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Survival and differentiation defects contribute to
neutropenia in glucose-6-phosphatase-p (G6PC3)
deficiency in a model of mouse neutrophil granulocyte
differentiation

S Gautam™22, S Kirschnek', IE Gentle!, C Kopiniok', P Henneke®*, H Hacker®, L Malleret®, A Belaaouaj® and G Hacker*'

Differentiation of neutrophil granulocytes (neutrophils) occurs through several steps in the bone marrow and requires a
coordinate regulation of factors determining survival and lineage-specific development. A number of genes are known whose
deficiency disrupts neutrophil generation in humans and in mice. One of the proteins encoded by these genes, glucose-
6-phosphatase-f (G6PC3), is involved in glucose metabolism. G6PC3 deficiency causes neutropenia in humans and in mice,
linked to enhanced apoptosis and ER stress. We used a model of conditional Hoxb8 expression to test molecular and functional
differentiation as well as survival defects in neutrophils from G6PC3 '~ mice. Progenitor lines were established
and differentiated into neutrophils when Hoxb8 was turned off. GGPC3 ~/~ progenitor cells underwent substantial apoptosis
when differentiation was started. Transgenic expression of Bcl-X, rescued survival; however, Bcl-X, -protected differentiated
cells showed reduced proliferation, immaturity and functional deficiency such as altered MAP kinase signaling and reduced
cytokine secretion. Impaired glucose utilization was found and was associated with ER stress and apoptosis, associated with
the upregulation of Bim and Bax; downregulation of Bim protected against apoptosis during differentiation. ER-stress further
caused a profound loss of expression and secretion of the main neutrophil product neutrophil elastase during differentiation.
Transplantation of wild-type Hoxb8-progenitor cells into irradiated mice allowed differentiation into neutrophils in the bone
marrow in vivo. Transplantation of G6PC3 ~/~ cells yielded few mature neutrophils in bone marrow and peripheral blood.
Transgenic Bcl-X, permitted differentiation of G6PC3 '~ cells in vivo. However, functional deficiencies and differentiation
abnormalities remained. Differentiation of macrophages from Hoxb8-dependent progenitors was only slightly disturbed.
A combination of defects in differentiation and survival thus underlies neutropenia in GGPC3 ~/~ deficiency, both originating
from a reduced ability to utilize glucose. Hoxb8-dependent cells are a model to study differentiation and survival of the
neutrophil lineage.
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Neutrophils differentiate in the bone marrow from promyelo-
cytes in a series of steps identifiable by changes in
morphology and sometimes protein expression. Key regula-
tors like the transcription factor CCAAT/enhancer-binding
protein o (C/EBP«) drive programs through numerous target
genes, causing the typical morphology and expression of a
pattern of differentiation markers. Numerous aspects of the
process, where differentiation is coordinated with survival of
the differentiating cells, are not well understood.

A number of clinical situations are known where patients
present with neutropenia, defined as a neutrophil count of less
than 1500 per ul in peripheral blood. In severe congenital

neutropenia (SCN), patients typically present with invasive
bacterial infections.” The first form of SCN was clinically
recognized in 1950° but the genetic basis of most cases was
only identified in recent years. SCN can be caused by
mutations in known genes coding for individual proteins, for
instance HCLS1-associated protein X-1 (Hax1), growth factor
independent 1, neutrophil elastase (NE; ELA2) and G6PC3.2
Bone marrow examination typically shows the presence of
early myeloid progenitors up to the promyelocyte stage with a
paucity of mature granulocytes.'®

The underlying molecular mechanisms are incompletely
understood. The affected genes do not operate obviously in a
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common pathway.! Hax1, for instance, may have an
anti-apoptotic role* and have a role in cell motility.® Mutations
in ELA2 cause cyclic neutropenia or SCN and have been
proposed to do this by the generation of a misfolded protein,
which induces ER stress and apoptotic loss of the cells.®”

G6PC3 (glucose-6-phosphatase (G6Pase)-f) is one of two
enzymes that hydrolyze glucose-6-phosphate to glucose in
the ER, which is important for energy storage. Although
G6Pase-o is expressed in the organs of gluconeogenesis
such as kidney, liver and the intestine,® GBPC3/G6Pase-f is
expressed ubiquitously.® Mutations in G6PC3 in humans
cause SCN'®'2 and additional problems in various organ
systems."'® Peripheral blood neutrophils isolated from
patients with G6PC3 deficiency showed increased apoptosis
in vitro and fibroblasts derived from these patients underwent
increased apoptosis upon treatment with dithiothreitol.°

Mice genetically deficient in G6PC3 display neutropenia,
and neutrophils isolated from these mice show a defect in
oxidative burst, calcium flux and chemotaxis toward fMLP, KC
and MIP-2.'* Peritoneal neutrophils and bone marrow cells
from G6PC3~/~ mice further show enhanced levels of the
marker of ER stress, GRP78, perhaps linked to higher levels
of spontaneous apoptosis in isolated peritoneal neutro-
phils.*15 Metabolically, the defect has been linked to the
lack of ER-cytosol shuttling of glucose.™

Although these studies are valuable, they are limited by the
lack of sufficient suitable cellular material and the option of
genetic modification. Little material from human patients is
available, and cells isolated from mice cannot be easily
genetically modified to assess changes associated with
alterations in specific pathways. It is therefore almost
impossible to separate survival- from maturation-deficiencies.
In humans, the lack of more mature cells may be due to
increased apoptosis or a block in differentiation. In mice,
apparently incomplete maturation as suggested by nuclear
morphology in isolated GEBPC3 ~/~ neustrophils'® and a higher
expression of chemokine (C-X-C motif) receptor 4 (CXCR4)'”
may be linked to either apoptosis of the more mature cells oran
intrinsic maturation defect. As enhanced apoptosis would
interfere with cellular functions, it is very difficult to work out the
functional consequences of the loss of G6PCS3.

We aimed at overcoming these limitations and at under-
standing the contribution of cell death versus differentiation
alterations to the effects of G6PC3 deficiency. We therefore
made use of the possibility to establish murine neutrophil
progenitor cells by conditional expression of active Hoxb8.
Hoxb8 is fused to the estrogen receptor ligand-binding domain
(ER-Hoxb8). In the presence of estrogen, ER-Hoxb8 drives
the expansion of neutrophil progenitor cells. When Hoxb8 is
turned off by estrogen withdrawal, the cells differentiate into
cells that are almost indistinguishable from primary mature
neutrophils.'®'® Neutrophil Hoxb8 progenitors lie slightly
before the promyelocyte stage (by morphology and CD11b
negativity) and turning off Hoxb8 induces maturation (in the
presence of stem cell factor (SCF)/c-kit-signaling) in vitro.
Differentiation of primary neutrophils is very difficult to
examine in the bone marrow, primarily because it is
challenging to isolate larger numbers of neutrophil differentia-
tion stages. Maturation can, however, be studied in the Hoxb8
model in vitro.
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We here use this model to analyze the consequence of the
loss of GB6PC3 on survival and for differentiation and
functional defects of neutrophils. By transplanting progenitor
cells into irradiated mice, it was possible to distinguish survival
and functional defects of GGPC3 ~/~ cells of the granulocyte
lineage in a wild-type (wt) environment.

Results

The Hoxb8 system permits the easy production, genetic
manipulation and analysis of cells that are very similar
to mature neutrophils. It also allows for the analysis of
neutrophil differentiation from progenitor cells. By morphology
and the expression of surface markers, these progenitor cells
lie slightly before promyelocytes'®'® (and below). During
differentiation of Hoxb8 progenitor cells, expression
patterns of transcription factors (e.g., SFFV proviral integra-
tion 1, C/EBP«, C/EBPpS, C/EBP¢) and surface markers
(CD11b, Gr-1, CXCR2, CXCR4, c-kit) follow a pattern that is
very similar to the one found in studies of human neutrophil
differentiation.®®

Bone marrow cells from wt or GBPC3 '~ mice®' were
transduced with an ER-Hoxb8 retrovirus and cell lines
were established. Cell lines from wt and GBPC3~/~ bone
marrow could both be easily established although a higher
rate of spontaneous death was observed in GBPC3 '~ cells
in continuous culture (Figure 1a). The morphology of these
progenitor cells was also similar but G6PC3 /'~ cells
were slightly smaller (Figures 1b and c). Estrogen withdrawal
deactivates ER-Hoxb8 and starts differentiation, with wt cells
attaining mature neutrophil morphology in about 4 days
of culture in SCF (Figure 1b). G6PC3~/~ cells also
commenced differentiation. No gross morphological
differences were observed by day 2. On day 4, fewer cells
were left in GBPC3~/~ cultures, and these cells displayed
an immature morphology (Figure 1b) and now were
slightly bigger than mature wt cells, probably indicative of a
maturation defect, as maturation is paralleled by size
reduction (Figure 1c).

Differentiated G6PC3 '~ cells were negative for surface
expression of Gr-1 but positive for CD11b, and the down-
regulation of c-kit was less complete (Figure 1d). The
upregulation of CXCR2 was reduced, and the downregulation
of CXCR4 was not seen in GBPC3~/~ cells (Figure 1d).

Expression of G6PC3-mRNA was highest in progenitor
cells and decreased during differentiation (Figure 2a).
G3PC3~/~ progenitor cells showed reduced glucose uptake
as evidenced by glucose levels in the culture medium
(Figure 2b, left panel), indicating that the enzyme is active in
progenitor cells. Experiments measuring incorporation of
radiolabeled glucose demonstrated a reduced uptake on a
per-cell basis (Figure 2b, right panel).

Upon initiation of differentiation cell death in GBPC3 ~/~ cell
lines increased to some extent, and more dead cells were
observed in differentiating cells compared with progenitor
cells (Figure 2c). Almost all cell death seemed to occur either
at the progenitor stage or on the first day of differentiation
(Figures 1a and 2c). Granulocyte colony-stimulating factor
(G-CSF) addition had no protective effect (Figures 2f and g).
Stimulation with pro-inflammatory mediators prolongs life
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Figure 1 Accelerated spontaneous apoptosis and maturation defects in GBPC3-deficient progenitors. (a) Top, left and middle panel, annexin V/propidium iodide staining

of wild-type and GBPC3 ~/~ progenitors cultured in vitro for 48 h (the dot plot shows one of the experiments included in the left panel). Right panel, cell numbers as obtained
by counting the cells at the days indicated upon seeding the same number of cells as in the left panel. Bottom panels, active caspase-3 staining of wild-type and G6PC3 -/
progenitors cultured in vitro for 48 h. Values are means of three individual experiments, error bars represent standard deviation. Statistical significance was calculated using
ttest; **P<0.001, **P<0.01. (b) Giemsa stain appearance of cytospin sample of wild-type and G6PC3-deficient cells at progenitor stage or on day 2 or 4 of differentiation,
x 630 magnification. (¢) Forward scatter profiles of progenitors or day 4 differentiated wild-type and G6PC-deficient neutrophils. (d) Flow cytometry analysis of expression of

Gr-1, c-kit, CXCR-2 and CXCR-4, CD11b by wild-type and G6PC3-deficient progenitors and differentiated neutrophils

Cell Death and Differentiation



Survival and differentiation defects contribute to neutropenia in G6PC3 deficiency
S Gautam et a/

1071
a b
1.2 - E 0 08
% 14 g 200 4 ol E : *kk
£ 038+ 5s g
o 23 1504 Loy
2 06+ 29 S3
g 25100 533
0.4 @ o2 2
g 2 50 [agS
5 021 g ] ~E
€ ol 2 04 o
L ™ . " A
@é\@ &g y o &3) o Medium WT G6PC3-/ WT G6PC3-/
&
<
c d 60 - € 100
2 100 4 2 * = Control 2 V.‘.\\f
3 T 50 - LPS T g
) o 404 ) ——WTMIG
S 60- ke] O 60+
3 K] >k 3 —=— WT Bel-X,
k] S 30 R}
E 40 £ £ 404 -4 G6PC3-/- MIG
3 3 20+ 3 = G6PC3-/-Bal-X,
E. 20 1 —— WT E. 10 1 I % 1
& —=- G6PC3-/- B &
0 +—m—— 0 O+—
0 1 2 3 4 WT  G6PC3-/- 0 1 2 3 4
Days of Differentiation Days of Differentiation
f g 60-
2 100 - ——WT
>
T o 50{-m-wTG-CsF
g 804 I 3, |cercar
@ < - G6PC3-/- G-CEF
2 60 - 2~
8 - WT 62
g 40 A -~ WT G-CSF 2
5 -~ G6PC3-/- 13
g 20 —-G6PC3-/- G-CSF  Z
o
°\° 0 DL B B E—

0o 2 4 o 2 4

Days of differentiation Days of differentiation

Figure 2 Reduced glucose uptake and accelerated apoptosis of G6PC3 '~ neutrophils. (a) gPCR measurement of GBPC3 expression in wild-type neutrophils on

different days of differentiation. Data give means and error bars represent S.D. from three independent experiments. (b) Glucose uptake and utilization by progenitor cells. Left
panel, glucose concentration in medium obtained from a 48-h culture of 10 wild-type or GGPC3 ~/~ progenitors. Right panel, 2-deoxy glucose (2DG) uptake by a cell per
minute as measured by incorporation of radiolabeled 2DG. Data give means and error bars represent S.D. from three independent experiments. (¢) Cell death analysis
(propidium iodide staining) of wild-type and GBPC3 ~'~ neutrophils on different days of differentiation. Data give means/S.D. from three independent experiments. (d) Cell
death analysis (propidium iodide staining) of differentiated wild-type and G6PC3 =/~ neutrophils after 10 h of LPS stimulation. Data give means/S.D. from three independent
experiments. (e) Cell death analysis (propidium iodide staining) of wild-type and G6PC-deficient differentiating progenitors transduced with retrovirus driving expression of
Bcl-X_ or carrying the empty retroviral vector (pMIG) Data give means/S.D. from three independent experiments. (f) Cell death analysis of wt and G6PC3 —/ — progenitors
during differentiation in the presence or absence of rG-CSF (20 ng/ml) in the culture medium. (g) Number of wt and GBPC3 ~/~ neutrophils in culture on day 2 and day 4 of
differentiation in the presence or absence of rG-CSF (20 ng/ml) in the culture medium. Statistical significance was calculated using ttest. *P<0.05, **P<0.01, ***P<0.001.
ns, non-significant (P> 0.05)

span of neutrophils by reducing apoptosis.?? In GBPC3 '~
cells, lipopolysaccharide (LPS) failed to inhibit but instead
increased cell death (Figure 2d).

These results confirm the reported high sensitivity to cell
death of GBPC3 ~/~ neutrophils and extend this observation
to neutrophil progenitors, which may contribute to neutropenia
in patients. They further suggest that surviving G6PC3 '~
neutrophils may have maturation defects. To separate cell
death from maturation defects, we overexpressed the anti-
apoptotic protein Bcl-X| by retroviral transduction of progeni-
tor cells (Supplementary Figure 1). Bcl-X, completely rescued
differentiating cells from cell death (G6PCB”’-BCI-XL cells;
Figure 2e).

G-CSF is used therapeutically in SCN, and G-CSF
corrected neutropenia in GBPC3-deficient cells.'® On mature
neutrophils, G-CSF has some anti-apoptotic effect, which is
also seen in GBPC3-deficient cells.'® However, G-CSF did not
protect against apoptosis during differentiation of G6PC3-
deficient progenitor cells (Figure 2f) Total cell numbers during
differentiation were increased in wt cells treated with G-CSF,
but no increase was seen in G6PC3-deficient cells
(Figure 2g), suggesting that there is no effect of G-CSF on
survival or proliferation in differentiating G6PC3-deficient
cells.

Although Bcl-X, overexpression protected GBPC3 ~/~ cells
from apoptosis, GBPC3 ~/ ~-Bcl-X,_cells still showed reduced
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proliferation during differentiation (Figure 3a). Bcl-X,_
appeared to reduce or delay maturation: Bcl-X_ overexpres-
sing, day 4 differentiated wt cells had a slightly less mature
appearance than wt cells without Bcl-X, (Figures 3b and 1b).
G6PC3 ~/~ -Bcl-X, cells retained a more immature morphol-
ogy than Bcl-X_-expressing wt cells (Figure 3b). However,
G6PC3~/~ -Bcl-X,_ cells showed a pattern of surface markers
very similar to the one seen in wt cells (Figure 3c). Inhibition of
apoptosis could thus improve maturation of the cells but
differentiation was still incomplete.

Inhibition of apoptosis permitted functional analysis of
G6PC3~/~-Bcl-X, cells. As shown previously for primary
G6PC3 '~ neutrophils,™ differentiated G6PC3~/~-Bcl-X,
cells were unable to produce reactive oxygen species
(Figure 4a). The cells also produced significantly less tumor
necrosis factor (TNF) and less interleukin 6 (IL-6) upon
stimulation (Figures 4b and c). Analysis of MAPK-signaling
during stimulation with LPS or phorbol ester in mature
G6PC3~/~-Bcl-X, cells showed a relatively normal pattern
in G6PC3-Bcl-X_ cells with the exception that JNK-phosphor-
ylation was reduced (Figure 4d). Enhanced apoptosis is thus
not the only defect, as cells kept alive by Bcl-X|_have relatively
subtle maturation defects but severe functional defects.

Bcl-X_ expression permits initiation of upstream apoptosis
events but blocks at the mitochondrial level.?® The use of
G6PC3~/~-Bcl-X, cells therefore allows the analysis of the
initial steps of apoptosis but avoids confounding effects of
ongoing cell death.

Mitochondrial apoptosis is regulated by the Bcl-2 family of
proteins. The anti-apoptotic proteins, Bcl-2 and Bcl-w, and the
pro-apoptotic proteins, Bak and Bid, were expressed at similar
levels at all stages of differentiation in wt-Bcl-X,_ and G6PC3-
Bcl-X, cells (Figures 5a and b; the pattern of expression of
Bcl-2-family members in these Bcl-X -overexpressing cells
was similar to the one reported previously for non-transgenic
Hoxb8 cells'®). There was a slight reduction in induced
myeloid leukemia cell differentiation protein 1 (Mcl-1) levels
and an upregulation of the pro-apoptotic protein Bax during
differentiation of G6PC3-Bcl-X, cells (Figures 5 and b). The
most striking difference, however, was a strong upregulation
of the pro-apoptotic Bcl-2 homology domain 3 (BH3)-only
protein Bim in G6PC3-Bcl-X, cells, both in progenitors and
during differentiation (Figure 5c; upregulation of Bim was also
observed in wt-Bcl-X cells during differentiation; we have
found Bim upregulation in wt Hoxb8 cells during differentiation
previously'®).
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two (d) independent experiments. Statistical significance was calculated using ttest;

BH3-only proteins are the triggers of mitochondrial apop-
tosis, and (based on the phenotypes of gene-deficient mice)
Bim is the most important BH3-only protein in the hemato-
poietic system. To investigate the role of Bim, its expression
was reduced by lentiviral delivery of Bim-specific shRNA
in G6PC3~/~ progenitor cells. These cells were strongly
protected against cell death during differentiation (Figure 5d),
suggesting that increased expression of Bim has an important
role in the enhanced apoptosis in GEBPC3 /'~ cells during
differentiation.

Bim can be induced by ER stress,?® and G6PC3-deficient
patients and G6PC3 ~/~ mouse neutrophils show enhanced

MA) for the times indicated. Data are representative of three (a), four (b), three (c) and
*P<0.05.

expression of ER-stress markers.'®'* G6PC3~/~-Bcl-X,
cells also showed enhanced expression of the ER-stress
marker glucose-regulated protein 78kDa (Grp-78) during
differentiation (Figure 5e). The cause of ER stress in
G6PC3~/~ cells is not entirely clear but a deficiency in
N-linked glycosylation has been demonstrated in G6PC3-
deficient cells recently,® and disturbances of this process are
known to induce ER stress.?” Treatment with the inhibitor of
N-glycosylation, tunicamycin, caused a strong upregulation of
Bim protein and mRNA as well as Grp-78 in wt-BclX,
progenitor cells (Figure 5f) and reduced proliferation of
differentiating cells (Figure 5g), mirroring the phenotype of
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Figure 5 Induction of ER stress and role of Bim in G6PC3 '~ cells. Wt-Bel-X, and GBPC3-Bcl-X, were harvested on different days of differentiation and probed by
western blot for (a) Bcl-X_ (transgene), Bcl-2, Mcl-1, Bcl-w; (b) Bak, Bax, Bid; (c) Bim and (e) GRP-78. (d) Cell death analysis (propidium iodide staining) of wild-type cells
expressing control shRNA (shControl), and G6PC3 ~/~ cells expressing control (shControl) or Bim-specific ShRNA (shBim) different days of differentiation. *** Values of
shBim versus shCtrl are statistically significant (*P<0.05; **P<0.01). Inset shows western blot analysis of Bim knock-down in G6PC3 '~ progenitors. (f) Western blot
shows expression of GRP-78 and Bim in wt-Bcl-X,_ cells differentiated by estrogen withdrawal for 2 days in the presence or absence of 1 pg/ml tunicamycin. Table gives
quantitative results of Bim transcripts upon the same treatment in three experiments (standardized to wild-type progenitor cells). (g) Numbers of wt-Bcl-X,_ cells obtained on
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control in all western blots. Data are representative of three independent experiments. Error bars represent standard deviation. Statistical significance was calculated using

ttest. *P<0.05, **P<0.01, ***P<0.001. ns, non-significant (P> 0.05)

G6PC3 '~ cells (Figures 5c, e and 3a). It is therefore likely
that Bim induction and apoptosis in G6PC3 ~/~ cells are the
result of ER stress. Culture in low-glucose medium caused
the upregulation of Grp-78 and Bim (Figure 5h), supporting
the notion that ER stress is linked to low-glucose availability in
G6PC3 '~ cells.

A number of neutrophil proteins pass through the ER and
are stored in granules before secretion. One such group is
serine proteases with effector functions. To test how ER
stress in G6PC3 '~ cells affects protease secretion, we
assessed the levels of a major serine protease, NE, during
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differentiation. The pattern of expression of NE in wt cells was
as expected, namely high levels of expression at earlier
stages and downregulation during differentiation (Figure 6a).
Expression was substantially reduced in G6PC3 ~/~-Bcl-X,
cells compared with wt-Bcl-X_ cells (Figure 6a). Much less NE
was found in the culture supernatant of GBPC3 '~ -Bcl-X,
neutrophils compared with wt-Bcl-X_ cells (Figure 6b).
Treatment with tunicamycin also massively reduced the
protein levels of NE in wt-Bcl-X_ cells (Figure 6¢). The mRNA
levels of NE in GBPC3~/~-Bcl-X, cells reflected the protein
levels in that they were severely reduced at all stages
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Figure 6 Downregulation of neutrophil elastase (NE) in GBPC3 '~ cells and by ER stress. (a) Western blot showing expression levels of NE in differentiating wt-Bcl-X,
and G6PC3-Bcl-X,_ cells. (b) Western blot analysis of NE in day 4 culture supernatant from wt-Bcl-X, and G6PC3-Bcl-X, cells. (c) Western blot analysis showing expression of
NE in wt-Bcl-X,_ cells differentiated for 2 days in the presence or absence of tunicamycin (1 1g/ml). Data are representative of two independent experiments

(Supplementary Figure 3). Treatment with tunicamycin almost
abolished NE mRNA expression (Supplementary Figure 3B).
Surprisingly, treatment with tunicamycin did not affect the
secretion of TNF or IL-6 (S2). These data suggest that ER
stress can regulate the expression of NE and this in turn may
be a cause of reduced NE in GBPC3 ~/~ neutrophils.

The differentiation system of Hoxb8 cells in vitro in the
presence of SCF recapitulates at least the majority of the
known features of neutrophil maturation. However, it is likely
that bone marrow niches will provide additional soluble and
membrane-bound stimuli that further aid and direct differ-
entiation. We therefore endeavored to establish a system
where we could test differentiation of Hoxb8 cells in vivo.

This was achieved by using adoptive transfer of Hoxb8 cells
into irradiated mice. Mice were irradiated with a myeloablative
dose and reconstituted with syngeneic bone marrow. With
these bone marrow cells, Hoxb8-derived neutrophil progenitor
cells were co-transplanted at a ratio of 10: 1 of Hoxb8 cells to
bone marrow cells. To trace the cells, progenitor lines were
retrovirally transduced with a vector expressing EGFP.

Low numbers of green fluorescent protein (GFP)-positive
cells were seen in peripheral blood on day 4 post trans-
plantation (Supplementary Figure 4C). The highest numbers
were found on day 6; on day 8 only few cells were
detectable (Supplementary Figure 4C). Day 6 was therefore
chosen for further analysis.

About 60% of live leucocytes in peripheral blood of mice
transplanted with wt Hoxb8-progenitor cells expressed GFP
(i.e., were derived from Hoxb8 cells). A total of 60% of mature
neutrophils in peripheral blood were GFP positive (Figure 7b).
In the bone marrow, these numbers were lower at this time
point (GFP-positive cells made up about 20% of all cells, and
of this GFP-positive population, mature neutrophils repre-
sented about 40% Figure 7b). In comparison, only very few
Hoxb8-derived cells were detectable when G6PC3 '~ cells
were transplanted (Figures 7a and b).

When wt-Bcl-X_ progenitor cells were transplanted, the
proportion of Hoxb8-derived (GFP-positive) cells dropped
somewhat (Figure 7c); this may be due to the reported anti-
proliferative effect of Bcl-2-proteins.?® However, Bcl-X,
expression was able to support differentiation of GGPC3 '~
cells: the proportion of GBPC3 ~/~-Bcl-X, neutrophils reached
about half of the proportion of wt-Bcl-X, neutrophils, both in
bone marrow and in peripheral blood (Figures 7c and d).

About two-third of the GFP-positive cells in peripheral blood
were mature neutrophils (Gr-1 and CD11b high). The
remainder were largely CD11b-positive, Gr-1-low, immature

neutrophils (we will refer to these two populations as mature
and immature neutrophils; Figure 8a). These ratios of the
two populations are similar to those seen in peripheral
blood of non-irradiated wt mice (Supplementary Figure 4).
In the bone marrow of transplanted mice, these two
populations were also detected although the proportion of
immature neutrophils on day 6 was higher in the Hoxb8-
derived (GFP-positive) population (Figure 8a). Very few
Hoxb8-derived cells were detected in the peripheral blood of
mice transplanted with GBPC3 ~/~ cells (Figures 8a and 7b).
Although more cells were detectable in bone marrow, they
largely appeared immature by the markers CD11b and Gr-1
(Figure 8a).

When Bcl-X -expressing Hoxb8 progenitors were trans-
planted, GFP-expressing wt and GBPC3 ~/~ cells were found
in bone marrow, spleen and peripheral blood. Surprisingly,
unlike wt and wt-Bcl-X, cells, G6PC3 /'~ -Bcl-X, cells
appeared to produce almost exclusively mature (CD11b/Gr-
1-high) cells in all three compartments (Figures 8c and d).
Morphologically, these cells appeared fully mature, distinctly
more so than cells differentiated in vitro (Figures 8c and 3b).
However, the ability of bone marrow-localized G6PC3~/~
-Bcl-X_ cells to produce TNF (Figure 8e) and IL-6 (not shown)
was still limited, similarly to in vitro differentiated G6PC3 '~
-Bcl-X,_ cells (Figure 4c).

In searching for an explanation for the presumably faster
maturation of GBPC3 ~/~-Bcl-X,_ cells in vivo, we noticed that
these cells in the bone marrow on day 6 post transplantation
expressed normal levels of CXCR4 and CXCR2 but reduced
levels of c-kit, the receptor of SCF (Supplementary
Figure 5A). This downregulation may be the result of the
reduced cytosolic glucose due to the defect in GEPC3: culture
in low-glucose medium caused a reduction in c-kit-expression
in wt cells (Supplementary Figure 5B). C-kit downregulation
may in turn be linked to the accelerated expression of
maturation markers in G6PC3 "/~ -Bcl-X_ cells. Culture of
wt-Bcl-X, cells in the absence of SCF (mimicking loss of its
receptor c-kit) also accelerated maturation of the cells, by both
surface marker analysis and morphology (Supplementary
Figure 5C, D). Low cytosolic glucose, by downregulating c-kit,
may at least contribute to the faster maturation, if apoptosis is
inhibited at the same time.

The Hoxb8 system can also be used to generate
macrophage progenitor lines.'® We established G6PC3 '~
macrophage progenitor lines and differentiated macrophages
from these cell lines in vitro. A recent report demonstrates
certain defects in chemotaxis, respiratory burst and
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Figure 7 In vivo differentiation of Hoxb8 cells. (a) Flow cytometry analysis of peripheral blood and bone marrow of mice on day 6 after transplantation of irradiated mice
with wild-type or G6PC3-deficient Hoxb8-progenitor cells expressing GFP under a retroviral promoter. Cells in a total live cell gate are shown. (b) Percentages of GFP-positive
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phagocytosis in primary macrophages from G6PC3 '~

mice.?® There was no obvious survival (Supplementary
Figure 6A) or morphological defect (Supplementary Fig-
ure 6B) in differentiating Hoxb8-macrophages, although fewer
cells were obtained at the end of differentiation (day 8)
(Supplementary Figure 6C) and differentiated cells had
slightly lower levels of F4/80 (Supplementary Figures 6D,
E). In response to LPS, G6PC3 '~ macrophages produced
normal levels of IL-6 (Supplementary Figure S6F) and
somewhat reduced levels of TNF (Supplementary
Figure 6G); they further showed a reduced capacity for
oxidative  burst upon stimulation with zymosan
(Supplementary Figure 6H). The defect in neutrophils appears
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strikingly more pronounced upon loss of G6PC3 than in
macrophages, consistent with the findings in humans and in
gene-deficient mice.'*2°

Discussion

We here describe the use of a neutrophil differentiation model
to analyze defects caused by the loss of G6PC3 in mouse
hematopoietic cells. The use of this model permitted a
separation of enhanced cell death susceptibility and of
differentiation defects and enabled us to test some of the
molecular events leading to the observed deficiencies. The
model is also suited to test for defects in macrophages.
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However, in macrophages, the effects of the loss of G6PC3
were only moderate, confirming a recent report.?°

G6PC3 is located in the ER, and its deficiency decreases
the shuttling of glucose to the cytosol, with a shortage of
cytosolic glucose and associated changes in carbohydrate
metabolism."® Defects in protein N- (and O-) glycosylation
have also recently been identified in these cells.?® ER stress
occurs upon glucose starvation;3° this may be a consequence
of the reduction of N-glycosylation.?”

ER stress is a known inducer of apoptosis.?” The precise
mechanism of ER stress-induced apoptosis is still in part
uncertain but the pro-apoptotic Bcl-2-family member, the BH3-
only protein Bim, has been found to be prominently involved.?®
We found that Bim levels are upregulated in GBPC3~/~ cells
throughout differentiation, and Bim-specific RNAi substantially
reduced apoptosis. There was also an increase in the levels of
Bax, especially in mature GBPC3 ~/~ neutrophils, as reported
recently in neutrophils isolated from G6PC3 '~ mice.'® We
also observed a reduction in the levels of the anti-apoptotic
protein Mcl-1, confirming earlier results."

Inhibition of apoptosis by Bcl-X, permitted the search for
further defects in G6PC3~/~ cells, and defects in morpho-
logical maturation and production of effector proteins
(cytokines, NE) were observed. The loss of all of them is
likely to contribute to a loss of function of GBPC3 ~/~ cells, on
top of the apoptosis-mediated neutropenia.

These biological effects are probably the result of first a
reduction of cytosolic glucose levels and of glycolytic energy
generation and second, as a consequence, ER stress and the
unfolded protein response. Experimental glucose withdrawal
or pharmacological blockade of N-linked glycosylation
induced ER stress, loss of NE and apoptosis in wt cells,
similar to the events seen in GBPC3 '~ cells.

During in vitro differentiation from Hoxb8 progenitors, the
cells depend on SCF for their survival. Although this is
sufficient for phenotypic and functional maturation of
neutrophils, SCF signals will very likely, not completely,
represent the bone marrow niche where neutrophils develop
during normal differentiation. In the bone marrow, G-CSF
signals probably also have a role.®' Further, additional signals
are also available in the bone marrow, for instance chemo-
kines. The sum of these signals probably provides a better
microenvironment for the differentiation of neutrophils.

This difference became clearly apparent when G6PC3-
Bcl-X, cells were transplanted into irradiated mice: the
recovered cells were morphologically more mature, and the
tendency toward more complete high-level expression of Gr-1
and a reduction in c-kit expression were more pronounced in
cells differentiated in vivo. C-kit was in vitro and in vivo
downregulated substantially faster in G6PC3-Bcl-X, cells
compared with wt, and taking away SCF from wt-Bcl-X, cells
in vitro accelerated maturation. C-kit signaling may therefore
indeed slow down maturation of differentiating neutrophils.

We believe that this model of Hoxb8-mediated generation of
neutrophil progenitors is a step toward easier, detailed
analysis of human neutropenia. Unlimited generation of cells,
easy genetic manipulation and the analysis of differentiating
cells in vitro are substantial advantages over the experimental
options of analysis in human samples and even in
gene-deficient mice. The cells can further be tested in the
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absence of the stressed environment of a human patient or a
gene-deficient mouse. Although the differentiation that can be
achieved in vitro by the use of SCF appears incomplete in
some ways, the option of letting the cells differentiate in the
myelopoietic niches of bone marrow of mice permits the
restoration of differentiation in a near-natural environment.
This model should therefore be of significant use to explore the
molecular and cellular causes of human immunodeficiency
and to devise therapeutic approaches to such disorders.

Materials and Methods

Cell lines. Hoxb8 progenitors were established from bone marrow of wt and
G6PC-deficient mouse C57BI/6 littermates as described.'® ' Polyclonal cell lines
were established by retroviral transduction of Hoxb8 and selected in the presence
of SCF (neutrophil precursors) or granulocyte-macrophage colony-stimulating
factor (macrophage precursors). Precursor cell lines were cultured in Optimem
medium (Invitrogen, Karlsruhe, Germany) supplemented with 10% FCS, 30 mM
f-mercaptoethanol, antibiotics, 1% supernatant from SCF-producing Chinese
hamster ovary cells or granulocyte-macrophage colony-stimulating factor-
producing B16 melanoma cells and 1 uM estrogen. Differentiation was induced
by removal of estrogen.'®

Apoptosis assays. Cells were washed in PBS/10% FCS, then with Annexin
V-binding buffer (10mM HEPES, 140mM NaCl, 2.5mM CaCl,) and incubated
with Annexin V-APC and propidium iodide followed by flow cytometry. For analysis
of caspase-3 activation, 48 h progenitor cultures were washed with PBS, fixed in
3.7% formaldehyde and permeabilized with 0.5% Saponin (Sigma, Munich,
Germany). Staining was performed with rabbit anti-active caspase-3 (BD
Pharmingen, Heidelberg, Germany) in PBS/0.5% BSA for 20min at room
temperature, followed by incubation with anti-rabbit-Cy5 (Dianova, Hamburg,
Germany) for 30 min and samples were analyzed by flow cytometry.

RNA extraction. RNA was extracted and cDNA was synthesized using
commercially available kits (Roche, Mannheim, Germany). Samples were
analyzed by quantitative RT-PCR using the Light Cycler Tagman Master kit and
the Universal Probe Library system. Normalization was done to B-actin. For
analysis of serine protease mRNA, the signals were quantified by gel densitometry
analysis of RT-PCR product using ImageJ (reference GAPDH).

Immunoblotting. Cells were washed with PBS and directly lysed in Laemmli
buffer (3 x 10° cells/50 ) and boiled at 95°C for 5min. Cell extracts were
separated by SDS-PAGE and proteins were transferred to PVDF membranes.
Antibodies used were specific for: Bim, Bcl-X, Bcl-w, Bax, GRP-78,
phosphorylated p38, phosphorylated JNK, phosphorylated Erk, phosphorylated
Akt and phosphorylated I«xB antibodies (all from Cell Signaling Technology,
Beverley, MA, USA), Bak, GAPDH (Millipore, Schwalbach, Germany), Bcl-2 (BD
Pharmingen), Mcl-1 (Rockland, Gilbertsville, PA, USA), NE (Santa Cruz
Biotechnology, Inc. ,Santa Cruz, CA, USA) or tubulin (Sigma). Peroxidase-
conjugated secondary antibodies against rabbit (Sigma), mouse (Dianova), rat
(Dianova) or hamster (Dianova) and an enhanced chemoluminescence detection
system (GE Healthcare, Munich, Germany) were used.

Flow cytometry. Cells were stained with anti-Gr-1-APC, anti-CD11b-PE,
anti-c-kit-APC, anti-CXCR-2-APC or anti-CXCR-4-APC (all from BD bioscience,
San Jose, CA, USA except anti-CXCR-2 (Biolegend, San Diego, CA, USA)).
Fc blocking antibody was from BD bioscience.

Giemsa stain. Mouse peripheral blood smear or Hoxb8 neutrophils (following
cytospin) were stained by Giemsa solution (Merck, Darmstadt, Germany).

Retroviral transduction of neutrophil precursor lines. Empty
vector or MIGR1-GW-Bcl-XL-IRES-EGFP retroviral vector was packaged by
transient transfection of the retroviral expression plasmid together with the
packaging plasmid pCLEco into the Phoenix cell line. Supernatant was collected
and filtered through a 0.45-um membrane and was used to infect Hoxb8
neutrophil progenitors in the presence of 5 ug/ml polybrene. Cells were sorted for
GFP expression.



Lentiviral transduction. Lentiviruses carrying Bim-specific shRNA or
control shRNA® were produced by transient transfection of these vectors
together with packaging plasmids psPAX2 and pMD2.G into HEK 293 FT cells
(Invitrogen). Supernatants were filtered through 0.45-um membranes and used to
transduce Hoxb8 neutrophil progenitors in the presence of 5 ug/ml polybrene.
GFP-positive cells were sorted.

Neutrophil effector functions. For ELISA, 1 x 10° differentiated Hoxb8
cells were stimulated with 1 zg/ml LPS. Cytokines in supematants were quantified
using ELISA kits (eBioscience, San Diego, CA, USA). For intracellular staining,
cells were pretreated with 1 ul/ml golgiplug (BD Bioscience) for 1 h and stimulated
with 1 zg/ml LPS for 6 h. Cells were fixed in 4% formaldehyde, permeabilized by
saponin and stained with APC-labeled antibody against TNF. To measure reactive
oxygen species production, 1 x 10° differentiated cells were treated with lucigenin
and simultaneously stimulated with serum-treated zymosan. The reaction product
was measured by luminometry (Fusion Fx, Perkin Eimer, Santa Clara, CA, USA).
To estimate glucose levels, 1 x 10° progenitor cells were cultured for 48 h in 3ml
medium. Cell-free supernatant was harvested and glucose was estimated using
the hexokinase method. Hexokinase (Roche), MgCl,, ATP, NADP and glucose (all
from Sigma) were used for the reaction and measurement was done in lambda 14
UVNVIS spectrometer (Perkin Elmer). For the 2-deoxy glucose (2DG) uptake
assay, 1 x 10° progenitor cells were incubated for 15 min in 0.5 uCi tritium-labeled
2DG (Perkin Elmer) and 6.5mM unlabeled 2DG (Sigma). Reaction was stopped
with cold PBS and cell pellets were washed four times at 4 °C. After lysing cell
pellets with 0.1% SDS, the radioactivity was determined in beta counter in liquid
scintillation cocktail fluid (Ultima Gold, Perkin Elmer).%

Adoptive transfer of Hoxb8 progenitor cells. A total of 5 x 10° Hoxb8
progenitor cells were mixed with 5 x 10° bone marrow cells and transplanted into
syngeneic mice 24 h after lethal irradiation (2 x 5 Gy) by injection into the tail-vein.
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