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RelB is an NF-κB family transcription factor activated in the noncanon-
ical pathway downstream of NF-κB–inducing kinase (NIK) and TNF
receptor family members including lymphotoxin-β receptor (LTβR)
and CD40. Early analysis suggested that RelB is required for classical
dendritic cell (cDC) development based on a severe reduction of cDCs
in Relb−/− mice associated with profound myeloid expansion and
perturbations in B and T cells. Subsequent analysis of radiation chimeras
generated fromwild-type and Relb−/− bone marrow showed that RelB
exerts cell-extrinsic actions on some lineages, but it has remained
unclear whether the impact of RelB on cDC development is cell-
intrinsic or -extrinsic. Here, we reevaluated the role of RelB in cDC
and myeloid development using a series of radiation chimeras. We
found that there was no cell-intrinsic requirement for RelB for de-
velopment of most cDC subsets, except for the Notch2- and LTβR-
dependent subset of splenic CD4+ cDC2s. These results identify a
relatively restricted role of RelB in DC development. Moreover, the
myeloid expansion in Relb−/− mice resulted from hematopoietic-
extrinsic actions of RelB. This result suggests that there is an unrec-
ognized but critical role for RelB within the nonhematopoietic niche
that controls normal myelopoiesis.
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RelB was initially identified as a serum-induced factor in NIH
3T3 cells and recognized as a member of the NF-κB family of

transcription factors (1). Subsequent analysis showed RelB to be
highly expressed in thymic classical dendritic cells (cDCs), sug-
gesting a possible role in their signaling or development (2).
Germline inactivation of Relb in mice causes a complex phenotype
of myeloid hyperplasia, extramedullary hematopoiesis, and multi-
organ inflammation and disturbs the development of T cells, B
cells, and cDCs in the spleen and thymus (3, 4). These abnor-
malities are not all due to cell-intrinsic requirements for RelB (5–
7). First, in Relb−/− → wild-type (WT) BM chimeras, in which
thymic epithelium is normal, T-cell development is normal, ex-
cluding a cell-intrinsic requirement for RelB in T-cell development
(5). Likewise, the loss of natural killer T (NKT) cells in Relb−/−

mice is normalized in Relb−/−→ Rag2−/− chimeras, excluding a cell-
intrinsic requirement for RelB for NKT cell development (6). By
contrast, conditional deletion of RelB demonstrated a cell-intrinsic
requirement for RelB in production of IL-17 by γδ T cells (7).
For other perturbations observed in Relb−/− mice, the precise

cellular site of action for RelB has not been determined. For ex-
ample, although marginal zone (MZ) B cells fail to develop in both
Relb−/− mice and in Relb−/− → WT BM chimeras (8), it has not
been shown whether this requirement is intrinsic to B cells or is due
to an action of RelB in another hematopoietic cell controlling MZ
B-cell development. Likewise, the impaired isotype switching of B
cells in Relb−/− → WT chimeras could result from either a B-cell–
intrinsic RelB requirement for switching or from the previously
reported impaired immunogenicity of Relb−/− DCs (4) that might
impair development of T follicular helper cells (9). Relb−/− B cells

do show a cell-intrinsic impairment in proliferation in vitro in re-
sponse to CD40 stimulation, but secretion of IgM is normal and
in vitro switching to all non-IgM non-IgD isotypes is intact (10).
These results imply that the observed in vivo requirement for RelB
in class switching is B-cell–extrinsic.
The actions of RelB in DC development and function, also re-

main incompletely defined. An initial study claimed that the de-
fects in cDC development seen in Relb−/− mice are present but less
severe in Relb−/− →WT BM chimeras (4), but data supporting this
statement were not shown. That study was cited in a subsequent
publication (11) to support the claim that Relb−/− → WT chimeras
lack cDCs derived from Relb−/− BM as well as to implicate a role
for RelB in follicular DCs in regulation of class switching. How-
ever, this subsequent study (11) also lacked direct analysis of cDCs
in BM chimeras. A later study stated that CD8α− cDCs do develop
in Relb−/− → WT chimeras (12), but did not directly analyze cDC
development and cited an earlier report (5), which also lacked
direct analysis of cDCs in chimeras. However, a contemporary
review from these authors referred to unpublished data that the
impact of RelB on DC development is cell-extrinsic (13). Analysis
by others showed that thymic CD8α+ cDC1s develop normally in
Relb−/− → WT chimeras, yet argued for a cell-intrinsic action in
CD8α− DEC-205− cDC development (14). Another report con-
firmed decreased cDC numbers in Relb−/− mice but did not ex-
amine BM chimeras to test for cell-intrinsic requirements for their
development or function (15). Recently, a cell-intrinsic requirement
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for NF-κB–inducing kinase (NIK) in DCs for their ability to induce
normal T-cell responses was reported (16), suggesting a role for
noncanonical NF-κB signaling in cDC responses. However, that
study did not address the role of RelB in cDCs or the specific cDC
subset affected by loss of NIK. Finally, no studies using conditional
RelB deletion in B cells or DCs have appeared as of yet.
Since the initial studies on RelB in DCs, knowledge of DC de-

velopment has advanced substantially, allowing for the identification
of distinct subsets of cDCs and related myeloid lineages (17).
However, no studies have clarified the unsettled role of RelB in cDC
development using either germline or conditional deletion. A study
recently examined the expression of a RelB–Venus fusion protein,
identifying populations of DCs expressing high levels of RelB in the
spleen, but not in other tissues like the colon (18). However, this
study did not examine the basis for the myeloid expansion and
perturbations of DC development observed in Relb−/− mice.
Here, we reevaluated cDC development in Relb−/− mice in chi-

meras generated with WT and Relb−/− BM. Our results confirmed
the dramatic myeloid and DC disturbances reported for germline
Relb−/− mice. However, analysis of several types of BM chimeras
indicated that most of these abnormalities were mediated by actions
of RelB in cells extrinsic to the hematopoietic system. Specifically,
neither the abnormal myeloid expansion nor the impaired DC
development seen in germline Relb−/− mice was found in Relb−/− →
WT chimeras. Moreover, both abnormalities found in germline
Relb−/− mice were also found in WT → Relb−/− chimeras. These
results indicate that both abnormalities arose as a result of the
altered niche formed by Relb−/− cells in the radiation-resistant
nonhematopoietic compartment of Relb− /− recipient mice.
Furthermore, competitive mixed-BM chimeras showed that Relb−/−

DCs had no competitive defect for plasmacytoid DCs (pDC) or any
cDC subset in any tissue, with one exception. The splenic Relb−/−

CD4+ ESAM+ cDC2 subset, which we recently showed to require
Notch2 and lymphotoxin (LT) signaling for its terminal maturation
(19, 20), was reduced approximately threefold relative to the WT
counterpart. Finally, RelB was not required for antigen presentation
by cDCs to CD4 or CD8 T cells. These results indicate that DC
development does not have a cell-intrinsic requirement for RelB
except for one subset of splenic CD4+ cDC2s that rely on non-
canonical NF-κB signaling downstream of LT.

Results
DCs Accumulate in Relb−/− Mice Despite Myeloid Hyperplasia. We
recently showed that NIK is required for the development of the
CD4+ ESAM+ subset of cDC2s that are also dependent on
Notch2 signaling (20). LT, which signals through the NIK-dependent
noncanonical NF-κB pathway (21), is also required for the devel-
opment of CD4+ cDC2s (19). Thus, we wondered if RelB, a known
transcription factor in the noncanonical NF-κB pathway, might also
act downstream of LT and NIK to mediate development of CD4+

ESAM+ cDC2s, prompting us to examine Relb−/− mice (3). We

observed that as Relb−/− mice aged, they developed splenomegaly
(Fig. 1A) and accumulated a population of CD11b+ Ly-6Cint SSChi

myeloid cells that resemble immature polymorphonuclear neutro-
phils (PMNs) (Fig. 1 B and C) as described in previous reports (3, 4).
Because these hematopoietic abnormalities might influence DC
development, we analyzed cDCs in 3-wk-old mice before these ab-
normalities developed. Relb−/− mice at 3 wk of age had normal
numbers of splenocytes (Fig. 1A) but still showed a severe reduction
in the numbers of cDCs compared with WT mice (Fig. 2). Splenic
cDCs (B220−CD11c+MHC-II+) were reduced 10-fold in 3-wk-old
Relb−/− mice compared to age-matched WT mice, both in terms of
total cDC numbers and as a percentage of total splenocytes (Fig. 2
A–C). The cDC2 (CD172a+) subset demonstrated a greater re-
duction than the cDC1 (CD24+CD172a−) subset (Fig. 2B), with
observed reductions of 20- and 6-fold, respectively (Fig. 2 A–C). This
defect persisted in Relb−/− mice at 9 wk of age, with a fivefold re-
duction in the percentage of splenic cDCs compared with WT mice
(Fig. 3A), but with a higher number of cDC2 cells than observed at
3 wk (Fig. 2A). At 9 wk, Relb−/− mice showed only a twofold re-
duction of CD4+ ESAM+ cDC2s compared with WT controls (Fig. 3
A and B), in contrast to Notch211cko mice, which lack this population
entirely (20, 22). Due to the overall increase in spleen cellularity,
total cDC numbers were almost equivalent at 9 wk of age between
WT and Relb−/− mice (Fig. 3C). Thus, germline Relb−/− mice show a
severe reduction in cDCs at 3 wk of age, but cDCs can accumulate
even as these mice develop splenomegaly and myeloid expansion.

Hematopoietic-Extrinsic Requirement for RelB in DC Development. To
examine the cell-autonomous actions of RelB in DC development,
we first examined in vitro differentiation of Relb−/− BM in response
to Flt3L, which supports the development of bona fide counterparts
of in vivo DC subsets (23). In this setting, pDCs (SiglecH+B220+),
cDCs1, and cDCs2 developed normally from Relb−/−BM compared
with WT BM (Fig. 4 A and B), suggesting that DCs may not have a
strict cell-intrinsic requirement for RelB for their development. To
test this in vivo, we generated BM chimeras by transferring Relb−/−

BM into congenically marked WT recipients and by trans-
ferring congenically marked WT BM into Relb−/− recipients. As
a control, we transferred CD45.2+ WT BM into CD45.1+ WT
recipients. Eight weeks after reconstitution, we analyzed the
spleens and thymi of these chimeras for the development of cDCs
and neutrophils (Fig. 5). Relb−/−→WT chimeras showed a partial
reduction of cDCs as a percentage of total splenocytes compared
with WT→WT chimeras (Fig. 5 A and B). There was a shift in the
ratio of cDC1 to cDC2 cells, with cDC2 cells in Relb−/− → WT
chimeras being slightly reduced by ∼20% as a percentage of all
DCs compared with WT → WT chimeras, whereas cDC1s were
increased (Fig. 5 A and B). In contrast to these mild changes in
Relb−/−→WT chimeras, WT → Relb−/− chimeras showed a severe
loss of total cDC development as a percentage of splenocytes (Fig.
5 A and B). Furthermore, WT → Relb−/− chimeras developed
splenomegaly and myeloid hyperplasia similar to that observed in

Fig. 1. Mice lacking RelB develop splenomegaly and myeloid hyperplasia.
(A) Splenocyte numbers in 3- and 9-wk-old WT and Relb−/− mice. Each dot
represents a biological replicate from four independent experiments. (B) Rep-
resentative flow cytometry analysis of CD11b+ splenocytes fromWT and Relb−/−

mice. Data are representative of three independent experiments. (C) Micros-
copy of WT and Relb−/− splenic Ly-6G+ PMNs stained with Wright–Giemsa stain.
(Scale bars: 10 μm.) n.s., not significant. ****P < 0.0001.

Fig. 2. cDCs are diminished in 3-wk-old Relb−/− mice. (A) Flow cytometry
analysis of B220− splenocytes from 3-wk-old WT and Relb−/− mice. Data are
representative of three independent experiments. (B) Percentage and (C) cell
counts of splenic cDCs (CD11c+ MHC-II+) in 3-wk-old WT and Relb−/− mice. Each
dot represents a biological replicate from three independent experiments. n.s.,
not significant. **P < 0.01, ****P < 0.0001.
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Relb−/− mice (Fig. 1B), whereas Relb−/− →WT chimeras had normal
neutrophil development and splenocyte numbers compared with
WT → WT controls (Fig. 5 C–E). Finally, previous studies have
claimed a role for RelB in the development of DCs in the thymus
(14). However, we observed normal development of both cDC
subsets in thymi of either Relb−/− mice or Relb−/− → WT chimeras
compared with controls (Fig. 5 F–H). Thus, the major action of
RelB for cDC development is through a role in nonhematopoietic
radiation-resistant cells that support cDC development in vivo.

Cell-Intrinsic Actions of RelB Are Tissue-Specific and Restricted to
Splenic ESAM+ CD4+ cDC2s. B cells can provide the LT required
for normal cDC proliferation (19) and are reduced in Relb−/− mice
(8). Conceivably, the slightly reduced number of cDCs developing in
Relb−/−→WT chimeras (Fig. 4B) could result from the loss of RelB
in a non-DC lineage, such as B cells, that supports cDC develop-
ment. To test this, we generated mixed BM chimeras reconstituted
with equal ratios of WT (CD45.1+) and Relb−/− (CD45.2+) BM (Fig.
6). In such chimeras, a cDC-intrinsic requirement for RelB could be
observed by a selective reduction in Relb−/− CD45.2+ cDCs that
develop in the RelB-sufficient cellular environment provided by the
WT donor BM. We analyzed several tissues from these chimeras
8 wk after BM transplantation and measured the development of
various cells, including cDC1s, CD4+, and CD4− cDC2s (Fig. 6 A
and B); Ly-6Chi monocytes and PMNs (Fig. 6 C and D); and pDCs
(Fig. 6E) and B cells (Fig. 6F). In the spleen, the generation
of pDCs, cDC1s, and PMNs was similar for WT and Relb−/− BM
cells (Fig. 6 A–F). There was a selective reduction in Relb−/−

cDC2 compared withWT cDC2, specifically a threefold reduction in
CD172a+ cDC2s and a fourfold reduction in CD4+CD172a+ cDC2s
(Fig. 6 A, B, and F). This selective effect on cDC2 is consistent with
similar effects on cDC2 maturation in cDCs lacking LTβR (19) or
NIK (20). Notably, the myeloid hyperplasia seen in germline RelB−/−

mice was not present in mixed WT + Relb−/−→WT chimeras (Fig. 6
D and F), suggesting that this abnormal myeloid expansion was
dependent on cell-extrinsic, nonhematopoietic actions of RelB. Fi-
nally, Relb−/− B cells (B220+) were slightly reduced in number by
about twofold relative to WT B cells (Fig. 6F).
Using competitive chimeras, we previously showed that LtβR

signaling is required for development of migratory CD103+ cDC2s
in the mesenteric lymph node (MLN) (20). In contrast, the gener-
ation of migratory CD103+ and CD103− cDC2s in MLN was similar
between WT and Relb−/− BM, with only resident Relb−/− cDC2s

Fig. 4. cDCs lacking RelB develop in vitro. (A) Flow cytometry analysis of BM
from WT or Relb−/− mice cultured for 9 d with Flt3 ligand. Data are repre-
sentative of three independent experiments. (B) Percentage of pDCs (Siglec-
H+B220+) and cDCs (B220−CD11c+MHC-II+) from WT and Relb−/− BM cultures
generated as in A. Each dot represents a biological replicate from three in-
dependent experiments.

Fig. 5. Radio-resistant cells require RelB to support normal hematopoiesis.
(A) Flow cytometry analysis of live B220− splenocytes from chimeras gener-
ated with CD45.2+ WT or Relb−/− BM into CD45.1+ B6.SJL recipients or B6.SJL
BM into Relb−/− mice, analyzed 8 wk after lethal irradiation and trans-
plantation. Data are representative of two independent experiments.
(B) Percentage of cDCs (CD11c+MHC-II+) in the indicated BM chimeras gen-
erated as in A. Each dot represents a biological replicate from two in-
dependent experiments. (C) Flow cytometry analysis of live granulocytes in
spleens of BM chimeras generated as in A. (D) Frequency of Ly-6G+ PMNs in
spleens of the indicated chimeras. Each dot represents a biological replicate
from two independent experiments. (E) Splenocyte counts in the indicated
BM chimeras 8 wk after irradiation and reconstitution. (F) Thymic DCs in the
indicated mice were analyzed by flow cytometry. BM chimeras were gen-
erated as in A. Shown are two-color histograms representative of thymocyte
samples pregated as CD45.2+B220−. (G) Frequency of DCs within CD45.2+B220−

thymocytes in the indicated mice. (H) Frequency of thymic DC subsets in the
indicated mice. Each dot represents an individual biological replicate from two
independent experiments. ****P < 0.0001.

Fig. 3. cDC2s develop in Relb−/−mice. (A) Flow cytometry analysis of splenic cDCs in 9-wk-old WT, Relb−/−, and Notch211cKO (Notch2f/f × Itgax-Cre) mice. Data
are representative of three independent experiments. (B) Percentage and (C) cell counts of splenic cDCs in spleens of WT, Relb−/−, and Notch211cKO. Each dot
represents a biological replicate from three independent experiments. n.s., not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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reduced about twofold compared withWT controls (Fig. 7 A and B).
Furthermore, there was similar output of migratory and resident
cDC1s from WT and Relb−/− BM (Fig. 7 A and B). To determine if
this reduction of resident cDC2s in MLN was limited to this tissue,
we also analyzed the inguinal lymph nodes of these chimeras (Fig.
7C). Here, the migratory Relb−/− cDC1s (CD103+ CD11b−) were
reduced slightly, less than twofold, compared with WT cDC1s, with
no other significant changes in migratory or resident cDC2s (Fig.
7C). Finally, no significant changes in output from Relb−/− BM were
seen in lung resident cDC1s or cDC2s compared with WT BM (Fig.
7 D and E). Thus, the major cell-intrinsic role of RelB in cDC de-
velopment appeared to be tissue-restricted to the spleen.

Antigen Presentation by DCs to T Cells Does Not Require RelB. The
actions of RelB in DC development so far have been limited to
CD4+ ESAM+ cDC2s in the spleen, but DCs may require RelB for
their function as well. In DCs, RelB may be activated by
CD40 ligation, which signals through the noncanonical NF-κB
pathway and enables optimal priming by DCs of CD8 T cells (24–
26). In addition, DCs require NIK for their ability to deliver normal
costimulation to CD4 T-cell responses (16), and this concievably
could require RelB activity. To address this, we tested the ability of
splenic cDC1s and cDC2s from Relb−/−→WT chimeras to present
cell-associated antigens to OT-I and OT-II cells ex vivo. We find that
both WT and Relb−/− cDC1s induced robust OT-I proliferation in
response to heat-killed OVA-expressing Listeria monocytogenes
(HKLMO) (Fig. 8A). Neither WT or Relb−/− cDC2s were able to
cross-present HKLMO (Fig. 8A), as expected for this subset. Fur-
thermore, Relb−/− cDC1 and cDC2 cells cultured with OVA-loaded
splenocytes induced OT-II proliferation similar to their WT coun-
terparts (Fig. 8B). In summary, we did not find a defect in the antigen
processing or presentation in Relb−/−DCs, although other functions,
such as cytokine production, induction of specific effector modalities
in T cells, and tolerogenicitiy will still need to be addressed.

Discussion
Recent work has established that several DC lineages develop from
a common dendritic cell progenitor through various transcriptional
programs (17). The transcription factors that are known to influence
DC development are IRF8, IRF4, PU.1, Id2, Batf3, E2-2, Nfil3,
Notch2, Bcl6, and Zeb2 (17, 27, 28). An intrinsic requirement for
each of these factors has been established through the examination

of lineage-specific conditional deletion in vivo, analysis of mixed
BM chimeras, or defective development in Flt3L-treated BM cul-
tures. RelB was one of the earliest transcription factors to be as-
sociated with DC development (2). Initial analysis found that
germline Relb−/− mice exhibit decreased cDC numbers, but also
have a marked myeloid expansion of immature PMNs leading
to splenomegaly, impaired lymph node development, and T-cell–
dependent autoimmunity (3, 4, 29). Several subsequent studies ex-
amined BM chimeras produced from Relb−/− BM to evaluate the
cell-intrinsic requirements for these defects (5, 6, 11, 12). Although
cell-extrinsic actions for RelB have been clearly established for
some cell types, such as B cells, the nature of the RelB requirement
in cDC development has not been entirely resolved.
We confirmed that germline loss of RelB caused decreased

numbers of both cDC1 and cDC2 populations in vivo that was ap-
parent at 3 wk of age before the onset of splenomegaly and myeloid
expansion. However, cDC1 and cDC2 cells could develop from
Relb−/− BM in Flt3L-treated cell cultures (Fig. 4), suggesting that
there may not be a strict cell-intrinsic developmental requirement
for RelB for either cDC subset. Consistent with this result, we found
that Relb−/−→WT chimeras produced donor-derived DCs of all
types in the setting of a WT host. In contrast, WT→Relb−/− chimeras
produced a phenotype very similar to that of germline Relb−/− mice,
with a severe decrease in DCs and a myeloid expansion, suggesting
that RelB plays a major role in regulating hematopoiesis through its
expression in radio-resistant host cells. So far, no studies on gene
regulation by RelB in BM stromal cells have been carried out that
might reveal how RelB controls hematopoiesis.
We did observe one setting of mixed bone marrow chimeras in

which RelB appeared to exert a cell-intrinsic action in DCs. In most
locations, there was no competitive advantage of WT over Relb−/−

BM for the generation of any DC subset. However, in the spleen,
the Notch2-dependent CD4+ ESAM+ cDC2s cells derived from
Relb−/− BM were reduced by two- to threefold relative to those
derived from WT BM, in agreement with the previously reported
reduction of CD8α−DEC-205− cDCs in spleens of Relb−/− → WT
chimeras (14). Because this occurred in the setting of a mixed
chimera, this likely indicates a DC-intrinsic role for RelB, and not
an effect mediated by another hematopoietic lineage. Conceivably,
B cells may require RelB to generate LTα1β2, the ligand for LtβR,
that is intrinsically required for DC homeostasis in the spleen
(19). Furthermore, others have described the necessary interactions

Fig. 6. Cell-intrinsic actions of RelB in splenic cDC2s. (A–C) Flow cytometry analysis of live splenocytes from chimeras generated with equal mixes of CD45.1+

B6.SJL and CD45.2+ Relb+/+ or Relb−/− BM analyzed 8 wk after lethal radiation and transplant. Shown are representative two-color histograms for (A and B)
cDCs, (C and D) monocytes (CD11b+ Ly-6Chi) and neutrophils (CD11b+ Ly-6G+), and (E) pDCs (B220+CD317+). (F) Contributions of Relb−/− BM to the indicated
lineages in chimeras generated as in A shown as the ratio of monocyte contribution in the same mouse. Each dot represents a biological replicate from two
independent experiments. **P < 0.01, ****P < 0.0001.
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between DCs and stroma for DC development. For example,
deletion of the Notch ligand Delta-like 1 in splenic fibroblasts
ablates the differentiation of ESAM+ cDC2s (30). Stroma cells
also require LtβR for their development (31); however, it has not
been determined if RelB is the requisite factor downstream of
LT signaling. The exact cell-intrinsic and -extrinsic functions of
RelB in DC development could be determined using lineage-
specific conditional deletion of RelB (32).
Both Notch2 and LtβR signaling are known to regulate devel-

opment of CD4+ ESAM+ DCs in the spleen and CD103+CD11b+

cDC2s in the small intestine (20). In the setting of a mixed BM
chimera, WT BM outcompetes Ltbr− /− BM for the genera-
tion of both splenic CD4+ ESAM+ DCs and for intestinal
CD103+CD11b+ cDC2s (20). By contrast, the Notch2-deficient BM
and Ltbr−/− BM compete equally for the generation of both of
these types of cDCs (20), suggesting that Notch2 and LtβR act
in the same development pathway of terminal maturation of
these DCs in these tissues. In the current study, loss of RelB
affected only the development of CD4+ ESAM+ cDC2s in the
spleen, but not that of CD103+CD11b+ cDC2s in the MLN. The
basis for this more limited phenotype of RelB could be due to
selective expression of RelB in splenic CD8α− cDCs in the
spleen but not in cDC populations in other tissues (18).
We did not observe a deficiency in the ability of Relb−/− cDCs to

present cell-associated antigens to either CD4 or CD8 T cells ex
vivo; however, RelB may act on other immune models in DCs.

The recent availability of a conditional Relb allele (32), combined
with deletor strains that direct specific Cre expression in DC
subsets (33), will facilitate future studies to determine what
functional role, if any, RelB has in DCs for immune responses. For
example, LtβR signaling in DCs is required for optimal IL-
23 production by cDC2s in response to infection by Citrobacter
rodentium infection (34) and for induction of IgA class-switching
(35). However, the role for RelB in mediating either of these
responses has not been examined.
In summary, we have documented a dramatic action of RelB in

radio-resistant host cells that was required to support normal he-
matopoiesis. Loss of RelB in nonhematopoietic cells led to most of
the developmental disturbances reported initially for Relb−/− mice.
The cell-intrinsic actions of RelB that we found for DC develop-
ment apply to the development of the CD4+ ESAM+ cDC2 subset
the terminal maturation of which involves Notch2 and LTβR sig-
naling in the spleen and is consistent with RelB acting downstream
of LTβR. Future studies will need to address the likely role of RelB
activation in the functioning of mature DCs independently of their
development. For example, RelB activation in cDCs downstream
of CD40 stimulation may take place in settings of CD4 help for
CD8 T-cell responses (36), but analysis of these actions may re-
quire conditional deletion within specific DC subsets. Finally, the
more severe hematopoietic defects, such as myeloid expansion,
found in Relb−/− mice and in WT → Relb−/− chimeras, appear to
result from loss of RelB activity in radio-resistant cells, such as BM-
resident stromal cells. It will be important to determine the identity
of such cells and to determine the RelB-dependent mechanisms
that normally operate to control myelopoiesis.

Materials and Methods
Mice. The generation of Relb−/− mice has been described (3). Notch211cKO mice
were generated by crossing Notch2f/f (B6.129S-Notch2tm3Grid/J) to CD11c-Cre
(B6.Cg-Tg(Itgax-cre)1–1Reiz/J) mice. WT B6.SJL (B6-Ly5.2/CR) mice were pur-
chased from Charles River Laboratories. Ciita−/− (B6.129S2-Ciitatm1Ccum/J), OT-I
[C57BL/6-Tg(TcraTcrb)1100Mjb/J], and OT-II [B6.Cg-Tg(TcraTcrb)425Cbn/J] were
purchased from Jackson Laboratories. OT-I and OT-II mice were bred to B6.SJL
mice and maintained as CD45.1+. All mice were maintained on the C57BL/
6 background in a specific pathogen-free animal facility following institutional
guidelines and with protocols approved by the Animal Studies Committee at
Washington University in St. Louis. Experiments were performed with mice
8–12 wk of age using sex-matched littermates as controls.

Fig. 8. DCs lacking RelB are capable of priming T cells against cell-associated
antigen. (A) Sorted DC1 (CD24+) or DC2 (CD172a+) cells were cocultured with
CFSE-labeled OT-I cells and heat-killed OVA expressing L. monocytogenes
(HKLMO) for 3 d. OT-I proliferation was determined as the frequency of CD44+

OT-I cells that had undergone at least one CFSE dilution. Each dot represents
one biological replicate. (B) CFSE-labeled OT-II cells were cocultured with
sorted DC1 or DC2 and OVA-loaded γ-irradiated Ciita−/− splenocytes for 3 d
and assayed for proliferation as in A. Each dot represents one biological
replicate from two independent experiments.

Fig. 7. RelB is not necessary for the development of cDCs in peripheral tissues.
(A–E) Mixed BM chimeras were generated as in Fig. 6. (A) Flow cytometry
analysis of migratory and resident cDCs in the MLN of CD45.1+ B6.SJL and
CD45.2+ WT or Relb−/− mixed BM chimeras. (B and C) Percentage of chimerism
for the indicated populations in theMLN (B) or inguinal LN (C) shown as the ratio
of splenic Ly-6Chi monocytes as in Fig. 6F. (D) Analysis of lung resident macro-
phages and cDCs in mixed BM chimeras generated as in Fig. 6. (E) Contributions
of Relb−/− BM to the indicated populations from D shown as the ratio of splenic
Ly-6Chi monocytes as in Fig. 6F. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Antibodies and Flow Cytometry. Cells were kept at 4 °C while staining in PBSwith
0.5% BSA and 2 mM EDTA in the presence of CD16/32 Fc block (BD clone 2.4G2).

The following antibodies were purchased from Becton Dickinson (BD):
CD11b (M1/70), CD45.2 (104), MHC-II (M5/114.15.2), Ly-6C (AL-21), CD103
(M290), CD45R/B220 (RA3-6B2), and CD64 (X54-5/71); from eBioscience: CD4
(GK1.5), CD8α (53-6.7), CD11b (M1/70), CD45.1 (A20), CD44 (IM7), MHC II
(M5/114/15/2), CD24 (M1/69), CD172a (P84), Ly-6G PE (IA8), Siglec-H
(eBio440C), CD317/BST2 (eBio927), and ESAM (1G8); from Tonbo Biosci-
ences: CD45.1 (A20) and CD11c (N418); from ThermoFisher Scientific: TCR
Vα2 (B20.1); from BioLegend XCR-1 (ZET). Cells were analyzed or sorted with
a FACS Canto II or FACS Aria Fusion flow cytometer (BD), respectively. Data
were analyzed with FlowJo software (Tree Star).

Cell Isolation and Preparation. Spleens, thymi, and lymph nodes were minced
and digested for 60 min at 37 °C with stirring in 5 mL Iscove’s complete media
(cIMDM) with 250 μg/mL collagenase B (Roche) and 30 U/mL DNase I (Sigma-
Aldrich). Lungs were perfused by intracardiac injection with 10 mL ice-cold PBS
into the right ventricle, minced, and digested for 90 min with stirring in cIMDM
with 1 mg/mL collagenase D (Roche) and 30 U/mL DNase I. Red blood cells (RBCs)
were lysed with ammonium chloride–potassium bicarbonate lysis buffer, and
single-cell suspensions were passed through a 70-μm strainer. Cells were counted in
a Vi-Cell XR (Beckman Counter), and 2 × 106 cells were stained as described above.

Bone Marrow Cultures. Bone marrow from femurs and tibias was flushed with
10 mL of cIMDM using a 25-gauge syringe (BD). Single-cell suspensions of RBCs
were lysed and passed through a 70-μm strainer as described above. Cells were
counted in a Vi-Cell XR and 2 × 106 cells/mL were cultured at 37 °C in cIMDM
supplemented with 100 ng/mL FLT3 ligand (Peprotech) for 9 d. Afterward,
loosely adherent cells were recovered with gentle pipetting and analyzed by
flow cytometry.

Bone Marrow Chimeras. BM cells were isolated from femurs, tibias, and iliums.
Briefly, bones were crushed using a mortar and pestle, and cells were isolated
from debris by gradient centrifugation with Histopaque 1119 (Sigma-Aldrich).
Cells were counted, and 0.5–1 × 107 total BM cells were transferred by retro-
orbital injection into recipients 24 h after whole-body irradiation (10.5 Gy). For
mixed BM chimeras, whole BM cells from two different genotypes were

counted, mixed at an equal ratio, and transplanted into lethally irradiated
recipients. Cells were distinguished on the basis of CD45.1 and CD45.2 staining.
To determine chimerism, donor contributions were normalized to the ratio of
Ly-6Chi monocyte output in the spleen.

Antigen Presentation Assays. For class I antigen presentation assays, OVA
expressing L. monocytogenes (LM-OVA), a gift from H. Shen (University of
Pennsylvania, Philadelphia), was cultured in brain–heart infusion broth at 37 °C
for 6 h and frozen for 24 h after dilution plating for titer enumeration. Bacteria
were thawed, washed three times with Dulbecco’s PBS, inactivated at 80 °C
for 1 h, and stored at −80 °C until used as described before (37). Splenic OT-I
cells were sorted as B220−CD11c−CD45.1+TCR-Vα2+CD8α+CD4−, labeled with
carboxyfluorescein succinimidyl ester (CFSE), and cultured at a density of 1.25 ×
105 cells/mL with sorted DCs (5 × 104 cells/mL) and 1 × 107 cfu ΔLM-OVA for 3 d.
Afterward, OT-I cells were assayed for CFSE dilution and expression of CD44 by
flow cytometry. For class II antigen presentation assays, Ciita−/− splenocytes were
osmotically loaded with OVA and irradiated (13.5 Gy) as described before (38,
39). Splenic OT-II cells were sorted as B220−CD11c−CD45.1+TCR-Vα2+CD8α−CD4+

and CFSE-labeled. Labeled OT-II cells (1.25 × 105 cells/mL) were cocultured with
sorted DCs (1.25 × 105 cells/mL) and OVA-loaded irradiated Ciita−/− splenocytes
(5 × 105 cells/mL) for 3 d; irradiated Ciita−/− splenocytes (5 × 105 cells/mL) without
OVA were used as controls. After culture the frequency of CD44+ OT-II cells that
had undergone one CFSE dilution was determined by flow cytometry.

Microscopy. Cytospins of sorted splenic B220−CD11b+Ly-6G+ PMNs fromWT and
Relb−/− mice were stained with Wright–Giemsa stain using the Hema 3 kit
(Fisher Scientific). Images were acquired at room temperature with an Axioskop
microscope (objective: 40×, 1.25, oil) using an Axiocam ICc3 camera (Zeiss).

Statistical Analysis. Statistical analyseswere performed using two-way analysis of
variance with Sidak’s multiple comparison test. Error bars indicate SE of mean. All
statistical analyses were performed using Prism version 7 (GraphPad Software).
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