
The generation of neutrophils in the bone marrow
is controlled by autophagy
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Autophagy has been demonstrated to have an essential function in several cellular hematopoietic differentiation processes, for
example, the differentiation of reticulocytes. To investigate the role of autophagy in neutrophil granulopoiesis, we studied
neutrophils lacking autophagy-related (Atg) 5, a gene encoding a protein essential for autophagosome formation. Using
Cre-recombinase mediated gene deletion, Atg5-deficient neutrophils showed no evidence of abnormalities in morphology, granule
protein content, apoptosis regulation, migration, or effector functions. In such mice, however, we observed an increased
proliferation rate in the neutrophil precursor cells of the bone marrow as well as an accelerated process of neutrophil
differentiation, resulting in an accumulation of mature neutrophils in the bone marrow, blood, spleen, and lymph nodes. To directly
study the role of autophagy in neutrophils, we employed an in vitro model of differentiating neutrophils that allowed modulating
the levels of ATG5 expression, or, alternatively, intervening pharmacologically with autophagy-regulating drugs. We could show
that autophagic activity correlated inversely with the rate of neutrophil differentiation. Moreover, pharmacological inhibition of p38
MAPK or mTORC1 induced autophagy in neutrophilic precursor cells and blocked their differentiation, suggesting that autophagy
is negatively controlled by the p38 MAPK–mTORC1 signaling pathway. On the other hand, we obtained no evidence for an
involvement of the PI3K-AKT or ERK1/2 signaling pathways in the regulation of neutrophil differentiation. Taken together, these
findings show that, in contrast to erythropoiesis, autophagy is not essential for neutrophil granulopoiesis, having instead
a negative impact on the generation of neutrophils. Thus, autophagy and differentiation exhibit a reciprocal regulation by the
p38–mTORC1 axis.
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Autophagy is an evolutionarily conserved mechanism, by
which portions of cytoplasm are engulfed in a double-
membrane structure, known as the autophagosome, and
delivered to lysosomes for subsequent degradation. Auto-
phagy is dependent on autophagy-related (ATG) proteins.1

Autophagosome formation, elongation, and completion of
enclosure require two ubiquitin-like conjugation systems: the
first one generates the ATG5-ATG12 conjugate, which
functions as a complex together with ATG16, and binds to
the sequestering (pre-autophagosomal) phagophore. The
second system conjugates an ATG8 homolog, LC3-I, with
phosphatidylethanolamine to generate the lipidated LC3-II
that associates with autophagosomes.2–4 The conversion of
LC3-I into LC3-II represents a hallmark of autophagic activity
and is widely used for the detection of autophagosome
formation. Another frequently used marker for monitoring
autophagic activity is p62, a protein, which is specifically
degraded through autophagy.5

The vital role of autophagy in cell growth, development, and
homeostasis has long been appreciated. Recent data also
indicate its involvement in the differentiation of hematopoietic
cells. For instance, the importance of autophagy for efficient
differentiation of leukocytes has been demonstrated with
lymphocytes,6–8 monocytes,9 and dendritic cells,10 as well as

reticulocytes.11,12 Since granulopoiesis in the bone marrow is
characterized by significant morphological changes and the
acquisition of a range of effector functions, we hypothesized
that autophagymight have a crucial role in the differentiation of
neutrophils.
ATG5 is an essential protein for the elongation of

pre-autophagosomal structures and subsequent autophago-
some formation. Therefore, it represents a suitable genetic target
for blocking autophagy. Using this strategy, we demonstrate here
that neutrophil differentiation is controlled by autophagy, which in
turn is negatively regulated by the p38 signaling pathway.
Surprisingly, and in contrast to differentiation in other non-
granulocytic hematopoietic lineages, autophagy was down-
regulated during physiological neutrophil differentiation and its
inappropriate induction delayed the differentiation process.

Results

Knocking out Atg5 in the neutrophil lineage is associated
with neutrophilia in vivo. Because mice deficient for the
gene encoding Atg5 die within a few days after birth,13 mice
with a floxed Atg5 allele were generated14 to investigate
the function of ATG5 in vivo in tissue-specific settings.
We crossed mice bearing an Atg5flox allele, in which exon 3

1Institute of Pharmacology, University of Bern, Bern CH-3010, Switzerland and 2Theodor Kocher Institute, University of Bern, Bern CH-3012, Switzerland
*Corresponding author: HU Simon, Institute of Pharmacology, University of Bern, Friedbuehlstrasse 49, CH-3010 Bern, Switzerland. Tel: +41 31 632 3281;
Fax: +41 31 632 4992; E-mail: hus@pki.unibe.ch

Received 11.7.14; revised 04.9.14; accepted 09.9.14; Edited by G Kroemer; published online 17.10.14

Abbreviations: ATG5, autophagy-related protein 5; Atg5NΔ mouse, Atg5flox/flox-Lyz2Cre/Cre mouse; EdU, ethynyl deoxyuridine; Lyz2, lysozyme 2; 4-OHT,
4-hydroxytamoxifen; Hoxb8, homeobox b8; MMP, matrix metalloproteinase; mTORC, mammalian target of rapamycin complex; ROS, reactive oxygen species; SCF, stem
cell factor; WT, wild type

Cell Death and Differentiation (2015) 22, 445–456
& 2015 Macmillan Publishers Limited All rights reserved 1350-9047/15

www.nature.com/cdd

http://dx.doi.org/10.1038/cdd.2014.169
mailto:hus@pki.unibe.ch
http://www.nature.com/cdd


of the Atg5 gene is flanked by two loxP sequences (Atg5flox/flox

mice)14 with transgenic mice, expressing Cre recombinase
under the control of the lysozyme 2 promoter, which is
predominantly active in neutrophils, monocytes, and macro-
phages, but not in dendritic cells (Lyz2Cre/Cre mice).15 Indeed,
it has been earlier reported that macrophages of Atg5flox/flox-
Lyz2Cre/Cre mice lack ATG5 expression and fail to kill
intracellular pathogens.16 In this study, we used Atg5flox/flox-
Lyz2Cre/Cre mice to study the effects of Atg5 deletion in the
neutrophil lineage (designated Atg5NΔ mice, henceforth).
Atg5flox/flox and Lyz2Cre/Cre mice were used as controls
throughout our experiments and are referred to as wild-type
(WT) mice.
Mature bonemarrow neutrophils of Atg5NΔmice displayed a

complete Atg5 knockout at the mRNA level, though in
immature neutrophil populations small amounts of Atg5
mRNA were detectable (Figure 1a). The latter might have
been responsible for the traces of ATG5 protein barely
detectable in mature bone marrow neutrophils (Figure 1b).
The lack of ATG5 protein expression was at least partially
specific for neutrophils, since neutrophil-depleted bone
marrow cells clearly expressed ATG5 (Figure 1b). It should
be noted, however, that a 70% reduction of ATG5 was also
detectable in the neutrophil-depleted bone marrow fraction,
most likely due to the presence of ATG5-deficient monocytes
(mean 7.6%) and immature myelocytes (mean 4.7%), which
demonstrated an incomplete reduction in ATG5 expression
(Figure 1a). In addition, the neutrophil depletion was not
complete in these experiments (10–12% remaining
neutrophils).
Mature neutrophils from Atg5NΔ mice exhibited reduced

autophagic flux as assessed by p62 degradation (Figure 1b).
Also, in contrast to WT neutrophils, mature neutrophils of
Atg5NΔ mice were unable to form autophagosomes, even
when stimulated with rapamycin (Figure 1c). We conclude that
mature neutrophils of Atg5NΔ mice lack ATG5 and are
autophagy deficient.
Autophagy-deficient, mature bone marrow neutrophils of

Atg5NΔ mice demonstrated a normal morphology and exhibited
no difference in the release of granule proteins following
in vitro activation as compared with neutrophils from WT mice
(Supplementary Figure S1). In fact, we measured similar
levels of cathepsin G (primary granules), lactoferrin (second-
ary granules), and MMP-9 (tertiary granules), suggesting that
neutrophils of Atg5NΔ mice contain the full spectrum of
intact and fully matured granules after differentiation
(Supplementary Figure S1).
We next measured neutrophil numbers and found elevated

relative and absolute neutrophil numbers in the peripheral
blood, lymph nodes, and spleen of Atg5NΔ mice as compared
with WT mice (Figure 2a,Supplementary Figure S2). In the
bone marrow, relative, but not absolute neutrophil numbers
were increased in association with the deficiency in neutrophil
autophagy (Figure 2a,Supplementary Figure S2). It should be
noted that monocyte/macrophage numbers did not signifi-
cantly differ between Atg5NΔ and WT mice (mean relative
numbers of CD45+CD11b+CD115+ cells: bone marrow, 8.11
versus 7.64%; blood, 3.43 versus 3.52%; spleen, 2.5 versus
2.1%; and lymph nodes, 0.65 versus 0.48%). We also did not
observe significant differences in the numbers of B cells (mean

relative numbers of CD45±B220± cells: bone marrow, 25.9
versus 28.7%; blood, 48.2 versus 54.1%; spleen, 51.1 versus
50.7%; and lymph nodes, 44.1 versus 39.1%).
The differentiation of neutrophils is largely regulated by

granulocyte colony-stimulating factor (G-CSF) and, to a lesser
extent, by granulocyte/macrophage colony-stimulating factor
(GM-CSF).17–19 Therefore, we analyzed serum levels of
G-CSF and GM-CSF; these, however, did not differ between
Atg5NΔ and WT mice (Supplementary Figure S3a). Increased
neutrophil numbers of Atg5NΔ mice were associated with
significant splenomegaly and an increase in the ratio between
spleen weight and total mouse weight (Supplementary Figure
S3b). Histological analysis of the spleen revealed that, as in
WT mice, neutrophils of Atg5NΔ mice resided in the red pulp of
the spleen, particularly in close proximity to the white pulp,
in the area adjacent to the marginal zone (Supplementary
Figure S3c).
Neutrophils ofWTandAtg5NΔmicewere equally recruited to

the peritoneal cavity following intraperitoneal injection of IL-8,
suggesting that an ATG5 deficiency does not result in a defect
in migration in response to chemoattractants (Supplementary
Figure S4a). We also performed in vitro experiments to test
whether ATG5-deficient neutrophils exhibit any functional
defects. Analyzing the stimulated production of reactive
oxygen species (ROS) by mature bone marrow neutrophils,
as well as their capacity to phagocytose and to kill bacteria
revealed no differences between Atg5NΔ and WT mice
(Supplementary Figure S4b–d), suggesting that ATG5 or
autophagy in these cells is not required for their effector
functions within the innate immune system.

Knocking out Atg5 in the neutrophil lineage is associated
with increased and more rapid neutrophil production
in vivo. We evaluated the proliferative status of neutrophil
precursors in the bone marrow, using the Ki-67 marker, which
is expressed in actively proliferating cells, but absent in
resting cells (G0).

20 At the early promyelocytic/myelocytic
stages of neutrophil differentiation, it is known that cells
rapidly proliferate, thus forming a pool of immature neutrophil
precursors. The proliferation ceases as these cells mature
into metamyelocytes, band cells, and segmented
neutrophils.21,22 The mitotic pool of immature neutrophil
precursors in the bone marrow of Atg5NΔ mice exhibited a
significantly higher proliferation rate when compared with WT
mice, whereas the proliferation rate of mature neutrophils
was, as expected, comparably low in all genotypes
(Figure 2b). Atg5 mRNA expression in these immature
neutrophil populations was reduced by 75.3±18.9% com-
pared with WT mice (Figure 1a). These data indicate that
ATG5 limits proliferation of immature neutrophils under in vivo
conditions.
To assess the kinetics of differentiation of neutrophil

precursors in vivo, we examined the blood of WT and Atg5NΔ

mice after a pulse of ethynyl deoxyuridine (EdU), a nucleotide
analog of thymidine that incorporates into the DNA of dividing
cells.23 EdU incorporation into the proliferating neutrophil
precursors in the bone marrow allowed us to chase EdU+

neutrophils reaching the blood stream after maturation. The
egress of EdU+ neutrophils of Atg5NΔ mice from the bone
marrow into the blood stream started already after 48 h and
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reached its peak at 72 h following the pulse (Figure 2c). In
contrast, inWTmice, the maximum output of EdU+ neutrophils
was detected after 96 h (Figure 2c). The observed earlier
output of EdU+ neutrophils in Atg5NΔ mice suggests an
increased proliferation of the mitotic pool and an accelerated
maturation of the post-mitotic pool of ATG5-deficient neutro-
phils as compared with normal neutrophils.
Autophagy is tightly linked to the survival of cells and their

susceptibility to undergoing cell death. The kinetics of in vitro
cell death, however, did not differ between ATG5-deficient and
WTmature blood or bonemarrow neutrophils (Supplementary
Figure S5a and b). Both ATG5-deficient and WT mature bone
marrow neutrophils could be protected from cell death by the
addition of the broad spectrum caspase inhibitor Q-VD-OPh,
indicating that apoptosis was the predominant form of cell
death regardless of ATG5 expression levels (Supplementary
Figure S5b). Taken together, our findings indicate that the lack
of ATG5 in the neutrophil lineage results in a neutrophilia that
is the consequence of both increased and accelerated, but
cytokine-independent, neutrophil production, rather than
being due to a reduced cell death.

ATG5 regulates neutrophil differentiation in vitro. To
investigate whether the accelerated neutrophil production
observed in Atg5NΔ mice is direct, and if so, it’s underlying
mechanism, we performed in vitro studies. To this end, we
employed stem cell factor (SCF)-dependent conditional
Hoxb8 neutrophils (Hoxb8 neutrophils, henceforth), which
represent 4-hydroxytamoxifen (4-OHT)-regulated mouse
neutrophil progenitors that undergo normal neutrophil differ-
entiation upon Hoxb8 inactivation (Supplementary Figure
S6a).24,25 During the differentiation process, the cells
upregulate expression of neutrophil cell surface markers,
such as Gr-1 and CD11b, and concurrently downregulate the
SCF receptor (c-KIT, CD117) (Supplementary Figure S6b).
Gelatinase B/matrix metalloproteinase 9 (MMP-9) is an
enzyme present in tertiary neutrophil granules, which are
identified by their late appearance in myeloid differentiation.26

As Hoxb8 neutrophil precursors mature, the expression of
MMP-9 is gradually upregulated and no difference in MMP-9
expression levels was detectable as compared with primary
mature bone marrow neutrophils after reaching full matura-
tion (Supplementary Figure S6c). Hoxb8 neutrophils were

Figure 1 Lack of Atg5 mRNA and ATG5 protein expression as well as a functional defect in autophagy in neutrophils of Atg5NΔ mice. (a) Quantitative real-time PCR. Freshly
purified immature and mature bone marrow-derived neutrophil samples from WTand Atg5NΔ mice were analyzed for Atg5 expression. S18 was used as a reference gene to
normalize the expression of Atg5. Values are means±S.E.M. of two independent experiments. (b) Immunoblotting. Freshly purified mature bone marrow-derived neutrophils of
WTand Atg5NΔ mice were analyzed for ATG5 protein expression. The neutrophil-depleted bone marrow samples were lysed and immunoblotted next to the neutrophil lysates to
demonstrate the cell specificity of the ATG5 knockout. If present, ATG5 protein is seen as a conjugate with ATG12. The accumulation of p62 confirms the attenuated autophagic
activity in ATG5-deficient neutrophils. The results are representative of three independent experiments. The quantification of the ATG5 signal was performed using the Odyssey Fc
Imaging System (LI-COR Biosciences GmbH, Bad Homburg, Germany) and the image Studio software. (c) Confocal microscopy. Freshly purified mature bone marrow-derived
neutrophils of WTand Atg5NΔmice were cultured in the presence and absence of rapamycin for 1 h and stained with AUTOdot autophagy visualization dye. The dye is specific for
autophagic vacuoles that can be detected in rapamycin-treated WT neutrophils as bright white dots. In contrast, rapamycin had no detectable effect on neutrophils derived from
Atg5NΔ mice. Bars, 10 μm. (Right) Statistical analysis of three independent confocal microscopy experiments. Values are means± S.E.M.
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also functionally competent and performed basic neutrophil
effector functions, such as phagocytosis and ROS produc-
tion, with no detectable difference as compared with primary
mature bone marrow neutrophils (Supplementary Figure
S6d), confirming previously published work.24,25

We transduced Hoxb8 neutrophils with a lentiviral vector
expressing Tet-regulated shRNA for the knockdown of Atg5
mRNA transcripts. In this inducible system, the shRNA Atg5
production was regulated by the presence or absence of
doxycycline. Upon a 24-h doxycycline treatment, we observed
an approximately 40% downregulation of Atg5 mRNA
(Figure 3a). Moreover, ATG5 protein expression was reduced;
similarly, autophagic activity decreased as reflected by reduced
LC3-II and increased p62 levels, respectively (Figure 3b). The
shRNA Atg5 Hoxb8 neutrophils were always compared with
control Hoxb8 neutrophils, which had been transduced with a
control shRNA vector. The control and Atg5-downregulated
neutrophil progenitors were at the same stage of differentiation
when kept in 4-OHT-containing culture medium, having the
morphological and biomolecular characteristics of promyelo-
cytes (Supplementary Figure S7a and b). After downregulating
the expression of Atg5 (0.1 μg/ml doxycycline for 24 h), the
differentiation process was initiated by removing 4-OHT.
Immature Hoxb8 neutrophils with reduced ATG5 expression

demonstrated an accelerated differentiation process as
assessed by morphology (Figure 3c), as well as Gr-1
(Figure 3d) and MMP-9 expression (Figure 3e).
Next, using lentiviral transduction, we generated Atg5-

overexpressing Hoxb8 neutrophils that were compared with
Hoxb8 neutrophils transduced with a control empty vector
(Figures 4a and b). Again, when kept in 4-OHT-containing
culture medium, both neutrophil lines were at the same,
promyelocytic stage of differentiation (Supplementary Figure
S7c and d). The ATG5-overexpressing immature neutrophils
exhibited increased autophagic activity compared with control
Hoxb8 precursors, as was evident from increased LC3-II and
reduced p62 levels, respectively (Figure 4b). After the initiation
of the differentiation process, immature Hoxb8 neutrophils with
increased ATG5 expression demonstrated a delayed differ-
entiation process as assessed by morphology (Figure 4c), as
well as Gr-1 (Figure 4d) and MMP-9 expression (Figure 4e).
Taken together, these data suggest that ATG5, in modulating
autophagy, impacts neutrophil differentiation in a cell auton-
omous manner.

Neutrophil differentiation is regulated by autophagy. The
observation that ATG5 levels influence the process of
neutrophil differentiation suggested that autophagy

Figure 2 Increased proliferation and granulopoiesis of neutrophil precursors in the bone marrow of Atg5NΔ mice. (a) Flow cytometry. Relative and absolute neutrophil
numbers in bone marrow, peripheral blood, spleen, as well as brachial and axillary lymph nodes of WTand Atg5NΔ mice. Values are means± S.E.M. (n= 10–15). The gating
strategy and representative examples of the measurements are shown in Supplementary Figure S2. (b) Flow cytometry. The proliferative status of immature neutrophil precursors
in the bone marrow of WT and Atg5NΔ mice was assessed with Ki-67 expression measurements. Values are means±S.E.M. (n= 3). The precursors were defined as
CD11b+Ly6G-CD115-SSChigh and mature neutrophils as the CD11b+Ly6G+ cell population (see Supplementary Figure S2a and b). (c) Flow cytometry. Absolute numbers of EdU+

neutrophils in the blood of WT and Atg5NΔ mice were measured at indicated time points after EdU injection. Values are means±S.E.M. (n= 3–6). **Po0.01
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participates in the regulation of this process. To address this
question, we analyzed Hoxb8 neutrophils during the differ-
entiation process from promyelocytes to mature neutrophils.
As assessed with LC3 and p62 immunoblotting, we found an
increased autophagic activity in promyelocytes and myelo-
cytes compared with later stages of neutrophil differentiation
(Figure 5a). In fact, autophagy appeared to decline at day 3
after the initiation of the differentiation process (Figure 5a). By
this time point, cells had largely matured into metamyelocytes
and band cells (Supplementary Figure S6a). The lowest
levels of autophagy were observed at day 5 (Figure 5a), a
time point by which all cells had undergone terminal
differentiation (Supplementary Figure S6a). These data
support our observation that a reduction in ATG5 expression
(and, thereby, a reduction in autophagy) promotes the
differentiation process of neutrophils (Figure 3). The physio-
logical process of autophagy during neutrophil differentiation,
however, does not appear to be regulated by modulating
ATG5 expression levels (Figure 5a). Similarly, the expression
of Beclin 1 (ATG6) did not change significantly during
neutrophil differentiation (Figure 5a).

Therefore, we searched for other candidates that might be
regulating the process of autophagy during the differentiation
of neutrophils. Mammalian target of rapamycin complex 1
(mTORC1) is known to be a key regulator of autophagy.
mTORC1 activity inhibits autophagy and is regulated by
availability of nutrients and growth factors and by other
upstream signaling pathways.27,28 We analyzed the activation
level of mTORC1 by monitoring phosphorylation of p70S6
kinase (p70S6K), a well-characterized mTORC1 target that
regulates protein synthesis by phosphorylating the S6
ribosomal protein.29,30 In correlation with the observed
decrease in autophagic activity during neutrophil differentia-
tion, the levels of phosphorylated p70S6K increased as
neutrophils matured (Figure 5a, lower panel).
To demonstrate functionally the importance of mTORC1 for

regulation of autophagy and neutrophil differentiation, rapa-
mycin was used to directly inhibit mTORC1. Indeed, rapamy-
cin blocked mTORC1 and, as expected, induced autophagy
(Figure 5b). As observed with ectopically ATG5-induced
autophagy, rapamycin-induced autophagy also drastically
blocked neutrophil differentiation as assessed by flow cyto-
metric surface Gr-1 expression (Figure 5c). Similarly,

Figure 3 Downregulation of ATG5 expression in immature neutrophil precursors results in accelerated differentiation. (a) Quantitative real-time PCR. Undifferentiated Hoxb8
neutrophils were transduced with virus encoding control or Atg5-specific shRNA, and subsequently analyzed. S18 was used as a reference gene to normalize the expression of
Atg5. Values are means± S.E.M. of three independent experiments. (b) Immunoblotting. ATG5 expression is decreased in Atg5 shRNA-treated undifferentiated Hoxb8
neutrophils. Monomeric ATG5 was not detectable in these cells. The reduced presence of the ATG5-ATG12 conjugate was correlated with reduced LC3-II and higher p62 levels,
indicating attenuated autophagic activity in these cells. Results are representative of three independent experiments. (c) Light microscopy. Undifferentiated Hoxb8 neutrophils
were treated with control or Atg5 shRNA and then allowed to differentiate for 4 days. Cytospins were stained with the Hematocolor Set and quantified. Based on cell size and
nuclear morphology, cells were categorized as myelocytes, metamyelocytes, band cells, or segmented neutrophils. Values are means±S.E.M. of three independent
experiments. (d) Flow cytometry. Undifferentiated Hoxb8 neutrophils were treated with control and Atg5 shRNA, allowed to differentiate for 3 days, and Gr-1 surface expression
analyzed. Values are means±S.E.M. of four independent experiments. (Right) Representative original flow cytometric data are shown. Red, Gr-1 expression. Blue, isotype-
specific control antibody staining. (e) Immunoblotting. Undifferentiated Hoxb8 neutrophils were treated with control and Atg5 shRNA, allowed to differentiate for 4 days, and
MMP-9 expression analyzed. Results are representative of three independent experiments. See Supplementary Figure S6 for the characterization of the Hoxb8 neutrophil
differentiation system
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trifluoperazine and carbamazepine, two other known
autophagy-inducing drugs,31–33 also inhibited the differentia-
tion of neutrophils (Supplementary Figure S8). In summary,
autophagy appears to have a counter-regulatory role in the
process of neutrophil differentiation.

Autophagy and neutrophil differentiation underlie a
reciprocal regulation by p38. To determine the upstream
signals responsible for an autophagic regulation of differ-
entiation for neutrophil precursors, we studied several path-
ways converging at mTORC1. Class I phosphatidylinositide
3-kinases (PI3K-I) activate phosphoinositide dependent
protein kinase-1 (PDK1) in the PI3K-I/PDK1/protein kinase
B (AKT) signaling pathway, which is known to suppress
autophagy by activating mTORC1.34,35 However, we obtained
no evidence for the activation of this pathway during
differentiation of Hoxb8 neutrophils (Supplementary Figure
S9a) and pharmacological inhibition of PI3K-I or AKT kinase
had no effect on the generation of mature neutrophils as
assessed by flow-cytometric surface Gr-1 expression
(Supplementary Figure S9b).

On the other hand, mTORC1 can also be activated by the
p38 MAPK cascade through inhibition of tuberin (TSC2), a
critical negative regulator of mTORC1.36 Indeed, the phos-
phorylation of p38 increased during differentiation of Hoxb8
neutrophils and was the highest in band cells and fully mature
neutrophils (Figure 6a). Pharmacological inhibition of the p38
pathway with the specific p38 inhibitor PD169316 induced
autophagy (Figure 6b) and drastically inhibited neutrophil
differentiation as assessed by flow-cytometric surface Gr-1
expression (Figure 6c). Inhibiting the p38 pathway also caused
the inhibition of p70S6K phosphorylation (Figure 6d), thus
verifying mTORC1 as the molecular link between activated
p38 and autophagy inhibition. In contrast to p38, ERK1/2
phosphorylation was reduced at later differentiation stages of
Hoxb8 neutrophils (Figure 6a) and blocking the ERK1/2
signaling pathway with the ERK pathway inhibitor SD98059
had no effect on neutrophil differentiation (Figure 6c). In
summary, these results demonstrate that neutrophil differ-
entiation and autophagy are reciprocally regulated by the p38-
mTORC1 pathway, whereas the PI3K and ERK signaling
pathways do not seem to have a role.

Figure 4 Ectopic Atg5 expression in immature neutrophil precursors results in delayed differentiation. (a) Quantitative real-time PCR. Undifferentiated Hoxb8 neutrophils were
subjected to lentiviral transduction with control vector or Atg5 gene construct, and subsequently analyzed. S18 was used as a reference gene to normalize the expression of Atg5.
Values are means±S.E.M. of three independent experiments. (b) Immunoblotting. Atg5 gene transfer results in strong expression of the 33-kDa ATG5 monomer and slightly
increased expression of ATG5 within the conjugate with ATG12. Ectopic ATG5 expression was associated with higher LC3-II and reduced p62 levels, suggesting increased
autophagic flux in these cells. Results are representative of three independent experiments. (c) Light microscopy. Undifferentiated Hoxb8 neutrophils were subjected to lentiviral
control vector and Atg5 gene transfer and then allowed to differentiate for 4 days. Cytospins were stained with the Hematocolor Set and quantified. Based on cell size and nuclear
morphology, cells were categorized as myelocytes, metamyelocytes, band cells, or segmented neutrophils. Values are means± S.E.M. of three independent experiments.
(d) Flow cytometry. Undifferentiated Hoxb8 neutrophils were subjected to lentiviral control vector and Atg5 gene transfer, allowed to differentiate for 3 days, and the Gr-1
expression analyzed. Values are means± S.E.M. of four independent experiments. (Right) Representative original flow cytometric data are shown. Red, Gr-1 expression.
Blue, isotype-matching control antibody. (e) Immunoblotting. Undifferentiated Hoxb8 neutrophils were subjected to lentiviral control vector and Atg5 gene transfer, allowed to
differentiate for 4 days, and MMP-9 expression analyzed. Results are representative of three independent experiments. See Supplementary Figure S6 for the characterization of
the Hoxb8 neutrophil differentiation system
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Discussion

Although autophagy has been implicated in innate and
adaptive immune responses,37 its role in neutrophil biology
has not been investigated previously. In this study, we report
that ATG5-deficient neutrophils exhibit normal effector func-
tions (ROS production, phagocytosis, granule protein release,
and bacterial killing), at least under in vitro conditions. On the
other hand, we demonstrate that autophagy contributes to the
regulation of neutrophil numbers by modulating their produc-
tion in the bone marrow. However, ATG5-deficient neutrophils
do not display any differences in their survival and rates
of spontaneous apoptosis. Delayed apoptosis in the presence
of survival cytokineswasalso not dependent on the presence of
ATG5. These data suggest that autophagy can modulate
neutrophil numbers solely at the level of production, but not by
regulating the apoptosis of mature neutrophils.
Using genetic and pharmacological, as well as combined

in vivo and in vitro approaches, we show that autophagy limits
and delays neutrophil differentiation, a finding that was largely
unexpected, since previously published work consistently
suggested an essential role for autophagy in the process
of differentiation of multiple hematopoietic and non-
hematopoietic cells. For instance, autophagy has been
demonstrated to be required for organelle clearance during
the differentiation of reticulocytes.12,38 Similarly, B-cell differ-
entiation was blocked at the pro-B cell stage in bone marrow in
the absence of ATG5.8 ATG5-deficient B cells were also
unable to differentiate to plasma cells.39 Furthermore,
autophagy is required during monocyte differentiation and
acquisition of macrophage effector functions9,40 as well as for

megakaryocyte differentiation.41 Autophagy has also been
shown tomaintain hematopoietic stem cells.42–44 In addition, a
requirement for autophagy in differentiation has been reported
in non-hematopoietic cells, such as adipocytes45–47 and
osteoblasts.48

Differentiation is associated with rapid cellular changes. Our
findings provoke the question: Why is such a cellular
remodeling process not required during neutrophil differentia-
tion as is obviously the case in other cell lineages? The major
changes that appear during neutrophil differentiation are
cytoplasmic granule formation and changes in nuclear
morphology. We found no evidence that ATG5-deficient
mature neutrophils obtained from Atg5NΔ mice were different
from mature neutrophils of WT mice in terms of granule
composition or nuclear morphology. It is possible that the
numbers of mitochondria are increased as a consequence of
the absence of ATG5, but, even if thiswere to be the case, it did
not affect neutrophil morphology or function. Perhaps, due to
the relatively short life span of mature neutrophils, the removal
of mitochondria is less crucial than with reticulocytes.11,12 The
short life span may also explain why mature neutrophils, as
post-mitotic cells, apparently do not require active autophagy
for cellular homeostasis as is, for example, the case in
neurons.14,49

Interestingly, it has been shown that the induction of
autophagy is required for the differentiation of acute myeloid
leukemia (AML) cells.50,51 The accelerated differentiation
might be explained, at least partially, by the autophagic
degradation of the driving oncoprotein.52 The question arises,
whether the induction of differentiation by autophagy regula-
tors is differently regulated in AML cells than in healthy

Figure 5 Autophagic activity declines during neutrophil differentiation and pharmacological induction of autophagy delays the process of neutrophil differentiation.
(a) Immunoblotting. Hoxb8 neutrophil progenitors were allowed to differentiate and analyzed at the indicated times (see Supplementary Figure S6 for the characterization of the
Hoxb8 neutrophil differentiation system). The autophagic activity appeared to decline at later time points as indicated by reduced LC3-II and higher p62 levels. ATG5 and Beclin 1
expression did not change during the process of neutrophil differentiation. However, phosphorylation (Thr389) of p70S6K increased, suggesting increased mTORC1 activity.
Results are representative of four independent experiments. (b) Immunoblotting. Hoxb8 neutrophil progenitors were allowed to differentiate in the presence and absence of
100 nM rapamycin and analyzed 3 days after initiation of the differentiation process. Rapamycin treatment resulted in higher LC3-II and reduced p62 levels, suggesting induction
of autophagy. The results are representative of two independent experiments. (c) Flow cytometry. Hoxb8 neutrophil progenitors were allowed to differentiate in the presence and
absence of 100 nM rapamycin and analyzed 3 days after initiation of the differentiation process. Rapamycin treatment resulted in lower Gr-1 surface expression, suggesting a
delayed differentiation process as a consequence of autophagy induction. Representative original flow cytometric data are shown. Red, Gr-1 expression. Blue, isotype-matching
control antibody. The indicated values are mean Gr-1/control MFI ratios± S.E.M. of four independent experiments

Role of autophagy in neutrophil differentiation
S Roz ̌man et al

451

Cell Death and Differentiation



immature neutrophils, a possibility which, if true, could open up
new avenues for treatment of AML. However, it has also been
reported that inhibition of autophagy by chloroquine enhanced
AML cell differentiation,53 pointing to the possibility that AML
cell and neutrophil differentiation are not really differently
regulated, since in both cases differentiation seems to be
promoted by a reduction in autophagy.
Although the data obtained in Atg5NΔ mice clearly indicate

that autophagy is not required for the later differentiation
processes of neutrophils, our Hoxb8 neutrophil system
allowed us to follow in detail the levels of autophagy
associated with neutrophil differentiation, at least from the
promyelocytic stage onwards until terminal differentiation. The
highest autophagic activity was observed during early
granulopoiesis, at the promyelocytic and myelocytic stages
of differentiation. At the transition from myelocytes to
metamyelocytes and in mature neutrophils, autophagy
appeared to decline. Interestingly, these changes in autophagic
activity were associated with increased p38 and decreased
ERK1/2 phosphorylation levels. Using a pharmacological
approach, we demonstrated that autophagy in neutrophils,
and reciprocally in consequence, differentiation, are regulated
by the p38–mTORC1 axis. Our data for the importance of p38

in the regulation of neutrophil differentiation are in agreement
with previously published work demonstrating that the
phosphatase Wip1 blocks the differentiation process of
neutrophils through the inhibition of the p38 MAPK-STAT1
pathway.54 In addition, neutropenia has been recognized as
an important adverse event of rapamycin therapy,55 pointing to
the possibility that mTOR-regulated autophagy in neutrophil
precursors is responsible for this phenomenon.
The proliferation of immature neutrophils at the promyelo-

cytic/myelocytic stages inversely correlated with levels of
autophagy under in vivo conditions. Previously publishedwork
reported that the deletion of Atg7 in the hematopoietic system
results in a severe myeloproliferation,43 a finding that supports
the assumption that autophagy negatively regulates the
proliferation of myeloid precursor cells. Moreover, similar
observations have been made in melanoma cells,56 as well as
in lung and breast cancer cells.57,58 Furthermore, autophagy
and p38 have been demonstrated to have an important role in
mediating senescence.59,60 Similarly, ATG7, another protein
essential for autophagosome formation, has been shown to be
essential for cell-cycle arrest.61 The molecular mechanisms
whereby autophagy mediates anti-proliferative effects remain
unclear. However, modulation of key autophagic components

Figure 6 Activity of p38 increases during neutrophil differentiation and its pharmacological inhibition induces autophagy and reduces the process of neutrophil differentiation.
(a) Immunoblotting. Hoxb8 neutrophil progenitors were allowed to differentiate and analyzed at the indicated times (see Supplementary Figure S6 for the characterization of the
Hoxb8 neutrophil differentiation system). Phosphorylation (Thr180/Tyr182) of p38 increased, suggesting increased p38 activity. On the other hand, ERK1/2 was completely
dephosphorylated (Thr202/Thr204) during terminal differentiation. Results are representative of four independent experiments. We obtained no evidence for a role for the PI3K
pathway in neutrophil differentiation (see Supplementary Figure S9). (b) Immunoblotting. Hoxb8 neutrophil progenitors were allowed to differentiate in the presence and absence
of 1 μM PD169316 (inhibitor of p38), and analyzed 3 days after initiation of the differentiation process. PD169316 treatment resulted in higher LC3-II and lower p62 levels,
indicating induction of autophagy. The results are representative of two independent experiments. (c) Flow cytometry. Hoxb8 neutrophil progenitors were allowed to differentiate in
the presence and absence of 1 μM PD169316 (inhibitor of p38) or 1 μM PD98059 (inhibitor of ERK1/2), and analyzed 3 days after initiation of the differentiation process.
PD169316 treatment resulted in lower Gr-1 surface expression, suggesting a delayed differentiation process as a consequence of autophagy induction. In contrast,
pharmacological inactivation of ERK1/2 had no effect in this system. Values are means±S.E.M. of four independent experiments. Representative original flow cytometric data
are shown below. Red, Gr-1 expression. Blue, isotype-matching control antibody. (d) Immunoblotting. Hoxb8 neutrophil progenitors were allowed to differentiate in the presence
and absence of 1 μM PD169316 (inhibitor of p38), and analyzed 3 days after initiation of the differentiation process. PD169316 treatment resulted in decreased phosphorylation
(Thr389) of p70S6K, suggesting diminished mTORC1 activity. Results are representative of two independent experiments
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such as ULK3, ATG5, or ATG7 has been shown to control
senescence, possibly through feedback control of the PI3K-
AKT-mTOR pathway.62 On the other hand, more direct effects
of autophagy on the regulation of mitosis by degradation of
active RHOA63 or ATG5–survivin interactions in the nucleus64

may also have a role. Moreover, both ATG565 and ATG761

have been shown to increase p53 expression and/or function
that could also have a role in the initiation of senescence.
Taken together, our findings indicate that autophagy

negatively impacts on neutrophil differentiation. Interestingly,
our work may explain why p73 knockout mice suffer from a
general neutrophilic inflammation,66 since these mice exhibit
strongly reduced ATG5 levels in multiple cell lineages.67

Reduced ATG5 levels in immature neutrophils clearly stimu-
late neutrophil production as demonstrated in this work. We
further show that autophagy is regulated, at least partially, by
the p38–mTORC1 signaling pathway. Autophagy-deficient
neutrophils exhibit normal morphology and no evidence for a
defect in granule protein release or a deregulation in
apoptosis. Further work is required to rule out the possibility
that autophagy-deficient neutrophils exhibit other functional
abnormalities. Moreover, the potential for modulating auto-
phagy in immature neutrophils with drugs should be explored
as an option for normalizing neutrophil numbers under
pathological conditions.

Materials and Methods
Antibodies. The antibodies used for immunoblotting were polyclonal rabbit anti-
ATG5 (1 : 500; Novus Biologicals, LuBioScience GmbH, Lucerne, Switzerland),
polyclonal rabbit anti-p62 (1 : 4000; Novus Biologicals), monoclonal mouse anti-LC3
(1 : 500; Nanotools, Teningen, Germany), monoclonal mouse anti-Beclin 1 (1 : 1000;
Abgent, LuBioScience GmbH), polyclonal rabbit anti-MMP-9 (1 : 1000; Abcam,
Cambridge, UK), and monoclonal mouse anti-GAPDH (1 : 5000; Millipore, Bedford,
MA, USA). From Cell Signaling Technology (Danvers, MA, USA), we obtained the
following antibodies for immunoblotting: monoclonal rabbit anti-phospho-p70S6K
(1 : 500), monoclonal rabbit anti-p70S6K (1 : 500), polyclonal rabbit anti-phospho-p38
(1 : 1000), polyclonal rabbit anti-p38 (1 : 1000), monoclonal rabbit anti-phospho-
ERK1/2 (1 : 1000), monoclonal rabbit anti-ERK1/2 (1 : 1000), polyclonal rabbit
anti-phospho-PDK1 (1 : 1000), polyclonal rabbit anti-PDK1 (1 : 1000), polyclonal
rabbit anti-phospho-Akt (1 : 1000), and polyclonal rabbit anti-Akt (1 : 1000).
Horseradish peroxidase (HRP)-conjugated goat anti-mouse and HRP-conjugated
donkey anti-rabbit antibodies were from GE Healthcare (Little Chalfont, UK). The
antibodies against cell surface markers used for flow cytometry and cell sorting
were all rat anti-mouse antibodies directed against CD45, Ly6G, CD11b, CD115,
Gr-1, and c-KIT (all from Biolegend, Lucerna-Chem AG, Lucerne, Switzerland).
The rat IgG2b, κ isotype control was from Biolegend (Lucerna-Chem AG).
The polyclonal rabbit anti-Ki-67 for intracellular staining was from Abgent
(LuBioScience GmbH) and the rabbit IgG isotype control was from Novus
Biologicals. PerCP-conjugated goat-anti-rabbit antibody was from Santa Cruz
Biotechnology (Santa Cruz, Labforce AG, Nunningen, Switzerland).

Reagents. RPMI-1640/GlutaMAX medium and penicillin/streptomycin were from
Invitrogen (LuBioScience GmbH). All media were supplemented with 10% fetal calf
serum (FCS) (GE Healthcare). Q-VD-OPh was from SM Biochemicals (Anaheim,
CA, USA). β-Mercaptoethanol, 4-OHT, hexadimethrine bromide (polybrene) and
puromycin were from Sigma-Aldrich (Buchs, Switzerland), doxycycline was from
Clontech (Saint-Germain-en-Laye, France). Rapamycin was from LC Laboratories
(Lucerna-Chem AG); trifluoperazine and carbamazepine were from Sigma-Aldrich;
PD169316, PD98059, LY294002, and wortmannin were from Merck KGaA
(Darmstadt, Germany); TGX-221 was from Cayman Chemical Company (Adipogen
AG, Liestal, Switzerland); and SH-6 was purchased from Enzo Life Sciences
(Lausen, Switzerland). Mouse SCF-secreting Chinese hamster ovary cells (CHO/
SCF) were kindly provided by Dr Georg Häcker (University of Freiburg, Germany).

Mice. Atg5flox/flox mice14 were kindly provided by Dr Christian Münz (University of
Zurich, Switzerland). Lyz2Cre/Cre mice (B6.129P2-Lyz2tm1(cre)Ifo) were purchased
from Jackson Laboratories (Bar Harbor, ME, USA) at backcross generation N6 and
were further backcrossed to N10 with C57BL6/J mice.15 Atg5flox/flox were crossed
with Lyz2Cre/Cre mice to obtain Atg5flox/flox-Lyz2Cre/Cre (Atg5NΔ) mice. Atg5flox/flox mice
were genotyped as described.14 The animal studies were approved by Cantonal
Veterinary Office of Bern, Switzerland.

Sample collection from mouse bone marrow, blood, spleen, and
lymph node. All mice were analyzed between 8 and 12 weeks of age. Blood
was collected from retro-orbital sinus of sedated mice, using heparinized disposable
glass pipettes (Provet AG, Lyssach, Switzerland). Total leukocyte cell counts in
blood were measured on a Scil Vet ABC hematology analyser (Horiba Medical,
Montpellier, France). For serum preparation, the blood was left to clot for 2 h at room
temperature and centrifuged (20 min, 3000 r.p.m., 4 °C).

Bone marrow cells were collected by flushing the femur with 5 ml of medium
(100 U/ml penicillin/100 μg/ml streptomycin, 1% FCS in PBS), using a 26-gauge
needle, and filtering through a sterile 70-μm nylon cell strainer. Spleen samples were
pressed through a sterile 70-μm nylon cell strainer with 5 ml of medium and
erythrocytes were lysed for 10 min by adding nine parts of lysis buffer (0.16 M NH4Cl,
0.01 M KHCO3, 0.12 mM EDTA). Brachial and axillary lymph nodes were pressed
through a sterile 70-μm nylon cell strainer with 2 ml of medium. Bone marrow, spleen,
and lymph-node single-cell suspensions were then washed with medium and the cells
counted with hemocytometer, using the Türk’s staining solution (Dr Grogg Chemie
AG, Stettlen, Switzerland).

Primary bone marrow neutrophils were isolated by the negative selection
technique, using an EasySep Mouse Neutrophil Enrichment Kit (Stemcell
Technologies, Grenoble, France). Neutrophil purity was always higher than 93%
and was assessed by staining with the Hematocolor Set (Merck KGaA) followed by
light microscopy analysis.

Hoxb8 neutrophils. SCF-dependent conditional Hoxb8-immortalized neutro-
phil progenitor lines from WT mice were generated as described.24,25

Undifferentiated Hoxb8 neutrophil precursor cells were kept in culture medium
(RPMI-1640, supplemented with 10% FCS, 50 μM β-mercaptoethanol, 100 U/ml
penicillin/100 μg/ml streptomycin, 5% of CHO/SCF cell conditioned medium
(as a source of murine SCF), 100 nM 4-OHT). To set up differentiation, cells
were washed two times with PBS and resuspended in differentiation medium
(RPMI-1640, supplemented with 10% FCS, 50 μM β-mercaptoethanol, 100 U/ml
penicillin/100 μg/ml streptomycin, 5% of CHO/SCF cell conditioned medium) in the
absence of 4-OHT.

Flow cytometry and cell sorting. Heparinized blood (30 μl) was stained
with fluorochrome-labeled monoclonal antibodies for cell-surface markers for 45 min
on ice. After staining, erythrocytes were lysed for 10 min at room temperature
(BD FACS Lysing Solution; BD Biosciences, San Jose, CA, USA), and cells were
washed two times with washing buffer (1% FCS in PBS).

Single-cell suspensions from bone marrow, spleen, and lymph nodes, or Hoxb8
neutrophils (0.5–1 × 106) were washed with 1 ml of washing buffer, blocked in the
blocking solution (10% FCS, with 1% normal rat serum and 1% mouse serum in PBS)
and stained with fluorochrome-labeled monoclonal antibodies for cell-surface staining
for 45 min on ice.

For Ki-67 detection, the surface staining was followed by permeabilization of the
cell membrane (CytoFix/CytoPerm; BD Biosciences). Cells were washed two times,
incubated with Ki-67 antibody (2.5 μg/ml) or rabbit IgG isotype control (2.5 μg/ml) for
1 h on ice, washed again, and then stained with the secondary PerCP-conjugated
goat-anti-rabbit antibody for 40 min on ice (15 μg/ml).

Flow cytometry was performed on BD FACSCalibur flow cytometer
(BD, Heidelberg, Germany). Data were analyzed using the FloJo 7.6.5. software
(Tree Star, Ashland, OR, USA).

Cell sorting of neutrophil precursors (CD45+CD11b+Ly6G-CD115-SSChigh) and
GFP-positive Hoxb8 neutrophil precursors was done on the BD FACSAria cell
sorter (BD).

EdU staining of cycling bone marrow cells and chase into the
peripheral blood. Briefly, 100 μl of EdU (Invitrogen) at the final concentration
of 2 mg/ml in PBS was injected intravenously in the retro-orbital plexus of
anesthetized mice. Some mice were left untreated as controls. Blood was harvested
at five different time points and total leukocyte counts were determined using Scil
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Vet ABC hematology analyser. Whole blood was stained with fluorochrome-
conjugated surface antibodies against CD45 and Ly6G. EdU-positive cells in CD45+

Ly6G+ population were then detected using the Click-iT EdU Imaging Kit
(Invitrogen).

Quantitative real-time reverse transcription-PCR. Primary bone
marrow-derived neutrophils, sorted neutrophil precursors, or Hoxb8 neutrophils
were lysed with RNA Lysis buffer (Promega, Duebendorf, Switzerland) and stored at
− 80 °C until PCR analysis. RNA was isolated with the SV Total RNA Isolation
System (Promega). In all, 300 ng of total RNA was used for cDNA synthesis at
50 °C for 1 h with SuperScript III Reverse Transcriptase (Invitrogen). The reverse
transcription was followed by quantitative real-time PCR with the iCycler iQ5
Multicolor Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA,
USA), using the following mouse Atg5 primers (forward: 5'-CAC ACC CCT
GAA ATG GCA TTA TCC-3′; reverse: 5'- AGC CTC AAC CGC ATC CTT GG-3′)
and SYBR Green Supermix (Bio-Rad) for the detection of PCR products.
The constitutively expressed housekeeping gene S18 was used to normalize the
expression of Atg5.

Immunoblotting. Cell lysates of primary bone marrow-derived neutrophils,
sorted neutrophil precursors, or Hoxb8 neutrophils were prepared by lysing the cells
with the lysis buffer containing 50 mM Tris pH 7.4, 150 mM NaCl, 10% glycerol, 1%
Triton X-100, 2 mM EDTA, 10 mM sodium pyrophosphate, 50 mM sodium fluoride,
200 μM Na3VO4 and 1 mM PMSF in H2O. Shortly before use, a protease inhibitor
cocktail (Sigma-Aldrich) was added to the lysis buffer. Cells were lysed for 25 min
on ice, with frequent vortexing. After the lysis, supernatants were collected following
high-speed centrifugation (10 min, 13 000 r.p.m., 4 °C). In all, 50 μg of protein was
loaded on the 12% sodium dodecyl sulfate (SDS) polyacrylamide gel (Expedeon,
Lucerna-Chem). The lysates were separated by electrophoresis under reducing
conditions and transferred onto polyvinylidene difluoride (PVDF) membranes
(Immobilon-P; Millipore, Carrigtwohill, Ireland). Membranes were blocked with 5%
non-fat dry milk in Tris-buffered saline solution containing 0.1% Tween 20 (TBST) for
1 h and then incubated with primary antibodies (see Antibodies) in TBST and 5%
non-fat dry milk at 4 °C overnight. Membranes were washed using TBST and then
incubated with the corresponding HRP-conjugated secondary antibodies and
visualized by chemiluminescence (ECL Western Blotting Analysis System; GE
Healthcare or Luminata Forte; Millipore Corporation, Billerica, MA, USA).

Detecting autophagosome formation by Autodot staining.
Primary bone marrow-derived neutrophils were incubated on a coverslip in a
24-well plate (1 h, 37 °C, 5% CO2) at the concentration of 3 × 10

6 cells/ml in 100 μl
of RPMI-1640 medium, supplemented with 10% FCS. The cells were left untreated
or stimulated with 100 nM rapamycin for 1 h. After the incubation, the medium was
gently removed from the coverslip and the cells were stained with 100 μl of
AUTOdot Autophagy Visualization Dye (0.15 mM monodansylpentane in PBS;
Abgent) at 33 °C for 15 min. The dye was gently removed and the cells were fixed
with 4% paraformaldehyde solution for 5 min at room temperature, washed three
times with 500 μl of PBS, mounted on a microscope slide with 3 μl mounting
medium (Dako, Baar, Switzerland) and stored at 4 °C overnight, protected from light.
The slides were analyzed the next day by confocal laser scanning microscopy (Carl
Zeiss AG, Jena, Germany) equipped with argon, blue diode, and helium-neon
lasers. The intensity of the staining was analyzed by the ImageJ software (http://rsb.
info.nih.gov/ij/) and calculated as the mean maximum fluorescence intensity of a
cell. A hundred cells per condition were analyzed.

Lentiviral gene transfer. In all, 0.5 × 106 Hoxb8 neutrophil precursors were
resuspended in 500 μl of culture medium and transduced with custom mouse
shRNA Atg5 lentiviral construct: pRSI-U6Tet-shm.Atg5_cust-UbiC-TetR-2A-
TagGFP2-W (Cellecta, Mountain View, CA, USA) with the target sequence
GCAGAACCATACTATTTGCTT, at the multiplicity of infection of 40. Control cells
were transduced with an empty lentiviral construct: pRSI-U6Tet-sh-UbiC-TetR-2A-
TagGFP2-W. After spin infection (1 h, 1500 r.p.m., 30 °C) in the presence of
polybrene (5 μg/ml), 1.5 ml of fresh culture medium was added to the cells. Three to
five days after infection, the cells were sorted for GFP-positive population. Before
setting up the differentiation, the expression of shRNA was induced by doxycycline
treatment (100 ng/ml, 24 h). During differentiation, the doxycycline-containing
medium was refreshed every 48 h.
Mouse Atg5 (Gene ID: 158508499, NM_053069) was sub-cloned in pRRL-cPPT-

hPGK-mcs-WPRE vector with addition of GFP under ubiquitin promoter obtained

from Dr Didier Trono (EPFL, Lausanne, Switzerland), using forward primer for mouse
Atg5, containing a PmeI restriction site: 5′-GCG CGT TTA AAC ATG ACA GAT
GAC AAA GAT GTG CTT CGAG-3′ and reverse primer, containing a NheI restriction
site: 5′-GCG CGC TAG CTC AAT CTG TTG GCT GGG GGA CA-3′. Recombinant
virus constructs were produced by calcium phosphate transfection together with the
envelope vector PMD2.G and the packaging vectors psPAX2 for lentivirus (all
provided by Dr Trono) into 293T cells. For virus stocks, the supernatant was collected
24, 48, and 72 h after transfection and cleared by passing through sterile 0.45 μM
pore size filter and 10x concentrated at 4 °C in a Beckman Coulter ultracentrifuge
(Palo Alto, CA, USA) with the SW41-Ti rotor (90 min, 55 000 g). Pellets were
resuspended in RPMI-1640, supplemented with 10% FCS, and aliquoted and stored
at − 80 °C. In all, 0.5 × 106 Hoxb8 neutrophil precursors were resuspended in 500 μl
of culture medium and transduced with the Atg5 lentivirus or the empty vector, at a
multiplicity of infection of 25. After spin infection (1 h, 1500 r.p.m., 30 °C) in the
presence of polybrene (1 μg/ml), 1.5 ml of fresh culture medium was added to the
cells. Two to three days after infection, the cells were sorted for GFP-positive
population.

Pharmacological treatment of Hoxb8 neutrophils. Carbamazepine
(10 μM), LY294002 (500 nM), PD169316 (1 μM), PD98059 (1 μM), rapamycin
(100 nM), SH-6 (5 μM), TGX-221 (50 nM), trifluoperazine (500 nM), and wortmannin
(30 nM) were added to the differentiation medium at the beginning of Hoxb8
neutrophil differentiation. At the indicated concentrations, none of the drugs induced
cell death.

Histology. Spleens were harvested from WT and Atg5NΔ mice, perfused with
PBS, fixed in 4% paraformaldehyde for 24 h, and embedded in paraffin blocks.
Histological transverse 4-μm sections of the spleen were deparaffinized, rehydrated,
and stained with Naphtol AS-D Chloroacetate solution according to the instructions
of the manufacturer (Naphtol AS-D Chloroacetate (Specific Esterase) Kit; Sigma-
Aldrich).

G-CSF and GM-CSF immunoassays. The serum from WT and Atg5NΔ

mice was diluted 1 : 2 with Sample diluent (Bio-Rad) and pipetted into a 96-well
plate. The magnetic bead-based immunoassay was carried out according to the
instructions of the manufacturer (Bio-Plex Pro Mouse Cytokine Assay; Bio-Rad) and
the read-out was performed on the Bio-Plex MAGPIX Multiplex Reader (Bio-Rad).

Degranulation assays. Primary bone marrow-derived neutrophils from WT
and Atg5NΔ mice were resuspended in RPMI-1640 at 10 × 106 cells/ml and left to
settle for 20 min. They were then pretreated with cytochalasin B (Sigma-Aldrich;
5 μg/ml; 5 min) and stimulated with Formyl-Methionyl-Leucyl-Phenylalanine (Sigma-
Aldrich; 1 μM; 1 h). The supernatants were acquired following the centrifugation step
(20 min, 2000 r.p.m., 4 °C), aliquoted into three parts, and stored at − 80 °C until
analysis. The granule content was determined by enzyme-linked immunosorbent
assays (ELISAs) according to the instructions of the manufacturer. Cathepsin G
ELISA Kit was from Qayee Biotechnology (Shanghai, China), lactoferrin ELISA Kit
was from Blue Gene (Shanghai, China) and MMP-9 ELISA Kit was from USCN Life
Science Inc. (Wuhan, China).

Cell death assays. Whole blood from WT and Atg5NΔ mice was acquired into
the heparin-coated blood collecting system (Sartedt, Nümbrecht, Germany) and
incubated at 37 °C, gently shaking, for 48 h. In all, 30 μl of blood was collected at
different time points and erythrocytes were lysed by adding nine parts of lysis buffer
(0.16 M NH4Cl, 0.01 M KHCO3, 0.12 mM EDTA). Following two washing steps (1%
FCS in PBS), the cells were stained with anti-Ly6G antibody. Immediately before
measurement, propidium iodide (Sigma-Aldrich) was added to stained blood
samples at 10 μg/ml and viability was measured by flow cytometry.
Primary bone marrow-derived neutrophils from WTand Atg5NΔmice were cultured

at 1 × 106 cells/ml for the indicated times in the absence or presence of a broad
spectrum caspase inhibitor Q-VD-OPh (10 μM), G-CSF (25 ng/ml; Peprotech,
London, UK), GM-CSF (10 ng/ml; R&D Systems, Abingdon, UK), IL-3 (1 μg/ml; BD
Biosciences), IL-5 (25 ng/ml; R&D Systems), anti-CD95 antibody (1 μg/ml; MBL
International Corp., Woburn, MA, USA), TNF-α (10 ng/ml; R&D Systems), LPS
(100 ng/ml; Sigma-Aldrich) and C5a (10 ng/ml; Hycult Biotech, Uden, The
Netherlands) in complete culture medium (RPMI-1640, supplemented with 10%
FCS, 100 U/ml penicillin/100 μg/ml streptomycin). Immediately before measurement,
propidium iodide was added to cell suspension at 10 μg/ml and viability was
measured by flow cytometry (BD FACSCalibur).
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In vivo neutrophil recruitment. In all, 350 ng IL-8 (R&D Systems) in 1 ml
PBS was injected in the peritoneal cavity of anesthetized mice. Some mice were
treated with PBS alone and used as negative controls. After 4 h, the peritoneal
cavity was washed twice with 5 ml of PBS, and both fractions pooled together. Total
cell counts in peritoneal exudate were counted by hemocytometer, using the Türk’s
staining solution. The percentage of neutrophils in the peritoneal exudate cells
was determined by flow cytometry, whereby gating was done on the
CD45+CD11b+Ly6G+ population (Supplementary Figure S2). The percentages
were confirmed by a second method, staining with the Hematocolor Set and light
microscopic analysis.

Phagocytosis assay. Fluoresbrite Polychromatic Red Microspheres (Poly-
sciences, Inc., Warrington, PA, USA) were diluted with RPMI-1640 to attain the
working concentration (2.5 × 108 particles/ml). In all, 140 μl of working suspension
was opsonized with 35 μl of mouse serum for 30 min (180 r.p.m., 37 °C).
Hoxb8 neutrophils and primary bone marrow-derived neutrophils (0.1 × 106) were
resuspended in 100 μl of RPMI-1640 medium, supplemented with 10% FCS and
25 μl of opsonized beads was then added to the cells. Simultaneously, 25 μl of non-
opsonized beads was added to the second sample of cells and served as a
negative control. The cells were incubated with the beads for 1 h (130 r.p.m., 37 °C).
Phagocytosis was stopped by adding 200 μl of ice-cold PBS with 0.02% EDTA to
the cells. After one washing step with 400 μl of ice-cold PBS, the cells were
analyzed by flow cytometry (BD FACSCalibur).

ROS production assay. In total, 0.25 × 106 Hoxb8 neutrophils and primary
bone marrow-derived neutrophils were resuspended in 200 μl of X-Vivo serum-free
medium (Lonza, Verviers, Belgium). Cells were left untreated (negative control) or
primed with GM-CSF (50 ng/ml; 20 min) and then stimulated with C5a (100 nM;
15 min). Simultaneously with C5a, dihydrorhodamine (Sigma-Aldrich) at the final
concentration of 1 μM was added to the cells. ROS production was stopped by
adding 200 μl of ice-cold PBS. Dihydrorhodamine oxidation was measured by flow
cytometry (BD FACSCalibur).

Bacterial killing assay. Single colonies of Escherichia (E.) coli GFP M 91655
were cultured in Luria broth base (LB) medium (Sigma) at 37 °C, shaking at 220 r.p.m.
overnight. Bacterial cultures were diluted 1 : 100 in LB medium, then grown to mid-
logarithmic growth phase (OD600= 0.7) and centrifuged at 1000x g for 5 min.
Bacterial pellets were washed twice in 1 x Hank’s Balanced Salt Solution (HBSS;
LuBioScience GmbH) and gently spun at 100 xg for 5 min to remove any clumped
bacteria. Bacteria were opsonized with 10% mouse sera (heat-inactivated) in 1 x
HBSS, rotating end-over-end (6 r.p.m.) for 20 min at 37 °C, and then used
immediately. The bacterial killing assay was performed as previously described.68

Briefly, primary bone marrow-derived neutrophils from WTand Atg5NΔ mice (1 × 107/ml)
were resuspended in 200 μl of RPMI-1640 medium, supplemented with 2% FCS. In
all, 20 μl of normal mouse sera was added to the neutrophils, followed by the
addition of 220 μl of the opsonized bacteria. Neutrophils were then co-cultured with
opsonized bacteria in a total volume of 440 μl (1 : 1 ratio), rotating end-over-end
(6 r.p.m.) for 45 min at 37 °C. At the end of the incubation period, 440 μl ice-cold 1 x
HBSS was added to each tube to stop the reaction, and the tubes were centrifuged
gently using a swing-out rotor (5 min, 100 xg, 4 °C). Supernatants were collected,
diluted 1 : 200, plated on agar, and grown overnight before counting the colonies.
Tubes containing bacteria alone were treated the same way and used as controls.

Statistical analysis. Analysis of all data was performed by the Prism software
(GraphPad Software Inc., San Diego, CA, USA). All data were expressed as
mean±S.E.M. Results were analyzed using unpaired Student's t-test or two-way
ANOVA with Bonferroni’s post-hoc test, with Po0.05 considered as statistically
significant.
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