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SUMMARY

CCAAT/enhancer-binding protein beta (C/EBPB) induces primary v-Abl immortalized mouse B cells to transdifferentiate (BT, B cell trans-
differentiation) into granulocyte-macrophage progenitor-like cells (GMPBTs). GMPBTs maintain cytokine-independent self-renewal,
lineage choice, and multilineage differentiation. Single-cell transcriptomics demonstrated that GMPBTs comprise a continuum of mye-
lomonopoietic differentiation states that seamlessly fit into state-to-fate maps of normal granulocyte-macrophage progenitors (GMPs).
Inactivating v-Abl kinase revealed the dependence on activated CSF2-JAK2-STATS signaling. Deleting IRF8 diminished monopoiesis and
enhanced granulopoiesis while removing C/EBPB-abrogated self-renewal and granulopoiesis but permitted macrophage differentiation.
The GMPBT culture system is easily scalable to explore the basics of GMP biology and lineage commitment and largely reduces ethically

and legislatively debatable, labor-intensive, and costly animal experiments.

INTRODUCTION

The classic view of homeostatic hematopoiesis emerged
from studies that used transplantation, developmental
cell tracing, and colony formation assays. According to
this classic view, hematopoietic stem cells (HSCs) are the
only blood cells that can self-renew and give rise to progen-
itors with progressively restricted differentiation potential
following linear bifurcating cell lineage decisions. This hi-
erarchy is typically shown as an upside-down decision
tree diagram with self-renewing HSCs at the top giving
rise to multipotent progenitors (MPPs) with limited self-
renewal capacity. As these progenitors become increasingly
specialized, they differentiate into common myeloid pro-
genitors and common lymphoid progenitors (CMPs and
CLPs, respectively). CMPs subsequently branch into mega-
karyocyte-erythroid progenitors (MEPs) and granulocyte-
macrophage progenitors (GMPs), which are the primary
source of innate immune cells (Iwasaki and Akashi, 2007).

Recent advancements in single-cell RNA (scRNA) expres-
sion profiling, chromatin accessibility studies, and bar-
coded lineage tracing have questioned the strictly binary,
unidirectional processes of hematopoietic cell fate deci-
sions suggested by the hierarchical model. Instead, it ap-
pears that progenitor cells can be committed to a specific
fate at an earlier stage of differentiation and, in addition,
that progenitors at different stages may display develop-
mental plasticity and are capable to switch lineages under
certain circumstances (Naik et al., 2013). These characteris-
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tics have implications for the production of innate im-
mune cells (namely, granulocytes and various types of
monocytes) and may play a role in lineage infidelity or am-
biguity, as observed in myelodysplasia and leukemia (Dress
et al., 2020; Pucella et al., 2020).

Alternative innate immune cell fate decisions occur
during the GMP state, such as granulocytic vs. monocytic
differentiation (Liu et al., 2019). GMPs also have transit-
amplifying capacity and are vulnerable to leukemia initia-
tion, which may lead to the development of self-renewing
leukemic stem cells (LSCs) that perpetuate the disease
(Krivtsov et al., 2006; Ye et al., 2015). Therefore, under-
standing the biology of GMPs is essential for comprehen-
sively understanding specification of innate immune cells
in homeostasis, regeneration, and leukemogenesis (Herault
et al., 2017; Niederkorn and Starczynowski, 2017).

Experimental manipulation of hematopoietic lineage
identity, such as by ectopic expression of lineage-defining
master or pioneering transcription factors (TFs), can reveal
the plasticity and decision-making processes involved (Graf
and Enver, 2009; Regalo and Leutz, 2013). For example, pri-
mary mouse pre-B cells that were transformed by the v-Abl
oncogene could be transdifferentiated into a GMP-like pop-
ulation (GMPBTs) by ectopic expression of the TF CCAAT/
enhancer-binding protein beta (C/EBPB)-LAP* (Cirovic
et al., 2017). In contrast to HoxA8/A9-induced precursor
cells, C/EBPB-LAP*-derived GMPBTs maintain a self-renew-
ing progenitor population and continuously undergo
spontaneous lineage choice to produce both neutrophils
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(Ly6G*/CD1157) and monocytes (Ly6G~/CD115%). Accord-
ingly, GMPBTs exhibit similarities toboth GMPs and LSCs, as
observed in chronic myelogenous leukemia (CML; as a prod-
uct of BCR-ABL translocation).

Here, we characterized GMPBTs using scRNA sequencing
(scRNA-seq) and cell biological and molecular genetic ana-
lyses to investigate the biology and lineage decision pro-
cesses. We demonstrate that GMPBTs largely resemble
normal ex vivo-isolated GMPs and that GMPBT maintenance
relied on v-Abl-mediated signaling involving C/EBPB and
the signal transducer and activator of transcription SA
(STATS). GMPBTs could be expanded to large quantities
that were amenable to molecular genetics, biochemical,
pharmacological, and cell biological experimentation.
GMPBTs therefore serve as a valuable model system to exper-
imentally explore basic processes involved in myelomono-
cytic lineage commitment and cell differentiation and also
reduce the need for animal experimentation.

RESULTS

Myelomonocytic differentiation potential of GMPBTs

Previously, we have demonstrated that C/EBPB-LAP*
lymphoid-myeloid lineage-switched GMPBTs maintained
an immature state and continuously produced granulo-
cytes and monocytes/macrophages (Cirovic et al., 2017).
Here, we characterized GMPBTs with droplet-based
scRNA-seq. Briefly, GMPBTs were generated from wild-
type (WT) B cells by retroviral infection with a pMSCV-
IRES-EGFP-C/EBPB-LAP* construct. Sorted GFP-positive
(GFP™) cells were examined on day 6 post infection (p.i.)
by scRNA-seq. A pure population of GMPBTs can be ac-
quired through the exclusion of B-mercaptoethanol, which
effectively eliminates residual B cells. Nevertheless, we
intentionally omitted this selection process to accommo-
date the inclusion of lymphoid-myeloid transition states
in our scRNA-seq analysis. At harvesting, surface marker
analysis revealed that the GFP* cell pool contained 72.6%

transdifferentiated CD11b* cells and 11.1% un-transdiffer-
entiated CD19" cells. The CD11b" cell fraction contained
subpopulations of granulocytic Ly6G* (4.9%), monocytic
CD115* (60%), and Ly6G~ CD115~ double-negative (DN)
cells (30.9%) (Figure S1A).

scRNA-seq reads were obtained from 3,297 cells with a
median of 7,799 unique molecular identifier (UMI) counts
and 1,763 genes per cell. Dimensional reduction of the da-
taset and subsequent clustering yielded eight distinct clus-
ters (Figure 1A). Cells in clusters 7 and 8 mainly expressed B
lymphoid-specific genes (Ebfl, Vpreb1/2/3, and CD79a)
and, in accordance with the remaining CD19* population,
were defined as B cells (Figure S1B). Cluster 7 was addition-
ally enriched for genes related to cell cycle and cell division
(Top2a, Hmgnb1/2, and nucleosome proteins Hist1h2ap and
H2afx) (Figure S1B).

For further analysis, we concentrated on clusters 1-6,
which expressed typical myeloid lineage genes (Figure 1B).
Genes that define the neutrophil lineage were enriched in
clusters 1, 2, and 3 (Ltf, Camp, Elane, and Ctsg), whereas
clusters 4, 5, and 6 expressed genes characteristic for the
monocyte/macrophage lineage (Cd74, Ccr2, and Ifitm3)
(Figure 1B). To determine the cell identity of the clusters,
we applied the automated cell type annotation tool SingleR
with the ImmGen database as a reference (Heng et al.,
2008). As shown in Figure 1C, cluster 1 was identified as
stem cells despite the simultaneous expression of early
neutrophil genes, which suggested that cluster 1 contained
mostly myelomonocytic progenitors.

Further inspection of clusters 1-3 revealed that cluster 1
highly expressed the early granulocyte markers Elane, Ctsg,
and Prtn3 (Giladi et al., 2018) in addition to the GMP-
defining Ms4a3 (Figure 1D; Liu et al., 2019). Enhanced
expression of cell cycle regulators in cluster 1 supported
its progenitor characteristics. Cluster 3 was enriched for
mature neutrophil markers (Ly6g, $100a8/9, and Cebpe)
and several signaling proteins involved in immune re-
sponses (Stfal/2/3, Lcn2, and Wfdc21). Cluster 2 did not
have a unique gene expression pattern but demonstrated

Figure 1. Granulocyte and macrophage lineage capacity of GMPBTs

(A) WT B cells were retrovirally transduced with Cebpb-LAP*. 6 days post infection (p.i.), cells were subjected to scRNA-seq. Dimension
reduction (uniform manifold approximation and projection, UMAP) and clustering of 3,297 cells identified 8 clusters. Percentages of cells
in clusters are indicated.

(B) Feature plots of myeloid gene expression. Neu-specific genes are expressed in 3 different clusters (cluster 1: Elane, Ctsg, and Hmgn2;
clusters 2 and 3: Ltf, Camp, and Retnlg). Monocyte/macrophage-specific genes are expressed in clusters 4, 5, and 6 (Cd74, Ccr2, and Ifitm3).
(C) Cell type annotation of clusters 1-6 using the SingleR and ImmGen databases as reference. The annotation with the highest score is
shown for each cluster.

(D) Heatmap of differentially expressed marker genes (rows) of myeloid clusters 1-6 (columns). Genes with corrected p < 0.05 and |FC|
(fold change) > 2 are shown in the heatmap; representative genes are listed on the left. A table of all genes contained in the heatmap is
provided in Table S1.

(E) Gene ontology (GO) enrichment for marker genes (|FC| > 1.5, adjusted p < 0.05) of myeloid clusters 1-6 using gProfiler. GO terms of
“biological processes” are shown; redundant terms were excluded. For a complete list of GO terms enriched in each cluster, see Table S2.
Color code as indicated in (A) and (D).
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diminished expression of cluster 3-specific genes and
limited expression of some cluster 4 genes. We therefore
considered cluster 2 a transitory population between clus-
ters 1 and 3 or 4. Functional analysis of the cluster markers
(clusters 1-3, |[FC| >1.5, adjusted p < 0.05) using gProfiler
(Reimand et al., 2016) revealed enrichment for terms
related to cell cycle and division in cluster 1, while terms
associated with neutrophil activities were annotated to
clusters 2 and 3 (Figure 1E).

Both clusters 5 and 6 were enriched for monocytic genes,
including the major histocompatibility complex (MHC)
class II-related gene Cd74, the chemokine receptor Ccr2,
the macrophage colony-stimulating factor (M-CSF) recep-
tor Csf1r, the lysosomal protease Ctsc, and lysozyme 1 (Fig-
ure 1D). Cluster 6 contained higher expression of the key
differentiation TF Irf8, inflammatory-responsive TF Statl,
the surface marker Fcgr1 (CD64), and the interferon-induc-
ible Ifi gene family together with enrichment of immune
response Gene Ontology (GO) terms (innate immune
response, defense response to virus, and phagocytosis),
further indicating monocyte/macrophage identity (Yanez
et al., 2017). Cluster 4 linked the neutrophil clusters 1-3
and the monocyte/macrophage clusters 5 and 6. Besides
low expression of the monocyte-specific genes Cd14 and
Fcgr3 (encoding CD16), cluster 4 also expressed genes
related to lysosomal activity (Lampl, Cd68, and Psap), en-
zymes (Pkgl, Pgaml, and Gpil), and iron transporters
(Fth1 and Ftl1), indicating the phagocytic potential of these
cells. We considered cluster 4 a transitory population un-
dergoing monocyte/macrophage specification. Altogether,
the GMPBT population contained cells in transitioning
stages of granulocytic/neutrophil (G) and monocytic/
macrophage (M) differentiation (Figures 1C—1E), suggest-
ing that GMPBTs continuously undergo lineage choice
and differentiation toward G/M fates, reflecting normal
GMPs or LSCs (the latter because of the transforming activ-
ity of the v-Abl oncogene).

The endogenous Cebpa and Cebpb genes cross-regulate
each other and can be induced by ectopic expression of
either C/EBP TF. Therefore, we explored the C/EBPB-LAP*-
induced transdifferentiation outcome in the absence of
endogenous C/EBPa and C/EBPB. We compared GMPBTs
derived from either WT B cells or double knockout (dKO)
B cells by scRNA-seq (Figures S1A and S1C). A total of
1,423 dKO B cells were recovered for the analysis, with a
median of 7,975 UMIs and 1,914 genes per cell. Data
from the WT B cell and dKO B cell pools were integrated
before clustering, and all 8 clusters were present in both
samples, suggesting similar cell type outcomes in both ge-
notypes (Figure S1D), although quantitative differences
were also noted. B lymphoid clusters 7 and 8 represented
33% of the dKO B cells and 11% of WT B cells, respectively,
coinciding with the respective CD19 marker expression in

the cells. In contrast, cluster 1-6 WT B cells featured more
myelomonocytic cells (72.6% CD11b*) compared with
dKO B cells (38.2% CD11b").

We conducted a comprehensive assessment of the gene
expression of the C/EBP family members, encompassing
C/EBPa, C/EBPB, C/EBP5, C/EBPg, C/EBPy, and C/EBP{
within myeloid clusters 1-6 (Figure S1E). Upon ectopic
expression of C/EBPB LAP*, when endogenous Cebpa
and Cebpb were absent, a significant reduction of C/EBP3
and C/EBPe expression was observed, while C/EBPy and
C/EBP{ remained largely unaffected. This finding sug-
gested that C/EBPa, either independently or in conjunc-
tion with C/EBPS, plays a regulatory role in the modula-
tion of C/EBPe and C/EBP3 expression. The absence of
C/EBPS in all clusters of the dKO GMPBTs indicates a
dependence on regulation by C/EBPa, B and raises the pos-
sibility of a previously unexplored role of C/EBP3 in mye-
lopoiesis. Collectively, these outcomes underscore that,
while GMPBT transdifferentiation occurs even in the
absence of endogenous C/EBPa,pB, the intricate mutual
cross-regulation of the C/EBP family could substantially
contribute to the efficiency and configuration of the trans-
differentiation process.

The GMPBT transcriptome reflects the fate-
transitioning landscape of GMPs

We compared the GMPBT scRNA-seq data with published
precursor gene expression profiles to explore the occurrence
of cell types and differentiation stages of GMPBTs. Hemato-
poietic differentiation inferred from snapshot single-cell
analysis (Giladi et al., 2018) and dynamic state-to-fate
maps derived from clonally tagged stem/progenitors (lineage
and RNA recovery [LARRY] method) (Weinreb et al., 2020)
were compared with GMPBT scRNA-seq data (Figures 2 and
S2). GMPBT clusters 2 and 3 coincided with neutrophils
and clusters 5 and 6 with monocytes/macrophages match-
ing with corresponding in vivo lineage signatures defined
by Giladi et al. (2018) (Figures S2A and S2B). The vast major-
ity of the GMPBTs also merged seamlessly into the ex vivo
mouse bone marrow expression profile (hereafter called
LARRY profile) (Figure 2A) and interleaved all LARRY-defined
neutrophil and monocyte clusters. The GMPBT population
lacked several cell types identified by LARRY, including
CD34" MPPs and cells that belong to the Gata2™ erythroid/
megakaryocyte/mast/basophil/eosinophil fate. These data
were in accordance with the notion that GMPBTs resemble
GMPs rather than other earlier progenitor stages. The
GMPBT data projection (Figure 2A) also revealed direct con-
nections between the remaining B cell cluster (expressing
Pax5 and Ebf1) and monocyte/macrophage clusters (express-
ing pan-myeloid markers Spil and Lyz2), which suggested
an additional transdifferentiation trajectory directly into
monocytes/macrophages (Figures 2A and 2B).
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Figure 2. The GMPBT transcriptome re-
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(B) Expression of Pax5 and Ebf1, marking B
cell clusters (top), and expression of Spi1 and
Lyz2, marking myeloid clusters (bottom). The
expression of these genes in the reference
dataset and in the GMPBTs is presented in
brown and purple, respectively.
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in the reference dataset (brown) and GMPBTs
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Shown on the right are GMPBT cluster 1 and
cluster 3.

(E) Trajectory analysis of the myeloid clusters 1-6 using Slingshot. Based on the expression of proliferation genes, cluster 1 (C1) was
designated as the starting point. Two differentiation trajectories are shown.

The neutrophil markers Elane and Ceacaml0O mark
distinct groups of cells in a continuous landscape as
defined by the LARRY profile (Figures 2C and 2D). Elane-ex-
pressing cells were previously considered precursors of Cea-
caml0-expressing cells (Giladi et al., 2018). We detected an
overlapping distribution between LARRY Elane-expressing
cells with Elane-expressing GMPBTs in cluster 1 (Figure 2C).
Similarly, we identified co-alignment of LARRY Ceacam10-
expressing mature neutrophils with Ceacam10-expressing
GMPBTs (cluster 3; Figure 2D), which suggested that the
GMPBT system recapitulated sequential transition stages
of granulopoietic differentiation.

The current findings indicated that GMPs and neutrophil
precursors in mammals entail proliferation capacity
(transit-amplifying cells) (Evrard et al., 2018). During gran-
ulopoiesis, GMP transit through a CD106* (Vcam1) pro-
neutrophil stage before differentiating into mature neutro-
phils (Kwok et al., 2020). Similarly, our dataset presented
the highest expression of Vcam1I in cluster 1 (Figure S2C).
Analysis of granulopoiesis-essential TFs demonstrated
that cluster 1 also contained the highest expression of
Cebpa among the three neutrophil clusters, known for initi-
ating myeloid GMP differentiation, together with Runx1
and the granulopoiesis-directing factor Gfil (Figure S2D).
Irf8 is expressed and active at similar levels in both granu-
locytic and monocytic precursors but not in GMPs (Yanez
et al., 2015). Expression of Irf8 in cluster 2 supported the

116 Stem Cell Reports | Vol. 19 | 112—125 | January 9, 2024

idea that this cluster likely represents an intermediate stage
in the neutrophil differentiation hierarchy. Finally, cluster
3 expressed TFs involved in terminal neutrophil matura-
tion and function, such as Spil and Cebpe (Giladi et al.,
2018). Furthermore, the expression of genes related to
granule production, chemotaxis, and phagocytosis aligned
with this description (Figures S2E-S2G).

GMPBT monocyte clusters 4, 5, and 6 overlapped with
both the LARRY monocyte branch (Figure 2A) and the
monocyte-defining gene set of Giladi et al. (2018). Many
monocyte-restricted genes were highly expressed in clus-
ters 5 and 6, whereas cluster 4 showed the least correlation
to the mature monocyte signature (Mildner et al., 2017;
Figure S2B). Cluster 4 cells demonstrated residual expres-
sion of proliferation-related genes, including Cdk2, Cdk4,
and Ccnb2, and expressed the highest levels of Cebpb and
Nr4al compared with the other monocytic clusters (Fig-
ure S2H). Based on this expression pattern, we considered
cluster 4 monocyte progenitors. Cluster 5 cells exhibited
more similarities to monocyte progenitors in cluster 4 but
also expressed Cd74, Ccr2, Lgals3, and F13al. Cluster 6 cells
showed more similarities to Immgen monocytes (Fig-
ure 1C), including the expression of Plac8, Fcgrl, and
Ms4a6c, but in addition expressed interferon type
I-inducible genes; e.g., Ifit3, Isg15, Ifi204, and Oasl.

The concept of two alternative monocyte differentia-
tion pathways into dendritic cell (DC)-like or neutrophil



(Neu)-like monocytes has been suggested previously
based on the LARRY profile (Weinreb et al., 2020). We
therefore compared GMPBT clusters 4, 5, and 6 for DC-
like or Neu-like macrophage signatures derived from the
LARRY dataset. The distribution of GMPBTs with DC- or
Neu-like signatures could be distinguished (Figure S2I),
and DC-like cells were mostly found in cluster 6, likely
because of their high MHC class II- and interferon type
I-related gene expression pattern, while the Neu-like
monocyte signature was enriched in cluster 5, which is
more related to Neu cluster 3.

Finally, the developmental relationships among all six
clusters were predicted with the Slingshot trajectory anal-
ysis (Street et al., 2018; Figure 2E). Cluster 1 was set as the
starting point based on the high expression of proliferation
genes. The trajectory analysis revealed bifurcation in clus-
ter 2, branching into mature Neus (cluster 3) and monocyte
progenitor cells (cluster 4). Subsequent differentiation pre-
diction included Neu maturation (cluster 2 to cluster 3) and
the differentiation of mature monocytes/macrophages
with DC similarities (cluster 6).

Taken together, integration of data derived from the
GMPBT scRNA-seq transdifferentiation profile, in vivo tran-
scriptome, and ex vivo LARRY myelopoiesis fate maps sug-
gested that GMPBTs recapitulated normal granulocytic-
monocytic commitment and represent a continuum of
intermediary cell fate specification steps toward Neus and
monocytes/macrophages. The GMPBT system therefore
largely mirrors normal GMP biology and may be useful to
examine mechanisms involved in cell fate choice.

GMPBT surface markers

The cell lineage fidelity of WT GMPBT was next examined
by flow cytometry screening of surface marker expression
using an antibody array of 255 phycoerythrin (PE)-conju-
gated antibodies (LEGENDScreen, BioLegend). The bipoten-
tial differentiation capacity of GMPBTs into Neus and
monocytes was confirmed by co-staining with CD11b,
Ly6G, and CD115. The pan-hematopoietic or pan-myeloid
markers (CD44, CD45, CD11b, and CD371) were present
on all three GMPBT subsets (Ly6G~CD115™ DN progenitor
population, Ly6G*CD115~ Neus, and Ly6G CD115*
monocytes/macrophages) (Figure S2J). All cells also ex-
pressed CD62L, indicating the restriction of GMP potential
to myeloid progenitors (Ito et al., 2021). The DN fraction
contained higher expression of many markers representing
undifferentiated stem/progenitor cells; e.g., CD51, CD106,
Notch2, and CD31. The Ly6G~CD115" subset was enriched
for the expression of monocyte/macrophage markers
(CD14, Mac-2, F4/80, and CD200R). Markers representing
DC (Toll-like receptor [TLR] homolog CD180, TLR4, H-2,
and CD275) were also highly expressed in this subset, which
confirmed the differentiation potential toward DC-like cells.

The Ly6G*CD115 subset expressed the Neu-specific
markers CD182 or plasmacytoid DC-specific triggering re-
ceptor expressed on myeloid cells (PDC-TREM) and epithe-
lial tissue signatures (CDSS5, CD146, and CD100). Notably,
certain markers associated with other cellular lineages were
also detected. For instance, the DN subset displayed the pres-
ence of CD71, an indicator of erythroid lineage; the CD115*
subset exhibited CD107a, a marker for activated natural
killer cells; and the Ly6G™ subset showed CD61, a marker
indicative of megakaryocytes.

To establish a linkage between data obtained from both
scRNA-seq and flow cytometric array screening, we aimed
to isolate early Neu progenitors within the GMP fraction,
residing in cluster 1 (Kwok et al., 2020). In this context, we
identified CD106 (Vcaml) as a surface marker with pro-
Neu specificity, expressed in the GMPBT DN fraction accord-
ing to the LEGENDScreen results (Figures S2J and S2L).
Intriguingly, CD106 RNA expression was almost exclusively
observed in cluster 1 cells (Figures 1D and S2K). Subse-
quently, we sorted DN undifferentiated cells based on
CD106 expression (DN-CD106) and compared them with
DN-CD106™ cells. While there was no marked distinction
in the growth rate between these two populations (Fig-
ure S2M), the DN-CD106" cells displayed a higher propor-
tion of Ly6G™ Neus post sorting (Figure S2N), whereas differ-
entiation into CD115 monocytes was roughly equivalent
between DN-CD106* and DN-CD106™ cells. These observa-
tions collectively indicated that DN-CD106" cells possess an
elevated potential for neutrophilic differentiation, aligning
with recent research findings (Kwok et al., 2020).

IRF8 and C/EBPB expression levels determine GMPBT
lineage fates
To identify potential regulators involved in the formation
of the two trajectories observed in the GMPBT scRNA-seq
data, we extracted genes that were differentially expressed
between Neu clusters 1, 2, and 3 and compared them
with monocyte/macrophage clusters 4, 5, and 6 (adjusted
p <0.05, |FC| > 1.2). Next, we predicted the most important
TF involved in the differential regulation of these genes us-
ing LISA (epigenetic landscape in silico deletion analysis,
Qin et al., 2020). As shown in Figure 3A, LISA highlighted
enriched motives for IRF4, IRF8, and STAT within genes
specifically expressed within the monocyte branch, while
C/EBP and the erythroblast transformation specific TF fam-
ily (ETS; ERG and FLI1) TF motives were enriched in genes
of the granulocytic branch, respectively. Interestingly,
motif enrichment of the master regulator of myeloid cells,
PU.1, was predicted for both developmental branches.
Next, we explored how GMPBT biology is affected by
intervention with lineage-defining TFs of critical GMP co-
regulatory complexes (CoRCs) (Arendt et al., 2016). IRF8
is part of a CoRC that supports macrophage differentiation
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Figure 3. Function of IRF8 and C/EBP-
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dTAG increased CD115" cells and abrogated
DN cells in GMPBT cultures. Shown are the

kinetics and distribution of the CD115* population (red line) and the CD115~ /Ly6G ™~ population (DN, red dashed line) of GMPBTs upon
targeted proteolysis of LAP*-FKBP127¢Y by dTAG-13. Note that CD115* monocytes increase from approximately 15% to 95%, while DN cells
disappear during dTAG treatment. No effects on the CD115" population are seen by treatment with FK506 or AP1867. Flow cytometry
analysis was performed at 4 time points as indicated (n = 2, duplicates are shown, gating as shown in Figure S1A).

(D) Stabilization of LAP*-FKBP12"®" by AP1867 or FK506 leads to an increase in Ly6G* cells in GMPBT cultures (from approximately 3% to
9%-13%), while dTAG abrogated Ly6G* cells. Flow cytometry analysis was performed at 4 time points as indicated (n = 2, duplicates are

shown, gating as shown in Figure S1A).

The experiments shown in (C) and (D) were done in parallel, starting with the same GMPBT cultures. Drug treatments are shown on the
right. No treatment, gray triangles; AP1867 treatment, green squares; FK506 treatment, blue dots; dTAG treatment, red dots.

from GMPs and impedes Neu differentiation. Removing
Irf8 from mice decreased monocyte numbers and caused
neutrophilia that closely resembled CML (Holtschke
et al., 1996; Tamura et al., 2015). We detected Irf8 gene
expression in the monocytic clusters 4, 5, and 6 and resid-
ual Irf8 expression in cluster 2 (Figure S3A) that demarcated
monopoiesis and granulopoiesis. To examine whether
removing Irf8 would skew GMPBT fates in vitro, we gener-
ated v-Abl-transformed B cells from a mouse strain with
conditional Irf8"" alleles (Feng et al., 2011). The Irf8"" B
cells were treated with a cell-permeable TAT-Cre recombi-
nase to generate biallelic Irf8/~ clones (Irf8 KO) or mock
treated to generate isogenic controls (Figure S3B). By intro-
ducing LAP*, these cell clones were transdifferentiated into
GMPBT-Irf8"" or GMPBT-Irf8 KO cells. GMPBTs from four
independently derived Irf8 KO clones and three Irf8""
clones were examined for the expression of monocytic
CD115 or granulocytic Ly6G surface markers (Figure 3B).
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The GMPBT-Irf8 KO cells had a strong reduction of
CD115" monocyte/macrophages (>4-fold) and an approxi-
mately 3-fold increase of Ly6G*™ Neus compared with the
isogenic Irf8"" controls. Monocytes/macrophages, but no
granulocytes, were observed when C/EBPa was used to
induce transdifferentiation of primary B cells, various B
cell lines, or v-Abl-transformed B cells, although several
Neu genes are initially activated during transdifferentiation
(Bussmann et al., 2009; Xie et al., 2004). To explore the pos-
sibility that the remarkable failure of C/EBPa to induce
granulopoietic transdifferentiation was extinguished by
Irf8 (Kurotaki et al., 2014), we modified this experiment us-
ing C/EBPa instead of C/EBPB-LAP* in Irf8 KO B cells. How-
ever, although macrophage transdifferentiation was reca-
pitulated, no granulocyte differentiation was observed,
which suggested that Irf8 did not prevent Neu differentia-
tion downstream of C/EBPa (data not shown). We
concluded that the GMPBTs reflected IRF8-dependent



lineage choice, as observed in normal progenitors (Kurotaki
et al., 2018; Paul et al., 2015).

Previously, we reported that GMPBT differentiation toward
Ly6G* Neus is correlated with the magnitude of LAP* expres-
sion (Cirovic et al., 2017). To examine the importance of
continuous C/EBPB-LAP* expression after the completion of
transdifferentiation, we constructed a proteolysis-targeting
(PROTAC) chimera (LAP*-FKBP12™%Y) to conditionally re-
move C/EBPB-LAP* from the transdifferentiated GMPBTs.
Briefly, FKBP12"¢ chimeras are targeted to proteolysis by
the non-toxic heterobifunctional degradation tag (dTAG)-
13 compound that binds to the FKBP12"¢Y moiety and re-
cruits the CRBN E3 ligase, causing proximity-induced ubiqui-
tinylation and proteasomal degradation (Nabet et al., 2018).
C/EBPa,p dKO B cells were retrovirally infected with the
LAP*-FKBP12"¢V construct, selected for completion of
myeloid transdifferentiation by omission of B-mercaptoetha-
nol, and sorted for CD11b" cells to obtain a myeloid
population termed CEBP-dKO-LAP*-FKBP12"™°V-GMPBT.
dTAG-13 treatment of the cells removed the LAP*-FKBP12F¢V
construct (Figure S3C), whereas the monovalent FKBP1236V.
binding compounds AP1867 and FK506 (at 5 uM) slightly
enhanced the level of the chimeric LAP*-FKBP12"¢V protein,
in accordance with their known stabilization effect on
FKBP12 chimeras. A 72-h treatment of LAP*-FKBP12"¢Y.
GMPBTwith dTAG-13, AP1867, or FK506 revealed alternative
progenitor differentiation paths (Figures 3C and 3D). The tar-
geted degradation of LAP*-FKBP12"*¢V increased the CD115*
population from the initial 18%-95% (Figure 3C) with a
concomitant loss of the progenitor population (Ly6G™~
CD115 DN, decreased from 75% to <4%). Concomitantly,
dTAG-13 treatment completely abolished the Ly6G* Neu
population (from 3% to <0.5%), whereas stabilizing the
LAP*FKBP12"°V construct with either FKS06 or AP1867
increased the Ly6G* Neu population from the initial 3% to
10% and 12%, respectively (Figure 3D). The increased pres-
ence of cells with monocyte/macrophage morphology
(enlarged size and extended vacuoles) when treated with
dTAG-13 supported the flow cytometry analysis results (Fig-
ure S3D). These data demonstrated that LAP* was required
for the maintenance of the progenitor state and for Neu differ-
entiation but unnecessary for macrophage differentiation
and maintenance.

The v-Abl oncoprotein complements the CSF2
dependency of GMPBTs

Finally, we examined the requirement for the v-Abl kinase
after completion of GMPBT transdifferentiation. Pharma-
cological inhibition of the v-Abl kinase by imatinib
compromised GMPBT survival and proliferation already
at very low concentrations and completely abrogated cell
survival at concentrations greater than 0.4 uM (Figure 4A).
In B cells, the v-Abl tyrosine kinase overcame cytokine de-

pendency, which enabled exploration of whether it might
likewise replace myelomonotrophic cytokine signals in
GMPBTs. Accordingly, GMPBTs were cultured in the pres-
ence of imatinib to inhibit v-Abl and supplemented with
cytokines or cytokine cocktails to rescue cell survival and
proliferation. As shown in Figure 4B, CSF2 (granulocyte-
macrophage colony-stimulating factor [GM-CSF]) alone
rescued the survival and proliferation of imatinib-treated
GMPBTs, while stem cell factor (SCF), interleukin-3 (IL-3),
IL-6, CSF1 (macrophage [M]-CSF), or CSF3 (granulocyte
[G]-CSF) alone or combined with IL-3 and SCF did not or
only marginally prevented cell death. The titration of
CSF1, CSF2, and CSF3 in imatinib-treated GMPBTs demon-
strated a dose-response relationship for CSF2, with approx-
imately 10 ng/mL CSF2 as the optimal concentration to
support survival and proliferation, whereas even high con-
centrations of either CSF1 or CSF3 failed to rescue v-Abl in-
hibitor-treated GMPBTs (Figure 4C). Morphological inspec-
tion of the cells treated with CSF2 and imatinib revealed
that the addition of CSF1 or CSF3 nevertheless selectively
supported the final stages of monopoiesis and granulopoi-
esis, respectively (Figure 4D). These data supported the idea
that GMPBTs maintained intact cytokine signaling path-
ways and recapitulated the differentiation of innate im-
mune cells into macrophages and granulocytes.

CSF2 binds to a hetero-multimeric CSF2 cell-surface recep-
tor and activates the JAK2-STATS pathway (Becher et al.,
2016). To examine the importance of the JAK2-STATS
pathway in GMPBTs, we first tested whether a JAK2 kinase
inhibitor (ruxolitinib) would also inhibit growth of
GMPBTs. We cultured GMPBTSs in the presence of imatinib,
CSF2, and ruxolitinib (Figure 4E). Ruxolitinib did not affect
GMPBTs when the v-Abl kinase remained active. However,
ruxolitinib abrogated the rescue by CSF2 in a concentra-
tion-dependent manner when the v-Abl kinase was simulta-
neously inhibited by imatinib (schematically depicted in
Figure 4G). These results are in accordance with the observa-
tion that the Abl oncoprotein bypassed the requirement for
JAK?2 activation and abrogated cytokine dependence (Haya-
shi et al., 2011). Next, we examined whether ectopic expres-
sion of the TF STATS would also overcome the v-Abl depen-
dency of GMPBTs. The activation of conditional versions of
hydroxytamoxifen-inducible WT STAT5a-ER" or a constitu-
tively active STAT5a-cS5F-ER" chimera both complemented
(50%~70%) v-Abl kinase inactivation (Figure 4F), while acti-
vation of the defective STAT5A749-ER" or empty vector did
not (Javadi et al., 2013; Moriggl et al., 1996). These data
demonstrated that v-Abl signaling short-circuits the CSF2
dependency of GMPBTs and alternatively activates STATS
(summarized in Figure 4G), similarly to the major function
of the human BCR-ABL translocation oncoprotein in
chronic-phase CML LSCs (Hantschel et al., 2012; Hoelbl
et al., 2010; Moriggl et al., 2005).
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Figure 4. Cytokine signaling and v-Abl de-
pendency of GMPBTs

(A) Cell viability/proliferation as determined
by WST-1 colorimetric assay of GMPBTSs treated
with various concentrations of the v-Abl ki-
nase inhibitor imatinib (n =3, sigmoidal curve
fit, four-parameter logistic, R? = 0.97).
Viability of cells was determined 48 h post
treatment.

(B) Survival of GMPBTs treated with imatinib
and supplemented with cytokines as indi-
cated. Cells were seeded at 1 x 10° cells
(indicated by a gray line), and viable cells
were counted after 48 h (toluidine blue
exclusion, n = 4, data are shown as mean of
independent cell counts from microscopic in-
spection). Control groups without cytokine
supplementation are highlighted on a
magenta background on the right.

(C) Titration of CSF1 (M-CSF, red), CSF2 (GM-CSF,
green), and CSF3 (G-CSF, brown) in the presence
of imatinib (0.6 uM). Cell proliferation and
viability were measured after 48 h as determined
by WST-1 colorimetric assay (n = 3, sigmoidal
curve fit, four-parameter logistic, R? = 0.93). p
values of data interpolation: CSF1, p = 0.056;
CSF2, p =0.0001; CSF3, p = 0.022.

(D) Morphology of GMPBTs with or without im-
atinib and cytokine treatment, as indicated on
the left. Phase-contrast (cell culture samples)
and May-Griinwald-Giemsa staining (cytospins)
on day 3 post treatment. Arrows indicate cells
with macrophage morphology (enlarged and
extended cell body and vacuoles), and asterisks
indicate cells with Neu morphology (ring-shaped
or lobular nuclei, azurophilic cytoplasmic gran-
ules). Controls are shown in the bottom row,
including GMPBTs treated with imatinib
(apoptotic cells, left), stained cytospins of GMP
cells isolated from WT mouse bone marrow
(Lin~cKit*Sca-1"Fcgr3*Ly-6C~, center), and
GMP cells treated with CSF2 for 2 days in culture

(E) Ruxolitinib sensitivity of GMPBTs. GMPBTs were treated with ruxolitinib (an inhibitor of Jak2) in the presence or absence of imatinib (an
inhibitor of v-Abl). Ruxolitinib sensitivity emerged only in the presence of imatinib and CSF2 (CSF2, 10 ng/mL; imatinib, 0.6 uM, black line) but not
in the absence of imatinib (green line), indicating that Jak2 and v-Abl are functionally redundant in GMPBTSs. Viability of cells was determined 48 h
post treatment using a WST-1 colorimetric cell viability assay (n = 4, sigmoidal curve fit, four-parameter logistic, R? = 0.96).

(F) Viability of imatinib treated GMPBTs supplemented with various retrovirally delivered conditional STAT5 TF constructs. Conditional
4-hydroxytamoxifen (4-OHT)-dependent activation of WT STAT5, a constitutively active STAT5 mutant (cS5), an inactive STAT5 mutant (D749), or
vector as a negative control is shown at the top of each bar graph. CSF2-imatinib-treated GMPBTs served as a positive control. Viability of cells was
determined 48 h post treatment using a WST-1 colorimetric cell viability assay. Dashed lines indicate viability of cells prior to treatment.

Data are mean + SD from four independent experiments; one-way ANOVA with Turkey's multiple comparisons tests, ****p < 0.0001; ns, not

significant.

(G) Schematic representation of the CSF2-JAK2-STAT5 signaling. CRM, cis-regulatory module.
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DISCUSSION

We demonstrated that C/EBPB-LAP* transdifferentiates
v-Abl-transformed pre-B cells in tissue culture to adopt a
sustainable GMP-like phenotype, called GMPBTs. v-Abl
or C/EBPB-LAP* did not hinder continuous GM-lineage
specification and differentiation but, rather, facilitated
autonomous progenitor self-renewal and proliferation.
GMPBTs thus resemble self-renewing GMPs or LSCs that
can be easily expanded in tissue culture and retain
intrinsic granulocyte and macrophage differentiation
capacity.

The GMPBT model represents a surrogate GMP/LSC
proxy that can be easily scaled up and manipulated
experimentally. It allows exploitation of already existing
genetically modified mouse models to explore myeloid
commitment and differentiation processes. The GMPBT
system holds promise for elucidating the molecular
and biochemical mechanisms of myeloid cell diversifica-
tion and uncovering the genetic and proteomic factors
that underlie the respective phenotypes. Furthermore,
the GMPBT system can help to reduce and replace
animal experiments, aligning with the important
principles of the 3R framework: reduce, replace, refine
(Festing and Wilkinson, 2007). The GMPBT system is
positioned as a versatile and accessible tool that enables
scientists from non-hematological disciplines to conduct
experiments that contribute to advancing our under-
standing of cell lineage specification and lineage
plasticity.

A GMP-like in vitro model
The GMPBT population exhibits a continuous release of
cells undergoing spontaneous differentiation, while a frac-
tion of the population maintains a self-renewing progeni-
tor state. In contrast to regular GMP cells, individual cell
transcriptomes revealed that the GMPBT population con-
tained an enlarged portion of immature and undetermined
cells with myelomonocytic multilineage potential. The
amount of such immature cellular stages is uncommon in
mouse bone marrow progenitors but become more preva-
lent after tissue culture propagation of HSCs or genetic
interference with master TFs or in the pre-leukemic state
(Ceredig et al., 2009; Paul et al., 2015; Weinreb et al.,
2020). The heterogeneous GMPBT population contains
progenitor subsets that express non-overlapping early
markers such as Vecaml (Figure S2K), Spn, or Clec12a and
may help to explore initiating mechanisms involved in
neighboring lineage choices.

An alternative experimental strategy for investigating
mouse GMP biology involves ectopic expression of condi-
tional versions of HoxB8 or HoxA9 in Lin Kit* progeni-

tors. These pseudo-transformed progenitors can sustain
cytokine-dependent in vitro propagation and can be
driven toward differentiation; e.g., into granulocytes or
macrophages by inactivation of the Hox component
and with the aid of specific cytokine supplements (Sykes
et al., 2016; Wang et al., 20006). In contrast, the constitu-
tively active v-Abl kinase oncoprotein in combination
with C/EBPB-LAP* enables cytokine-independent in vitro
expansion, resembling GMPs/LSCs. The potential to phar-
macologically inhibit the v-Abl kinase in conjunction
with conditional and interactome-constrained C/EBP-
B-LAP* mutant constructs furnishes an experimental tool-
kit for unveiling latent molecular mechanisms governing
transdifferentiation, cell fate determination, and trajec-
tories of differentiation (Dittmar et al., 2019; Stoilova
et al,, 2013).

TFs and signaling pathways involved in GMPBT
diversification

The orchestration of hematopoietic lineage hierarchy de-
pends on the interplay between cross-regulatory TFs and
upstream signaling networks. These TFs serve as the linch-
pins that establish distinctive gene expression patterns,
driving the diversification of hematopoiesis. In addition
to cell differentiation, the pivotal GMP TFs (namely,
C/EBPs, PU.1, and STATS) also play an integral role in trig-
gering myelogenous leukemia (Pucella et al., 2020). In
addition, the intricate control of lineage allocation in gran-
ulopoietic and monopoietic pathways is connected to
TFs such as Gfil, IRF8, and KLF4 that are a part of the
CoRC to determine the destinies of sibling cells (Arendt
et al., 2016).

Irf8 and Cebpb exhibit interconnected auto-regulatory
loops that exert cross-inhibitory effects on each other,
thereby playing an important role in determining alternate
cell destinies (Bornstein et al., 2014; Graf and Enver, 2009).
In murine models, the elimination of Irf8 strongly curtailed
the production of monocytes while concurrently promot-
ing granulopoiesis, an outcome that was recapitulated in
GMPBTs after targeted removal of the Irf8 gene (Holtschke
et al., 1996; Tamura et al., 2015; Yanez et al., 2015). These
data solidify the notion that GMPBTs emulate the lineage
commitment features observed in regular GMPs. While
removal of IRF8 did not diminish the progenitor fraction,
targeted proteolysis of C/EBPp revealed its importance for
maintaining the progenitor state in accordance with the
finding that C/EBPB can effectively replace C/EBPa in es-
tablishing and sustaining the GMP state. The observation
that elimination of ectopically expressed C/EBPB in dKO
failed to revert the lymphoid phenotype supports the exis-
tence of a CEBP-independent mechanism for retaining
epigenetic memory subsequent to the acquisition of the
monocyte fate.
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GMPBT biology suggests a key role of C/EBP in
transformation
The reliance of GMPBT proliferation on C/EBP resembles
the previously established C/EBP dependency in MLL-
transformed myelomonocytic progenitors (Wesolowski
etal., 2021). How does C/EBPB support myelogenous trans-
formation by Abl kinase oncogenes? In CML, the BCR-ABL
fusion protein short-circuits CSF2 signaling via down-
stream activation of STATS (Carlesso et al., 1996; Hantschel
etal., 2012; Minami et al., 2008). Notably, phosphorylation
of a critical tyrosine residue within the transactivation
domain of C/EBPB by c-Abl or related Arg kinases has
been demonstrated to stabilize C/EBPB. This phosphoryla-
tion event prevents the interaction between C/EBPB
and the pseudokinases Tribble 1 and 2, which mediate
C/EBPB degradation via the COP1-Cul4-proteasome
pathway (Li et al., 2009; Ndoja et al., 2020). Building on
these published data, we hypothesized that v-Abl fosters
C/EBPB stability to synergize with activated STATS, thereby
preserving the progenitor state. Analogously, emergency
granulopoiesis hinges on C/EBPB and requires upstream
signals culminating in STATS activation (Hirai et al.,
2006; Kimura et al., 2009). Therefore, GMPBTs appear
akin to progenitors in a GMP/LSC state that are undergoing
emergency granulopoiesis (Hayashi et al., 2011; Herault
et al., 2017; Hirai et al., 2015; Jamieson et al., 2004). As a
result, GMPBTs offer a promising avenue for comprehen-
sive exploration of emergency granulopoiesis and the phe-
nomenon of “non-oncogenic addiction” to C/EBPB (Nagel
et al., 2016). This dependency on C/EBPB might have im-
plications beyond myelogenous leukemia. Enhanced
C/EBPpB expression has been correlated with several other
cancers, such as breast cancer and multiple myeloma
(Ewen and Lamb, 2004; Musgrove et al., 2011). Conse-
quently, investigating the potential pharmacological inhi-
bition of C/EBPB holds promise as a strategy to unveil po-
tential vulnerability for therapeutic intervention in cancer.
In summary, we represent here an experimental model of
C/EBPB-dependent B cell transdifferentiation, which leads
to the generation of an immature GMP-like population
with the potential to differentiate into monocytes/macro-
phages and Neus. Our in vitro-generated GMP-like cells
show similarities to their ex vivo counterparts, and genetic
manipulations further confirm the importance of IRFS,
STATS, and C/EBPB in successful transdifferentiation.
This system has the potential to replace costly, inefficient,
and invasive in vivo methods for studying B cell
transdifferentiation.

EXPERIMENTAL PROCEDURES

For further details, see supplemental experimental procedures.
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Cells and transdifferentiation

v-Abl-transformed Cebpa™"Cebpb™" pre-B cells (WT B cells) were
generated from pre/pro-B cells from C57BL/6] mice and cultured
as described previously (Cirovic et al., 2017). Briefly, B cells were
retrovirally infected with the C/EBPB-LAP* construct by spinocula-
tion at 37°C and 2,000 rpm for 60 min before overnight cultiva-
tion. Medium was exchanged 24 h later. Transdifferentiated cells
emerged as early as 1 day p.i. and manifested at days 4-6 p.i.
Further details regarding genetic engineering and selection are
described in the Supplemental experimental procedures.

Droplet-based scRNA-seq

C/EBPB-LAP*-induced transdifferentiation was performed on the
WT B cells and dKO B cells in parallel. On day 6 p.., 5,000
EGFP* cells were sorted into phosphate-buffered saline (PBS) and
processed at the Single Cell Technologies Unit (Scientific Geno-
mics Platforms, Max Delbriick Center for Molecular Medicine, Ber-
lin, Germany) following the standard 10X Genomics workflow.
Briefly, the cells were partitioned and barcoded using Chromium
Automation (10X Genomics), followed by standard library prepa-
ration, quality control, and sequencing. Chromium Single Cell 3’
v2 chemistry was used for both cell types. Sequencing was per-
formed with a HiSeq400 unit (Illumina) with an 8-bp index read.
For WT B cell transdifferentiation, 3,297 cells were processed
with an average sequencing saturation of 70.3%. For dKO B cell
transdifferentiation, 1,423 cells were processed with an average
sequencing saturation of 89%. See supplemental experimental
procedures for a detailed bioinformatics analysis.

Flow cytometry analysis and sorting

For flow cytometry analysis and fluorescence-activated cell sorting
(FACS), the cells were harvested into 5-mL tubes and washed with
FACS buffer (2% fetal bovine serum, 2 mM EDTA in PBS). The cells
were incubated in Fc block solution (TruStain FcX, anti-mouse
CD16/32, BioLegend) at 4°C for 10 min and then stained with a
cocktail of fluorophore-conjugated anti-mouse antibodies against
CD19, CD11b, Ly6G, and CD115 at 4°C in the dark for 30 min.
The stained cells were washed twice and resuspended in FACS
buffer containing propidium iodide (PI, BD Biosciences) for live/
dead cell discrimination. For each experiment, unstained cells (B
cells and/or GMPBTs), single staining and fluorescence-minus-
one staining samples were used as controls. Marker expression
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was measured on an LSRFortessa unit (BD Biosciences), and cells
were sorted using FACSAria II/III units (BD Biosciences). For
scRNA-seq experiments, the cells were sorted directly into ice-
cold PBS containing 0.04% bovine serum albumin and processed.

Cell viability and growth

For the colorimetric WST-1 assay, 3 x 10* cells were suspended in
100 pL medium in flat-bottomed microplates. WST-1 reagent
(10 pL, Roche) was added at the indicated times, and the micro-
plates were incubated under cell culture conditions. The absor-
bance at 450-nm wavelength was determined after 30 and
60 min against the blank control absorbance (cell culture medium
without cells). For manual cell counting, the cell suspension was
mixed with trypan blue (Sigma-Aldrich), transferred to a Neubauer
hemocytometer, and counted in quadruplicate.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
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