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Tumors modify myeloid cell differentiation and induce an immunosuppressive microenvironment. Granulocytic myeloid-derived
suppressor cells (G-MDSCs), the main subgroup of myeloid-derived suppressor cells (MDSCs), are immature myeloid cells (IMCs)
with immunosuppressive activity and exist in tumor-bearing hosts. The reason why these cells diverge from a normal differentiation
pathway and are shaped into immunosuppressive cells remains unclear. Here, we reported that the increase of granulocyte colony-
stimulating factor (G-CSF) in mouse serum with tumor progression encouraged G-MDSCs to obtain immunosuppressive traits in
peripheral blood through the PI3K-Akt/mTOR pathway. Importantly, we found that downregulation of type | interferon (IFN-I)
signaling in G-MDSCs was a prerequisite for their immunosuppressive effects. Suppressor of cytokine signaling (SOCS1), the action
of which is dependent on IFN-I signaling, inhibited the activation of the PI3K-Akt/mTOR pathway by directly interacting with Akt,
indicating that the differentiation of immunosuppressive G-MDSCs involves a transition from immune activation to immune
tolerance. Our study suggests that increasing IFN-I signaling in G-MDSCs may be a strategy for reprograming immunosuppressive

myelopoiesis and slowing tumor progression.
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INTRODUCTION

Avoiding immune destruction is an important characteristic of
cancer cells [1]. Tumor conditions can induce the generation of
multiple immunosuppressive cells (regulatory T cells (Tregs),
tumor-associated macrophages, myeloid-derived suppressor cells
(MDSCs), etc.) [2]. MDSCs have a phenotype like that of immature
myeloid cells (IMCs). Under physiological conditions, IMCs
differentiate into dendritic cells, macrophages, and granulocytes.
However, MDSCs can abnormally accumulate under chronic
inflammatory conditions, cancer, or autoimmunity [3]. MDSCs
have been shown to inhibit antitumor immunity [4]. Upregulation
of immunosuppressive molecules (such as Arg1, iINOS, and TGF-f)
in MDSCs leads to suppression of T-cell proliferation and function
[5]. MDSCs can also secrete some cytokines to promote tumor
cells survival, proliferation and metastasis [6, 71.

In cancer, MDSC expansion and differentiation are associated
with cytokines secreted by tumor cells and tumor stroma cells
[8-10]. Proinflammatory mediators, such as IL-1B3, IL-6, and PGE2,
affect the normal differentiation of IMCs and regulate MDSC
accumulation [11]. MDSCs consist of two populations: monocytic
MDSCs (mo-MDSCs as CD11b+Ly6ChiLy6G-) and granulocytic
MDSCs (G-MDSCs as CD11b-+Ly6CloLy6G+) in mice [6]. The
proportions of the two MDSC subtypes are different, and ~70-80%

are G-MDSCs [12-15]. One more important point is that G-MDSCs
are generally much more prevalent than mo-MDSCs in cancer [16].

Type | interferon (IFN-I) is the central antiviral cytokine that
transmits signals through the widely expressed IFNAR receptor
(consisting of two subunits, IFNAR1 and IFNAR2) [17]. IFN-I can
induce the expression of genes called interferon-stimulated genes
(ISGs). ISGs exert antiviral effects via their immunomodulatory
properties or by directly interfering with viral replication [18].
Moreover, IFN-I promotes immune maturation and differentiation
from an innate to an adaptive immune response [19]. Recent work
showed that immunosuppressive activity of MDSCs in cancer
required inactivation of IFN-I pathway [20]. Although it has been
reported that downregulation of IFN-I signaling is closely related
to tumor development [21-24], little is known about the
mechanisms between IFN-I signaling in MDSCs and their
immunosuppressive activity.

Although the function of MDSCs has been clearly studied, the
development of MDSCs under tumor conditions remains to be
elucidated. In fact, where and how IMCs differentiate into MDSCs
are not known in detail [25, 26]. Here, we sought to clarify the
process by which G-MDSCs, the main subgroup of MDSCs, obtain
immunosuppressive functions and explore the mechanism of their
functional transformation with tumor progression. We reported
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that the immunosuppressive functions of G-MDSCs were first
obtained in the peripheral blood of tumor-bearing mice.
Upregulated G-CSF in the serum was involved in the acquisition
of immunosuppressive functions by G-MDSCs via PI3K-Akt/mTOR
pathway. Most importantly, the downregulation of IFN-I signaling
in G-MDSCs led to the activation of the PI3K-Akt/mTOR pathway,
and SOCS1 which is dependented on IFN-I signaling regulated the
PI3K-Akt/mTOR pathway via direct binding of Akt. These results
indicate that the downregulation of IFN-I signaling in G-MDSCs is
necessary to obtain immunosuppressive function, suggesting that
upregulation of IFN-I signaling may attenuate tumor progression.

RESULTS

G-MDSCs are activated in peripheral blood during tumor
progression

To address that abnormal amplification and activation of G-MDSCs
under tumor conditions, B16F10 melanoma cells were injected
subcutaneously into mice. The number of G-MDSCs was examined by
flow cytometry (Fig. 1A). With tumor progression, G-MDSCs
accumulated in bone marrow and peripheral blood (Fig. 1B, C and
Supplementary Fig. 1A). To determine whether G-MDSCs have an
immunosuppressive function in the early stage of development, the
immunosuppressive activity of bone marrow G-MDSCs was examined.
The results showed that the expression of the immunosuppressive
genes Arg1 and TGF( in bone marrow G-MDSCs did not change with
tumor progression (Supplementary Fig. 1B). Moreover, bone marrow
G-MDSCs showed no inhibition of CD8+ T-cell proliferation
(Supplementary Fig. 1C). These results suggest that bone marrow
G-MDSCs have no immunosuppressive function, which means that
bona fide G-MDSCs require further activation.

Next, the immunosuppressive activity of peripheral blood
G-MDSCs was examined. The expression of Argl and TGF-f in
peripheral blood G-MDSCs began to significantly increase after
3 weeks of tumor bearing (Fig. 1D, E). IRF4 negatively regulates the
immunosuppressive function of MDSCs [27] and IRF4 in peripheral
blood G-MDSCs was significantly decreased after 3 weeks of
tumor bearing (Fig. 1F). Then we found that peripheral blood
G-MDSCs of mice bearing tumors for 3 weeks significantly
inhibited T-cell proliferation (Fig. 1G), indicating that G-MDSCs
acquire immunosuppressive functions in the peripheral blood.
CXCR2 and CD101 can be used as markers for the maturity of
polymorphonuclear cells [28]. Our results showed that the
expression of CXCR2 and CD101 in peripheral blood G-MDSCs of
tumor-bearing mice was reduced (Supplementary Fig. 1D, E). This
result indicates that peripheral blood G-MDSCs are in an
immature stage.

Accumulation of G-MDSCs with immunosuppressive functions
promotes tumor growth and metastasis

Polymorphonuclear cells are considered to be short-lived cells
[29]. We found that the apoptosis of peripheral blood G-MDSCs
was decreased under tumor conditions (Fig. 2A), thus contributing
to G-MDSC activity. The tumor tissue is the final location in which
G-MDSCs exert immunosuppressive functions [30]. We confirmed
that G-MDSCs could be recruited into tumor tissue (Fig. 2B). To
detect the effect of G-MDSCs on tumor growth and metastasis,
peripheral blood G-MDSCs of normal mice or mice bearing tumors
for 3 weeks were injected into mice by tail vein (Fig. 2C). In the
group of mice injected with peripheral blood G-MDSCs of mice
bearing tumors for 3 weeks, the number of G-MDSCs in peripheral
blood and tumor tissue was significantly higher than that in other
groups (Fig. 2D, E and Supplementary Fig. 2A), and a significant
increase in tumor growth was observed (Fig. 2F). G-MDSCs with
immunosuppressive functions also promoted tumor cells metas-
tasis to the lung (Fig. 2G, H). After G-MDSCs were depleted by anti-
GR1 antibody (Fig. 2I, J, L and Supplementary Fig. 2B), tumor
growth and metastasis were inhibited (Fig. 2K, M). Overall, these
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results indicate that immunosuppressive G-MDSCs promote tumor
growth and metastasis.

Activation of the PI3K-Akt/mTOR pathway is related to the
expression of immunosuppressive gene

To explore the nature of IMC differentiation into immunosuppressive
G-MDSCs, transcriptome sequencing was performed. The purity of
separated G-MDSCs was detected (Supplementary Fig. 3A). Differ-
ential expression analysis of the sequencing data revealed the gene
expression patterns of peripheral blood G-MDSCs from tumor-
bearing mice at different stages. With tumor progression, the
number of genes that changed in G-MDSCs gradually increased
(Fig. 3A). Kyoto Encyclopedia of Genes and Genomes pathway
analysis performed on RNA-seq data revealed an enrichment of the
PI3K-Akt pathway in immunosppressive G-MDSCs (Fig. 3B). PI3K-Akt
signaling regulates metabolism, growth and survival through
mammalian target of rapamycin (mTOR), and it has also been
recognized that the PI3K-Akt/mTOR pathway has broad roles in
immune cells [31, 32]. Indeed, we observed that the phosphorylation
of Akt and mTOR was upregulated in immunosppressive G-MDSCs
(Fig. 3C). mTOR can further activate Stat3, which plays an important
role in immunosuppression [33-35], suggesting that the PI3K-Akt/
mTOR pathway is likely a driver of G-MDSC function. We next
examined the effect of inhibitors (an mTOR inhibitor, rapamycin, and
a Stat3 inhibitor, stattic) on G-MDSCs in vivo, and the results showed
that the percentage of G-MDSCs in peripheral blood and the
expression of Argl both decreased after injecting rapamycin
(Fig. 3D-F and Supplementary Fig. 3B). Taken together, these results
indicate that the PI3K-Akt/mTOR pathway promotes G-MDSCs to
obtain immunosuppressive function.

IFN-I signaling is inhibited as G-MDSCs differentiate toward an
immunosuppressive phenotype

IFN-I has a pivotal role in promoting antitumor responses, and IFN-
| signaling is essential for antiviral and immunoregulatory actions
via induction of ISGs [36, 37]. The transcriptome sequencing
results showed that ISGs were significantly downregulated during
G-MDSCs differentiation. Gene Ontology enrichment analysis
demonstrated that the differentially expressed genes (DEGs) were
mainly related to the IFN-I response (Fig. 4A, B). The results were
validated by Q-PCR (Fig. 4C). Downregulation of ISGs could
be mapped at multiple levels in the IFN-JAK-STAT1 signal cascade
(Fig. 4D). The content of IFNa was detected by ELISA. Strikingly,
we observed an obvious upregulation of IFNa in serum from mice
bearing tumors for 3 weeks (Fig. 4E). The loss of IFNAR could also
result in the downregulation of ISGs. Indeed, IFNAR was
significantly downregulated in immunosuppressive G-MDSCs
(Fig. 4F, G). And the protein level of IFNAR and the Statl
phosphorylation in G-MDSCs also decreased (Fig. 4H).

The relationship between the downregulation of IFN-I signaling
and the immunosuppressive function of G-MDSCs was next
investigated. The expression of Arg1 in G-MDSCs from different
tissues was detected, and the results showed that Arg1 expression
was gradually upregulated in bone marrow, peripheral blood and
tumor tissue (Supplementary Fig. 4A). We then examined IFN-|
signaling expression in G-MDSCs from different tissues, and the
results showed that G-MDSCs from tumor tissue had the strongest
immunosuppressive activity and the lowest IFNAR (Supplementary
Fig. 4B, C) and ISGs expression (Supplementary Fig. 4D-G). In vitro
stimulation with IFNa showed that the G-MDSCs from tumor tissue
barely responded to IFNa (Supplementary Fig. 4H-M). These
results indicate that the IFN-I signaling of immunosuppressive
G-MDSCs is inhibited.

G-CSF is required for the activation of PI3K-Akt/mTOR
pathway and G-MDSC immunosuppressive function

To determine the relationship between G-MDSC immunosuppres-
sive function and tumor progression, we used conditioned
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Fig. 1 G-MDSCs are activated in peripheral blood during tumor progression. A Flow cytometry (FCM) showing G-MDSCs (CD45+CD11b
+Ly6G-+). The proportion of G-MDSCs in bone marrow (B) and peripheral blood (C) taken from mice after different durations of tumor bearing
was analyzed by FCM (n = 6). D-F The expression levels of the Arg1, TGF-p, and IRF4 genes in G-MDSCs in peripheral blood taken from mice
after different durations of tumor bearing were analyzed by Q-PCR (n =4). G The proliferation of T cells after coculture with G-MDSCs from
peripheral blood taken from mice after different durations of tumor bearing was analyzed by FCM (n = 4). Results are mean + SD. Unpaired t-
test was used to determine significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

medium from nontumor cells (mouse embryonic fibroblasts
(MEFs)) and B16F10 and serum from tumor-bearing mice to
induce G-MDSC differentiation. The results showed that the Arg1l
expression in bone marrow G-MDSCs induced by tumor condi-
tioned medium and serum from tumor-bearing mice was
significantly upregulated (Fig. 5A). To identify the factors
associated with this process, we analyzed the serum of mice
bearing tumors for 0, 2 or 3 weeks by using a proteome profiling
array. CXCL10, CXCL13, and G-CSF were present at higher
concentrations in the serum of tumor-bearing mice (Fig. 5B).
The source of the changed factors was detected, and the results
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showed that B16F10 expressed CXCL10 and CXCL13, but G-CSF
was secreted by other stromal cells (Supplementary Fig. 5A).
G-MDSCs expressed all the receptors of CXCL10, CXCL13, and
G-CSF (CXCR3, CXCR5, and G-CSFR, respectively) (Supplementary
Fig. 5B). Then, the effect of altered cytokines on the immunosup-
pressive function of G-MDSCs was determined in vitro. The results
showed that only G-CSF increased the expression of Arg1 (Fig. 5C),
and CXCL10 and CXCL13 could not directly affect the expression
of Arg1 (Supplementary Fig. 5C, D). We confirmed the upregula-
tion of G-CSF in serum of tumor mice by ELISA (Supplementary
Fig. 5E). Then we generated two independent short hairpin RNAs
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Fig. 2 G-MDSCs with immunosuppressive functions promote tumor growth and metastasis. A Annexin-V expression in G-MDSCs in
peripheral blood taken from mice after different durations of tumor bearing was assessed by FCM. B The proportion of G-MDSCs in tumor
tissue taken from mice bearing tumors for 2 or 3 weeks was analyzed by FCM (n = 3). C, G Schematic depiction of the experimental protocol
for infusion of mice with either G-MDSCs from the peripheral blood of normal mice (Con-G-MDSCs) or G-MDSCs from mice bearing tumors for
3 weeks (3Ws-G-MDSCs). Tumor-bearing mice were infused with either Con-G-MDSCs or 3Ws-G-MDSCs at the indicated time, and the
proportions of G-MDSCs in peripheral blood (D) and tumor tissue (E) were analyzed by FCM (n = 4). F Tumor volume was measured after the
tumor-bearing mice received either Con-G-MDSCs or 3Ws-G-MDSCs at the indicated time (n=4). H The number of metastatic foci was
detected after intravenous injection of B16F10 cells and infused with either Con-G-MDSCs or 3Ws-G-MDSCs (n = 4). I, L Schematic depiction of
the experimental design. B16F10 cells were injected into mice through the tail vein, and the mice were treated with an anti-GR1 antibody
(200 pg/1.P) every 3 days. On day 21, lung metastasis was analyzed. J The proportion of G-MDSCs in peripheral blood was detected after anti-
GR1 antibody treatment (n = 3). K Tumor volume was measured after anti-GR1 antibody treatment (n = 4). M The number of metastatic foci
was detected after anti-GR1 antibody treatment (n = 4). Results are mean + SD. Unpaired t-test was used to determine significance (**p < 0.01,
**¥p < 0.001 and ****p < 0.0001).

(shRNAs) to stably decrease G-CSF levels (Fig. 5D and Supple-
mentary Fig. 5F). After shRNA transfection in vivo, we observed a
decrease in the number of G-MDSCs and a decrease in the
expression of Arg1 (Fig. 5E, F and Supplementary Fig. 5G).

Next, the effect of G-CSF on the PI3K-Akt/mTOR pathway was
examined. After treatment of bone marrow G-MDSCs with G-CSF
in vitro, PI3K-Akt/mTOR pathway-related proteins were activated

SPRINGER NATURE

(Fig. 5G). The effect of rapamycin on G-CSF-stimulated G-MDSCs was
next investigated, and the results showed that after treatment with
rapamycin, Stat3 phosphorylation decreased and Argl expression
was decreased (Fig. 5H, I). Consistent with previous reports
[34, 38, 39], stattic treatment reduced the expression of Argl
(Fig. 5J, K). These results suggest that G-CSF promotes G-MDSCs
immunosuppressive functions through PI3K-Akt/mTOR pathway.

Cell Death and Disease (2022)13:36
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Fig. 3 Activation of the PI3K-Akt/mTOR pathway in G-MDSCs is related to the expression of immunosuppressive gene. A Number of
genes that changed in G-MDSCs in peripheral blood taken from tumor-bearing mice compared to normal mice at different time points.
B Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of G-MDSCs in peripheral blood taken from mice bearing tumors for
different durations based on differentially expressed genes. C The expression of Akt, p-Akt, mTOR, p-mTOR, Stat3, and p-Stat3 in G-MDSCs in
peripheral blood taken from mice bearing tumors for different durations was analyzed by western blot. D The expression of mTOR, p-mTOR,
Stat3, and p-Stat3 in G-MDSCs in peripheral blood taken from mice bearing tumors for 3 weeks was detected by western blot after injection of
rapamycin (5 mg/kg) and stattic (4 mg/kg) into the tumor-bearing mice. E The proportion of G-MDSCs in peripheral blood was analyzed by
FCM. The mice were treated as described in D (n = 3). F The expression of Arg1 was detected by Q-PCR. The mice were treated as described in
D (n = 3). Results are mean + SD. Unpaired t-test was used to determine significance (**p < 0.01, ***p < 0.001, and ****p < 0.0001).

Downregulation of IFN-I signaling is a prerequisite for
G-MDSCs to obtain immunosuppressive function

We then explored whether G-CSF affects IFN-I signaling in
G-MDSCs. The expression of IFNAR and ISGs in bone marrow
G-MDSCs was detected after stimulation with G-CSF in vitro. The
results showed that G-CSF could not downregulate the expression
of IFNAR (Supplementary Fig. 6A, B) and ISGs (Supplementary Fig.
6C-F). When stimulated with the serum of tumor-bearing mice,
G-MDSCs showed significantly downregulated expression of
IFNAR (Fig. 6A, B) and ISGs (Fig. 6C-F). Because the ISGs expression
in G-MDSCs began to decrease after 2 weeks of tumor bearing, we
speculated that downregulation of IFN-I signaling may be required
for G-MDSCs to obtain immunosuppressive functions. We first
stimulated bone marrow G-MDSCs with IFNa and then stimulated
them with G-CSF. The results showed that when G-MDSCs were
first stimulated by IFNa, G-CSF did not activate the PI3K-Akt/mTOR
pathway (Fig. 6G). Similarly, the Argl expression was inhibited
(Fig. 6H). 32D clone 3 is a mouse progenitor cell line that can be
induced to differentiate into neutrophils after the addition of stem
cell factor and IL-3 and the subsequent addition of G-CSF in vitro
[40, 41]. We evaluated the effects of IFN-I signaling on tumor-
induced G-MDSC differentiation, and the scheme of the experi-
mental design is shown in Fig. 6l. With the differentiation of 32D
cells into neutrophils, IFNAR was upregulated (Fig. 6J, K), and the
upregulation of IFN-I signaling (Supplementary Fig. 7A-D) was
followed by the downregulation of the PI3K-Akt/mTOR pathway
and Argl expression (Fig. 6L, M). Interference with IFNAR
(Supplementary Fig. 7E, F) attenuated IFN-I signaling (Supplemen-
tary Fig. 7G-J) and thus promoted the upregulation of the PI3K-
Akt/mTOR pathway and Arg1 expression (Fig. 6N, O). The above
results indicate that the downregulation of IFN-I signaling in
G-MDSCs under tumor conditions promotes their development
toward an immunosuppressive phenotype. We also detected the
expression of IFN-I signaling in mo-MDSCs, and the results showed

Cell Death and Disease (2022)13:36

that the IFN-I signaling in mo-MDSCs was also downregulated
(Supplementary Fig. 8), suggesting that the downregulation of
IFN-I signaling under tumor conditions is necessary for the
formation of an immunosuppressive microenvironment.

SOCS1, which is dependent on IFN-I signaling, regulates the

activation of the PI3K-Akt/mTOR pathway

Based on the above findings, we explored the mechanism by
which IFN-I signaling regulates PI3K-Akt pathway in G-MDSCs.
Suppressor of cytokine signaling (SOCS) members are thought to
act as classic negative feedback inhibitors, which are induced by
cytokines, and subsequently inhibit the function of cytokines
[42, 43]. SOCS1 can not only regulate IFN-I signaling via negative
feedback [17] but also inhibit the PI3K-Akt pathway [44, 45]. Our
results showed that with tumor progression, the expression of
SOCS1 in peripheral blood G-MDSCs was gradually downregulated
(Fig. 7A and Supplementary Fig. 9A). We used IFNa to stimulate
bone marrow G-MDSCs and 32D cells in vitro to detect the
expression of SOCS1, and the results showed that IFNa could
significantly induce the expression of SOCS1 (Fig. 7B, C and
Supplementary Fig. 9B, C). Consistently, after interference with
IFNAR, the expression of SOCS1 was significantly downregulated
(Fig. 7D and Supplementary Fig. 9D). We speculated that the
expression of SOCS1 induced by IFN-I is related to the PI3K-Akt
pathway in G-MDSCs. To assess this possibility, we designed siRNA
to interfere with SOCS1 in 32D cells and detected the interference
efficiency (Fig. 7E and Supplementary Fig. 9E). Then, the effects of
SOCS1 on the PI3K-Akt/mTOR pathway activation and Argl
expression were examined. The results showed that the phos-
phorylation of Akt and mTOR and the expression of Arg1 in 32D
cells were upregulated after interference with SOCS1 (Fig. 7F, G).
To explore how SOCS1 inhibits the activation of PI3K-Akt pathway,
a co-immunoprecipitation (co-IP) assay was performed. The results
showed that SOCS1 and Akt existed in the same complex (Fig. 7H,
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kilobase of transcript per million (FPKM) values. B Gene ontology (GO) enrichment analysis of G-MDSCs in peripheral blood taken from mice
after different durations of tumor bearing based on differentially expressed genes (FC > 2). € Technical validation of the array data by Q-PCR
(n = 4). D Schematic diagram of the IFN-I pathway. E The content of IFNa in serum taken from mice after different durations of tumor bearing
was analyzed by ELISA (n=4). F, G The expression of IFNART and IFNAR2 in G-MDSCs in peripheral blood taken from mice after different
durations of tumor bearing was analyzed by Q-PCR (n = 4). H The expression of IFNAR1, IFNAR2, Stat1 and p-Stat1 in G-MDSCs in peripheral
blood taken from mice after different durations of tumor bearing was analyzed by western blot. Results are mean + SD. Unpaired t-test was
used to determine significance (*p < 0.05, **p < 0.01 and ***p < 0.001).

). To confirm whether SOCS1 directly binds to Akt, we prepared
His-SOCS1 and GST-Akt constructs from bacteria, and in vitro GST
pull-down assays showed that SOCS1 physically associates with
Akt through direct interaction (Fig. 7J). Next, we assessed which
domain of SOCS1 interacts with Akt. SOCS1 consists of an
N-terminal region, a kinase inhibitory region (KIR), a central SH2
region and a carboxy-terminal SOCS box [46]. We generated His-
tagged deletion mutants containing the N-terminal region,
N-terminal region-KIR, and N-terminal region-KIR-SH2 domains
(Fig. 7K), and pull-down assays were performed. The results
showed that GST-Akt could pull-down His-tagged mutants only in
the presence of the SOCS1 SH2 domain (Fig. 7L), indicating that
the SH2 domain of SOCS1 is required for inhibiting PI3K-Akt/mTOR
signaling.

SPRINGER NATURE

DISCUSSION
The main function of MDSCs is immunosuppression, but this
function is not innate. It has been reported that MDSCs at the early
stage of tumors do not exhibit immunosuppression [47, 48]. It is
not clear where and how MDSCs obtain immunosuppressive
functions. Here, we reported that G-MDSCs, the main subgroup of
MDSCs, initiated immunosuppressive functions in the peripheral
blood under tumor conditions. Our research deeply analyzed the
specific processes by which G-MDSCs are activated and provides
new evidence that MDSCs with immunosuppressive functions
need to undergo two steps, amplification and activation.

Tumor and/or stromal cells secrete inflammatory mediators to
influence myeloid cells differentiation [9, 10, 49]. G-CSF has
multiple effects on polymorphonuclear cells, including regulation
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Fig. 5 G-CSF promotes the expression of immunosuppressive genes in G-MDSCs by activating the PI3K-Akt/mTOR signaling pathway.
A G-MDSCs taken from bone marrow of normal mice were cultured with tumor-free media (TFM), tumor cell-conditioned media (TCM) or serum
from mice bearing tumors for different durations for 2 h, and the expression of Arg1 was analyzed by semi-quantitative PCR. B The expression
profiles of various cytokines in the serum of mice bearing tumors for 0, 2, or 3 weeks were assessed using a cytokine array. C The expression of
Arg1 in G-MDSCs taken from bone marrow of normal mice was analyzed by Q-PCR after incubation with different concentrations of G-CSF for
2 h (n=5). D The level of G-CSF in serum was analyzed by ELISA after mice were infected with lentiviruses carrying shScramble (shSCR), sh1-G-
CSF, or sh2-G-CSF (n =4). E The proportion of G-MDSCs in peripheral blood was analyzed by FCM after mice were infected with lentiviruses
carrying shSCR, sh1-G-CSF, or sh2-G-CSF (n = 4). F The expression of Arg1 in G-MDSCs from peripheral blood was analyzed by Q-PCR after mice
were infected with lentiviruses carrying shSCR, sh1-G-CSF- or sh2-G-CSF (n =4). G The expression of Akt, p-Akt, mTOR, p-mTOR, Stat3, and
p-Stat3 in G-MDSCs taken from the bone marrow of normal mice was analyzed by western blot after G-CSF (50 ng/ml) was added to the culture
and incubated for the indicated minutes. H G-MDSCs taken from the bone marrow of normal mice were cultured in vitro with G-CSF (50 ng/ml)
and different concentrations of rapamycin for 2 h, and the expression of Akt, p-Akt, mTOR, p-mTOR, Stat3, and p-Stat3 was detected by western
blot. I The expression of Arg1 was detected by Q-PCR. The cells were treated as described in H (n = 4). J G-MDSCs taken from the bone marrow
of normal mice were cultured in vitro with G-CSF (50 ng/ml) and different concentrations of stattic for 2 h, and the expression of Stat3 and
p-Stat3 was detected by western blot. K The cells were treated as described in J, and the expression of Arg1 was detected by Q-PCR (n =4).
Results are mean + SD. Unpaired t-test was used to determine significance (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
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Fig. 6 Downregulation of IFN-I signaling is a prerequisite for G-MDSCs to obtain immunosuppressive functions. A-F The expression of
IFNAR and ISGs in G-MDSCs taken from the bone marrow of normal mice was analyzed by Q-PCR after incubation with serum from normal
mice or the mice tumor bearing for 3 weeks (n = 4). G The expression of Arg1, Akt, p-Akt, mTOR, and p-mTOR in G-MDSCs taken from the bone
marrow of normal mice was analyzed by western blot after incubation with IFNa (100 ng/ml) or G-CSF (50 ng/ml) for 2 h or stimulation with
IFNa for 1 h and subsequent incubation with G-CSF for 2 h (IFNa + G-CSF). H The expression of Arg1 in G-MDSCs taken from the bone marrow
of normal mice was analyzed by Q-PCR. The cells were treated as described in G (n = 4). | Schematic depiction of the experimental design. 32D
clone 3 cell maturation was induced with G-CSF. IFNa treatment was performed on day 4, and 3Ws-serum was added on day 5. J, K The
expression of IFNAR in 32D clone 3 cells after incubation with G-CSF was analyzed by Q-PCR (n =3). L The expression of Arg1, Akt, p-Akt,
mTOR, and p-mTOR in 32D clone 3 cells was analyzed by western blot after incubation with IFNa (100 ng/ml) or 3Ws-serum for 48 h or
stimulation with IFNa for 24 h and subsequent incubation with 3W serum for 24 h (IFNa + 3Ws-serum). M The expression of Arg1 in 32D clone
3 cells was analyzed by Q-PCR. The cells were treated as described in L (n = 4). N The expression of Arg1, Akt, p-Akt, mTOR, and p-mTOR in 32D
clone 3 cells was analyzed by western blot after incubation with IFNa (100 ng/ml) for 24 h and subsequent incubation with 3Ws-serum for 24 h
or after IFNAR interference followed by stimulation with IFNa for 24 h and subsequent incubation with 3Ws-serum for 24 h (si-IFNAR + IFN).
O The expression of Arg1 in 32D clone 3 cells was analyzed by Q-PCR The cells were treated as described in N (n = 4). Results are mean + SD.
Unpaired t-test was used to determine significance (*p < 0.05 and **p < 0.01).

of proliferation and mobilization [50]. In many tumors, high levels absence of PI3Ky promoted the transformation of macrophages
of G-CSF are produced [50-52]. Our results indicate that the into antitumor M1 macrophages [53], and PI3Ky signaling
upregulation of G-CSF participates in the initiation of G-MDSCs promoting immune suppression in cancer [54]. The role of the
immunosuppressive function. It has been reported that the PI3K-Akt/mTOR axis in G-MDSC differentiation remains largely
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Fig. 7 IFN-I-dependent SOCS1 can regulate the activation of PI3K-Akt/mTOR pathway. A The expression of SOCS1 in G-MDSCs in
peripheral blood taken from mice after different durations of tumor bearing was analyzed by western blot (n = 5). The expression of SOCS1 in
G-MDSCs from the bone marrow of normal mice (B) and 32D clone 3 cells (C) was analyzed by western blot after incubation with IFNa for 24 h
(n=5). D The expression of SOCS1 in 32D clone 3 cells stimulated with IFNa was analyzed by western blot after IFNAR interference (n = 4).
E 32D clone 3 cells were transfected with siRNA targeting SOCS1 or control for 36 h, and the interference efficiency was tested (n =4). F The
expression of Arg1, Akt, p-Akt, mTOR, and p-mTOR in 32D clone 3 cells was analyzed by western blot after incubation with IFNa (100 ng/ml)
for 24 h and subsequent incubation with 3W serum for 24 h or after SOCS1 interference followed by stimulation with IFNa for 24 h and
subsequent incubation with 3Ws-serum for 24 h (si-SOCS1 + IFNa). G The expression of Arg1 in 32D clone 3 cells was analyzed by Q-PCR. The
cells were treated as described in F (n = 4). H, I Co-IP assays were performed to assess the interaction between SOCS1 and Akt after 32D clone
3 cells were transfected with Flag-SOCS1 for 30 h. J A GST pull-down assay of Akt was conducted using the indicated proteins expressed in
bacteria. His-tagged SOCS1 was expressed in bacteria, and the lysates were incubated with purified GST or GST-fused Akt. Bound proteins
were separated by SDS-PAGE and immunoblotted with an anti-His antibody. K Schematics of the His-tagged SOCS1 expression plasmid and its
domains. L A GST pull-down assay of Akt was conducted using the indicated proteins expressed in bacteria. Different domains of SOCS1 with
a His tag were expressed in bacteria, and the lysates were incubated with purified GST or GST-fused Akt. The levels of pulled down His were
detected by western blot. Results are mean + SD. Unpaired t-test was used to determine significance (*p < 0.05, **p < 0.01, ***p <0.001 and
®ex%p < 0.0001).

unstudied. Here, we showed that the PI3K-Akt/mTOR signaling of exert immunosuppressive functions and are very similar to each
peripheral blood G-MDSCs is activated and that G-CSF promotes other [57]. The only difference between the two may be maturity,
the acquisition of immunosuppressive functions by G-MDSCs by however, some studies have pointed out that the suppressive
activating the PI3K-Akt/mTOR pathway, suggesting that inhibition functions of immature and mature neutrophils is a pathological

of PI3K-Akt/mTOR can inhibit G-MDSC immunosuppressive func- response to tumorigenesis rather than a completely separate
tion and improve immunosuppressive tumor microenvironment. granulocytic population [28]. All told, it is necessary to study the
The markers of neutrophils and G-MDSCs are identical. immunosuppressive function of these cells in depth, and whether

Neutrophils are considered as important effectors of the innate these cells are called G-MDSC or TAN is less important. IFN-I is
immune system [55]. In cancer, neutrophils undergo a phenotypic related to the maturity of neutrophils and the development of
change regarded as “alternating activation” and are called tumor- immune function [58]. The role of IFN-I in tumor immunosuppres-
associated neutrophils (TANs) [56]. Both TANs and G-MDSCs can sion remains controversial. Chronic IFNa promotes MDSC
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Fig. 8 Schematic illustration of the proposed model. G-MDSCs abnormally expanded under tumor conditions obtain immunosuppressive
functions in peripheral blood and ultimately promote tumor growth and metastasis. The activation of PI3K-Akt/mTOR pathway is related to
the immunosuppressive function of G-MDSCs. The downregulation of IFN-I signaling in G-MDSCs leads to the activation of PI3K-Akt/mTOR
pathway. SOCS1, which depends on IFN-I signaling, regulates the activation of PI3K-Akt/mTOR pathway by directly interacting with Akt.

accumulation [59], and IFNa can also promote the expression of
PD-L1 and PD-1, which contributes to immunosuppression [60].
Conversely, stimulator of interferon genes (STING) inhibits MDSC
differentiation by activating IFN-I signaling in Epstein-Barr virus-
associated nasopharyngeal carcinoma [61]. Based on our findings,
although the IFNa level in mouse serum increased with tumor
progression, the IFN-I signaling in G-MDSCs is downregulated and
its downregulation during G-MDSC differentiation was related to
the acquisition of immunosuppressive function. We found that
SOCST, a classical negative feedback regulator, which depends on
IFN-1 signaling, can directly bind with Akt through SH2 domain to
inhibit the immunosuppressive PI3K-Akt/mTOR signaling pathway
in G-MDSCs. The downregulation of IFN-I signaling under tumor
conditions leads to the downregulation of SOCS1, which causes
the activation of the PI3K-Akt/mTOR pathway.

The IFNAR expression is essential for IFN-I signal transduction. In
our study, the IFNAR expression in immunosuppressive G-MDSCs
decreased, as a result, the response of G-MDSCs to IFN-I was
reduced. Our results indicate that the downregulation of IFNAR
promotes the activation of PI3K-Akt/mTOR, which is related to the
immunosuppressive function of G-MDSCs and we further clarifies
the specific mechanism by which tumor conditions induce
immune activation to tilt toward immunosuppression. Previous
studies have revealed that VEGF or IFN-a/f promotes the
ubiquitination and degradation of IFNAR1 and ensuing restriction
of cellular responses to IFN-I [62, 63]. Activation of p38 kinase is
also required for IFNAR1 ubiquitination and degradation [64]. In
our study, although G-CSF promotes the initiation of G-MDSCs
immunosuppressive function through PI3K-Akt/mTOR pathway,
only G-CSF is not enough, G-CSF can not downregulate IFN-I
signaling in G-MDSCs. It remains to be elucidated what factors in
the serum under tumor conditions contribute to the down-
regulation of IFNAR.

In summary, our results show that G-MDSCs initiates immuno-
suppressive functions in the peripheral blood of tumor-bearing
mice and that G-CSF participates in the acquisition of G-MDSC
immunosuppressive functions by activating the PI3K-Akt/mTOR
pathway. It is worth noting that the downregulation of IFN-I
signaling in G-MDSCs is a prerequisite for their immunosuppressive
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function. The downregulation of IFN-I signaling in G-MDSCs leads
to the activation of the PI3K-Akt/mTOR pathway by downregulat-
ing SOCS1 (Fig. 8). The results indicate that the generation of
immunosuppressive G-MDSCs under tumor conditions involves a
transformation from immune activation to immune tolerance,
providing a mechanistic insight for combating the immunosup-
pressive microenvironment.

MATERIALS AND METHODS

Mice and cell lines

C57BL/6J mice (8-10 weeks old) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). B16F10 cells (1 x
10°) were implanted subcutaneously in female mice (n = 4-6 mice/group).
Tumor growth was measured using calipers, and tumor volume was
calculated as follows: V= (length x width?) x 0.5. For all drug efficacy
studies, Rapamycin and Stattic treatments (five times per week) were
initiated at 2 weeks of tumor-bearing. All mice were housed in specific
pathogen-free conditions. All animal procedures and studies were
conducted in accordance with the Institutional Animal Care and Use
Committee guidelines. Mouse melanoma B16F10 cells, MEF cells, human
embryonic kidney HEK-293T and 32D clone 3 cells were purchased from
American Type Culture Collection. B16F10, MEF and HEK-293T cells were
grown in DMEM supplemented with 10% heat-inactivated FBS (HyClone,
Logan, UT, USA) and 1% penicillin/streptomycin. 32D clone 3 cells were
maintained in RPMI 1640 medium supplemented with 10% heat-
inactivated FBS and 10% mouse interleukin IL-3 (213-13, Peprotech)
culture supplement. All cells were routinely validated for lack of
Mycoplasma infection with LookOut Mycoplasma PCR Detection Kit
(Sigma, Saint Louis, MO, USA) and used within 10 passages.

Reagents and antibodies

Recombinant murine CXCL10 (250-16), CXCL13 (250-24), G-CSF (250-05),
and GM-CSF (315-03) were purchased from PeproTech (Rocky Hill, NJ, USA).
Directly conjugated anti-mouse mAbs CD11b-FITC (M1/70), CD45-PE/Cy7
(30-F11), Ly6G-APC/Cy7 (1A8), Ly6C-PE (AL-21) were from BD Pharmingen
(San Jose, CA, USA). Carboxyfluorescein succinimidyl ester (CFSE) was from
Molecular Probes (Eugene, OR, USA). The Annexin-V-APC apoptosis analysis
kit (AO2001-11P-G) was obtained from Sungene (Tianjin, China). The
mouse cytokine array panel A (ARY006) was purchased from R&D Systems
(Minneapolis, MN, USA). The MDSC isolation kit was from Miltenyi Biotec
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(Bergisch Gladbach, Germany) and the streptavidin particles were from BD
IMag (San Jose, CA, USA). Anti-p-Akt (Ser473, #4060), anti-Akt (#4691), anti-
p-mTOR (Ser2448, #5536), anti-mTOR (#2983), anti-p-STAT3 (Tyr705, #9145)
Abs were purchased from Cell Signal Technology (Danvers, MA). Anti-
STAT3 (F-2) Abs was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Rapamycin (HY-10219) and Stattic (HY-13818) were purchased from
Med Chem Express (New Jersey, USA).

Flow cytometry

Single-cell suspensions from bone marrow and peripheral blood were
treated with hypotonic lysis buffer to eliminate erythrocytes, and stained
with fluorochrome-conjugated antibodies at 4 °C for 30 min. Following
tumor tissues processing, single-cell suspensions were resuspended in FC
blocked (CD16/32, BD #553141) on ice and then incubated with antibody
master mix. Dead cells in tumor tissue were identified by staining with
7-AAD (Biolegend) according to the manufacturer’s instructions. For
apoptosis analysis, cells were stained with surface marker followed by
Annexin-V staining in binding buffer (Biolegend). The treated cells were
tested by flow cytometry using a FACSCanto Il (BD Biosciences, San Jose,
CA, USA), and the data were analyzed with FACSDiva software (BD
Biosciences) and Flow Jo 7.6.1 software.

Cell isolation

Bone marrow cells were isolated by flushing the femurs and tibias with PBS
supplemented with 2% FBS. Splenocytes were prepared by grinding the
spleen against a 70-um nylon mesh. CD8" T cells were isolated from
splenocytes using the Mouse CD8 T-cell Isolation Kit (Biolegend). To obtain
single cell from tumors, tissues were minced and subjected to 1h
enzymatic digestion using 0.5 mg/ml collagenase IV (Sigma) and 0.01 mg/
ml DNase | (Sigma) in RPMI 1640 supplemented with 2% FBS at 37 °C.
Single-cell suspensions were passed through a 70-um mesh followed by
erythrocytes removal using ammonium chloride lysis buffer. For the
isolation of G-MDSCs, cells were labeled with biotinylated antibody to Ly6G
(Miltenyi Biotec), incubated with streptravidin-coated microbeads (Miltenyi
Biotec) and separated on MACS columns (Miltenyi Biotec). The purity and
viability of the sorted cells is over 90%.

In vitro T-cell proliferation assay

CD8+ T cells (2 x 10°) from normal mice were pre-stained with 1 uM CFSE
at room temperature for 5min and then quenched with 10% FBS. The
treated CD8+ T cells were plated in U bottom 96-well plates in triplicates
and stimulated with the antibodies of anti-CD3 (0.5 ug/ml) and anti-CD28
(1 pug/ml) in the presence of the same number of G-MDSCs. On day 3 of the
coculture, cells were collected and evaluated by flow cytometry.

RNA extraction and Q-PCR

Total RNA was extracted with TRIzol (Invitrogen), and the cDNA was
synthesized with reverse transcriptase (Thermo Fisher Scientific, Waltham,
MA, USA). The cDNA was then used as template for semi-quantitative or
quantitative PCR analysis with Power SYBR Green PCR Master Mix (Thermo
Fisher, Waltham, MA) using the StepOne Plus Real Time PCR System
(Applied Biosystems, Foster City, CA). Q-PCR data were analyzed by the
AACt method and relative expression of mRNA was normalized to B-actin.
The primer sequences used were listed in Supplementary Table 1.

Tumor metastasis assay in vivo

In total, 2 x 10° B16F10 cells were injected via the tail vein into C57BL/6J
mice and lung metastasis incidence was analyzed about 2 weeks later. To
determinate the effects of G-MDSCs, C57BL/6J mice were intravenously
injected with 2 x 10° B16F10 cells, and followed immediately, 2 and 4 days
later, by injection of 2x10° G-MDSC or mice were treated with
intraperitoneal injections of 200 ug in 100 pl of rat IgG2b isotopic control
or anti-GR1 antibody.

Cytokine array and enzyme-linked immunosorbent assay
(ELISA) of serum

Mouse peripheral blood samples were centrifuged at 3000 rpm for 10 min.
Serum was collected, aliquoted, and stored at —80°C. Expression of
cytokines in mouse serum was evaluated using mouse cytokine antibody
array Panel A (ARY006, R&D Systems). The level of IFNa and VEGF in serum
was determined using ELISA kits (eBioscience) according to manufacturer’s
instructions.
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Construction of the lentiviral expression plasmid and gene
transfection

Synthesized short hairpin (sh) RNAs sequences were cloned into pLVTHM
vector, and the constructed plasmids or shCtrl plasmid were transfected
into HEK-293T cells, together with the packaging plasmid psPAX2 and the
envelope plasmid pMD2.G (both from Addgene) using Lipofectamine
2000 reagent (Invitrogen). The collected supernatant was concentrated
and intrapleurally injected into 2-week tumor-bearing mice four times
every other day. The relative sequences used were listed in Supplemen-
tary Table 2.

RNA-seq analysis

For RNA sequencing (RNA-seq), peripheral blood G-MDSCs was collected
from normal mice, mice bearing tumor for 2 and 3 weeks. The cellular RNA
was extracted using Trizol reagent followed by a genomic DNA elimination
step. RNA purity was assessed using the kaiaoK5500® Spectrophotometer
(Kaiao, Beijing, China). The RNA integrity and concentration was assessed
using a RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). Library construction and sequencing on an
lllumina HiSeq 2500 instrument was performed at Annoroad Gene
Technology Corporation (Beijing, China). Bowtie2 v2.2.3 was used to build
the genome index, and clean data was then aligned to the reference
genome using HISAT2 v2.1.0. The level of gene expression was quantified
using a software package called FPKM (Fragments Per Kilobase Millon
Mapped Reads). DEGseq v1.18.0 was used for differential gene expression
analysis. Overall changes were considered significant if they passed the
FDR threshold of <5%. RNA sequencing of the raw data and processed
expression data for this study have been deposited in the NCBI Gene
Expression Omnibus and are accessible through GEO Series accession
number: GSE141652.

Western blot

Cells were harvested and solubilized in RIPA buffer containing protease
and phosphatase inhibitors. 30 ug protein was electrophoresed on Biorad
precast gradient gels and electroblotted onto PVDF membranes. Proteins
were detected by incubation with 1:1000 dilutions of primary antibodies,
washed and incubated with Goat anti-rabbit-HRP antibodies or Goat anti-
mouse-HRP antibodies and detected after incubation with a chemilumi-
nescent substrate.

siRNA-mediated interference

For RNA interference experiments, scramble control, or smart-pool siRNA
respectively against IFNAR and SOCS1 were transfected into 32D clone 3
cells using Lipofectamine 3000 according to the manufacturer’s instruc-
tions. siRNA duplex oligoribonucleotides were synthesized by GenePharma
(Shanghai, China). The sense sequences were as follows: si1-IFNAR, 5'-
GUCUGAAAGUUUUGAUAGATT-3’; si2-IFNAR, 5-CCGUUGUACUCUAGUA
CUUTT-3’; 5i1-SOCS1, 5/-CCAGUUUAGGUAAUAAACUTT-3' and si2-SOCST,
5/-ACACUCACUUCCGCACCUUTT-3".

Co-immunoprecipitation (Co-IP) assay

The cell lysates were extracted after transfection of flag-SOCS1 plasmid
into 32D cells for 30 h. Cell extracts were cleared with protein G beads for
1h at 4°C before being incubated with 2 ug of monoclonal anti-Akt or
FLAG antibodies, or, alternatively, the same amount of IgG, overnight at
4°C. After washing, the precipitated proteins were analyzed by
immunoblotting.

GST pull-down assay

GST-Akt was cloned into the vectors pGEX-4T-2, and His-SOCS1 was cloned
into pET-28a(+). E. coli BL21 were transformed with pGEX-4T-2-Akt and
pET-28a(+)-SOCS1 vectors. GST-Akt and His-SOCS1 protein expression
were induced with IPTG and purified using Glutathione Agarose 4B (Cytiva,
#17075601) and Ni-NTA Agarose beads (Beyotime, #P2218) according to
standard protocols. Purified GST-Akt and His-SOCS1 were incubated in
reaction buffer at 4 °C for 1 h, and then with GST-beads overnight at 4 °C.
Afterwards, the beads were washed four times with low-salt buffer, and
bound proteins were eluted and subjected to immunoblot analysis.

Statistics
Statistical and graphical analyses were performed using Graphpad Prism.
Results are presented as means+SD. t-Test was performed using
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GraphPad Prism version 6 software. Differences were considered to be
statistically significant when p values were <0.05. All experiments were
independently repeated at least three times.

DATA AVAILABILITY

All study data are included in the article and/or supporting information.
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