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Significance

Ly6Clo monocytes, also known as 
“patrolling monocytes,” develop 
from Ly6Chi monocytes and play 
an important protective role in 
the surveillance of the vascular 
endothelium. The development 
of Ly6Clo monocytes is still 
incompletely understood. We 
now demonstrate that the 
transcription factor CCAAT/
enhancer-binding protein alpha 
(C/EBPα) acts to maintain Ly6Chi 
monocytes and to repress Ly6Clo 
monocyte development, adding 
to our understanding of this 
protective monocyte subset.
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Transcription factor C/EBPα is required for the development 
of Ly6Chi monocytes but not Ly6Clo monocytes
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Monocytes comprise two major subsets, Ly6Chi classical monocytes and Ly6Clo non-
classical monocytes. Notch2 signaling in Ly6Chi monocytes triggers transition to Ly6Clo 
monocytes, which require Nr4a1, Bcl6, Irf2, and Cebpb. By comparison, less is known 
about transcriptional requirements for Ly6Chi monocytes. We find transcription factor 
CCAAT/enhancer-binding protein alpha (C/EBPα) is highly expressed in Ly6Chi mono-
cytes, but down-regulated in Ly6Clo monocytes. A few previous studies described the 
requirement of C/EBPα in the development of neutrophils and eosinophils. However, 
the role of C/EBPα for in vivo monocyte development has not been understood. We 
deleted the Cebpa +37 kb enhancer in mice, eliminating hematopoietic expression of 
C/EBPα, reproducing the expected neutrophil defect. Surprisingly, we also found a 
severe and selective loss of Ly6Chi monocytes, while preserving Ly6Clo monocytes. We 
find that BM progenitors from Cebpa +37−/− mice rapidly progress through the mono-
cyte progenitor stage to develop directly into Ly6Clo monocytes even in the absence of 
Notch2 signaling. These results identify a previously unrecognized role for C/EBPα in 
maintaining Ly6Chi monocyte identity.

C/EBPα | classical monocyte | nonclassical monocyte | neutrophil | transcription factor

Murine monocyte subsets include Ly6Chi CCR2+ ‘classical’ monocytes and Ly6Clo CCR2– 
“nonclassical” (or patrolling) monocytes (1–3), which differ in both their surface markers 
and transcriptional profiles (4). Ly6Chi monocytes develop from a common monocyte 
progenitor (cMoP) (5, 6) in the bone marrow (BM) and have a half-life in circulation of 
around 1 d (7, 8). Ly6Chi monocytes contribute to tissue-resident macrophages (8–10) 
and can generate monocyte-derived dendritic cells (MoDCs) (11–14). In turn, Ly6Clo 
monocytes arise from Ly6Chi monocytes (4, 8, 15) and can be induced by Notch2 signaling 
upon encounter with ligands in the circulation (16–18). Ly6Clo monocytes require 
CX3CR1 for survival (19) and provide surveillance and protection for vascular endothe-
lium (3, 20–23).

The transcriptional requirements for monocyte development are incompletely under-
stood. The cMoP (5, 6) arise convergently from GMPs (6, 10) and monocyte-dendritic 
cell progenitors (MDPs) (15, 24) but the basis for cMoP specification has not been 
described. Known requirements for Ly6Chi monocyte development include PU.1 (25), 
IRF8 (26), and KLF4 (27, 28). PU.1 deficiency causes broad defects in myeloid and 
lymphoid lineages, while IRF8 deficiency reduces monocyte numbers (26) and causes the 
accumulation of an immature Kit+ cMoP population (29, 30). PU.1 and IRF8 cooperate 
to support the expression of KLF4, which acts downstream in development and is required 
for the maturation of monocyte progenitors (26). However, the specific actions of KLF4 
in Ly6Chi monocyte development are still unknown.

The known requirements for Ly6Clo monocyte development include transcription fac-
tors NUR77 (31), C/EBPβ (4), NOTCH2 (16–18), BCL6, and IRF2 (18). NUR77,  
C/EBPβ, and BCL6 are expressed more highly in Ly6Clo monocytes than in Ly6Chi 
monocytes (4, 18). C/EBPβ is required for survival for Ly6Clo monocytes, but not Ly6Chi 
monocytes (4, 32, 33) and may support the expression of the Nr4a1 gene encoding 
NUR77 (4) or of macrophage colony-stimulating factor receptor (M-CSFR) (CD115/Csf1r) 
(33). Germline Nr4a1 deficiency (31) and early myeloid-specific deletion of Bcl6 (18) 
eliminate the development of Ly6Clo monocytes but not of Ly6Chi monocytes. Notch2 
signaling induces the transition of Ly6Chi monocytes into Ly6Clo monocytes (16–18). 
However, the relevant targets of Notch signaling and the interplay between NUR77, 
BCL6, and C/EBPβ in the transition from Ly6Chi to Ly6Clo monocytes remain unclear.

C/EBPα is a potent transcription factor to direct specification of myeloid lineages (34). 
C/EBPα deficiency causes the loss of granulocyte-macrophage progenitors (GMPs) (35–37), 
which could affect both granulopoiesis and monopoiesis. The previous studies showed 
defects in the development of mature neutrophils and eosinophils upon C/EBPα deficiency 
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without notable impacts on monocyte development. However, 
these studies did not examine Ly6Chi and Ly6Clo monocyte subsets 
separately. Since we observed that C/EBPα expression is 
down-regulated during the transition of Ly6Chi monocytes into 
Ly6Clo monocytes, we asked whether C/EBPα played any role in 
monocyte development. We generated mice with a deletion in the 
Cebpa +37 kb enhancer that abrogates hematopoietic expression 
of C/EBPα, similar to previous studies (36, 37). As expected, we 
observe severe defects in granulocyte progenitors and neutrophil 
development. Additionally, we now report a previously unrecog-
nized and selective requirement for C/EBPα in cMoP and Ly6Chi 
monocyte development, while Ly6Clo monocytes remain intact. 
We find that Cebpa +37−/− BM progenitors rapidly pass through 
the cMoP and Ly6Chi monocyte stages and spontaneously progress 
to Ly6Clo monocytes independently of Notch signaling. These 
results indicate that C/EBPα maintains Ly6Chi monocyte identity 
and acts to halt spontaneous Notch-independent progression into 
Ly6Clo monocytes.

Results

Ly6Chi Monocytes Extinguish C/EBPα Expression on the 
Transition to Ly6Clo Monocytes. We first examined the pattern of 
expression for C/EBPα and C/EBPβ at various stages of monocyte 
development (Fig. 1 and SI Appendix, Fig. S1 A–D). Intracellular 
staining (ICS) of BM progenitors showed minimal C/EBPα 
expression in Lin− Sca-1+ cKithi population (LSK) (38) that were 
either CD135− or CD135+ and showed increasing expression in 
GMP and MDP (Fig. 1A). C/EBPα expression was maximal in the 
cMoP and showed slightly reduced expression in BM and splenic 

Ly6Chi monocytes. Notably, C/EBPα expression was abruptly 
extinguished in BM and splenic Ly6Clo monocytes (Fig. 1A). A 
similar pattern was evident for Ly6Chi and Ly6Clo monocytes in 
the blood (Fig. 1B). C/EBPβ expression showed a distinct pattern 
from C/EBPα. C/EBPβ was expressed at very low levels in all 
BM progenitors including the BM Ly6Chi monocytes (Fig. 1A). 
However, splenic and blood Ly6Chi monocytes induced C/EBPβ 
expression to an intermediate level, which was further increased 
in the splenic and blood Ly6Clo monocytes (Fig. 1 A–C).

We next asked whether these patterns of expression were main-
tained during the in vitro culture and development of BM mono-
cyte progenitors (Fig. 2). First, we examined the induction of 
Ly6Clo monocytes from cKithi BM progenitors developing in vitro 
on OP9 stromal cells (SI Appendix, Fig. S1E), as recently described 
(18). Culture of progenitors on OP9 expressing the Notch ligand 
Delta-like 1 (DLL1) selectively induced progenitors to lose Ly6C 
and to acquire CD11c expression (SI Appendix, Fig. S1E). Using 
this condition, we examined the expression of C/EBPα and C/
EBPβ in monocyte populations developing in these cultures (Fig. 2 
A and B). In agreement with our in vivo observations, Ly6Clo 
monocytes extinguish expression of C/EBPα during the transition 
from Ly6Chi monocytes. In addition, purified Ly6Chi monocytes 
also extinguish C/EBPα expression during induction of MoDC 
development (Fig. 2 C and D and SI Appendix, Fig. S1 F and G).

A 552 bp Deletion in the Cebpa +37 kb Enhancer Abolishes C/EBPα 
Expression in BM. To examine the role of C/EBPα in monocyte 
development, we recreated an enhancer mutation previously 
described that abrogates C/EBPα expression in hematopoietic 
lineages (36, 37) (SI Appendix, Fig. S2). One of these previous 
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Fig.  1.   Ly6Chi monocytes down-regulate C/EBPα expression upon transition to Ly6Clo monocytes. (A and B) Expression of C/EBPα and C/EBPβ iby the BM 
progenitors and monocytes in the (A) BM and spleen, and (B) peripheral blood was analyzed by intracellular staining (Upper). Negative gating in the quadrant 
plots was based on the isotype control of each cell population (Lower). Numbers in the plots are percentages of cells in each quadrant. (C) Scatter plots show 
geometric mean fluorescence intensity (MFI) of C/EBPα (red dots and lines) and C/EBPβ (blue dots and lines) of the indicated cell populations in the BM, 
spleen, and blood (average MFI). The Individual mice are shown as dots. Data shown are a representative of two similar experiments. **P < 0.01, ***P < 0.001,  
****P < 0.0001 (Student’s t test).
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studies (36) examined the impact of deleting approximately  
1 kB surrounding the Cebpa +37 kb enhancer. Using CRISPR/
Cas9 targeting, we deleted a 552 bp region to generate Cebpa 
+37−/− mice (SI Appendix, Fig. S2A). Mice homozygous for this 
deletion (SI Appendix, Fig. S2B) are viable and born at Mendelian 
frequencies. To verify the impact of our deletion, we examined 
C/EBPα protein expression in BM and splenic cells in Cebpa 
+37−/− mice using ICS (SI Appendix, Fig. S2C). We found severely 
reduced C/EBPα expression in both BM and spleen, consistent 
with previous studies (36, 37). In the liver, expression of C/EBPα 
by nonhematopoietic cells was unaffected in Cebpa +37−/− mice, 
indicating that this enhancer is not required for expression in 
this tissue (SI Appendix, Fig. S2C). We confirmed that our Cebpa 
+37−/− mice lack development of neutrophils in the spleen and 
blood (SI  Appendix, Figs.  S2D and S3 A–F), consistent with 
previous studies of the Cebpa +37 kb enhancer (36, 37). Of 
note, the BM progenitors and Ly6Clo monocytes in the Cebpa 
+37−/− mice showed remarkably increased expression of C/EBPβ 
compared to the wild-type (WT) cells (SI Appendix, Fig. S2E).

Cebpa +37 kb Enhancer Is Required to Maintain Ly6Chi Monocytes. 
Previous analysis of the germline C/EBPα deficient mice identified 
a granulocyte defect but reported no changes in monocyte 
numbers (35). Subsequent analysis of Cebpa +37 kb enhancer 
mutants confirmed the previous neutrophil deficiency but claimed 
that monocytes were either slightly increased (36) or reported no 
changes in monocyte numbers (37). However, the analysis in these 

studies did not distinguish between Ly6Chi monocytes and Ly6Clo 
monocytes. Since we recently reported that BCL6 and IRF2 were 
additional requirements for Ly6Clo monocytes (18), we wondered 
whether there might also be unrecognized requirements for the 
development of Ly6Chi monocytes. Since C/EBPα was expressed 
selectively in Ly6Chi, but not Ly6Clo monocytes (Fig. 1), we paid 
particular attention to identifying Ly6Chi and Ly6Clo subsets in 
Cebpa +37−/− mice, (Fig. 3).

First, in BM, Ly6Chi monocytes were markedly reduced in Cebpa 
+37−/− mice compared with WT controls (Fig. 3 A and D and 
SI Appendix, Fig. S3G). By contrast, Ly6Clo monocytes were present, 
albeit with a slight reduction in their absolute numbers, attributed 
to a decrease in total BM cells in Cebpa +37−/− mice (SI Appendix, 
Fig. S3G). In the spleen, we also found that Ly6Chi monocytes were 
dramatically reduced in Cebpa +37−/− mice compared with WT 
controls (Fig. 3 B and D and SI Appendix, Fig. S3H). Again, Ly6Clo 
monocytes were present with a slight decrease in their absolute num-
ber by comparison to Ly6Chi monocytes (SI Appendix, Fig. S3H). 
A small population was apparent in Ly6Chi monocytes but was 
reduced by approximately 10-fold in percentage and 40-fold in the 
absolute number compared with WT control mice (Fig. 3D and 
SI Appendix, Fig. S3H). Finally, in blood, Ly6Chi monocytes were 
reduced in Cebpa +37−/− mice compared with WT controls (Fig. 3 
C and D). In contrast to Ly6Chi monocytes, we find no significant 
reduction in Ly6Clo monocytes by the percentage in the BM, spleen, 
and blood of Cebpa +37−/− mice (Fig. 3 A–D). The transcriptional 
profile of Ly6Clo monocytes from WT and Cebpa +37−/− mice was 
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Fig. 2.   Notch-induced Ly6Clo monocytes extinguish C/EBPα expression. (A) Expression of C/EBPα and C/EBPβ was analyzed in monocytes differentiated from 
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very similar, showing only 57 differentially expressed genes with 
>fourfold changes (>−log10 P-value 2.5) which primarily included 
genes expressed by tissue macrophages such as F11r, Htra3, and 
Rad54b, upon Cebpa deficiency (Fig. 3E). In contrast, the transcrip-
tional profile of Ly6Chi and Ly6Clo monocytes from WT mice were 
substantially different, showing 365 differentially expressed genes 
with >fourfold change (>−log10 P-value 2.5) (Fig. 3F). Unlike RNA 
isolation from most myeloid cells, isolating high-quality RNA from 
Ly6Clo monocytes required addition of a RNase inhibitor, which 
may be the results of their high level of Ear2 (Rnase2) expression 
compared to Ly6Chi monocytes (Fig. 3F). Finally, cDC develop-
ment appeared normal in Cebpa +37−/− mice (SI Appendix, Fig. S3 
I and J). In summary, Cebpa +37−/− mice have a substantial and 
selective reduction in Ly6Chi monocytes while having persistence 
of the Ly6Clo monocyte population.

Cebpa +37−/− BM Lack cMoP to Generate Ly6Clo Monocytes. 
Previous analysis of BM from Cebpa +37−/− mice showed a reduction 
in the GMP (36, 37). However, neither study of the Cebpa +37 
kb enhancer mutants noted the absence of the cMoP (36, 37). 
Since Ly6Chi monocytes are absent in Cebpa +37−/− mice, we next 
examined BM to identify other potential changes in monocyte 
development (Fig. 4) including the MDP, GMP, and cMoP.

We first compared BM from WT and Cebpa +37−/− mice for the 
development of the cMoP. The cMoP was originally defined as 
Lin− cKit+ CD115+ CD135− Ly6Chi CD11b− BM cells (5) 
(Fig. 4A). Using this definition, Cebpa +37−/− mice show a dramatic 
reduction in the cMoP population. The cMoP was initially defined 
as a cKithi population (5). By this criterion, the cMoP is absent in 
Cebpa +37−/− mice (Fig. 4A), based primarily on the lack of Ly6C 
expression in Lin− cKithi CD115+ CD135− BM cells. However, we 
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observed partial and transient Ly6C expression in Kitint CD115+ 
CD135− progenitors, which also express CD11b (Fig. 4A). In WT 
mice, Lin− CD115+ CD135− BM cells in both cKithi and cKitint 
populations are uniformly positive for Ly6C expression. By con-
trast, in Cebpa +37−/− mice, only a small fraction of cKitint CD115+ 
CD135– BM cells express Ly6C, suggesting either delayed or tran-
sient Ly6C expression in the absence of C/EBPα.

We next compared BM from WT and Cebpa +37−/− mice for 
development of the GMP. The GMP in WT was originally defined 
as Lin− cKit+ Sca-1− CD16/32+ CD34+ BM cells (39), and recently 
modified as being CD115− Ly6Clo (10, 40). Using the original defi-
nition, the GMP is reduced in Cebpa +37−/− mice primarily due to 
lower CD16/32 expression on cKit+ Sca-1− BM cells (Fig. 4C), in 
agreement with the original study of Cebpa−/− mice (36). The GMP 
was subsequently recognized to contain a specified CD115− Ly6Chi 
granulocyte progenitor (GP) and CD115+ Ly6Chi monocyte pro-
genitor, called MP (40) and cMoP (10) respectively. Using these 
definitions, both GPs and cMoPs are absent in Cebpa +37−/− mice 
(Fig. 4 C and D). Additionally, no developmental defects in either 
MDP or CDP were observed in Cebpa +37−/− BM (Fig. 4A and 

SI Appendix, Fig. S3K), suggesting that the MDP may be the source 
of Ly6Clo monocytes in Cebpa +37−/− mice (Fig. 5).

Cebpa +37−/− BM Progenitors Spontaneously Bypass the cMoP 
to Generate Ly6Clo Monocytes. The above results suggest that 
progenitors in Cebpa +37−/− mice progress from either the MDP 
(Fig. 4A) or a Lin− Sca1− cKithi CD16/32lo progenitor (Fig. 4C) 
and bypass the cMoP to directly generate Ly6Clo monocytes. To 
test this, we examined the behavior of BM progenitors in WT and 
Cebpa +37−/− mice in culture (Fig. 6). First, we cultured purified 
cKithi BM progenitors from WT and in Cebpa +37−/− mice in vitro 
with SCF, IL-3 and IL-6 as previously described (18, 37). In these 
cultures, WT progenitors generate Ly6G+ neutrophils and Ly6Chi 
monocytes (Fig. 6A). Importantly, virtually no Ly6Clo monocytes 
develop (Fig. 6A), consistent with the absence of Notch signaling 
in this culture system (SI Appendix, Fig. S1E). By contrast, Cebpa 
+37−/− progenitors fail to generate neutrophils, as expected but 
also fail to generate Ly6Chi monocytes, and instead generate 
predominantly Ly6Clo CD11c+ monocytes (Fig. 6 A and B). These 
results confirm our in vivo finding and suggest that C/EBPα acts 
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to maintain Ly6Chi monocyte identity by halting their progression 
to Ly6Clo monocytes.

WT cKithi BM progenitors cultured in SCF, IL-3, and IL-6 do 
not produce cDCs (Fig. 6 A and B). Surprisingly, Cebpa +37−/− 
progenitors generated cDCs with strikingly increased frequency 
(Fig. 6 A and B). In addition, these results suggest that C/EBPα 
may regulate MDP divergence, favoring cMoP development at 
the expense of CDPs.

We next asked whether C/EBPα acts to support Ly6C expres-
sion directly or alternately functions more broadly to maintain 
Ly6Chi monocyte identity. We noticed that Cebpa +37−/− mice 
have a small population of neutrophil-like cells expressing Ly6G 
(SI Appendix, Fig. S3 A and C). In these cells, we found that Ly6C 
expression was maintained at levels similar to WT neutrophils 
(SI Appendix, Fig. S3 B and D). This suggests that Ly6C itself can 
be expressed without Cebpa, which may favor a role for Cebpa in 
maintaining Ly6Chi monocyte identity. Since neutrophils do not 
express C/EBPα (SI Appendix, Fig. S2D), Ly6C may also be con-
trolled by additional factors.

Differential translation of Cebpa mRNA produces a 42 kDa 
long C/EBPα isoform (p42) and a 30 kDa short C/EBPα isoform 
(p30) (41, 42). We asked how these C/EBPα isoforms functioned 
in support of Ly6Chi monocyte development. We expressed p42 
and p30 C/EBPα isoforms by retrovirus into cKithi progenitors 
from WT or Cebpa +37−/− mice (Fig. 6 C and D). In WT progen-
itors, which support only Ly6Chi monocyte development in this 
culture, expression of p42 caused a moderate reduction in CD115+ 
monocyte development, while p30 had little effect (Fig. 6C). 
However, in Cebpa +37−/− progenitors, which develop only into 
Ly6Clo monocytes, p30 strongly restored Ly6Chi monocyte devel-
opment (Fig. 6 C and D). The p42 isoform was substantially 
weaker compared to p30 in restoring Ly6Chi monocyte develop-
ment (Fig. 6 C and D). Notably, both p42 and p30 strongly 
repressed cDC development from Cebpa +37−/− progenitors. These 

results, in some agreement with a recent study (43), suggest that 
C/EBPα isoforms act differently in MDP divergence vs. main-
taining Ly6Chi monocyte identity.

Cebpa +37−/− Mice Have Altered the Development of Monocyte-
Derived Peritoneal Macrophages. Most tissue-resident macrophages 
originate from embryonic progenitors (44) but can be replaced 
by HSC-derived monocytes over time under homeostatic and 
inflammatory conditions (45–47). A population of peritoneal 
macrophages expressing CD226 and MHC class II (MHCII) has 
been reported to arise from circulating monocytes after birth (48). 
We asked whether these CD226+ MHCII+ peritoneal macrophages 
develop in Cebpa +37−/− mice (SI Appendix, Fig. S4). First, CD226+ 
MHCII+ peritoneal macrophages were reduced in Cebpa +37−/− mice 
compared to WT mice (SI Appendix, Fig. S4 A and B). In WT mice, 
CD226+ MHCII+ peritoneal macrophages comprised both CD11c− 
and CD11c+ fractions (SI Appendix, Fig. S4 A and B) similar to 
previous analysis (48). In contrast, in Cebpa +37−/− mice, CD226+ 
MHCII+ peritoneal macrophages were primarily CD11c-expressing 
cells (SI Appendix, Fig. S4 A and B).

Previous studies suggested that CD226+ peritoneal cells may 
be MoDCs (49, 50). However, the distinction between CD226+ 
MoDCs and CD226+ MHCII+ peritoneal macrophages is unclear. 
We examined CD226+ MHCII+ peritoneal cells in Zbtb46egfp 
reporter mice (SI Appendix, Fig. S4C). CD226+ MHCII+ perito-
neal cells appeared heterogeneous for CD11c in Zbtb46egfp mice, 
similar to WT mice. However, CD11clo CD226+ MHCII+ peri-
toneal cells also expressed low levels of Zbtb46-EGFP, while 
CD11chi CD226+ MHCII+ peritoneal cells expressed high levels 
of Zbtb46-EGFP (SI Appendix, Fig. S4D). These results suggest 
that C/EBPα may regulate the transition of Zbtb46lo CD11clo 
CD226+ MHCII+ peritoneal cells to Zbtb46hi CD11chi CD226+ 
MHCII+ peritoneal cells, similar to its regulation of the Ly6Chi 
to Ly6Clo monocyte transition.
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Discussion

Here, we report a previously unrecognized requirement for C/
EBPα in monocyte development. Several previous studies examined 
the impact of C/EBPα deficiency on hematopoietic lineages using 
either germline inactivation (35, 51) or deletion of the Cebpa +37 
kb enhancer (36, 37). Each study identified severe reduction of 
neutrophil, eosinophils, and tissue macrophages but none reported 

an impact on monocytes (35–37, 51). Despite longstanding rec-
ognition of human monocyte heterogeneity (52–58), the first 
study of Cebpa deficiency (35) was performed before monocyte 
heterogeneity was well characterized in mice (2, 59–61). That 
study examined monocytes by histological appearance and described 
no change caused by C/EBPα deficiency. Two subsequent studies 
of mice with deletions of the Cebpa +37 kb enhancer did analyze 
monocytes by FACS, but only used CD11b (Mac-1) or Ly6C/Ly6G 
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Fig. 6.   Cebpa +37−/− BM progenitors differentiate directly into Ly6Clo monocytes. (A–D) Sort-purified cKithi BM progenitors from WT (Cebpa +37+/+) and Cebpa 
+37−/− mice were cultured with conditioned media containing SCF, IL-3, and IL-6 for 60 h. (A) Flow cytometric analysis showing cell populations in the WT (Upper) 
and Cebpa +37−/− cells (Lower). Pre-gate is CD45.2+ CD11b+ cells. MHCII+ CD11c+ cells are cDC gated as “a.” MHCII− Ly6G+ CD115−cells are neutrophils (Neut) gated 
as “b.” MHCII− Ly6G− CD115+ cells are monocytes (Mo) gated as “c.” Ly6Chi monocytes (Ly6Chi Mo) and Ly6Clo monocytes (Ly6Clo Mo) are gated as “d” and “e,” 
respectively. (B) Bar-scatter graphs show frequencies of each cell population (gate “a” to “e”) of WT (gray) and Cebpa +37−/− cells (red) in total singlet (average 
% ±SD). (C) Retroviral (RV) overexpression of Cebpa full-length (p42) and truncated (p30) isoforms in the WT and Cebpa +37−/− cKithi BM progenitors. Pre-gate is 
Thy1.1+ (marker for RV-infected cells) CD45.2+ CD11b+ cells. Refer to (A) for cell populations gated as “a” to “e.” (D) Bar-scatter graphs show frequencies of each 
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(Gr-1) as markers (36, 37) but did not use Ly6C (2), TREML4, 
or CD11c (61) that can distinguish between Ly6Chi and Ly6Clo 
monocytes.

Prior studies document roles for C/EBPα in neutrophil and 
macrophage development but did not demonstrate its role in main-
taining Ly6Chi monocytes. First, inducible C/EBPα expression 
potentiated myeloid gene expression in bone marrow cells by 
increasing the expression of PU.1 (62). Cooperative binding of C/
EBPα and PU.1 activated enhancers for myeloid genes, redirecting 
the fate of pre-B cell toward macrophages (63), suggesting that C/
EBPα may impact monopoiesis. Finally, Cebpa−/− BM failed to 
support the recovery of peritoneal macrophage after thioglycollate 
treatment (51), which is normally supported by circulating mono-
cytes (10), but this study did not identify a defect in monocytes.

Our finding enhances the understanding of the Ly6Chi to 
Ly6Clo monocyte transition (Fig. 5). Prior findings that Notch2 
signaling triggers Ly6Chi monocytes to transition into Ly6Clo 
monocytes have been explained on a mechanistic basis (16). Our 
results identify the first factor to selectively maintain Ly6Chi 
monocytes, and suggest a potential relationship to Notch signaling 
(Fig. 5). Several other transcription factors are known to regulate 
monocyte development. PU.1 deficiency causes broad defects in 
lymphoid and myeloid lineages (25). Deficiencies in IRF8 and 
KLF4 also impair both Ly6Chi and Ly6Clo monocytes (26, 29), 
while deficiencies in C/EBPβ, NUR77, BCL6, and IRF2 selec-
tively impair Ly6Clo monocyte development (18, 20). Thus, few 
candidates are available to mediate Notch-induced transition of 
Ly6Chi monocytes into Ly6Clo monocytes.

NUR77 and C/EBPβ are increased during the Ly6Chi to Ly6Clo 
monocyte transition (18) and are required for Ly6Clo monocytes 
(4, 20). We find that C/EBPβ cannot substitute for C/EBPα in 
the development of neutrophils or Ly6Chi monocytes (SI Appendix, 
Fig. S2E), despite the previous suggestion that these factors may 
be functionally redundant in vivo (64–67). We recently reported 
two additional transcriptional requirements for Ly6Clo monocyte 
development, BCL6 and IRF2 (18). BCL6 expression increases 
during the Ly6Chi to Ly6Clo monocyte transition (18). Additional 
studies are required to determine the relationship between all these 
factors and Notch signaling.

Finally, we observed differences in the effect of C/EBPα iso-
forms in restoring monocyte and neutrophil development. P30 
expression in Cebpa +37−/− BM progenitors restored Ly6Chi mono-
cytes, but p42 suppressed total monocyte development. While 
this could result from interactions with distinct factors, different 
DNA binding motifs have also been reported for p42 and p30 
(43), with p42 showing motifs for HLF, TEF, and CEBP, while 
p30 showed motifs for Ets family transcription factors such as 
PU.1 and ETVs (43). However, evidence of cooperative binding 
with these factors has not been reported. Additional studies will 
be required to establish the differential actions of C/EBPα iso-
forms in neutrophil and monocyte development.

Materials and Methods

Generation of Cebpa +37 kb Enhancer Deletion Mouse. Enhancer deletion 
mice were generated as previously described (68). sgRNAs flanking the Cebpa 
+37 kb enhancer were identified using CRISPR Guide RNA Design Tool from 
Benchling (https://benchling.com/crispr). The following single guide (sg) RNA 
sequences were used:

5′-AGGGCAATTTCAGCCCCAAG (Cebpa +37 kb sgRNA1);
5′-ACGTAGACCCTCTCCTGACA (Cebpa +37 kb sgRNA2). Each sgRNA oligonu-

cleotide, Cas9 nuclease, and nuclease-free duplex buffer were purchased from 
Integrated DNA Technologies. Ribonucleoprotein (RNP) complex for each sgRNA 
was separately generated. Briefly, 200 pmol of each sgRNA was mixed with 50 

pmol Cas9 nuclease in 25 μL of nuclease-free duplex buffer in separate micro-
tubes, incubated 15 min at room temperature. Microinjection was performed 
at Transgenic, Knockout, and Micro-Injection Core at Washington University in 
St. Louis as previously reported (68). Briefly, single-cell zygotes isolated from 
C57BL/6 mice on day 0.5 were injected with 8 mM RNP complex by electro-
poration. The RNP-electroporated zygotes were transferred into the oviducts of 
pseudopregnant recipient mice.

Targeted mosaic mice were screened by PCR using following primers:
Cebpa +37 kb forward: 5′-CCCAAGACAGCCAGGTTAGG; 
Cebpa +37 kb reverse: 5′-GGTGCTCCTGGGTTAATGGCT.
Cebpa +37 kb reverse specific for WT: 5′-ACACTTCACCCTCTTGGGGC.
Targeted mice were outcrossed to wild-type (WT) C57BL6/J mice (JAX:000664), 

and the resulting heterozygous mice were intercrossed to generate homozygous 
Cebpa +37 kb deletion mice. Zbtb46egfp reporter mice were previously reported 
(69) and kept in house. All mice were maintained in a specific pathogen-free ani-
mal facility following institutional guidelines with protocols approved by Animal 
Studies Committee at Washington University in St. Louis. Most of experiments 
were performed with mice between 6 and 12 wk of age.

Flow Cytometric Analysis and Sorting. BM progenitor cells and splenocytes 
were purified and stained as previously described (18, 70, 71). All procedures 
for cell staining were performed in PBS supplemented with 2 % of FBS and 2 
mM EDTA (MACS buffer). Lineage (Lin)-committed cells in the BM were defined 
as CD3ε+, CD19+, CD105+, Ly6G+, TER119+, or NK1.1+ cells. BM progenitors 
were defined as follows: LSK as Lin− Sca-1+ cKithi cells, GMP as Lin− Sca-1− cKithi 
CD16/32+ CD34+ Ly6C− CD115− cells, GP as Lin− Sca-1− cKithi CD16/32+ CD34+ 
Ly6C+ CD115− cells, MP as Lin− Sca-1− cKithi CD16/32+ CD34+ Ly6C− CD115+ 
cells, MDP as Lin− cKithi CD135+ CD115+ cells, and cMoP as Lin− cKithi CD135− 
CD115+ Ly6C+ CD11b− cells. Cells were stained as previously described for sort-
ing and analysis (18, 70, 71). Biotinylated antibodies used for Lin-committed cells 
for BM progenitor analysis are as follows: anti-mouse CD3ε (clone 145-2C11), 
CD19 (clone 6D5), Ly6G (clone 1A8), TER119 (clone TER-119), and NK1.1 (clone 
PK136) antibodies were purchased from BioLegend. Anti-mouse CD105 anti-
body (clone MJ7/18) was obtained from Invitrogen. Fluorochrome-conjugated 
antibodies for cell staining are as follows: anti-mouse Siglec-H (PE, clone 551), 
I-A/I-E (BV510, clone M5/114.15.2, for MHC class II), Sirp-α (APC, clone P84), 
Ly6G (FITC, clone 1A8), CD34 (PE, clone SA376A4), CD226 (PE, clone 10E5), XCR1 
(BV421, clone ZET), CD11b (AF647 or APC, clone M1/70), CD115 (BV711, clone 
AFS98), Ly6C (BV421, clone HK1.4), CD45.2 (PE-Cy7, clone 104), Ly6A/E (PE-
Cy7, clone E13-161.7, for Sca-1), CD45R/B220 (AF488, clone RA3-6B2), F4/80 
(APC-Cy7, clone BM8), and CD11c (AF647, clone N418) antibodies were obtained 
from BioLegend. Anti-mouse CD45R/B220 (BUV395, clone RA3-6B2), CD90.1/
Thy1.1 (BUV395, clone OX-7), cKit (BUV395, clone 2B8), CD135 (PE-CF594, clone 
A2F10.1), CD45.2 (BV786, clone 104), Ly6G (PE, clone 1A8), CD11b (PE-Cy7, 
clone M1/70), and Siglec-F (PE, clone E50-2440) antibodies were purchased 
from BD Biosciences. Anti-mouse MerTK (PE-Cy7, clone DS5MMER), CD16/32 
(APC, clone 93), and CD11c (APC-ef780, clone N418) antibodies were purchased 
from eBioscience™. Anti-human/mouse CD11b (FITC, clone M1/70) antibody was 
purchased from TONBO biosciences. BV785™ Streptavidin was obtained from 
BioLegend. Antibodies used for intracellular staining of C/EBPα and C/EBPβ 
are as follows: Anti-human/mouse C/EBPα (clone D56F10) and anti-mouse C/
EBPβ (clone H-7) antibodies were purchased from Cell Signaling Technology and 
Santa Cruz, respectively. Normal rabbit IgG and mouse IgG2a (HOPC-1), used 
as isotype controls for C/EBPα and C/EBPβ staining, were from MilliporeSigma 
and SouthernBiotech, respectively. Donkey anti-rabbit IgG (FITC) and goat anti-
mouse IgG2a (R-PE) antibodies were purchased from Jackson ImmunoResearch 
and used as secondary antibodies. Cells were analyzed on a FACSAria Fusion flow 
cytometer (BD Biosciences), and data were analyzed with FlowJo v10 software 
(TreeStar).

Intracellular Staining. BM progenitors, splenocytes, and peripheral blood cells 
were isolated as previously described (70, 71). Briefly, cell surface staining was 
performed to identify monocytes and their progenitors. The cells were suspended 
in 400 µL 1× Fixation/Permeabilization buffer (Invitrogen, 005123-43 and  
00-5223-56), incubated for 30 min at room temperature, and then washed with 
400 µL 1X Permeabilization buffer (Invitrogen, 00-8333-56) twice. The fixed cells 
(~107 cells) were resuspended in 50 µL 1× Permeabilization buffer containing  
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C/EBPα (final concentration 207 ng/mL) and C/EBPβ (final concentration 4 μg/mL) 
antibodies, or isotype control antibodies (207 ng/mL rabbit IgG for C/EBPα and 4 
μg/mL mouse IgG2a for C/EBPβ antibodies), then incubated at room temperature, 
overnight at dark. After washing with 400 µL 1× Permeabilization buffer, the 
cells were incubated with 50 µL 1× Permeabilization buffer containing FITC-
conjugated anti-rabbit IgG and PE-conjugated anti-mouse IgG2a antibodies for 
30 min, at room temperature. Cells were washed with MACS buffer and analyzed 
by flow cytometer.

In Vitro Cell Culture. Lin− cKithi BM progenitor cells were sort-purified from WT 
or Cebpa +37−/− mice. Then, 1.5 to 2.5 × 104 cells were seeded in a 96-well cell 
culture plate (flat bottom) and cultured with conditioned media containing SCF, 
IL-3, and IL-6 (5%, each), for 2 d. To differentiate Ly6Chi and Ly6Clo monocytes 
in vitro, 2.5 × 104 Lin− cKithi BM progenitor cells were cultured with 2.5 × 104 
of OP9-DLL1 or OP9 cells, for 2 d. To differentiate monocyte-derived DCs and 
macrophages, 1.5 to 2.0 × 105 sort-purified BM Ly6Chi monocytes were cultured 
with murine recombinant GM-CSF (10 ng/mL, Peperotech) combined with or 
without murine recombinant IL-4 (10 ng/mL, Peprotech) for 5 d. Iscove’s modi-
fied Dulbecco’s medium (IMDM, Gibco, Thermo Fisher Scientific) supplemented 
with 10% FBS (cytiva, HyClone), 1% penicillin-streptomycin solution (Gibco, 
Thermo Fisher Scientific), 1% MEM nonessential amino acid (Gibco, Thermo 
Fisher Scientific), 1% L-glutamine solution (Gibco, Thermo Fisher Scientific), 1% 
sodium pyruvate (Corning®), and 55 µM β-mercaptoethanol (Sigma-Aldrich) 
was used for cell culture.

RNA-Seq. Ly6Chi monocytes and Ly6Clo monocytes (approximately 40,000 
to 50,000 cells/sample) were sorted from WT or Cebpa +37−/− splenocytes 
and collected into 100 μL MACS buffer containing 40 U of Protector RNase 
inhibitor (Roche) to prevent RNA degradation. The procedures for RNA-seq 
analysis including library generation, sequencing, and alignment were pre-
viously described (72).

Peritoneal Lavage for Macrophage Analysis. Mice killed with CO2 were 
injected with 3 mL MACS buffer using a 5-mL syringe (BD Luer-Lok™) with 
25G × 5/8 in a needle (BD PrecisionGlide™). The abdomen of the mice was 

massaged 10 times with fingers, then 2 mL of the peritoneal fluid was collected. 
Ammonium-chloride-potassium (ACK) buffer was used to remove red blood cells 
as needed. A million cells were stained and analyzed by flow cytometer.

Plasmids, Retroviral Packaging, and Overexpression. Cebpa p42 and p30 
were amplified from cDNA of Cebpa (pcDNA3 Flag C/EBPα was a gift from 
Christopher Vakoc (Addgene plasmid # 66978; https://n2t.net/addgene:66978; 
RRID:Addgene_66978) (73) using forward p42 primer (catagatctGCCACCAT-
GGAGTCGGCCGACTTCT), forward p30 primer (5′-tatagatctGCCACCATGTCCGCG
GGGGCGCA) and common reverse primer (5′-aatactcgagCGCGCAGTTGCCCAT
GGC), and cloned as a BglII/XhoI fragment into MSCV-based retroviral vector 
(T2a-Thy1.1 RV) (72) to generated MSCV-p42-T2a-Thy1.1 and MSCV-p30-T2a-
Thy1.1. Restriction enzyme sites for BglII or XhoI in the primers were indicated 
with a single underline. Double underlined “GCCACC” is Kozak sequence. 
Retroviral constructs were packaged using Plat-E cells transfected with TransIT 
(Mirus bio) as described (70).

Cell Lines. Packaging cell line, Platinum-E (Plat-E) (74), for generation of retro-
virus was cultured in complete IMDM. 0.25% Trypsin-EDTA (Gibco, Thermo Fisher 
Scientific) was used for cell passaging.

Statistics. All bar-scatter plots with error bars and statistical analyses were per-
formed with GraphPad Software (Prism version 10).

Data, Materials, and Software Availability. The RNA-seq data are available 
on the Gene Expression Omnibus (GEO) database with the accession number 
GSE254202 (75). All other data are included in the manuscript and/or SI Appendix.
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