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ABSTRACT

Understanding of the mechanism for myeloid differentiation provides important insights into the hemato-
poietic developmental processes. By using an ESC-derived myeloid progenitor cell model, we found that CSF2/
GM-CSF triggered macrophage differentiation and activation of the MTOR signaling pathway. Activation or
inhibition of the MTOR signaling enhanced or attenuated macrophage differentiation, respectively, suggesting
a critical function. We further showed that macroautophagy/autophagy was inhibited with the addition of
CSF2. Furthermore, pharmacological inhibition and genetic modification of autophagy enhanced macrophage
differentiation and rescued the inhibitory effect on differentiation caused by MTOR inhibition. Thus, the MTOR
signaling pathway regulates macrophage differentiation of myeloid progenitors by inhibiting autophagy. Our
results provide new insights into the mechanisms for myeloid differentiation and may prove useful for
therapeutic applications of hematopoietic and myeloid progenitor cells.
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Introduction . -~ . :
macrophage differentiation processes seriously undermine the

Macrophages are immune cells that provide innate immune
surveillance for all tissues in the body. Macrophages can effec-
tively remove the debris of aged and dead cells, clear the invading
pathogens in the body, and activate other immune cells, so as to
make an immune response to the pathogens and participate in
tissue damage repair [1-4]. Macrophages are mainly derived
from myeloid HPCs (hematopoietic progenitor cells) in the
BM (bone marrow), spleen and fetal liver [5-7]. Isolation of
macrophages from primary tissues has severe limitations, such
as limited quantities, difficulties of purification, difficulties asso-
ciated with genetic modifications and long-term cultivation,
preventing their potential biological and therapeutic applica-
tions. Thus, it is important to understand the mechanisms
behind the differentiation processes from HPCs to macrophages,
which can be divided into several stages [8]. Deficiencies in the

body’s immune systems, leading to various diseases.
CSF2/GM-CSF (colony stimulating factor 2) is one of the
most important cytokines necessary for multiple cellular pro-
cesses [9-11]. When CSF2 binds to its receptor, multiple down-
stream signaling pathways are activated, resulting in cell survival,
proliferation and differentiation [10,12]. CSF2 has been shown
to activate the MTOR signaling pathway, which can integrate
multiple extracellular signals, such as nutrition, energy and
cytokines, and controls gene transcription, protein translation,
ribosome synthesis and autophagy [13-17]. Increasing evidence
has indicated that MTOR plays an important role in the process
of cellular differentiation, such as differentiation of adult stem
cells to adipose cells, osteogenic cells, smooth muscle cells and
epithelial cells [16-22]. Depletion of the MTOR signaling path-
way components in mouse bone marrow results in the loss of
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quiescence of HSCs, the reduction of myeloid and lymphoid
lineages [23-25]. We recently showed that MTOR is also neces-
sary for neutrophil differentiation from mouse myeloid progeni-
tor cells induced by CSF3/G-CSF (colony stimulating factor 3)
[26]. However, there are still very limited studies on the role of
MTOR signaling pathway in myeloid differentiation.

Autophagy, mediated by the MTOR signaling pathway, is
a conserved proteolytic mechanism that degrades cytoplasmic
materials including various cell organelles [27-31]. It is essen-
tial for maintaining cellular homeostasis and has been proved
to play an important function in the process of self-renewal and
differentiation. Autophagy is required for the maintenance of
hematopoietic stem and progenitor cells. When ATG7 is con-
ditionally deleted in hematopoietic stem and progenitor cells,
mitochondrial superoxide levels, DNA damage and apoptosis
are elevated, and ATG-deleted cells fail to form secondary
colonies in vitro [32,33]. Autophagy is essential for monocyte-
macrophage differentiation [34,35]. When BECN/BECLINI,
ATGS5, or ATG7 are depleted, macrophage differentiation of
human monocytes induced by CSF1 is blocked [35]. Upon
inhibition of autophagy via 3-MA, CQ, or BECNI depletion,
human monocytes can no longer respond to CSF2 stimulation
by undergoing macrophage differentiation [35-38]. Despite
these studies, there is limited documentation of the role of
autophagy in macrophage differentiation of HPCs.

To examine the role of MTOR signaling pathway and
autophagy in myeloid differentiation, we used a previously
developed immortalized myeloid progenitor cell line (mEBS8-
ER) [26]. We found that CSF2 activated MTOR signaling path-
way in mEB8-ER cells, accompanied by a decrease in autop-
hagy. Inhibition of autophagy enhanced myeloid differentiation
and rescued the effect caused by inhibition of MTOR signaling.
We conclude that the MTOR signaling pathway regulates mye-
loid differentiation via inhibition of autophagy.

Results

The mEBS8-ER cells can differentiate to functional
macrophages

The mEBS-ER cells are mouse ESC-derived myeloid progeni-
tors immortalized by the use of ectopic expression of estra-
diol-regulated HOXBS-ER; these cells exhibit a nearly
homogeneous myeloblast-like morphology, as evidenced by
large oval nuclei and relatively scant cytoplasm, and express
high levels of progenitor markers, including KIT, ITGA2B,
and PTPRC and little LY6A. In the absence of estradiol and
with the addition of CSF3, mEBS8-ER cells can be differen-
tiated into neutrophils within 5-6 days [26,39].

In this study, we tested the differentiation potential of mEB8-
ER cells into macrophages. After 5 days of induction with CSF2,
the morphology and the nucleo-cytoplasmic ratio were exam-
ined by the use of Wright-Giemsa staining. During the course of
CSF2 induction, cells changed their shapes and exhibited
a macrophage-like morphology, as evidenced by enlarged cell
bodies, small-round nuclei, and loose-coarse chromatin (Figure
1(a)). The expression of pan-myeloid marker ITGAM/CD11b
(integrin alpha M) and mouse macrophage marker ADGRE1/
F4/80 (adhesion G protein-coupled receptor El) increased
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dramatically (Figure 1(b,c)). We next tested the function of the
macrophages derived from mEB8-ER cells. We stimulated the
cells with LPS (lipopolysaccharide) or IL4 for 24 h and detected
the polarization of macrophages. Indeed, the expression of M1
macrophage markers including Fcgr3, Nos2, Tnf were upregu-
lated when the cells were stimulated with LPS, while the expres-
sion of M2 macrophage markers such as Mrcl, Argl, Tgfbl were
upregulated upon stimulation of cells with IL4 (Figure 1(d)). The
phagocytosis of macrophages can be tested by the use of the
fluorescent microsphere phagocytosis assay [40,41] and the neu-
tral red uptake assay [42,43]. The cells that have phagocyted the
microspheres can be excited to emit red fluorescence. After
5 days of induction, the number of cells containing microspheres
and microspheres in individual cells increased substantially
(Figurel(e)). To quantify phagocytosis, we performed the neu-
tral red uptake assay and found that the uptake in the differ-
entiated cells was 10-fold higher than that of the undifferentiated
mEB8-ER cells (Figure 1(f)). Together, these results showed that
the mEB8-ER cells can differentiate into functional macrophages
in the presence of CSF2.

MTOR regulates macrophage differentiation from
myeloid progenitors

The MTOR signaling pathway can be activated by CSF2 and is
involved in many biological processes including cellular differen-
tiation [44]. We previously showed that this pathway can regulate
the differentiation of mEB8-ER cells induced by CSF3 [26]. Here
we asked whether the MTOR signaling pathway participates in
differentiation of mEB8-ER cells induced by CSF2.

First, we detected the phosphorylation level of MTOR after
CSF2 induction. Compared with the control, MTOR and
RPS6KB1/p70S6K1 (ribosomal protein S6 kinase, polypeptide
1) protein were substantially phosphorylated after 24 h and
sustained up to 5 days, when the cells were differentiated
(Figure 2(a); Figure S1A). Thus, the MTOR signaling pathway
can be activated by CSF2. We next examined the impact of
MTOR inhibitor rapamycin and activator MHY1485 on cel-
lular differentiation. As expected, the phosphorylation of
RPS6KB1 was severely inhibited with rapamycin treatment.
After 5 days of treatment, the expression of ITGAM and
ADGRE1 was reduced significantly, with no changes to
macrophage-like morphologies (Figure S1B; Figure 2(b-d)).
In contrast, MHY1485 promoted the phosphorylation of
RPS6KBI, increased the expression of ITGAM and
ADGRE], and enhanced the macrophage-like morphological
changes (Figure S1B; Figure 2(b-d)). However, without the
induction of CSF2, the levels of ITGAM exhibited little differ-
ences between rapamycin- or MHY1485-treated cells and
control (Figure S1D). These results suggest that activation of
MTOR signaling per se is insufficient to induce macrophage
differentiation. When rapamycin and MHY1485 were added
simultaneously, the impacts were neutralized (Figure S1B;
Figure 2(b-d)). The effect of MTOR inhibition in mEB8-ER
cells was further confirmed by RNAi-mediated knockdown.
With the knockdown of Mtor, the expression of ITGAM and
ADGRE1 was much less than that in the control cells after
5-day induction with CSF2, with also significantly reduced
morphological changes (Figure 2(e-g)). To examine the
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Figure 1. The mEB8-ER cells can differentiate to functional macrophages. (a-c) The mEB8-ER cells were incubated with CSF2 (2 ng/mL) for the indicated days. The
morphological changes were evaluated by Wright-Giemsa staining. Bar: 20 um (a). ITGAM and ADGRE1 were chosen as macrophage markers, and their mRNA or
protein levels were quantified by real-time PCR (b) or flow cytometry (c), respectively. (d) After 5 days of induction with CSF2 (2 ng/mL), the mEB8-ER cells were
stimulated with 200 ng/mL LPS or 20 ng/mL IL4 for 24 h, the mRNA levels of M1 and M2 macrophage markers (as indicated) were detected with real-time PCR. (e)
After 5 days of induction with CSF2 (2 ng/mL), the phagocytosis of these mEB8-ER cells were tested by phagocytosis assay with fluorescent microspheres. Merged
panel indicates overlapping images of the 3 signals. Red bar: 10 um; black bar: 100 pm. (f) After 5 days of induction with CSF2 (2 ng/mL), the phagocytosis was
quantified by neutral red uptake assay. All values were normalized to the level (=1) in cells without CSF2 treatment or controls. *P < 0.05. All experiments were
repeated 3 times with similar results, and all values were shown as means + SEM of 3 independent experiments.

function of differentiated macrophages from MTOR-depleted
cells upon CSF2 treatment and estradiol removal, the neutral
red uptake assay was performed to quantify phagocytosis of
the cells. The neutral red uptake in MTOR-depleted cells with
5-days CSF2 induction decreased significantly, indicating
reduced phagocytosis (Figure 2(h)). Thus, the MTOR signal-
ing pathway positively regulates macrophage differentiation
induced by CSF2.

The role of autophagy in macrophage differentiation

It has been well established that autophagy is downstream of
the MTOR signaling pathway and that MTOR can phosphor-
ylate ULK1 at Ser757 to inhibit its activity, resulting in inhibi-
tion of autophagy [31]. Thus, the link between autophagy and
MTOR signaling led us to investigate autophagy involvement
in the regulation of macrophage differentiation.
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Figure 2. MTOR regulates macrophage differentiation from myeloid progenitors. (a) The indicated protein markers in the mEB8-ER cells treated with/without CSF2

(2 ng/mL, 24 h) were tested with western bloting. (b-d) The mEB8-ER cells were ind
MHY1485 for 5 days. The protein level of ITGAM and ADGRE1 was quantified by flo

uced with 2 ng/mL CSF2 and treated with or without 1 uM rapamycin or 10 pM
w cytometry (b), All values were normalized to the level (= 1) in cells with only

CSF2 treatment. *P < .05. Wright-Giemsa staining was performed, and the percentage of macrophage cells was counted. Bar: 50 um (c, d). (e) The indicated protein
markers in mEB8-ER cells with Mtor knockdown were tested by western blotting. NC denotes the empty retrovirus-vector. (f-h) The infected cells were induced with
CSF2 (2 ng/mL) for 5 days. The protein level of ITGAM and ADGRE1 was quantified with flow cytometry (f). The morphological changes were evaluated with Wright-
Giemsa staining (Bar: 20 um) (g), and phagocytosis was tested by the use of the neutral red uptake assay (h). All values were normalized to the level (= 1) in NC cells.
*P < .05. All experiments were repeated 3 times and produced similar results. All values were shown as means + SEM of 3 independent experiments.

Firstly, we assessed the phosphorylation of ULK1 at Ser757 and
found that the level was increased in mEB8-ER cells with CSF2
induction (Figure 3(a)). It has been shown previously that
SQSTM1/p62 (sequestosome 1) can bind to ubiquitinated sub-
strates and MAP1LC3/LC3 (microtubule-associated protein 1

light chain 3) on phagophores and is degraded by autophagy
[45]. SQSTMI has been used as a marker of autophagy via the
analysis of its protein and mRNA levels. LC3 is converted from
form I to form II when autophagy is activated. As such the LC3-1II:
LC3-I ratio has been used to indicate the activation of autophagy
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[46]. We found that when mEBS-ER cells were treated with CSF2,
the mRNA level of Sgstm1 was downregulated, while the protein
level of SQSTMI was increased, indicating SQSTM1 accumula-
tion. Also, the LC3-II:LC3-I ratio was decreased. Thus, autophagy
was inhibited with the CSF2 treatment in mEB8-ER cells (Figure 3
(a); Figure S1A). Furthermore, autophagy was enhanced with
rapamycin treatment or Mtor knockdown, but was inhibited
with MHY 1485 treatment (Figure S1B-C).

To monitor autophagy activation in rapamycin-treated
mEB8-cells, autophagy flux was tested in experiments with
fluorescence labeling. A retrovirus plasmid containing
mCherry-Gfp-Lc3b sequence was used to obtain a mEB8-ER
cell line stably expressing a tandem monomeric mCherry-GFP
-tagged mouse LC3B. The GFP fluorescence is sensitive to the
acidic and/or proteolytic environment of the lysosome lumen,
whereas mCherry is more stable. Therefore, colocalization of
GFP and mCherry fluorescence indicates a compartment that
has not been fused with lysosome such as phagophores or
autophagosomes. In contrast, a mCherry dot without corre-
sponding GFP fluorescence suggests an amphisome or auto-
lysosome [46]. When the stably transfected cells were treated
with CSF2, the percentage of cells with high autophagic activ-
ity was reduced, as characterized by a high mCherry:GFP
ratio. In particular, the total fluorescent puncta and the
mCherry fluorescent puncta were dramatically reduced. In
contrast, the GFP puncta exhibited no significant changes
(Figure 3(b); Figure S2A). A retrovirus vector containing Gfp-
Lc3b sequences was used to determine the autophagy flux.
The GFP fluorescence was significantly enhanced when the
cells were treated with CSF2. However, when the flux was
blocked by CQ, the accumulation of GFP fluorescence in the
mEB8-ER cells was significantly elevated, and the accumula-
tion of GFP in the cells treated with CSF2 increased moder-
ately (Figure 3(c); Figure S2B). These results indicate that
CSF2 addition leads to inhibition of the autophagy flux.

To test the possibility that autophagy functions in macro-
phage differentiation, we examined the effect of autophagy
inhibitors. SAR405, an autophagy inhibitor can specifically
and effectively inhibit PIK3C3 production from Pik3c3/
Vps34, a key regulator of autophagy [47]. The accumulation
of SQSTM1 and the reduction of the LC3-IL:LC3-I ratio
depended on the concentration gradient of SAR405 (Figure
3(d)). Treatment of cells stably expressing mCherry-Gfp-Lc3b
with 10 uM SAR405 led to reduction of the fluorescence dots.
Thus, the autophagy flux was effectively inhibited by SAR405
(Figure S2A). The expression of ITGAM and ADGRE1 was
increased after the addition of SAR405, while macrophage-
like morphologies were enhanced (Figure 3(e,f)). The autop-
hagy inhibitor CQ had a similar effect on differentiation of
mEB8-ER cells induced by CSF2 (Figure S2C-E).

To test whether autophagy played a role in macrophage
differentiation, we also examined the effect of knockdown of
autophagy-related genes including Ulkl, Pik3c3, Becnl, Atg5
and Atg7. As controls, we examined expression of key autop-
hagy-related genes (Ulkl, Pik3c3, Becnl, Atg5, Atg7 and
Sgstml) during murine and human monocyte/macrophage
differentiation in vivo (Figure S3A, B). We found that all of
the above genes were highly expressed in mEB8-ER cells
(Figure 3(g); Figure S2F, G). When these genes were knocked

down individually, autophagy was inhibited, as reflected by
the accumulation of SQSTM1, the decrease of the LC3-II:LC3-
I ratio (Figure 3(g); Figure S2F, G) and the expression of
ITGAM and ADGRE!] was increased (Figure 3(h)). We
found that the increase of ITGAM and ADGRELI expression
in Pik3c3 knockdown cells was similar to that in the cells
treated with 1-2 pM SAR405, but was much lower than that
in the cells with higher concentration of SAR405 treatment
(Figure 3(e,h); Figure S4A). This may be due to the higher
efficiency of autophagy inhibition from SAR405 treatment
than that from partial depletion of Pik3c3 (Figure 3(d,g);
Figure S4B). SAR405 can specifically and effectively inhibit
a key regulator of autophagy, PIK3C3 [47].

When a retrovirus vector containing Gfp-Lc3b sequences was
used to overexpress LC3B in mEB8-ER cells, the SQSTM1 accu-
mulation decreased and the expression of ITGAM and ADGRE1
was decreased (Figure 3(i-k)). Thus, autophagy negatively reg-
ulates macrophage differentiation of mEB8-ER cells.

It has been suggested that metabolic regulation, such as fetal
bovine serum (FBS) concentration or oxidative activity and
glycolysis may be involved in stem cell/progenitor cell differen-
tiation [16,17,48]. We attempted to investigate the potential
relationship between metabolism, autophagy and differentiation.
First, we reduced the amount of FBS in the culture medium,
which reportedly reduces cellular metabolism and results in the
activation of autophagy [46]. We found that reduction of FBS
(from 10% to 5%) promoted autophagy but inhibited differen-
tiation (Figure S5A, B). To further explore the effects of meta-
bolism on autophagy and differentiation, we conducted
experiments to analyze glycolysis. Extracellular acidification
rate (ECAR) has been used to determine the metabolism of the
cells [49]. We measured ECAR during cell differentiation and
found that the induction of CSF2 leads to greater ECAR of the
media compared to the mEB8-ER cells (Figure S5C). Next, we
inhibited glycolysis with 2-deoxy-D-glucose (2-DG) [50-52].
Functionality of the 2-DG treatment was assessed by testing
ECAR [53]. The results show that 2-DG significantly reduced
ECAR (Figure S5D). Consistently, the MTOR signaling pathway
was inhibited, while autophagy was activated upon 2-DG treat-
ment (Figure S5E). Furthermore, inhibition of glycolysis attenu-
ated differentiation of the mEB8-ER cells, as reflected by the
decreased expression of ITGAM and ADGREI (Figure S5F).
Notably, the former mentioned responses were dose dependent.

It has been reported that mitophagy is involved in cellular
differentiation [16,54], leading us to examine the role of mito-
phagy in CSF2-induced differentiation. We discovered that mito-
phagy was inhibited by CSF2 in mEBS-ER cells (Figure S5G).

Together, these results imply a link between metabolism,
autophagy and cell differentiation. However, a more detailed
understanding of the potential relationship and underlying
mechanisms await future experimentation.

Inhibition of autophagy rescues the effect of MTOR
inhibition

To further the functional relationship between MTOR and
autophagy in macrophage differentiation, we conducted rescue
analysis. As shown in Figure 4(a-d) and Figure S6A-D, the effect
of rapamycin on SQSTM1 and LC3-ILLC3-I ratio was rescued
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Figure 3. The role of autophagy in macrophage differentiation. (a) The indicated protein markers in the mEB8-ER cells treated with/without CSF2 (2 ng/mL, 24 h) were tested by
western blotting. (b) The mEB8-ER cells stably expressing mCherry-GFP-LC3B were incubated with or without CSF2 for 24 h. The cells were then fixed with paraformaldehyde.
Images were collected using a Nikon ECLIPSE Ts2R microscope. The mCherry:EGFP ratio was measured with ImageJ software, and the median of the ratio in mEB8 control cells
was used as a threshold. The GFP and mCherry puncta were counted. The data are the mean + SEM of values from 3 experiments. *P < .05. (c) The mEB8-ER cells were infected
with retroviruses containing control sequence or GFP-LC3B overexpressing sequence. The infected cells were incubated with/without 10 ng/mL CSF2 for 18 h, and then treated
with 10 pM CQ for 6 h. The fluorescence level of GFP-LC3B was measured with flow cytometry. The data are the mean + SEM of values from 3 experiments. All values were
normalized to the level (= 1) in cells without treatment. *P < .05. (d) The indicated protein markers in the mEB8-ER cells incubated with SAR405 at the indicated final
concentrations for 24 h were tested by western blotting. (e-f) The CSF2-induced mEB8-ER cells were treated with/without SAR405 at the indicated final concentrations for 5 days.
The protein level of ITGAM and ADGRE1 was measured with flow cytometry (e). The morphological changes were evaluated with Wright-Giemsa staining. Bar: 50 um (f). All data
above are the mean + SEM of values from 3 experiments. All values were normalized to the level (= 1) in cells without SAR405 treatment. (g) The mEB8 cells were infected,
respectively, with retroviruses containing Ulk1, Pik3c3, Becn1, Atg5 or Atg7 shRNA, the indicated protein markers were tested with western blot. (h)The infected cells mentioned
above were induced with CSF2 (2 ng/mL) for 5 days, the protein level of ITGAM and ADGRE1 was measured with flow cytometry. All data above are the mean + SEM of values
from 3 experiments. All values were normalized to the level (= 1) in NC cells. *P < .05. (i-k) The mEB8-ER cells were infected with retroviruses containing control sequence or Gfp-
Lc3b overexpressing sequence (LC3-OE). The indicated protein markers were tested with western blotting (i). The infected cells were treated with CSF2 (2 ng/mL) for 5 days. The
protein level of ITGAM and ADGRE1 was measured with flow cytometry (j), and the morphological changes were evaluated with Wright-Giemsa staining. Bar: 50 pum (k). All data
above are the mean =+ SD of values from 3 experiments. All values were normalized to the level (=1) in control cells. *P < .05. All experiments were repeated 3 times and
produced similar results.
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Figure 4. Inhibition of autophagy rescues the effect of MTOR inhibition. (a) The indicated protein markers in the mEB8-ER cells induced by 2 ng/mL CSF2 with or without 1 pM
rapamycin and/or 10 pM SAR405 for 24 h were tested with western blotting. (b-d) The mEB8-ER cells were induced with 2 ng/mL CSF2, and treated with or without 1 pM
rapamycin and/or 10 uM SAR405 for 5 days. The protein level of ITGAM and ADGRE1 was measured with flow cytometry (b), All values were normalized to the level (= 1) in cells
with only CSF2 treatment. *P < .05. Wright-Giemsa staining was performed, and the percentage of macrophage cells was counted. Bar: 50 pm (c, d). (e) The mEB8-ER cells that
infected by retrovirus containing Mtor-shRNA were induced with 2 ng/mL CSF2 with or without 10 uM SAR405 for 5 days. The morphological changes were evaluated with
Wright-Giemsa staining. Bar: 50 pm. All experiments were repeated 3 times and produced similar results. MFI, median fluorescence intensity.

by SAR405 and CQ, and the effect on differentiation was res-
cued, too. Expectedly, the phosphorylation of RPS6KB1 was
unaltered by SAR405 and CQ, consistent with the notion that
autophagy acts downstream of the MTOR pathway (Figure 4(a);
Figure S6A, S7). Additionally, SAR405 treatment or the knock-
down of Atg genes partially rescued the inhibition of the differ-
entiation induced by Mtor knockdown (Figure 4(e); Figure S6E).

We previously reported that MTOR mediates CSF3 induction
of neutrophil differentiation in mEB8-ER cells. The effect of
autophagy inhibition on neutrophil differentiation has been
reported by Rozman et al [55]. They found that the lack of
ATGS in the neutrophil lineage results in both increased and
accelerated neutrophil production. We explored the function of
autophagy in CSF3 induced neutrophil differentiation in mEB8-
ER cells. As shown in Figure S8A, CSF3 treatment inhibited
autophagy in mEBS-ER cells, while neutrophil marker LY6G
was upregulated significantly with ATG depletion (Figure S8B).
Moreover, SAR405 rescued the inhibition of the differentiation
induced by rapamycin (Figure S8C). These data suggest that the

MTOR signaling pathway regulates myeloid differentiation of
mEB8-ER cells into both macrophages and neutrophils via inhibi-
tion of autophagy.

What is the relationship between cell proliferation and myeloid
differentiation? To address this question, we examined the effects
of rapamycin, SAR405, CQ and a cell-cycle inhibitor roscovitine
(Figure S9A). Rapamycin, SAR405, CQ and roscovitine all inhib-
ited cell proliferation, but they exerted different effects on differ-
entiation. While rapamycin inhibited macrophage differentiation,
SAR405 and CQ promoted differentiation. Interestingly, roscov-
itine inhibited differentiation induced by CSF2 (Figure S9B). As
shown in Figure 4(b-d), when autophagy was inhibited by
SAR405, it not only increased the number of macrophage cells,
but also promoted MFI of the differentiated cells and enhanced
the maturity of the cells, as judged by cell morphology. Together,
these results suggest that inhibition of proliferation does not
necessarily cause inhibition of differentiation. They also indicate
that the changes in differentiation induced by autophagy inhibi-
tion are not due to its effect on proliferation.



MTOR has a conserved function in primary HPCs

To validate the results obtained from mEB8-ER cells, we isolated
primary myeloid progenitor cells from 4-week-old mouse bone
marrow and assessed the role of MTOR and autophagy in macro-
phage differentiation. Similar to the results from mEB8-ER cells,
CSF2 activated the MTOR signaling pathway in HPCs, as indi-
cated by the phosphorylation of RPS6KB1 and ULKI. Also,
autophagy was inhibited, as reflected by the accumulation of
SQSTM1 and the decrease of LC3-ILLC3-I ratio (Figure 5(a)).
In addition, CSF2 reduced the accumulation of LC3-II, indicating
inhibition of the autophagy flux (Figure 5(b)). Rapamycin treat-
ment activated autophagy and inhibited differentiation of primary
HPCs induced by CSF2, as indicated by the decrease of ITGAM
and ADGREL! and reduced morphological changes. In addition,
SAR405 rescued the effect of rapamycin (Figure 5(c-f)). We also
tested the phagocytosis of cells by the neutral red uptake assay,
which demonstrated that rapamycin reduced the uptake, while
SAR405 increased it (Figure 5(g)). Thus, MTOR regulates macro-
phage differentiation of mouse bone marrow HPCs via autop-
hagy, similar to mEBS-ER cells.

Discussion

Macrophages are an important class of innate immune cells that
also participate in adaptive immunity. The studies on the macro-
phage developmental mechanisms and function are of great
significance to the understanding of many diseases, such as
inflammation, autoimmune diseases and tumor. However, the
molecular mechanism underlying differentiation of hematopoie-
tic stem cells to macrophages remains largely elusive. A major
hurdle for such mechanistic studies is the lack of appropriate
cellular models. The primary hematopoietic progenitor cells
derived from bone marrow are difficult to purify, prone to
differentiation, unsuitable for long-term culture and resistant
to genetic manipulations. Other cell models derived from leuke-
mia are tumor cells with permanent genetic alterations. Instead,
the mEB8-ER cells are myeloid progenitors immortalized from
genetically normal embryonic stem cells by the use of ectopic
expression of estradiol-regulated HOXBS8-ER. Our previous stu-
dies show that the mEB8-ER cells are able to differentiate to
neutrophils in the presence of CSF3 and with the removal of
estradiol [26]. In our current study, we found that the mEB8-ER
cells can differentiate into macrophage-like cells in the presence
of CSF2 and with the removal of estradiol.

CSF2 can activate various signaling pathways with distinct
functions. For instance, the JAK-STATS5 signaling pathway is
involved in cellular differentiation, the 14-3-3 pathway promotes
cell survival, the MAPK pathway is associated with cell prolifera-
tion, and the MTOR pathway can influence many biological
processes [9,12,56]. In our study, we show that the MTOR signal-
ing pathway can be activated by CSF2 in mEB8-ER cells and in
turn regulates myeloid progenitor cell differentiation (Figure 2).
However, activation of MTOR by MHY1485 alone does not
effectively induce cell differentiation (Figure S1D), suggesting
that MTOR activation per se is insufficient. It has been well
established that different extracellular conditions and stimuli
that activate MTOR signaling can lead to distinct cellular
responses. For instance, MTOR activation by nutrients is required
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for HSC maintenance both in steady-state and under transplanta-
tion conditions [57]; MTOR can be activated in HSCs by ex vivo
expansion, which results in the induction of senescence in HSCs
[58]. We and others [26] have shown that activation of MTOR by
CSF3 is involved in differentiation of HPCs to neutrophils (Figure
S$8), while MTOR activation induced by CSF2 is necessary for
macrophage differentiation. Thus, MTOR activation by CSF2 is
a prerequisite for CSF2-induced macrophage differentiation, but
is insufficient by itself to give rise to such diverse cellular
responses. Although a comprehensive delineation of the detailed
the mechanism underlying CSF2 induction of macrophage differ-
entiation awaits future experimentation, additional factors besides
MTOR activation alone are clearly needed. Specifically, we spec-
ulate that the precise temporal and spatial modulation of MTOR
signaling by CSF2 and/or additional signals and pathways trig-
gered by CSF2 may contribute to CSF2 induction of macrophage
differentiation.

It is recently shown that MTOR inhibits autophagy through
phosphorylating ULK1 at Ser757 [14,59,60]. Autophagy is an
important event during differentiation of many different types
of cells. Despite previous studies of autophagy regulation of
migration, polarization, and other functions of macrophages, the
role of autophagy in mediating or facilitating differentiation of
hematopoietic stem and progenitor cells remains largely elusive.
Several recent in vivo studies reported that when Atg7 deletion by
Vav promoter-directed Cyclization Recombination Enzyme (Cre)
expression occurs at stem-cell level, which leads to complete
floxing of Atg7 throughout the hematopoietic system. The
atg"™ "% Vay-Cre mice display robust myeloproliferation and
exhibited a higher macrophage and neutrophil burden in the
spleen, peritoneum and blood than the wild-type mice
[37,61,62]. The results suggest that the block of autophagy pro-
motes the differentiation of stem cells and progenitors into
macrophages and neutrophils in vivo. In our study, autophagy is
continuously inhibited with the addition of CSF2 in vitro, as
shown by the accumulation of SQSTMI and the decrease of LC3-
ILLC3-1 ratio (Figure 3(a); Figure S1A). When autophagy is
inhibited pharmacologically or genetically, the macrophage and
neutrophil differentiation of HPCs is enhanced; when autophagy
is promoted, differentiation is attenuated. Our results are also
consistent with a previous study showing that inhibition of autop-
hagy via Atg5 knockdown can promote neutrophil differentiation
of cells derived from mouse bone marrow when they are induced
by CSF3 in vitro [55].

However, other studies of the role of autophagy in macro-
phage and neutrophil differentiation have reported somewhat
conflictive findings. For example, in atgZ"*"**;Lyz-Cre mice,
Atg7 deletion is limited to myeloid-cell lineage, whereas early
hematopoietic cells, including stem cells and progenitors, retain
intact Atg7 alleles, and the conditional deletion does not result in
peripheral blood changes relative to wild-type mice [37].
A similar study reported that in atg5 % Lyz2-Cre mice, the
deletion of Atg5 has no measurable impact on neutrophil func-
tion but causes a mild expansion of precursors [55].
Furthermore, another in vivo study found that in atg7™*/%%;
Cebpa-Cre mice, in which Atg7 is deleted predominantly at the
GMP stage with negligible deletion in HSCs or lymphoid
lineages, the numbers of immature myeloblasts and myelocyte
precursors are elevated, while neutrophil differentiation is
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results.

blocked at or after the GMP stage [62]. In human peripheral
blood monocytes, autophagy can be activated by CSF2 [34] or
CSF1 [35,38], and monocyte-macrophage differentiation is
blocked when autophagy is inhibited. Together, these data
show that autophagy inhibition at different stages of macrophage
and neutrophil differentiation can cause various phenotypes,
indicating that autophagy might play different functional roles
in different stages of differentiation. However, the underlying

mechanisms appear to be complicated and need to be further
explored.

Our findings that the autophagy inhibitors can rescue the
effect of MTOR inhibition on macrophage differentiation
strongly suggest that MTOR regulates macrophage differen-
tiation via inhibition of autophagy. Interestingly, the protein
levels of ITGAM and ADGREL in the rescued cells are higher
than those in cells treated by CSF2 alone. Thus, autophagy



may also mediate the function of other pathways that control
macrophage differentiation.

Moreover, because MTOR signaling and autophagy are closely
related to metabolism, we determined the effect of inhibiting
metabolism by reducing serum concentrations and adding
2-DG. Our results show that inhibition of metabolism leads to
decrease in MTOR activation, increase in autophagy, and inhibi-
tion of differentiation (Figure S5), indicating that metabolism
might influence differentiation through MTOR and autophagy.
Meanwhile, we discovered that mitophagy can be inhibited by
CSF2 in mEB8-ER cells (Figure S5G). These observations are
consisted with earlier reports that inhibition of MTOR can induce
mitophagy [63,64]. However, a more detailed understanding of
the potential relationship between mitophagy, MTOR signaling
and differentiation and the underlying mechanisms await future
experimentation.

In summary, we utilized the HOXB8-ER-based immortalized
myeloid progenitor cells to dissect the mechanism of macrophage
differentiation. We found that the MTOR signaling pathway
regulates macrophage differentiation of myeloid HPCs via autop-
hagy. While CSF2 is the only inducing factor we have used
in vitro, the mechanisms of macrophage differentiation are cer-
tainly more complex and consisted of multiple factors.
Furthermore, the more detailed mechanisms underlying autop-
hagy regulation of macrophage differentiation remain elusive and
therefore require future experiments to address. Our findings
nevertheless suggest that MTOR signaling pathway and autop-
hagy play important roles in the differentiation of HPCs.

Materials and methods
Antibodies and reagents

The following antibodies were used for western blot: Rabbit
anti-MTOR (2983), anti-p-MTOR-Ser2448 (2971), anti-ULK1
(8054), anti-p-ULK1-Ser757 (14202), anti-RPS6KB1 (9202),
anti-p-RPS6KB1 (9208), anti-LC3A/B (12741), anti-SQSTM1
(5114), anti-rabbit-IgG-HRP (7074), anti-mouse-IgG-HRP
(7076) from Cell Signaling Technology; mouse anti-ACTB/p-
Actin (HC-201) from Transgen Biotech.

The following antibodies were used for flow cytometry analy-
sis: PE-anti-mouse/human ITGAM (101207), PE anti-mouse
LY6G/LY6C (Gr-1) (108407), Percp/cy5.5-anti-mouse ADGRE1
(123127), FITC-anti-mouse ADGREI1 (123107), PE rat IgG2b,k
Isotype Ctrl (400607)JPercp/cy5.5 rat IgG2a,k Isotype Ctrl
(400531), FITC rat IgG2a,k Isotype Ctrl (400505), from Biolegend.

The following reagents were used: Rapamycin (A8167),
SAR405 (A8883) from ApexBio; 2-deoxy-D-glucose (HY-
13966) from MedChemExpress; chloroquine (CQ, C6628)
and P-estradiol (E2758) from Sigma-Aldrich; recombinant
murine KITL/SCF (250-03), CSF2 (315-03), CSF3 (250-05),
IL3 (213-13), and IL6 (216-16) from PeproTech.

Cell culture

The mEBS8-ER cells were cultured in Opti-Mem medium
(Gibco, 11058-021) with 10% fetal bovine serum (FBS,
Gibco, 1600044), 100 U/mL penicillin, 100 pg/mL streptomy-
cin (Gibco, 15140122), 1% GlutaMAX (Gibco, 35050061),
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10 ng/mL SCF, 30 puM mercaptoethanol, and 1 puM B-
estradiol. The medium used for mEB8-ER cell differentiation
was without p-estradiol, with 2 ng/mL CSF2. HEK293T cells
were cultured in DMEM (high glucose) (Gibco,
C11995500CP) with 10% FBS, 100 U/mL penicillin, 100 pg/
mL streptomycin, 1% GlutaMAX.

Mouse primary progenitor cells isolation from BM

BM cells were isolated from the leg bones of 4 weeks old
C57L/6 mice, and then used with EasySep™ Mouse
Hematopoietic Progenitor Cell Isolation Kit (Stemcell
Technologies, 19856) to obtain primary progenitor cells.
The isolated progenitor cells were cultured in IMDM med-
ium (Gibco, 12440053) containing 10% FBS, 100 U/mL
penicillin, 100 pug/mL streptomycin, 1% GlutaMAX, 10 ng/
mL SCF, 20 ng/mL IL3, 20 ng/mL IL6, as described pre-
viously [65].

Retrovirus production and infection

For shRNA-mediated knockdown of MTOR, LMP-puro-
shRNA containing retroviruses were used. The Mtor shRNA
retroviral sequences were as described previously [66]. And
for shRNA-mediated knockdown of Ulkl, Pik3c3, Becnl, Atg5
and Atg7, pSIREN-RetroQ-shRNA containing retroviruses
were used. Sequences of sShRNA were as Tables 1 and 2.

For overexpression of tagged LC3B, pBABE-puro-
containing retroviruses (Addgene, 1764, Hartmut Land, Jay
Morgenstern, Bob Weinberg) were constructed and used. The
c¢DNAs of Gfp-Lc3b and mCherry-Gfp-Lc3b were purchased
from Nanjing Bioworld Biotechnology.

Retroviruses were generated as previously described, and
added along with 6 pg/mL polybrene (Shanghai Yeasen
Biotechnology, 40804ES76) to the mEB8-ER cells and incu-
bated for 20 h, after which fresh growth medium was
provided. Cells were selected with 2 pg/mL puromycin
(Shanghai Yeasen Biotechnology, 60210ES25) 2 days after
infection and used for subsequent analyses 3 days after
selection.

Table 1. The sequences of Mtor shRNA for LMP containing retroviruses.

Name shRNA Sequence

sh1 5'-TGCTGTTGACAGTGAGCGAAGCAGGGACTCAGAACATAAATAGTG
AAGCCACAGATGTATTTATGTTCTGAGTCCCTGCTGTGCCTACTGCCT
CGGA-3'

sh2 5'-TGCTGTTGACAGTGAGCGAACCACGTTGTATCTGAGTAAATAGTGA
AGCCACAGATGTATTTACTCAGATACAACGTGGTGTGCCTACTGCCT
CGGA-3'

Table 2.The sequences of shRNA for pSIREN-RetroQ-shRNA containing
retroviruses.

Name shRNA Sequence

Ulk1 5'-CGCTTCTTTCTGGACAAACAATTCAAGAGATTGTTTGTCCAGAAAGAAGCG-3'
Pik3c3  5'-ACCACAAGAGATCAGCTAAATTTCAAGAGAATTTAGCTGATCTCTTGTGGT-3'
Becn1  5'-GCGGGAGTATAGTGAGTTTAATTCAAGAGATTAAACTCACTATACTCCCGC-3'
Atg5 5'-ACCGGAAACTCATGGAATATTCAAGAGATATTCCATGAGTTTCCGGT-3

Atg7 5'-CTGTGAACTTCTCTGACGTTTCAAGAGAACGTCAGAGAAGTTCACAG-3'
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Western blotting

Cells were lysed in lysis buffer [20 mM Tris, pH 7 (Sangon
Biotech, A100826), 0.5% NP-40 (Sangon Biotech, A510110),
250 mM NaCl (Sangon Biotech, A100241), 3 mM EDTA
(Sangon Biotech, A100322), 3 mM EGTA (Sangon Biotech,
A600077), 2 mM DTT (Sangon Biotech, A100281), 0.5 mM
PMSF (Sangon Biotech, A610425), 20 mM [-glycerol phos-
phate (Sangon Biotech, A500486), 1 mM sodium vanadate
(Sangon Biotech, A602444), 1 mg/mL of leupeptin (Sangon
Biotech, A600580)] and were analyzed by immunoblotting
after SDS-PAGE. Proteins were visualized by ECL according
to the manufacturer’s instructions (Millipore, WBKLS0050).

RNA isolation and real-time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen,
15596-026) according to the manufacturer’s guidelines. The
reverse transcription of RNA samples were performed with
PrimeScript RT reagent Kit with gDNA Eraser (TAKARA,
RR047A). And then, real-time PCR was performed with
SYBR Green Master Mix Reagent (Shanghai Yeasen
Biotechnology, 11201ES03) using Roche Light Cycler 480
Real-Time PCR detector (Roche Diagnostics International
Ltd, Forrenstrasse2,6343 Rotkreuz, Switzerland). The primers
used in real-time PCR are in Table 3.

Wright-Giemsa staining

Morphology was evaluated by Wright-Giemsa staining as
previously described [67]. Briefly, cytospin preparations of
2 x 10° cells were incubated sequentially in solution A for
1 min and solution B for 7 min, washed with water, air-dried,
and then examined under microscope. Images were collected
using a Nikon ECLIPSE Ts2R microscope (Nikon, Tokyo,

Japan).
Flow cytometry
Flow cytometry was performed according to the manufac-

turer’s protocol. Briefly, cells were washed with ice-cold

Table 3. The sequences of primers for real-time PCR.

Name Primer Sequence

Itgam 5'-CCATGACCTTCCAAGAGAATGC-3'
5'-ACCGGCTTGTGCTGTAGTC-3'

Adgrel 5'-CTGCACCTGTAAACGAGGCTT-3'
5'-GCAGACTGAGTTAGGACCACAA-3’

Mrci 5'-CTCTGTTCAGCTATTGGACGC-3'
5'-TGGCACTCCCAAACATAATTTGA-3'

Fegr3 5'-AATGCACACTCTGGAAGCCAA-3'

5"-CACTCTGCCTGTCTGCAAAAG-3’
Tnf 5'-CAGGAGGGAGAACAGAAACTCCA-3
5'- CCTGGTTGGCTGCTTGCTT-3"

Argl 5'- CAGAAGAATGGAAGAGTCAG-3’
5'- CAGATATGCAGGGAGTCACC-3'
Nos2 5'- CTGCAGCACTTGGATCAGGAACCTG-3'
5'- GGAGTAGCCTGTGTGCACCTGGAA-3’
Tgfb1 5'- CTCCCGTGGCTTCTAGTGC-3'
5'- GCCTTAGTTTGGACAGGATCTG-3'
Sqstm1 5'- ATGTGGAACATGGAGGGAAGA-3’
5'- GGAGTTCACCTGTAGATGGGT-3'
Actb 5'- GGCTGTATTCCCCTCCATCG-3'

5'- CCAGTTGGTAACAATGCCATGT-3'

phosphate buffered saline (PBS; Gibco, 10010023), incubated
at 4°C for 1 h in PBS with bovine serum albumin (BSA, 0.5%;
Sangon Biotech, A600903) with anti-ITGAM or -ADGREIL
antibodies or an isotype control. Finally, cells were washed
and detected with a BD FACS CantoTM II flow cytometer
(BD Bioscience, California, USA).

Phagocytosis assay with fluorescent microspheres

After 5 days of induction with CSF2 (2 ng/mL), the mEB8-ER
cells were starved for 2 h and incubated with red fluorescent
microspheres (Sigma-Aldrich, L3030) for 1 h. The cells were
washed with PBS 3 times to remove the fluorescent micro-
spheres not phagocytized, fixed with 4% paraformaldehyde
(Thermo Fisher Scientific, 28908), and stained with DAPI
(Sigma-Aldrich, D9542) for nuclear staining. The signals
were detected by fluorescence microscopy.

Neutral red uptake assay

The phagocytic ability of the differentiated cells was measured
by using neutral red uptake. The differentiated cells were
washed twice in PBS, subsequently plated onto 96-well plates
(10° cells/well), and cultured for 24 h in Opti-Mem medium
containing 10% FBS, 1% Pen-Strep-glutamine. After 2 washes,
200 pl neutral red (Sangon Biotech, A600652) solutions (dis-
solved in PBS at the concentration of 0.075%) were added and
incubated with the cells for 1 h. Supernatant was discarded,
and cells were washed twice in PBS to remove the neutral red
not phagocytized. Cell lysis buffer (ethanol and 0.01% acetic
acid at the ratio of 1:1, 200 pL/well) was added to lyse cells.
Finally, cells were incubated overnight at 4°C. The optical
density was measured at 540 nm using a multi-mode detec-
tion platform (Tecan, Austria GmbH, Untersbergstr.1A,
A-5082 Grodig, Austria).

Statistical analyses

Results are shown as mean+SEM. Statistical significance was
determined using ¢ test. Results were considered significant
when P < .05.
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