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A B S T R A C T   

Nicotinamide phosphoribosyltransferase (NAMPT) possesses a vital role in mammalian cells due to its activity as 
a rate-limiting enzyme in the biosynthesis of nicotinamide adenine dinucleotide (NAD) from nicotinamide. NAD 
is an essential redox cofactor, but it also functions as a substrate for NAD-consuming enzymes, regulating 
multiple cellular processes such as DNA repair and gene expression, fundamental to sustain tumor growth and 
survival and energetic needs. A common strategy that several tumor types adopt to sustain NAD synthesis is to 
over-express NAMPT. However, beside its intracellular functions, this enzyme has a second life outside of cells 
exerting cytokine-like functions and mediating pro-inflammatory conditions activating signaling pathways. 
While the effects of NAMPT/NAD axis on energetic metabolism in tumors has been well-established, increasing 
evidence demonstrated the impact of NAMPT over-expression (intra-/extra-cellular) on several tumor cellular 
processes, including DNA repair, gene expression, signaling pathways, proliferation, invasion, stemness, 
phenotype plasticity, metastatization, angiogenesis, immune regulation, and drug resistance. For all these rea-
sons, NAMPT targeting has emerged as promising anti-cancer strategy to deplete NAD and impair cellular 
metabolism, but also to counteract the other NAMPT-related functions. 

In this review, we summarize the key role of NAMPT in multiple biological processes implicated in cancer 
biology and the impact of NAMPT inhibition as therapeutic strategy for cancer treatment.   

1. Introduction 

Hanahan and Weinberg in 2011 included the reprogramming of 
cellular metabolism among “next-generation” hallmarks of cancer that 
ultimately support tumorigenesis and cancer progression (Hanahan and 
Weinberg, 2011). A unique feature of cancer cells is the high demand for 
energetic molecules [i.e., adenosine triphosphate (ATP)] required to 
sustain their rapid growth rate and the biosynthesis of DNA and proteins 
(Pavlova and Thompson, 2016). For these reasons, metabolic pathways 
and enzymes are emerging as novel targets for cancer treatment. 

Nicotinamide adenine dinucleotide (NAD) is a cofactor involved in 
many redox reactions essential to generate ATP. NAD functions as an 
electron carrier, cycling between the oxidized (NAD) and reduced 
(NADH) form, and is fundamental in regulating the oxidative stress 
(Dolle et al., 2013; Houtkooper et al., 2010; Ruggieri et al., 2015). In 
addition, NAD is the substrate for different NAD-consuming enzymes [i. 
e., mono and poly-ADP-ribose polymerases (ARTs, PARPs), 
CD38/CD157 and sirtuins], orchestrating fundamental biological pro-
cesses including DNA repair, apoptosis, calcium signaling, gene 

expression, transcription, immune regulation, circadian rhythm, and 
cell cycle progression (Chiarugi et al., 2012; Xie et al., 2020). Impor-
tantly, many of these cellular events were found to be implicated in 
malignant transformation and tumor progression (Audrito et al., 2021; 
Chiarugi et al., 2012). The homeostasis of NAD metabolism is therefore a 
critical element in tumor and is the result of a dynamic balance between 
its biosynthesis and consumption (Canto et al., 2015; Gasparrini et al., 
2021). Cells maintain adequate NAD levels through multiple biosyn-
thetic enzymatic pathways; however, a common strategy of several tu-
mors is to sustain NAD production over-expressing the rate-limiting 
enzyme nicotinamide phosphoribosyltransferase (NAMPT) (Audrito 
et al., 2020a; Garten et al., 2015; Heske, 2019). A link between 
NAMPT/NAD axis and cancer metabolism is clearly established, 
furthermore additional functions of NAMPT in tumor biology, not 
necessary connected with its enzymatic activity, are emerging as we 
discuss in this paper. For all these reasons, interfere with NAMPT ac-
tivities in tumor is a valid therapeutic strategy as shown by anti-tumor 
properties of NAMPT inhibitors (i) in several models of cancers 
(Audrito et al., 2019a; Dalamaga et al., 2018; Galli et al., 2020; Ghanem 
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et al., 2021; Xie et al., 2020; Yaku et al., 2018). 
This review will summarize the main cancer features modulated by 

NAMPT, and its role as cancer therapeutic target. 

2. NAMPT: enzyme and cytokine 

NAMPT can function as NAD-biosynthetic enzyme (NBE), as well as 
growth factor, cytokine and adipokine as reviewed in (Audrito et al., 
2019a; Garten et al., 2015; Heske, 2019) (Fig. 1). 

NAD biosynthesis is guaranteed by the presence of several metabolic 
routes. In addition to a de novo synthesis from the catabolism of the 
amino acid tryptophan, NAD can also be salvaged from the three forms 
of vitamin B3: nicotinamide (NAM), nicotinic acid (NA), and nicotin-
amide riboside (NR), metabolized by specific limiting enzymes. In the 
NAD-biosynthetic salvage pathway from NAM precursor, which repre-
sents the most relevant route of NAD production in mammalian cells, 
NAMPT is the first and rate-limiting enzyme promoting NAD biosyn-
thesis. In turns, mostly PARPs and sirtuins release NAM during their 
enzymatic activities, increasing its availability for NAMPT-dependent 
NAD synthesis (Audrito et al., 2019b; Houtkooper et al., 2010; Rug-
gieri et al., 2015). NAMPT is ubiquitously expressed in all mammalian 
tissues and is a vital enzyme for the cells (Revollo et al., 2007; Rongvaux 
et al., 2003). It is primary located in the cytosol and in the nucleus 
(Kitani et al., 2003; Pittelli et al., 2010; Svoboda et al., 2019; Zhu et al., 
2019) and converts NAM and 5-phosphoribosyl-1-pyrophosphate 
(PRPP) into nicotinamide mononucleotide (NMN), which is then ade-
nylated to NAD, by the enzyme NMN adenylyltransferases (NMNATs), 
available in 3 different isoforms in different cell districts (Houtkooper 
et al., 2010; Ruggieri et al., 2015) (Fig. 1 and Table 1). 

In addition to this canonical intracellular (i) enzymatic activity, 
NAMPT was found to be present in the extracellular environment 
(eNAMPT) where it represents an important mediator of inflammatory 

response (Audrito et al., 2020a). NAMPT can be secreted in the extra-
cellular space, in response to different stress conditions, such as oxida-
tive stress and inflammatory signals, by various types of cells, including 
cancer cells, immune cells (mainly macrophages), hepatocytes, car-
diomyocytes and adipocytes (Friebe et al., 2011; Garten et al., 2010; 
Grolla et al., 2016; Pillai et al., 2013; Schilling et al., 2012; Tanaka et al., 
2007). The exact mechanism of secretion is still an open question in the 
field (Audrito et al., 2020a). Once secreted eNAMPT can acts as a 
cytokine-like protein that modulates the immune response, triggering 
intracellular signaling that promote differentiation/polarization of 
myeloid cells, activation of inflammosome and secretion of pro or 
anti-inflammatory cytokines (Audrito et al., 2015; Gasparrini et al., 
2021). The molecular mechanism of eNAMPT signaling is still under 
investigation. Revollo and colleagues demonstrated that secreted 
eNAMPT in conditioned media of adipocytes can exist as a dimer, a 
condition required for enzymatic activity of NAMPT (Revollo et al., 
2007). This aspect was further confirmed by Zamporlini et al. 2014 
which highlighted that the extracellular protein is enzymatically active. 
More recently, eNAMPT showed its enzymatic role to induce intracel-
lular NAD biosynthesis in different mice tissues (Yoon et al., 2015; 
Yoshida et al., 2019) with the obvious implication of a sufficient en-
zyme’s substrates concentration to support the catalytic activity at least 
in mice. In this case eNAMPT might catalyze NMN formation directly in 
the extracellular space, thus supplying cells with this NAD precursor. 
However, the presence in the extracellular space of substrates, activator 
and product of NAMPT enzymatic reaction was not confirmed by other 
groups (Hara et al., 2011). On the other side, probably the most 
accredited hypothesis demonstrated by several studies in different 
cellular models was that eNAMPT could exerts cytokine-like functions 
independently from its enzymatic activity, as reviewed in (Audrito et al., 
2020a). It has been recently reported that eNAMPT could directly binds 
to membrane receptors, like C–C chemokine receptor type 5 (CCR-5), 

Fig. 1. Schematic representation of the intracellular and extracellular NAMPT activities. Intracellular NAMPT (iNAMPT) converts NAM into NMN, which is then 
adenylated to NAD by NMNATs, sustaining NAD synthesis and energetic metabolism. Once secreted, the extracellular enzyme (eNAMPT) acts as a cytokine-like 
protein, regulating intracellular signaling pathways with different effects, directly binding to membrane receptors. NMNATs: nicotinamide mononucleotide ade-
nyltransferases; PARPs: poly-ADP-ribosyl polymerases; TLR4: toll-like receptor 4; CCR-5: C-C chemokine receptor type 5. 
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acting as receptor antagonist in cancer cells or promoting muscle stem 
cells mediated-repair in muscle injuries (Ratnayake et al., 2021; Torretta 
et al., 2020; Van den Bergh et al., 2012), and Toll-like 4 receptor (TLR4), 
as demonstrated in different cellular models, through the activation of 
specific intracellular signaling cascade, like the NF-kB pathway, 
involved in pro-inflammatory mechanisms (Camp et al., 2015; Carbone 
et al., 2017; Manago et al., 2019; Romacho et al., 2020) (Fig. 1 and 
Table 1). All these evidences fix eNAMPT as a novel damage-associated 
molecular pattern protein (DAMP) with a remarkable role in the in-
flammatory response and cancer promotion (Audrito et al., 2020a). 

3. NAMPT functions in tumor biology 

iNAMPT over-expression as well as increased circulating levels of 
eNAMPT were documented in several solid tumors including colorectal, 
ovarian, breast, gastric, prostate, thyroid, pancreatic cancers, mela-
noma, gliomas, sarcoma, endometrial carcinomas and hematological 
malignancies, as reviewed in (Audrito et al., 2019a; Chowdhry et al., 
2019; Dalamaga et al., 2018; Yaku et al., 2018). Several transcriptional 
and post-transcriptional mechanisms regulate NAMPT expression and 
activity in tumors, as well as multiple signals, including hypoxia, stress 
conditions, DNA damage, pro-inflammatory cytokines, can induce its 
released (Audrito et al., 2020a). NAMPT, as intracellular and extracel-
lular factor, exerts a direct role on tumor cells increasing tumor 
aggressiveness, correlating with worse prognosis and regulating 

different processes including metabolic adaptation, DNA repair, gene 
expression, signaling pathways, cell growth, invasion, stemness, 
epithelial to mesenchymal transition (EMT) program, metastatization, 
angiogenesis, immune regulation, secretion of both pro-inflammatory 
and immunosuppressive cytokines, and resistance to genotoxic stress. 
Here we described the main cancer processes in which NAMPT is 
involved (Fig. 2), as many papers highlighted during past years (Dala-
maga et al., 2018; Galli et al., 2010; Garten et al., 2015; Jieyu et al., 
2012; Navas and Carnero, 2021; Sampath et al., 2015; Shackelford et al., 
2013). 

3.1. Metabolic reprogramming 

Cancer cells require high energetic needs to support their prolifera-
tion. They rewire their metabolism usually increasing glycolysis to 
produce lactate, the so-called “Warburg effect”. Increased demand of 
NAD, obtained through NAMPT overexpression, is therefore needed to 
finance cellular metabolism. NAD supports various metabolic pathways 
such as glycolysis, Krebs cycle (citric acid cycle, TCA), oxidative phos-
phorylation, and fatty acid oxidation (Audrito et al., 2019a; Canto et al., 
2015; Dalamaga et al., 2018; Garten et al., 2015). The block of NAD 
generation via NAMPT inhibition is a valid therapeutic strategy to 
switch off altered cancer cell metabolism reducing ATP levels (Kennedy 
et al., 2016; Tan et al., 2013). Inhibition of NAMPT decreases glucose 
up-take and subsequently glycolytic flux down-regulating activity of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and lactate de-
hydrogenase (LDH) (Tan et al., 2015, 2013; Tolstikov et al., 2014). 
Furthermore, NAMPT inhibition causes reduction in several TCA cycle 
intermediates and mitochondrial dysfunction with a drop in mitochon-
drial potential and oxygen consumption (Audrito et al., 2018; Kennedy 
et al., 2016; Tan et al., 2013). Interestingly, some tumors with oncogenic 
mutations in metabolic genes, as for example tumors carrying isocitrate 
dehydrogenase (IDH) mutations, become highly sensitive to NAD 
depletion (Tateishi et al., 2015), and the combination of NAMPT and 
proteasome inhibitors induces a synergistic effects in metabolic 
disruption (Bergaggio et al., 2018). Additionally, NAD/NADH axis is 
very important to protect cells from oxidative stress. NAD is an impor-
tant regulator of cellular reactive oxygen species (ROS), commonly 
increased in cancer cells (Heske, 2019; Hong et al., 2019). NAMPT in-
hibition altered mitochondrial ROS levels balance leading to decreased 
cancer cell viability in different tumors as reviewed in (Dalamaga et al., 
2018; Heske, 2019). Recently for example, pharmacological NAMPT 
inhibition by novel NAMPTi KPT9274 potently targeted genetically 
heterogeneous gliomas by activating mitochondrial dysfunction 
(Sharma et al., 2021). 

Overall, these studies provide a rationale for targeting the NAMPT/ 
NAD axis as a novel strategy to induce metabolic dysfunctions leading to 
tumor cell death. 

3.2. DNA repair and epigenetic regulation 

Beyond its role in redox reactions and cellular metabolism, NAD 
possesses a prominent cell regulatory function. Through its function in 
NAD biosynthesis, NAMPT activity is crucial for regulation of the ac-
tivity of NAD-consuming enzymes, such as sirtuins and PARPs (Chiarugi 
et al., 2012). 

The maintenance of genome stability is crucial for preventing cancer. 
A functional connection between NAMPT and PARPs derived from the 
evidence that NAD depletion using NAMPTi impairs DNA damage 
repair. Decreased PARP activity upon treatment with NAMPTi has been 
reported in several cancer models, forming the basis for preclinical 
testing of NAMPTi plus PARP activity modulators (Bajrami et al., 2012; 
Chan et al., 2014; Lucena-Cacace et al., 2018; Silveira et al., 2020). 
Importantly, the finding that tumors with defects in DNA repair mech-
anisms may be selectively more sensitive to NAMPTi paved the rationale 
to combine NAMPTi with chemotherapies enhancing the efficacy of this 

Table 1 
iNAMPT/eNAMPT specific functions.  

NAMPT localization Function References 

INTRACELLULAR 
ENZYME ACTIONS 
(iNAMPT) 

NAD METABOLISM iNAMPT 
converts NAM into NMN, which 
is then adenylated to NAD by 
NMNATs 

(Gasparrini et al., 
2021) 
(Navas and 
Carnero, 2021) 

REGULATION OF THE 
ACTIVITY OF NAD- 
CONSUMING ENZYMES (i.e. 
sirtuins and PARPs) 

(Chiarugi et al., 
2012) 
(Garten et al., 2015) 
(Heske, 2019) 

DNA TRANSCRIPTION AND 
REPAIR EPIGENETIC 
REGULATION 

(Zhu et al., 2012) 
(Heske, 2019) 

TARGET IN CANCER CELLS 
cancer cells express high levels 
of NAMPT and are highly 
sensitive to NAMPT inhibitors 

(Dalamaga et al., 
2018) 
(Audrito et al., 
2019a) 
(Galli et al., 2020) 

EXTRACELLULAR 
ENZYME ACTIONS 
(eNAMPT) 

EXTRACELLULAR NAD 
BIOSYNTHESIS? 

(Audrito et al., 
2021) 

ACTIVATION OF 
INTRACELLULAR PATHWAYS 
acting as a cytokine-like protein, 
eNAMPT regulates intracellular 
signaling pathways with 
different effects, directly 
binding to membrane receptors, 
like CCR-5 and TLR4 

(Garten et al., 2015) 
(Gasparrini et al., 
2021) 
(Navas and 
Carnero, 2021) 

MYELOID CELL 
DIFFERENTIATION AND 
POLARIZATION 

(Audrito et al., 
2015; Skokowa 
et al., 2009; Travelli 
et al., 2018) 

PRO-TUMOUR SIGNALS acting 
as DAMP with a remarkable role 
in the inflammatory response 
and cancer promotion 

(Garten et al., 2015) 
(Audrito et al., 
2020a) 

CANCER BIOMARKER 
eNAMPT circulating level are 
useful in the monitoring of 
certain malignancies 

(Dalamaga et al., 
2018) 
(Grolla et al., 2016) 
(Audrito et al., 
2019a) 
(Audrito et al., 
2020a) 

iNAMPT and eNAMPT The exact interplay between the intracellular and 
extracellular forms has still to be fully clarified  
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class of agents in selected tumor types (Piacente et al., 2017; Touat et al., 
2018). PARP1 is the better characterized DNA damage sensor, rapidly 
activated in a damage dose-dependent manner playing a critical role in 
the initial chromatin organization and DNA repair pathway (Gupte 
et al., 2017). Recently, it has been shown that nuclear NAMPT trans-
location is a regulated process induced by genotoxic, oxidative stress, 
mainly to finance NAD production for increased PARP1 activity (Grolla 
et al., 2020; Svoboda et al., 2019), linking NAMPT and PARP functions 
in cell survival and cancer development. 

As for PARPs, a NAMPT-dependent NAD levels regulation impacts on 
sirtuins activity. Induction or inhibition of NAMPT leads to the increase 
or decrease of SIRT1 activity, respectively (Imai and Yoshino, 2013). In 
turn, SIRT1 and SIRT6 functions can regulate NAMPT secretion and 
activity (Sociali et al., 2019; Yoon et al., 2015). In cancer cells the 
SIRT1-dependent regulation of chromatin and transcription links NAD 
metabolism and signaling to the control of cellular functions (Chalkia-
daki and Guarente, 2015). In turns, NAMPT expression is directly 
regulated by SIRT1 in a positive feedback loop also including c-MYC, a 
transcription factor driving many hallmark characteristics of cancer 
cells. c-MYC requires the function of NAMPT, that leads to increased 
NAD to mediate SIRT1 activation (Brandl et al., 2018; Liu et al., 2019; 
Menssen et al., 2012). Additionally, c-MYC was found to be a tran-
scriptional regulator of NAMPT expression (Chowdhry et al., 2019), 
sustaining a c-Myc/NAMPT/SIRT1 axis in tumors. 

Another important function mediated by the reciprocal regulation of 
NAMPT/SIRT1 is in aging/longevity process, strictly connected with 
tumor. This regulatory network, named the “NAD World” by Imai S. 
some years ago, orchestrates physiological responses to internal and 
external perturbations and maintains the robustness of the physiological 
system in mammals (Imai and Yoshino, 2013; Imai, 2016). A deregu-
lation of this axis impacts on aging as a driver of different diseases, 
including cancer (Imai and Guarente, 2014; Navas and Carnero, 2021; 

Stromland et al., 2021; Yaku et al., 2018). 
In addition to these functions, some of other tumor cellular processes 

in which NAMPT is involved include mechanistically a de-regulation of 
PARP and SIRT1 activities, as following described. 

3.3. Epithelial-mesenchymal transformation and stemness 

NAMPT modulates phenotype plasticity of tumor conferring invasive 
features on cancer cells, by regulating EMT process, and supports 
stemness properties of tumor (Heske, 2019; Navas and Carnero, 2021). 
The first study that connected NAMPT with EMT/stemness highlighted 
that high NAMPT expression was associated with the presence of a high 
proportion of cancer-initiating cells in colorectal cancer (CRC) (Luce-
na-Cacace et al., 2018). High NAMPT expression was revealed in glio-
blastoma and glioma tumors and patient-derived stem-like cells (Gujar 
et al., 2016; Lucena-Cacace et al., 2017). NAMPT over-expressing mel-
anoma cells increased their invasive and mesenchymal features, 
including expression of EMT markers such as vimentin, ZEB1, Twist, and 
ABC transporters. This association between an elevated NAMPT 
expression and aggressive melanoma features was verified also in pa-
tients. Moreover, increased percentage of stem cell population was 
measured in melanoma with higher NAMPT levels (Audrito et al., 2018, 
2020b). 

Pharmacological and genetic inhibition of NAMPT decreased cancer 
cell stemness and EMT markers expression in different cancer types 
including glioblastoma, hepatocellular carcinoma, melanoma, breast 
cancer (Gujar et al., 2016; Lucena-Cacace et al., 2018, 2017; Navas and 
Carnero, 2021; Soncini et al., 2014; Zhang et al., 2018). Additionally, 
NAMPT inhibition has also been shown to reverse the ability of cancer 
cells to dedifferentiate, as well as to reduce their invasive capacity and 
metastasis formation (Lucena-Cacace et al., 2019; Soncini et al., 2014; 
Zhang et al., 2018). 

Fig. 2. NAMPT in cancer biology. NAMPT is a multifunc-
tional protein regulating NAD generation mainly in the 
intracellular (i) space (iNAMPT) and a cytokine-like pro-
tein binding receptors like TLR4 and/or CCR-5 in the 
extracellular (e) space (eNAMPT). The up-regulation of 
NAMPT in cancer affects several processes involved in 
tumor development and progression, as well as modulating 
the tumor microenvironments and the crosstalk with im-
mune and stromal cells. The synthesis of eNAD in the 
extracellular space remains an open question that needs 
more investigations. EMT: epithelial-mesenchymal 
transition.   
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Mechanistically, the impact of NAMPT on stemness and EMT process 
may be the result of the influence of NAMPT activity on transcriptional 
and functional regulation of stem cell signaling pathways mediated by 
SIRT1 and PARP as reviewed in (Heske, 2019; Navas and Carnero, 
2021). In fact, perturbations of NAD levels affect gene expression also in 
stem cells, thus understanding the impact of NAMPT activity and 
expression on stemness properties of cancer cells could be relevant for 
optimal clinical translation of NAMPTi, but also PARPi and SIRTi. 

3.4. Drug resistance and susceptibility to drugs 

NAMPT is often associated with enhanced acquired resistance to 
chemotherapeutic agents, and more recently to targeted therapy. 
NAMPT overexpression confers resistance to specific drugs (chemo-
therapeutic agents and selective kinase inhibitors) in several tumor 
models, including melanoma (Audrito et al., 2018, 2020a), breast cancer 
(Ge et al., 2019), glioma (Lucena-Cacace et al., 2017), colon cancer 
(Lucena-Cacace et al., 2018), sarcoma (Vora et al., 2016). On the con-
trary, its inhibition increases the susceptibility to different drugs. In 
prostate cancer, NAMPT is overexpressed along with SIRT1. NAMPT 
knockdown sensitizes prostate cancer cells to oxidative stress caused by 
hydrogen peroxide (H2O2) or chemotherapeutic treatment. Over-
expression of NAMPT increases prostate cancer cell resistance to 
oxidative stress, which is partially blocked by SIRT1 knockdown (Wang 
et al., 2011). Up-regulation of NAMPT in breast cancer patients is closely 
related to poor response to chemotherapeutic drugs such as doxorubicin 
(Folgueira et al., 2005); on the contrary, NAMPT inhibition by direct 
targeting by miR-154 led to reduction of breast cancer cells viability 
increasing their susceptibility to doxorubicin (Bolandghamat Pour et al., 
2019). IDH1-mutant gliomas are dependent on NAD for survival. The 
combination of alkylating chemotherapeutic agent temozolomide with 
NAMPTi in an in vivo IDH1-mutant cancer model exhibited enhanced 
efficacy compared with each agent used alone (Tateishi et al., 2017). In 
hematological malignances the inhibition of NAMPT sensitizes leukemia 
cells for chemotherapeutics. For example, NAMPT protein abundance, 
enzymatic activity and NAD concentrations were significantly higher in 
Jurkat and Molt-4 leukemia cell lines compared to normal peripheral 
blood mononuclear cells. Combination of etoposide and NAMPTi caused 
increased cell death in leukemia cell lines compared to etoposide alone 
(Grohmann et al., 2018). In myeloma, NAMPT knockdown significantly 
enhances the anti-myeloma effect of bortezomib, which can be rescued 
by ectopically NAMPT overexpression (Bergaggio et al., 2018; Cagnetta 
et al., 2013). 

All these evidences support the targeting of NAMPT as a novel 
therapeutic strategy to enhance the efficacy of chemotherapeutic agents 
and targeted-therapy in tumors. 

3.5. Immune modulation within the tumor microenvironment 

It is now clear that a de-regulation of NAMPT expression and func-
tion strongly impacts on immune responses (Audrito et al., 2021). As 
previously described, NAMPT is also present in the extracellular envi-
ronment, where it can be considered as an immunomodulatory agent 
mainly binding receptors like TLR4 and CCR-5 (Camp et al., 2015; 
Carbone et al., 2017). On the contrary, the enzymatic function of 
eNAMPT is still under debate. Circulating eNAMPT was reported as a 
cancer biomarker, useful in the monitoring of certain malignancies 
(Audrito et al., 2020a; Dalamaga et al., 2018; Garten et al., 2015; Grolla 
et al., 2016). The role of eNAMPT directed on tumor cells is the pro-
motion of tumor progression and aggressiveness. eNAMPT activates 
signaling pathways, including NF-KB, MAPK, STAT3, and increases 
secretion of cytokines, including IL-1α, IL-1β, IL-8, IL-6 and tumor ne-
crosis factor- α (TNF-α), linking chronic inflammation with carcino-
genesis (Kim et al., 2008; Moschen et al., 2007). Treatment with 
eNAMPT promotes tumor invasive and metastatic features stimulating 
matrix metalloproteinases (MMPs) activity and modulating EMT via 

transforming growth factor-β (TGF-β) (Adya et al., 2008; Soncini et al., 
2014). In addition, eNAMPT exerts a pro-angiogenetic activity pro-
moting expression of vascular endothelial growth factor (VEGF) through 
MAPK, phosphoinositide 3 kinases (PI3Ks)/Akt and STAT3 pathways 
(Adya et al., 2008; Kim et al., 2009). 

The second function of eNAMPT within the tumor microenvironment 
is the modulation of immune response. eNAMPT acts mainly on myeloid 
cell populations (Sica et al., 2017) by promoting macrophage differen-
tiation and polarization in tumor-supportive cells like tumor-associated 
macrophages (TAMs) (Audrito et al., 2015) and myeloid-derived sup-
pressor cells (MDSCs) (Travelli et al., 2019) in hematological and solid 
tumors. However, the exact role of iNAMPT/eNAMPT in the process of 
myelopoiesis is incompletely elucidated so far (Audrito et al., 2015; 
Skokowa et al., 2009; Travelli et al., 2018). Additionally, NAMPT/NAD 
axis impacts also on metabolic switch of macrophages characterized by 
the transition from the early initiation phase of acute inflammation, 
which is anabolic and primarily requires glycolysis, to the later adap-
tation phase which is catabolic and relies on fatty acid oxidation (FAO) 
for energy (Liu et al., 2012). Effects of eNAMPT on other immune cell 
populations included a priming of the pro-tumor functions and 
pro-angiogenic switch of tumor-associated neutrophils (TANs) in mela-
noma (Pylaeva et al., 2019). Intriguingly, very recently in liver carci-
noma NAMPT/NAD was found to impinge on the interferon 
(IFN)γ-STAT1 axis, via NAD-dependent epigenetic mechanism potenti-
ating IFN-induced programmed death-ligand 1 (PD-L1) expression and 
immune evasion (Huffaker et al., 2021). The impact of eNAMPT 
signaling in triggering IFN-like responses needs to be evaluated to 
investigate a potential NAMPT-dependent T cell function modulation. 

4. NAMPT inhibition as a therapeutic strategy in cancer 

Increasing number of pharmacological NAMPTi have been devel-
oped, considering the key role of NAMPT as rate-limiting enzyme in the 
NAD salvage pathway [www.clinicaltrials.gov; (Galli et al., 2020; Xie 
et al., 2020)]. 

The first chemical compound studied as NAMPTi was FK866 (also 
known as APO866), which demonstrated important cytotoxicity and 
tumor regression activity both in vitro and in vivo models, mainly in 
leukemia and liver cancer cells (Galli et al., 2020; Ghanem et al., 2021; 
Xie et al., 2020). A similar role was exerted by GMX1778 (also known as 
CHS-828), which highlighted beneficial effects in breast and lung cancer 
in vitro and in vivo (Ghanem et al., 2021). Despite these important results 
obtained with these compounds, phase I clinical trials in advanced solid 
tumors and leukemia showed no objective tumor remission and toxicity 
(Audrito et al., 2020a; Galli et al., 2020; Xie et al., 2020). One possible 
explanation of the partial failure of NAMPTi treatment could be linked 
to the concomitant expression of other NBEs [i.e. nicotin acid pros-
phoribosyltransferase (NAPRT)] that can overcome NAMPT inhibition 
ensuring NAD production from NA and restricting the use of NAMPTi as 
single agents (Audrito et al., 2020a; Galli et al., 2020; Ghanem et al., 
2021; Xie et al., 2020). 

In order to overcome this limit, different approaches have been 
identified to re-sensitize cancer cells to NAMPTi and reduce their tox-
icities, as recently reviewed in (Ghanem et al., 2021; Xie et al., 2020): (i) 
combining NAMPTi with specific anti-cancer agent or therapy to achieve 
a synergistic therapeutically effect; (ii) combining NAMPTi with 
NAPRTi in NAPRT-overexpressing tumors. The NAPRT competitive 
enzymatic inhibitor “2-Hydroxy Nicotinic Acid”, in particular, might 
represent a useful tool to sensitize cells to FK866 in pancreatic and 
ovarian cancer cells. Other NAPRTi include non-steroidal anti-in-
flammatory compounds and different metabolites involved in glucose 
and fatty acid metabolisms (Galassi et al., 2012). (iii) Developing less 
toxic and more effective NAMPTi: among these the novel specific 
NAMPTi OT-82 demonstrated stronger activity towards hematopoietic 
malignancies compared to non-hematopoietic cancers, and it is 
currently evaluated in phase I clinical trials; (iv) developing dual 
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NAMPTi, like STF-31, an hybrid inhibitor of NAMPT and glucose 
transporter 1 used in renal cell carcinomas, chidamide, a histone 
deacetylase inhibitor useful for the T-cell lymphoma treatment, or 
KPT-9274 (ATG-019, Table 2). This one is a dual inhibitor of NAMPT 
and of the serine/threonine p21-activated kinase 4, it is used in renal cell 
carcinoma and, such as OT-82, it is under phase I clinical trials evalu-
ation (Table 2). Finally, considering the controversial aspect related to 
the enzymatic role of eNAMPT, it is not clear if these inhibitors could 
also affect eNAMPT activity. In this sense there is a new research goal 

focused to the (v) development of blocking antibody able to neutralize 
eNAMPT and reduce its “cytokine-like activity” in the tumor microen-
vironment. Different polyclonal and monoclonal antibodies have been 
created and used to block the inflammatory and cancer development 
activity mediated by NAMPT, in different models, like lung injury and 
prostate cancer (Garcia et al., 2022; Oita et al., 2018; Sun et al., 2020), 
endothelial cells inflammation (Quijada et al., 2020) and in different 
models of induced-colitis (Colombo et al., 2020). The main activities of 
these antibodies, currently all in pre-clinical stages, are summarized in  

Table 2 
NAMPTi under evaluation in clinical trials (https://www.clinicaltrials.gov).  

Compound Study type and 
phase 

Brief description Condition Intervention Clinical trials.gov number 
and results 

OT-82 Interventional, 
phase 1 

Determine the safety and tolerability 
and the maximum tolerated dose 
(MTD) or the maximum tested dose of 
OT-82 administered orally to 
participants 

Relapsed or 
Refractory 
Lymphoma 

Dose Escalation The starting OT-82 dose 
level will be 16.5 mg/m2 given orally as an 
oral suspension once daily on days 1–3, 
8–10, and 15–17 of each successive 28-day 
cycle. Dose escalation will follow a modified 
3 + 3 design. There is no maximum duration 
of OT-82 treatment 

NCT03921879, Actually no 
results posted (estimated 
study completion date: June 
2021) 

KPT-9274 Interventional, 
phase 1 

Evaluate the safety and tolerability 
(MTD) of oral KPT-9274 administration 

Relapsed and 
Refractory Acute 
Myeloid 
Leukemia 

Dose escalation Patients will receive oral 
KPT-9274 three times a week every other 
day (days 1, 3, 5, 8, 10, 12, 15, 17, 19, 22, 
24, and 26) during each 28-day cycle, and 
the first dose cohort will be 30 mg. 
Subsequent dose escalation cohorts, as well 
as a de-escalation cohort, will be 
administered. Dose escalation will continue 
until the MTD is determined 

NCT04914845, Actually no 
results posted (estimated 
study completion date: 
February 2027) 

KPT-9274 
± niacin 
ER 

Interventional, 
phase 1 

Evaluate the safety and tolerability 
(MTD) of oral KPT-9274 administration 
alone or in combination with niacin ER 

solid tumors or 
non-Hodgkin’s 
lymphoma 

Dose escalation Oral KPT-9274 will be taken 
three times a week every other day (days 1, 
3, 5, 8, 10, 12, 15, 17, 19, 22, 24, and 26) 
during each 28-day cycle alone or in 
combination with a starting dose of 500 mg 
niacin ER co-administered with each dose of 
KPT-9274 

NCT04281420, Actually no 
results posted (estimated 
study completion date: 
November 2023)  

Fig. 3. eNAMPT targeting. eNAMPT functions within the extracellular space in inflammatory and tumor conditions can be counteracted exploiting polyclonal or 
monoclonal neutralizing antibodies. These antibodies are used in pre-clinical setting in different diseases models, as reported. 
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Fig. 3. 
Altogether these different approaches could improve the overall 

performance of NAMPT-blocking strategies. 

5. Conclusion and perspectives 

In the last 20 years increasing evidence has supported a prominent 
role of NAMPT in tumor biology, not only as biomarker due to its general 
over-expression in several tumor types, but also as a driver in modu-
lating tumor-associated properties. The recent finding of its genetic 
amplification in tumors (Chowdhry et al., 2019) prompts to consider this 
enzyme as a proto-oncogene involved in tumor transformation, even if 
this hypothesis needs to be experimentally confirmed. Targeting NAMPT 
in cancer may be a valid strategy, also considering that tumor cells are in 
general more sensitive to NAMPTi compared to normal cells. However, 
old NAMPTi showed no objective tumor remission in the first round of 
clinical trials due to the appearance of side effects that limited their use 
in patients and, most probably, due to the concomitant expression of 
other NBEs that could compensate for NAMPT inhibition. It is now clear 
that is essential to select tumors addictive to the NAD salvage pathway 
controlled by NAMPT, to avoid rescue mechanisms. However, in our 
opinion, the future of NAMPTi will be in combination with other drugs 
with complementary activities, rather than used as single agents, to 
target simultaneously different critical tumor features. This strategy 
could lead to obtain a more durable clinical remission and exclude or 
postpone drug resistance mechanisms. Finally, the increasing idea of 
targeting eNAMPT in tumors, to counteract the extracellular functions of 
this protein, could be a goal imaging to combine eNAMPT neutralization 
and immunotherapy. At this moment these are only speculative hy-
potheses, but we hope that in the next few years some new NAMPTi 
and/or antibodies in combination with other compounds will enter in 
clinical trials for cancer therapy. 
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