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Abstract

Cancer induces alteration of hematopoiesis to fuel disease
progression. We report that in tumor-bearing mice the mac-
rophage colony-stimulating factor elevates the myeloid cell
levels of nicotinamide phosphoribosyltransferase (NAMPT),
the rate-limiting enzyme in the NAD salvage pathway, which
acts as negative regulator of the CXCR4 retention axis of
hematopoietic cells in the bone marrow. NAMPT inhibits
CXCR4 through a NAD/Sirtuin 1–mediated inactivation of
HIF1a-driven CXCR4 gene transcription, leading to mobili-
zation of immature myeloid-derived suppressor cells (MDSC)
and enhancing their production of suppressive nitric oxide.
Pharmacologic inhibition or myeloid-specific ablation of

NAMPT prevented MDSC mobilization, reactivated specific
antitumor immunity, and enhanced the antitumor activity of
immune checkpoint inhibitors. Our findings identify NAMPT
as a metabolic gate of MDSC precursor function, providing
new opportunities to reverse tumor immunosuppression and
to restore clinical efficacy of immunotherapy in patients with
cancer.

Significance: These findings identify NAMPT as ametabolic
gate of MDSC precursor function, providing new opportu-
nities to reverse tumor immunosuppression and to restore
clinical efficacy of immunotherapy in cancer patients.

Introduction
Perturbation of myelopoiesis in cancer (1, 2) leads to the

expansion of a heterogeneous population of immunosuppressive
immature myeloid cells, called myeloid-derived suppressor cells
(MDSC), comprising the monocytic (M-MDSC) and granulocytic
(PMN-MDSC) subsets (3, 4). Along with tumor-associated
macrophages (5), these cells are negative regulators of anticancer

immune responses and are consideredmajor promoters of tumor
immune evasion, metastasis formation, and cancer cell "stem-
ness" (6–8). In addition, MDSCs produce endothelial growth
factors (e.g., VEGF, bFGF) and proinflammatory cytokines
involved in neoangiogenesis and tumor promotion. MDSCs
originate froma commonmyeloid precursor (CMP) inpathologic
conditions such as cancer (6) and their accumulation in the
periphery (e.g., blood, lymph nodes, spleens, tumors) correlates
with tumor stage and clinical outcome (9).MobilizationofMDSC
precursors from the bone marrow hematopoietic environment to
the periphery is tightly controlled by the retention axis CXCR4/
CXCL12 (10) and pharmacologic inhibitors of CXCR4 are now
under clinical investigation for the mobilization of immune and
hematopoietic stem cells (11). Noteworthy, depletion of MDSCs
by chemotherapeutic agents (e.g., gemcitabine, cyclophospha-
mide) can efficiently contribute to their anticancer action (6, 12–
14). Although little is known regarding the connection between
MDSCmetabolism and cancer-related immunosuppression,met-
abolic fluxes have been recently indicated as novel therapeutic
targets for the restoration of anticancer immunosurveillance (15).
Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-
limiting enzyme in the nicotinamide adenine dinucleotide
(NAD) salvage pathway, converting nicotinamide into nicotin-
amide mononucleotide (NMN), precursor of NAD (16). NAD
plays a crucial role in maintaining cellular energy by redox
reactions and is actively consumed by NAD-dependent enzymes
[e.g., sirtuins,mono andpoly (ADP-ribose) polymerase/ARTs and
CD38/CD157; ref. 17]. In particular, NAD promotes the expres-
sion of the deacetylase Sirtuin 1 (SIRT1), which in turn represses
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HIF1a transcriptional activity (18). Of relevance, SIRT1 was
shown to promote M2 polarization and suppressive activity of
MDSCs (19). Therefore, as a biosynthetic enzyme of NAD,
NAMPT affects a variety of metabolic and stress responses,
through modulation of distinct transcriptional activities. NAMPT
expression increases in various diseases, including chronic inflam-
matory conditions (e.g., rheumatoid arthritis), metabolic altera-
tions (e.g., diabetes), and cancer (20). NAMPT inhibitors have
entered clinical trials for solid and nonsolid tumors, due to their
ability in lowering NAD and ATP levels and, in turn, interfering
withmalignant cell growth (20). Despite this evidence (5, 21), the
contribution of NAMPT in cancer-related inflammation remains
elusive (22). Given that reprogramming of energy and amino acid
metabolism (e.g., tryptophan/arginine) is an essential event in
tumor-related immunosuppression (5), this study was designed
to elucidate the role ofNAMPT in the function and fate ofMDSCs.

Materials and Methods
Patients

Peripheral blood (20 mL) were collected from healthy donors
and patients with T2/T3 colorectal cancer, stratified on Ficoll
gradient, and 1 � 106 cells were stained at 4�C for 30 minutes
with a cocktail of mAbs (See Supplementary Material). An anti-
Nampt was used followed by incubation with goat anti-mouse
Alexa Fluor 647 antibody. For intracellular staining, Foxp3/
Transcription Factor Staining Buffer Set was used according to
the manufacturer's instruction. Cells were detected using the BD
FACSCanto II cytofluorimeter and analyzed with FlowJo Soft-
ware. M-MDSCs were identified within the gate of HLA-DRlow/neg

cells as CD33highCD14þ cells, whereas monocytes were
HLA-DRþCD14þCD33high. We have obtained written informed
consent from the patients and the study was approved by the
institutional review board and conducted in accordance with
recognized ethical guidelines (e.g., Declaration of Helsinki).

Drugs
FK866 and MV87 have been synthetized as described previ-

ously (patent WO/2014/178001; ref. 23), dissolved in DMSO at
10 mmol/L, and kept at �20�C. ADM3100 was purchased from
Sigma-Aldrich.

Animals
The study was approved by the scientific board and ethics

committee of the University of Eastern Piedmont (Novara, Italy).
Mice have beenmonitored daily and euthanized when displaying
excessive discomfort or any signs of pain. All experiments involv-
ing animals described in this study were approved by theMinistry
of Health (authorization number 245/2018-R). The protocols
describing the generation of NAMPT, HIF1a, and SIRT1 condi-
tional KO mice, as well as thymectomy, are described in the
Supplementary Data.

Syngeneic orthotopic fibrosarcoma and mammary carcinoma
mouse models

The MN/MCA1 cells (WT, WT-NAMPT or G217R-NAMPT)
were isolated from spontaneous fibrosarcoma by methylcho-
lanthrene-treated mice and propagated in RPMI with 10% FBS,
2mmol/L L-glutamine and10mg/mLpenicillin–streptomycin (2).
The 4T1 cells (ATCC, CRL-2539; ref. 24) were maintained in
DMEM with 10% FBS, 2 mmol/L L-glutamine, and 10 mg/mL

penicillin–streptomycin. MN/MCA1 cells (104/105) were inocu-
lated intramuscularly in 8 weeks oldmale C57BL/6mice (Charles
River) or in NAMPTf/fLysMCre�/� or in NAMPTf/fLysMCreþ/�. A
total of 7� 103 4T1 cellswere injected in the fat pad of 8weeks old
female BALB/c mice using a 26-gauge needle. From day 1, mice
were treated intraperitoneally with either vehicle (PBS þ 10%
DMSO, twice daily), FK866 or MV87 (10 mg/kg in PBS þ 10%
DMSO, twice daily), or ADM3100 (3 mg/kg, i.p, every 3 days).
Starting from day 15, tumor growth was monitored using a
caliper. At the sacrifice, blood was collected, mice were sacri-
ficed and spleen, bone marrow, primary tumors, and lungs
collected. Tumors weights were monitored, lungs were washed
in PBS, and lung metastasis counted. Authentication of
cell lines was not performed; all cell lines were tested for
Mycoplasma infection using PCR system and only cells at 1–4
passages were used.

Proliferation assay
M-MDSCs (Ly6ChiLy6G� cells) isolated from the spleen of

tumor-bearing mice were plated in 96 wells at 24% of total cells,
in presence of splenocytes fromOT-I transgenicmice, labeledwith
1 mmol/L CellTrace (Thermo Fisher Scientific) and diluted 1:10
withCD45.1þ splenocytes, in the presence of SIINFEKLpeptide (1
mg/mL). After 3 days, cellswere stainedwithAPC-Cy7–conjugated
anti-CD45.2 and PerCP-Cy5.5–conjugated anti-CD8. CellTrace
signal of gated lymphocytes was used to analyze cell proliferation
using the following formula 1� (% proliferation withMDSCs/%
proliferationwithoutMDSCs)�100. Sampleswere acquiredwith
FACSCanto II (BD Biosciences). Cell proliferation was also esti-
mated by 3[H]-thymidine incorporation, as described in the
Supplementary Section.

Antibody treatments in vivo
The anti-PD-1 antibody was given at 200 mg twice a week,

starting 9 days after tumor cells' injection. CSF1R antagonist (or
isotype control) was administered as an initial dose of 60 mg/kg
followed by two doses of 30mg/kg two times a week for a total of
2 weeks.

Histology and IHC
Mouse tissues were collected for fixation in 10% neutral buff-

ered formalin and included in paraffin. Bone marrow samples
were decalcified for 8 hours using an EDTA-based decalcifying
solution, washed in flowing water (1 hour), and subsequently
processed and embedded in paraffin. Four-micron–thick sections
were deparaffinized, rehydrated, and stained with hematoxylin
and eosin for histopathologic analyses or with IHC. The antigen
unmasking was performed using Novocastra Epitope Retrieval
Solutions pH6 and pH9 in a PT Link Dako pretreatment module
(Dako) at 98�C for 30 minutes. After neutralization of the
endogenous peroxidases with 3% H2O2 and Fc blocking by a
specific protein block (Novocastra), sampleswere incubatedwith:
CD8a or CXCR4 or IL4R or CD3 and the staining was revealed
using goat anti-rat IgG or donkey anti-rabbit and AEC (3-Amino-
9-ethylcarbazole) substrate-chromogen (Dako). Slides were ana-
lyzedunder a Zeiss AxioscopeA1andmicrophotographs collected
using a Zeiss Axiocam 503 Color with the Zen 2.0 Software
(Zeiss). Quantitative IHC data were obtained by counting the
number of immunoreactive cells out of four microscopic (�400
magnification).
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Cell culture
Bone marrow–derived MDSCs. Bone marrow cells were obtained
from the femurs and tibias, 2�106cellswere cultured for 4days in
RPMI1640 containing 10% FBS, 2 mmol/L glutamine, 100 U/mL
penicillin–streptomycin, 10 mmol/L HEPES, 20 mmol/L
b-mercaptoethanol, 40 ng/mL of rmIL6, rmG-CSF, and
rmGM-CSF. When needed, bone marrow–derived M- and
PMN-MDSCs were sorted using a BD FACSAria III Cell sorter
with the following antibodies: CD11b-PerCp-Cy5.5, Ly6C-APC,
Ly6G-PE (post-sort cells were 98.9% � 0.5% pure).

Spleen-derived M- and PMN-MDSCs. Cells were isolated by MACS
cell separation according to the manufacturer's instructions.
MDSCs were first enriched by serial negative selections with
CD19þ and CD11cþ microbeads and then Ly6Gþ cells were
positively selected with Ly6G microbeads kit. Remaining cells
were positively selected with CD11bþ microbeads, which all
stained positive for Ly6C marker. The purity of populations was
>90% (by flow cytometry). The concentration for the different
treatments were as follows: murine IFNg 200 U/mL, murine IL4
20 ng/mL, LPS from Salmonella Abortus Equi S-form 100 ng/mL,
MV87 10 nmol/L, and FK866 10 nmol/L. Nitric oxide (NO) and
reactive oxygen species (ROS) production were determined as
described in Supplementary Section.

Bone marrow–derived macrophages. Csf3r�/� bone marrow–
derived macrophages were obtained by culturing for 6 days bone
marrow–derived cells (3.5� 106/mL) inRPMI1640mediumwith
10% FBS, 2mmol/L glutamine, 100U/mLpenicillin–streptomycin,
and macrophage colony-stimulating factor (M-CSF; 20 ng/mL).

Bone marrow CD11bþ cells. CD11bþ cells (purity �98%) were
positively selected from total bonemarrow cells of na€�veWTmice
and tumor-bearing mice treated or not with anti-CSF1R with
CD11bþ microbeads.

Flow cytometry
Blood cells were collected from the eye vein of anesthetized

mice and splenocytes from spleen after filtration through cell
strainers (70 mm). Bone marrow cells were obtained from
femurs and tibias. Primary tumors were cut and disaggregated
with collagenase (0.5 mg/mL) and with MACS dissociator.
Cells (106) were resuspended in Hank's Balanced Salt Solution
with 0.5% BSA and the staining was performed at 4�C for 20
minutes with specific antibodies (see Supplementary Section).
When required, Annexin-V/PI staining was performed. Cell
viability was determined by LIVE/DEAD Fixable Violet Dead
Cell Stain Kit. For intracellular staining, Foxp3/Transcription
Factor Staining Buffer Set was used according to the manufac-
turer's instructions. Cells were detected using the BD FACS-
Canto II, BD LSRFortessa or BD Accuri C6 and analyzed with
BD FACSDiva and FlowJo (9.3.2) software.

Viability assay
Viability of cellswasmeasuredusing the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium assay after the treatments with
FK866 or MV87 (1–1,000 nmol/L) for 48 hours. In parallel, the
Annexin-V/PI staining was performed according to the manufac-
turer's instructions.

Gene expression
The levels of gene expression were determined by RT-PCR as

described in the Supplementary Section.

Statistical analysis
For animal studies, the size of each experimental group

was defined to detect differences of 20% or greater between
groups. Statistics were calculated with GraphPad Prism version
6 software. The two-sided unpaired Student t test was used
to compare unmatched groups and expressed as �, P < 0.05;
��, P < 0.01; ���, P < 0.001.

Results
NAMPT promotes tumor growth and expansion of MDSCs

To investigate the mechanisms underlying the tumor-promot-
ing activity of NAMPT (20), we used the transplantable MN/
MCA1 fibrosarcoma mouse model (2) and tested the antitumor
efficacy of two distinct NAMPT inhibitors, FK866 (20) and
MV87 (23). Treatment of MN/MCA1 cells in vitro (48 hours) with
either FK866 orMV87 resulted in pronounced cell death, assessed
either by the colorimetric MTT assay (Supplementary Fig. S1A) or
Annexin-V/PI staining (Supplementary Fig. S1B). Subsequently,
C57BL/6micewere injected intramuscularly in thehind limbwith
104 MN/MCA1 cells and treated with FK866 or MV87 (10mg/kg,
twice daily). Both NAMPT inhibitors delayed fibrosarcoma
tumor growth in vivo, in terms of tumor volume (Supplementary
Fig. S1C), weight (Supplementary Fig. S1D), and inhibition of
spontaneous lungmetastasis formation, assessedwhen the tumor
volume was 2.5 cm3 (Supplementary Fig. S1E). As myeloid
cells are master orchestrators of tumor-promoting inflammation,
we analyzed the prevalence of different myeloid populations in
tumor-bearing mice. MV87 significantly reduced the number of
M-MDSCs (CD45þCD11bþLy6ChighLy6Glow) and PMN-MDSCs
(CD45þCD11bþLy6ClowLy6Ghigh) in the peripheral blood,
spleen, and primary tumor (Supplementary Fig. S1F). In contrast,
CD45þCD11bþMHCIIþCD11cþLy6C� dendritic cells and
CD45þF4/80þ monocytes/macrophages remained unaffected
in the tumor (Supplementary Fig. S1F). Moreover, MV87 treat-
ment significantly increased the number of CD45þCD3þ T and
CD45þCD8þ T cells within the primary tumor, spleen, and
peripheral blood, whereas the levels of CD45þCD4þ T cells
increased in both the blood and the primary tumor (Supplemen-
tary Fig. S1G). A 2-fold increase in the number of IFNgþCD8þ T
cells was found in tumors of MV87-treated mice, whereas the
levels of both IFNgþCD4þ and Treg (Foxp3þ/CD4þ) cells were
unaffected (Supplementary Fig. S1H). The in vivo effects of MV87
were confirmed in the mammary adenocarcinoma 4T1 model, in
which NAMPT inhibition impaired both tumor growth and lung
metastases (Supplementary Fig. S1I). These effects were coupled
with a reduced expansion of both M-MDSCs and PMN-MDSCs
in the spleen and in primary tumor, but not in the peripheral
blood, and were paralleled by the increased tumor infiltration of
CD3þ T cells (Supplementary Fig. S1J).

NAMPT inhibition releases MDSC restraints over antitumor
immunity and synergizes with immune checkpoint inhibition

To dissect the antitumor activity of NAMPT inhibitors through
either direct tumor cell cytotoxicity or reactivation of antitumor
immunity, we generated inhibitor-resistant MN/MCA1 cells over-
expressing the G217R-point–mutated Nampt gene (25), which
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Figure 1.

Effects of NAMPT inhibitors on leukocyte populations of tumor-bearing mice. A, Tumor cell viability (MTT assay) ofWTMN/MCA1 and G217R-MN/MCA1 cells in
the presence or absence of MV87 for 48 hours. Left, preimplantation; right, postimplantation. Mean percentages� SD of three (n¼ 12) and two (n¼ 8)
independent experiments, respectively. B,WTMN/MCA1 and G217R-MN/MCA1 growth in mice treated with vehicle or MV87 (10 mg/kg). Representative image of
untreated and MV87-treatedWT-MN/MCA1 and G217R-MN-MCA1 tumors. C,Weight of tumors (gr) in mice treated as indicated. Mean percentages� SD of two
independent experiments (8 mice/group). D, Lungmetastasis number inWTMN/MCA1 and G217R-MN/MCA1 tumor-bearing mice. Mean percentages� SD of
two independent experiments (8 mice/group). E,Mean percentage� SD of M-MDSCs (CD45þCD11bþLy6GlowLy6Chigh) and PMN-MDSCs
(CD45þCD11bþLy6GhighLy6Clow) in blood, spleen, and tumors from vehicle (CTRL) or MV87-treatedWTMN/MCA1 and G217RMN/MCA1 tumor-bearing mice.
Mean percentages� SD of two independent experiments (8 mice/group). F,Mean percentage� SD of CD4þ T cells (CD45þCD4þ) and CD8þ T cells
(CD45þCD8þ) in blood, spleen, and tumors from vehicle or MV87-treatedWTMN/MCA1 or G217RMN/MCA1 tumor-bearing mice. Mean percentages� SD of two
independent experiments (8 mice/group; t test; �� , P < 0.01; ��� , P < 0.001). ns, nonsignificant.
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prevents the binding of NAMPT inhibitors to the enzyme while
preserving its enzymatic activity. AWT-Nampt-MN/MCA1 cell line
overexpressing the WT-Nampt gene was used as a control. As
expected, NamptG217R, but not NamptWT, MN/MCA1 cells, were
refractory to the in vitro treatment with MV87 (Fig. 1A, left).
Strikingly, despite the sole NamptG217R-MN/MCA1 cells' resis-
tance to NAMPT inhibitors, treatment with MV87 effectively
reduced tumor growth and metastasis formation in vivo, of both
NamptWT- andNamptG217R-MN/MCA1 cell implants (Fig. 1B–D).
Considering that NamptG217R-MN/MCA1 cells isolated ex vivo
(postimplantation) from established tumors maintained their
refractoriness to MV87 treatment (Fig. 1A, right), the data dem-
onstrated a tumor cell–extrinsic effect of MV87. Accordingly, we
observed that the treatment with MV87 reduced M-MDSC and
PMN-MDSC cell number, in peripheral blood, spleen, and pri-
mary tumors (Fig. 1E), which was associated with an increase in
the number of CD4þ and CD8þ T cells in both NamptWT- and
NamptG217R-MN/MCA1–bearing mice (Fig. 1F).

To further confirm that NAMPT inhibition mediates antitu-
mor activity by limiting MDSCs hijacking adaptive immunity,
6-week-old mice were subjected to thymectomy and treated
with anti-CD4 and anti-CD8 antibodies, to deplete T lympho-
cyte populations (2). In athymic mice, the antitumor efficacy of
MV87 was blunted (Fig. 2A–C), indicating that reactivation of
antitumor-specific immunity was the major effector of the
anticancer activity of MV87. In agreement, MV87 reduced the
levels of MDSCs in the peripheral blood, spleen, and primary
tumors (Fig. 2D). As a large number of patients present or
develop with resistance to anticancer immunotherapies,
including immune checkpoint inhibitors, we next addressed
whether NAMPT inhibition could enhance the efficacy of anti-
PD-1 immunotherapy (26). As result, treatment of fibrosarco-
ma with the combination of an anti-PD-1 antibody and MV87
displayed a significantly higher antitumor activity as compared
with the single treatments (Fig. 2E). Next, to investigate the
myeloid-specific activity of NAMPT, we developed a mouse
model carrying a specific deletion of the Nampt gene in the
myeloid compartment (NAMPTf/fLysMCreþ/�). As compared
with the NAMPTf/f control mice, analysis of NAMPT protein
levels in different tissues from tumor-free NAMPTf/fLysMCre�

mice showed a 40% reduction in total bone marrow (Supple-
mentary Fig. S2A and S2B), along with a 70% and 45%
decrease in bone marrow–derived M-MDSCs and PMN-
MDSCs, respectively (Supplementary Fig. S2C). A similar
decrease was observed in the Nampt mRNA levels of BM-M-
MDSCs (CD45þCD11bþLy6GlowLy6Chigh) and BM-PMN-MDSCs
(CD45þCD11bþLy6GhighLy6Clow) derived from NAMPTf/f-
CreLysM

þ/�
mice (Supplementary Fig. S2D).

Confirming the protumoral activity of myeloid-specific
NAMPT, MN/MCA1 tumor volume (Fig. 3A), weight (Fig. 3B),
and metastasis formation (Fig. 3C) were significantly reduced in
NAMPTf/fLysMCre� mice, as compared with NAMPTf/f controls.
The prevalence of myeloid subsets recruited into tumors of
NAMPTf/fLysMCre� mice was concordant with that found fol-
lowing treatment with NAMPT inhibitors (Supplementary Fig.
S1). Indeed,myeloid-specific deletion of NAMPT did not alter the
percentage of both CD45þF4/80þ macrophages and
CD45þCD11bþMHCIIþCD11cþLy6C� dendritic cells in the
tumor (Fig. 3D), which, however, was defective in the M-MDSCs
in the peripheral blood, spleen, and primary tumors and reduced
in circulating PMN-MDSCs. Notably, the number of CD3þ and

CD8þ T lymphocytes in blood and primary tumors (Fig. 3E), as
well as the number of tumor-infiltrating IFNgþCD8þ T cells
(Fig. 3F), was increased in NAMPTf/fLysMCre� mice, leaving the
number of CD4þ T cells (Fig. 3E), IFN-gþCD4þ, and Tregs
(Foxp3þCD4þ; Fig. 3F) unaltered, while the CD44þCD62L�

effector/memory CD8þ T-cell populations were increased in both
spleen and tumor fromNAMPTf/fLysMCre�mice (Fig. 3G). These
results suggest that NAMPT inhibition reduces tumor outgrowth
by limiting the expansion of tumor-promoting MDSCs and pro-
moting T-cell infiltration. To further support NAMPT as a mye-
loid-specific target to improve cancer immunotherapy, NAMPTf/f

and NAMPTf/fLysMCre� fibrosarcoma-bearing mice were treated
with the anti-PD-1 mAb. Moreover, myeloid-specific ablation of
NAMPT reinforced the antitumor activity of anti-PD-1 treatment,
on both primary and secondary lung metastasis (Fig. 3H–J).

NAMPT contributes to MDSC immunosuppressive competence
In light of the renewed anticancer immunity subsequent to the

inhibitionofmyeloidNAMPT,we investigated its influenceon the
energy metabolism of MDSCs. Evidences indicate that M1-polar-
izing signals promote expression of the immunosuppressive
enzyme inducible nitric oxide synthase (iNOS; ref. 6) and guide
the metabolic reprogramming of myeloid cells with increased
NADH:NADþ redox potential and reduced oxygen consump-
tion (27).On thesebases,we investigatedbothNAMPTexpression
and NAD levels in resting and IFNg-stimulated splenic MDSCs,
isolated from tumor-bearing WT animals. As compared with
PMN-MDSCs, M-MDSCs expressed higher levels ofNamptmRNA
(Supplementary Fig. S3A), which, however, was strongly induced
inboth cell types by IFNg and/or LPS (Supplementary Fig. S3B). In
agreement, NAMPT protein level was increased by IFNg in bone
marrow–derived M- and PMN-MDSCs, whereas neither the
NAMPT inhibitor FK866 nor the M2-polarizing signals IL10 and
IL4 were able to affect NAMPT expression (Supplementary Fig.
S3C and S3D). Analysis of additional key immunosuppressive
genes in Nampt-deficient MDSCs showed that, as compared with
their parental counterparts, M-MDSCs from NAMPTf/fLysMCre�

mice were less efficient in inducing iNOS and NADPH oxidase
(NOX2) expression in response to IFNg (Supplementary Fig. S3E),
while no differences were observed in the expression of NOX2,
Arginase I, and Indoleamine 2,3-dioxygenase (IDO) by PMN-
MDSCs(SupplementaryFig. S3F).The intracellular roleofNAMPT
is to catalyze the formation of NMN, the precursor of NAD,
representing the bottleneck enzyme of NAD biosynthesis (16).
Treatmentwith FK866orMV87 induced a significant drop inNAD
and ATP levels in untreated and IFNg-activated BM-MDSCs,
whereas comparedwithNAMPTf/fBM-MDSCs, a similar reduction
was observed inNAMPTf/fLysMCre� BM-MDSCs (Supplementary
Fig. S3G and S3H). The observed IFNg-induced increase of NAD
(60%) and ATP levels (40%) suggested a link between the met-
abolic reprogramming of MDSCs and their suppressive activity.

To test the role of NAMPT in the suppressive functions of
MDSCs, BM-MDSCs were treated in vitro with NAMPT inhibitors
(10 nmol/L) and tested for the production of the suppressive
molecules NO and ROS, by M-MDSCs and PMN-MDSCs, respec-
tively (6). Neither FK866 nor MV87 inhibited the production of
ROS by PMA/ionomycin–activated BM-PMN-MDSCs (Supple-
mentary Fig. S4A). On the contrary, MV87 markedly inhibited
NO production by IFNg-treated splenic-M-MDSCs (Supplemen-
tary Fig. S4B). Subsequently, splenic M-MDSCs from vehicle or
MV87-treated tumor-bearing mice were activated with IFNg ,
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loaded with ovalbumin and then cocultured for three days with
total splenocytes purified from OT-1 transgenic mice, expressing
the T-cell receptor–specific for the ovalbumin antigen. As a result,
M-MDSCs from MV87-treated mice displayed reduced suppres-
sive activity, estimated as proliferation of cocultured OT1 sple-
nocytes (Supplementary Fig. S4C). In agreement, myeloid-spe-
cific ablation ofNAMPT (NAMPTf/fLysMCreþ/�) did not affect the
ROS production by BM-PMN-MDSCs (Supplementary Fig. S4D),
whereas splenic M-MDSCs from NAMPTf/fLysMCre� displayed

reduced NO production (Supplementary Fig. S4E) and suppres-
sive activity (Supplementary Fig. S4F) in response to IFNg treat-
ment, as comparedwith splenicM-MDSCs fromNAMPTf/f tumor-
bearing mice. Consistently, the suppressive activity of splenic
M-MDSCs isolated from tumor-bearing mice treated with the
NAMPT inhibitor MV87 was abolished also in the absence of
exogenous IFNg (Fig. 4SG).

To demonstrate the in vivo role of NO production in tumor
development, tumor-bearingmice (MN/MCA1)were treatedwith

Figure 2.

NAMPT inhibition restores specific antitumor immunity. A,MN/MCA1 growth inWT na€�ve or athymic mice, depleted of T lymphocyte populations (anti-CD4/
anti-CD8), treated or not with MV87 (10 mg/kg). Mean percentages� SD of n¼ 10 animals. B and C, Tumor weight (gr; B) and number (C) of lung metastasis. D,
Mean percentage� SD of M-MDSCs (CD45þCD11bþLy6GlowLy6Chigh) and PMN-MDSCs (CD45þCD11bþLy6GhighLy6Clow) in blood, spleen, and tumors of vehicle
(CTRL) or MV87-treatedWT or athymic tumor-bearing mice treated with anti-CD4/anti-CD8 antibodies. Mean percentages� SD of n¼ 10 (t test: � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001). E, Impact of the NAMPT inhibitor MV87 on the anticancer activity of anti-PD-1 immunotherapy. Left, MN/MCA1 growth in mice treated
with vehicle or MV87 (10 mg/kg) and/or anti-PD-1 (200 mg/mouse), tumor weight (gr; middle), and number of lung metastasis (right) were estimated. Mean
percentages� SD 4mice/group (t test: � , P < 0.05; �� , P < 0.01; ���P < 0.001). ns, nonsignificant.
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Figure 3.

Role of myeloid-specific NAMPT in tumor development. A,MN/MCA1 growth in NAMPTf/f and NAMPTf/fLysMCre�mice. Mean percentages� SD of three
independent experiments (8 mice/group). B and C, Tumor weight (gr; B) and lung metastasis number (C) in NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing
mice. Mean percentages� SD of three independent experiments (8 mice/group).D,Mean percentage� SD of M-MDSCs (CD45þCD11bþLy6GlowLy6Chigh) and
PMN-MDSCs (CD45þCD11bþLy6GhighLy6Clow) in blood, spleen, and tumors of NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice. (Continued on the following
page.)
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the specific iNOS inhibitor L-NMMA (6). As a result, L-NMMA
reduced both primary tumors and metastasis formation (Supple-
mentary Fig. S4H).

In further support of the central role of NAMPT in the mobi-
lization and functions of myeloid cells, accumulation of CXCR4þ

myeloid cells in the bone marrow was observed also in na€�ve
NAMPTf/fLysMCre�mice (Supplementary Fig. S4I) whereas, sim-
ilarly with MDSCs, NAMPT-deficiency in tumor-associated
macrophages resulted in increased levels of CXCR4 and reduced
levels of iNOS (Supplementary Fig. S4J).

NAMPT inhibition restrains MDSC mobilization
To further clarify the mechanisms that promote the accumu-

lation of MDSCs, we next investigated the effect of NAMPT
inhibition on MDSC survival, differentiation, and mobilization
from the bone marrow. Notably, purified bone marrow–resident
monocytic and granulocytic cells, respectively, expressing the
M-MDSCs (CD45þCD11bþLy6ChighLy6Glow) and PMN-MDSCs
(CD45þCD11bþLy6Clow Ly6Ghigh) markers, treated in vitro with
NAMPT inhibitors, were more resistant to FK866- or MV87-
mediated cytotoxicity (Supplementary Fig. S5A) than cancer cells
in the same condition (Supplementary Fig. S1A). Of note, the
obtained IC50 values were likely above the dose reached in vivo
(IC50 ¼ 95.6 � 12.7 nmol/L for M-MDSCs; IC50 ¼ 212.3 � 46.2
nmol/L for PMN-MDSCs). To evaluate the in vitro differentiation
of MDSCs, bone marrow precursors were differentiated in the
presence or absence ofMV87 (10 nmol/L) or FK866 (10 nmol/L),
in response to the differentiating factors IL6, GM-CSF, and
G-CSF (28). No differences of the differentiated M-MDSCs and
PMN-MDSCs populations were observed at any time point by
flow cytometry as compared with controls (Supplementary Fig.
S5B). Next, we investigated the hematopoietic response of
NAMPTf/fLysMCre� mice under both steady-state and emergency
conditions (tumor growth), analyzing the commitment of
hematopoietic progenitors (LK, CMP, GMP, and MEP) and their
M-MDSCs and PMN-MDSCs progeny (Supplementary Fig. S5C–
S5E). Under basal conditions, NAMPTf/f and NAMPTf/fLysMCre�

mice displayed comparable percentages of LK cells in the bone
marrow, which similarly increased in tumor-bearingmice in both
strains (Supplementary Fig. S5C). Nevertheless, the distribution
of committed progenitors within the LK fraction was different
between NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice,
with a mild reduction in GMP (Supplementary Fig. S5D) and in
bone marrow–derived PMN-MDSCs (Supplementary Fig. S5E)
from NAMPTf/fLysMCre� tumor-bearing mice. These results
appear in agreement with the previously reported role of NAMPT
in steady-state granulopoiesis (29). We then estimated the mobi-
lization of MDSCs by measuring their frequency in the bone
marrow of tumor-bearing mice and observed that following
MV87 treatment, BM-CD11bþ cells and both M- and PMN-
MDSCs types were significantly increased, as compared with

vehicle-treated animals (Fig. 4A), indicating that NAMPT inhibi-
tion blocks signals promoting the exit of MDSCs from the bone
marrow. Supporting this evidence, a higher density of CD11bþ

myeloid elements and of M-MDSCs and PMN-MDSCs were
observed in the bonemarrow parenchyma ofNAMPTf/fLysMCre�

tumor-bearing mice, as compared with their control NAMPT
f/f

counterpart (Fig. 4B).
Overall, these results suggested that the decreased frequency

of MDSCs in the periphery and their accumulation in the bone
marrow were ascribable to a defective mobilization from the
bone marrow rather than to relevant modifications in the
hematopoiesis. On the basis of these findings, we analyzed
the expression of CXCR4, whose binding to CXCL12 provides a
key axis for the retention of MDSCs into the bone marrow (30).
Flow cytometry revealed that either pharmacologic inhibition
(Fig. 4C, left) or genetic ablation (Fig. 4C, right) of Nampt
results in a higher expression of CXCR4 in bone marrow–

resident M-MDSCs and PMN-MDSCs, suggesting that NAMPT
acts as a negative regulator of CXCR4 expression toward MDSCs
in the bone marrow. Accordingly, while myeloid-specific abla-
tion of NAMPT enhanced the number of M-MDSCs in the bone
marrow and decreased their level in both peripheral blood and
spleen, treatment with the CXCR4 antagonist AMD3100 over-
turned this phenotype by increasing the number of M-MDSCs
in both peripheral blood and spleen of NAMPTf/fLysMCre�

mice and decreasing their retention in the bone marrow
(Fig. 4D).

In accordance with the cytofluorimetric analysis (Fig. 3D),
immunostaining of bone marrow, spleen, and tumor tissues
confirmed that myeloid-specific ablation of NAMPT (NAMPTf/f-
LysMCre

�
mice) results in reduced accumulation of IL4Rþ sup-

pressor myeloid cells (31) in the spleen, as opposed to increased
CXCR4 expression in bone marrow–resident myeloid cells, fur-
ther supporting the decreased CXCR4-dependent mobilization of
myeloid cells from bone marrow to the periphery (Fig. 4E). Of
relevance, the reduced mobilization of MDSCs to the periphery
observed in NAMPTf/fLysMCre� mice was paralleled by a signif-
icant increase in the number of tumor-infiltrating CD3þ T cells
(Fig. 4E). To validate the role of NAMPT in patients with cancer,
we analyzed peripheral blood M-MDSCs from both healthy
donors (n ¼ 8) and patients with advanced colorectal cancer
(stage II/III) (n ¼ 13). As expected, the number of peripheral
bloodM-MDSCs (CD14þHLA-DRlow/negCD33þ)was increased in
patients with colorectal cancer (Fig. 5A). The levels of M-MDSCs
were notmodulated by the in vitro treatment withMV87 (Fig. 5A),
indicating the absence of toxicity. MDSCs from patients with
colorectal cancer expressed significant levels of NAMPT (Fig. 5B)
andMV87 treatment consistently reduced the expression of iNOS
by these cells (Fig. 5C). Moreover, IFNg induced a significant
increase of NAMPT expression in monocytes from patients with
colorectal cancer (Fig. 5D). Finally, treatment of both peripheral

(Continued.) The number of tumor macrophages (CD45þF4/80þ) and dendritic cells (CD45þCD11bþMHCIIþCD11cþLy6c�) is also shown. Mean percentages� SD
of three independent experiments (8 mice/group). E,Mean percentage� SD of CD3þ T cells (CD45þCD3þ), CD4þ T cells (CD45þCD4þ), and CD8þ T cells
(CD45þCD8þ) in blood, spleen, and tumors of NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice. Mean percentages� SD of two independent experiments
(8 mice/group). F, Flow cytofluorimetry analysis of Treg (CD45þCD4þFoxp3þ), IFNgþCD4þ T cells (CD45þCD4þIFNgþ), and IFNgþCD8þ (CD45þCD8þIFNgþ) T
cells in tumors from NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice. Mean percentages� SD of two independent experiments (8 mice/group). G, Flow
cytofluorimetry analysis of CD44þCD62L� effector/memory CD8þ T-cell populations in spleen and tumor from NAMPTf/f and NAMPTf/fLysMCre�mice. Mean
percentages� SD of one independent experiment (three mice/group). H, Impact of myeloid-specific ablation of Nampt on the anticancer activity of anti-PD-1
immunotherapy. MN/MCA1 growth NAMPTf/f and NAMPTf/fLysMCre�mice treated or not with anti-PD-1 (200 mg/mouse). Tumor weight (gr; I) and number (J) of
lung metastases were estimated. Mean percentages� SD of 4 mice/group (t test: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001). ns, nonsignificant.
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Figure 4.

NAMPT inhibitors reduce MDSCs mobilization.A,Mean percentage� SD of CD11bþ cells (CD45þCd11bþ), M-MDSCs (CD45þCD11bþLy6GlowLy6Chigh), and
PMN-MDSCs (CD45þCD11bþLy6GhighLy6Clow) in the bone marrow of vehicle or MV87-treated tumor-bearing mice. Mean percentages� SD of three
independent experiments (8 mice/group). B, Percentage of CD11bþ cells (CD45þCd11bþ), M-MDSCs (CD45þCD11bþLy6GlowLy6Chigh), and PMN-MDSCs
(CD45þCD11bþLy6GhighLy6Clow) in in the bone marrow of NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice. Mean percentages� SD of three
independent experiments (8 mice/group). C,Mean� SD of CXCR4 expression in M-MDSCs (CD45þCD11bþLy6GlowLy6Chigh) and PMN-MDSCs
(CD45þCD11bþLy6GhighLy6Clow) in the bone marrow of vehicle or MV87-treated tumor-bearingWTmice (left) and in the bone marrow of NAMPTf/f and
NAMPTf/fLysMCre� tumor-bearing mice (right). Mean percentages� SD of two independent experiments (8 mice/group). D, Percentage of M-MDSCs in bone
marrow, blood, spleen of NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice, treated or not with the CXCR4 antagonist ADM3100. Flow cytofluorimetry
analysis estimated within the CD45þ gate. Mean percentages� SD of four mice/group. E, Histopathologic analysis of CXCR4, IL4R, and CD3 in bone marrow,
spleen, and tumor tissues from NAMPTf/f and NAMPTf/fLysMCre� tumor-bearing mice (left). Right, relative quantitative analysis, n¼ 4 (t test: � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001). ns, nonsignificant.
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blood monocytes and M-MDSCs from patients with colorectal
cancer resulted in increased surface expressionofCXCR4 (Fig. 5E).
Along with the observations obtained in mice, these results
suggest a role of NAMPT in the regulation of the mobilization
of suppressive human M-MDSCs.

NAMPT is part of an M-CSF/NAMPT/SIRT1/HIF1a/CXCR4 axis
controlling MDSC mobilization

Because CXCR4 expression is under the control of HIF1a
activity (32) and SIRT1 acts as an inhibitor of HIF1a transcrip-
tional activity (18), we next investigated whether NAMPT could

Figure 5.

Functional expression of NAMPT in human M-MDSCs from patients with colorectal cancer. A, Left, gating strategy used to determine M-MDSCs in human PBMC.
Right, mean percentages� SD of M-MDSCs (CD14þHLA-DRlow/negCD33þ) in blood from healthy donors (n¼ 8) and patients with colorectal cancer (n¼ 13)
treated or not with MV87 (10 nmol/L) for 16 hours. B, Representative flow cytometry analysis of NAMPT expression in human M-MDSCs from patients with
colorectal cancer. C, Flow cytometry analysis (left) and mean� SD of iNOS expression (right) in human M-MDSCs (CD14þHLA-DRlow/negCD33þ) from patients
with colorectal cancer, treated or not with MV87 (10 nmol/L) for 16 hours (n¼ 10). D, Representative flow cytometry analysis (left) andmean fluorescence
intensity (MFI)� SD of NAMPT expression (right) in CD14þmonocytes stimulated or not with IFNg for 16 hours (n¼ 10 patients). E, Flow cytofluorimetry analysis
of CXCR4 expression (MFI) in peripheral bloodmonocytes and M-MDSCs from patients with colorectal cancer. Cells were treated with either vehicle (CTRL) or
the NAMPT inhibitor MV87 (10 nmol/L) for 48 hours, as indicated. Mean percentages� SD of 10 independent experimental points (patients; t test: � , P < 0.05;
��� , P < 0.001).
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hamper the HIF1a–induced CXCR4 gene expression. In agree-
ment with this hypothesis, while myeloid-specific ablation of
HIF1a (HIF1af/fLysMCreþ/�) reduced the surface expression of
CXCR4 in bone marrow–resident M- and PMN-MDSCs (Fig. 6A),
ablation of SIRT1 in bone marrow cells isolated from SIRT1f/f-

LysMCre
þ/�

mice resulted in increased levels of CXCR4 surface

expression (Fig. 6B). Also, mRNA levels of the prototypical
hypoxia-inducible genes CXCR4 and VEGF were decreased in BM
M-MDSCs from HIF1af/fLysMCreþ/� mice (Fig. 6C) and, con-
versely, increased in bone marrow M-MDSCs from either
SIRT1f/fLysMCreþ/� or NAMPTf/fLysMCre� mice (Fig. 6C). Fur-
ther in agreement, NAMPT ablation reduced Sirt1 mRNA levels,

Figure 6.

M-CSF guides NAMPT-mediated CXCR4 inhibition. A,Mean� SD of CXCR4 expression in BMM-MDSCs (CD45þCD11bþLy6GlowLy6Chigh) and PMN-MDSCs
(CD45þCD11bþLy6GhighLy6Clow) from HIF1af/f (n¼ 4) and HIF1af/fLysMCre� (n¼ 8). B, Representative cytometry analysis of CXCR4 expression in BMM-MDSCs
(CD45þCD11bþLy6GlowLy6Chigh) and PMN-MDSCs (CD45þCD11bþLy6GhighLy6Clow) from SIRT1f/f (n¼ 6) and SIRT1f/fLysMCre�mice (n¼ 6). C, Left, mRNA
expression levels of Cxcr4, Vegf, in BM-M-MDSCs from HIF1af/f and HIF1af/fLysMCre�mice, n¼ 6; middle, mRNA expression levels of Cxcr4, Vegf in BM-M-MDSCs
from SIRT1f/f and SIRT1f/fLysMCre�mice, n¼ 6; right, mRNA expression levels of Sirt1, HIF1a, Vegf, and Cxcr4, in BM-M-MDSCs from NAMPTf/f and
NAMPTf/fLysMCre�mice, n¼ 9. D,mRNA levels of Nampt, Sirt1, HIF1a, and Cxcr4 in bone marrow CD11bþ cells from tumor-bearing mice treated or not with anti-
CSFR1 antibody, n¼ 6. E, CD11bþ cells in blood of untreated (vehicle) and treated (anti-CSFR1 antibody) tumor-bearing mice, n¼ 5. F, Percentage andmean
fluorescence intensity (MFI) of CXCR4þmonocytic (CD45þ CD11bþLy6ChighLy6Glow) and granulocytic (CD45þCD11bþLy6GhighLy6Clow) MDSCs in bone marrow
from untreated (vehicle) and treated (anti-CSF1R antibody) tumor-bearing mice, n¼ 4 (t test: � , P < 0.05; ��, P < 0.01; ��� , P < 0.001). ns, nonsignificant.
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increasing HIF1a, Cxcr4, and Vegf mRNAs (Fig. 6C). Expression
analysis of additional genes (Supplementary Fig. S6A) involved in
angiogenesis (i.e., CXCL12) and cancer-related inflammation
(i.e., IL6) showed that HIF1a deficiency (HIF1af/fLysCreþ/�)
decreases their expression, while in agreement either SIRT1
(SIRT1f/fLysCreþ/�) or NAMPT deficiency (NAMPTf/fLysCreþ/�)
produced a specular phenotype,with increased expression of both
CXCL12 and IL6. Furthermore, in support of the antagonist role
between HIF1a and the NAMPT/Sirt1 axis, whereas HIF1a defi-
ciency produced an increase in TGFb and IL10, the lack of SIRT1or
NAMPT decreased both genes.

Given the central role of M-CSF in supporting both expan-
sion and the tumor-promoting activity of myeloid cells (2, 33),
we next investigated its relevance in NAMPT-mediated mobi-
lization of myeloid cells. To this aim, tumor-bearing mice
were treated or not with an anti-CSFR1 antibody (33). Untreat-
ed BM-CD11bþ myeloid cells displayed increased Nampt
mRNA expression in comparison with the tumor-free coun-
terpart, whereas the anti-CSFR1 treatment reduced the mRNA
levels of both Nampt and Sirt1 genes, while in contrast
increased the levels of HIF1a and Cxcr4 mRNA (Fig. 6D).
Accordingly, the anti-CSFR1 antibody decreased the number
of CD11bþ cells in peripheral blood (Fig. 6E), while increased
the level of CXCR4þ M- and PMN-MDSCs in the bone marrow
(Fig. 6F). To further strengthen the causal association between
M-CSF and NAMPT activity, we assessed whether the effects
elicited by the anti-CSFR1 treatment in vivo were lost in
NAMPT-ablated mice. As shown in Supplementary Fig. S6B,
the accumulation of MDSCs in the bone marrow, as well as
their reduction in the periphery, observed in NAMPTf/f mice in
response to the anti-CSFR treatment, was lost in NAMPTf/f-
LysCre

þ/�
mice, where only a poor reduction of splenic

M-MDSCs was still observable. In support of a role of myeloid
growth factors as regulators of NAMPT-mediated myeloid cell
mobilization, a similar phenotype was obtained in G-CSFR–
deficient mice (Supplementary Fig. S6C). Hence, in cancer
bearers, a sequence of events guided by myeloid growth factors
(i.e., M-CSF) support the increased hematopoietic output by
enhancing both differentiation and mobilization of myeloid
cells, the latter through a NAMPT/SIRT1–dependent inactiva-
tion of HIF-a–mediated CXCR4 gene transcription, eventually
culminate with the peripheral accumulation of myeloid sup-
pressor cells.

Discussion
These results provide evidence that in cancer, a multistep

metabolic process is guided by increased levels of NAMPT, in
response to myeloid growth factors (i.e., M-CSF, G-CSF; refs. 2,
6). This process results in the inactivation of the CXCR4-depen-
dent retention axis and mobilization of suppressor myeloid
populations toward tumor immune suppression. In support,
pharmacologic inhibition or genetic ablation of NAMPT in the
myeloid compartment invariably reduced tumor growth and
metastasis formation, while enhancing the antitumor efficacy of
immune checkpoint inhibitors (i.e. anti-PD-1). The control
operated by NAMPT over the mobilization of hematopoietic
precursors appears particularly relevant in emergency hemato-
poiesis (e.g., infection and cancer), when extensive myeloid
progenitors proliferate in response to myeloid growth factors
increasing the local oxygen consumption and stabilizing the

hypoxia-inducible factor HIF1a (34) and, in turn, promoting
the CXCR4/CXCL12–mediated retention of myeloid cells
(31–35). However, accumulation of CXCR4þ myeloid cells in
the bone marrow was also observed in na€�ve NAMPTf/fLysMCre�

mice, further highlighting the key role of NAMPT in the
control of myeloid cells' mobilization. The NAMPT-induced
NAD-dependent SIRT1 activity represents a crucial repressor
mechanism of HIF1a target genes (18), CXCR4 included. Alter-
natively, whereas CXCR4 is strongly induced by ROS (36),
NAMPT inhibition results in reducedROSproduction (37),which
coincides with the reduction of CXCR4. Our observation inte-
grates a previous report showing that the NAMPT–NADþ

–SIRT1
pathway promotes activation of C/EBP-a and C/EBP-b–driven
G-CSF and G-CSFR genes' transcription, and indicates that in
addition to granulopoiesis (29), NAMPT orchestrates the redis-
tribution of myeloid cells. Furthermore, whereas NAMPT inhibi-
tors provide a therapeutic opportunity to limit cancer immuno-
suppression, NAMPT agonists (38) might integrate standard
mobilization regimens (e.g., G-CSF) to deliver hematopoietic
support in conditions of leukopenia (39). Of relevance, in agree-
ment with Audrito and colleagues (40), we observed that NAMPT
is induced byM1-polarizing signals. In this regard, an antagonistic
cross-talk was reported between M1-related inflammatory pro-
grams and SIRT1 (41), which may support a homeostatic regu-
lation operated by the NAMPT–NADþ

–SIRT1 pathway through
the activation ofM2 inflammation (40). Furthermore, becausewe
have observed that NAMPT-deficient tumor-associated macro-
phages express increased levels of CXCR4 and reduced levels of
iNOS, the role of NAMPT may likely go beyond the regulation of
MDSC mobilization and is likely to affect the tumor microenvi-
ronment. Of interest, the cytotoxic action elicited by NAMPT
inhibitors on tumor cells, along with their capacity to reactivate
the specific antitumor immunity, could promote a further effort
for the development of new antagonists of NAMPT, which, if
deprived of toxicity, could act as double-edged swords against
neoplasms.

Overall, the identification of NAMPT as an upstreammetabolic
hub controlling mobilization and functions of MDSCs provides
new opportunities to reverse tumor immunosuppression and
retrieve the clinical efficacy of immunotherapy in nonresponder
patients with cancer.
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