
cytometry data (SI Appendix, Fig. S4A). Furthermore, no DC-
SIGN+ MoDCs were generated following the adoptive transfer
of Nr4a3−/− monocytes (SI Appendix, Fig. S4B). MoDCs can also
be found in the spleen (10). As expected, the number of DC-
SIGN+ MoDCs was also decreased in the spleen of LPS-injected
Nr4a3−/− mice, suggesting that this phenotype was not specific to
LNs (Fig. 4C and SI Appendix, Fig. S4C). Finally, the generation
of DC-SIGN+ MoDCs was also abrogated in the draining skLN
of Nr4a3−/− mice injected locally subcutaneously with live LPS-
producing Escherichia coli (Fig. 4D). Thus, Nr4a3 plays an es-
sential role in the generation of LPS-induced DC-SIGN+

MoDCs in vivo.

Hematopoietic Requirement for NR4A3 in the Generation of DC-SIGN+

MoDCs. To determine if the defective differentiation of DC-
SIGN+ MoDCs in the absence of NR4A3 was cell-autonomous,
we transferred a 1:1 mixture of Nr4a3+/+ (CD45.1+) and Nr4a3−/−

(CD45.2+) BM cells into lethally irradiated CD45.1+CD45.2+
hosts. Nr4a3−/− BM was more efficient than WT BM at recon-
stituting most immune cell compartments, including skLN resident
DCs, splenic DCs, monocytes, macrophages, neutrophils, and B
cells (Fig. 4E and SI Appendix, Fig. S4D). However, when chi-
meras were injected intravenously with LPS, the DC-SIGN+

MoDCs were almost exclusively of WT origin (Fig. 4E). There-
fore, NR4A3 is required in hematopoietic cells for the generation
of DC-SIGN+ MoDCs and not for the generation of cDCs.

Defective Priming of Naive CD8+ T Cells to E. coli in the Absence of
NR4A3. DC-SIGN+ MoDCs induced following LPS injection are
efficient at priming ex vivo T cell responses and can do so by
cross-presentation (7). However, their in vivo priming ability has
never been demonstrated. To evaluate the in vivo consequence
of the absence of DC-SIGN+ MoDCs, we tested the capacity of
Nr4a3−/− mice to induce the response of naive CD8+ T cells
upon infection with gram-negative bacteria. Nr4a3+/+ 5-(and 6)-
Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled
OVA-specific OT-I T cells were adoptively transferred into
Nr4a3+/+ and Nr4a3−/− hosts that were subsequently infected
subcutaneously with an OVA-expressing strain of E. coli. OT-I
T cells transferred into WT but not knockout (KO) recipients
mounted a significant proliferative response in the draining LNs
(Fig. 4F). To evaluate whether defective CD8+ T cell priming
was a consequence of the absence of DC-SIGN+ MoDCs, we
sorted the different DC populations present in the draining skLNs
of E. coli OVA-infected WT mice (24 h after subcutaneous in-
fection). Sorted DC subsets included CD11chiMHCIIint resident
DCs, different subclasses of CD11cintMHCIIhi migratory DCs and
DC-SIGN+ MoDCs. The latter were the most potent at stimu-
lating naive CD8+ T cells (Fig. 4G), suggesting that their absence
in Nr4a3−/− mice might explain the defect in CD8+ T cell priming.
Importantly, Nr4a3−/− mice do not have a generalized defect in
T cell priming, as they mounted a normal T cell response following
infection with an OVA-expressing strain of the gram-positive
bacteria Listeria monocytogenes (Lm-OVA) (SI Appendix, Fig.
S4E), which does not induce the generation of DC-SIGN+

MoDCs (7). Therefore, NR4A3 is required for the generation of
LPS-induced DC-SIGN+ MoDCs, which can stimulate an in vivo
CD8+ T cell response in this context. However, because we used
mice with a germline deletion of Nr4a3, we cannot exclude that
other cells could be affected and contribute to our phenotype.

Normal Differentiation of Monocytes, Macrophages, cDCs, and pDCs
in Nr4a3−/− Mice. The known role of the nuclear receptor NR4A1
in monocyte differentiation (23) raises the question whether the
absence of DC-SIGN+ MoDCs in Nr4a3-deficient mice resulted
from a defect in the monocyte lineage that occurred before their
differentiation into DCs. However, we found similar frequencies
of monocytes, both Ly6Chi and Ly6Clo, in the blood, BM, spleen,
and LN of Nr4a3+/+ and Nr4a3−/− mice (Fig. 5 A and B and SI
Appendix, Fig. S5 A and B), and these cells expressed similar
levels of CCR2, CD14, CD62L, and CCR7 (SI Appendix, Fig.
S5C). Therefore, unlike its family member NR4A1, NR4A3 is
not required for the differentiation of Ly6Clo monocytes. There
was also no difference in the frequency of CD135+ monocytes in
Nr4a3+/+ and Nr4a3−/− mice (SI Appendix, Fig. S5D).
MoDCs have also been observed in the skin and peritoneal

cavity of mice at steady state (8, 9, 32). It is unclear how similar
these cells are, as they are located in different tissues, but they
are likely generated by environmental cues that induce an Ahr-
dependent differentiation process (9). We thus tested whether
NR4A3 was required for the generation of these known MoDC
subsets. We found no defect in the generation of skin or peri-
toneal MoDCs in Nr4a3−/− mice (SI Appendix, Fig. S5 E–H). We
conclude that NR4A3 is not required for steady-state MoDCs.
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In specific non-LPS–driven inflammatory conditions, such as
L. monocytogenes infection, monocytes become activated, up-
regulate CD11c and MHCII molecules, and produce TNF-α
and inducible nitric oxide synthase (iNOS) (14, 33). Nr4a3-
deficient mice were infected intravenously with L. monocytogenes
to measure the importance of NR4A3 in the production of these
inflammatory monocytes, which are distinct from MoDCs, as
suggested by genetic tracing experiments for Zbtb46 and Clec9a
(13, 14). Three days postinfection, we found no differences in the
frequency of inflammatory monocytes between Nr4a3+/+ and
Nr4a3−/− mice (Fig. 5C). The fact that bacterial control was also
similar in both groups suggests that Nr4a3−/− mice mounted a
functional response (Fig. 5D). Thus, NR4A3-deficient mono-
cytes can effectively differentiate into inflammatory monocytes.
Furthermore, these results also highlight that cDC1 (CD8α+) are
not affected by NR4A3-deficiency as this subset is crucial for
propagation of Listeria infection (34, 35).
Finally, given the close relationship between monocytes and

macrophages, we looked at whether deficiency in NR4A3 affected
macrophage generation. In the spleen, formation of red pulp (F4/80hi),
metallophilic (SER4+), and marginal zone (22D1+) macro-
phages appeared normal in Nr4a3-deficient mice (Fig. 5 E and F)
and in mixed BM chimeras (SI Appendix, Fig. S4D). Thus, NR4A3
controls the differentiation of monocytes into DC-SIGN+ DCs
without contributing to the differentiation of Ly6Clo monocytes,
steady-state MoDCs, inflammatory monocytes, and macrophages.
We then evaluated whether NR4A3 was involved in the dif-

ferentiation of pDCs and cDCs. We found no difference in the
percentage and number of pDCs within the spleen, BM, and LNs
of Nr4a3+/+ and Nr4a3−/− mice (Fig. 5G). Similarly, the cDC1
(XCR1+) and cDC2 (Sirpα+) subsets were not affected by NR4A3
deficiency in the spleen and BM (Fig. 5H and SI Appendix, Fig.
S6A). There was, however, a difference in the number of cDC in
the LNs of Nr4a3−/− mice, which was a direct consequence of the
reduced pool of migratory DCs that is observed in the LNs of
Nr4a3−/− (Fig. 5 I and J and SI Appendix, Fig. S6B), as reported by
Park et al. (25); note that the staining strategy used to identify the
cDC1 and cDC2 subsets in Fig. 5H includes both resident and
migratory DCs (SI Appendix, Fig. S6A). The effect of NR4A3 on
cDC migration is at least in part explained by the reduced ex-
pression of CCR7 on these cells (SI Appendix, Fig. S6 C and D), as
previously reported (25). The normal distribution of cDCs in the
skin of Nr4a3−/− mice (Fig. 5K and SI Appendix, Fig. S6E), as well
as in other peripheral tissues (25), further supports normal de-
velopment of cDCs in the absence of NR4A3. In inflammatory
conditions, Nr4a3−/− splenic cDCs respond normally to LPS and
Listeria by up-regulating the expression of CD86 and MHCII
molecules (SI Appendix, Fig. S6 F and G). These data further
support the idea that, while NR4A3 has an impact on the mi-
gration of cDCs, it is not required for their development. The
importance of NR4A3 in DC differentiation seems to be restricted
to the DC-SIGN+ MoDC compartment.

NR4A3 Controls a Gene-Expression Profile that Distinguishes DCs and
Macrophages. To further understand how NR4A3 controls the
differentiation of monocytes into MoDCs, we determined the
time point at which defective MoDC differentiation appears in
the GM-CSF+IL-4 differentiation culture of sorted monocytes.
No phenotypic differences between Nr4a3+/+ and Nr4a3−/− cul-
tures were present at day 1, while differences in expression of
MHCII and CCR7 occurred at day 2 of monocyte differentiation
(SI Appendix, Fig. S7A). This coincides with the induction of
Nr4a3 transcription (SI Appendix, Fig. S7B). Furthermore, no

Fig. 3. Monocytic origin of LPS-induced DC-SIGN+ DCs. (A, Upper) Nonlinear
dimensionality reduction analysis of Lin− (CD3, CD19, B220, NK1.1) cells
isolated from the skLN of mice treated with PBS or LPS. Maps are based on
CD64, DC-SIGN, MHCII, CD14, SIRPα, CD11c, CD26, XCR1, and F4/80 parame-
ters and color scale indicates CD11c expression. Elevated expression of CD11c
was used to manually identify three distinct subsets (R1 to R3) while mac-
rophage gate (Macro) was based on lack of CD11c expression with high
expression of CD64, CD14, and F4/80. (Lower) Overlay histograms for the
expression of different molecules by R1, R2, R3, and Macro populations. (B)
Flow cytometry example and compilation for the frequency of manually
gated F4/80+CD64+MHCII+Lin−CD11c+CD26+CD14+DC-SIGN+ DCs and F4/
80−CD64−MHCII+Lin−CD11c+CD26+CD14+DC-SIGN+ DCs. (C) The 106 CD45.2+

sorted FLT3− or FLT3−+FLT3+ monocytes were adoptively transferred into
CD45.1+ recipients a day before LPS-treatment. Twenty-four hours after LPS

injection, the generation of CD45.2+ (red) DC-SIGN+ MoDCs (Lin−CD45.2+F4/
80+CD64+MHCII+CD11c+CD14+DC-SIGN+) was evaluated by flow cytometry.
CD45.2+ cells are overlaid onto endogenous cells from the same gating
strategy. Data shown are pooled from 2 samples. Unpaired Student’s t test
(B). Data are from 2 (B) or 3 (C) independent experiments with 3 biological
replicates (B) or 1 to 3 biological replicates (C). *P < 0.05.
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difference in survival/apoptosis and proliferation was observed
up to day 3 of the differentiation culture (SI Appendix, Fig. S1C).
Therefore, we decided to compare the gene-expression profile,
using RNA sequencing (RNA-seq), of ex vivo-sorted BM
monocytes (day 0) and cells from day 1 and 2 of GM-CSF+IL-4
differentiation cultures. As shown in Fig. 6A, very few genes
were differentially expressed between Nr4a3+/+ and Nr4a3−/−

monocytes and at day 1 of the differentiation culture (2 and 1,
respectively). This is not surprising, as Nr4a3 expression levels
are low at these time points (SI Appendix, Fig. S7B). However, at
day 2 of the differentiation culture, 216 genes were differentially
expressed, 15 were up-regulated in Nr4a3−/− cells, while 201 were
down-regulated (Fig. 6A and Dataset S1). Of these differentially
expressed genes, 14 encode for transcription factors (Fig. 6B). Of
note, most of the transcription factors known to be involved in
DC differentiation (IRF4, BAFT3, E2-2, ID2, and so forth) are
not differentially expressed. This suggests that NR4A3 induces a
unique transcriptional network essential for the differentiation
of MoDCs.
Importantly, NR4A3 deficiency did not impact the expression

of IL-4 and GM-CSF receptors and their signaling components
(Dataset S2). Accordingly, we did not observe any difference in
expression level of the IL-4 and GM-CSF receptors by flow
cytometry (SI Appendix, Fig. S1 A and B). Furthermore, gene set
enrichment analysis did not show enrichment for the IL-4 and GM-
CSF signature (PID_GMCSF_PATHWAY, false-discovery rate
[FDR] = 0.7; PID_IL4_2PATHWAY, FDR = 0.95).
To confirm the role of NR4A3 in skewing the differentiation

of monocytes toward a DC as opposed to a macrophage fate (as
shown in Fig. 2), we performed hierarchical clustering analysis of
the different DC, macrophage, and monocyte populations char-
acterized by the Immunological Genome Project Consortium
(http://www.immgen.org) (36, 37) using the differentially expressed
genes (referred as the NR4A3 gene signature) identified from
our RNA-seq analysis of day 2 GM-CSF+IL-4 differentiation
culture of Nr4a3−/− and Nr4a3+/+ monocytes. Genes within
the NR4A3 gene signature were sufficient to separate the
ImmGen data into 2 distinct clusters, as shown by the dendrogram
atop Fig. 6C: 1 defined mostly by monocyte/macrophage gene-
expression profiles and 1 with a large majority of DC subsets.
Similarly, by displaying the fold over the mean expression data (of
all of the monocyte/macrophage and DC subsets) for the top
10 up-regulated and down-regulated genes of the NR4A3 gene
signature, we could show their differential expression in DCs
versus monocyte/macrophage (SI Appendix, Fig. S7C). Therefore,
genes regulated by NR4A3 may actively participate in promoting
monocyte differentiation into MoDCs.
Our clustering analysis also reveals that expression of several

genes down-regulated in Nr4a3−/− monocytes upon culture with
GM-CSF+IL-4 were highly expressed in migratory DC subsets
(Fig. 6C; see MHCIIhi DC populations highlighted in red). We
thus sought to determine if NR4A3 regulated the DC migratory
signature. To do this, we plotted the data from our RNA se-
quencing for 2 selected sets of genes defined by Miller et al. (30):
the core migratory DC signature (Fig. 6D, plotted in red) and
the transcriptional signature associated with tissue-resident DCs

Fig. 4. NR4A3 controls in vivo DC-SIGN+ MoDC differentiation. (A) Nr4a3+/+

and Nr4a3−/− mice were injected intravenously with PBS or LPS to generate
MoDCs (DC-SIGN+CD206+MHCIIhi cells) in skLNs. (B) Alternate strategy to
identify MoDCs generated in the skLNs of LPS-injected mice. Lin− (CD3,
CD19, NK1.1) cells were analyzed for the expression of CD206, CD14, or
Sirpα. (C) Generation of DC-SIGN+ DCs in the spleen of Nr4a3+/+ and Nr4a3−/−

mice following LPS injection. (D) Mice were injected subcutaneously with E.
coli in the right flank. MoDCs were enumerated in the draining and con-
tralateral LNs. (E) 1:1 Nr4a3+/+ and Nr4a3−/− BM chimeras cells were injected
with PBS or LPS. The relative contribution of +/+ and −/− cells to MoDCs or LN

resident DCs (CD11chiMHCII+) was evaluated 24 h postinjection. (F) CFSE-
labeled OT-I T cells were adoptively transferred into Nr4a3+/+ and Nr4a3−/−

recipients before subcutaneous injection of PBS (ctrl, WT mice) or OVA-
expressing E. coli. OT-I proliferation in the draining LN was measured 3 d
postinfection. (G) Twenty-four hours postinfection of WT mice with OVA-
expressing E. coli, the indicated populations were sorted from the draining
LN and incubated with CFSE-labeled OT-I cells to assess their capacity to
stimulate naive CD8+ T cells. Each symbol represents an individual mouse.
Unpaired Student’s t test (A, C, and D) or 1-way ANOVA with Tukey’s post-
test analysis (F and G). Data are pooled from 2 (D and E), 3 (A, F, and G), or 4
(C) independent experiments or are representative of 3 experiments (B). (E)
Two mice per group per experiment; (D and F) 2 (ctrl) or 3 mice per group
per experiment. *P < 0.05, **P < 0.01, ***P < 0.001.
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(Fig. 6D, plotted in blue: genes whose expression is up-regulated
in resident DCs and strongly down-regulated in migratory DCs).
Among the genes that are significantly down-regulated in
Nr4a3−/− cells compared with WT cells, a high proportion (66 of
216) (plotted outside the gray area on Fig. 6D) are genes within
the core migratory DC gene-expression signature as revealed by
the fold-change of expression of these genes and their P value
(Fig. 6D and Dataset S1). However, the tissue-resident DC sig-
nature (Fig. 6D, blue dots) was not affected by the absence of
NR4A3. This is in agreement with our observation that NR4A3
deficiency does not affect the proportion and number of lym-
phoid organ resident DCs (Fig. 5 H and I) but does affect
migratory DCs.

The IRF4-NR4A3 Axis Controls MoDC Differentiation. A recent study
demonstrated that in vitro MoDC differentiation of Irf4-
deficient monocytes led to the generation of cells with a mac-
rophage phenotype that were unable to prime and cross-prime
naive CD8+ T cells (15). In addition, IRF4 is known to modulate
a substantial proportion of the DC migratory signature (20). We
thus hypothesized that IRF4 and NR4A3 somehow interact to
regulate a common transcriptional program. IRF4 protein ex-
pression was similarly induced in Nr4a3+/+ and Nr4a3−/− BM
differentiation culture, and data from our RNA-seq experiment
showed that Irf4 transcription was similar from day 0 to day 2 of
MoDC differentiation (SI Appendix, Fig. S8 A and B), suggesting
that NR4A3 is not required for proper IRF4 expression. How-
ever, given that one of the genes whose transcription is most

down-regulated in Irf4−/− MoDC cultures is Nr4a3 (15), an
IRF4-NR4A3 axis may be important for MoDC generation in
GM-CSF+IL-4 cultures. To address this, we compared the gene-
expression profile induced by IRF4 and NR4A3 using the
publicly available data for IRF4 (GSE75015) (15, 38) and our RNA-
seq data (day 2 of differentiation). Of the genes, 216 are regu-
lated by NR4A3 while 1,165 are regulated by IRF4 and, among
the NR4A3 regulated genes, 75 are shared with the Irf4 gene
signature (35%) (Fig. 7A). This is likely an underestimation, as
the IRF4-dataset was obtained at day 4 of culture. This suggests
that part of the transcriptional program induced by IRF4 could
be the consequence of Nr4a3 transcriptional induction. Pre-
viously published IRF4 ChIP-seq data demonstrate that, in DCs,
IRF4 directly targets key genes for MHCII antigen presentation,
including Ciita, Ctss, and H2-Dmb2 (20, 39). These data also
suggest that IRF4 can bind 11 kb upstream of the Nr4a3 gene in
BMDCs, Th2, and Th17 cells (20, 39). To investigate whether
IRF4 was directly regulating Nr4a3 transcription, we used ChIP
of IRF4 in GM-CSF+IL-4 cell cultures. Our data show that
IRF4 indeed binds upstream of the Nr4a3 gene (Fig. 7B).
To test whether the induction of Nr4a3 transcription by

IRF4 was a key event mediated by IRF4 to induce MoDC dif-
ferentiation, we transduced Nr4a3 into Irf4−/− BM cells. Rein-
troduction of NR4A3 expression in Irf4−/− cells restored their
capacity to generate CD11c+ cells upon culture with GM-CSF
and IL-4 (Fig. 7 C and D). In addition, the GM-DC markers
MHCII and CCR7 were increased by NR4A3 while the expres-
sion of the GM-Mac marker, CD11b, was down-regulated (Fig. 7

Fig. 5. Normal development of monocytes, macro-
phages, pDCs, and cDCs in Nr4a3−/− mice. Ly6Chi and
Ly6Clo monocytes from the blood (A) and BM (B)
were quantified by flow cytometry in Nr4a3+/+ and
Nr4a3−/− mice. (C) Nr4a3+/+ and Nr4a3−/− mice were
infected intravenously with L. monocytogenes and
the generation of inflammatory monocytes in the
spleen was measured 3 d later. (D) CFU of L. mono-
cytogenes in the liver and spleen of mice infected in
C. (E and F) Spleen sections from Nr4a3+/+ and
Nr4a3−/− mice were stained for B220 (blue) to reveal
B cell zones and macrophage markers to visualize
marginal zone (22D1), metallophilic (SER4), and red
pulp (F4/80) macrophages; 100× magnification. (G)
pDCs (CD11c+mPDCA-1+) were enumerated in lym-
phoid organs of Nr4a3+/+ and Nr4a3−/− mice. (H)
cDCs were defined as Lin−(CD3, CD19, B220, NK1.1)
F4/80−CD64−MHCII+CD11c+CD26+ cells across differ-
ent lymphoid tissues. The proportion (Upper) and
numbers (Lower) of cDC1 (XCR1+) and cDC2 (Sirpα+)
subpopulations in these organs are shown. cDCs
from skin-draining and mesenteric LNs (mesLN) were
divided into resident (CD11c+MHCIIint, I) and migra-
tory (CD11c+MHCIIhi, J) populations in Nr4a3+/+ and
Nr4a3−/− mice. Shown is the percent contribution of
these cDCs to the total cell population in these LNs.
(K) Number of CD11b+, CD103+, and Epcam+ DCs in
the skin of Nr4a3 sufficient and deficient mice. Each
symbol represents an individual mouse. Data are
pooled from 2 (A, B, C, D, and G) or 3 (H, I, J, and K)
independent experiments with a total of 5 (Nr4a3+/+

C and D) or more mice per group. **P < 0.01, ***P <
0.001.
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C and D). Finally, the transduction of Nr4a3 increases the
transcription of Ccr7, Kmo, Traf1, and Fscn1 (Fig. 7E), all of
which are part of the transcriptome regulated by IRF4 in GM-
CSF+IL-4 cultures (15). In addition, Ccr7, Kmo, and Traf1 are
part of the core cDC signature and Ccr7, Traf1, and Fscn1 are
part of the migratory DC signature (30). We conclude that
proper differentiation of MoDCs requires an IRF4-NR4A3–
mediated transcriptional program, without which cells acquire
macrophage characteristics. Moreover, these data demonstrate
that NR4A3 can drive a portion of this differentiation program
in the absence of IRF4.
Interestingly, DC-SIGN+ MoDCs are also not generated in

Irf4−/− BM chimeras following in vivo LPS injection (SI Appen-
dix, Fig. S8C), suggesting that as with in vitro GM-CSF+IL-
4 differentiation culture, the IRF4-NR4A3 axis is controlling the
differentiation of monocytes into DC-SIGN+ MoDCs.

Discussion
Our results identify NR4A3 as a transcription factor that con-
trols the differentiation of monocytes into DCs. In the absence of
NR4A3, DC-SIGN+ MoDCs were not generated following LPS
injection. As a consequence, naive CD8+ T cell priming was
abrogated, suggesting an essential role of this DC subset for the
in vivo T cell response to gram-negative bacteria. NR4A3 was
also essential for in vitro-generated GM-CSF+IL-4 BMDCs
and acts as an important effector of the IRF4-driven MoDC
differentiation program.
The origin of LPS-induced DC-SIGN+ MoDCs has remained

controversial. In the initial study, their monocytic origin had
been demonstrated by adoptive transfer of monocytes and by
their abrogation in a LysMCre depletion experiment (7). How-
ever, subsequent studies showed that DCs induced by LPS in-
jection expressed ZBTB46 and were affected in FLT3L-deficient
mice, which suggested a CDP origin (13, 40). The fact that
ZBTB46 can be expressed by MoDCs (12) and that a subset of
monocytes expressing CD135 (FLT3) has been recently discov-
ered (10), opens the possibility that all of these findings may not
necessarily contradict each other. Indeed, the importance of
FLT3L on the transition of CD135+ monocytes to MoDCs in
vivo has not been thoroughly explored. In addition, while the
architecture of the LN in Flt3l−/− mice is unaffected, its size and
cellular composition are dramatically altered. In addition,
Flt3l−/− mice have deficient hematopoiesis (41). These factors
could contribute to a suboptimal response of Flt3l−/− mice to an
LPS challenge.
Here, we demonstrated that LPS-induced DC-SIGN+ DCs

express molecules associated with monocyte/macrophage line-
ages, such as CD64, F4/80, and CD14, as well as DC-associated
molecules CD26 and CD11c, and thus segregate away from
cDC1, cDC2, and macrophages in unsupervised analysis. In ad-
dition, our adoptive transfer experiments show that CD135+

monocytes generate such cells. Therefore, we conclude that LPS-
induced DC-SIGN+ DCs are monocyte-derived.
Fate determination of monocytes upon activation may be

guided by local inflammatory cues or may result from the exis-
tence of prespecified progenitor subsets. In favor of the second
hypothesis, 2 recent studies have shown that, within monocytes,
subsets exist that are more likely to generate MoDCs (10, 15).
Ly6ChiTREML4− monocytes can give rise to ZBTB46+ MoDCs
in GM-CSF+IL-4 cultures (15). In addition, activation of FLT3+

PU.1hi monocytes leads to their differentiation into DC-SIGN+

DCs while FLT3−PU.1lo monocytes preferentially generate iNOS+

phagocytes (10). However, the fact that we found no differences in
(i) TREML4− or TREML4+ monocyte populations (SI Appendix,
Fig. S5I); (ii) FLT3+ or FLT3− monocytes; or (iii) in the tran-
scriptome, including transcription of Treml4, Sfpi1 (gene coding
PU.1), and Flt3 between Nr4a3+/+ and Nr4a3−/− monocytes, sug-
gests that differences in monocyte progenitors were not respon-
sible for the decreased generation of in vivo DC-SIGN+ MoDCs
and in vitro MoDCs in the absence of NR4A3. We conclude that

Fig. 6. NR4A3 induces an early transcriptional program required for the
differentiation of MoDCs. (A) Monocytes were sorted and cultured for 0, 1, or
2 d with GM-CSF+IL-4 before transcriptomic analysis by RNA sequencing. The
number of differentially regulated genes in Nr4a3−/− compared with WT cells is
shown. (B) Heatmap of the transcription factors regulated by NR4A3 over the
course of monocyte cultures differentiated with GM-CSF and IL-4. (C) Pop-
ulation clustering and heat map of relative transcript value for monocyte (red),
macrophage (orange), and DC populations (purple) from the Immgen database
based on our NR4A3 gene signature (significantly differentially expressed genes
[>2-fold] from day 2 differentiated Nr4a3+/+ and −/− monocytes). Highlighted in
red are MHCIIhi migratory DC populations. (D) Gene-expression analysis of day 2
Nr4a3+/+ and Nr4a3−/− GM-CSF+IL-4 MoDCs. Each dot represents the results of
the differential expression analysis for 1 gene in the migratory (red) or resident
(blue) DC signature as described by Miller et al. (30).
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NR4A3 has no obvious role in the homeostasis of monocytes, in
contrast to its homolog NR4A1 (23).
The nuclear receptors NR4A1 and NR4A3 share high-

sequence similarity, can transactivate through the same DNA el-
ement, and can even act as heterodimers, which suggest they may
have redundant functions (21). However, our data show that these
molecules have very distinct roles in monocytes. The conversion of
Ly6Chi into Ly6Clo monocytes requires the C/EBPβ-mediated in-

duction of NR4A1, which is important for the survival of Ly6Clo

patrolling monocytes, as opposed to NR4A3 (23, 42). In addition,
NR4A1 is dispensable for the generation of MoDCs, and the
subset of monocytes expressing NR4A1 is unable to differentiate
into MoDCs (15). The different roles of NR4A1 and NR4A3 in
monocytes is linked to their differential expression, as only Nr4a1
transcription is detectable in monocytes based on our RNA-seq
data and the report of Briseño et al. (15). In contrast, the tran-
scription of Nr4a3 is induced during the differentiation of mono-
cytes into MoDCs, while Nr4a1 transcription is abrogated. Thus,
the NR4A1 and NR4A3 homologs have nonredundant functions
and seem to act in a mutually exclusive manner during MoDC
differentiation.
It is becoming clearer that different MoDCs described in the

literature do not necessarily function similarly. For example,
skin-derived MoDCs have been shown to be somewhat in-
efficient at cross-presenting antigen to T cells, while LPS DC-
SIGN+ MoDCs, at least in vitro, are as efficient as cDCs at
performing this task (7, 8). It was therefore important to clarify
the role of DC-SIGN+ MoDCs in vivo and our results suggest
that, following infection with gram-negative bacteria, DC-SIGN+

MoDCs are involved in priming a T cell response. The role of
NR4A3 for the priming of a T cell response is context-dependent,
as it was not required following L. monocytogenes infection. This
may be explained by the lack of generation of DC-SIGN+ MoDCs
during L. monocytogenes infection (7). Although our results suggest
an important role for DC-SIGN+ MoDCs, the use of a germline
deletion makes it possible that defects in other populations might
contribute to our phenotype.
IRF4 is required for the in vitro differentiation of monocytes

into MoDCs with efficient antigen presentation capacity (15). In
the absence of IRF4, monocytes differentiate into macrophages,
which are far less efficient at activating T cells. In addition, in the
absence of NR4A3, the remaining cells in the BMDC culture
have a macrophage morphology, phenotype and gene-expression
signature, which paralleled results obtained in Irf4−/− BMDC
culture. Similarities between NR4A3 and IRF4 BMDC cultures
suggest an axis of regulation mediated by these proteins. The
comparison of our RNA-seq data with that obtained with Irf4−/−

BMDCs revealed similarities in the gene-expression program
induced by IRF4 and NR4A3. Our demonstration that enforced
NR4A3 expression in Irf4−/− BMDC culture was sufficient to
partially restore the differentiation of MoDCs suggests that some
of the IRF4-mediated effect is mediated via the direct induction
of Nr4a3 transcription. Furthermore, regulation of the expres-
sion of several transcription factors by NR4A3 suggests that
IRF4-mediated induction of Nr4a3 transcription may result in
significant changes in the gene-expression program, allowing for
MoDC differentiation. IRF4 is also important for the differen-
tiation of the cDC2 subset (CD11b+/Sirpα+) (43). However, in
this context IRF4 does not act via the induction of the tran-
scription of Nr4a3, as Nr4a3−/− mice do not have any deficiency
in cDC2 generation. Therefore, the induction of Nr4a3 expres-
sion is a selective event induced by IRF4 and is required for the
differentiation of MoDCs.
One of the unifying themes behind the roles for NR4A3 in DC

biology seems to relate to the acquisition of the migratory DC
gene-expression signature: (i) transcriptomic analyses have revealed
that in vitro differentiated GM-DCs cluster with migratory DCs
(18), (ii) DC-SIGN+ MoDC up-regulate several genes from the
migratory signature (17), and (iii) our RNA-seq analysis reveals
that NR4A3 controls the induction of a large proportion of genes
from this signature. It is interesting that both Irf4−/− and Nr4a3−/−

mice have a deficiency in migratory DCs (25, 44) and it would be
relevant to study whether cDC2 migration is also mediated by an
IRF4-NR4A3 axis. The proper differentiation of monocytes into
DCs, away from macrophages, has been previously linked to their
capacity to migrate to draining LN and stimulate a T cell response
(45), but it is unclear why this migratory program would be required
for the production of LPS-induced MoDCs. Nonetheless, Nr4a3-
dependent migratory differentiation of monocytes is not solely

Fig. 7. Induction of Nr4a3 transcription by IRF4 is essential for MoDC dif-
ferentiation. (A) Venn diagram showing the overlap of genes differentially
expressed in MoDC cultures between Irf4-deficient (GSE75015) and Nr4a3-
deficient cells. Irf4-deficient cultures were analyzed on day 4, while Nr4a3−/−

cultures were analyzed on day 2. (B) ChIP with IRF4 antibody or its isotype
control on in vitro differentiated GM-CSF+IL-4 cultures followed by qPCR
amplification of regions located upstream of Ciita (positive control), Nr4a3,
and Hprt (negative control) genes. (C) Irf4-sufficient or -deficient BM cells
were transduced with empty or Nr4a3-encoding retrovirus and then cultured
for 7 d with GM-CSF+IL-4. Expression of CD11c, MHCII, CD11b, and CCR7 was
then measured by flow-cytometry on transduced (GFP+) and untransduced
(GFP−) cells. (D) Expression of CD11c, MHCII, CD11b and CCR7 on the trans-
duced cells (GFP+) in C relative to that of the untransduced (GFP−) pop-
ulation. (E) mRNA relative expression of Ccr7, Kmo, Traf1, and Fscn1 in
Irf4−/− BM transduced with pMIG or pMIG-Nr4a3 and then cultured with IL-
4 and GM-CSF for 7 d. Unpaired Student’s t test (B, D, and E). Data from B are
from 3 independent experiments. Representative example in C and data
pooled in D are from 2 independent experiments with 2 or 3 biological
replicates per experiment. Data in E is from 3 biological replicates. *P < 0.05,
**P < 0.01, ***P < 0.001.
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meant to facilitate the displacement of these cells toward the LN,
sinceNr4a3−/−BM cells cultured with GM-CSF and IL-4 also fail to
properly present antigen.
The fact that LPS-induced MoDCs seem to be uniquely cou-

pled to an NR4A3-dependent migratory signature may also ex-
plain why we found no defect in types of MoDCs usually found at
steady state, such as those from the skin or the peritoneal cavity
(8, 9). Indeed, transcriptional analysis of these different MoDCs
shows that genes from the DC migratory signature, such as Ccr7,
Fscn1, Traf1, or Socs2 are not particularly enriched in the MoDC
populations that are stable in Nr4a3-deficient mice while they are
expressed by LPS-induced DC-SIGN+ MoDCs (8, 16, 17, 32, 36).
On the other hand, it is also possible that NR4A3 is selectively
required for the differentiation of monocytes into MoDCs spe-
cifically in the context of microbial stimulation.
In this study, we uncover a unique role for the nuclear orphan

receptor NR4A3 in the differentiation of monocytes into DCs
both in vivo and in vitro. Moreover, NR4A3 is the one of the few
transcription factors identified to date, which contributes to the
differentiation of monocytes into LPS-induced DCs. Therefore,
targeting the NR4A3 pathway might provide unique opportuni-
ties to improve DC vaccination strategies.

Materials and Methods
Standard procedures for cell cultures, flow cytometry, cell sorting, adoptive
transfers, BM chimera generation, LPS/bacterial injections,Nr4a3-overexpression,
and microscopy are described in SI Appendix, Materials and Methods. Anti-
bodies used for flow cytometry are listed in SI Appendix, Table S2. qPCR was
performed on cDNA from sorted CD11c+MHCII+ cells generated in GM-CSF/IL-4
cultures and primers are listed in SI Appendix, Table S3. Detailed description of
RNA sequencing and hierarchical clustering are also available in SI Appendix,
Materials and Methods. The accession number for the sequencing data for
RNA-seq reported in this paper is GSE99837 (46). ChIP assays were performed
according to the manufacturer’s instructions (Transcription factor kit,
Diagenode) and primers are described in SI Appendix, Material and Methods.
All mice were housed in a pathogen-free environment and treated in accor-
dance to the Canadian Council on Animal Care guidelines. In all experiments,
data are presented as mean ± SD if not stated otherwise.

Additional information is provided in SI Appendix, Materials and Methods.
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