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Abstract: The transcriptional repressor Gfil regulates the expression of genes important for survival, proliferation
and differentiation of hematopoietic cells. Gfil deficient mice are severely neutropenic and accumulate ill-defined
CD11b*GR1™ myeloid cells. Here we show that Gfil expression levels determine mono- or granulocytic lineage
choice in precursor cells. In addition, we identify CD48 as a cell surface marker which enables a better definition of
monocytes and granulocytes in mouse bone marrow. Using the CD48/Gr1/Gfil marker combination we can show
that the CD11b*Gr1™ cells accumulating in Gfil deficient mice are monocytes and not granulocyte precursors.
Expression of CD48, Grl and Gfil define different bone marrow subpopulations that are either committed to the
granulocytic lineage, or bipotential precursors of granulocytes or monocytes. Finally, a comparison of genes differ-
entially expressed between murine Gfil high granulocytic precursors and mature granulocytes with gene expression
changes from human myeloblasts versus neutrophils show a strong resemblance of human and mouse differentia-
tion pathways. This underlines the value of the markers CD48 and Gfil identified here to study human and murine
granulo-monocytic differentiation.
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Introduction population in humans. Neutrophil granulocytes
can migrate to and rapidly accumulate at sites
of infection. After activation they phagocyte and
kill pathogens by a series of antimicrobial and
proteolytic proteins released from intracellular
granules. These granules are subdivided into
specific, azurophil and gelatinase granules,
which contain different sets of proteins and
release their content to either phagosomes
(specific and azurophil granules) or to the extra-
cellular environment (specific and gelatinase
granules). The proteins stored in neutrophil
granules are produced in advance during gran-
ulocyte maturation and thus allow for an instant
response to invading pathogens.

During evolution, multicellular organisms have
developed very complex defense mechanisms
to manage the detection of pathogen associat-
ed molecular patterns or damaged cells. The
innate immune system is an immediately avail-
able first line of defense composed of two
major components: The humoral innate
immune system that encompasses the comple-
ment system, cytokines and lysozyme and the
cellular innate immune system that engages a
variety of cell types including mast cells, natu-
ral killer cells, eosinophils and basophils as well
as phagocytotic dendritic cells, macrophages
and neutrophils. Eosinophils, basophils and

polymorphonuclear neutrophils are subsets of
a larger cellular entity called granulocytes
which represent the most abundant leukocyte

Failure of proper maturation of neutrophils can
induce severe congenital neutropenia (SCN), a
primary immunodeficiency with severe clinical
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symptoms. The study of genetic defects associ-
ated with neutropenia has shed light on the
mechanisms of neutrophil maturation. For
instance, mutations in neutrophil elastase
(Elane/Ela2) [1] and glucose-6-phosphatase-
beta (G6PC3) [2, 3] cause endoplasmic reticu-
lum stress and apoptosis of neutrophils.
Human adenylate-kinase-2 (AK2) [4] and the
HS-1-associated protein X (Hax1) [5] are mito-
chondrial proteins whose absence causes
apoptosis of myeloid progenitor cells. Rare
causes of SCN are gain of function mutations in
the Wiskott-Aldrich syndrome protein (Was) [6]
affecting actin polymerization and loss of func-
tion mutations in the only known transcription
factor directly associated with SCN, growth-
factor-independence-1 (Gfil) [7, 8]. Mice lack-
ing Gfil are severely neutropenic and accumu-
late a CD11b"Gri™ cell population [7-9]
considered to contain arrested myeloid precur-
sors and monocytes. Gfil is crucial for granulo-
poiesis but not for monopoiesis suggesting that
Gfil exerts different functions in defined mono-
cyte- and granulocyte precursors. However,
how this is achieved remains to be elucidated.
In addition, while elaborate protocols for the
identification of almost all steps of granulopoi-
esis exist for human cells [10, 11], the separa-
tion of the different neutrophil maturation steps
in mice by flow cytometry (FACS) has still to be
developed [12]. Efforts to analyze the final
steps of granulocyte maturation as well as
mouse models of maturation defects or myeloid
diseases would greatly benefit from the estab-
lishment of a more precise surface marker defi-
nition for neutrophil maturation.

Here we used Gfil:GFP knock in reporter mice
[13] to analyze Gfil expression of bone marrow
derived CD11bMGr1'° cells, which comprise
monocytes and cells of the granulocytic differ-
entiation pathway. We found that CD11b"Gr1'"°
cells contain Gfil high and Gfil low expressing
subsets. This differential expression also indi-
cated a functional separation since these two
subpopulations were found to be primed to dif-
ferentiate in response to GM-CSF into the gran-
ulocytic or monocytic lineage, respectively.
Whole genome gene expression analysis indi-
cated that both Gfil high and low subsets run
different genetic programs that ensure their
lineage potential. In the case of Gfil high cells
this was consistent with terminal granulocyte
maturation [14, 15]. In addition the analysis of
the genetic program of Gfil high and low
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Cd11b"Gri® cells showed that the surface
markers CD48 and to a limited extend also
CD106/Vcam1, can be used to follow granulo-
cyte maturation and for the identification of
bipotential granulocytic-monocytic precursor
cells.

Materials and methods
Mice

The generation of GFP-Gfi1 knock in mice has
been described previously [13]. Mice were
housed under specific pathogen-free condi-
tions. Institutional animal ethics committees
reviewed animal experimentation protocols
and certified animal technicians regularly
observed the mice. All mice were backcrossed
with C57/B6 mice for at least 10 generations.
No phenotype or differences in number of cells
was observed for Gfi1*/"T mice.

Flow cytometry, cell sorting, microarray analy-
sis and Q-PCR

Monocytic and granulocytic cell populations
were analyzed by flow cytometry using an LSR
and sorted using a FACSVantageDiVa (Becton
Dickinson) or MoFlo (Beckman Coulter) from
adult mouse bone marrow from heterozygous
or homozygous EGFP:Gfil knock-in mice.
Antibodies were purchased from BD
Biosciences (CD11b-PerCP-Cy5.5, M1/70; Grl-
PE, RB6-8C5), BioLegend (CD48-APC, HM48-1)
or Serotec (CD106-Alexa-Fluor 647,
MVCAMA(429). TRIzol (INVITROGEN) or triRe-
agent (MRC) was applied to isolate RNA from
sorted cells. Quantitative RT-PCR was per-
formed using PerfeCTA SYBR Green SuperMix,
UNG, Low ROX (Quanta BioSciences,
Gaithersburg, MD) in a 14-pl reaction volume
containing 20pM of each primer and 1pl of
cDNA generated using the RT2 First Strand Kit
(SA-Biosciences, Hilden, Germany) according to
the manufacturer’s instructions. The expres-
sion of the gene of interest was calculated rela-
tive to the B-actin mRNA levels as 2 and error
bars represent the standard deviations (+-SD).
All analyses were done on at least two biologi-
cal replicates and triplicate measurements.
Primers used were as follows: Vcam1-left: tggt-
gaaatggaatctgaacc; Vcaml-right: cccagatggtg-
gtttectt; CD48-left: cgagttgaagataaccctgga;
CDA48-right: tcgacgcttcagtcttattgatt; Kit-left: ga-
tetgetetgegtectgtt; Kit-right: cttgcagatggetga-
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ga-cg; Myb-left: tgtcaacagagaacgagctga; Myb-
right: gctgcaagtgtggttctgtg; Csflr-left: cgagg-
ga-gactccagctaca; Csflr-right: gactggagaagce-
cactg-tcc; Ccr2-left: acctgtaaatgccatgcaagt;
Ccr2-right: tgtcttccatttectttgatttg; $-Actin-US:
ctacaatgagctgegtgtgge; R-Actin-LS:  caggtc-
cagacgcaggatgge. For whole genome gene
expression analysis, a total of 10 ug cRNA from
sorted cells was hybridized on Affymetrix
Mouse Genome 430A 2.0 arrays (GPL8321).
After washing and staining, hybridized chips
were scanned using the Affymetrix scanner
M10, and data were analyzed with AltAnalyze
[16] software using default analysis settings.
Single samples were generated for each sub-
group. Gene set enrichment analysis was per-
formed using the GSEA software (www.broadin-
stitute.org/gsea) and hierarchical clustering
analysis and scatter plots were generated
using the Spotfire Decision Site software (www.
spotfire.tibco.com).

Array data have been deposited in the public
database Gene Expression Omnibus reposito-
ry, accession: http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE35970

Cell culture

Cytospins of sorted bone marrow derived cell
populations were prepared either immediately
or after culture in Dulbecco modification of
Eagle medium (DMEM, Wisent) in the presence
of 10% heat inactivated fetal calf serum (FCS,
HyClone, Thermo Scientific) and either 15 ng/
ml mouse recombinant GM-CSF, 15 ng/ml
G-CSF or 15 ng/ml M-CSF (all Peprotech) for up
to three days.

Results

Gfil expression levels separate two CD11b"™
Gr1" subpopulations

Gfil is expressed in GMPs, which are very early
bi-potential granulocytic-monocytic precursors,
but is absent from monocytes and is not
required for monocytic differentiation. In con-
trast, Gfil is expressed in granulocytes and is
strictly required for granulocytic differentiation
[7-9]. Therefore GMPs have to produce precur-
sors for these lineages that either maintain or
extinguish Gfil expression. To identify these
precursors, we used Gfil:EGFP knock-in (Gfi1X))
mice, in which the expression of endogenous
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Gfil can be monitored by measuring green fluo-
rescence [13] (Figure 1A). Heterozygous Gfi1®
T mice are indistinguishable from wt mice,
while homozygous GFP knock-in mice (Gfi1XV¥)
are Gfil deficient (i.e. Gfil™") and show the typi-
cal Gfil null neutropenic phenotype [13]. The
analysis of bone marrow cells from Gfi1X/WT
mice by flow cytometry using CD11b (Macl)
and Grl markers showed that CD11b"Gri'"
cells contain two populations of cells that
express higher or lower Gfil levels (Figure 1B,
gates Al and A2), while the mature CD11b"Gr1"
granulocytes are uniformly Gfil-high (Figure
1B, gate B). Gfi1*"®' mice lack CD11b"Gr1"
neutrophils and accumulate CD11b" Gr1i" cells
in gate C (Figure 1B, upper right). The two
CD11b" Gri' subpopulations from Gfi1k/WT
mice (Figure 1B, gates A1l and A2) and the
granulocytes (Figure 1B, gate B) also differ in
size and granularity (Figure 1B, lower rightmost
panel). We hypothesized that the subpopula-
tions defined by gates A1 and A2 may contain
the precursor cells, which have either mono-
cytic or granulocytic potential.

Gfil expression defines two subsets of
CD11b"Gr1 cells with different genetic
programming

To test this hypothesis, we sorted the cells from
gates A1, A2, B and the cells from Gfil deficient
mice that were defined by the “C” gate (Figure
1B) and performed genome wide gene expres-
sion analyses using the Affymetrix microarray
technology. Unsupervised hierarchical cluster-
ing of the expression data showed a very high
similarity between CD11b" Gri1' Gfi1° cells
(gate A1) and CD11b" Gr1" Gfi1K/X cells (gate
C) and separated them from CD11b" Gr1' Gfi1"
cells (gate A2) and CD11b" Gr1" Gfi1" granulo-
cytes (gate B) (Figure 2A). As a measure for
similarity, the correlation coefficients between
A1 and the three other subsets were calculated
and validated the clustering results (Figure 2A).
CD11b"Gr1' Gfi1" and CD11b"Gr1" Gfil'° cells
(gates A1l and A2) differ strongly in their gene
expression pattern as is visualized in a scatter-
plot (Figure 2B, left panel). Genes that are typi-
cally highly expressed in granulocytes such as
neutrophil elastase (Ela2/Elane) or myeloper-
oxidase (Mpo) [17] are also more highly
expressed in Gfi1l" (A2) cells than in Gfil' cells
(A1). In contrast, the colony stimulating factor 1
receptor (Csflr/M-Csfr) gene is much higher
expressed in Gfil' (A1) cells than in Gfil" cells
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Figure 1. Gfil expression defines two subpopulations in the classical ,monocytes” gate. A: The Gfi1:GFP knock-in
allele replaces exon 3-5 of Gfil by GFP (A) in frame with the Gfil coding sequence and allows to follow Gfil expres-
sion by GFP-fluorescence analysis. B: Bone marrow cells from heterozygous and homozygous Gfi1l:GFP knock-in
mice were analyzed for Grl, CD11b and GFP expression in the classical monocytes (A) (C for Gfi1l-KIl/KI mice) and
granulocytes (B) gates by FACS. While granulocytes show a homogeneous, high Gfi1l:GFP expression (B), monocytes
subdivide into Gfil-low (A1) and Gfil-high (A2) populations which also differ in FSC/SSC (lower right panel). Gfil defi-
ciency of homozygous Gfi1l:GFP mice represents a phenotypical Gfi1-KO expanding CD11b*Gr1™cells (C). Cells from
all 4 fractions were sorted for expression analysis on Affymetrix cDNA arrays. Array data were submitted to the NCBI
GEO repository under ACC number GSE35970. (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE35970).

(A2) (Figure 2B, left panel). These data indicate phil markers Ela2 and Mpo are more highly
that i) the level of Gfil expression indeed sepa- expressed in Gfil-KO cells from gate C than in
rates two different fractions of CD11b" Gri1"° A1 monocytes (Figure 2B, right panel). Ela2 is a
cells and ii) that Gfi1" cells (gate A2) seem to be known Gfil target gene and therefore expected
more closely related to the granulocytic lineage to be up-regulated in Gfil-KO monocytes.
(gate B) than A1 cells, which seem to be closely Whether Mpo is also a true Gfil target as would
related to Gfil-KO myeloid cells (Figure 2B, be expected from this result, remains open.
right panel and suppl Figure 1). If compared to

the expression levels of Al cells, 12.2% of all Gene set enrichment analysis (GSEA) using the
probesets in A2 differ more than 2-fold in gene expression array data from populations
expression level, while only 1.4% of the genes A1 and A2 showed that CD11b"Gr1'°Gfi1"° cells
expressed in Gfi1-KO cells from gate C are more (A1) up-regulate the expression of genes
than 2-fold differentially expressed (Figure 2B, involved in the humoral immune response, sur-
right panel). Interestingly, the hallmark neutro- face chemokine receptors and members of the
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Figure 2. Gfi1-KO monocytes are highly similar to GFP/Gfil-low CD11b* Grl"® cells and differ from GFP/Gfil-high
CD11b* Gri® cells and granulocytes. A: Hierarchical clustering analysis of expression array data (log2 of normalized
signal) from sorted cell populations. A1:Gfi1° CD11b* Gr1'; A2:Gfi1" CD11b* Gr1'; B:CD11b* Gr1"(granulocytes);
C:Gfi1KO CD11b* Gr1™. The gene expression pattern of GfilKO CD11b* Gri™ cells shows very high similarity to
Gfi1'> CD11b* Gr1 monocytes, while Gfil" CD11b* Gri® cells are more similar to granulocytes. As a measure of
similarity between genesets, the correlation coefficient (correlation) between population A1 and C, A2 and B respec-
tively was calculated. B: Scatter plot comparisons of gene expression levels (log-2 of normalized signal intensities)
show a much higher similarity between Gfi1-KO CD11b* Gr1™ cells and GFP/Gfil-low monocytes (right panel) than
between Gfi1" CD11b* Grl* and Gfi1° CD11b* Grl® cells. Some marker genes identified in this study (Gfi1, Vcam1,
CD48) and genes typically expressed in monocytes or neutrophils (Mpo, Ela2, Csflr) are indicated in the scatter
plots. Blue lines indicate the borderlines of 2-fold change of probeset intensities of the compared samples. The
percentage of probesets with a more than 2-fold differential expression between compared samples is given in the
upper left corner of each plot.

Jak/Stat signaling pathway (Figure 3A). In con- (A2) contain binding sites in their promoters for
trast CD11b"Gr1'°Gfi1" cells (A2) increase the E2F, which is a master regulator of cell cycle
expression of genes associated with cell cycle progression (Figure 3B). These findings sug-
progression (Figure 3A and suppl Figure 2). gest that Gfil expression distinguishes two
Hoechst staining showed that a higher propor- subpopulations in CD11b"Gr1'"° cells: one sub-
tion of CD11b"Gr1°Gfi1l" cells (A2) are in S/ set, which is Gfil", is receiving cytokine signals
G2/M phase than of CD11b"Gri1'Gfil" cells and is quiescent (A1l cells) and the other sub-
(A1) (Figure 3B), suggesting  that set, which is Gfi1", is proliferating (A2 cells).
CD11b"Gr1'°Gfi1" (A2) cells are cycling, where-

as CD11b"Gr1PGfi1® (A1) cells are arrested in Gfil expression defines the lineage potential
G1. of CD11b"Gr1" cells for monocytic or granulo-

cytic differentiation
To define the factors involved in the different

transcriptional programming of CD11b"Gr- To test the lineage potential of CD11b"Gr1"
1°Gfi1® (A1) compared to CD11b"Gr1'°Gfil" Gfi1° (A1) and CD11b"Gfi1" (A2) cells, we FACS-
cells (A2) we searched for transcription factor sorted and stained them for a morphological
binding sites that were enriched in the promot- analysis either directly or after 3 days of culture
er regions of differentially expressed genes by in the presence of GM-CSF, which can initiate
GSEA. The promoters of genes more highly both granulocytic and monocytic differentiation
expressed in CD11b"Gr1°Gfil' cells (A1) were (Figure 4). CD11b"Gr1'°Gfi1* cells (A1l gate)
found to contain binding sites in their promot- were almost all monocytes and developed into
ers for Stat5/Stat3, which are important effec- macrophages in the presence of GM-CSF
tors of signaling through cytokine receptors (Figure 4A, 4B). In contrast, CD11b"Gr1°Gfi1"
such as GM-CSF [18]. Genes with higher cells (A2 gate) resembled myelocytes and
expression in the CD11b"Gr1°Gfi1" fraction metamyelocytes and developed into mature
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Figure 3. Geneset enrichment analysis (GSEA) shows physiological differences between Gfi1" CD11b* Gr1"° and
Gfi1°CD11b*Gr1" cells in differentiation and cell cycle. A: GSEA of array data comparing Gfi1'° CD11b*Gr1" (A1) and
Gfi1" CD11b*Gr1" (A2) cells (in silico) revealed an enrichment in GO-pathways associated with humoral immune
response and other typical mature monocyte functions and signaling cascades in Gfil-low cells, while cell cycle as-
sociated gene sets are down in Gfi1" cells compared to Gfi1" cells. B: In vivo analysis of cell cycling using HOECHST
staining in FACS analysis proved that Gfi1l" CD11b* Gr1° cells cycle more than Gfil® cells. Variance analysis of
three independent experiments is indicated for S/G2/M phase cells. C: Analysis of transcription factor binding sites
enriched in the promoters of genes differentially expressed in Gfil° (A1) and Gfil" CD11b* Grl" (A2) cells defines
genesets with higher expression in Gfi1" cells for primary immune response regulated by STAT transcription factors
(left panel). Cell cycle regulators enriched in Gfil" cells are targets of E2F transcription factors (right panel).

neutrophils (73%) in the presence of GM-CSF CD11b"Gr1'" population falls into two popula-
(Figure 4A, 4B). This indicated that the tions with the potential to either differentiate
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Figure 4. Gfi1"° CD11b* Gr1" cells are monocytes, Gfil" CD11b* Gr1" cells differentiate exclusively into granulocytes.
A: CD11b* Gr1" bone marrow cells from Gfil:GFP knock-in mice were separated for GFP-low (A1) or GFP-high (A2)
expression by FACS and their morphology was either analyzed directly by May-Grinwald-Giemsa-staining or after
three days of culture in the presence of GM-CSF to induce granulocytic / monocytic maturation. B: Phenotypic char-
acterization of sorted cells directly or after 3 days of culture in the presence of GM-CSF (15ng/ml) identifies almost
all GFP/Gfi1" (A1) cells as monocytes, differentiating into macrophages during culture. GFP/Gfi1" (A2) cells are
immature myelocytes or metamyelocytes differentiating mainly into granulocytes.

into monocytes (Al cells) or into granulocytes
(A2 cells) and that the expression level of Gfil
in these two subsets determines this lineage
choice.

CD48 as a marker for granulo-monocytic
maturation

To identify a surface-marker protein that similar
to Gfil could define the potential of precursors
to differentiate into monocytes or granulocytes,
we further analyzed the gene expression data
of A1l and A2 cells. We found that Vcam1 clus-
tered with genes that are highly expressed in
A2 cells, but are lowly expressed in Al cells and
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in the B and C fraction (Figure 5A, heat map,
left). In addition, FACS analysis showed that A2
cells express high levels of Vcaml, but also
indicated that Vcaml1 didn’t separate A1 and
A2 cells as well as Gfil expression (Figure 5A,
right panel), In contrast, CD48, which is
expressed on a wide range of lymphoid and
myeloid cells [19] was found to be expressed at
lower levels in populations B and A2, where
Gfil expression is high, and was high in popula-
tions C and A1 where Gfil expression is absent
or low (Figure 5B, heat map, left). In addition,
using flow cytometry, two distinct populations
could be defined using CD48 and Grl, which
were GFP low (i.e. had low levels of Gfil) or were
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Figure 5. Hierarchical clustering analysis predicts suitable markers for monocyte / granulocyte development. A:
Hierarchical cluster analysis of expression values for all four sorted cell populations was performed. Vcam1/CD106
expression is correlated to GFP:Gfil expression in silico in CD11b"Gr1" cells (A1, A2), but not in granulocytes (B).
This could be verified in vivo using FACS analysis (right panel), although the correlation is not perfect in monocytes.
B: CD48 expression is inversely correlated to GFP/Gfil expression in silico (left panel) and CD48 separates Gfil
positive (R1 granulocytes) and negative (R2, monocytes) CD11b* Gr1" fractions in vivo (right panel). When Gfil
expression is turned on, CD48 goes down (upper right plot). CD48 can replace CD11b for FACS analysis of bone
marrow derived myeloid cells resulting in a higher resolution analysis of granulocytic development. FACS analyses
shown are representative for at least four independent experiments.
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Figure 6. Gfil regulates cell fate decision of the bipotential monocyte / granulocyte precursor. A: FACS analysis
of bone marrow cells from wt or Gfi1-KO mice using CD48 in conjunction with Grl. The complete CD48"° Gril>"
cell population is missing in the Gfi1-KO. B: Cells from the gates R1-R4 were sorted and cultured for 3 days in the
presence of M-CSF or GM-CSF. Monocytes maturing to adherent cells (macrophages), are clearly separable from
immature granulocytes incapable to produce adherent cells. C: Cells from the gates R1-R4 were sorted and total
RNA was subjected to quantitative RT-PCR for the genes indicated. CD48 was analyzed as a control for sorting. Che-
mokine (C-C-motif) receptor 2 (CCR2) and colony stimulating factor 1 receptor (Csf1r/M-Csfr) with higher expression
levels in CD48-high cells are typically highly expressed in monocytes/macrophages. The myeloblastosis oncogene
(Myb) and stem cell factor receptor Kit, more highly expressed in Grl-low cells,. Vascular cell adhesion molecule
1 (Vcam1) shows highest expression in R4, which corresponds well to Gfil"Cd11b*Grl1" (A2) cells analyzed in our
arrays (see Figure 5).
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Figure 7. Murine and human granulocyte (neutrophil) maturation involves a highly overlapping gene set. A: Scatter
plot comparing the genes whose expression changes at least 2-fold during the maturation of mouse and human
granulocytes. Y-axis is showing the log2 of fold changes of mouse bone marrow derived Gfil" CD11b* Gr1" cells
versus granulocytes, the X-axis shows the log2 of fold changes of human myeloblasts compared to neutrophils
(reanalysis of data taken from the NCBI GEO database GSE12837, [15]). Human/mouse probeset correlation was
based on the “homologene database”. Numbers in the corners indicate the number of genes showing equal (lower
left and upper right) or opposite (upper left and lower right) regulation. Over 12 fold more genes are regulated the
same way than the opposite way. A positive correlation coefficient of 0.74 was determined and students T-test re-
vealed a p-value of 4.3 E-08. This strongly supports the finding, that Gfi1" CD11b* Gr1"cells are immature granulo-
cytes. B: Functional annotation of genes with either lower (left panel) or higher (right panel) expression in immature
compared to mature mouse- and human granulocytes. Probesets that were differentially expressed the same way in
mouse and human were subjected to functional annotation using the DAVID online tool and enriched GO-categories
were selected. The 6 most significantly enriched terms of each of the three GO-categories, “Biological Process” BP
FAT (BP), “Cellular Component” CC FAT (CC) and “Molecular Function” MF FAT (MF) are listed for both analyses.
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Gfi1" (Figure 5B right panel, gates R1 and R2).
This suggested that cells down-regulate CD48
as soon as they upregulate Gfil. These popula-
tions (R1 and R2) although clearly defined by
CD48 and Grl expression, could not be clearly
separated by the CD11b and Grl markers
(Figure 5B, lower right panel) indicating that the
use of CD48 and Grl as markers allows a bet-
ter resolution of myeloid precursors than the
use of CD11b and Grl markers (Figure 5B).

Gfil defines cell fate at the state of the bipo-
tential granulocytic/monocytic precursor

To further validate the CD48/Gr1/Gfil marker
combination, we isolated bone marrow from
Gfi1l:GFP reporter mice and analyzed cells for
GFP expression falling into the previously
defined gates R1 and R2 or the newly defined
gates R3, R4 and R5 (Figure 6A and suppl
Figure 3). R1, R2 and R5 cells were clearly iden-
tified as homogenous populations with either
low (R2) or high (R1, R5) Gfil expression,
whereas cells from gates R3 and R4 showed a
broader spectrum of Gfil expression levels
(suppl Figure 3). In Gfil deficient mice that lack
granulocytes, cells falling onto gate R1
(CD48"/Gr1"e" are almost completely absent
from the bone marrow (Figure 6A), suggesting
that R1 cells are granulocytes. This analysis
also suggests that the accumulating cells seen
in Gfil deficient mice are monocytes, since
they fall into gate R2 in this type of analysis
(Figure 6A).

In addition, cells from the Gr1" CD48" mono-
cytes-gate accumulating in the GfilKO mice
show a homogeneous GFP expression (suppl
Figure 4), which would not be expected from a
heterogeneous population with differential
Gfil-promoter activity. R4 and R5 populations
were absent or strongly reduced in Gfil defi-
cient mice (Figure 6A), suggesting that these
subsets could be granulocytic precursors.

To test the differentiation potential of these
subsets, we sorted bone marrow cells falling
into the R1, R2, R3, and R4 gates and cultured
them for three days in the presence of either
M-CSF or GM-CSF (Figure 6B). As expected,
Gr1'CD48" cells (R1) could not grow in the
presence of M-CSF, nor gave rise to adherent
cells in culture, but grew in the presence of
GM-CSF (Figure 6B, R1), indicating again that
these cells are granulocytes. Almost all the
cells from the Gr1™CD48" gate (R2) gave rise
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to adherent macrophages in the presence of
M-CSF as well as GM-CSF after 3 days in cul-
ture, confirming that these cells represent
indeed monocytes (Figure 6B, R2). In contrast,
Gr1°CD48" cells (R3) proliferated well in the
presence of M-CSF and GM-CSF and after 3
days in culture gave rise to adherent cells effi-
ciently in the presence of M-CSF. In the pres-
ence of GM-CSF adherent cells and non-adher-
ent cells grew out (Figure 6B, R3). Gr1'°CD48'"
cells (R4) proliferated poorly in the presence of
M-CSF and only very few adherent macro-
phages were seen after 3 days of culture. In the
presence of GM-CSF these cells proliferated,
but could not give rise to adherent cells even
after 3 days of culture (Figure 6B, R4). These
data suggest that R3 cells that express Gfil at
intermediate levels and are present in the
GfiLKO mice are either bipotential granulo-
monocytic precursors or contain cells that are
able to differentiate into either lineage. Also,
these findings indicate that R4 cells, which are
lost in GfilKO mice, are already committed to
granulocytic differentiation.

Next, we analyzed the sorted bone marrow
cells falling into the R1-R4 gates for the expres-
sion of marker genes for mature monocytes
and the maturation of myeloid cells by Q-PCR
(Figure 6C). We found that those genes that are
typically expressed in monocytes, such as che-
mokine (C-C motif) receptor 2 (CCR2) and colo-
ny stimulating factor 1 receptor (Csflr/M-Csfr)
were also most highly expressed in Gr1™CD48"
cells (gate R2) indicating again that these cells
are monocytes. Gr1'°CD48" (gate R3) cells
show the highest expression of myeloblastosis
viral oncogene homolog (Myb) and stem cell
factor receptor Kit, indicating their immature
state. Myb and Kit expression drops in
Gr1"°CD48" (R4) cells suggesting that they are
committed for neutrophil differentiation. Myb
and Kit are almost absent in R2 and R1 cells,
which is in agreement that these cells repre-
sent more mature monocytes (R2) and granulo-
cytes (R1), respectively. Finally, the expression
of Csflr and Myb also distinguishes cells from
gates R3 and R4, indicating that R3 cells but
not R4 cells have monocytic potential (Figure
6C).

Human myeloblast versus neutrophil differen-
tiation

The key features of human granulo-monocytic
differentiation are also found in the murine sys-
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tem. Hence mouse models can mimic to a cer-
tain extent specific human conditions in partic-
ular  neutropenia  and myelodysplastic
syndromes (for review see [20, 21]), which are
often associated with acute myeloid leukemia
(AML) [22]. To test whether this is also true on a
molecular basis, we compared our mouse
expression data to data that were available for
human cells. We observed that the changes in
gene expression from CD11b"Gr1"°Gfi1l" cells
(gate A2 in Figure 1) to CD11b"Gr1"Gfi1" gran-
ulocytes (gate B in Figure 1) correlated well
with changes in gene expression that occur
during differentiation from human myeloblasts
to neutrophils (http://www.ncbi.nim.nih. gov/
gds/?term=GSE12837), [15] (Figure 7). Genes
that were differentially expressed between
immature and mature granulocytes in our
murine dataset and in the human datasets as
well were analyzed for enriched GO-categories
using the DAVID online-tool [23, 24]. As in the
murine system (Figure 3), immature cells show
a higher expression of cell cycle associated
genes (Figure 7B, right panel) and a lower
expression of immune response genes neces-
sary for normal granulocyte function (Figure
7B, left panel) suggesting that Gfil or CD48
expression are useful markers for neutrophil
maturation and are relevant to study myeloid
differentiation or myeloproliferative diseases in
mouse models mimicking human conditions.

Discussion

In this study we report that the expression level
of the transcription factor Gfil correlates with
the potential of myeloid precursors to differen-
tiate into either monocytes or granulocytes.
Our data provide evidence that a subset of cells
defined by expression of the markers Grl and
CD11b (Gr1'°CD11b") contains two subpopula-
tions that express high or low levels of Gfil. Gfil
low expressing cells are restricted to differenti-
ate into monocytes and, vice versa, Gfil high
expressing cells are determined to differentiate
into granulocytes. This role of Gfil is supported
by in vitro differentiation experiments and also
by previous reports that indicate that Gfil defi-
ciency leads to a lack of granulocytes and a sur-
plus or accumulation of monocytes [7].
Moreover, we show that gene expression pat-
terns of Gfil high and low expressing cellular
subsets support this hypothesis. Gfil low
expressing cells and Gfil-KO monocytes show a
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highly similar expression pattern and Gfil high
expressing cells share more similarity with
granulocytes with regard to their gene expres-
sion pattern.

Using the information that Gfil expression pre-
dicts the differentiation potential of precursors
for either the monocytic or granulocytic lineage,
we were able to identify CD48 as a new marker
for the definition of monocytes, granulocytes
and two novel precursor populations that are
either bipotential and can give rise to mono-
cytes and granulocytes or are already commit-
ted to the granulocytic lineage. A number of
experimental findings corroborate this hypoth-
esis. First, gene expression array analysis indi-
cates that the expression of Gfil and CD48 is
inversely correlated and that cells that express
low levels of Gfil and are prone to develop into
monocytes are expressing high levels of CD48.
Conversely those cells that we identified to
express high levels of Gfil and are able to dif-
ferentiate into granulocytes express lower lev-
els of CD48. Second, the analysis of bone mar-
row cells from Gfil deficient mice that are
known to lack granulocytes and to accumulate
monocytes lacked Gr-1"CD48" cells and accu-
mulated the Gri1"CD48" population. Third,
Gr1'°CD48'" cells do neither express CCR2, nor
Csfir, typically expressed in monocytes, but
show high expression levels of Myb and Kit,
markers for immature cells, although lower
than in Gr1'°CD48" bipotential cells. We con-
clude from these data that the marker CD11b
can be replaced by CD48 to more clearly define
monocytes and granulocytes and their precur-
sors. Our data also suggest that this new mark-
er combination may not only be useful in the
analysis of murine myeloid differentiation but
also for the analysis of mouse models for
myeloproliferative  diseases or myeloid
leukemia.

Using the marker combination of CD48 and
Grl, we were able to define two precursor popu-
lations. One population, which is defined as
Gr1°/"CD48" and contains Gfil high and low
expressing cells, is a bipotential precursor pop-
ulation for granulocytic and monocytic differen-
tiation (termed here R3). This population can
give rise to adherent cells and non-adherent
cells in the presence of M-CSF or GM-CSF. In
addition, we have defined another precursor
population Gr1'nCD48" (Gfil-high, termed
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here R4) that has lost the potential to differenti-
ate into monocytes and only maintains poten-
tial for granulocytic lineage, since under culture
conditions where only M-CSF is present these
cells do not divide and die, but give rise to non-
adherent cells when GM-CSF is present. Our
findings suggest that the expression of CD48,
GR1 and Gfil can be used to define precursor
populations for monocytic and granulocytic dif-
ferentiation and that low CD48 and high Gfil
levels correlate with commitment to the granu-
locytic lineage.

In humans, several mutations in proteins with
different functions have been described that
cause neutropenia (for review see [25, 26]), but
Gfil is the only transcription factor known to
cause neutropenia in man and mice when
mutated [8] or knocked out by gene targeting
[7]. Although Gfi1KO mice are severely neutro-
penic, it remained unclear at which state of
development granulopoiesis is affected by loss
of Gfil and what are the important factors regu-
lated by Gfil. The classical markers for mono-
cytes/granulocytes CD11b and Grl do not dis-
tinguish (immature-) monocytes from immature
granulocytes and for Gfil knock-out mice, they
only indicated clearly the lack of mature neutro-
phils. Our finding that that the CD11b" Gri'"
population is heterogeneous for Gfil expres-
sion and that on the transcriptional level
CD11b"Gr1'°Gfi1' cells show very few differ-
ences to CD11b"Gr1"Gfil” cells, while
CD11b"Gr1'Gfi1" cells are more closely relat-
ed to granulocytes indicated that that the
CD11b"Gri" cells accumulating in Gfil”- mice
are indeed monocytes. This is supported by our
observations that all CD11b"Gr1"°Gfil° cells
morphologically resemble monocytes, show a
homogeneous low activity of the Gfil-promoter
and give rise to macrophages induced by
GM-CSF in culture. The results of a hierarchical
clustering of gene expression profiles also sup-
port this conclusion. Finally, CD11b"Gr1"°Gfi1"
cells morphologically are (meta-)myelocytes
and can only give rise to neutrophils, but not
mononcytes and therefore have all the features
of immature granulocytes.

In human neutropenia in the context of autoso-
mal dominant mutations in Gfil, a remarkable
accumulation of myeloid progenitors s
observed [27] very similar to the situation
observed in Gfil deficient mice. It is thus con-
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ceivable that this also represents and accumu-
lation of monocytes as in Gfil deficient mice.
Our observation that the changes in the tran-
scriptional program between CD11b"Gr1°Gfi1"
cells (termed here A2) and granulocytes largely
reflect the changes of the transcriptional pro-
gram of human myeloblasts differentiating to
neutrophils supports these conclusions and
indicates that our findings reported here are
also relevant to human granulo-monocytic
differentiation.
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Suppl Figure 1. Gfi1" CD11b* Gri° cells are more
similar to granulocytes than Gfil° CD11b* Gri°
cells. A: Scatter plot comparisons of gene expres-
sion levels (log-2 of normalized signal intensities)
between CD11b*Gr1" granulocytes (fraction B) and
GFP/Gfi1"CD11b*Grl" (fraction A2) cells. B: As in
(A) comparing CD11b*Gri" granulocytes (fraction B)
and GFP/Gfi1°CD11b*Gr1" (fraction A1) cells. C: As
in (A) comparing GFP/Gfi1"CD11b*Gr1" (fraction A2)
and Gfi1*°CD11b*Gr1™ (fraction C) cells. Blue lines
indicate the borderlines of 2-fold change of probeset
intensities of the compared samples. The percent-
age of probesets with a more than 2-fold differen-
tial expression between compared samples is given
in the upper left corner of each plot. Some marker
genes identified in this study (Gfil, Vcam1, CD48)
and genes typically expressed in monocytes / neu-
trophils (Mpo, Ela2, Csflr) are indicated in the scat-
ter plots.
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Suppl Figure 2. CD11b* Gr1°cell subsets separated by Gfil expression differ in primary immune response and cell
cycle. GSEA analysis (enrichment plots) of gene-expression comparing Gfi1l" (A1) and Gfi" (A2) CD11b* Gr1" bone
marrow cells defines primary immune response genes overrepresented in Gfil" cells (left panel). Cell cycle regula-
tors are enriched in Gfi1" cells. Genes indicated with higher (red) or lower (blue) expression in A1 corresponding to
“humoral immune response” (left panel) or “chromosome segregation” (right panel) are given.
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Suppl Figure 3. CD48 and Grl define cell subsets with differential Gfil expression. A: Bone marrow cells from
heterozygous Gfi1l:GFP knock-in mice were sorted for the surface markers Grl and CD48 by flow cytometry as indi-
cated. B: Cells from the gates R1-R5 were analyzed for Gfi1:GFP expression levels. FACS plots are representative for
at least three biological replicates.
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Suppl Figure 4. CD48hi Gr1hi CD11b positive cells accumulating in GfiLKO-mice show a homogeneous Gfil-promot-
er activity on monocyte level. Bone marrow cells from heterozygous (left) and homozygous (right) Gfi1:GFP knock-in
mice were analyzed by flow cytometry. CD11b positive live cells were analyzed for the surface markers Grl and
CD48 and gated for granulocytes (1) and monocytes (2) as indicated. Gated cells were then analyzed for GFP/Gfil
expression revealing a homogeneous GFP expression for the Gfi1-KO cells in the monocytes gate (2).
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Suppl Figure 5. Gfillo CD11b+ Grllo cells are most closely related to Gfi1-KO monocytes in expression of lineage
correlated protein coding RNA. Array data of the four sorted cellular subsets indicated were analyzed by clustering
of lineage correlations of protein coding sequences using the AltAnalyze software tool (http://www.altanalyze.org).
Expression levels of marker proteins for the cell-lineages indicated to the right were clustered and similarities are
shown on top.
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Suppl Figure 6. Quality control of array data. Biological sample distribution (A) and average raw intensity signal
(RMA) analysis of the array data of sorted cells used in this publication prove the quality of the data acquired. Quality
control was done using the AltAnalyze software tool (http://www.altanalyze.org).
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Suppl Table 1. Gfi1'° CD11b* Gri cells differ from Gfi1lKO monocytes mainly in activation response genes. Geneset enrichment analysis (GSEA)
of genes that differ between Gfi1'> CD11b* Gr1® cells (monocytes) and cells from the “aberrant” Gfi1-KO monocytes fraction at least two fold in ex-
pression level, with a raw-p-value of 0.05 or smaller. Enriched genesets that fall into the category “biological process” were sorted for their z-score
calculated by the AltAnalyze software toolbox

Ontology Name  # Chang.  # Measured # in Ontology % Changed % Pres. Z- Score FisherExactP gene symbols

cellular response to 8 18 20 44.444 90.0 17.2 0.00 1fi203,1fi204,1fi205,Ifit1,Ifit3,Igtp,Pyhin1, Tgtp1,T

interferon-beta gtp2

cellular response to 4 5 6 80.000 83.3 16.5 0.00 1830012016Rik,Ifitd,[fit2,[fit3,0as1g

interferon-alpha

antigen processing 8 33 36 24.242 91.6 12.4 0.00 Cd74,Ctse,H2-Aa,H2-Ab1,H2-Eb1,H2-Q4,H2-

and presentation of Q6,H2-Q7

peptide antigen

response to virus 16 123 160 13.008 76.8 12.3 0.00 Bst2,Cd40,Cxcl10,[fi2712a,Ifih 1, Ifit 1, Ifit2,Irf7,Isg 1
5,Isg20,ltgax,Mx1,0as1g,0as3,Rsad2,Tgtpl,Tgtp2

positive regulation of 3 6 6 50.000 100.0 11.2 0.00 Cd36,Lpl,Msr1

cholesterol storage

immune response 23 349 434 6.590 80.4 9.6 0.00 Axl,Bst2,Cd74,Cxcl10,Dhx58,H2-Aa,H2-Ab1,H2-
Eb1,H2-Q4,H2Q6,H2Q7,Ifih1,lgj,Irf7,Irgm1,Mx1,
Oasla,0aslg,0as2,0as3,0asl1,0asl2,Pglyrpl, T
gtpl,Tgtp2

positive regulation of 3 8 8 37.500 100.0 9.6 0.00 Cd36,Lpl,Msr1

macrophage derived

foam cell differentia-

tion

response to stilbenoid 3 13 14 23.077 92.8 7.4 0.00 Cd36,[fit3,Uspl18

negative regulation of 3 15 16 20.000 93.7 6.8 0.00 Ifit1,0as1a,0as1g,0as3

viral reproduction

response to interferon- 5 39 47 12.821 82.9 6.8 0.00 H2-Aa,H2-Ab1,Irgm2,Snca,Statl

gamma

defense response 4 39 48 10.256 81.2 5.3 0.00 Camp,Cd36,KIrkd,Pglyrpl

to Gram-positive

bacterium

negative regulation 3 24 26 12.500 92.3 5.2 0.00 Camp,Cd36,Ifit1

of multi-organism

process

regulation of angjo- 7 118 132 5.932 89.3 4.8 0.00 Camp,Cd36,Cxcl10,Ets1,FIt1,Mmp9,Statl

genesis

regulation of immune 18 550 636 3.273 86.4 4.7 0.00 Axl,Bcl2a1d,Cd274,Cd36,Cd40,Cd74,Cd83,Cxcll

system process 0,Dpp4,Ets1,H2-Aa,H2-Ab1,Hspalb,Ifit1,KIrk1,0r
m1,Pglyrpl1,Snca

response to mechani- 7 127 135 5.512 94.0 4.6 0.00 Cd36,Cd40,Cxcl10,Ets1,Mmp9,Pkd2,Statl

cal stimulus

response to lipopoly- 9 196 214 4.592 91.5 4.5 0.00 Ace,Cd36,Cmpk2,Cxcl10,KIrk1,Mmp9,S100a9,S

saccharide nca,Stat1

neutral lipid metabolic 4 51 61 7.843 83.6 4.4 0.00 Cd36,Lpind,Lpl,Snca

process

RNA catabolic process 4 54 82 7.407 65.8 4.3 0.00 Hspala,Hspalb,lsg20,0as2

cellular response to 5 82 87 6.098 94.2 4.2 0.00 Ax|,Cd36,Ets1,Hba-al,Hba-a2,Snca

oxidative stress

response to heat 4 62 73 6.452 84.9 3.9 0.00 Cxcl10,Hspala,Hspalb,Mmp9

GSEA: GFP-lo vs Gfi1lKO-Monocytes; upregulated fold 2, GO-term: biological process.



