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Abstract 

 
Nicotinamide phosphoribosyltransferase (NAMPT) is an intracellular enzyme that plays an 

essential role in mammalian cell metabolism by participating to NAD+ production. Through a 

mechanism not yet deciphered, NAMPT is secreted in the extracellular space and is therefore 

referred to as extracellular NAMPT (eNAMPT). In the extracellular milieu, eNAMPT has been 

shown to execute multiple functions, from adipokine to pro-inflammatory activities, likely by 

interacting with cell surface receptors. Circulating eNAMPT levels have been associated with 

various inflammatory conditions, such as cancer, suggesting a potential for this protein as a 

diagnostic tool. Furthermore, an active role for eNAMPT in cancer pathogenesis has also been 

proposed, based on studies demonstrating that eNAMPT supports tumor cell proliferation, 

stimulates tumor invasion and metastasis and promotes immunosupressive conditions. 

However, eNAMPT pro-tumoral functions were shown to be independent of enzymatic 

activity, indicating that they cannot be counteracted by chemical inhibitors.  A new approach, 

using monoclonal antibodies, has therefore been suggested to neutralize eNAMPT 

extracellular functions. 

My PhD project aimed to develop and test novel anti-eNAMPT neutralizing monoclonal 

antibodies (mAbs). Firstly, I generated 81 specific, fully human anti-eNAMPT mAbs using a 

phage display platform. Characterization of these antibodies revealed that they exhibited 

different binding characteristics and targeted different regions on eNAMPT. In addition, 

several of them showed a high affinity for eNAMPT. Secondly, I sought to assess the 

neutralizing properties of these anti-eNAMPT mAbs in relevant in vitro binding and functional 

assays. However, I was unable to convincingly demonstrate eNAMPT interaction with its 

putative receptors, nor the pro-tumoral, pro-chemotactic and pro-inflammatory effects of 

eNAMPT. As a result, I could not evaluate the blocking abilities of the generated eNAMPT 

binding antibodies. 
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Abstract 

Nicotinamide phosphoribosyltransferase (NAMPT) is an enzyme that plays a central role in 

mammalian cell metabolism by contributing to NAD biosynthesis. Nonetheless, NAMPT 

activity is not limited to the intracellular compartment, as once secreted, the protein 

accomplishes diverse functions in the extracellular space. Specifically, extracellular NAMPT 

(eNAMPT) was shown to possess adipokine, cytokine and pro-angiogenic activities in the 

extracellular milieu, likely through its binding to a cell surface receptor. Multiple studies 

reported an association between circulating eNAMPT and various inflammatory conditions, 

suggesting its involvement in numerous pathological processes, including cancer, metabolic 

diseases, arthritis, inflammatory bowel disease (IBD) and lung injury. In this review, we will 

discuss the potential of eNAMPT as a disease biomarker and the emerging therapeutic 

strategies related to its targeting.  

 

I. Introduction 

Nicotinamide phosphoribosyltransferase (NAMPT) is a homodimeric class II phosphoribosyl-

transferase (EC 2.4.2.12), ubiquitously expressed in mammalian tissues, that plays a crucial 

role in nicotinamide adenine dinucleotide (NAD) metabolism [1], [2]. NAMPT is the rate-

limiting enzyme of the NAD salvage pathway that catalyses the production of nicotinamide 

mononucleotide (NMN) from nicotinamide (NAM) and 5’-phosphoribosyl-1-pyrophosphate 

(PRPP) [3]. Subsequently, NMN molecules are converted to oxidized NAD by NMN 

adenylyltransferases 1-3 (NMNATs 1-3) [4]. NAD then fuels cellular redox reactions and the 



Page 9 of 170 
 
 

activity of NAD-degrading enzymes, such as the cluster of differentiation(CD) 38 (CD38), 

poly(ADP-ribose) polymerases (PARPs) and sirtuins (SIRT1-7) [1], [5]. These NAD-dependent 

enzymes mediate fundamental intracellular processes, including cell signalling, DNA repair 

and prevention of apoptosis [1], [5]. Thus, by modulating NAD levels, NAMPT plays a pivotal 

role in cell metabolism and survival [3]. Consistent with this, a high degree of conservation of 

the NAMPT gene is observed between species [6]–[8]. Noteworthy, orthologs of mammalian 

NAMPT gene are found not only in other vertebrates (e.g., birds [8], fish [9]) but also in 

sponges [9] and bacteria [10]. Interestingly, NAMPT is present both in the nucleus and in the 

cytosol, at varying levels, depending on the cell cycle phases [11], [12]. In addition, studies 

suggested that NAMPT may also be localized in the mitochondria, although this remains 

controversial [13]–[15]. In 2019, Yoshida et al. demonstrated that NAMPT is transported into 

the systemic circulation via extracellular vesicles (EVs), before being reinternalized to 

participate in NAD production in recipient cells [16]. As mentioned above, NAMPT is not only 

found inside cells and EVs, but can also be directly secreted into the extracellular space. 

Historically, diverse names were attributed to extracellular NAMPT (eNAMPT), as its functions 

were discovered. eNAMPT was first identified as a cytokine secreted by pre-B cells and named 

Pre-B-cell colony enhancing factor (PBEF) due to its ability to synergize with interleukin (IL)-7 

and stem cell factor (SCF) to promote pre B-cell colony formation [17]. Later on, the protein 

was baptized “visfatin” based on its adipokine function and the evidence of its secretion from 

visceral adipose tissue [7], [18]. Although both these names are still found in the literature, 

the term eNAMPT is preferentially used nowadays. eNAMPT is released by all cellular types 

[2] and this widespread secretion implies the potential involvement of eNAMPT in different 

types of disorders. Indeed, a significant association between the circulating levels of eNAMPT 

and the risks for various diseases has been found [19]–[21]. The present review will discuss 

the potential of eNAMPT as a disease biomarker and its possible contribution to disease 

pathogenesis. 

 

II. eNAMPT biology: an unclear mechanism of secretion 

eNAMPT is secreted by a wide range of cell types including adipocytes, β-cells, immune cells, 

neurons, endothelial cells and cardiomyocytes (reviewed in Grolla et al. [2]). eNAMPT release 

in the extracellular space is an active phenomenon and not the consequence of cell lysis or 

cell death [18], [22], [23]. In human circulation, eNAMPT secretion follows a diurnal rhythm, 

peaking in the afternoon [24]; with serum levels ranging from 3 to 68 ng/mL in healthy 

individuals [25], [26]. In addition, eNAMPT protein is also present in human synovial fluid (SF) 

[27], follicular fluid [28], bronchoalveolar lavage (BAL) fluid [29], saliva [30], and cerebrospinal 

fluid [31].  

As reviewed in Carbone et al. [3], different stimuli promoting eNAMPT secretion can be 

grouped into three main categories: cellular stress (e.g. ischemia, oxygen-glucose deprivation 
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(OGD), oxidative and endoplasmic reticulum (ER) stress, hypoxia [32]), nutritional cues (e.g. 

glucose or insulin) and inflammatory signals (e.g. lipopolysaccharide (LPS), tumour necrosis 

factor-α (TNF-α), IL-1β, interferon-γ (IFNγ) [33]). The exact mechanism of eNAMPT release 

into the extracellular space remains unclear. eNAMPT lacks the peptide signal for a secretion 

through the classical ER-Golgi secretory pathway [17]. Furthermore, no canonical caspase-1 

cleavage site is observed in the NAMPT gene sequence [9]. This suggests that eNAMPT is not 

released via the conventional canonical secretory pathway, which is also supported by the 

fact that eNAMPT secretion was not affected by inhibitors of the ER-Golgi pathway (brefeldin 

A or monensin)  [18], [34]–[36]. On the other hand, a recent study found that, in the presence 

of brefeldin A or monensin, IFNγ-induced eNAMPT secretion from macrophages was 

significantly reduced [33]. Further studies are therefore needed to clarify the mechanisms 

underlying eNAMPT release.  

eNAMPT, which accounts for only 1% of total NAMPT under non-stimulating conditions [32], 

bears distinctive post-translational modifications. Specifically, differences in acetylation levels 

were found between eNAMPT and intracellular NAMPT. SIRT-1-mediated deacetylation of 

NAMPT K53 was shown to predispose the protein to secretion and to increase its release [37].  

On the contrary, deacetylation of NAMPT by SIRT-6 was shown to down-regulate eNAMPT 

release [38].   

 

III. eNAMPT, a protein with pleiotropic functions 

The different functions of eNAMPT, namely enzymatic, adipokine, cytokine and pro-

angiogenic activities, are summarized in Figure 1 and described in the paragraphs below. 

 

3.1.   eNAMPT as an ecto-enzyme 

Whether eNAMPT performs its phosphoribosyltransferase activity in the extracellular milieu 

is not yet fully elucidated. NAMPT dimerization is essential for its enzymatic role, as shown by 

the reduced activity of non-dimerizing S199D and S200D NAMPT mutants [18], [39]. Various 

studies have reported eNAMPT existence as a dimer in conditioned media of tissues and cells 

[18], [35], [40], [41], suggesting that eNAMPT may be enzymatically active in the extracellular 

space. Furthermore, Revollo et al. [18] demonstrated that adipocyte-derived eNAMPT exerts 

a strong NAD biosynthetic activity, which is even higher than that of intracellular NAMPT. In 

line with this, they found high levels of NMN in mouse plasma [18]. eNAMPT has also been 

shown to increase extracellular NMN and NAD levels in vascular smooth muscle cell cultures 

(VSMC) and MCF7 cell cultured medium [42], [43]. Accordingly, studies show that the 

extracellular NMN may enter inside cells and contribute to intracellular NAD biosynthesis 

[43]–[45].  
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Yet, under physiological conditions, eNAMPT substrates, NAM and PRPP, are present at low 

concentrations or virtually absent from the extracellular milieu [46]. A similar observation has 

been made for ATP, which is an activator of NAMPT activity and is required for the conversion 

of NMN to NAD [46]. This implies that outside the cells, eNAMPT probably lacks the substrates 

for a sustained enzymatic activity. On the other hand, pathological conditions such as tumour 

microenvironment (TME), which is characterized by elevated necrosis and acidic pH in hypoxic 

areas, could offer increased levels of eNAMPT substrates [42]. Thus, eNAMPT enzymatic 

activity in the extracellular space cannot be excluded, at least in certain (pathological) 

situations.  

 

3.2.   eNAMPT as an adipokine  

Adipokines are molecules released from adipose tissues, regulating glucose homeostasis, 

body weight, inflammation and/or blood pressure [47]. The first description of eNAMPT as an 

adipokine was made in 2005 by Fukuhara et al. [48]. These authors demonstrated that 

eNAMPT is secreted by mouse adipocytes in vitro. This was subsequently confirmed in rats, 

where eNAMPT production was reported in perivascular adipose tissues [43]. In addition, 

eNAMPT was shown to be expressed in human visceral, subcutaneous and epicardial fat 

tissues [48]–[50]. Fukuhara et al. also suggested that, similar to insulin, eNAMPT exerts a 

glucose lowering effect in 3T3-L1 adipocyte cells and in mice, by binding to and activating the 

insulin receptor (IR) [48]. Specifically, within 30 minutes after intravenous administration of 

eNAMPT, they observed a significant reduction in plasma glucose concentrations in c57BL/6J 

mice [48]. The latter publication was eventually retracted due to a lack of reproducibility 

regarding the direct binding to IR [51]. However, other studies have confirmed eNAMPT 

insulin-mimetic effects on human osteoblasts [52] and glomerular mesangial cells [53]. 

Consistent with this, eNAMPT-mediated phosphorylation of IR [52], [54] and insulin receptor 

substrate (IRS)-1 and IRS-2 [52] were observed in human osteoblasts and in mouse pancreatic 

β-cells. Nevertheless, the adipokine action of eNAMPT through insulin signalling remains 

controversial, as another group reported the eNAMPT-mediated increase in glucose transport 

did not involve IRS-1 phosphorylation in skeletal muscle [55].  

Evidence suggests that eNAMPT plays a vital role in maintaining the viability and function of 

pancreatic β-cells. For instance, eNAMPT was shown to prevent apoptosis and free fatty acid 

(FFA)-induced metabolic dysfunction in MIN6 pancreatic cell line [56]. Furthermore, Revollo 

et al. demonstrated that eNAMPT mediates the regulation of glucose-induced insulin release 

by β-cells [18]. Noteworthy, they showed that eNAMPT enzymatic activity is key for this 

process, rather than its insulin-mimetic activity. Evidence supports that eNAMPT biosynthetic 

activity and its reaction product, NMN, directly or indirectly maintain β-cell function [57], [58]. 

Particularly, a study revealed that exogenous administration of NMN in mice receiving a high-

fat diet (HFD) improved their glucose intolerance and lipid profiles by restoring normal levels 

of NAD in white adipose tissue and liver [59]. 
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3.3.   eNAMPT as a pro-inflammatory cytokine  

The pro-inflammatory activity of eNAMPT is well documented. Numerous studies 

demonstrated that eNAMPT activates inflammatory signalling pathways, including nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-kB) [60]–[62], mitogen-activated 

protein kinase (MAPK) [62], [63], and signal transducer and activator of transcription-3 

(STAT3) [64], [65], leading to the production of pro-inflammatory cytokines (IL-1β, IL-1Ra, ΙL-

6, CXCL8, IL-10 and TNF-α) and chemokines (C-C motif chemokine ligand (CCL)2, CCL3, CCL18  

and CCL20) [60], [61], [63]–[68]. In addition, eNAMPT can act as a chemokine and induce the 

recruitment of human monocytes and B cells in vitro, as well as that of murine neutrophils 

and monocytes in a subcutaneous air pouch in vivo model [33], [67]. eNAMPT not only induces 

immune cell chemotaxis but also promotes their proliferation and differentiation [64], [69]. 

Strikingly, while several studies have shown that eNAMPT induces monocyte differentiation 

into M1 macrophages [32], [33], [70], other works show the opposite effect, i.e., eNAMPT 

driving M2 differentiation [64], [71]. These discrepancies could potentially be explained by 

the use of cells of different origin, different experimental conditions or different sources of 

recombinant eNAMPT in these experiments [72]. For instance, M2 polarization was observed 

in monocytes from leukemic patients [64], whereas M1 polarization was reported with 

monocytes from healthy donors [32]. As suggested by Travelli et al., this may reflect a versatile 

effect of eNAMPT in monocyte differentiation, e.g., the induction of an M1 phenotype under 

physiological conditions and an M2 phenotype in pathological contexts such as cancer [72].  

Overall, eNAMPT appears to be a modulator of immune cell pro-inflammatory programs, with 

a privileged action on monocytes/macrophages. For instance, eNAMPT was shown to support 

the survival of mouse macrophages by suppressing ER-stress-induced apoptosis of these cells 

through the activation of STAT3 [65]. Moschen et al. demonstrated that eNAMPT upregulates 

monocyte co-stimulatory molecules, including CD40, CD54, and CD80, suggesting a 

contribution of eNAMPT to the activation of monocyte effector functions [67]. In line with 

this, eNAMPT promoted monocyte-mediated phagocytosis [67]. The pro-inflammatory 

functions of eNAMPT are not limited to immune cells, as the protein is also involved in 

vascular inflammation. Particularly, eNAMPT was shown to upregulate endothelial cell 

adhesion molecules (intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion 

molecule 1 (VCAM-1)) leading to monocyte adhesion to endothelial cells [73], [74]. In 

agreement with that, another study reported that eNAMPT promoted NLR family pyrin 

domain containing 3 (NLRP3) inflammasome complex activation and subsequent release of 

pro-inflammatory IL-1β from endothelial cells [75]. Taken together, these findings point to 

eNAMPT as a key cytokine mediating inflammation. Interestingly, numerous studies reported 

that the enzymatic activity is not required for eNAMPT function as a cytokine [32], [33], [64], 

[65], [76]. Furthermore, one study reported that eNAMPT dimerization is also not needed for 

its cytokine activities [65].  
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3.4.   eNAMPT as a pro-angiogenic factor  

In addition to its pro-inflammatory function, eNAMPT was shown to play a substantial role in 

angiogenesis. eNAMPT induced human umbilical vein endothelial cells (HUVEC) proliferation, 

migration and capillary tube formation in vitro [77]–[79]. The pro-angiogenic function of 

eNAMPT was also confirmed in in vivo angiogenesis models [77]. Interestingly, eNAMPT also 

promoted the upregulation of other pro-angiogenic factors that contribute to the formation 

of new blood vessels [80]. For example, eNAMPT was shown to induce vascular endothelial 

growth factor (VEGF) production and secretion, as well as VEGF receptor 2 expression, by 

endothelial and amniotic epithelial cells via the activation of MAPK and phosphatidylinositol-

3 kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) signalling 

pathways [78], [79], [81], [82]. Other studies suggested that eNAMPT mediates angiogenesis 

in endothelial cells by eliciting IL-6, CXCL8, fibroblast growth factor 2 (FGF-2) and monocyte 

chemoattractant protein-1 (MCP-1) release through, respectively, janus kinase 2 

(JAK2)/STAT3, thromboxane synthase (TXAS), Notch1 and extracellular signal-regulated 

kinase 1/2 (ERK1/2), NF-kB and PI3K signalling pathways [83]–[87]. Finally, eNAMPT also 

indirectly participates in extracellular matrix (ECM) remodelling, a process required for 

angiogenesis, via the upregulation of proteases involved in vascular basal membrane 

degradation. Specifically, eNAMPT was shown to increase the expression and the activity of 

matrix metalloproteinases (MMPs; gelatinases : MMP-2 and -9; collagenases: MMP-1 and -8), 

which are potent matrix-degrading enzymes; in endothelial cells, macrophages and pre-

adipocytes [62], [78], [88]–[90].  

 

IV. Putative eNAMPT receptors 

The rapid activation of specific intracellular pathways, occurring within minutes following 

exposure to eNAMPT, suggests that this protein exerts its functions by binding to one or more 

cell surface receptor(s) [2], [64]. Over the last years, several cell surface receptors have been 

proposed as putative eNAMPT receptors. The first one was the C-C chemokine receptor type 

5 (CCR5). In 2012, Van den Bergh et al. demonstrated a direct binding of eNAMPT to CCR5, 

with an affinity in the nM range [91]. Later, Torretta et al. found that eNAMPT shares a 

common structure conformation with CCL7, a known CCR5 ligand [92]. This study also 

suggested that eNAMPT, like CCL7, acts as an antagonist of CCR5. These authors 

demonstrated that pre-treatment of HeLa-CCR5 cells with eNAMPT significantly diminished 

the percentage of RANTES-PE positive cells [92]. Finally, Currie and colleagues confirmed the 

interaction between eNAMPT and CCR5 in an ELISA binding assay [93], [94].  

More recent studies show the interaction between Toll-like receptor 4 (TLR4) and eNAMPT. 

In 2015, Camp et al. revealed that eNAMPT activates the NF-kB pathway in mice through 

interaction with TLR4 [95]. Consistent with this, another study demonstrated that TLR4 gene 

silencing in macrophages resulted in a significant reduction in eNAMPT-mediated NF-kB 
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activation [60]. eNAMPT has also been shown to promote vascular dysfunction in mice 

through a TLR4-mediated pathway [75]. In particular, the authors demonstrated that a 

specific TLR4 inhibitor, CLI 095, prevented eNAMPT-mediated impairment of the endothelial 

responses to acetylcholine (ACh) [75]. Gasparrini et al. confirmed the direct binding of 

eNAMPT to TLR4 with a KD value of 18nM [66]. Using site-directed mutagenesis, these 

authors identified two regions involved in TLR4 binding in the N-terminal part of eNAMPT (β1-

β2 loop: 41-52aa; and α1-α2 loop: 68-77aa). This finding was very recently confirmed by Kim 

et al. [96], who showed that the 57-65aa region of eNAMPT interacts with TLR4 leucine-rich 

repeats (LRR) domain. A TLR4 binding site in the C-terminal region of eNAMPT (445-457aa) 

has also been proposed by another group [97].  

On the other hand, Colombo et al. recently demonstrated that eNAMPT promotes the 

expression of inflammatory M1-related gene expression (e.g. Il6, Il1b, Cox2, Tnf) independent 

of TLR4 [33]. Furthermore, they reported that a competitive molecular antagonist of CCR5 

(maraviroc) did not alter eNAMPT-induced activation of M1 macrophages [33]. Overall, these 

results suggest the existence of one or more alternative receptors for eNAMPT-mediated M1 

macrophage activation, i.e., other than TLR4 or CCR5. Another research group performed an 

eNAMPT receptor-binding identification screen with a coverage of >2500 known human 

receptors using Retrogenix cellular microarray platform [98]. They obtained multiple hits (e.g. 

BDKRB1, CD44, LRP8), suggesting that eNAMPT may pleiotropically interact with several 

receptors [98]. Last, but not least, Kim et al. [96] recently demonstrated eNAMPT interaction 

with NADPH oxidase 2 (Nox2 or CYBB) through its N-terminal region (52-56aa). All these 

alternative interactions still need to be validated. Thus, further investigations are required to 

fully elucidate the question of the biologically relevant eNAMPT receptor(s). 

 

V. eNAMPT in human disease 

5.1.   Metabolic and cardiovascular diseases  

Over the past years, multiple studies, including a meta-analysis [19], have reported increased 

circulating eNAMPT concentrations in patients diagnosed with obesity, diabetes or 

atherosclerosis, suggesting a role for eNAMPT as a biomarker for metabolic and 

cardiovascular diseases. 

 

5.1.1. Obesity  

Experimental evidence 

Like for many other adipokines, eNAMPT secretion from adipose tissues is altered in obesity. 

One experimental study reported that plasma eNAMPT levels are significantly more elevated 

in obese mice (HFD-fed mice) than in controls [99]. However, whether eNAMPT contributes 
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to obesity and the mechanisms underlying this possible effect are not clearly deciphered yet. 

Several studies demonstrated that eNAMPT induces NLRP3 inflammasome complex 

activation and subsequent secretion of mature IL-1β [75], [99]–[101], which is  known to be 

involved in the development of the chronic low-grade inflammation characteristic of obesity 

[102]. Specifically, activation of the NLRP3 complex by eNAMPT was shown to promote 

glomerular injury, as shown by the increased expression of the injury factor desmin in 

podocytes [100]. Chen et al. [101] reported that eNAMPT-mediated NLRP3 inflammasome 

activation provoked the disassembly of junction proteins (zonula occludens (ZO)-1, ZO-2, 

occludin and VE-cadherin) in mouse vascular endothelial cells, suggesting that eNAMPT 

promotes endothelial dysfunction. Finally, eNAMPT has been shown to enhance the 

expression of ECM proteins (collagen type C and osteopontin) and MMPs (MMP-2 and -9) in 

3T3-L1 pre-adipocyte, leading to ECM accumulation and remodeling and, consequently, to 

adipose tissue fibrosis [88]. All this evidence points to a role for eNAMPT in the development 

of obesity-associated pathologies, including glomerular damage, endothelial dysfunction and 

adipose tissue fibrosis [103]. 

 

Clinical data 

Various clinical studies reported significantly higher circulating eNAMPT levels in obese 

patients than in lean controls [reviewed by Carbone et al. [3] and shown in Table 1 ([88], 

[104]–[111])]. Furthermore, correlations between eNAMPT levels and unfavourable 

metabolic profiles, including high waist circumference and waist-to-hip ratio and elevated 

levels of triglycerides, have been observed [105], [107], [110]. eNAMPT was also often 

positively correlated with body mass index (BMI) [88], [105], [106], although not in all studies 

[109], [112]. These discrepancies could be explained by differences in the type of study, the 

type of population recruited, the number of cases per cohort or the methods of sample 

collection and measurement between clinical studies [113]. Consistent with an association 

between eNAMPT and adiposity, several studies reported a reduction of circulating eNAMPT 

levels after weight loss. For instance, exercise has been shown to decrease eNAMPT levels in 

overweight/obese patients [114]–[116]. Furthermore, Friebe et al. observed that serum 

eNAMPT concentrations were significantly reduced in obese subjects after bariatric surgery 

and that this reduction correlated with a decline in white blood cells (WBC) [104]. A link 

between eNAMPT concentrations and leucocyte counts was also suggested by another group 

who demonstrated that macrophages accumulate in human visceral white adipose tissues 

(WAT) in a way that correlates with increasing BMI, and release eNAMPT [117], [118]. In 

addition, they found that visceral WAT macrophages secreted higher levels of eNAMPT than 

mature adipocytes [117]. All of this supports a relationship between eNAMPT and 

inflammation in obesity, which is consistent with the positive correlation of eNAMPT levels 

with inflammatory (IL-6, TNF-α, c-reactive protein (CRP)) and endothelial markers (VCAM-1, 

ICAM-1, angiotensin-2 (ang-2), and E-selectin) observed in obese patients [106], [110], [119]. 

eNAMPT was also positively associated with endotrophin (r = 0.619, P < 0.001), a marker of 
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fibrosis worsening and metabolic abnormalities, in obese patients [88]. Finally, a receiver 

operating characteristic (ROC) analysis showed that plasma eNAMPT concentrations predict 

visceral adipose tissue accumulation in obese children (sensitivity = 88.9%, 

specificity = 91.5%, AUC = 0.920) [109]. Overall, this evidence suggests that eNAMPT might be 

a potential biomarker of the chronic low-grade inflammation occurring in obesity. 

 

5.1.2. Diabetes 

Experimental evidence 

The role of eNAMPT in the pathophysiology of diabetes is not obvious, as many studies have 

reported a beneficial effect of eNAMPT on pancreatic function. Indeed, as discussed above, 

eNAMPT and its product, NMN, were shown to maintain β-cell homeostasis by modulating 

cellular NAD levels [18]. This is well illustrated by the fact that impaired islet function in 

fructose rich diet (FRD)-fed mice was associated with reduced plasma eNAMPT levels and was 

reversed by NMN administration [58]. In line with this, injection of NMN into aged β-cell-

specific SIRT-1-overexpressing transgenic mice (BESTO) restored the beneficial effect of SIRT-

1 on glucose tolerance, which was lost with mice ageing [57]. However, one study reported 

that eNAMPT administration for 14 days induced a diabetic phenotype in mice [120]; 

suggesting, in contrast, a detrimental effect of eNAMPT on β-cell activity. An explanation for 

this bimodal role of eNAMPT in diabetes was subsequently advanced by the same group, who 

proposed that physiological concentrations of dimeric eNAMPT maintain pancreatic function, 

whereas high concentrations of monomeric eNAMPT drive pathological mechanisms [121]. 

Specifically, they demonstrated that low, physiological levels of eNAMPT (1ng/mL) enhanced 

static and dynamic glucose-stimulated insulin secretion (GSIS) and intracellular cytosolic 

calcium levels in mouse islets. On the contrary, high-levels of eNAMPT (5ng/mL) or eNAMPT 

in its monomeric form caused these favourable effects to be lost and led to eNAMPT-

mediated islet inflammation and β-cell failure through p38-MAPK and STAT3 pathways [121]. 

These findings suggest that eNAMPT functional/structural changes and pro-inflammatory 

effects play a key role in the pathophysiology of diabetes. 

 

Clinical data 

Multiple clinical studies investigated the correlation between eNAMPT and the different types 

of diabetes. Elevated levels of eNAMPT were measured in type 1 (T1DM) [122], [123], type 2 

(T2DM) [121], [123]–[129] and gestational diabetes patients [130], [131] compared to non-

diabetic individuals (detailed in Table 1). The clinical association between eNAMPT and 

diabetes was independent of BMI [124], [125]. No significant differences in circulating 

eNAMPT concentrations were found between pre-diabetic subjects and healthy controls 

[126]. In addition, the levels of eNAMPT in newly diagnosed T2DM patients were similar to 

that of non-diabetic individuals, whereas eNAMPT levels of known T2DM patients were 
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higher [123]. This suggests that eNAMPT may only play a role in the later stages of the disease. 

Consistent with this, serum eNAMPT levels were shown to increase with diabetes worsening 

and particularly with β-cell deterioration progression, a major feature of T2DM, as attested 

by the positive correlation of eNAMPT with haemoglobin A1c (HbA1c) [121], [123]. T1DM 

patients with long-lasting disease and more advanced β-cell deterioration than T2DM patients 

showed increased levels of circulating eNAMPT as compared to type 2 diabetic subjects [123]. 

The link between eNAMPT and insulin resistance, another main characteristic of T2DM 

pathophysiology, was also extensively explored. Some studies observed an association 

between eNAMPT levels and homeostasis model assessment of insulin resistance (HOMA-IR) 

in diabetic patients, suggesting a relationship between eNAMPT and insulin resistance [19], 

[128], [129], [132]. Furthermore, serum eNAMPT levels were higher in children with impaired 

insulin sensitivity compared to normal children [104]. However, others found no correlation 

between circulating eNAMPT levels and HOMA-IR [133], [134]. It is therefore not possible, at 

this time, to conclude on a possible association between eNAMPT and insulin resistance. 

Finally, eNAMPT was shown to predict gestational diabetes with high sensitivity and 

specificity (sensitivity = 87.1%, specificity = 70%, AUC = 0.799) [131], suggesting, together 

with previous evidence, that eNAMPT may be a promising biomarker for diabetes detection. 

 

5.1.3. Atherosclerosis 

Experimental evidence 

Along with serum lipid levels, plasma eNAMPT levels were shown to be significantly elevated 

in apoE KO atherosclerotic mice [135]. Studies also demonstrated that eNAMPT is highly 

expressed in human symptomatic atherosclerotic plaques and that this protein localizes to 

areas where foam cells are present [68],[136]. Pro-atherogenic stimuli (e.g. oxidized low-

density lipoprotein, hypoxia and TNF-α) increased eNAMPT expression in THP-1 monocytes 

[68], [135] and eNAMPT release by RAW264.7 macrophage-like cells [137]. In turn, eNAMPT 

triggered cholesterol uptake by macrophages in vitro, by modulating scavenger receptor (SR-

A) and CD36 expressions, and in vivo, in atherosclerotic mice [137]. In addition, Dahl et al., 

reported that the secretion of pro-inflammatory cytokines (TNF-α and CXCL8) by peripheral 

blood mononuclear cells (PBMCs) from patients with unstable angina was induced by 

eNAMPT [68]. Thus, through its pro-inflammatory function, eNAMPT may participate in foam 

cell formation and fatty streak development during atherogenesis. Additional studies indicate 

that eNAMPT could also contribute to atherosclerosis development by promoting endothelial 

dysfunction. Specifically, eNAMPT has been shown to alter the migration and adhesion of 

endothelial progenitor cells (EPC, key cells allowing the regeneration of impaired blood 

vessels), as well as to induce their apoptosis [138], [139]. As mentioned previously, eNAMPT 

also directly impaired microvascular endothelium-dependent vasorelaxation by reducing the 

endothelial response to vasodilators, such as ACh [75], [140]. eNAMPT may also compromise 

vessel wall integrity and compound plaque vulnerability by promoting MMPs expression in 
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monocytes/macrophages [68], [89] and endothelial cells [78]. Finally, eNAMPT showed the 

ability to induce human vascular smooth muscle cell proliferation [43] and to upregulate their 

nitric oxide synthase (iNOS) levels [141], thereby promoting vascular inflammation.  

 

Clinical data 

Consistent with the experimental findings, higher circulating eNAMPT levels were observed 

in patients with atherosclerotic plaques as compared to controls (see Table 1, [142]–[147]). 

Increased plasma eNAMPT concentrations were also measured after mechanical induction of 

plaque rupture [68] or in patients diagnosed with acute myocardial infarction [148], 

suggesting a relationship between eNAMPT levels and plaque instability. This was confirmed 

by Kadoglou et al. [143], who reported a negative correlation between eNAMPT 

concentrations and the gray-scale median (GSM) score, which quantifies plaque vulnerability, 

in atherosclerotic patients. Circulating eNAMPT concentrations were found to also positively 

correlate with the extent of atherosclerosis, as measured by intima media thickness (IMT) 

[144], [146]. A negative association between eNAMPT and flow-mediated vasodilatation 

(FMD) was observed by Takebayashi et al. [149], supporting a link between eNAMPT and 

endothelial dysfunction. Finally, circulating eNAMPT was found to be an independent 

predictor of atherosclerosis and was proposed to be a risk factor for the development of 

atherosclerotic plaques [145], [147]. 

 

5.2.   Arthritis   

5.2.1. Osteoarthritis (OA) 

Experimental evidence 

Several studies have suggested that eNAMPT exerts pro-degradative effects in the context of 

osteoarthritis. For instance, Cheleschi et al. demonstrated eNAMPT contribution to cartilage 

turnover, showing that eNAMPT promotes OA chondrocytes and synovial fibroblasts (OASFs) 

apoptosis [150], [151]. Furthermore, they reported that eNAMPT increases mitochondrial 

superoxide anion production as well as the expression of antioxidant enzymes (e.g. 

superoxide dismutase (SOD-2), catalase (CAT) and nuclear factor erythroid 2-related factor 2 

(NFR2)) in the same cells [150]–[152]. Thus, eNAMPT modulates oxidative stress balance, a 

process involved in joint degeneration during OA [153]. eNAMPT may also exacerbate OA by 

promoting the expression of a variety of proteases. Studies show that eNAMPT stimulates the 

release of sulphated glycosaminoglycans (GAGs) from cartilage and meniscus explants, 

reflecting an elevated aggrecanase activity and proteoglycan loss [98], [154], [155]. In line 

with this, Gosset et al., reported that eNAMPT reduces aggrecan mRNA and the levels of high 

molecular weight aggregated proteoglycan and induces the expression of ADAMTS-4 and 

ADAMTS-5 aggrecanases in immature mouse articular chondrocytes [156]. eNAMPT was 

shown to upregulate the expression of MMPs (collagenases: MMP-1, -8, -13; gelatinases: 
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MMP-2, -9; stromelysins: MMP-3, -10; matrilysin: MMP-7) during OA [98], [150], [151], [156]. 

Specifically, eNAMPT was found to co-localize with MMP-13 in areas of joint damage in 

human hip cartilage [98]. Finally, in human and mouse OA chondrocytes, eNAMPT promoted 

the synthesis of prostaglandin E2 (PGE2), a well-known cartilage catabolic factor [156], [157]. 

eNAMPT may not only stimulate the activity of catabolic proteins, but also directly alter the 

expression of cartilage structural proteins, thereby contributing to cartilage homeostasis 

impairment. Particularly, eNAMPT was shown to reduce the expression of collagen type II and 

type X in OA chondrocytes and OASFs [151], [158]. Consistent with this, another study 

demonstrated that eNAMPT prevented insulin like growth factor-1 (IGF-1)-mediated 

production of collagen type II and proteoglycan [159]. In addition to its pro-degradative 

effects, the pro-inflammatory and pro-angiogenic functions of eNAMPT have also been 

suggested to be involved in the pathogenesis of OA. eNAMPT was shown to activate NF-kB 

and MAPK signalling pathways in OASFs, leading to the downstream expression of pro-

inflammatory cytokines (IL-1β, IL-6, IL-17a, TNF-α) and to the subsequent activation of 

inflammatory processes participating to OA synovitis [151], [160]. Upregulations of pro-

inflammatory cytokines and chemokines (e.g. CCL4, MCP-1, IL-6 and CCL20) were also 

observed after stimulation of OA patients cartilage explants or murine chondrocytes with 

eNAMPT [41], [98]. Finally, eNAMPT was shown to augment VEGF production by human 

OASFs, which in turn, induces EPC angiogenesis, a phenomenon involved in structural damage 

and pain during OA [161], [162]. Consistent with this, Pecchi et al. revealed that eNAMPT 

induces nerve growth factor (NGF) expression and release by chondrocytes, supporting the 

idea of a possible involvement of this cytokine in OA pain [163]. 

 

Clinical data 

Several studies reported significantly higher eNAMPT levels in the serum or synovial fluid of 

OA patients, compared with controls (see Table 1, [161], [164]–[167]). Furthermore, Chen et 

al. observed that eNAMPT concentrations were more elevated in the synovial fluid of OA 

patients than in paired serum samples, suggesting an increased dysregulation of eNAMPT 

levels, locally, i.e. in the affected joints [167]. In OA patients, eNAMPT was shown to be 

released from all joint tissues, including synovium, subchondral bone and cartilage, but also 

from infrapatellar fat pad [41], [167]. In particular, eNAMPT release was significantly higher 

in synovium than cartilage or subchondral bone [41]. Consistent with previous experimental 

evidence of eNAMPT-mediated cartilage matrix degradation in OA, SF eNAMPT levels 

increased with Kellgren-Lawrence grade (a system used to classify the severity of OA) and 

positively correlated with several biomarkers of cartilage degradation (C-terminal crosslinked 

telopeptide of type II collagen (CTX-II), AGG1 and AGG2 aggrecan fragments) [166]. In 

addition, eNAMPT concentrations were positively associated with VEGF and pain score in OA 

patients [161], [168]. Experimental and clinical studies strongly support a relationship 

between eNAMPT and OA and suggest that measuring SF eNAMPT levels could be a viable 

diagnostic approach to detect OA. Nevertheless, eNAMPT use as a biomarker for OA may be 



Page 20 of 170 
 
 

limited by the fact that eNAMPT concentrations are affected by several other conditions, such 

as cardiovascular diseases and diabetes [169].  

 

5.2.2. Rheumatoid arthritis (RA)  

Experimental evidence 

As with OA, several studies suggest that eNAMPT may play a role in rheumatoid arthritis, 

which is also characterized by joint damage, but as a result of an autoimmune process (rather 

than wear and tear, as in OA). One study reported that eNAMPT levels were significantly 

higher in serum and paw tissue extracts of collagen-induced arthritic mice than in control 

mice [170]. eNAMPT expression or secretion by human RA synovial fibroblasts (RASFs) was 

shown to be upregulated by pro-inflammatory cytokines (IL-1β, TNF-α, IL-6) and TLR ligands 

(poly(I-C), LPS) that are characteristically present in RA joints [27], [171]. Additional studies 

revealed that, in turn, eNAMPT was able to induce the expression/production of pro-

inflammatory cytokines (IL-6, CXCL8), chemotactic signals (chemokines of the CXC and CC 

family) and matrix-degrading enzymes (MMP-1 and MMP-3) in fibroblasts, and thus to 

promote inflammatory and destructive processes in RA joints [27], [172]–[174]. Furthermore, 

eNAMPT was shown to increase RASF adhesion to endothelial cells [175] and to enhance their 

motility and migration [173]. This may indicate that eNAMPT also contributes to cartilage 

invasion by RASFs during RA.  

  

Clinical data 

Similar to experimental animals, circulating eNAMPT levels were found to be higher in RA 

patients than in healthy controls (reviewed by Franco-Trepat et al. [176] and shown in Table 

1 ([177]–[185])). Noteworthy, RA patients exhibited higher serum and SF concentrations of 

eNAMPT than OA patients [27], [171]. In RA patients, eNAMPT was strongly expressed in the 

synovial lining layer and at sites of RASF invasion in the cartilage [27], [173]. The protein was 

also detected in lymphoid aggregates and perivascular areas [27], [171], [173]. Further studies 

demonstrated that eNAMPT positively correlates with disease severity and duration [179], 

[181], [183], [184] and eNAMPT concentrations were significantly higher in patients with 

radiographic joint damage [184]. In line with these findings, Rho et al. observed a positive 

association between eNAMPT and the Larsen score, which determines the extent of 

radiographic changes [179]. eNAMPT also positively correlated with inflammatory mediators 

(TNF-α, IL-6, CRP) and immune cells counts (neutrophil and B cells) in serum and synovial fluid 

of RA patients [27], [179]–[182], supporting a role for eNAMPT in RA-related inflammatory 

mechanisms. Interestingly, a significant decrease in circulating eNAMPT levels was observed 

in RA patients after treatment with conventional synthetic disease modifying antirheumatic 

drugs (csDMARDs) [181], anti-TNF-α treatment [186], anti-CD20 antibody [182] or a 

combination of methotrexate with anti-IL-6 therapy [187], suggesting a role for eNAMPT as a 
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biomarker for RA activity. Consistent with this, a reduction in serum eNAMPT levels after 

three months of csDMARDs treatment predicted an amelioration in disease activity score 28 

(DAS28) after 12 months of treatment [181]. However, discrepancies exist as no changes in 

eNAMPT concentration has been observed in other studies, following treatment with 

DMARDs, TNF-α blockers, or a combination of both [188], [189]. Overall, clinical findings 

suggest that eNAMPT may be a predictive factor of RA worsening, although further validations 

of this use of eNAMPT are required. 

 

5.3.   Inflammatory bowel disease (IBD) 

Experimental evidence 

The experimental studies that investigated NAMPT involvement in the development of IBD 

mainly focused on the role of the intracellular enzyme, iNAMPT, in these conditions [190]–

[192]. Only recently, in 2020, Colombo et al. [193], reported that administration of 

recombinant eNAMPT to mice suffering from mild colitis, exacerbated mucosal inflammation, 

indicating a possible contribution of that extracellular protein to IBD. Furthermore, they 

observed increased expression of TNF-α and IL-1β, and degradation of IkB-α, in colonic tissues 

of eNAMPT-treated mice. Finally, Colombo et al. showed that eNAMPT neutralization with a 

monoclonal antibody in dinitrobenzene sulfonic acid (DNBS)-treated mice reduced the 

recruitment of pro-inflammatory monocytes and neutrophils and the activation of pathogenic 

Th1 and cytotoxic effector T cells in the colon [193]. They therefore suggested that eNAMPT 

may participate in colonic inflammation in IBD by activating the pro-inflammatory functions 

of myeloid cells and by triggering pathogenic Th1/Th17-mediated adaptive immunity.  

 

Clinical data 

The majority of clinical studies examining eNAMPT role in IBD, reported that circulating 

eNAMPT levels were significantly higher in ulcerative colitis (UC) and Crohn’s disease (CD) 

patients compared to healthy individuals (Table 1, [194]–[199]), although two studies failed 

to find such difference [200], [201]. Interestingly, eNAMPT levels were found to be differently 

associated with disease activity in UC and CD patients. In CD patients, serum eNAMPT levels 

were elevated regardless of disease activity, whereas in UC patients, eNAMPT levels were 

higher in patients with active UC than in patients with inactive disease [67], [195], [196]. 

Consistent with a role for eNAMPT in intestinal inflammation, positive correlations between 

eNAMPT and inflammatory markers (IL-6 levels, platelet count, erythrocyte sedimentation 

rate (ESR) or CRP levels) were observed in IBD patients [195], [198]. In addition, Neubauer et 

al. reported a strong positive correlation between serum eNAMPT concentrations and NAMPT 

expression levels in leucocytes of IBD patients [195], suggesting an involvement of immune 

cells in the elevation of eNAMPT levels. Moschen et al. observed a co-localization of NAMPT 

with macrophages and dendritic cells in inflamed colonic tissue [67]. Colombo et al. reported 
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that after 14 weeks of therapy, IBD patients responding to anti-TNF-α treatment exhibited a 

decrease in circulating eNAMPT, while non-responders maintained elevated serum eNAMPT 

levels [193]. These results suggest an association between high circulating eNAMPT levels and 

an increased risk of resistance to IBD treatment and thus, that eNAMPT may be a promising 

predictor of patient response to therapy. Finally, the potential of eNAMPT as a diagnostic tool 

was supported by an ROC analysis which showed that serum eNAMPT levels predict active UC 

with a high sensitivity and specificity (sensitivity = 92.9%, specificity = 86.7%, AUC = 0.911) 

[198]. In conclusion, accumulating evidence points to eNAMPT as a biomarker of active IBD. 

Further studies are required to ascertain whether eNAMPT also plays a role in the 

pathogenesis of IBD, and particularly, in the mucosal inflammation that is a hallmark of these 

diseases.  

 

5.4.   Lung injury  

Experimental evidence 

Growing evidence indicates the involvement of eNAMPT in the development of different 

pulmonary conditions, such as acute lung injury (ALI), acute respiratory distress syndrome 

(ARDS), a severe form of ALI, and ventilator-induced lung injury (VILI). Neutralization of 

eNAMPT with an antibody was shown to attenuate inflammatory lung injury in preclinical 

mouse, rat, and porcine ARDS/VILI models [202]–[204]. Of note, Lee et al. reported higher 

serum eNAMPT levels in ALI mouse models (LPS- and CASP-treated mice) than in control mice 

[205]. As with most, if not all, of the diseases in which eNAMPT has been suggested to be 

implicated, eNAMPT appears to contribute to ALI/ARDS and VILI via its pro-

inflammatory/cytokine-like function. Specifically, studies observed that eNAMPT act as a 

leucocyte chemoattractant and increases BAL polymorphonuclear leucocytes (PMN) counts 

and BAL chemokines levels (keratinocyte-derived chemokine (Kc) and macrophage 

inflammatory protein (MIP-2)) in vivo [95], [206]. Tracheal administration of eNAMPT was 

shown to augment BAL pro-inflammatory cytokines (IL-6, TNF-α and IL-1β) levels in mice, 

supporting a possible role for this protein in lung injury-associated inflammatory responses 

[206]. eNAMPT also exacerbated mechanical VILI features, as evidenced by the greater 

alveolar wall thickening and neutrophil infiltration observed in VILI mice which also received 

eNAMPT as compared to mice that were subjected to VILI alone [206]. eNAMPT may also elicit 

lung injury by promoting endothelial cell barrier disruption. For example, Quijada et al. 

observed a decrease in transendothelial electrical resistance (TER) in human lung endothelial 

cells treated with eNAMPT, reflecting a loss of endothelial barrier integrity [203]. In line with 

this, NAMPT silencing in human pulmonary artery endothelial cells (HPAEC), attenuated 

thrombin-induced endothelial barrier dysfunction [207]. Finally, eNAMPT was shown to 

further contribute to pulmonary permeability by dysregulating NF-kB, MAPK and AKT-mTOR-

Rictor signalling pathways in human lung endothelial cells [95], [202], [203].  
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Clinical data 

Consistent with the experimental evidence, circulating levels of eNAMPT were significantly 

increased in patients with ALI, ARDS (see Table 1, [29], [205], [208]) or ARDS-predisposing 

conditions (e.g. sepsis, acute pancreatitis) [208], [209]. Furthermore, eNAMPT levels were 

also significantly higher in BAL fluid from ALI patients compared to control individuals [29]. 

Interestingly, elevated concentrations of eNAMPT seem to be an indicator of poor survival in 

patients presenting with these conditions. For instance, higher eNAMPT levels were found in 

non-survivors of sepsis-induced ARDS than in survivors [210]. In addition, the survival rate of 

ALI patients was shown to negatively correlate with serum eNAMPT concentrations [205]. 

eNAMPT is also one of a panel of six biomarkers that showed promise in predicting 28-day 

ARDS mortality [211]. Supporting a link between eNAMPT and pulmonary inflammation, a 

positive correlation was found between serum eNAMPT and serum IL-6, CXCL8, IL-10 and 

MCP-1 levels in ALI patients [205], [210]. Importantly, circulating eNAMPT levels 

discriminated healthy individuals from patients with ARDS (AUC = 0.86, 95% CI:0.82-090, P-

value < 0.001) [208] and ARDS-predisposing pathologies [208], [209]. Taken together, these 

findings indicate that eNAMPT may serve as a novel diagnostic tool for early detection of 

pulmonary conditions, as a tool for patient stratification for recruitment into clinical trials and, 

possibly, as a therapeutic target in these disorders.  

 

5.5.   Cancer 

Experimental evidence 

Of all of the pathologies that were investigated, eNAMPT implication in cancer is the best 

documented and established. eNAMPT was shown to be involved in the development of 

various cancer types, ranging from solid tumours (e.g. breast, colorectal, gastric, prostate 

cancers) to haematological malignancies (e.g. chronic lymphocytic leukaemia (CLL) and 

cutaneous T-cell lymphoma (CTCL)) [212]. Once secreted by the tumour itself [32], [35], [76] 

or by tumour-associated cells (e.g. leucocytes) [104], eNAMPT is presumed to modulate 

various hallmarks of cancer and promote tumour progression. Firstly, eNAMPT is thought to 

directly stimulate cancer cell proliferation. In vitro studies shown that eNAMPT induced the 

proliferation of breast cancer [42], [213]–[215], melanoma [216], hepatocellular carcinoma 

(HCC) [217], [218], endometrial carcinoma [219] and prostate cancer cells [220], by activating 

pro-survival signalling pathways such as c-Abl/STAT3, PI3K/AKT, MAPK/ERK, Notch1/NF-kB. 

Furthermore, eNAMPT was shown to accelerate cell division in MCF-7 breast cancer cells 

through the upregulation of cyclin D1 and cdk2 [221]. eNAMPT proliferative effect was also 

confirmed in vivo, where eNAMPT administration promoted the growth of endometrial [219] 

and breast cancer xenografts [213], [222]. eNAMPT was also shown to help cancer cells avoid 

cell death. For instance, by preventing the reduction in survivin levels, eNAMPT helped MCF-

7 cells escape TNF-α induced apoptosis [214]. In addition, eNAMPT was shown to protect 

Me45 melanoma cells from hydrogen peroxide-induced DNA damage, probably by 
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augmenting the activity of antioxidant enzymes (CAT, glutathione  peroxidase and  superoxide 

dismutase) [216]. Finally, eNAMPT promoted the differentiation of monocytes into nurse-like 

cells (NLCs) which, in turn, supported CLL cell survival [64].   

A critical role of eNAMPT in activating tumour cell invasion in vitro and in vivo has been 

reported. eNAMPT promoted breast cancer [213], osteosarcoma [223], ovarian cancer [224], 

chondrosarcoma [225] and prostate cancer [226] cells migration by inducing intracellular 

signalling pathways (e.g. c-Abl/STAT3 [213], NF-kB/IL-6 [223], Rho/Rho-associated protein 

kinase (ROCK) [224], MAPK). In colorectal cancer (CRC) cells, eNAMPT upregulated the 

expression of stromal-derived factor (SDF)-1, a chemokine known to stimulate CRC cancer cell 

migration [228]. Consistent with these in vitro findings, eNAMPT was shown to increase 

breast cancer cell invasiveness in a xenograft zebrafish model and to promote lung metastasis 

in a mouse orthotopic xenograft model [213]. Importantly, a neutralizing anti-eNAMPT 

antibody was able to inhibit prostate cancer cell invasiveness in a xenograft model [229]. 

eNAMPT is believed to sustain cancer cell migration and invasion by inducing epithelial to 

mesenchymal transition (EMT). Soncini et al. demonstrated that eNAMPT induced the EMT 

program in breast cancer cells via the upregulation of transforming growth factor β (TGFβ) 

signalling [76]. Similarly, eNAMPT was shown to trigger EMT in gastric and osteosarcoma 

cancer cells by activating NF-kB/Snail-1 signalling [230], [231]. Another mechanism that might 

explain the pro-metastatic function of eNAMPT is the induction of the activity of matrix-

degrading enzymes. For instance, eNAMPT was shown to upregulate the expression and 

activity of gelatinases MMP-2 and -9, in various types of cancer cells [213], [217], [220], [221], 

[225], [226], [232]. Finally, studies demonstrated that eNAMPT stimulates angiogenesis by 

inducing the secretion of various pro-angiogenic factors in endothelial cells [80] and cancer 

cells [221].     

eNAMPT may also contribute to cancer development by promoting an immunosuppressive 

tumour micro-environment (TME). Several studies reported that eNAMPT induced the 

polarization of macrophages into tumour-promoting M2 phenotype [64], [71]. Specifically, 

increased expression of the M2 markers, CD163 and CD206, was observed in monocytes after 

exposure to eNAMPT. eNAMPT was also shown to augment the secretion of 

immunosuppressive molecules and tumour-promoting cytokines (indoleamine 2,3-

dioxygenase (IDO), CCL18, IL-10, IL-1β , IL-6 and CXCL8) [64], [67]. Last, but not least, Audrito 

et al. reported that eNAMPT inhibited autologous T-cell proliferation and increased Treg 

counts in CLL [64], thus fostering the generation of an immunosuppressive TME. Growing 

evidence suggests that eNAMPT participates in cancer therapy resistance. A recent study 

revealed that eNAMPT diminished the sensitivity of colorectal cancer to capecitabine through 

the upregulation of thymidylate synthase (TYMS) expression [233]. Furthermore, eNAMPT 

was shown to induce oestrogen receptor α (Erα) Ser167 phosphorylation [234], which is 

known to contribute to breast cancer resistance to tamoxifen [235]. Finally, eNAMPT-
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mediated enhancement of the antioxidant capacity of tumour cells may also contribute to 

their resilience and drug resistance [216], [236].  

 

Clinical data 

Numerous clinical studies investigated the link between circulating eNAMPT levels and cancer 

development. As reviewed by Dalamaga et al. [212] and summarized in Table 1, higher serum 

and plasma eNAMPT concentrations were found in cancer patients compared with healthy 

individuals. In addition, circulating eNAMPT levels were shown to correlate with tumour size 

and stage of cancer [23], [213], [218], [226], [232], [237]–[243] (the higher eNAMPT levels are 

the bigger and more advanced the tumour is). Multiple studies reported that eNAMPT levels 

negatively correlate with disease-free survival and overall patient survival and are positively 

associated with lymph node invasion and/or metastasis ([213], [232], [242], [244]). In 

particular, eNAMPT was shown to be an independent risk factor for myometrial invasion in 

uterus cancer (OR = 1,091, 95%CI = 1.021-1.166, P = 0.010) [245]. Circulating eNAMPT levels 

also correlated with cancer biomarkers such as CA 15-3 in breast cancer [244], alpha-

fetoprotein in hepatocellular carcinoma [239] and lactate dehydrogenase (LDH) in metastatic 

melanoma [23]. Interestingly, melanoma patients exhibiting PD-L1+ lesions had significantly 

increased plasma eNAMPT concentrations compared to patients with PD-L1- lesions [23]. This 

suggests an association between eNAMPT and immunosuppressive conditions. Finally, 

several ROC analyses demonstrated that eNAMPT has a great potential for predicting cancer 

[226], [241], [244], [246]. A meta-analysis also revealed that elevated eNAMPT concentrations 

were associated with an increased risk of cancer (OR = 1.24, 95%CI = 1.14–1.34, P = 0.000) 

[21]. To conclude, eNAMPT appears as a promising diagnostic biomarker for cancer. In 

addition, there is evidence to suggest that eNAMPT may also be directly involved in tumour 

pathogenesis and may thus represent an attractive therapeutic target. 

 

VI. eNAMPT, a potential drug target  

Over the years, the development of therapeutic drugs targeting NAMPT mainly focused on 

inhibiting its enzymatic activity. As reviewed by Ghanem et al. [5], several small molecules 

have been designed to disrupt NAMPT’s NAD-biosynthetic activity in tumour cells. Among 

these, FK866 (also named APO866, (E)-Daporinad, and WK1) and GMX1778 (also named CHS-

828) have been the most studied [5]. Both showed potent anti-cancer activities in preclinical 

studies [5], and were evaluated in early-phase clinical trials [247]. Unfortunately, these 

experimental drugs showed limited clinical activity and induced dose-limiting toxicities such 

as thrombocytopenia and gastrointestinal toxicity [5], [247]. Second-generation inhibitors of 

NAMPT enzymatic function (NAMPTi), like OT-82, and dual inhibitors, like KPT-9274 which 

inhibits both P21-activated kinase 4 (PAK4) and NAMPT enzymatic activity, are currently being 

evaluated in phase I clinical trials in patients with solid and hematologic malignancies; but no 
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results have been disclosed yet [248]. Thus, to date, the determination of a safe therapeutic 

window for cancer treatment with NAMPTi has not been achieved.  

A not negligible part of the pathological activities of NAMPT in cancer may be carried out by 

its extracellular form, eNAMPT, whose functions are independent of enzymatic activity and 

therefore cannot be inhibited by NAMPTi. For this reason, the development of new 

therapeutic strategies, targeting the eNAMPT protein or both iNAMPT and eNAMPT is 

becoming increasingly attractive. A promising approach are neutralizing antibodies, blocking 

eNAMPT interaction with its receptor(s). Several in vitro and in vivo studies support this 

therapeutic strategy (summarized in Tables 2 and 3). For instance, Kieswich et al. used a 

commercial anti-eNAMPT polyclonal antibody to neutralize the monomeric form of eNAMPT 

in HFD-fed mice [120]. They demonstrated that eNAMPT neutralization improved HFD-fed 

mice diabetic phenotype by ameliorating their pancreatic islet function, glycaemic control and 

insulin resistance [120]. Colombo and colleagues developed their own murine anti-eNAMPT 

monoclonal antibody [193]. They showed that their antibody neutralizes eNAMPT cytokine 

function in vitro and ameliorates acute and chronic colitis in experimental mouse models. In 

a subsequent study, this antibody was able to abrogate polarization of peritoneal 

macrophages of healthy mice toward M1-like phenotype [33]. On the other hand, Audrito et 

al. showed that an anti-eNAMPT pAb prevented eNAMPT-induced STAT3 signalling (a 

signalling protein known to be an important mediator of immunosuppressive responses in 

TME) in tumour-infiltrating M2 macrophages [64], [249]. Last but not least, a humanized anti-

eNAMPT therapeutic monoclonal antibody, ALT-100, developed by Joe G.N Garcia laboratory 

and Aqualung Therapeutics is in early clinical development (NCT05426746) [250], [251]. 

Thanks to a high degree of NAMPT sequence conservation, ALT-100 is cross-reactive with 

many other mammalian species. ALT-100 was able to reduce the severity of murine and 

porcine inflammatory lung injury [202]–[204], to attenuate pulmonary hypertension severity 

in rats [252], to reduce radiation-induced lung fibrosis (RILF) severity in mice [253] and to 

inhibit prostate cancer cell proliferation, invasion, and metastasis in mice [229]. Recently, ALT-

100 also demonstrated therapeutic effects in murine preclinical models of lung 

vasculitis/hemorrhage and nonalcoholic fatty liver disease (NAFLD) [254], [255]. Taken 

together, these studies support a rationale for developing neutralizing anti-eNAMPT 

antibodies for the treatment of diverse inflammatory diseases, such as cancer, lung injury and 

ulcerative colitis.  

Recently, a novel therapeutic approach targeting both eNAMPT and iNAMPT has been 

proposed. This new strategy consists of inducing the degradation of intracellular NAMPT 

through the ubiquitin-proteasome pathway using NAMPT-specific PROteolysis-TArgeting 

Chimera (PROTAC) compounds [256], [257]. As a result, eNAMPT secretion is prevented and 

both the enzymatic and the non-enzymatic activities of NAMPT are disrupted. Promising 

preliminary results have been obtained with these molecules in vitro and in vivo [256], [257]. 

Zhu et al. [256] reported that PROTACs outperformed FK866 in terms of tumour-killing 
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activity. Furthermore, they observed that, unlike FK866, their compounds were able to inhibit 

NF-kB and MAPK/ERK1/2 pathway activation, suggesting that they also block eNAMPT 

cytokine activity by degrading intracellular NAMPT [256]. Further investigations are required 

to determine whether these new molecules could be a valid therapeutic approach for cancer 

treatment. 

 

Concluding remarks 

Over the past decade, eNAMPT protein has emerged as a central player in diverse 

pathologies. Numerous studies have reported a correlation between elevated circulating 

levels of eNAMPT and pathological conditions such as cancer, obesity, diabetes, 

atherosclerosis, arthritis, IBD and lung injury. This indicates a great potential for using 

eNAMPT as a biomarker for inflammatory diseases. Accumulating evidence indicates that 

eNAMPT not only predicts the onset or the aggravation of disease, but also could contribute 

to pathogenesis, principally by inducing inflammation. All that said, many aspects of eNAMPT 

activities remain unclear, including cell surface receptors mediating eNAMPT function, so 

further investigations are required.  
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Figures and tables 

 

Figure 1: eNAMPT, a pleiotropic protein with multiple functions. eNAMPT protein is secreted in the 
extracellular space through an unsolved mechanism of secretion. Then, via its binding to one or more 
undetermined cell surface receptor(s), eNAMPT activates downstream intracellular pathways leading to the 
induction of a variety of physiological and pathological processes. Furthermore, studies have suggested that 
eNAMPT acts directly as an ectoenzyme in the extracellular milieu and generates NMN, which is subsequently 
reinternalized. Abbreviations: Akt, protein kinase B; CD, cluster of differentiation; CCL, chemokine (C-C motif) 
ligand; FGF, fibroblast growth factor; IL, interleukin; IR, insulin receptor; IRS, insulin receptor substrate; JAK, 
janus kinase; MAPK, mitogen-activated protein kinases; MCP-1, monocyte chemoattractant protein-1; MMP, 
matrix metalloproteinase; NAD, nicotinamide adenine dinucleotide; NAM, nicotinamide; NF-kB, nuclear factor 
kappa-light-chain-enhancer of activated B cells; NMN, nicotinamide mononucleotide; NLRP3, NLR family pyrin 
domain containing 3; Nocht1, neurogenic locus notch homolog protein 1; PI3K, phosphatidylinositol-3-kinase;  
STAT3, signal transducer and activator of transcription 3; TXAS, thromboxane synthase; TNF, tumour necrosis 
factor; VEGF, vascular endothelial growth factor. 
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Table 1: Clinical studies highlighting eNAMPT potential as a biomarker for various diseases. Also reviewed by 

Carbone et al. [3], Garten et al. [1], Dalamaga et al. [212] and Audrito et al. [258].  

Author Year Sample size Results 

Obesity  
 
Ezzati-Mobaser et al. 
[88] 

 

 
2020 

 

 
30 obese children 
29 controls 

 

 
Significantly higher plasma eNAMPT levels were found in 
obese patients compared to control subjects (P = 0.005). 
Positive correlations between eNAMPT and BMI z-score (r = 
0.356, P = 0.006) and eNAMPT and endotrophin (r = 0.619, P < 
0.001) were observed. 
 

Alnowihi et al. [105] 2020 35 obese women 
15 overweight women 
33 controls 

The obese group had higher serum eNAMPT levels than the 
overweight and lean groups (P < 0.001). eNAMPT levels were 
positively correlated with waist and hip circumferences (r = 
0.4, P ≤ 0.001), BMI (r = 0.5, P ≤ 0.001), DBP (r = 0.2, P = 0.02), 
SBP (r = 0.2, P = 0.02), insulin (r = 0.3, P ≤ 0.01), HOMA-IR (r = 
0.2, P = 0.02) and LDL-C (r = 0.3, P ≤ 0.01) and negatively 
correlated with HDL-C (r = -0.2, P ≤ 0.01), E2 (r = -0.2, P = 0.04), 
and SHBG (r = -0.26, P ≤ 0.01) values. 
 

Yin et al. [106] 2019 160 obese children 
84 controls 

Serum eNAMPT levels were higher in obese children than in 
lean children (P < 0.01). Similar plasma eNAMPT 
concentrations were found in insulin resistance and non-
insulin resistance groups of obese children (P > 0.05). Serum 
eNAMPT levels correlated with SDS-BMI (β(r) = 0.601, P = 
0.005), BMI (β(r) = 0.523, P = 0.008), hsCRP (β(r) = 0.633, P = 
0.000), IL-6 (β(r) = 0.736, P = 0.000), TNF-α (β(r) = 0.733, P = 
0.000), VCAM-1 (β(r) = 0.726, P = 0.000), ICAM-1 (β(r) = 0.953, 
P = 0.000), Ang-2 (β(r) = 0.933, P = 0.000), and E-selectin (β(r) 
= 0.896, P = 0.000)  levels in obese children.  
 

Ahmadpour et al. 
[108] 

2018 35 obese children 
35 controls 

Serum eNAMPT levels were significantly higher in obese 
children compared to control children (P < 0.001).  A negative 
correlation between serum eNAMPT and plasma miR-149 
levels was found (r = -0.302, P = 0.001). 
 

Nourbakhsh et al. 
[111] 

2015 42 obese children 
31 controls 

Obese children had significantly higher plasma eNAMPT 
concentrations than lean controls (P < 0.001). In obese 
subjects, eNAMPT correlated positively with FPG (r = 0.34, P < 
0.05), insulin (r = 0.58, P < 0.01) and HOMA-IR (r = 0.57, P < 
0.01). 
 

Diabetes 
 
Mir et al. [127] 

 
 
2022 

 
 
87 T2DM  
85 controls 
 

 
 
Male T2DM patients had significantly more elevated serum 
eNAMPT levels compared to controls (P < 0.01).  

Mostafa et al. [128] 2021 60 T2DM 
60 controls 

Circulating levels of eNAMPT were significantly higher in T2DM 
patients than in control individuals (P < 0.001). Correlations of 
eNAMPT with FBG (r = 0.621, P < 0.01), insulin (r = 0.416, P < 
0.01), HOMA-IR (r = 0.518, P < 0.01), HbA1c (r = 0.388, P < 0.01), 
IL-34 (r = 0.312, P < 0.01), IRAPe (r = - 0.380, P < 0.01) and irisin 
(r = -0.494, P < 0.01) were observed.  
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Sayers et al. [121] 2020 27 obese T2DM 
15 obese IFG 
13 controls 
 

Obese patients with T2DM had significantly higher levels of 
serum eNAMPT than obese individuals with impaired fasting 
glucose (P < 0.05) and non-diabetic obese controls (P < 0.05).  
Furthermore, increasing eNAMPT levels correlated with 
increasing HbA1c levels (r2 = 0.379, P < 0.01). In non-diabetic 
individuals, 4.2% of monomeric NAMPT was found, compared 
with 29% in T2DM patients.  
 

Bawah et al. [131] 2019 70 GDM pregnant women  
70 controls 

During the first trimester, higher serum eNAMPT levels were 
found in women who subsequently developed GDM (P < 
0.0001). Increased levels of eNAMPT were associated with 
GDM [OR = 1.342 (CI = 1.185-1.518), P < 0.0001]. Furthermore, 
an ROC analysis showed that eNAMPT can predict GDM 
(sensitivity = 87.1%, specificity = 70%, AUC = 0.799). 
 

Hetta et al. [129] 2018 80 T2DM  
40 controls 

T2DM patients had higher levels of serum eNAMPT compared 
to controls (P = 0.001). In the T2DM group, a positive 
correlation was found between eNAMPT and IL-6 (r = 0.47, P < 
0.0001), TNF-α (r = 0.62, P < 0.0001), CRP (r = 0.40, P < 0.002), 
WC (r = 0.38, P = 0.001), BMI (r = 0.40, P = 0.008) and IR (r = 
0.48, P = 0.001). 
 

Atherosclerosis 
 
Zheng et al. [145] 
 

 
 
2019 

 
 
56 T2DM patients with 
plaques 
41 T2DM patients without 
plaques 

 
 
Patients with atherosclerotic plaques had higher serum 
eNAMPT levels than patients without plaques (male subgroup: 
P = 0.005; female subgroup: P = 0.008). Positive correlations 
were observed between serum eNAMPT levels and WC (r = 
0.226, P = 0.029), waist-hip ratio (r = 0.221, P = 0.032), TG (r = 
0.222, P = 0.030) and number of plaques (r = 0.275, P = 0.009).  
Furthermore, elevated concentrations of serum eNAMPT was 
shown to be an independent predictor of the presence of 
atherosclerotic plaques [OR = 3.315 (CI = 1.496–7.349), P = 
0.003]. 
 

Auguet et al. [142] 2016 18 patients with unstable 
carotid atherosclerotic 
plaques 
13 coronary patients with 
non-atherosclerotic 
mammary arteries 
16 controls 
 

Higher levels of eNAMPT were found in the secretome of 
patients with atherosclerotic plaques than in those with non-
atherosclerotic mammary arteries (P = 0.021).  Serum eNAMPT 
levels were increased in patients with unstable carotid 
atherosclerotic plaques (P = 0.037) and non-atherosclerotic 
mammary arteries (P = 0.001) compared to healthy controls. 

Kong et al. [147] 2014 39 acute ischaemic cerebral 
infarctions patients with 
atherosclerosis 
21 patients without 
atherosclerosis 
35 healthy controls  
 

Mean serum eNAMPT levels were significantly higher in 
patients with atherosclerosis than in those without (P < 0.001).  
Positive correlations of eNAMPT with TG (P = 0.027) and 
glucose (P = 0.004) were shown. No correlations were 
observed between eNAMPT and BMI, TC, HDL-C or LDL-C (P > 
0.05). A logistic regression analysis revealed that eNAMPT 
levels were a risk factor for atherosclerosis (χ2 = 8.515, odds 
ratio = 37.797, P = 0.004). 
 

Kadoglou et al. [143] 2012 74 patients with carotid 
atherosclerosis 
38 controls 

Patients with carotid atherosclerosis had significantly higher 
serum eNAMPT levels than controls (P < 0.001). eNAMPT 
negatively correlated with GSM score ( r = -0.366, P = 0.022). 
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eNAMPT was also significantly correlated with hsCRP (β = 
0.499, P < 0.001) and BMI (β = 0.112, P = 0.038). 
 

Zhong et al. [146] 2008 40 MetS patients with 
carotid plaques 
99 MetS patients without 
carotid plaques 
105 controls 

Serum eNAMPT levels were significantly higher in MetS 
patients with carotid plaques than in patients without (P < 
0.001) or controls (P < 0.001).  LogNAMPT in MetS patients 
correlated with max-IMT (β = 0.293, P = 0.001) and LDL-c (β = 
0.219, P = 0.013) in a multiple regression analysis.  
 

Osteoarthritis 
 
Askari et al. [164] 

 

 
2020 

 

 
150 OA patients 
300 controls 

 
 
Higher serum eNAMPT levels were found in OA patients 
compared to controls (P < 0.001). eNAMPT also correlated 
positively with OA (β = 24.71, P < 0.001). 
 

Tsai et al. [161] 2020 30 OA patients 
30 controls 

OA patients had significantly increased serum eNAMPT 
concentrations compared to controls (P < 0.0001). A positive 
correlation was observed between serum eNAMPT and VEGF 
levels (r = 0.668, P < 0.0001). 
 

Fioravanti et al. [165] 2018 47 erosive hand OA 
patients 
21 controls 

Higher serum eNAMPT levels were found in patients with 
erosive hand OA compared to controls (P < 0.0005).  
 
 

Duan et al. [166] 2012 30 women with OA  
12 controls 

Higher synovial, but not plasma, eNAMPT levels were found in 
OA patients compared to healthy individuals (P < 0.001). 
Patients with a radiological KL grade 4 presented significantly 
higher SF eNAMPT levels compared to patients with 
radiological KL grade 3 (P = 0.001). Furthermore, positive 
correlations were found between SF eNAMPT levels and SF 
CTX-II (r = 0.497, P = 0.005) and SF aggrecans fragments, AGG1 
(r = 0.451, P = 0.012) and AGG2 (r = 0.434, P = 0.017). 
 

Chen et al. [167] 2010 23 OA patients 
17 controls 

OA patients had significantly increased serum eNAMPT levels 
compared to controls (P < 0.05). Noteworthy, SF eNAMPT 
levels were more elevated than paired serum eNAMPT levels 
in OA subjects (P = 0.004). Serum eNAMPT concentrations 
correlated positively with SF eNAMPT levels (r = 0.79, P < 
0.001). 
 

Rheumatoid 
arthritis 
 

Cheleschi et al. [177] 

 
 
    
2022 

 
 
 
50 RA patients 
50 controls 
 

 
 
 
Increased serum eNAMPT levels were found in RA patients 
compared to healthy controls (P < 0.001).  

 
Ali et al. [178] 

 
2020 

 
60 RA patients 
30 controls 

 
Serum eNAMPT concentrations were significantly more 
elevated in RA patients compared to controls (P = 0.013). In 
this study, eNAMPT levels correlated with those of chemerin (r 
= 0.328, P ≤ 0.01) and with the chemerin/eNAMPT ratio (r = -
0.599, P ≤ 0.01). 
 

Sglunda et al. [181] 2014 40 RA patients 
30 controls 

Serum eNAMPT levels were significantly higher in RA patients 
than in healthy controls (P = 0.034). eNAMPT was positively 
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correlated with DAS28 (r = 0.383, P = 0.015) and CRP levels (r 
= 0.456, P = 0.003) and negatively correlated with anti-CCP 
levels (r = -0.400, P = 0.011). Noteworthy, serum eNAMPT 
concentrations decreased significantly after three months of 
nonsteroidal antirheumatic drugs treatment compared to 
baseline values (P < 0.0001). This eNAMPT reduction was 
associated with a decrease in DAS28 (r = 0.378, P = 0.018) and 
CRP (r = 0.386, P = 0.015) and predicted an amelioration in 
DAS28 after 12 months of treatment (P = 0.031, R2 = 10.1%). 
Finally, in RA patients, the reduction in eNAMPT levels 
significantly predicted a rise in total cholesterol (P = 0.015).   
 

El-Hini et al. [183] 2013 40 RA patients 
40 controls 

Elevated serum eNAMPT levels were found in RA patients 
compared to healthy controls (P = 0.000). In addition, eNAMPT 
concentrations positively correlated with insulin (r = 0.303, P = 
0.05), HOMA-IR (r = 0.346, P = 0.029), HOMA-B (r = 0.434, P = 
0.005), cholesterol (r = 0.501, P = 0.001), TG (r = 0.471, P = 
0.002), LDL-C (r = 0.319, P = 0.045) and disease activity score 
(DAS moderate: r = 0.329, P = 0.038; DAS severe >5: r = 0.528, 
P = 0.003). A negative correlation was also found with HDL-C (r 
= -0.398, P = 0.011) and adiponectin (r = -0.686, P = 0.000). 
 

Šenolt et al. [182] 2011 29 RA patients 
33 controls 

Serum eNAMPT levels were significantly increased in RA 
patients than in healthy controls (P = 0.026). Noteworthy, 
eNAMPT levels of RA patients at week 16 of rituximab 
treatment were close to those of controls (P = 0.086).  In 
addition, serum eNAMPT levels correlated positively with the 
total number of B cells (rs = 0.417, P = 0.025). However, 
eNAMPT levels did not correlate with DAS28 (rs = -0.021, P = 
0.913), with CRP (rs = 0.091, P = 0.640) or with IgM-RF levels 
(rs = -0.276, P = 0.147). 
 

Inflammatory 
bowel disease 
 
Colombo et al. [199] 

 

 
 
 
 

2023 

 
 
 
 

180 IBD patients (128 CD, 
52 UC) 
18 controls 

 
 
 
 

Higher serum eNAMPT levels were found in IBD patients 
compared to controls (P < 0.0001). No differences in eNAMPT 
concentrations were observed between UC and CD patients (P 
> 0.05). Serum eNAMPT concentrations correlated positively 
with hsCRP (r = 0.62, P = 0.0001), severity score (r = 0.40, P = 
0.0001), BMI (r = 0.56, P = 0.001) and IL-6 (r = 0.36, P = 0.001) 
and negatively with IL-10 (r = -0.55, P = 0.001).  eNAMPT levels 
were significantly lower in patients responsive to adalimumab 
treatment than in non-responsive patients (P < 0.001). 
Furthermore, an ROC analysis showed that eNAMPT is able to 
discriminate responsive patients from non-responsive patients 
(AUC = 0.71, CI = 0.56 - 0.86). 
 

Saadoun et al. [198] 
  

2021 85 IBD patients (56 UC, 29 
CD) 
30 controls 

Increased serum eNAMPT levels were found in IBD patients 
compared to healthy controls (P < 0.001). In UC patients, 
eNAMPT concentrations correlated with BMI (r = 0.31, P = 
0.02), CRP (r = 0.58, P < 0.001), ESR (r = 0.58, P < 0.001), TLC (r 
= 0.28, P = 0.04), FC (r = 0.69, P<0.001) and serum albumin (r = 
-0.54, P < 0.001). In CD patients, eNAMPT levels correlated 
positively with ESR (r = 0.44, P = 0.02), CRP (r = 0.48, P = 0.01) 
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and FC (r = 0.64, P < 0.001). An ROC curve analysis 
demonstrated that eNAMPT could detect active UC with high 
efficacy (sensitivity = 92.9%, specificity = 86.7%,  AUC = 0.911). 
  

Neubauer et al. [195] 2019 240 IBD patients (127 UC, 
113 CD) 
20 IBS-controls 
40 controls 

Higher serum eNAMPT levels were found in IBD patients than 
in IBS and healthy controls (P = 0.018). In addition, patients 
with active UC had significantly higher serum eNAMPT levels 
than patients with inactive UC (P = 0.001). No difference was 
found between patients with active and inactive CD. In UC 
patients, eNAMPT levels correlated positively with 
Rachmilewitz index (RI) (ρ = 0.28, P = 0.002) and the Mayo 
endoscopic score (ρ = 0.47, P < 0.0001). eNAMPT levels 
correlated negatively with iron (UC: r = −0.30, P = 0.006; CD : r 
= −0.34, P = 0.003), Tf (UC: r = −0.34, P = 0.001; CD: r= −0.28, P 
= 0.018) and Alb (UC: r = −0.28, P = 0.006; CD: r= −0.35, P = 
0.001), and positively with PLT (UC: r = 0.20, P = 0.030), WBC 
(UC: r = 0.18, P = 0.044; CD: r = 0.27, P = 0.009), ESR (UC: r = 
0.41, P < 0.001), and hsCRP (UC: r = 0.37, P = 0.002; CD: r = 0.35, 
P = 0.013). Serum eNAMPT levels were also positively 
correlated with NAMPT expression in leucocytes in 16 IBD 
patients (r = 0.77, P < 0.001).  
 

Dogan et al. [196]  2016 31 UC patients  
29 controls 
 

Serum eNAMPT levels were significantly higher in patients 
with active UC than in controls (P < 0.05). In addition, eNAMPT 
levels were significantly higher in the active disease period 
compared with the remission period (P = 0.01). 
 

Waluga et al. [194] 2014 40 IBD patients (16 UC, 24 
CD) 
16 controls 

Higher serum eNAMPT levels were found in IBD patients 
compared to healthy controls (P < 0.05) Noteworthy, 
corticosteroids and/or azathioprine treatment significantly 
reduced eNAMPT concentrations (P < 0.05) in CD patients, 
although these levels remained higher than in healthy controls 
(P < 0.05). 
 

ALI / ARDS 
 
Bime et al. [208] 
 

 

 
2022 

 

 
Study cohort 1 (248 ARDS 
patients 
70 controls) 
Study cohort 2 (100 ARDS 
patients 
78 controls) 
 

 

 
In patients with ARDS, plasma eNAMPT concentrations were 
significantly more elevated than in healthy controls (P < 0.01). 
Furthermore, eNAMPT was able to discriminate ARDS patients 
from healthy individuals, as shown by an ROC analysis (Cohort 
1: AUC = 0.86, 95%CI = 0.82-0.90, P < 0.001; Cohort 2: AUC = 
0.85, 95%CI = 0.8-0.9, P < 0.0001).  
 

Lee et al. [205] 2019 110 ALI patients 
32 controls 

Serum eNAMPT levels were higher in ALI patients than in 
control individuals (P < 0.001). A negative correlation between 
eNAMPT levels and survival rate of ALI patients was found (P = 
0.002). In addition, increased eNAMPT levels positively 
correlated with IL-6 (ρ = 0.584, P < 0.001), IL-8 (ρ = 0.313, P = 
0.001), IL-10 (ρ = 0.319, P = 0.001) and MCP-1 (ρ = 0.242, P = 
0.011).  
 

Ye et al. [29] 2005 3 ALI patients 
3 controls 

Higher serum and BAL eNAMPT levels were found in ALI 
patients compared to healthy controls (P < 0.01).  
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Cancer 
Sawicka-Gutaj et al. 
[246] 

 
 

2022 

 
 
 

22 patients with 
adrenocortical carcinomas 
26 patients with benign 
adrenocortical tumors  

 
 

Serum eNAMPT levels were significantly higher in patients 
with adrenocortical carcinomas than in patients with benign 
adrenocortical tumors (P = 0.003). Furthermore, eNAMPT 
concentrations were higher in patients with advanced clinical 
stage with metastases compared with other patients (P = 
0.022). Finally, an ROC analysis showed that serum eNAMPT 
levels were able to distinguish patients with adrenocortical 
carcinomas from patients with benign tumours (sensitivity = 
50%, specificity =  92.3%, AUC = 0.739, P = 0.001). 
 

Pazgan-Simon et al. 
[259] 

2020 69 HCC patients 
20 controls 
 

Serum eNAMPT concentrations were significantly more 
elevated in HCC patients compared with healthy controls (P = 
0.04).  
 

Sun et al. [226] 2020 34 PCa patients 
130 high-risk subjects 
without PCa 
105 non-age-matched 
controls 
27 age-matched controls 
 

Plasma eNAMPT levels of PCa patients were significantly 
higher than those of high-risk subjects without PCa (P < 0.05), 
non-age-matched controls (P < 0.01) and age-matched 
controls (P < 0.001). eNAMPT concentrations were significantly 
more elevated in extraprostatic-invasive PCa than in organ-
confined PCa (P = 0.028). In line with this, plasma eNAMPT 
levels significantly correlated with PCa tumour stages (P = 
0.041). An ROC analysis revealed that the measurement of 
plasma eNAMPT levels could be used to diagnose PCa  
(sensitivity  = 79%, specificity = 82%, AUC = 0.79, P < 0.05). 
  

Audrito et al. [23] 2018 163 BRAF-mutated 
melanoma patients 
(113 metastatic melanoma, 
50 localized melanoma) 
38 controls 
 

Higher plasma eNAMPT levels were found in patients with 
metastatic melanoma compared to patients with localized 
stages I-II melanoma and controls (P ≤ 0.0001). In addition, 
eNAMPT correlated positively with LDH, a marker of tumour 
burden, in 39 patients (r = 0.41, P = 0.008). Melanoma patients 
exhibiting PD-L1+ lesions had significantly increased plasma 
levels of eNAMPT compared to patients with PD-L1- lesions (P 
≤ 0.01).  
 

Cymbaluk-Ploska et 
al. [241] 

2018 78 patients with 
endometrial cancer 
63 controls 

In patients with endometrial cancer, serum eNAMPT 
concentrations were significantly higher than in controls with 
a normal endometrium (P = 0.002). Furthermore, eNAMPT 
levels were higher in patients with highly advanced cancer 
compared to those with less advanced cancers (P = 0.0002), as 
well as in G3 versus G2 grading cancers (P = 0.002), in patients 
with >2cm melanoma versus those with <2cm melanoma (P = 
0.003) and in patients with deep myometrium infiltration 
compared to those with superficial infiltration (P = 0.004). In 
line with this, in patients with endometrial cancer, high levels 
of eNAMPT correlated with shorter overall survival (P = 
0.0001). Finally, an ROC analysis showed that eNAMPT was 
able to distinguish patients with endometrial cancer from 
individuals with benign endometrial lesions (AUC = 0.89, 95%CI 
= 0.74-0.9, P < 0.002). 
 

Sowa et al. [260] 2018 59 patients with parotid 
gland tumour (30 PA, 21 
WT, 8 ACC) 
30 controls 

Significantly higher serum eNAMPT levels were found in 
patients with parotid gland tumour (PA, WT and ACC) than in 
healthy controls (P < 0.05). 
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Abbreviations: ACC, acinic cell carcinoma; Alb, albumin; ALI, acute lung injury; Ang-2, angiotensin-2; ARDS, acute 
respiratory distress syndrome; AUC, area under the curve; BAL, bronchoalveolar lavage; BMI, body mass index; 
CCP, cyclic citrullinated peptide; CD, Crohn’s disease; CI, confidence interval; CRP, C-reactive protein; CTX-II, C-
terminal telopeptide of collagen type II; DAS28, disease activity score-28; DBP, diastolic blood pressure; E2, 
estradiol; eNAMPT, extracellular nicotinamide phosphoribosyltransferase; ESR, erythrocyte sedimentation; FBG, 
fasting blood glucose; FC, fecal calprotectin; FPG, fasting plasma glucose; GDM, gestational diabetes mellitus; 
GSM, gray scale median; HbA1c, hemoglobin A1C; HCC, hepatocellular carcinoma; HDL-C, high-density 
lipoprotein-cholesterol; hs, high-sensitivity; HOMA-B, homeostatic model assessment of β-cell function; HOMA-
IR, homeostatic model assessment of insulin resistance; IBD, inflammatory bowel disease; IBS, irritable bowel 
syndrome; ICAM-1, intercellular adhesion molecule-1; IFG, impaired fasting glucose; IgM, immunoglobulin M; 
IL, interleukin; IMT, intima-media thickness; IR, insulin resistance; KL, Kellgren-Lawrence; LDH, lactate 
dehydrogenase; LDL-C, low-density lipoprotein-cholesterol; MetS, metabolic syndrome; MCP-1, monocyte 
chemoattractant protein-1; OA, osteoarthritis; PA, pleiomorphic adenoma; PCa, prostate cancer; PD-L1, 
programmed cell death-ligand 1; PLT, platelet count; RA, rheumatoid arthritis; RF, rheumatoid factor; ROC, 
receiver operating characteristic; SBP, systolic blood pressure; SDS-BMI, BMI s.d. score; SF, synovial fluid; SHBG, 
sex hormone-binding globulin; T2DM, type 2 diabetes mellitus; TC, total cholesterol; TLC, total leucocyte count; 
Tf, transferrin; TG, triglycerides; TNF-α, tumour necrosis factor-α; UC, ulcerative colitis; VEGF, vascular 
endothelial growth factor; VCAM-1, vascular cell adhesion molecule-1; WBC, white blood cells; WC, waist 
circumference; WT, Warthin’s tumour.  
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Table 2: Preclinical in vitro studies assessing the neutralizing effect of anti-eNAMPT antibodies. 

Author Year Cells Treatment  Results 

Pillai et al. 
[261]. 

2013 Neonatal rat 
cardiomyocytes 

Anti-eNAMPT pAb 
(Lampire Biological 
Laboratories [206]) 

Anti-eNAMPT pAb blocked eNAMPT-induced 
increase in leucine incorporation into 
cardiomyocyte proteins (P < 0.001) and increase in 
cardiomyocyte size (P < 0.001), indicating that the 
antibody prevented the prohypertrophic effect of 
eNAMPT. 
 

Audrito et al. 
[64] 

2015 Nurse-like cells 
(NLC) 

50µg/mL of anti-eNAMPT 
pAb (Lampire Biological 
Laboratories [206]) 

eNAMPT-induced STAT3 signalling activation was 
significantly reduced by anti-eNAMPT pAb in NLCs 
(P = 0.02). 
 

Liu et al. 
[262] 
 

2015 NCI-H446 cells 10µg/mL of anti-eNAMPT  
antibody (Santa Cruz 
Biotechnology) 

Neutralization of eNAMPT significantly prevented  
NCI-H446 cell transendothelial migration (P < 0.01). 

Zhang et al. 
[263] 

2018 Macrophages 
isolated from 
human PBMC,  and 
polarized into M2 
phenotype  

Anti-eNAMPT antibody 
(LifeSpan Biosciences) 

M2 macrophages treatment with anti-eNAMPT 
antibody reduced CD206 expression levels as well as 
IL-1ra and IL-10 release (P < 0.05). 

Colombo et 
al. [193] 

2020 4T1 cells 10 or 50µg/mL of anti-
eNAMPT mAb (C269) 

C269 antibody dose-dependently reduced eNAMPT-
induced STAT3 phosphorylation in 4T1 cells. 
 

Quijada et 
al. [203] 

2020 Human lung 
endothelial cells 
(ECs) 

10µg/mL of anti-eNAMPT 
pAb or 10µg/mL of ALT-100 
anti-eNAMPT mAb 

Anti-eNAMPT pAb significantly diminished 
eNAMPT-induced NF-kB and MAPK signalling 
pathways activation in human lung ECs (P < 0.05). 
Furthermore, both anti-eNAMPT mAb and pAb 
reduced eNAMPT-induced decline in EC barrier 
integrity (determined by measurement of ECs trans-
endothelial electrical resistance) (P < 0.05).  
 

Sun et al. 
[229] 
 
 

2021 DU145 and PC3 
cells 

10µg/mL of ALT-100 anti-
eNAMPT mAb 

Treatment of PCa cells with ALT-100 significantly 
reduced eNAMPT-induced NF-kB phosphorylation 
(P < 0.05). 

Xiao et al. 
[227] 

2021 A549 and H1299 
cells 

100ng/mL of anti-eNAMPT 
pAb (A300-778, Invitrogen)  

Anti-eNAMPT pAb inhibited radiation-induced 
migration and invasion of A549 cells (P < 0.01). In 
addition, the antibody reversed the radiation-
mediated upregulation of Snail in A549 and H1299 
cells (P < 0.01). 
 

Colombo et 
al. [33] 

2022 Murine peritoneal 
macrophages (PEC) 

10µg/mL of anti-eNAMPT 
mAb (C269) 

C269 antibody reduced eNAMPT-mediated 
upregulation of inflammatory M1-related gene 
expression (Cox2, Nos2, IL-1β, Cxcl9, Cxcl10, IL-6) in 
PECs (P < 0.05).  

 

Abbreviations: CD206, cluster of differentiation 206; Cox2, cyclooxygenase-2; Cxcl, chemokine C-X-C motif 

ligand; EC, endothelial cell; eNAMPT, extracellular nicotinamide phosphoribosyltransferase; IL, interleukin; mAb, 

monoclonal antibody; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor kappa-light-chain-

enhancer of activated B cells; NLC, nurse-like cells; Nos2, nitric oxide synthase 2; pAb, polyclonal antibody; 

PBMC, peripheral blood mononuclear cell; PCa, prostate cancer; PEC, peritoneal macrophages; STAT3, signal 

transducer and activator of transcription 3. 
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Table 3: Preclinical in vivo studies evaluating the therapeutic potential of anti-eNAMPT antibodies.  

Author Year Disease model Treatment 
(dose/administration) 

Results 

Hong et al. 
[206] 

2008 Murine model of 
VILI  

Anti-eNAMPT pAb from 
Lampire Biological 
Laboratories (IT, 70µL, 
30min before VILI). 

Anti-eNAMPT pAb significantly reduced the VILI-
mediated BAL PMN accumulation and tissue albumin 
leakage in mice (P < 0.05). eNAMPT-induced 
accumulation of BAL PMNs was also significantly 
diminished in the presence of this antibody (P < 0.05).   
 

Kieswich et 
al.  [120] 

2016 Mouse model of 
diabetes (HFD-fed 
mice) 

Anti-eNAMPT pAb from 
LifeSpan Biosciences (IP, 
2.5μg/mL, four separate 
doses during weeks 9–10). 

Administration of the anti-eNAMPT antibody 
reversed the diabetic phenotype of HFD-fed mice 
(serum glucose and HOMA-IR reduction, P < 0.05; 
QUICKI increase, P < 0.01). In the same mice, the 
latter antibody reduced β-cell dysfunction (increased 
insulinaemia and islet size; P < 0.05) and improved 
tissue and systemic inflammation (reduced 
expression of IL-1β, TNF-α, CCL2 in isolated islets; P < 
0.01).  
 

Colombo  et 
al. [193] 

2020 DNBS- and DSS-
induced colitis 
mouse models 

C269 anti-eNAMPT mAb (IP, 
2.5mg/kg/mouse, injected 
at day 0 and 3 post-DNBS 
induction and at day 0–3–7 
days post-DSS induction). 

C269 antibody injection reduced body weight loss 
(DNBS: P < 0.001; DSS: P < 0.01), colon shortening 
(DNBS and DSS: P < 0.001), transmural necrosis and 
oedema (assessed by histological analysis, DNBS: P < 
0.01, DSS: P < 0.05), in DNBS- or DSS-treated mice.    
 

Quijada et 
al. [203] 

2020 “One-hit” (LPS) 
and “two-hit” 
(LPS/VILI) ARDS 
mouse models 
 

Anti-eNAMPT pAb and ALT-
100 anti-eNAMPT mAb (IV, 
4mg/kg and 0.4mg/kg 
respectively, injected 
concomitantly to LPS 
challenge and prior to 
mechanical challenge). 
 

Both anti-eNAMPT pAb and ALT-100  reduced LPS-
induced histological evidence of inflammation and 
injury (P < 0.05) as well as BAL protein content (P < 
0.05) and BAL PMN counts (P < 0.05) in preclinical 
“one-hit” and “two-hit” ARDS mouse models. In 
addition, ALT-100 decreased plasma IL-6 levels in 
mice exposed to “one-hit” or “two-hit” challenge (P < 
0.05). 
 

Sun et al. 
[229] 
 
 
 

2021 PCa orthotopic 
xenograft mouse 
models 

ALT-100 anti-eNAMPT mAb 
(IP, 0.4mg/kg in PBS, 
1time/week for 12 weeks).  

ALT-100 antibody significantly elevated the 
probability of survival of SCID mice bearing 
orthotopic DU145 or PC3 xenografts compared to 
control treatment (P < 0.05). In addition, ALT-100 
induced a significant reduction in DU145 and PC3 
tumour size (P < 0.05). 
  

Ahmed et 
al. [252] 

2021 PAH 
hypoxia/sugen rat 
model 
 

ALT-100 anti-eNAMPT mAb 
(IP, 1mg/kg, injection 
beginning at week 4, then 
2times/week). 

ALT-100 significantly diminished vessel wall thickness 
(P < 0.01), RVSP (P < 0.05), RV/(S+LV) ratio (P < 0.05), 
plasma eNAMPT levels, plasma IL-6 levels and plasma 
TNF-α levels (P < 0.05) in rats exposed to 
hypoxia/sugen.  
 

Garcia et al. 
[264] 

2021 WTLI murine 
model of 
radiation 
pneumonitis  

Anti-eNAMPT pAb or ALT-
100 anti-eNAMPT mAb (IP, 
4mg/kg and 0.4mg/kg 
respectively, injection 1day 
post WTLI, then 
1time/week). 
 

Anti-eNAMPT pAb and ALT-100 significantly 
decreased WTLI-induced histologic inflammatory 
injury, BAL protein levels, BAL cell counts and RILI 
severity score in WTLI 20Gy-exposed mice (P < 0.05).  
In addition, ALT-100 reduced plasma levels of 
eNAMPT, IL-6 and IL-1β in these same mice (P < 0.05).   
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Bermudez 
et al. [202] 

2022 “One-hit” (LPS) 
and “two-
hit”(LPS/VILI or 
blast trauma/VILI) 
ARDS rat models 
 
 

Anti-eNAMPT pAb or ALT-
100 anti-eNAMPT mAb (IV, 
4mg/kg and 0.4mg/kg 
respectively, concomitantly 
to LPS challenge or after 
blast exposure, and prior to 
mechanical ventilation). 

Both anti-eNAMPT pAb and ALT-100 reduced LPS-
induced histological evidence of inflammation and 
injury (P < 0.05), BAL protein content  (P < 0.05) and 
BAL PMN counts (P < 0.05) in preclinical “one-hit” 
(LPS) and “two-hit” (LPS/VILI) ARDS rat models.  
 
In “two-hit” (blast-trauma/VILI) rats, anti-eNAMPT 
pAb diminished histological evidence of 
inflammation and injury compared to PBS (P < 0.05).   
 

Sammani et 
al. [204] 

2022  Porcine ARDS/VILI 
model 

ALT-100 anti-eNAMPT mAb 
(IV, 0.4mg/kg, delivered 
either 2h or 6h after 
initiation of LPS/VILI). 

ALT-100 antibody decreased total BAL cell and BAL 
PMN counts, lung tissue wet/dry weight ratio, plasma 
levels of IL-6, IL-1Ra, Ang-2; and BAL protein and lung 
tissue albumin levels in LPS/VILI-challenged pigs (P < 
0.05). In addition, ALT-100 attenuated acute kidney 
injury in LPS/VILI-challenged pigs, as evidenced by 
reductions in histopathologic score, caspase-3 
cleavage staining levels and plasma lipocalin levels (P 
< 0.05). 
 

Garcia et al. 
[253] 

2022 WTLI murine 
model of 
radiation fibrosis 

Anti-eNAMPT pAb or ALT-
100 anti-eNAMPT mAb (IP, 
4mg/kg and 0.4mg/kg 
respectively, injection 4h 
post WTLI, then 
1time/week). 

Both anti-eNAMPT pAb and ALT-100 mAb 
significantly reduced WTLI-mediated histologic lung 
injury, BAL protein levels and BAL cell counts 
compared with the PBS/IgG1 control (P < 0.05). In 
addition, ALT-100 mAb significantly decreased 
trichrome blue staining, an indicator of lung fibrosis, 
and plasma IL-1β levels (P < 0.05). 
 

Tumurkhuu 
et al. [254] 

2022 Murine model of 
pristane-induced 
lung vasculitis 
and diffuse 
alveolar 
hemorrhage  

ALT-100 anti-eNAMPT mAb 
(IP, 1mg/kg, delivered on 
days 1 and 7). 

ALT-100 antibody significantly diminished immune 
cell infiltration in lung perivascular area in pristane-
challenged mice (P < 0.05). Furthermore, in the same 
mice, ALT-100 significantly attenuated pristane-
induced increase in BAL cell counts and protein levels 
as well as pristane-induced NF-kB inflammatory 
signalling activation (P < 0.05).  
 

Sun et al.  
[255] 

2023 Streptozotocin 
(STZ)/HFD murine 
NAFLD model 

ALT-100 anti-eNAMPT mAb 
(IP, 0.4mg/kg, injection 
1time/week from week 9 to 
week 12). 

STZ/HFD mice treatment with ALT-100 antibody 
reduced NASH severity, as evidenced by reductions 
in steatosis score, hepatic triglyceride levels and 
NAFLD activity score (P < 0.05). In addition, eNAMPT 
neutralization by ALT-100 also decreased plasma 
TNF-α levels and hepatic SNAI1 expression levels in 
the same mice (P < 0.05). 
 

Abbreviations: Ang-2, angiopoietin-2; ARDS, acute respiratory distress syndrome; BAL, bronchoalveolar lavage; 

CCL-2, chemokine (C-C motif) ligand 2; DNBS, dinitrobenzene sulfonic acid; DSS, dextran sulfate sodium; 

eNAMPT, extracellular nicotinamide phosphoribosyltransferase; HFD, high fat diet; HOMA-IR, homeostatic 

model assessment of insulin resistance; IL, interleukin; IP, intraperitoneally;  IT, intratracheally; IV, intravenously; 

LPS, lipopolysaccharide; mAb, monoclonal antibody; NAFLD, non-alcoholic fatty liver disease; NASH, non-

alcoholic steatohepatitis; pAb, polyclonal antibody; PBS, phosphate-buffered saline; PCa, prostate cancer; PAH, 

pulmonary arterial hypertension; PMNs, polymorphonuclear neutrophils; QUICKI, Quantitative Insulin 

Sensitivity Check Index; RILI, radiation-induced lung injury; RVSP, right ventricular systolic pressure, RV/ (S + LV), 

ratio of the weight of the right ventricle to that of the septum plus left ventricle; SCID, severe combined 

immunodeficiency; STZ, streptozotocin; TNF-α, tumour necrosis factor α; VILI, ventilator-induced lung injury; 

WTLI, whole thoracic lung irradiation. 
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2. Introduction  
Nicotinamide phosphoribosyltransferase (NAMPT) is a homodimeric protein detectable both 

intracellularly and extracellularly [1]. NAMPT is a key enzyme in the nicotinamide adenine 

dinucleotide (NAD+) salvage pathway, which catalyzes the production of nicotinamide 

mononucleotide (NMN) from nicotinamide (NAM) [1]. Furthermore, this protein also 

accomplishes multiple functions in the extracellular space; including adipokine, cytokine and 

pro-angiogenic activities [2]. In the following introduction, I will focus on extracellular NAMPT 

(eNAMPT). eNAMPT biology (secretion, functions, receptors) and its role in cancer are treated 

in detail in the associated review (section 1). 

 

2.1. NAMPT biology   

2.1.1. NAMPT gene and protein structure 

NAMPT gene was first isolated in 1994 by Samal et al., from human peripheral blood 

lymphocytes [3]. The NAMPT gene is located at the 7q22.3 locus on human chromosome 7 

and consists of 11 exons and 10 introns [4], [5]. The NAMPT gene is ubiquitously expressed  

[6] and its sequence is highly conserved among species [7]. This indicates that NAMPT plays 

an important role in organisms physiology, which is supported by the fact that deletion of 

NAMPT gene is embryonically lethal in mice [8].  

Once translated, the 2.4kb NAMPT transcript produces a 491 amino acids (aa) monomer with 

a molecular mass of 55kDa [9]. The two NAMPT monomers then dimerize to form a 

homodimeric type II protein [10]. Specifically, each NAMPT monomer is organized into two 

structural domains and is constituted of 13 α-helices and 19 β-strands (Figure 1) [9]. NAMPT 

protein is detectable in both the nucleus and the cytosol and its localization varies according 

to the phases of the cell cycle [11], [12]. Its potential localization in mitochondria is still under 

debate [13]–[15]. Furthermore, NAMPT can also be released into the systemic circulation in 

extracellular vesicles (EVs) [16], [17].  
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Figure 1: NAMPT monomer crystal structure. Sourced from Kim et al. [9].  

 

2.1.2. eNAMPT secretion  

NAMPT can also be directly secreted into the extracellular space through an active 

mechanism not deciphered yet. eNAMPT is released in the extracellular space by a large 

variety of cell types upon different kinds of stimuli [1], [10]. There is evidence to suggest that 

eNAMPT is not secreted through the classical ER-Golgi secretory pathway and that its release 

is regulated by sirtuin-1 and sirtuin-6 (SIRT1 and SIRT6) enzymes [8], [17]–[21].  

 

2.2. NAMPT functions   

2.2.1.  NAMPT enzymatic activity 

NAMPT is a phosphoribosyltransferase (EC 2.4.2.12) that participates in the production of 

NAD+, an essential co-factor for cellular metabolism [6], [10]. Specifically, NAMPT is the rate-

limiting enzyme of the NAD+ salvage pathway in mammals [1]. NAMPT uses NAM and 5’-

phosphoribosyl-1-pyrophosphate (PRPP) to produce NMN [1], as illustrated in Figure 2. This 

NMN is subsequently transformed by NMN adenylyltransferases 1-3 (NMNATs 1-3) to NAD+, 

which will be consumed in cellular redox reactions or by NAD+-dependent enzymes [1], [6]. 

These NAD+-consuming enzymes; such as sirtuins, cluster of differentiation 38 (CD38) or 
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poly(ADP-ribose) polymerases (PARPs), have been shown to modulate various biological 

processes including mitochondrial biogenesis, DNA repair or apoptosis [22]. Thus, through its 

NAD-biosynthetic activity, NAMPT contributes to the metabolism and survival of mammalian 

cells [1].  

 

 

 

Figure 2: NAD+ biosynthetic pathways. Nicotinamide adenine dinucleotide (NAD+) can be produced by three 
different pathways. In the kynurenine pathway, two rate limiting enzymes, indoleamine 2,3-dioxygenase (IDO) 
or tryptophan 2,3-dioxygenase (TDO) convert the amino acid tryptophan into N-Formylkynurenine. After 
successive enzymatic reactions, N-Formylkynurenine is transformed into nicotinic acid mononucleotide (NAMN) 
which joins the Preiss-Handler pathway. In the latter, NAMN is also generated from nicotinic acid (NA) by the 
enzyme nicotinic acid phosphoribosyltransferase (NAPRT). NAMN is then converted to NAD+ by the action of 
nicotinamide mononucleotide adenylyltransferases (NMNAT1, NMNAT2 and NMNAT3) followed by NAD+ 
synthetase (NADS). In the salvage pathway, NAMPT rate-limiting enzyme generates nicotinamide 
mononucleotide (NMN) from nicotinamide (NAM). NMN is subsequently transformed into NAD+ by NMNAT1-3. 
Finally, NAD+ fuels the activity of NAD+-degrading enzymes. Modified from Covarrubias et al. [23]. 

 

2.2.2. eNAMPT extracellular functions 

eNAMPT is a pleiotropic protein that has been shown to act as an adipokine, a pro-

inflammatory cytokine or a pro-angiogenic mediator in the extracellular space [2]. Whether 

or not eNAMPT exerts a NAD-biosynthetic activity in the extracellular milieu is controversial 

[10].  
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2.3. Putative receptors of eNAMPT 

Over the years, several cell surface proteins have been envisioned as putative eNAMPT 

receptors. In 2005, Fukuhara et al. [24], were the first to propose a receptor for eNAMPT, 

namely the insulin receptor (IR). However, their publication was retracted due to lack of 

reproducibility [25]. Later, TLR4 and CCR5 were suggested as eNAMPT receptors [26], [27].  

 

2.3.1. CC-chemokine receptor type 5 (CCR5) 

CCR5 is a seven-transmembrane, G-protein coupled receptor (GPCR) that binds with high 

affinity to the CC family chemokines: CCL3, CCL4, CCL5 (also known as RANTES) and CCL8 [28]–

[31]. CCR5 is expressed by a variety of immune cells, including T cells, macrophages and 

natural killers (NK); and plays an important role in triggering the adaptive immune response 

by recruiting immune effector cells to inflamed and damaged tissues [30]–[32].  Furthermore, 

CCR5 may participate in inflammation resolution as it also induces the recruitment of 

regulatory T cells (Treg) [32]. Engagement of the CCR5 receptor by its ligands induces the 

activation of G proteins (Gαi, Gαq, and Gβγ) and downstream signalling pathways, such as 

phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) and nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB) pathways, leading to cytoskeleton rearrangement, 

adhesion and chemotactic cell migration (Figure 3) [31], [33]. Most importantly, CCR5 has 

been identified as one of the main co-receptors of human immunodeficiency virus (HIV), 

allowing the virus to enter and infect host cells [32], [34]. In addition, CCL5/CCR5 axis has 

been shown to promote tumor growth and invasion, induce angiogenesis and mediate tumor 

cell resistance to anti-cancer drugs, among several other mechanisms [31].  
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Figure 3: Signalling pathways downstream of CCR5. CCR5 receptor engagement activates heterodimeric G 
proteins that in turn trigger downstream signalling cascades including phospholipase C-γ (PLC-γ)(A), PI3K/PI3Kγ 
(B), Rac/CDC42/RhoA (Rho family GTPases)(C) and janus kinase/signal transducer and activator of transcription 
(JAK/STAT) pathways (D). These signalling transduction pathways then mediate cell transcription, chemotaxis, 
adhesion, survival and cytoskeleton rearrangement. Sourced from Wu and Yoder. [33]. 

 

2.3.2. Toll-like receptor 4 (TLR4) 

TLR4 is a type-I transmembrane pattern recognition receptor (PRR) belonging to the toll-like 

receptor (TLR) family [35]. TLRs play a crucial role in innate immunity [35]. They are 

characterized by an extracellular leucine-rich repeat (LRR) domain allowing the recognition of 

conserved microbial molecular motifs called pathogen-associated molecular patterns 

(PAMPs); and an intracellular toll/interleukin-1 receptor-like (TIR) domain, involved in signal 

transduction [35], [36]. TLR4 binds specifically lipopolysaccharide (LPS), produced by gram-

negative bacteria, and is the most studied member of the TLR family [37]. The recognition of 

LPS by TLR4 follows several sequential steps. First, LPS is extracted from bacterial membranes 

by LPS binding protein (LBP) and delivered to the protein CD14 [35], [38]. Then, CD14 divides 

LPS aggregates into monomeric molecules and transfers them to TLR4, associated with the 

myeloid differentiation factor 2 (MD-2) co-receptor [38]. The binding of two molecules of LPS 

to TLR4-MD-2 complexes induces their dimerization and subsequent activation of two major 

downstream signalling pathways, the myeloid differentiation factor 88 (MyD88)- and TIR-
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domain-containing adapter inducing interferon-β (TRIF)-dependent pathways (Figure 4) [35]–

[37]. Finally, the signalling cascade results in the activation of NF-kB and interferon regulatory 

factors (IRFs), leading to the synthesis of pro-inflammatory cytokines and chemokines [35]–

[37].  

 

 

Figure 4: Schematic representation of the LPS/TLR4 signalling pathway. After binding to LBP, LPS is transferred 
to CD14, which then presents two molecules of LPS to MD-2/TLR4 complexes. LPS association with TLR4/MD-2 
induces TLR4 dimerization and the activation of the downstream MyD88 or TRIF-dependent signalling pathways, 
leading to the expression of inflammatory genes. Inspired from Lu et al. [39] and Vaure and Liu. [35]. 

  

2.4. eNAMPT role in cancer  

Numerous studies investigated the relationship between eNAMPT and cancer. Elevated 

concentrations of circulating eNAMPT have been associated with various types of cancer, 

from solid tumors to hematological malignancies [40]. Furthermore, it has been suggested 

that eNAMPT modulates several hallmarks of cancer to support tumor development and 

progression (Figure 5) [10].  
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Figure 5: Hallmarks of cancer modulated by eNAMPT.  eNAMPT contributes to cancer progression by sustaining 
tumor cell proliferation, protecting cancer cells from cell death, inducing angiogenesis and metastasis formation, 
as well as by promoting immunosupressive conditions. Adapted from Hanahan [41].  

 

2.5. Monoclonal antibodies as therapeutics  

Antibodies, also known as immunoglobulins (Ig), are proteins secreted by B cells in response 

to the presence of foreign molecules in the organism [42]. Antibodies recognize a unique 

antigenic determinant called epitope [42]. In the context of adaptive immune response, 

antibodies recognize specific antigens on pathogens and allow their elimination, through 

direct neutralization, recruitment of effector immune cells or activation of the complement 

[42], [43]. Inspired by this highly specific natural mechanism, researchers have proposed using 

antibodies to selectively target tumors. This therapeutic approach moved from theory to 

practice with the advent of hybridoma technology in 1975, which allowed the production of 

monoclonal antibodies (mAbs) in large quantities [44]. The following section summarizes the 

structural and functional features of antibodies and the methods of production of monoclonal 

antibodies.  
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2.5.1. Antibody structure 

Antibodies are heterodimeric Y-shaped proteins, consisting in two identical heavy chains (H) 

and two identical light chains (L), linked together by disulfide bonds [45]. Based on the 

sequence and structure of their heavy chains, immunoglobulins are categorized into five 

classes: IgA, IgD, IgE, IgG and IgM [46]. Among them, IgGs are the most commonly used for 

therapeutic purposes due to their long half-life and relative ease of production [45]. IgGs can 

be further divided into four subtypes: IgG1, IgG2, IgG3 and IgG4, which differ in their hinge 

region (flexible amino acid stretch in heavy chains central part) structure and their functions 

[42], [47]–[49]. IgG1 is the most abundant IgG subclass [47]. IgG heavy chains contain three 

constant domains (CH1, CH2 and CH3) and one variable domain (VH), while IgG light chains 

consist of one constant domain (CL) and one variable domain (VL) (Figure 6) [47]. IgG is 

organized into three functional units: two antigen-binding fragments (Fabs, corresponding to 

antibody “arms”, see Figure 6), composed of the VH, VL, CL and CH1 domains; and a “stalk” 

named crystallizable fragment (Fc) comprising the CH2 and CH3 domains [47], [48]. Fabs are 

responsible for antigen recognition [50]. Fab’s  variable domains (VL and VH domains) contain, 

three complementarity-determining regions (CDRs), each; all six forming the paratope (or the 

antigen-binding site) [46], [50]. On the other hand, the Fc region mediates the effector 

functions through its interaction with Fc gamma receptors (FcγRs) or the complement system 

[46], [51]. In addition, antibody Fc portion also binds to neonatal Fc receptor (FcRn) expressed 

by endothelial cells and macrophages [42], [52]. FcRn binding protects the antibody from 

lysosomal degradation, thereby contributing to its prolonged half-life [42], [52]. 

    

Figure 6: Structure of an IgG1. Cartoon depicting a secreted IgG1 molecule. The heavy and light chains are 
coloured in blue and pink, respectively. The two antigen-binding sites or paratopes are coloured in red. Inspired 
from Abbas et al. [42]. 
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2.5.2. Antibody functions 

2.5.2.1. Neutralization  

Antibodies can directly neutralize the infective or the pathogenic agent (e.g. molecules, 

bacteria, virus or fungi) by binding to it and blocking its function [42], [43]. In particular, 

through binding to its target, antibodies can interfere with the ability of the pathogenic agent 

to interact with cell surface receptors [42], [43]. 

 

2.5.2.2. Fc-mediated effector functions 

Antibodies can also promote the elimination of microbial pathogens, infected cells or tumor 

cells, by activating effector mechanisms of the immune system via their Fc region [43]. The 

IgG1 and IgG3 subtypes are able to activate the complement system [46]. The complement 

cascade ends with the generation of a membrane attack complex (MAC) that perforates the 

membrane of the targeted cells or bacteria, leading to their lysis [53]. This mechanism is 

referred to as complement-dependent cytotoxicity (CDC) [46]. Furthermore, the IgG Fc 

portion is able to interact with various Fc gamma receptors (FcγRs) expressed on immune cells 

[54]. The human FcγR family contains six members expressed on myeloid and lymphoid cells, 

which exhibit immune activating or inhibitory functions [55]. FcγRI (CD64), FcγRIIa (CD32a), 

FcγRIIc (CD32c), FcγRIIIa (CD16a) and FcγRIIIb (CD16b) are activating FcγR, while FcγRIIb 

(CD32b) functions as an inhibitory receptor (Figure 7) [54]–[56]. Via engagement of their Fc 

domain with FcγRs expressed at the surface of effector immune cells, IgGs can initiate target 

cell killing through antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-

dependent cellular phagocytosis (ADCP) mechanisms [42], [57]. During ADCC, IgGs bind to 

target cells expressing  tumor, viral or bacterial antigens and direct FcγR-bearing effector 

immune cells, such as NK cells, to eliminate them [58]. During ADCP, IgGs both opsonize target 

cells and engage the FcγR of phagocytes (e.g. macrophages), leading to target cells 

engulfment by the latter [42], [59].  
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Figure 7: Summary of human FcγR characteristics. The human FcγR family contains six members that can be 
distinguished by their activating or inhibitory function and their differential affinity for IgG subtypes. 
Furthermore, human FcγRs are differentially expressed on lymphoid and myeloid immune cells. Adapted from 
Patel et al.  and Musolino et al. [55], [60].  

 

Each IgG subtype binds to individual FcγRs with different affinities (Figure 7) and thereby 

exhibits a differential ability to trigger effector functions (Table 1) [42], [47]. Human IgG1 and 

IgG3 isotypes interact efficiently with most FcγRs and are therefore potent activator of Fc-

mediated cellular cytotoxicity mechanisms [47]. In contrast, IgG2 and IgG4 display reduced 

affinity for a number of FcγRs and are hence poor inducers of Fc-mediated effector functions 

[47], [61].    

Table 1: Human IgG subclass Fc-mediated effector functions. Table adapted from Almagro et al. [62]. 
Abbreviations: CDC, complement-dependent cytotoxicity; ADCC, antibody-dependent cell-mediated 
cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; IgG, immunoglobulin G. 

Subclass IgG1 IgG2 IgG3 IgG4 

CDC ++ + / - ++ - 

ADCC +++ + / - - ++ + / - - 

ADCP + + + + / - - 
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2.5.3. Development of therapeutic monoclonal antibodies  

2.5.3.1. History of mAbs development 

The development of monoclonal antibodies began in 1975 with the introduction of the 

hybridoma technology by Köhler and Milstein [45], a discovery recognized by the Nobel prize 

in physiology or medicine in 1984 [63]. The hybridoma technology involves isolating B cells 

from mice after immunization with a specific antigen and fusing these antibody-producing B-

lymphocytes with an immortalized myeloma cell line [64], [65]. This results in the generation 

of immortalized hybridoma clones that secrete antibodies unlimitedly [65]. Ultimately, clones 

specific to the antigen of interest are selected to produce high-affinity mAbs in large 

quantities [63]. This groundbreaking technology was the starting point for the use of 

monoclonal antibodies for therapeutic and diagnostic purposes and has led to significant 

improvements in medicine. 

The first mAb approved for use in humans was muromonab-CD3 (also named Orthoclone 

OKT3®), a murine antibody targeting CD3 receptor on T cells, developed in 1986 to prevent 

kidney transplant rejection [66] (Figure 8). Nevertheless, its use has been limited due to the 

development of human anti‐murine antibodies (HAMA) by treated patients, which has 

dampened antibody effectiveness and caused the appearance of side effects [45], [64]. To 

overcome these issues, researchers developed strategies to approximate the structure of  

human antibodies in order to reduce immunogenicity. For instance, they developed chimeric 

antibodies, which are antibodies combining murine variable domains with human constant 

domains, or humanized antibodies, in which only the CDRs are of murine origin [66]. In 1997, 

the US Food and Drug Administration (FDA) approved the first humanized mAb, an anti-IL-2 

receptor named daclizumab (Zenapax®), also indicated for the prevention of kidney 

transplant rejection [66], [67]. The humanization of murine antibodies greatly improved their 

tolerability and their use for the treatment of diseases requiring long-term administration, 

such as cancer [66], [68]. Finally, the advent of phage display, a technology introduced by 

George P. Smith and Sir Gregory P. Winter, enabled the production of fully human antibodies 

[66], [69]. The first fully human monoclonal antibody generated with phage display 

technology, adalimumab (Humira®), was approved by the FDA in 2002 for the treatment of 

rheumatoid arthritis [67], [68].  



Page 67 of 170 
 
 

 

Figure 8: Humanization of monoclonal antibodies from murine to fully human mAbs. The first monoclonal 
antibody developed for each type of monoclonal antibody is indicated with the date of its approval by the FDA. 
Adapted from Lu et al. [66].  

 

2.5.3.2. Phage display technology 

Phage display is the most widely used technique for the generation of monoclonal antibodies 

in vitro [70]. In 1985, George P. Smith showed that the insertion of a foreign DNA fragment 

into the coat protein gene of filamentous phage allowed the presentation of a peptide of 

interest to the phage surface [71], resulting in a direct link between genotype and phenotype 

[72]. Based on this principle, McCafferty et al. [73] then described the antibody phage display 

technology which consists of screening, against a desired immobilized antigen, a large 

antibody fragment repertoire displayed on the surface of filamentous bacteriophages (e.g. 

M13 bacteriophage) [71], [74]. The antibody fragments displayed are Fab or typically single-

chain variable fragments (scFvs) [70], [72]. Specifically, scFvs are composed of the VH and VL 

domains of an antibody linked by a short peptide linker [74]. ScFvs which are smaller than 

Fabs, are preferentially used for the generation of monoclonal antibodies by phage display, 

due to their better expression in Escherichia coli (E.Coli) [72].  
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The generation of monoclonal antibodies by phage display starts with the construction of  

phage display libraries. Four main types of phage display libraries can be generated: immune, 

naïve, synthetic and semisynthetic libraries [71], [72]. Immune and naïve libraries are 

generated from mRNA extracted from B cells of immunized and naïve donors respectively 

[71]. After a reverse transcription polymerase chain reaction (RT-qPCR), the VL and VH gene 

repertoires of these donors are amplified by PCR and cloned into phagemid vectors [71]. In 

contrast, synthetic libraries construction involves inserting random CDRs into fully synthetic 

framework sequences, before cloning the resulting artificial VH and VL gene repertoires into 

phagemids [72]. Semisynthetic libraries combine synthetic frameworks with natural CDRs 

[75]. Library construction leads to the generation of large and highly diverse phagemid 

repertoires [71]. E.Coli cells are then transformed with the generated phagemid libraries and 

infected with helper phages to produce phage display libraries with a size ranging from 106 to 

1011 (Figure 9) [72], [76]. 

 

Figure 9: Overview of libraries preparation and selection procedures. Human VH and VL gene repertoires are 
cloned into phagemids. The phagemid libraries generated are used to transform E.coli cells, which are also 
infected with helper phages. This results in the production of phage display libraries with a diversity ranging 
from 106 to 1011 pfu. These phage libraries are then affinity-screened against a target of interest, immobilized 
on a solid surface. Following a washing procedure allowing to eliminate unbound phages, the target-specific 
phages are eluted and amplified in E.coli. After three rounds of selection (or biopanning), the binders are 
sequenced and analysed. Sourced from Jaroszewicz et al. [72]. 
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To select for target binding, phage libraries are exposed to immobilized target in a procedure 

called biopanning or selection [72]. The target protein can be presented on solid surfaces such 

as immunotubes, magnetics beads, microplates or columns matrices [71]. Successive washing 

steps are performed to remove unbound phages and weak binders [72]. Afterwards, the 

bound antibody phages are eluted and amplified in E.Coli [71], [77]. This amplification step 

allows the production of an enriched pool of phages that will constitute the library for the 

next round of affinity selection [72]. The selection cycle is repeated three to five times. Each 

repetition significantly increases the proportion of phages specific to the target [72]. At the 

end of the selection/biopanning cycle, selected antibody phage variants are screened to 

identify the specific binders and to assess their affinity to the target antigen [72], [77]. Various 

methods can be used for this screening step, such as enzyme-linked immunosorbent assay 

(ELISA), immunocytochemistry techniques, flow cytometry or surface plasmon resonance 

(SPR) [72], [77]. Finally, antibody fragment genes are subcloned to produce monoclonal 

antibodies [77]. A comprehensive description of the process of generating monoclonal 

antibody by phage display is presented in the Materials and Methods section.  

 

2.6. NAMPT as therapeutic target  

2.6.1. Therapeutics targeting intracellular NAMPT (iNAMPT) 

2.6.1.1. NAMPT inhibitors  

In the past decade, numerous small molecules inhibiting NAMPT’s NAD biosynthetic activity 

have been designed for the treatment of cancer. The first NAMPT inhibitor (NAMPTi) 

presenting anti-cancer effects, (E)-N-[4-(1-benzoylpiperidin-4-yl)butyl]-3-(pyridin-3-yl) 

acrylamide or FK866 (also named APO866), was reported by Hasmann and Schemainda in 

2003 [78], [79]. They observed that this compound was able to induce the elimination of 

HepG2 liver cancer cells by inducing their apoptosis, with a one-digit nanomolar potency [78]. 

Furthermore, the co-crystallization of NAMPT with FK866 performed by Khan et al. revealed 

that FK866 inhibits NAMPT activity by binding to the tunnel cavity at the interface of NAMPT 

dimer and by competing with NAM for the binding site [80]. In 2008, the pyridyl 

cyanoguanidine CHS-828 (also named GMX1778), which had already shown antitumor activity 

in the literature [81], was suggested as a NAMPT inhibitor by Olesen et al. [82].  FK866 and 

CHS-828 chemical structures are presented in Figure 10. FK866, CHS-828 and its prodrug 

GMX1777, were evaluated in early-phase clinical trials in patients with solid tumors or 

hematologic malignancies [79]. However, progression of these compounds in clinic was halted 

due to a lack of objective response and the development of adverse side effects, including 

thrombocytopenia, gastrointestinal bleeding and skin rash [22], [79]. Since the failure of 

FK866 and CHS-828 in the clinic, a second wave of NAMPTi as well as dual inhibitors have 

been developed [22], [83]. Two of them, OT-82 and KPT-9274, are currently being evaluated 

in phase I clinical trials in patients with solid tumors, leukemia or lymphoma [83].  
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Figure 10: Chemical structure of the NAMPT inhibitors FK866 and CHS-828. Sourced from Ogino et al. [84]. 

 

2.6.1.2. NAMPTi-Antibody-drug-conjugate  

Antibody-drug-conjugates (ADCs) are therapeutics combining a monoclonal antibody, a 

chemical linker and a cytotoxic agent [85]. The monoclonal antibody recognizes tumor-

associated antigens and allows the delivery of the cytotoxic payload to the tumor site where 

it will induce cancer cell death [83], [86]. Five years ago, researchers proposed to use NAMPTi 

as payload for tumor-targeting ADCs, due to their chemical simplicity and their unique 

mechanism of action [87], [88]. In contrast to NAMPTi, the highly specific targeting of tumor-

associated antigens (TAAs) with NAMPTi-ADCs is expected to avoid damage to healthy tissues 

and limit adverse side effects [83], [89]. Thus, an improved therapeutic window is awaited 

with NAMPTi-ADCs for cancer treatment [83]. Karpov et al. were the first to demonstrate the 

potential of using a NAMPT inhibitor as an ADC payload [85]. Similarly, Neumann et al., 

developed three anti-CD30-NAMPTi-ADCs capable of depleting NAD and ATP in a model of 

CD30-positive Hodgkin lymphoma (L540cy cells) [87]. Finally, Böhnke et al., recently produced 

NAMPTi-ADCs targeting various solid TAAs [88]. These conjugates showed high cytotoxic 

activities in vitro, as well as potent antitumour efficacies in THP-1 acute myeloid leukemia and 

MDA-MB-453 breast cancer xenograft mouse models. Overall, these findings indicate that 

NAMPTi may constitute promising new payloads for cancer treatment with ADC. 

 

2.6.2. Therapeutics targeting iNAMPT and eNAMPT: PROTACs 

A novel therapeutic strategy, allowing the disruption of both iNAMPT and eNAMPT activities, 

has recently been suggested. This new approach is based on NAMPT-specific PROteolysis-

TArgeting Chimera (PROTAC) compounds, inducing intracellular NAMPT protein degradation 

via the ubiquitin-proteasome pathway [90], [91]. PROTAC molecules are composed of a ligand 

binding the protein of interest and another ligand recruiting E3 ubiquitin ligase, connected by 

a linker (Figure 11) [92]. Through its two ligands, PROTAC compound recruits the E3 ubiquitin 

ligase to the vicinity of iNAMPT and causes proximity-induced ubiquitination and degradation 

of iNAMPT by the ubiquitin proteasome system [92]. Consequently, eNAMPT secretion and 

its extracellular activities are abrogated.  Zhu et al. [90] reported promising anti-cancer effects 

of NAMPT-targeted PROTACs: their compounds both potently inhibited iNAMPT activity and 
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inactivated pro-survival intracellular signalling pathways (NF-kB and mitogen-activated 

protein kinase-extracellular signal-regulated kinase 1/2 (MAPK-ERK 1/2)) in hematological 

tumor cells [90]. Wu et al., for their part, developed a NAMPT-specific PROTAC capable of 

depleting NAD+ intracellular level in vitro and inhibiting tumor infiltration by myeloid-derived 

suppressive cells in CT26 tumor-bearing mice [91].  

 

 

Figure 11: Principle of the PROTAC technology. PROTAC compound consists of a ligand binding the protein of 
interest (blue triangle) and a ligand recruiting E3 ubiquitin ligase (yellow circle), connected by a linker. NAMPT-
specific PROTAC brings E3 ubiquitin ligase into close proximity to NAMPT, leading to NAMPT ubiquitination and 
degradation by the proteasome. Adapted from Zhu et al. [90]. 

 

2.6.3. Therapeutics targeting eNAMPT: anti-eNAMPT antibodies  

The use of eNAMPT-specific monoclonal antibodies has been proposed to block eNAMPT 

extracellular functions [1], [93]. As discussed in detail in the review, various experimental 

findings suggest that neutralizing eNAMPT with antibodies might be a valuable therapeutic 

approach for the treatment of inflammatory disorders, such as cancer. For instance, Pillai et 

al. [94] first showed that eNAMPT blocking with a polyclonal antibody inhibited eNAMPT pro-

hypertrophic effect on rat cardiomyocytes, as evidenced by reduced protein synthesis and 

cardiomyocyte size. Subsequent studies demonstrated that eNAMPT-specific antibodies were 

able to neutralize eNAMPT-mediated activation of intracellular signalling pathways. For 
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example, Audrito et al. [95] and Colombo et al. [96] reported a reduction of eNAMPT-induced 

STAT3 phosphorylation in nurse-like cells (differentiated monocytes obtained from chronic 

lymphocytic leukemia patients) and 4T1 cells, respectively, in the presence of an eNAMPT-

blocking antibody. On the other hand, Quijada et al. [97], demonstrated that an anti-eNAMPT 

pAb was able to diminish eNAMPT-mediated phosphorylation of NF-kB, p42/44 ERK, p38 and 

JNK signalling proteins in human lung endothelial cells. A significant reduction in eNAMPT-

induced NF-kB activation was also observed by the same group after exposure of prostate 

cancer cells to an anti-eNAMPT mAb [98]. Interestingly, anti-eNAMPT antibodies were shown 

to inhibit cancer cell migration in vitro (NCI-H446 cell transendothelial migration and A549 

cell radiation-induced migration) [99], [100], suggesting that eNAMPT-targeting antibodies 

could be used to block eNAMPT pro-chemotactic function.  

Beside in vitro evidence, numerous in vivo studies proposed that eNAMPT neutralization with 

antibodies could be a valid therapeutic approach for the treatment of inflammatory diseases. 

For instance, Kieswich et al. [101] showed that intraperitoneal administration of an anti-

eNAMPT pAb to high fat diet (HFD)-fed mice reverted their diabetic phenotype, as evidenced 

by reduced serum glucose and insulin levels and increased quantitative insulin sensitivity 

check index (QUICKI). This polyclonal antibody also improved β-cell function and partially 

resolved tissue and systemic inflammation. Furthermore, Colombo et al. [96] observed a 

reduction in intestinal inflammation in mice suffering from colitis (dinitrobenzene sulfonic 

acid (DNBS)- and dextran sulfate sodium (DSS)- treated mice), after injection of an anti-

eNAMPT monoclonal antibody, C269. Specifically, they reported that C269 treatment 

ameliorated acute colitis by restraining body weight loss, colon shortening and transmural 

necrosis [96]. 

Most importantly, the group of Joe G. N. Garcia (University of Arizona) demonstrated 

therapeutic effects of a humanized therapeutic eNAMPT mAb, ALT-100, currently in a Phase 

I clinical trial (NCT05426746), in several pre-clinical disease models. This antibody is derived 

from P-1076 antibody described in WO/2021/026508 patent [102]. First, they reported that 

ALT-100 was able to reduce the severity of inflammatory lung injury in murine and porcine 

models [97], [103], [104]. ALT-100 antibody significantly diminished LPS-induced histologic 

evidence of lung injury and LPS-induced increase in bronchoalveolar lavage (BAL) 

polymorphonuclear neutrophil (PMN) counts, BAL protein levels and plasma cytokine (IL-6, 

IL-1Ra) levels. They also showed that ALT-100 treatment reduced tumor size and inhibited 

tumor cell invasion and metastasis in prostate cancer (PCa) orthotopic xenograft mouse 

models [98]. Finally, they observed that the antibody attenuated pulmonary hypertension 

severity in rats [105] and decreased radiation-induced lung fibrosis (RILF) severity in mice 

[106].  All this evidence (see Tables 2 and 3 of the accompanying review in section 1), supports 

a rationale for generating eNAMPT-blocking antibodies to treat inflammatory conditions such 

as cancer.  
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3. Aim of the study  
Ubiquitous intracellular enzyme nicotinamide phosphoribosyltransferase (NAMPT), plays an 

essential role in cell metabolism and survival by regulating NAD+ levels [6]. NAMPT is also 

found in the extracellular space where it has been proposed to exert pathological effects in 

diverse inflammatory disorders, including cancer [1]. Numerous studies demonstrated that 

extracellular NAMPT (eNAMPT) sustains tumor cell proliferation, promotes tumor invasion 

and metastasis and contributes to the establishment of an immunosuppressive micro-

environment [10], [95]. eNAMPT also acts as a pro-angiogenic mediator and a pro-

inflammatory cytokine [2]. Evidence suggests that eNAMPT performs these extracellular 

functions by binding to cell surface receptors [10]. Two putative receptors have been 

identified so far, TLR4 and CCR5 [26], [27].   

Importantly, multiple studies reported that eNAMPT functions are independent of enzymatic 

activity [95], [107]–[109] and thus cannot be addressed with inhibitors of NAMPT enzymatic 

function [79]. The development of new classes of therapeutics neutralizing eNAMPT 

biological activity has therefore become a key priority, with eNAMPT blocking antibodies 

representing the most obvious option [95], [96], [98], [107]. As of today, there are no 

approved antibody drug candidates targeting eNAMPT, but there is one anti-eNAMPT 

neutralizing antibody, ALT-100, being evaluated in a Phase I clinical trial in healthy volunteers 

(NCT05426746). 

Within the framework of the INTEGRATA European project, which aimed at developing new 

chemical and biological approaches to target NAD production and signalling in cancer, this 

thesis project consisted in developing and testing new anti-eNAMPT neutralizing monoclonal 

antibodies (mAbs). The first objective was to generate fully human anti-huNAMPT mAbs using 

a phage display platform. This objective has been accomplished, as a number of high-affinity 

eNAMPT binders were generated. In the next step, eNAMPT blocking activity of these mAbs 

was to be investigated in relevant binding and functional assays in vitro, and then, eventually 

in an in vivo model of breast cancer. Unfortunately, in spite of huge efforts devoted to 

reproducing published data and to developing new in vitro assays, the eNAMPT blocking 

properties of the antibodies generated could not eventually be addressed. The reason of this 

failure lies in our inability to monitor or otherwise demonstrate of any kind eNAMPT function, 

in any kind of assay, ranging from simple binding assays to more complex cell-based assays. 

The objective of this study has therefore not been attained, or has been attained partially, as 

some high-affinity eNAMPT binders have indeed been generated. 
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4. Materials and methods 

4.1. Recombinant NAMPT proteins 

4.1.1. In house NAMPT protein 

The DNA sequence of NAMPT has been described [3] and is available at GenBank under the 

accession number NM_005746. An optimized NAMPT DNA sequence, adapted for production 

in mammalian cells and containing the N-terminal Biotin AviTag (Avidity, Aurora, CO, USA) 

and Hexahistidine Tag was first ordered for synthesis by Eurofins Genomics (Germany). 

NAMPT sequence was then cloned into the episomal expression vector pEAK8 (HindIII/EcoRI) 

and expressed in Transformed Human Embryo Kidney monolayer epithelial cells (PEAK cells, 

Edge Bio). Six days after transfection, cell culture supernatant was harvested and NAMPT 

protein was purified by his-tag affinity chromatography with Ni-NTA resin (Qiagen, 

Hanbrechtikon, Switzerland). Correct size and dimerization of the protein was verified by SDS-

PAGE under reducing and non-reducing conditions. To facilitate NAMPT immobilization for 

phage display selection, the protein was also biotinylated by Avi-Tag-mediating single-site 

biotinylation, via a method previously described in [110]. The correct biotinylation of NAMPT 

was controlled by pull-down analysis. Briefly, magnetic streptabeads (Dynabeads M280, 

Dynal, ThermoFisher Scientific, Waltham, MA, USA) were incubated with PBS (Phosphate-

Buffered Saline; Sigma-Aldrich, St Louis, MO, USA), 2.5ug or 1ug of NAMPT-biot protein for 

30 minutes at room temperature. The supernatants were then separated from the 

streptabeads using a magnetic stand and both were analysed by SDS-PAGE under reducing 

conditions. Non incubated NAMPT protein samples were also loaded into the gel as controls.  

4.1.2. Commercial NAMPT proteins 

In addition to the in-house recombinant NAMPT protein, several commercial human NAMPT 

proteins were also used throughout this research project (Table 2). The recognition of the 

recombinant NAMPT proteins by a specific anti-NAMPT antibody was verified by ELISA (Figure 

S1A). Furthermore, the enzymatic activity of NAMPT proteins was tested with NAMPT activity 

colorimetric assay kit (Abcam, Cambridge, UK) following manufacturer’s recommendation 

(Figure S1B).  

Table 2: Commercial recombinant NAMPT proteins.  

Recombinant protein Manufacturer Reference Tag  

Human NAMPT MyBiosource MBS203137 His Tag 

 SinoBiological 10990-H20B His and GST Tag 

 Adipogen AG-40A-0031Y-3010 FLAG Tag 

 R&D systems 8424-VF His Tag 

 Peprotech 130-09  

 Abcam ab198090  

 MBL International CY-E1251 His Tag 
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4.2. Anti-eNAMPT monoclonal antibody generation  

All anti-eNAMPT mAbs generated during this thesis project are human IgG1. The mAbs were 

produced with an active Fc domain or a silenced Fc domain. The P-1076 antibody, from patent 

application WO/2021/026508 [102], and from which ALT-100 antibody is derived (P-1076-

mod1 in WO/2021/026508 patent) [97], [98], [111], was also produced.  ALT-100 and P-1076, 

differ by only two amino acids: one in the light chain framework region (L-to-V mutation) and 

one in the heavy chain CDR2 (D-to-E mutation). These mutations were introduced to remove 

a potential T-cell epitope and a potential cleavage/fragmentation site, respectively [102].  

 

4.2.1. Phage display 

4.2.1.1. Phage display libraries  

Proprietary synthetic or semi-synthetic phage libraries (diversity: 1011-1012 pfu) were used for 

phage display selections. Novimmune libraries are of two types: in A libraries, both VH and VL 

genes are diversified while in B libraries, only VL genes are diversified and the VH is fixed 

(“Novimmune VH”). Noteworthy, in the A libraries, diversity is mainly carried out by the CDR3 

of the VH (CDRH3). In B libraries, since the VH is fixed, diversity is provided by the VL CDR3 

(CDRL3).  

Two lead optimization (LO) and five round optimization (RO) libraries were also constructed  

as described in [112], [113]. Typically, a lead optimization consists of introducing diversity into 

the sequence of a candidate antibody, while a round optimization involves introducing 

diversity into a set of original sequences. In my case, LO libraries were generated by 

combining the VH sequence of an scFv candidate obtained from an A library, IgG_AE_1D2, 

with diversified VL sequences of different germlines. Regarding the RO libraries, the CDRL3 of 

several candidates obtained from B libraries, were extracted and introduced into their 

corresponding VL germlines, diversified in CDRL1 and CDRL2. The newly obtained VL 

sequences were then combined with “Novimmune VH”.  In these LO and RO libraries, diversity 

is provided only by the VL, the VH being fixed. The LO and RO libraries generated had a 

diversity of 109 pfu. 

 

4.2.1.2. Selections  

E. coli TG1 cells were grown in 2xTY medium at 37°C (240 rpm). Aliquots of scFv phage 

libraries were first blocked with PBS containing 1.5% (w/v) BSA (bovine serum albumin; Sigma-

Aldrich), 1.5% (w/v) skimmed milk (Sigma-Aldrich) and 0.05% Tween 20 (Sigma-Aldrich) for 

one hour at room temperature. In the case of phage selection with immunotubes (for non-

biotinylated target), the blocked scFv phage libraries were deselected for one hour at room 

temperature on immunotubes (ThermoFisher Scientific, Waltham, MA, USA) previously 
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coated overnight with 3% (w/v) BSA. Then, the deselected phages were incubated for two 

hours at room temperature on immunotubes previously coated overnight with recombinant 

NAMPT protein. In the case of phage selection with magnetic beads (for biotinylated target), 

the blocked scFv phage libraries were deselected either on streptavidin (Dynabeads M280, 

Dynal, ThermoFisher Scientific) or neutravidin (Sera-Mag SpeedBeads Neutravidin coated 

magnetic beads, ThermoFisher Scientific) beads. Afterward, in house NAMPT-biot protein was 

coated on magnetic streptavidin or neutravidin beads and incubated with the deselected 

phage for two hours at room temperature, 20 rpm.  As described in [113], for both strategies, 

unbound phages were subsequently removed by several washes of PBS/0.1% Tween 20 and 

PBS. Specific phages were eluted with 100mM triethylamine (TEA, Sigma-Aldrich). After a 

neutralisation step, TG1 growing cells were infected with the selected phages for one hour at 

37°C (100 rpm). The selection output was determined by serial dilution of an infected TG1 

sample. An example of output/input ratio obtained is presented in the supplementary Figure 

S2. Finally, infected TG1 cells were plated on 2xTYAG agar Bioassay plates (100µg/mL 

ampicillin, 4% glucose (w/v), both from Sigma-Aldrich) and scraped off with 2×TY medium 

after an overnight incubation at 30°C. TG1 aliquots were stored at -80 °C in glycerol (17%) for 

further use.   

 

4.2.1.3. Phage rescue  

TG1 containing the previously selected phagemids (diversity: 109-1010 pfu) were inoculated in 

2xTYAG medium (100µg/mL ampicillin, 4% glucose (w/v)) and incubated at 37°C (240 rpm) 

until mid-log growth phase. A superinfection with M13KO7 helper phage was performed for 

one hour at 37°C (90 rpm) to rescue the libraries. TG1 cells were then grown overnight at 30°C 

(280 rpm) in a new medium (2xTYAK medium; 100µg/mL ampicillin and 50µg/mL kanamycin 

(Sigma-Aldrich)). The following day, the bacterial cultures were centrifugated for five minutes 

at 2400g and the supernatants, containing the phages, were used for a new round of 

selection.   

 

4.2.1.4. Master plates  

After three rounds of selection, individual TG1 clones were randomly picked and grown in 

2xTYAG medium (100µg/mL ampicillin, 2% glucose (w/v)) in 96-well round bottom plates 

(Nunc MicroWell Plates, ThermoFisher Scientific), called Master plates, for six hours at 37°C 

(120 rpm) or overnight at 30°C (120 rpm). TG1 clones were then stored at -80 °C in glycerol 

(17%).  
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4.2.1.5. ScFvs screening  

scFv periplasmic preparation 

Individual clones were replica plated from the master plates into 96-well deepwell plates 

(Nunc™ 96-Well Polypropylene DeepWell, ThermoFisher Scientific) containing 2xTYAG 

medium (100µg/mL ampicillin, 0.1% glucose (w/v)) and grown for six hours at 37°C, 240 rpm. 

scFvs expression was induced overnight at 30 °C (250 rpm) with 0.02mM isopropyl-β-D-

thiogalactopyranoside (IPTG, Applichem, Darmstadt, Germany). The day after, TG1 pellets 

were recovered and resuspended in TES buffer (50 mM Tris/HCl, pH8, 1 mM EDTA, 20% (w/v) 

sucrose, all from Sigma-Aldrich) by vortexing. Addition of diluted TES buffer (1:5), followed by 

incubation of the mixture on ice for 30 minutes, were then performed, allowing the release 

of bacterial periplasmic content (osmotic shock). After centrifugation, supernatants 

containing scFvs were recovered and used for screening by enzyme-linked immunosorbent 

assay (ELISA) or with CellInsight™ CX5 High Content Screening (HCS) platform (ThermoFisher 

Scientific). 

Screening in ELISA 

Black 96-well immuno plates (maxisorp plate, ThermoFisher Scientific) were incubated 

overnight at 4°C with recombinant proteins (1ug/mL). The following day, the plates were 

blocked for one hour at room temperature with PBS containing 2% BSA and 0.05% Tween 20.  

After three washes of the assay plates with PBS/0.05% Tween 20, 50μL of periplasmic 

supernatants were added to the protein-coated wells and incubated for one hour at room 

temperature. Binding scFvs were detected with mouse anti-c-myc (1 μg/mL,  generated in 

house) and anti-mouse IgG Fcγ-HRP (dilution 1:5000; Jackson Immunoresearch, West Grove, 

PA, USA) antibodies. The assay was developed with Amplex ultrared reagent (Invitrogen) and 

the fluorescence was read at 590nm with BioTek Gen 5 microplate reader (Agilent 

Technologies, Basel, Switzerland).  

Screening with CellInsight platform 

Streptavidin beads (6.0μm, Polysciences, Warrington, PA, USA) previously coated with 

NAMPT-biot protein or an irrelevant-biot protein (both at 10ug/mL) were resuspended in 

filtered PBS containing 2% BSA and dispensed into 384-well clear-bottom plates (Corning, 

Glendale, AZ, USA) at 3000 beads per well (30uL/well). 70uL of periplasmic preparation mixed 

with a detection solution containing human anti-c-myc (0.2 μg/mL, generated in house) and 

anti-human Fc AF647 (dilution 1:5000, Jackson Immunoresearch) antibodies were added to 

the beads. The assay plates were incubated for three hours at room temperature and binding 

scFvs were detected using the CellInsight platform and HCS Studio™ Cell Analysis Software. 

scFvs expression quantification with CellInsight platform 

For screenings involving scFvs generated from LO libraries, scFvs expression was also 

quantified. Streptavidin beads (6.0 μm, Polysciences) previously coated with 10ug/mL of His 

Tag Biotinylated antibody (R&D Systems, Minneapolis, MN, USA) were resuspended in filtered 

PBS containing 2% BSA and dispensed into 384-well clear-bottom plates at 3000 beads per 

https://www.thermofisher.com/order/catalog/product/CX51110?ICID=search-product
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well (30uL/well). 70uL of periplasmic preparation mixed with a detection solution containing 

human anti-c-myc (0.2ug/mL) and anti-human Fc AF647 (dilution 1:5000) antibodies were 

added to the beads. The assay plates were incubated for three hours at room temperature 

and binding scFvs were detected using the CellInsight platform and HCS Studio™ Cell Analysis 

Software. A binding / quantification ratio was then calculated for each scFvs.  

scFvs sequencing 

Finally, TG1 clones containing NAMPT-specific scFvs with high/moderate affinities for the 

protein were picked from the master plates and transferred in Ecoli NightSeq 96 well plates 

(Microsynth AG, Balgach, Switzerland) for sequencing by Microsynth company. The obtained 

sequences were analyzed with Scaligner software. According to their sequence and their 

binding affinity, several scFvs were selected for reformatting into IgG1 format.  

 

4.2.2. scFv reformatting into IgG 

The first step in reformatting scFvs into IgGs was to isolate the variable domains (VL and VH) 

of the scFvs and subclone them into vectors containing the remaining part of the IgG1 chains 

(e.g. constant domains CH1, CH2 and CH3 for the heavy chain). Specifically, the VL domain 

was cloned into kappa or lambda light chain vectors and the VH domain was cloned into a 

heavy chain vector encoding either an active Fc domain or a silenced Fc domain. 

 

4.2.2.1. Miniprep preparation 

Selected scFvs were picked and grown overnight at 37°C (240 rpm) in 2xTYAG medium 

(100µg/mL ampicillin, 2% glucose (w/v)). The following day, plasmids containing scFv 

sequences were isolated with ZR Plasmid Miniprep kit (Zymo research, CA, USA) following 

supplier’s procedure. DNA concentration was measured with NanoDrop instrument 

(ThermoFisher Scientific), and the sequences were controlled by sequencing (Microsynth or 

Fasteris company, Switzerland) and alignment on scaligner to ensure the absence of any 

undesirable mutations.  

 

4.2.2.2. Variable domains amplification by PCR 

The variable domains of the scFvs were amplified by polymerase chain reaction (PCR) using 

AccuPrime Pfx DNA polymerase kit (Invitrogen). PCR primers binding to framework 1 (primer 

5’) or framework 4 (primer 3’) of the variable domains and containing BrsDI or BspMI enzyme 

restriction sites were used. The amplification was performed during 30 cycles with the 

Matercycler EP Gradient S thermocycler (Eppendorf, Hambourg, Germany). PCR products 

were then purified using the QIAquick Gel Extraction Microcentrifuge kit (Qiagen) following 

supplier’s procedure.  
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4.2.2.3. Digestion  

Heavy and light chain vectors and purified PCR products were digested with BsrDI or BspMI 

restriction enzymes in Buffer R (1X final) for 1h30 at 55°C or 37°C (all from ThermoFisher 

Scientific). Vectors were then dephosphorylated 20 minutes at 37°C with 1µL of phosphatase 

alkaline (20 units, Roche Pharma, Mannheim, Germany).  All digested products were purified 

using QIAquick Gel Extraction Microcentrifuge kit (Qiagen) following supplier’s procedure. 

Their concentration was measured with NanoDrop instrument.  

 

4.2.2.4. Ligation and transformation 

The purified variable domains were ligated 15 minutes at room temperature with their 

corresponding vectors using Rapid DNA ligation kit (Roche Pharma). Ligation samples were 

then transformed into XL1 Blue competent cells (Zymo Research), and the bacteria were 

plated on LB-kanamycin (final concentration: 25µg/mL) agar plates and incubated overnight 

at 37°C. Three colonies for each candidate (3 clones/VL and 3 clones/ VH) were then picked, 

inoculated into LB-kanamycin medium and allowed to grow overnight for miniprep 

preparation the following day. The same three clones were also spread on LB-kanamycin agar 

plates, called master plates, and stored at 4°C for further use.  

 

4.2.2.5. Miniprep preparation and sequencing 

Plasmids were isolated with QIAprep Spin Miniprep kit (Qiagen) following supplier’s 

procedure. DNA concentration was measured with NanoDrop instrument. Correct ligation 

was controlled by sequencing (Fasteris company) the minipreps and by performing an 

alignment of the resulting sequences on the Sequencher software. For a given antibody 

candidate, one clone for the light chain and one clone for the heavy chain were chosen for 

the next steps. 

 

4.2.2.6. Midiprep preparation 

Selected clones were picked from the master plates and grown overnight at 37°C (240 rpm) 

in LB-kanamycin medium. The day after, plasmids were purified with PureLink HiPure Plasmid 

Filter Midiprep Kit (Invitrogen) and their concentration was measured with NanoDrop 

instrument. Again, the sequence of the antibodies was checked by sequencing and alignment 

of the resulting sequences on the Sequencher software.  

 

4.2.2.7. Transfection in PEAK cells 

PEAK cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen), 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich), 2mM 

glutamine (Sigma-Aldrich) and antibiotics at 37°C and 5% CO2 in humidified atmosphere. 

Transient co-transfections of the PEAK cells were performed using a mix of DMEM containing 

Lipofectamine 2000 (Invitrogen) and 18µg of DNA composed 1:1 (w/w) of the heavy chain 

plasmid and the light chain plasmid. The transfected cells were then incubated at 37°C.  
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4.2.2.8. Purification  

After six days of production, cells supernatant was harvested and clarified by centrifugation 

(10 minutes at 1300g). IgGs were purified by affinity chromatography using CaptureSelect 

FcXL affinity resin (ThermoFisher Scientific). Specifically, an appropriate amount of FcXL resin 

was first washed three times with PBS and resuspended in this same buffer. The resin was 

then added to cells supernatant and the mix was incubated overnight at 4°C (15 rpm). The 

next day, samples were centrifuged at 1300g for 10 minutes to collect the resin. The resin was 

washed two times with PBS and transferred to the Amicon Pro Purification System (Merck 

Millipore, Burlington, MA). Elution was performed with 50mM glycine (Sigma-Aldrich) at pH 

3.5, followed by neutralization of the eluates with Tris-HCl at pH 7.5. Finally, IgGs were 

formulated in buffer containing 25mM histidine (Sigma-Aldrich), 125mM NaCl (Sigma-Aldrich) 

at pH 6.0. Antibodies concentration was measured with NanoDrop instrument. 

 

4.2.2.9. Analytics 

Purified IgGs were analysed by electrophoresis under denaturing and reducing conditions 

using the Agilent 2100 Bioanalyzer (Agilent Technologies) and the Protein 80 kit, according to 

the manufacturer’s procedure. Aggregate and fragment levels were determined by SEC-HPLC. 

The MCS-LAL kit (Charles River Laboratories, Wilmington, MA, USA) was used to assess 

endotoxin levels. Antibodies were stored at -80°C until use. 

 

 

 

4.3. Characterization of the anti-eNAMPT mAbs 

4.3.1. ELISA  

4.3.1.1. Indirect ELISA 

Black 96-well immuno plates (Maxisorp plates) were incubated overnight at 4°C with 

recombinant proteins (1ug/mL). The following day, the plates were blocked for one hour at 

room temperature with PBS containing 2% BSA and 0.05% Tween 20. In the case of 

biotinylated proteins, the coating was performed in black pre-blocked 96-well streptavidin-

coated plates (Streptawell plates, Greiner Bio One, Frickenhausen, Germany) for 30 minutes 

at room temperature. After three washes of the assay plates with PBS/0.05% Tween 20,  50μL 

of different IgG dilutions were transferred to the wells and incubated for one hour at room 

temperature. Binding antibodies were detected with an anti-human IgG Fcγ-HRP antibody 

(dilution 1:5000, Jackson Immunoresearch). Commercial antibodies were detected with an 

anti-mouse IgG Fcγ-HRP antibody or an anti-rat IgG Fcγ-HRP antibody (dilution 1:5000, both 

from Jackson Immunoresearch). The assay was developed with Amplex ultrared reagent and 

the fluorescence was read at 590nm with BioTek Gen 5 microplate reader.  
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4.3.1.2. Sandwich ELISA  

Black 96-well immuno plates (Maxisorp plates) were incubated overnight at 4°C with 10μg/mL 

of goat anti-human IgG Fcγ antibody (Jackson Immunoresearch). The following day, the plates 

were blocked for one hour at room temperature with PBS containing 2% BSA and 0.05% 

Tween 20.  After three washes of the assay plates with PBS/0.05% Tween 20, 50μL of IgGs 

(5ug/mL) were transferred to the wells and incubated for one hour at room temperature. 

After a new washing step, the plates were incubated with 50µL of different dilutions of 

recombinant proteins for one hour at room temperature. The recombinant proteins were 

then detected with streptavidin-HRP (dilution 1:15000, Jackson Immunoresearch) or anti-

FLAG tag-HRP antibody (dilution 1:1000, ThermoFisher Scientific) depending on whether or 

not they were biotinylated. The assay was developed, and the fluorescence measured as 

previously described.   

 

4.3.1.3. Competitive ELISA 

IgG versus scFv 

Black 96-well immuno plates (Maxisorp plates) were incubated overnight at 4°C with 

recombinant NAMPT protein (1μg/mL). The day after, the plates were blocked for one hour 

at room temperature with PBS containing 2% BSA and 0.05% Tween 20. For biotinylated 

NAMPT, black pre-blocked 96-well streptavidin-coated plates (Streptawell plates) were used 

as described before. After three washes of the assay plates with PBS/0.05% Tween 20, 50μL 

of different IgG dilutions were transferred to the wells and incubated for one hour at room 

temperature. 50μL of the periplasmic supernatants containing the scFvs (see section 4.2.1.5 

for periplasmic preparation) were then added to the wells and the mixtures were incubated 

for one hour at room temperature. scFvs were then detected with mouse anti-c-myc (1μg/mL) 

and anti-mouse IgG Fcγ-HRP (dilution 1:5000) antibodies. The assay was developed, and the 

fluorescence measured as previously described. 

λ IgG versus κ IgG 

Lambda IgG versus kappa IgG competitive ELISAs were performed following the same 

principle. The secondary antibodies, anti-human λ light chain-HRP (dilution 1:1000, Sigma-

Aldrich) and anti-human κ light chain-HRP (dilution 1:5000, ThermoFisher Scientific) 

antibodies were used for the detection. 
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4.3.2. Bio-layer interferometry (BLI) analysis 

Anti-eNAMPT mAbs affinity was determined with the Octet RED96 instrument (Fortebio, Pall 

Corporation, NY, USA). Two types of experiments were performed: a preliminary experiment 

to confirm the specificity of the generated antibodies for NAMPT and a second experiment to 

measure the KD of the antibodies. Protein A or AHC2 (anti-human Fc) capture biosensor tips 

(Pall, Basel, Switzerland) were first hydrated in 1X kinetics buffer (KB 1X, ForteBio, Pall) for 10 

minutes. Biosensor tips were then preconditioned with a regeneration cycle in 10mM glycin 

pH 1.7, according to supplier’s recommendation. Following a 60s baseline step in KB 1X, mAbs 

were loaded to the biosensor tips at 10µg/mL (preliminary experiment) or 0.5µg/mL (affinity 

determination experiment) for 300s. The signal was then stabilized with another 60s baseline 

step. The association step was performed by incubating antibody-loaded biosensor tips with 

recombinant proteins for 600s. For preliminary experiments, 150nM of NAMPT protein or 

150nM of an irrelevant protein, diluted in KB 1X, were used. For affinity determination 

experiments, NAMPT protein was serially diluted to seven concentrations. Following 

association, a dissociation step was achieved by incubating biosensor tips in KB 1X for 600s. 

Finally, a regeneration cycle was run to strip biosensor tips for further use. All experiments 

were performed at 30°C. Data were analysed with Octet analysis studio software. A 1:1 global 

fitting model was applied to calculate antibodies’ KD.  

 

4.4. Antibody neutralizing activity testing  

4.4.1. Cell lines 

CHO TLR4/MD-2 and CHO CCR5 cells were generated in our laboratory. CHO-TLR4/MD-2 and 

CHO-CCR5 cells were cultured in DMEM/Nutrient Mixture F-12 Ham (DMEM/F12) 

supplemented with 10% heat-inactivated FBS and 2mM L-glutamine (all from Sigma-Aldrich). 

The CHO-TLR4/MD-2 cell clone used was stable. In CHO-CCR5 cells, selection was maintained 

by adding 500µg/mL of Geneticin (ThermoFisher Scientific) and 250µg/mL of Hygromycine B 

(ThermoFisher Scientific).  

THP1-Blue-CD14 (THP1-BlueTM NF-kB) and HEK-Blue-TLR4/MD-2/CD14 (HEK-BlueTM hTLR4) 

cells were purchased from InvivoGen (San Diego, CA, USA). Both cell lines stably express an 

NF-kB-inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene. 

Furthermore, THP-1-BlueTM-CD14 cells were transfected with human CD14 co-receptor, while 

HEK-Blue-TLR4/MD-2/CD14 were obtained by co-transfection of human TLR4, MD-2 and 

CD14 proteins. THP-1-BlueTM-CD14 cells were cultured in RPMI 1640 (Sigma-Aldrich) 

supplemented with 10% heat-inactivated FBS,  2mM L-glutamine, 10µg/mL of Blasticidin S Hcl 

(ThermoFisher Scientific), 200µg/mL of Zeocin (ThermoFisher Scientific) and 250µg/mL of 

Gentamicin (Sigma-Aldrich). HEK-BlueTM-TLR4/MD-2/CD14 cells were maintained in DMEM 

high glucose (Sigma-Aldrich) supplemented with 10% heat-inactivated FBS, 2mM of L-
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glutamine, 100µg/mL of Normocin (InvivoGen), 1X of HEK Blue selection (InvivoGen) and 

250µg/mL of Gentamicin.  

MCF10A, MDA-MB-231, MCF-7 and PC-3 cells were purchased from the ATCC. MCF10A cells 

were cultured in DMEM/F12 (ThermoFisher Scientific) supplemented with 5% horse serum, 

10µg/mL of insulin, 500ng/mL of hydrocortisone, 20ng/mL of epidermal growth factor, 

100ng/mL of cholera toxin (all from Sigma Aldrich) and penicillin-streptomycin (ThermoFisher 

Scientific). MDA-MB-231, MCF-7 and PC-3 cells were cultured in RPMI 1640 supplemented 

with 10% heat-inactivated FBS and penicillin-streptomycin. All cells were maintained at 37°C 

in a humidified atmosphere containing 5% CO2.  

 

4.4.2. Ligand-receptor binding assay 

4.4.2.1. Reagents 

Recombinant human TLR4 proteins were purchased from SinoBiological (#10146-H08B), R&D 

(#1478-TR), Peprotech (#160-06) or Abcam (ab233665). Recombinant huTLR4/huMD-2 

complex was purchased from R&D (#3146-TM). Recombinant human CCR5 protein was 

purchased from AccroBiosystems (#CC5-H52D1). All irrelevant proteins were produced in-

house, except PD-L1-Fc, PD1-Fc and MSLN-Fc which were purchased from SinoBiological. All 

commercial antibodies targeting NAMPT, TLR4 or CCR5 used for ligand/receptor binding 

assays are listed in Table 3.  

Table 3: Commercial antibodies used in the ligand/receptor binding assays.  

Antibody Manufacturer Reference Features 

Anti-huNAMPT R&D systems #MAB4044 mAb 

  #BAF4335  pAb, biotinylated 

 Adipogen #AG-20A-0034 mAb 

  #AG-25A-0025 pAb 

 ThermoFisher 

Scientific 

#MA5-15388 mAb 

  #PA5-34858 pAb 

 Sigma #SAB5300038 mAb 

Anti-huTLR4 ThermoFisher 

Scientific 

#14-9917-82 mAb 

 Biolegend #312804 mAb, biotinylated 

Anti-huCCR5 R&D systems #MAB182 mAb 

 ThermoFisher 

Scientific 

#14-1957-82 mAb 
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4.4.2.2. ELISA 

NAMPT/TLR4 binding assay 

Black 96-well immuno plates (Maxisorp plates) were incubated overnight at 4°C with 60nM 

of recombinant protein (NAMPT protein or an irrelevant protein). The day after, the plates 

were blocked for one hour at room temperature with PBS containing 2% BSA and 0.05% 

Tween 20.  After three washes of the assay plates with PBS/0.05% Tween 20, 50 μL of different 

concentrations of TLR4, TLR4/MD-2 or an irrelevant protein were transferred to the wells and 

incubated for one or two hours at room temperature. His-tagged proteins were detected with 

an anti-PentaHis-HRP antibody (dilution 1:2000, Qiagen) or with a biotinylated anti-TLR4 

antibody (Biolegend, San Diego, CA, USA) and streptavidin-HRP (dilution 1:15000). Other 

ELISA configurations, with immobilized TLR4 and soluble NAMPT, were performed according 

to the same principle. NAMPT proteins were detected with an anti-PentaHis-HRP antibody 

(dilution 1:2000), with a mouse anti-NAMPT mAb (Adipogen) and an anti-mouse IgG Fcγ-HRP 

antibody (dilution 1:5000) or with a rabbit anti-NAMPT pAb (ThermoFisher Scientific) and an 

anti-rabbit IgG Fcγ-HRP antibody (dilution 1:5000, Jackson Immunoresearch).  

Regarding sandwich ELISAs, a biotinylated anti-His Tag antibody (R&D systems) or a 

biotinylated anti-TLR4 antibody, was first immobilized overnight at 4°C or one hour at room 

temperature on streptawell plates. The plates were subsequently incubated with TLR4 

protein or an irrelevant protein and incubated with increasing concentrations of NAMPT 

protein (Adipogen). FLAG-tagged NAMPT protein was finally detected with an anti-FLAG tag-

HRP antibody (dilution 1:1000, ThermoFisher Scientific). Between each step, washes with 

PBS/0.05% Tween 20 were performed. All ELISA assays were developed as described above. 

NAMPT/TLR4 blocking assay  

Black 96-well immuno plates (Maxisorp plates) were incubated overnight at 4°C with 60nM 

of NAMPT protein. The following day, the plates were blocked for one hour at room 

temperature with PBS containing 2% BSA and 0.05% Tween 20.  After three washes of the 

assay plates with PBS/0.05% Tween 20,  50μL of different dilutions of anti-eNAMPT mAbs 

were transferred to the wells and incubated for one hour at room temperature. 50μL of a 

fixed concentration of TLR4 protein were then added to the wells and the mixtures were 

incubated for one or two hours at room temperature. Recombinant His-Tagged TLR4 proteins 

were detected with an anti-PentaHis-HRP antibody (dilution 1:2000). The assay was 

developed, and the fluorescence measured as previously described. 

 

4.4.2.3. Bio-layer interferometry  

Octet RED96 instrument and its associated software were used to study NAMPT/TLR4 

association. Anti-penta-HIS (HIS1K) or streptavidin (SA) capture biosensor tips were first 

hydrated in KB 1X for 10 minutes. Biosensor tips were then preconditioned with a 

regeneration cycle in 10mM glycin pH 1.7, according to supplier’s recommendation. Following 
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a baseline step in KB 1X for 60s, NAMPT-biot protein or TLR4 protein was loaded to biosensor 

tips for 300s. After signal stabilization with two 60s baseline steps, an association step was 

performed by incubating TLR4, NAMPT or an irrelevant protein with protein-loaded biosensor 

tips for 600s. Then, a dissociation step was achieved by incubating biosensor tips in KB 1X for 

240s. In another type of experiment, AMC (anti-mouse Fc) or protein A capture biosensor tips 

were used for the loading of an anti-NAMPT antibody (ThermoFisher mAb and Adipogen pAb, 

respectively). The association was performed with NAMPT protein, TLR4 protein or a 

combination of NAMPT and TLR4 proteins all diluted in KB 1X. At the end of each BLI 

experiment, a regeneration cycle was performed to strip biosensor tips. All experiments were 

performed at 37°C.  

 

4.4.2.4. Flow cytometry 

CHO-WT, CHO-TLR4/MD-2 and CHO-CCR5 cells were detached and resuspended in FACS 

buffer (PBS / 2% BSA / 0.1% azide).  1×105 cells suspension was dispensed in V bottom 96-well 

plate (ThermoFisher Scientific) and incubated with recombinant NAMPT proteins for two 

hours at 4°C. Following a wash step in FACS buffer, cells were incubated with an anti-NAMPT 

antibody (biotinylated or not) for 20 minutes at 4°C. Cells were then washed and stained for 

20 minutes at 4°C with appropriate detection: streptavidin-Cy5 (ThermoFisher Scientific), 

anti-mouse IgG(H+L)-PE antibody (ThermoFisher Scientific), anti-rat IgG(H+L)-PE antibody 

(ThermoFisher Scientific) or anti-rabbit IgG(H+L)-PE antibody (ThermoFisher Scientific). In 

another experiment, His-tagged NAMPT proteins were directly detected with an anti-

PentaHis-AF647 antibody (Qiagen). After a final wash, cells were resuspended in FACS buffer 

and sytox blue (ThermoFisher Scientific) was added before acquisition, to exclude dead cells 

from analysis. Cells were acquired on the CytoFLEX S flow cytometer (Beckman Coulter, Nyon, 

Switzerland) and data analyses were performed using FlowJo software (Tree Star Inc., OR, 

USA). 

 

4.4.2.5. CellInsight homogeneous assay 

For binding assays with beads, polybead microspheres (6.0 μm, Polysciences, Warrington, PA, 

USA) or streptavidin microspheres (6.0 μm, Polysciences) previously coated with 10µg/mL of 

TLR4, CCR5, NAMPT-biot or an irrelevant protein were resuspended in filtered PBS containing 

2% BSA. For binding assays with cells, CHO-TLR4/MD-2, CHO-CCR5 and CHO-WT cell 

suspensions were prepared and resuspended in PBS at a concentration of 1x106 cells/mL. 

Cells were stained with cell trace violet (ThermoFischer Scientific) and incubated for 20 

minutes at 37 °C, protected from light. Cell concentration was then adjusted at 1x105 cells/mL 

in filtered PBS containing 2% BSA. Beads or cells were dispensed into 384-well clear-bottom 

plates at 3000beads/cells per well (30µL/well). 50µL of increasing concentrations of 

recombinant NAMPT proteins or anti-TLR4 and anti-CCR5 antibodies were added to the 
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beads/cells and incubated for 30 minutes at room temperature. Finally, 20µL of appropriate 

detection (anti-mouse IgG Fcγ-AF647 antibody (Jackson Immunoresearch), streptavidin-Cy5, 

anti-PentaHis-AF647 antibody or a biotinylated anti-NAMPT pAb (R&D) and streptavidin-Cy5) 

were added and the incubation continued for three hours at room temperature, protected 

from light. Bindings were detected using the CellInsight™ CX5 HCS imaging platform 

associated with the HCS Studio™ Cell Analysis Software. 

 

4.4.3. Intracellular signalling pathway activation assays 

4.4.3.1. NF-kB reporter assay 

THP1-Blue-CD14 or HEK-Blue-TLR4/MD2/CD14 cells were seeded into flat-bottom 96-well 

plates (ThermoFisher Scientific) at 1×105 cells/well and 2.5×104 cells/well, respectively. In 

parallel, LPS (Sigma-Aldrich) and NAMPT proteins were incubated for one hour at 37°C with 

10, 50 or 100µg/mL of polymyxin B  (InvivoGen) or medium. Cells were then incubated 

overnight at 37°C with the different mixtures. The following day, 40µL of supernatants were 

removed from each well and transferred to a new 96-well plate containing 160µL of QUANTI-

BlueTM reagent (InvivoGen). As an alternative of QUANTI-BlueTM, cells could also be incubated 

directly with HEK-BlueTM Detection medium. Reactions were developed at 37°C and SEAP 

activity was determined by measuring optical density (OD) at 630nm using BioTek Gen 5 

microplate reader. In another experiment, NAMPT protein (Peprotech) was incubated for one 

hour at room temperature with increasing concentrations of P-1076 (with a silenced Fc 

domain), in presence of an antibody stuffer saturating Fcγ receptors. The mixtures were then 

added to THP1-Blue-CD14 cells previously seeded in flat-bottom 96-well plates at 1×105 

cells/well. After overnight incubation at 37°C, NF-kB activation was measured as described 

above. 

 

4.4.3.2. Western blot 

Cells were plated in 100mm Petri dishes and allowed to adhere overnight. The day after, cells 

were treated for one hour, 24 hours or for different incubation times at 37°C with NAMPT 

protein (100, 500 or 1000ng/mL, Adipogen), 9µg/mL P-1076 or their combination. 

Subsequently, cells were lysed in lysis buffer (25mM Tris-phosphate, pH 7.8; 2mM DTT; 2mM 

1,2-diaminocyclohexane-N,N,N´,N´-tetraacetic acid; 10% glycerol; 1% Triton X-100 and 

protease and phosphatase inhibitor mixture), and protein quantification was performed with 

Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Proteins (20µg) were 

resolved on SDS-PAGE, transferred to a polyvinylidene fluoride (PVDF) membrane 

(ThermoFisher Scientific), and detected with the antibodies listed in Table 4, using standard 

enhanced chemiluminescence (ECL). Band intensities were quantified with ChemiDoc imaging 

system (Bio-Rad) and quantity One software (Bio-Rad). 
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Table 4: Antibodies used for immunoblotting analyses. 

Antibody Manufacturer Reference 

Anti-phospho-p38 (Thr180/Tyr182) Cell Signaling Technology #4631 

Anti-p38  Cell Signaling Technology #8690 

Anti-phospho-SMAD2 (Ser465/467) Cell signalling technology #3108 

Anti-SMAD2 Cell signalling technology #3122 

Anti-phospho-IkB-α (Ser32/36) Cell Signaling Technology #9246 

Anti-IkB-α  Santa Cruz Biotechnology #sc847 

Anti-phospho-NF-kB p65 (Ser536) Cell Signaling Technology #3033 

Anti-NF-kB p65  Cell Signaling Technology #6956 

Anti-phospho-Akt (Ser 473) Cell Signaling Technology #4058 

Anti-Akt Cell Signaling Technology #4691 

Anti-phospho-STAT3 (Tyr705) Santa Cruz Biotechnology #sc-8059 

Anti-STAT3 Santa Cruz Biotechnology #sc-482 

Anti-vinculin  Santa Cruz Biotechnology #sc-5573  

Anti-vimentin Santa Cruz Biotechnology #sc-6260 

Goat anti-mouse IgG-HRP Santa Cruz Biotechnology #sc-2005 

Mouse anti-rabbit IgG-HRP Santa Cruz Biotechnology #sc-2357 

 

 

4.4.4. Proliferation assay 

2-2.8x103 cells/well were plated in 96-well plates and allowed to adhere overnight. The day 

after, increasing concentrations of recombinant NAMPT protein (0-100ng/mL, Adipogen) 

were added to the cells.  After 72 hours of incubation at 37°C, cells were fixed with 50% of 

cold trichloroacetic acid (TCA, Sigma-Aldrich) for 30 minutes at 4°C. Plates were then rinsed 

with cold water and air-dried overnight. The following day, cells were stained for 10 minutes 

with 0.4% sulforhodamine B (SRB, Sigma-Aldrich) in 1% glacial acetic acid (Carlo Erba reagents, 

Cornaredo, Italy) under gentle agitation. Thereafter, cells were rinsed three times with 1% 

glacial acetic acid, before being air-dried overnight. Finally, 10mM Tris Base (Sigma-Aldrich) 

were used to extract SRB stain. The OD was measured at 560nm with a Tecan Infinite F200 

Pro plate reader (Tecan, Männedorf, Switzerland). 

 

4.4.5. Quantitative reverse transcription PCR  

MCF10A cells were plated in 6well-plates and grown for 14 days in medium supplemented or 

not with 100ng/mL of recombinant NAMPT protein (Adipogen). Cells were recovered and 

total RNA was extracted with RNeasy mini kit (Qiagen) following supplier’s procedure. 

Subsequently, the isolated RNAs were reverse transcribed using High-Capacity cDNA reverse 

transcription kit (ThermoFisher Scientific) and a quantitative PCR was performed using SYBR 

Green GoTaq® QPCR Master Mix (Promega, Milan, Italy), on the 7900 HT Fast Real-Time PCR 
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instrument (Applied Biosystems by ThermoFisher Scientific). The primer sequences are listed 

in Table 5. The 2-ΔΔCt method was used to calculate comparisons in gene expression. β-actin 

gene was used as housekeeping gene. 

 

Table 5: Primer sequences for qPCR analysis 

 

 

4.5. Statistics 

GraphPad Prism (GraphPad Software, CA, USA) was used for all statistical analyses. The EC50 

of anti-eNAMPT mAbs was calculated with the “Nonlinear Regression – log(agonist) vs. 

response -- variable slope” analysis of GraphPad software. One-way ANOVA with Dunnett’s 

multiple comparisons test or two-way ANOVA with Tukey’s multiple comparisons test were 

used for statistical comparison.  

 

4.6. Illustrations  

The illustrations in the figures were created with BioRender.com. 
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5. Results 

5.1. Characterization of recombinant NAMPT protein  

Human NAMPT protein was produced in house and biotinylated by Avi-Tag-mediating single-

site biotinylation. 

 

Figure 12: Characterization of NAMPT protein. (A) SDS-PAGE of in house produced NAMPT protein (batches 
#1053 and #1054) under reducing and non-reducing conditions. One representative experiment of two 
independent experiments. (B) In house NAMPT protein biotinylation level assessment with a pull-down analysis. 
Streptabeads were incubated with PBS, 2.5ug or 1ug of NAMPT-biot protein (NA-b, #1053) for 30 minutes. The 
supernatant (SN) was then separated from the streptabeads (B) and both were analyzed by SDS-PAGE under 
reducing condition. Non incubated NAMPT protein samples (P) were also loaded into the gel as controls. The 
10kDa and 62kDa bands correspond to the beads. The 35kDa band corresponds to the BirA enzyme remaining 
in the NAMPT protein preparation. (C-D) In house NAMPT protein detection in ELISA. NAMPT proteins were 
immobilized on a maxisorp plate (C) or a streptawell plate (D) and detected with commercial anti-NAMPT 
antibodies. In house NAMPT protein detection by commercial antibodies was repeated several times.   
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The correct size (kDa) and dimerization of NAMPT protein were verified by SDS-PAGE (Fig. 

12A and Fig. S3). Under reducing condition, a band was observed around 55kDa for the two 

different batches of NAMPT protein generated (#1053 and #1054), which corresponds to the 

described molecular weight of NAMPT monomer in the literature [9]. Under non-reducing 

condition, a dimer was observed. The level of biotinylation of NAMPT protein was evaluated 

by pull-down analysis (Fig. 12B). The presence of 55kDa bands in NAMPT-coated bead 

conditions (B), with similar intensities as the corresponding controls (P), suggests that the 

streptabeads had totally captured NAMPT-biot molecules. This was confirmed by the fact that 

no NAMPT-biot was apparent in the supernatant fractions (SN). Finally, the binding of 

commercial anti-NAMPT antibodies to in house produced NAMPT was tested in ELISA. The in 

house produced NAMPT protein was recognized by all commercial anti-NAMPT antibodies, 

when the protein was immobilized on a maxisorp plate, as shown in Fig. 12C. Given that 

passive adsorption on a maxisorp plate could result in protein denaturation (at least to some 

degree), NAMPT-biot recognition by antibodies was also assessed using a streptawell plate, 

which allows the immobilization of the protein via its biotin part and maintenance of its 

conformation. Strikingly, R&D and adipogen anti-NAMPT antibodies poorly detected NAMPT 

with this ELISA format (Fig. 12D). This suggests that these antibodies require, at least, a partial 

unfolding of NAMPT protein to bind to their epitopes. In house NAMPT protein batch #1053 

was selected for further use in phage display and throughout the research project. 

 

5.2. Anti-eNAMPT antibody generation  

5.2.1. Selection and screening 

Single chain fragment variable (scFv) constructs were selected by phage display from LCB 

proprietary synthetic and semi-synthetic phage libraries using different panning strategies 

and NAMPT protein sources. After three rounds of selection, selected scFv clones were picked 

randomly and screened by ELISA or homogeneous binding assay using the CellInsight™ CX5 

HCS imaging platform. NAMPT-specific scFvs presenting high to moderate binding signal were 

sequenced. In total, 266 anti-eNAMPT scFvs with unique sequences were obtained. Several 

scFvs, from different screening campaigns, with the highest binding signals and with diverse 

sequences were reformatted into human IgG1s. Examples of screening results are presented 

in Fig. S4.  
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5.2.2. Anti-eNAMPT monoclonal antibody expression 

Of the 56 scFvs reformatted, 54 IgGs were successfully produced. In addition, the anti-

eNAMPT mAb, P-1076 [102], from which ALT-100 experimental drug is derived [111], was also 

produced. P-1076 antibody was described as having an eNAMPT-neutralizing activity in vitro 

and in vivo (in mouse and rat models of lung injury) [102]. IgG expression was analyzed by gel 

electrophoresis. Two bands corresponding to the heavy chain and the light chain were 

observed (Fig. S5). The slight differences in light chain molecular weight are due to differences 

in light chain isotype (kappa versus lambda light chains) as well as the presence of 

glycosylations.  

 

5.2.3. Anti-eNAMPT antibody binding profile  

IgGs specificity and binding were assessed by indirect and sandwich ELISA (using maxisorp 

plates). In sandwich ELISA, recombinant NAMPT in solution binds an anti-eNAMPT antibody 

immobilized via the Fc part, while in indirect ELISA, NAMPT protein is passively adsorbed (Fig. 

13A). Of the 54 IgGs produced, four IgGs were eliminated due to lack of binding or binding 

specificity (data not shown). The remaining IgGs exhibited different binding characteristics 

and were categorized accordingly into three groups (A, B and C). Antibodies in group A bound 

strongly NAMPT in indirect ELISA and weakly or not at all in sandwich ELISA (Fig. 13B and 14 

additional IgGs, Figs. S6 and S7). This suggests that these antibodies recognize epitopes that 

become more exposed in (at least partially) unfolded NAMPT protein. In contrast, antibodies 

in group B recognized NAMPT in sandwich ELISA, but less so in indirect ELISA (Fig. 13B and 25 

additional IgGs, Figs. S8 and S9). The majority of IgGs in group B were able to bind biotinylated 

NAMPT captured on a streptawell plate (data not shown). This suggests that group B 

antibodies require proper folding of NAMPT for binding, and may therefore recognize 

conformational epitopes. Finally, IgGs in group C (Fig. 13B and 8 additional IgGs, Fig. S10) 

bound NAMPT in both ELISA configurations, similar to the P-1076 antibody. Heterogeneous 

binding pattern was observed in this group, with some antibodies binding similarly in 

sandwich and in indirect ELISA, and others binding much better in one ELISA format 

(principally, indirect ELISA). The EC50s calculated from binding curves of Figures S6, S8 and 

S10 are presented in Table S1. Three antibodies in group C,  IgG_AE_1G9, IgG_AE_1H9,  and 

IgG_AE_1G2 bound NAMPT with high affinity, higher or comparable to P-1076.   

In addition, anti-eNAMPT mAbs were evaluated by bio-layer interferometry analysis with anti-

eNAMPT antibodies immobilized on protein A coated sensors. As shown in Fig. S11, binding 

of anti-eNAMPT mAbs correlated with sandwich ELISA results: group B and C antibodies, but 

not (or weakly) group A antibodies bound the NAMPT protein in the BLI assay.  
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Figure 13: Characterization of anti-eNAMPT antibodies by ELISA. (A) Schematic representation of the ELISA 

assays. (B) The binding of the antibodies was analyzed by indirect ELISA with a commercial NAMPT protein and 

by sandwich ELISA with in-house NAMPT-biot protein. Maxisorp plates were used for both ELISA assays. 
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5.2.4. Sorting of the anti-eNAMPT antibodies into epitope bins 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Sorting of the anti-eNAMPT antibodies into epitope bins. (A) Cartoon showing the principle of the 
competitive ELISA assay. (B) Example epitope binning experiments performed with three anti-eNAMPT 
antibodies. Maxisorp plates were coated with a commercial NAMPT protein and incubated with increasing 
concentrations of anti-eNAMPT mAbs  (0.01 to 10µg/mL) and a neat periplasmic preparation of scFv. C-myc-
tagged scFvs were then detected with a mouse anti-c-myc tag antibody and an anti-mouse IgG Fcγ-HRP antibody.  
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A dose-response binding competition assay (Fig. 14A) was performed, allowing to group the 

anti-eNAMPT antibodies into several epitope bins. If a competitor antibody was able to block 

completely the binding of a test scFv, both were categorised into the same epitope bin. If the 

blocking was nil or incomplete (reflecting steric hindrance, rather than binding to the same 

epitope/region), then the two antibodies were considered to be in distinct epitope bins. 37 

antibodies were analyzed either on NAMPT-coated maxisorp plates or streptawell plates 

coated with biotinylated NAMPT, depending on their binding profile (A, B or C). The results of 

dose-response binding competition assays are shown in Fig. 14B and Figs. S12 and S13. The 

ensuing epitope bin categorization is summarized in Fig. 15. eNAMPT antibodies in group A  

and C were clustered into five distinct epitope bins (1 to 5), while antibodies in group B and 

C, into three epitope bins (groups I, II and III). The P-1076 benchmark antibody was analyzed 

using another ELISA approach and appeared to bind to the same region as group I antibodies 

(Fig. S14).  

 

Figure 15: Anti-eNAMPT antibodies sorted into epitope bins. Sorting was based on competitive ELISA using 
maxisorp or streptawell plates depending on antibody binding attributes. Group A, B and C antibodies are 
colored in blue, green and purple respectively. 
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5.2.5. Affinity of the anti-eNAMPT antibodies 

 

Table 6: Anti-eNAMPT antibody affinities. Affinity was measured using bio-layer interferometry (Octet, Forte 
Bio) and is shown as the KD ± SD. Results are representative of two independent experiments. P-1076 was 
measured for comparison. 

IgG P-1076 2E1 1G9 1A1 1G2 1G6 1G1 1H9 1D2 

Targeted 

epitope bin 
I I II III 1  2 3 4 5 

KD (nM) 0.8±0.43 0.5±0.05 0.7±0.14 2.6±0.09 2.7±0.28 7.9±2.3 4.4±0.04 1.0±0.2 19.1±0.95 

 

Binding kinetics and affinities (expressed as KDs) of one candidate from each binning group 

were assessed by bio-layer interferometry analysis. KDs were calculated from the 

association/dissociation curves on Fig. S15. As shown in Table 6, all the antibodies tested, 

except IgG_AE_1D2, showed a high affinity for NAMPT (KDs < 10nM).  

 

5.2.6. Lead optimization of IgG_AE_1D2 

A lead optimization (LO) step was performed on IgG_AE_1D2. Mutations in CDRs were 

introduced in order to increase sequence diversity. Two phage display libraries were built and 

used for LO. Examples of the results obtained during the screening campaigns are shown in 

Fig 16. scFv expression and binding signals were measured by ELISA analysis. Some scFvs 

presented high binding signals for NAMPT but also high expression levels (e.g. scFvd2-A1-

1_1D8, Fig. 16A), suggesting that their affinity for NAMPT is actually low. Thus, to determine 

the best binders a binding/quantification ratio was calculated (Fig. 16B). The specificity of 

binding was also confirmed (Fig. S16). The scFvs with a higher binding/quantification ratio 

than scFv-AP1-5_1D2 (parental scFv) were selected for sequencing. A high percentage of 

diversity was obtained (Fig. 16C). As before, the scFvs with the highest binding signals and 

with diverse sequences were chosen to be reformatted into IgG1s. LO IgGs specificity and 

affinity were then assessed by ELISA and BLI analysis. Unfortunately, the LO anti-eNAMPT IgGs 

did not showed improved affinities compared to IgG_AE_1D2 (Fig. S17). These LO antibodies 

were therefore not characterized further. 
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Figure 16: Example of screening results of LO of IgG_AE_1D2. (A) scFvs binding and expression signals were 
measured by ELISA. (B) scFvs binding / quantification ratio was used to determine which scFvs to reformat. Once 
reformatted into IgGs, scFvs were renamed according to IgG_AEd2_X nomenclature for simplification (e.g. 
scFvd2-A1-1_1B3 became IgG_AEd2_1B3). (C) Sequence diversity obtained for the pool of scFvs sequenced.  

 

Finally, a “round” optimization (RO) was also performed, in the hope of finding new high-

affinity antibodies. The principle is the same as for LO, but here the phage libraries are based 

on a pool of original sequences instead of a single original sequence. 12 anti-eNAMPT 

antibodies generated from five RO libraries were characterized by ELISA. According to their 

binding profile, they were catalogued into group B or C (Fig. S18). Antibodies of both groups 

showed strong binding in sandwich ELISA (Table S2). In indirect ELISA, only  group C antibodies 

bound NAMPT, with low affinity. A BLI analysis of two RO antibodies (IgG_AE_2F4 and 

IgG_AE_3G4, showing the most robust binding in sandwich ELISA) was performed, but their 

affinities were not higher than for the previously characterized antibodies (IgG_AE_2F4 KD = 

23nM;  IgG_AE_3G4 KD = 32nM). The RO antibodies were therefore not characterized further. 

Thus, overall, the lead and round optimizations did not lead to any affinity improvement. A 

summary of phage display and reformatting activities is presented in Fig. 17. 

 

 

 

 



Page 97 of 170 
 
 

 

Figure 17: Summary of phage display activities. 

 

5.3. Ligand/receptor binding assays for antibody testing 

Based on publications showing the interaction of eNAMPT with CCR5 or TLR4 ([26], [27], 

[114], [115]), various approaches were used to develop an assay for the testing of the 

neutralizing activity of anti-eNAMPT mAbs.    

 

5.3.1. eNAMPT binding to cells expressing TLR4 or CCR5  

To test the binding of eNAMPT to its putative receptors, in-house generated CHO cell lines 

expressing either human TLR4/MD-2 or human CCR5 were used. The expression of TLR4 and 

CCR5 was verified with QIFIKIT® (Fig. 18), confirming high level of receptor expression. We 

tested eNAMPT from eight different sources (in-house, commercial, produced in E.Coli, 

Baculovirus or mammalian cells – see M&M for details).   
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Figure 18: Receptor expression on CHO-TLR4/MD-2 and CHO-CCR5 cell lines. The levels of expression of TLR4 
and CCR5 receptors by CHO-TLR4/MD-2 and CHO-CCR5 cells lines respectively were measured by flow cytometry 

with QIFIKIT® (Dako). Results of one of two independent experiments are shown. Antibody binding capacities 

(ABC) of 110 000 ± 10 000 and 315 000 ± 65 000 were obtained for CHO-TLR4/MD-2 and CHO-CCR5 cells 
respectively. 

eNAMPT binding to TLR4 or CCR5 receptors was assessed by flow cytometry. Unfortunately, 

none of the six recombinant NAMPT proteins tested could be demonstrated to interact 

specifically with cell surface-expressed TLR4 or CCR5 (Fig. 19). Additional analyses with 

different NAMPT concentrations led to a similar conclusion (Fig. S19). 

Figure 19: Analysis of eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells by flow cytometry. (A-B) 
NAMPT proteins (50ug/mL) were incubated for two hours with CHO-CCR5, CHO-TLR4/MD-2 or CHO-WT cells. 
NAMPT proteins were then detected with a biotinylated anti-NAMPT antibody (R&D), which was in turn 
detected with streptavidin coupled to cy5.  
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I speculated that eNAMPT/TLR4 or eNAMPT/CCR5 interaction could potentially be blocked by 

the anti-NAMPT antibody used for detection. I therefore tested alternative detection 

methods, but without success. Neither anti-NAMPT monoclonal / polyclonal antibodies (Fig. 

20 and Fig. S20-21) nor an anti-His-Tag antibody (Fig. 20) were able to detect eNAMPT bound 

to cell surface CCR5 or TLR4. The slight shift of fluorescence peak observed with in house 

NAMPT protein at high concentration (50ug/mL) and CHO-CCR5 (see Fig. 20, R&D and 

ThermoFisher detection and Fig S20, Adipogen detection) or CHO-TLR4 cells (see Fig. S20, 

Adipogen detection) could not be reproduced in subsequent experiments (see Fig. S21). 

Overall, I conclude that I was unable to confirm the eNAMPT/TLR4 and eNAMPT/CCR5 direct 

interactions described in the literature with the approach delineated above.  
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Figure 20: Analysis of eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells by flow cytometry. NAMPT 

proteins (50ug/mL; MBS, MyBiosource; R&D or in house protein) were incubated for two hours with CHO-CCR5, 

CHO-TLR4/MD-2 or CHO-WT cells. NAMPT proteins were detected either with mouse/rat/rabbit anti-NAMPT 

antibodies (R&D; Adi, Adipogen; Thermo, ThermoFisher Scientific) and a secondary anti-mouse/rat/rabbit IgG 

antibody coupled to PE, or an anti-PentaHis antibody coupled to AF647 (right panels).  

The reported KDs of the interactions between eNAMPT and TLR4 or CCR5 are in the nM range 

[27], [114], they should therefore be fairly easily detectable by flow cytometry. 

Notwithstanding in an attempt to corroborate the published results, I tried in addition an 

alternative assay format. Using the same recombinant cell lines and different detection 

reagents, I run a homogeneous binding assay (using CellInsight™ CX5 HCS imaging platform), 

but, once again, I was unable to observe any specific interaction between recombinant 

NAMPT proteins and cell surface expressed CCR5 or TLR4 (Fig. 21, Fig. S22). 
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Figure 21: Analysis of eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells with the CellInsight™ CX5 HCS 
imaging platform. (A-B) Increasing concentrations of NAMPT proteins were incubated with CHO-CCR5, CHO-
TLR4/MD-2 or CHO-WT cells for three hours. (A) Bound NAMPT was detected with an anti-PentaHis mAb coupled 
to AF647 or with streptavidin coupled to Cy5. (B) Bound NAMPT was detected with a biotinylated anti-NAMPT 
pAb (R&D) and streptavidin coupled to Cy5. In order to control the correct expression of the receptors, cells 
were also incubated with anti-TLR4 and anti-CCR5 mAbs, detected with an anti-mouse IgG Fcγ antibody coupled 
to AF647.  

One hypothesis for the absence of eNAMPT/TLR4 interaction could be that eNAMPT is not 

able to interact with TLR4, when MD-2 and TLR4 are associated, as suggested in Gasparrini et 

al. publication [114]. Based on in silico modeling analyses, Camp et al. [26] speculated that, 

unlike LPS, NAMPT is able to bind directly to TLR4, without the requirement for MD-2/TLR4 

association. Physiologically, in macrophages, the presence of MD-2 does not appear to block 

eNAMPT-mediated NF-kB signalling via TLR4 [116]. However, we cannot formally exclude that 

in the cell-based binding assays, MD-2 impeded the binding of eNAMPT to TLR4. As proposed 

by Gasparrini et al. [114], a competition for TLR4 binding could potentially occur in vivo 

between eNAMPT and MD-2. It would have been interesting to perform the flow cytometry 

and the CellInsight binding experiments with a CHO cell line expressing solely TLR4. However, 

this option is limited by the fact that the MD-2 protein present in cell culture serum could 

probably bind to TLR4, as human MD-2 and bovine MD-2 have a sequence homology of 79% 

(determined by BLAST analysis). Thus, to be completely free of MD-2, the cells would have to 

be cultured in absence of serum, conditions that can greatly impact TLR4 expression.  

Currently, little is known about the modalities of interaction of eNAMPT with its receptors. 

Eventually, further research to decipher the mechanism of eNAMPT/TLR4 or eNAMPT/CCR5 

interactions may help with the development of cell-based binding assays that would, in turn, 

allow assessing the blocking activity of eNAMPT binding mAbs.  
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5.3.2. eNAMPT binding to recombinant TLR4 and CCR5 proteins 

eNAMPT-receptor interactions were also assessed using recombinant human TLR4 and CCR5 

proteins. TLR4- and CCR5-coated beads or NAMPT-biot-coated streptabeads were tested in 

the CellInsight homogeneous binding assay. Same as with the cell-based assays, no 

eNAMPT/TLR4 or eNAMPT/CCR5 interaction was observed, despite using different NAMPT 

sources or detections (Fig. 22). 

 

Figure 22: Analysis of eNAMPT binding to CCR5 and TLR4 proteins with CellInsight™ CX5 HCS imaging platform. 
(A) Increasing concentrations of NAMPT were incubated with TLR4- or CCR5-coated beads for three hours. 
Bound NAMPT proteins was detected with a biotinylated anti-NAMPT pAb (R&D) and streptavidin coupled to 
Cy5. (B) Increasing concentrations of TLR4 or CCR5 proteins were incubated with NAMPT-biot-coated 
streptabeads for three hours. TLR4 and CCR5 proteins were detected with specific antibodies and an anti-mouse 
IgG Fcγ antibody coupled to AF647. To control the coating of NAMPT-biot protein, streptabeads were also 
incubated with IgG_AE_1G2 antibody.  

 

eNAMPT interaction with TLR4 receptor was also assessed with BLI technology using the Octet 

platform (ForteBio). The first experiment was inspired by the SPR assay of Camp et al. [26]: 

an anti-NAMPT pAb immobilized on protein A biosensors was incubated with recombinant 

NAMPT, TLR4 or a mix of NAMPT-TLR4 proteins. However, unlike Camp et al., the pre-mix of 

NAMPT and TLR4 did not result in increased binding response over NAMPT alone (Fig. 23A). I 

also tried another configuration with NAMPT-biot protein bound to streptavidin (SA) 

biosensors and incubated with recombinant TLR4 protein, however, no specific binding could 

be detected (Fig. 23B). Other strategies using HIS1K (anti-PentaHis tag) or AMC (anti-mouse 

Fc) biosensors were unsuccessful as well (Fig. S23 and S24).  
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Figure 23: Analysis of eNAMPT binding to TLR4 with bio-layer interferometry (BLI). (A) An anti-NAMPT pAb 
(Adipogen) was loaded onto protein A biosensors and incubated for 600sec with NAMPT (100nM), TLR4 
(1000nM) or a mix of NAMPT-TLR4 proteins. The anti-NAMPT pAb was then incubated with KB 1X buffer to allow 
protein dissociation. The sensorgram is representative of two independent experiments. Adi, adipogen; MBS, 

MyBiosource; IH, in house. (B) In house produced NAMPT-biot protein (blue) or nothing (rust, KB 1X) was loaded 

onto streptavidin biosensors and incubated for 600sec with TLR4 or PD-L1 proteins (100 or 1000nM). NAMPT-
biot was then incubated with KB 1X buffer to allow protein dissociation.  
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Figure 24: TLR4 binds to eNAMPT in direct ELISA. (A-C) Maxisorp plates were coated with NAMPT and incubated 
with increasing concentrations of TLR4 or MSLN (negative control). His-tagged proteins were then detected with 
an anti-PentaHis tag antibody coupled to HRP. (D) Correct detection of the tag His was controlled by incubating 
coated his-tagged proteins with an anti-PentaHis tag antibody coupled to HRP. (A), (B), (C) correspond to three 
independent experiments.  
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Finally, the binding of TLR4 to eNAMPT was assessed by direct ELISA (with passive adsorption 

of recombinant NAMPT). As shown in Fig. 24, a dose-dependent and apparently specific 

binding of TLR4 to NAMPT protein was indeed observed with recombinant proteins of 

different origins (two TLR4 and three NAMPT). Furthermore, we also detected an 

eNAMPT/TLR4 interaction in the presence of MD-2 protein (Fig. S25).  

Alternative ELISA configurations were also tested (Fig. 25). Unfortunately, neither the ELISAs 

in a reverse configuration, with TLR4 coated on the plate, nor sandwich ELISAs (in any format) 

showed any specific binding between recombinant TLR4 and NAMPT proteins (example 

experiments are shown in Fig. S26).  

 

 

 

Figure 25: Alternative ELISA configurations tested. 
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Figure 26: Anti-eNAMPT mAbs block TLR4/eNAMPT interaction. (A) Schematic representation of the assay. (B-

E) Maxisorp plates were coated with 60nM NAMPT protein and incubated with increasing concentrations of 

anti-eNAMPT mAbs and a fixed concentration of TLR4 (30, 50, 100 or 200nM). His-tagged TLR4 was then 

detected with an anti-PentaHis tag antibody coupled to HRP. Four independent experiments are presented in 

(B), (C), (D), and (E).  
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In view of the results of the binding assays described above, I set out to evaluate the blocking 

potential of anti-eNAMPT mAbs using the unique ELISA assay configuration that displayed a 

(apparently) specific interaction between recombinant eNAMPT and its purported cell surface 

receptor, TLR4. Preliminary blocking ELISA experiments were performed with P-1076 and 

IgG_AE_1G2 antibodies, in order to validate the assay. As shown in Fig. 26B and C, P-1076 and 

IgG_AE_1G2 antibodies blocked eNAMPT/TLR4 interaction in a dose-dependent manner. The 

eNAMPT/TLR4 binding was not affected by an anti-TLR4 antibody neutralizing TLR4 

dimerization (Fig. 26C). All group A and C antibodies were then tested in this blocking assay 

(Fig. 26D-E). Group B antibodies, which showed low or no binding to NAMPT passively 

adsorbed on maxisorp plates, could not be tested. Unexpectedly, all the group A and C mAbs 

tested inhibited TLR4 binding to immobilized recombinant NAMPT irrespectively of their 

corresponding epitope bins (epitope bins 1, 2, 3, 4 or 5). Several commercial anti-NAMPT 

antibodies were also tested and all were able to prevent eNAMPT/TLR4 binding (data not 

shown). In other words, I have not identified any antibody that binds NAMPT with high 

affinity, yet doesn’t block recombinant TLR4 binding. Group A and C antibodies were tested 

once again in subsequent experiments, either with the same recombinant proteins pair or 

with an alternative (NAMPT Peprotech / TLR4 SinoBiological) pair (Fig. S27). As shown in Fig. 

27, six antibodies blocked more potently than the P-1076 benchmark. Their characteristics 

are presented in Table 7.  

 

 

Figure 27: Blocking eNAMPT-TLR4 binding with anti-eNAMPT IgGs. Maxisorp plates were coated with 60nM 
NAMPT protein and incubated with increasing concentrations of anti-eNAMPT mAbs and a fixed concentration 
of TLR4 (30nM). His-tagged TLR4 was then detected with an anti-PentaHis tag antibody coupled to HRP.  
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Table 7: Summary of the characteristics of the most potent neutralizing anti-eNAMPT IgGs identified in the 
blocking ELISA assay. Affinity was measured using bio-layer interferometry (Octet, Forte Bio) and is shown as 
the KD ± SD. Results are representative of two independent experiments. P-1076 was measured for comparison. 
The KD of the other blocking antibodies were not measured. 

Name  Binding Profile KD (nM) Epitope bin 
IgG with a close 

sequence 

P-1076 C 0.8 ± 0.43 I  

IgG_AE_1G2 C 2.7 ± 0.28 I, 1  

IgG_AE_1D8 A 9.3 ± 2.34 1  

IgG_AE_1G6 A 7.9 ± 2.3 2 IgG_AE_1G5 

IgG_AE_1A9 A 24.7 ± 0.2 2  

IgG_AE_1H9 C 1.0 ± 0.2 4 IgG_AE_1G9 

IgG_AE_1G1 A 4.4 ± 0.04 3  

 

5.4. Functional cell-based assays 

eNAMPT has been described to act as a pro-inflammatory cytokine in various pathological 

conditions [1], [2]. Furthermore, eNAMPT was shown to contribute to cancer cell proliferation 

and migration [10]. We have therefore used various approaches to develop a functional assay 

allowing to determine how the anti-eNAMPT mAbs affect these functions, and particularly, 

whether they can neutralize them.  

5.4.1. Induction of intracellular signalling pathways by eNAMPT  

5.4.1.1. NF-kB pathway activation in reporter cell lines 

Multiple studies reported that eNAMPT participates in disease pathogenesis by activating 

inflammatory signalling pathways, leading to the release of pro-inflammatory cytokines [2], 

[93]. NF-kB pathway, which is downstream of TLR4, was shown to be activated by eNAMPT in 

immune and endothelial cells [26], [95], [116], [117]. 

I first assessed eNAMPT ability to activate the NF-kB pathway through TLR4 receptor using 

HEK-BlueTM and THP1-Blue TM NF-kB reporter cell lines (InvivoGen). HEK-BlueTM cells were co-

transfected with human TLR4, MD-2 and CD14 co-receptors genes for LPS recognition and 

binding, whereas THP-1-Blue TM cells were only transfected with human CD14, as these cells 

naturally express TLRs and MD-2. As shown in Fig. 28, TLR4 natural ligand, LPS, induced a 

robust activation of NF-kB in HEK-Blue-TLR4/MD-2/CD14 cells, which was abrogated when 

LPS was pre-incubated with its inhibitor (polymyxin B). Recombinant NAMPT proteins from 

different suppliers or generated in house were then tested on the same cells. The NAMPT 

proteins either did not induce NF-kB pathway activation (Adipogen, in house, R&D and 

SinoBiological NAMPT proteins) or were contaminated with endotoxins (MBL international 

and MyBiosource NAMPT proteins) (Fig. 28).  Adipogen, in house and R&D NAMPT proteins 

also did not induce NF-kB pathway in THP1-Blue-CD14 cells (Fig. S28). SinoBiological, MBL 

international and MyBiosource NAMPT proteins were not tested in THP1-Blue-CD14 cells.  
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Figure 28: NF-kB pathway induction in HEK-Blue-TLR4/MD-2/CD14 reporter cells. (A-F) HEK-Blue-TLR4/MD-
2/CD14 cells (InvivoGen) were stimulated with NAMPT proteins (NA, 0.1-3ug/mL) or with LPS (1ng/mL), 
preincubated or not with polymyxin B (PolB, 50ug/mL) as indicated. NF-kB activation was quantified by 
determining the activity of SEAP using QUANTI-BlueTM detection reagent (A-E) or HEK-BlueTM Detection medium 
(F). (A-D) Results are representative of two independent experiments and are represented as mean OD ± SD of 
three replicates. (E-F) Results are represented as mean OD ± SD of three replicates. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001; ****, p <0.0001; ns, not statistically significant; were obtained using a two-way ANOVA with Tukey’s 
multiple comparisons test. 
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Figure 29: NF-kB pathway induction by Peprotech NAMPT protein in THP1-Blue-CD14 and HEK-Blue-TLR4/MD-
2/CD14 reporter cells. (A) THP1-Blue-CD14 cells (InvivoGen) and (B) HEK-Blue-TLR4/MD-2/CD14 cells 
(InvivoGen) were stimulated with 4ug/mL of NAMPT (Peprotech) or LPS preincubated with polymyxin B (PolB, 
at 0, 10, 50 or 100ug/mL). (C) THP1-Blue-CD14 cells were stimulated with 4ug/mL of NAMPT preincubated with 
increasing concentrations of P-1076 antibody (0-40ug/mL). (A-C) NF-kB activation was quantified by determining 
the activity of SEAP using QUANTI-BlueTM detection reagent. Results are representative of two independent 
experiments and are represented as mean OD ± SD of three replicates.  *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p <0.0001; ns, not statistically significant; were obtained using a two-way ANOVA with Tukey’s multiple 
comparisons test. 

Surprisingly, Peprotech recombinant NAMPT protein activated the two NF-kB reporter cell 

lines differently. In THP1-Blue-CD14 cells, the protein induced a weak activation of NF-kB 

pathway, which was not due to residual LPS present in the protein preparation (Fig. 29A). 

Nevertheless, as THP1-Blue-CD14 cells naturally express other TLRs through which NF-kB 

signalling can also be activated, a contamination by another TLR ligand cannot be excluded. 

Thus, we cannot be sure that the observed residual NF-kB activation is induced by eNAMPT. 

Furthermore, as shown in Fig. 29C, this eNAMPT-mediated NF-kB activation was not blocked 

by P-1076 antibody. In HEK-Blue-TLR4/MD-2/CD14 cells, eNAMPT-induced activation of NF-

kB was strong, but was actually elicited by contaminating endotoxins (Fig. 29B). The fact that 

the endotoxins present in Peprotech NAMPT preparation activate NF-kB in HEK-Blue but not 

in THP1-Blue cells can be explained by the increased sensitivity of HEK-Blue cells. Indeed, 

0.1ng/mL of LPS were sufficient to trigger a strong NF-kB signalling in HEK-Blue, whereas 

1ng/mL of LPS were required for THP1-Blue cells (Fig. 29A-B).   
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5.4.1.2. Activation of other intracellular pathways  
 

 

Figure 30: Intracellular pathways activation in MCF10A cells. (A) MCF10A cells were stimulated with NAMPT 
(100ng/mL) or not (CTR, control) for the indicated times. Cell extracts were immunoblotted for total and 
phosphorylated AKT, SMAD2, p38, NF-kB and IkB. (B) MCF10A cells were stimulated with NAMPT (100ng/mL) in 
the presence of P-1076 (9ug/mL) or not (CTR) for one hour. Cell extracts were immunoblotted for total and 
phosphorylated SMAD2, p38, NF-kB and IkB. Results are representative of two (for SMAD-2) or four (for the 
other signalling proteins) independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <0.0001; 
ns, not statistically significant; were obtained using a two-way ANOVA with Tukey’s multiple comparisons test. 
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eNAMPT was shown to induce the activation of intracellular signalling pathways in MCF10A 

mammary epithelial cells [108], [118]. In order to reproduce these results, I therefore 

performed western blots using the same eNAMPT preparation than Soncini et al. [108] 

(Adipogen NAMPT protein). This recombinant NAMPT protein was used in all the western blot 

analyses presented hereafter. In a preliminary experiment, treatment of MCF10A cells with 

eNAMPT induced a slight p38 and IkB phosphorylation (Fig. 30A). However, these preliminary 

results could not be reproduced as exemplified in Fig. 30B.  

Similar analyses were performed with breast cancer cell lines MCF-7 and MDA-MB-231, in 

which eNAMPT was also shown to activate signalling pathways [119], [120]. In one 

experiment, stimulation of MCF-7 cells with eNAMPT slightly induced  IkB, NF-kB, p38 and 

AKT activation (with a 1.2-fold, 1.6-fold and 1.8-fold increase respectively (Fig. 31A)). 

However, as shown in Fig. 31B, this was not observed in a second analysis. 
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Figure 31: Intracellular pathways activation in MCF-7 cells. (A-B) MCF-7 cells were stimulated with NAMPT (NA; 
100, 500 or 1000ng/mL) or not (CTR, control) for 24h. Cell extracts were then immunoblotted for total and 
phosphorylated NF-kB, IkB, p38 and AKT. (A) and (B) correspond to two independent experiments. 
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Similarly,  treatment of MDA-MB-231 cells with recombinant NAMPT protein failed to induce 

the activation of AKT, p38, NF-kB/IkB and STAT3 signalling pathways (Fig. 32). A dose-

dependent reduction of IkB activation was observed in the presence of eNAMPT. This 

decrease was not reproduced in a second analysis (data not shown).   

 

 

Figure 32: Intracellular pathways activation in MDA-MB-231 cells. MDA-MB-231 cells were stimulated with 
NAMPT (NA, 100 or 1000ng/mL) or not (CTR, control) for one hour. Cell extracts were then immunoblotted for 
total and phosphorylated AKT, p38, STAT3, NF-kB and IkB.   

 

Finally, NF-kB/IkB signalling pathway activation by eNAMPT in prostate cancer cells (PC-3) was 

assessed, based on the publication of Sun et al. [98]. The activation of other signalling proteins 

such as AKT and p38 was also evaluated at the same time. As shown in Fig. 33, stimulation of 

PC-3 cells with eNAMPT did not significantly induce p38, AKT, NF-kB and IkB phosphorylation. 

Overall, activation of signalling pathways by eNAMPT in various cell lines could not be 

demonstrated or otherwise confirmed. These results highlight the difficulty of reproducing 

data and obtaining reliable results with western blots. Indeed, western blot analysis is 

subjected to inherent variability and poor reproducibility [121], [122]. 
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Figure 33: Intracellular pathways activation in PC-3 cells. PC-3 cells were stimulated with NAMPT (100 or 
500ng/mL) or not (CTR, control) for 24h. Cell extracts were then immunoblotted for p-AKT, p-p38, p-NF-kB and 
p-IkB. Results are representative of two independent experiments. ns, not statistically significant; was obtained 
using a one-way ANOVA with Dunnett’s multiple comparisons test. 

 

5.4.2. Proliferative effect of eNAMPT 

Hung et al. and Gholinejad et al. [119], [120] demonstrated that eNAMPT contributes to 

tumor development by sustaining cancer cell proliferation. Based on these publications, I 

assessed the induction of breast cancer cell (MCF-7 and MDA-MB-231) proliferation by 

eNAMPT (Fig. 34). Unfortunately, in this and in further experiments (data not shown) 

recombinant NAMPT protein failed to induce cancer cell proliferation.  
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Figure 34: The effect of eNAMPT on breast cancer cell proliferation. Proliferation of MDA-MB-231 and MCF-7 
cells treated with NAMPT (NA, 0–100ng/mL) for 72 hours was measured with SRB colorimetric assay. *, p < 0.05; 
**, p < 0.01; ***, p < 0.001; ****, p <0.0001; ns, not statistically significant; were obtained using a one-way 
ANOVA with Dunnett’s multiple comparisons test. 

 

5.4.3. Epithelial-to-mesenchymal transition of MCF10A cells 

Based on Soncini et al. publication [108], eNAMPT-induced epithelial-to-mesenchymal 

transition (EMT) of MCF10A mammary epithelial cells was assessed. Specifically, the 

expression of epithelial (E-cadherin) and mesenchymal (N-cadherin, vimentin and ZEB1) 

genes, which are respectively down-regulated and up-regulated during this biological process, 

was assessed by RT-qPCR after 14 days of incubation with eNAMPT. Unfortunately, no 

significant changes in the expression of these genes could be observed (Fig. 35). Thus, the 

eNAMPT induction of EMT in MCF10A cells could not be confirmed. 
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Figure 35: Induction of epithelial-to-mesenchymal transition in mammary epithelial cells. MCF10A cells were 
incubated for 14 days with 100ng/mL of recombinant NAMPT protein (Adipogen). Cells RNA was extracted and 
E-cadherin, N-cadherin, vimentin and ZEB1 mRNA levels were quantified by qPCR. Results are representative of 
two independent experiments. ns, not statistically significant, was obtained using a two-way ANOVA with 
Tukey’s multiple comparisons test. 
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6. Discussion 

6.1. Development of anti-eNAMPT antibodies  

Over the course of my thesis, I produced 554 anti-eNAMPT single-chain fragment variables 

(scFvs) with unique sequences. 86 of them, which presented high binding affinity for NAMPT, 

were reformatted into IgGs and produced at small scale for subsequent analyses. In addition, 

the eNAMPT-blocking P-1076 antibody [102], from which the experimental drug ALT-100 is 

derived, was also produced, with the intention of using it as a benchmark/comparator in 

binding and functional assays.  

Of the 86 monoclonal antibodies (mAbs) I generated, 81 were specific to NAMPT. 

Furthermore, they presented different binding characteristics, targeting different regions on 

NAMPT, as demonstrated in a series of binding competition experiments. As a consequence, 

they were grouped into distinct epitope bins (as a reminder, mAbs sorted into the same 

epitope bin bind to the same region of the target and compete for binding, but do not 

necessarily recognize the same epitope).  

 

6.2. Neutralizing activity of the anti-eNAMPT antibodies 

6.2.1. Ligand/receptor binding assays 

The affinity of the interaction between eNAMPT and its cell surface receptors TLR4 and CCR5 

has been published [27], [114] and their respective KD values are in the nM range. Of note, 

several mAbs (identified by phage display, as well as the P-1076 benchmark), falling into 

different epitope bins, presented a sufficiently high affinity for eNAMPT to be able, at least in 

theory, to efficiently compete with TLR4 and/or CCR5 for ligand binding.  

I therefore wanted to assess in the first place whether anti-eNAMPT mAbs were able to block 

eNAMPT/receptor interactions. To this end, we used recombinant proteins and cells 

expressing TLR4 or CCR5, which I tested in a variety of eNAMPT/receptor binding assays using 

different technologies, such as ELISA, bio-layer interferometry, CellInsight platform and flow 

cytometry. Given that protein structural integrity and stability are critical for ligand/receptor 

binding, and can vary considerably depending on protein mode of production [123], [124], we 

tested recombinant NAMPT proteins produced in different expression systems (E.coli, insects 

or mammalian cells) and purchased from different suppliers. 

Dose-dependent and specific binding of TLR4 to NAMPT could be demonstrated in one 

distinctive ELISA configuration, with recombinant NAMPT protein immobilized by passive 

coating on maxisorp plates and recombinant TLR4 protein in solution. We therefore used this 

assay to assess the blocking ability of anti-eNAMPT antibodies. All the mAbs tested, including 



Page 119 of 170 
 
 

the P-1076 benchmark, turned out to be neutralizing, i.e., they were competing with soluble 

TLR4 for NAMPT binding. The fact that all these mAbs efficiently blocked TLR4 binding was 

unexpected and difficult to explain mechanistically, given that these different mAbs fall into 

five distinct epitope bins, which means that they are targeting remote, or perhaps even 

opposite surfaces of the NAMPT protein. 

Unfortunately, I failed to confirm the eNAMPT/TLR4 interaction in other binding assays, either 

in alternative ELISA configurations or cell-based assays with engineered cells expressing high 

levels of TLR4 at the cell surface. This fact, along with the inexplicable results of the mAb-TLR4 

competition ELISA, brought me to a conclusion that I do not have a reliable TLR4-based 

binding assay for testing the neutralizing activity of my anti-eNAMPT mAbs. By the same 

token, I failed to demonstrate the interaction between eNAMPT and its alternative putative 

receptor CCR5; this, in spite of numerous attempts, and different assay types tried, with 

recombinant CCR5 and with cells expressing high cell surface levels of CCR5. To my 

knowledge, no one has been able so far to demonstrate a direct interaction between eNAMPT 

and its proposed receptors CCR5 and TLR4 expressed on cells (under native conditions). 

 

6.2.2. Functional cell-based assays 

Having failed to demonstrate a direct interaction between eNAMPT and TLR4 or CCR5, I set 

out to test the effect of recombinant NAMPT in “receptor-agonistic” functional cell-based 

assays. Based on published results [26], [95], [108], [117], [119], [120], I tried to replicate the 

induction of diverse intracellular signal transduction pathways (MAPK/ERK, TGF-β/SMAD2/3, 

PI3K/Akt, JAK/STAT, NF-kB) by recombinant NAMPT.  

Using a monocytic reporter cell line transfected with CD14 (THP1-Blue-CD14), I could observe 

a low-level induction of NF-kB-driven reporter gene expression with one recombinant NAMPT 

preparation (Peprotech). That residual reporter gene signal was rather variable and could not 

be inhibited by P-1076 benchmark or any other eNAMPT mAbs tested (neither was it caused 

by contaminating LPS, as it was not blocked by polymyxin B). I therefore concluded that the 

observed reporter gene induction could be due to another (trace) contaminant present in the 

Peprotech preparation. THP-1 are human leukemia monocytic cells, and human monocytes 

are known to naturally express other TLRs (e.g. TLR1, TLR2, TLR7)[125], which, like TLR4, are 

upstream of the NF-kB pathway. I therefore tested another reporter cell line, in which NF-kB 

activation is almost exclusively mediated by TLR4 (HEK-Blue-TLR4/MD-2/CD14 cells). Alas, 

none of the seven recombinant NAMPT proteins tested activated reporter gene expression in 

these cells. Of note, Gasparrini et al. [114], tested the same HEK-Blue-TLR4/MD-2/CD14 cell 

line and, like my case, were not able to induce NF-kB activation with recombinant NAMPT 

proteins. They hypothesized, that MD-2 and TLR4 association may have prevented the binding 

of NAMPT to TLR4 on these cells, which remains to be demonstrated by further analysis. 
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eNAMPT was shown to activate additional intracellular signalling pathways in various type of 

cancer cells, such as breast and prostate cancer cell lines [98], [119], [120], [126]. We 

therefore set out to assess eNAMPT-induced phosphorylation of p38, SMAD2, AKT, NF-kB/IkB 

or STAT3 by western blotting. Unfortunately, we did not observe any strong, consistent or 

reproducible phosphorylation events in this series of experiments.  

Also, multiple in vitro and in vivo studies reported that eNAMPT contributes to cancer 

progression by supporting tumor cell proliferation [119], [120], [127], [128]. In a further 

attempt to find a functional assay for eNAMPT biological activity, we evaluated its pro-

proliferative effect on MCF-7 and MDA-MB-231 breast cancer cell lines. Unfortunately, and 

once again, these attempts failed – eNAMPT treatment did not result in any increase of cancer 

cell proliferation.  

Lastly, we have also tried a more sophisticated and elaborated functional assay. In the context 

of cancer, eNAMPT has been shown to exert pro-metastatic functions, notably by promoting 

tumor cell epithelial-to-mesenchymal transition (EMT) [108]. We therefore performed a 

series of experiments trying to faithfully reproduce the experimental conditions from Soncini 

et al. [108], but, once again, without success.  

Taken all together, I have generated a panel of mAbs binding different regions of NAMPT with 

moderate to high affinities. These features suggest that at least some of these mAbs may be 

able to efficiently neutralize pathological functions of eNAMPT. Nonetheless, as I was unable 

to reproduce eNAMPT binding to TLR4 and CCR5, eNAMPT-induced activation of intracellular 

signalling pathways, or, finally, eNAMPT pro-tumoral and pro-chemotactic functions; I had no 

means of testing the neutralizing potential of eNAMPT mAbs I have generated. 
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6.3. Conclusion and perspectives 

The INTEGRATA European project focused on the discovery of new biological and chemical 

approaches to target NAD production and signalling in cancer. Within this framework, my PhD 

research project aimed to develop and test anti-eNAMPT neutralizing  monoclonal antibodies 

(mAbs). During my thesis, I successfully generated a total of 81 specific anti-eNAMPT mAbs 

targeting different regions on NAMPT. Among these, several showed moderate or even high 

affinity for NAMPT, with values close to that of P-1076 benchmark. However, as explained 

above, I was unable to test their neutralizing potential. 

To attain this goal, it would be necessary to have a reliable in vitro assay that monitors some 

of the numerous biological activities that have been ascribed to this adipokine/cytokine. 

During my thesis, I have unsuccessfully tried a limited number of such functional assays, but 

there are still plenty of other assays described in the literature which I could not explore 

because of time and resource limitations. For instance, eNAMPT has been shown to promote 

endothelial cell migration, invasion and capillary tube formation in vitro [129]–[131]. 

Additionally, eNAMPT was described to contribute to the formation of new blood vessels, by 

upregulating the expression of pro-angiogenic factors, such as VEGF, IL-6, IL-8, FGF-2 and 

MCP-1 [132]–[134]. Other studies reported that eNAMPT promotes the expression, 

production and activity of matrix metalloproteinases in endothelial cells, macrophages and 

cancer cells [126], [130], [135]–[140]. The above biological functions of eNAMPT (as well as 

others that I did not mention here) were revealed by experiments that could potentially 

provide useful in vitro assays for monitoring eNAMPT biological activities, and ultimately, the 

neutralizing potential of eNAMPT-binding mAbs.  

It may also be interesting to determine the epitopes targeted by eNAMPT mAbs. For that 

sake, Gasparrini et al. and Kim et al. [114], [141] proposed that the TLR4-binding regions of 

eNAMPT are localized in its N-terminal region, while another group suggested that eNAMPT 

C-terminal region might contribute to the interaction with TLR4 [26], [142]. Thus, it would be 

of particular interest to know whether our anti-eNAMPT antibodies recognize these regions. 

Recent publications from Dr. Garcia’s laboratory describe the therapeutic effects of eNAMPT 

blocking antibodies P-1076 and/or ALT-100 in various animal models of disease [98], [102], 

[103], [105], [143]. An alternative, unorthodox option would therefore consist on testing the 

antibodies I generated in vivo, directly, without any previous functional in vitro 

characterization (in particular the mAbs that compete with P-1076 for binding to the target). 

However, this would require a large-scale production of antibodies and considerable time and 

resources, typically necessary to run in vivo experiments.  
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7. Appendices 

 

 

Supplementary Figure S1: Characterization of recombinant NAMPT proteins. (A) Detection of recombinant 
NAMPT proteins by ELISA. NAMPT proteins were immobilized on a maxisorp plate and detected with an anti-
NAMPT or an anti-PD-L1 (irrelevant) antibody. (B) The enzymatic activity of NAMPT proteins was assessed using 
Abcam colorimetric assay following supplier’s procedure. Results are representative of two independent 
experiments.  
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Supplementary Figure S2: Example of output/input ratios obtained during phage display selections against 
NAMPT. (A-B) scFv-displaying phages output/input ratios obtained with selection strategies using either 
commercial NAMPT-coated immunotubes (A) or in house NAMPT-biot-coated streptavidin/neutravidin beads 
(B). Both selection strategies were performed on the same phage library (AP1).  

 

 
 

Supplementary Figure S3: Analysis of Adipogen recombinant NAMPT protein by SDS-PAGE. Commercial 
NAMPT protein (Adipogen) was analyzed by SDS-PAGE under reducing (+) and non-reducing (-) conditions. 
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Supplementary Figure S4: Example of phage display screening results. (A-B) scFvs binding signals measured by 
ELISA (A) or homogeneous binding assay (cellInsight platform) (B) for AE_AP1_5 and AE_AP1_6 selections 
respectively. Specific high/moderate affinity binders were selected for sequencing. A more stringent threshold 
(dashed line) was applied to select scFvs for reformatting. (C) Germline proportion and sequence diversity 
obtained for the pool of scFvs sequenced. No overlapping sequences were found between the two strategies. 
scFvs with dissimilar sequences were selected for reformatting and are indicated in bold. Once reformatted into 
IgGs, scFvs were renamed according to IgG_AE_X nomenclature for simplification (e.g. scFv-AP1-5_1A9 became 
IgG_AE_1A9).  
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Supplementary Figure S5: Expression of anti-eNAMPT antibodies analyzed by SDS-PAGE. Gel electrophoresis 
analysis of the IgGs in reducing conditions using Agilent Bioanalyzer 2100 Protein 80. The bands corresponding 
to the common heavy chain (H) and the κ and λ light chains are indicated. 
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Supplementary Figure S6: Characterization of group A anti-eNAMPT antibody binding by ELISA. The binding of 
group A antibodies to NAMPT was analyzed by indirect ELISA with a commercial NAMPT protein or by sandwich 
ELISA with in house NAMPT-biot protein. Maxisorp plates were used for both ELISA assays. 
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Supplementary Figure S7:  Binding of selected  group A anti-eNAMPT antibodies. The binding of selected group 
A antibodies was compared in indirect ELISA and sandwich ELISA using the same target protein (in house NAMPT-
biot). Maxisorp plates were used for both ELISA assays. 
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Supplementary Figure S8: Characterization of group B anti-eNAMPT antibody binding by ELISA. The binding of 
group B antibodies to NAMPT was analyzed by indirect ELISA with a commercial NAMPT protein or by sandwich 
ELISA with in house NAMPT-biot protein. Maxisorp plates were used for both ELISA assays. 
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Supplementary Figure S9:  Binding of selected  group B anti-eNAMPT antibodies. The binding of selected group 
B antibodies to commercial NAMPT protein was compared in indirect ELISA and sandwich ELISA. Maxisorp plates 
were used for both ELISA assays. 
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Supplementary Figure S10:  Characterization of group C anti-eNAMPT antibody binding by ELISA. The binding 
of group C antibodies to NAMPT was analyzed by indirect ELISA with a commercial NAMPT protein or by 
sandwich ELISA with in house NAMPT-biot protein. Maxisorp plates were used for both ELISA assays. 
IgG_AE_1G2 was tested a second time (*) for comparison with P-1076 benchmark. 
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Table S1 : EC50s of anti-eNAMPT antibodies. Antibodies were tested in dose response binding experiments with 
both ELISA configurations. Of the 54 IgGs tested, four were not specific to NAMPT and therefore not included in 
the present table. The EC50s were calculated from binding curves of Figs. S6, 8 and 10 using a nonlinear 
regression on GraphPad (equation: log(agonist) vs. response -- variable slope). Legend: - , no binding 
(fluorescence signal below 10 000); R, residual binding (even at the highest concentrations the binding is weak). 

 

IgG Name 

Indirect ELISA Sandwich ELISA 

NAMPT 
(EC50 in nM) 

Irrelevant 
protein 

NAMPT-biot 
(EC50 in nM) 

Irrelevant 
protein-biot 

Profile A – Indirect ELISA 

IgG_AE_1G1 0.08  - R R 

IgG_AE_1G5 0.05  - R - 

IgG_AE_1G6 0.06  - R - 

IgG_AE_1H7 0.5 - R - 

IgG_AE_1C9 0.08  - R - 

IgG_AE_1A11 0.06  - R - 

IgG_AE_1A10 0.4 - - - 

IgG_AE_1A2 0.04  - R R 

IgG_AE_1A9 0.03 - R - 

IgG_AE_1D8 0.02 - R - 

IgG_AE_1D6 0.4 - - - 

IgG_AE_1E7 0.2 - - - 

IgG_AE_1D2 0.04 - R - 

IgG_AE_1A6 0.3 - R - 

IgG_AE_1F7 2 - R - 

Profile B – Sandwich ELISA 

IgG_AE_1E3 - R 1 - 

IgG_AE_1B6 - - 8 - 

IgG_AE_1F2 - R 0.5 - 

IgG_AE_1A4 - - 0.3 - 

IgG_AE_1C2 R R 0.2 - 

IgG_AE_1C4 - - 3 - 

IgG_AE_1D1 - - 3 - 

IgG_AE_1E1 - - 0.3 - 

IgG_AE_2H5 - - 4 - 

IgG_AE_1B7 - - 1.7 - 

IgG_AE_2G4 R - 0.5 - 

IgG_AE_1H3 - - 0.6 - 
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IgG_AE_1F6 - - 1.4 - 

IgG_AE_1F4 - - 1 - 

IgG_AE_2F2 - - 0.8 - 

IgG_AE_1B10 R - 0.5 - 

IgG_AE_1G8 R - 0.7 - 

IgG_AE_2D2 R - 0.9 - 

IgG_AE_2E3 - - 0.5 - 

IgG_AE_1D10 R - 0.6 - 

IgG_AE_1B1 R - 0.8 - 

IgG_AE_1D3 R - 1 - 

IgG_AE_2E1 R - 0.5 - 

IgG_AE_2G1 R - 0.5 - 

IgG_AE_1A1 - - 0.6 - 

IgG_AE_2A9 R - 2.2 - 

Profile C – Indirect and sandwich ELISA 

IgG_AE_1A7 0.3 - 9 R 

IgG_AE_1G4 0.2 - 3 - 

IgG_AE_1G9 0.08  - 0.2 R 

IgG_AE_1C8 6 - 0.5 R 

IgG_AE_1H9 0.03 R 0.2 R 

IgG_AE_1G2 0.02/0.01* - 0.98/0.7* - 

IgG_AE_1G3 3 - 7 - 

IgG_AE_1D4 0.2 - 5 - 

IgG_AE_2D1 0.6 - 2 - 

P-1076 0.4 - 0.3 - 
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Supplementary Figure S11: Characterization of anti-eNAMPT mAbs by bio-layer interferometry analysis. 
Association and dissociation of NAMPT protein (150nM) to anti-eNAMPT mAbs were evaluated using Octet 
instrument (ForteBio). All antibodies, except those previously eliminated with ELISA analysis, were tested once.  
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Supplementary Figure S12: Sorting of the anti-eNAMPT antibodies into epitope bin using scFv VS IgG 
competitive ELISAs. (A-C) Maxisorp plates were coated with commercial NAMPT protein and incubated with 
increasing concentrations of anti-eNAMPT mAbs  (0.01 to 10µg/mL) and a neat periplasmic preparation of scFv. 
C-myc-tagged scFvs were then detected with a mouse anti-c-myc tag antibody and an anti-mouse IgG Fcγ-HRP 
antibody. Three individual experiments are presented in (A), (B) and (C). 
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Supplementary Figure S13: Sorting of the anti-eNAMPT antibodies into epitope bin using scFv VS IgG 
competitive ELISAs. (A-B) Streptawell plates were coated with in house NAMPT-biot protein and incubated with 
increasing concentrations of anti-eNAMPT mAbs  (0.01 to 10µg/mL) and a neat periplasmic preparation of scFv. 
C-myc-tagged scFvs were then detected with a mouse anti-c-myc tag antibody and an anti-mouse IgG Fcγ-HRP 
antibody. Two individual experiments are presented in (A) and (B). 



Page 142 of 170 
 
 

 

Supplementary Figure S14: P-1076 benchmark epitope bin determination using IgG kappa VS IgG lambda 
competitive ELISAs. (A-B) NAMPT-coated maxisorp plates (A) or NAMPT-biot-coated streptawell plates (B) were 
incubated with increasing concentrations of anti-eNAMPT mAbs (lambda,  competitor A) and 0.1µg/mL of P-
1076 (kappa, competitor B) in one configuration and with increasing concentrations of P-1076 (kappa, 
competitor A) and 0.1µg/mL of anti-eNAMPT mAbs (lambda, competitor B) in the reverse configuration. 
Competitor B antibodies were then detected with an anti-human λ light chain or anti-human κ light chain 
antibody coupled to HRP according to their isotype.   
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IgG P-1076 
IgG_AE_ 

1G2 
IgG_AE_ 

1G9 
IgG_AE_ 

1H9 
IgG_AE_ 

1A1 
IgG_AE_ 

2E1 
IgG_AE_ 

1D2 
IgG_AE_ 

1D8 
IgG_AE_ 

1G6 
IgG_AE_ 

1A9 
IgG_AE_ 

1G1 

KD 
(nM) 

0.8±0.43 2.7±0.28 0.7±0.14 1.0±0.20 2.6±0.09 0.5±0.05 19.1±0.95 9.3±2.34 7.9±2.3 24.7±0.2 4.4±0.04 

 

Supplementary Figure S15: Characterization of anti-eNAMPT mAbs by bio-layer interferometry analysis.  
Affinity was measured using bio-layer interferometry (Octet, Forte Bio) and is shown as the KD ± SD. Results are 
representative of two independent experiments.  
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Supplementary Figure S16: Example of LO screening results. scFvs binding to commercial NAMPT protein or 
MSLN protein was measured by ELISA analysis.  
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Supplementary Figure S17: Characterization of anti-eNAMPT antibodies issued from LO. (A-B) The binding of 
LO antibodies to NAMPT was analyzed by indirect ELISA with a commercial NAMPT protein (A) or by sandwich 
ELISA with in house NAMPT-biot protein (B). The LO antibodies were tested once with both ELISA configurations 
using maxisorp plates. (C) Association and dissociation of NAMPT protein (150nM) to anti-eNAMPT mAbs was 
evaluated using Octet instrument (ForteBio).  
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Supplementary Figure S18: Characterization of anti-eNAMPT antibodies issued from RO. The binding of RO 

antibodies to NAMPT was analyzed by indirect ELISA with a commercial NAMPT protein or by sandwich ELISA 

with in house NAMPT-biot protein. According to their binding characteristics, the mAbs were categorized into 

group B or C. A non-RO antibody, IgG_AE_1G2, was used as reference. Maxisorp plates were used for both ELISA 

assays. 
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Table S2: EC50s of anti-eNAMPT antibodies derived from RO. Antibodies were tested in dose response binding 
experiments once in both ELISA configurations. Of the 12 RO IgGs tested, one was not specific to NAMPT and 
therefore not included in the present table. The EC50s were calculated from binding curves on Fig. S18 using a 
nonlinear regression on GraphPad (equation: log(agonist) vs. response -- variable slope).  Legend: - , no binding 
(fluorescence signal below 10 000); R, residual binding (even at the highest concentrations the binding is weak). 

 

IgG Name 

Indirect ELISA Sandwich ELISA 

NAMPT 
(EC50 in nM) 

Irrelevant 
protein 

NAMPT-biot 
(EC50 in nM) 

Irrelevant 
protein-biot 

Profile B - Sandwich 

IgG_AE_2F4 R - 0.8 - 

IgG_AE_3G4 R - 0.8 - 

IgG_AE_2A6 R - 0.9 - 

IgG_AE_2G9 R - 1.6 R 

IgG_AE_1B5 R  1.1 R 

Profile C - Indirect and sandwich 

IgG_AE_2H3 7 - 1.3 R 

IgG_AE_1H8 11 - 1.3 R 

IgG_AE_1A3 10 - 1.4 R 

IgG_AE_2G8 7 - 1.3 R 

IgG_AE_2H6 11 - 1.3 R 

IgG_AE_2G5 9 - 1.2 R 
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Supplementary Figure S19: eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells by flow cytometry. (A-B) 
Increasing concentrations of NAMPT proteins (2-50ug/mL) were incubated for two hours with CHO-CCR5 , CHO-
TLR4/MD-2 or CHO-WT cells. NAMPT proteins were detected with a biotinylated anti-NAMPT antibody (R&D) 
and streptavidin coupled to cy5. Two individual experiments are presented in (A) and (B). The histogram profiles 
obtained with 50ug/mL of NAMPT are presented in Fig. 19.   
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Supplementary Figure S20: eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells detected with Adipogen 
anti-NAMPT mAb by flow cytometry. Increasing concentrations of NAMPT proteins (0.8-50ug/mL) were 
incubated for two hours with CHO-CCR5, CHO-TLR4/MD-2 or CHO-WT cells. NAMPT proteins were then detected 
with a mouse anti-NAMPT mAb (Adipogen), in turn detected with an anti-mouse IgG antibody coupled to PE.  
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Supplementary Figure S21: eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells assessed with different 
detections by flow cytometry. NAMPT proteins (50ug/mL) were incubated for two hours with CHO-CCR5, CHO-
TLR4/MD-2 or CHO-WT cells. NAMPT proteins were then detected with mouse or rat anti-NAMPT antibodies 
(R&D; Adi, Adipogen; Sigma; Thermo, ThermoFisher Scientific), in turn detected with anti-mouse IgG or anti-rat 
IgG antibodies coupled to PE.  
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Supplementary Figure S22: eNAMPT binding to CHO-CCR5 and CHO-TLR4/MD-2 cells analyzed with 
CellInsight™ CX5 HCS imaging platform. (A-C) Increasing concentrations of NAMPT proteins were incubated for 
three hours with CHO-CCR5, CHO-TLR4/MD-2 or CHO-WT cells. NAMPT proteins were then detected with 
streptavidin coupled to Cy5  (A) or with an anti-PentaHis mAb coupled to AF647 (B-C). Cells were also incubated 
with anti-TLR4 and anti-CCR5 mAbs, detected with an anti-mouse IgG Fcγ antibody coupled to AF647, to control 
the correct expression of the receptors.   
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Supplementary Figure S23: eNAMPT binding to TLR4 analyzed with bio-layer interferometry using HIS1K 
biosensors. His-tagged TLR4 proteins (R&D and SinoBiological, Sino) were loaded onto HIS1K biosensors and 
incubated for 600sec with NAMPT or PD-L1-Fc proteins (100, 200 or 1000nM). TLR4 proteins were then 
incubated with KB 1X buffer to allow NAMPT or PD-L1-Fc dissociation.  
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Supplementary Figure S24: TLR4 binding to eNAMPT analyzed with bio-layer interferometry using AMC 
biosensors. An anti-NAMPT mAb was loaded to AMC biosensors and incubated for 600sec with NAMPT (100nM), 
TLR4 (100nM) or a mix of NAMPT-TLR4 proteins (both at 100nM). The anti-NAMPT pAb was then incubated with 
KB 1X buffer to allow protein dissociation.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S25: TLR4 binds to eNAMPT in the presence of MD-2 in indirect ELISA. Maxisorp plates 
were coated with 60nM of NAMPT or MSLN-Fc (negative control) and incubated with increasing concentrations 
of TLR4 or TLR4/MD-2. Recombinant TLR4 proteins were then detected with a biotinylated anti-TLR4 antibody 
(Biolegend) and streptavidin coupled to HRP. TLR4/MD-2 and NAMPT binding results are representative of two 
independent experiments.  
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Supplementary Figure S26: eNAMPT did no bind TLR4 in the reverse ELISA configuration and in sandwich 
ELISAs. (A-C) TLR4 proteins were immobilized on a maxisorp plate and incubated with increasing concentrations 
of NAMPT proteins. NAMPT proteins were then detected with an anti-PentaHis Tag antibody coupled to HRP 
(A), or with anti-NAMPT antibodies in turn detected with anti-mouse Fc or anti-rabbit Fc antibodies coupled to 
HRP (B-C). (D-E) Biotinylated anti-HisTag (D) and anti-TLR4 (E) antibodies-coated streptawell plates were 
incubated with TLR4 proteins and increasing concentrations of NAMPT protein (Adipogen). FLAG-tagged NAMPT 
protein was then detected with an anti-FLAG tag antibody coupled to HRP.  
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Supplementary Figure S27: Blocking binding of TLR4 to eNAMPT with anti-eNAMPT antibodies. (A-D) Maxisorp 
plates were coated with 60nM NAMPT protein and incubated with increasing concentrations of anti-eNAMPT 
mAbs and a fixed concentration of TLR4. His-tagged TLR4 was then detected with an anti-PentaHis tag antibody 
coupled to HRP. Four independent experiments are presented in (A), (B), (C), and (D).  

 

 

 

 

 

 



Page 157 of 170 
 
 

 

Supplementary Figure S28: NF-kB pathway induction in THP1-Blue-CD14 reporter cells. THP1-Blue-CD14 cells 
were stimulated with NAMPT proteins (NA, 0.1-3 ug/mL) or with LPS (1ng/mL), preincubated or not with 
polymyxin B (PolB, 50ug/mL) as indicated. NF-kB activation was quantified by determining the activity of SEAP 
using QUANTI-BlueTM detection reagent. Results are representative of two independent experiments and are 
represented as mean OD ± SD of three replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <0.0001; ns, 
not statistically significant; were obtained using a two-way ANOVA with Tukey’s multiple comparisons test. 
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8. List of abbreviations 
aa: amino acids 

ACh: acetylcholine 

AMI: acute myocardial infarction 

ADC: antibody-drug-conjugate 

ADCC: antibody-dependent cell-mediated cytotoxicity  

ADCP: antibody-dependent cellular phagocytosis  

AKT: protein kinase B 

ALI: acute lung injury 

Ang: angiogenin  

ARDS: acute respiratory distress syndrome 

AUC: area under curve 

BAL: bronchoalveolar lavage 

BLI: bio-layer interferometry  

BMI: body mass index 

BSA: bovine serum albumin 

CAT: catalase 

CCL: chemokine (C-C motif) ligand 

CCR5: CC-chemokine receptor type 5 

CD: cluster of differentiation 

CD: crohn’s disease 

CDC: complement-dependent cytotoxicity  

cdk2: cyclin-dependent kinase 2  

CDRs: complementarity-determining regions  

CH: heavy chain’s constant region 

CL: light chain’s constant region 

CLL: chronic lymphocytic leukemia 

CRC: colorectal cancer  

CRP: c-reactive protein 

csDMARDs: conventional synthetic disease modifying antirheumatic drugs 

CTCL: cutaneous T-cell lymphoma 

CTX-II: c-terminal cross-linked telopeptide of type II collagen 

DAS28 : disease activity score 28 

DMEM: Dulbecco's Modified Eagle's Medium  

DNBS: dinitrobenzene sulfonic acid 

DSS: dextran sulfate sodium 

ECM: extracellular matrix  

E.Coli: Escherichia coli  

ECL: enhanced chemiluminescence   

ELISA: enzyme-linked immunosorbent assay  

EMT: epithelial-to-mesenchymal transition  

eNAMPT: extracellular nicotinamide phosphoribosyltransferase 

EPC: endothelial progenitor cells 

ER: endoplasmic reticulum  

ERK 1/2: extracellular signal-regulated kinase 1/2 

ESR: erythrocyte sedimentation rate 

EVs: extracellular vesicles 
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Fab: antigen-binding fragment  

Fc: crystallizable fragment  

FcγR: Fc gamma receptors  

FcRn: neonatal Fc receptor 

FDA: Food and Drug Administration 

FFA: free fatty acid 

FGF-2: fibroblast growth factor 2 

FK866: (E)-N-[4-(1-benzoylpiperidin-4-yl)butyl]-3-(pyridin-3-yl) acrylamide 

FMD: flow-mediated vasodilatation 

FRD: fructose-rich diet 

Kc: keratinocyte-derived chemokine 

GAGs: sulfated glycosaminoglycans 

GPCR: G protein-coupled receptor  

GSIS: glucose-stimulated insulin secretion 

GSM: gray-scale median 

HAMA: human anti-murine antibodies 

HCC: hepatocellular carcinoma  

HFD: high-fat diet  

HbA1c: hemoglobin A1c 

HIV: human immunodeficiency virus 

HOMA-IR: homeostasis model assessment of insulin resistance 

HPAEC: human pulmonary artery endothelial cells 

HUVEC: human umbilical endothelial cells  

IBD: inflammatory bowel disease 

ICAM-1: intercellular adhesion molecule 1 

IDO: indoleamine 2,3-dioxygenase 

IFNγ: interferon gamma 

Ig: immunoglobulins  

IGF-1: insulin like growth factor-1 

IL: interleukin  

IMT: intima-media thickness 

iNAMPT: intracellular nicotinamide phosphoribosyltransferase 

iNOS: nitric oxide synthase 

IPTG: isopropyl-β-d-thiogalactopyranoside  

IR: insulin receptor 

IRFs: interferon regulatory factors 

IRS: insulin receptor substrate  

JAK: janus kinase  

KB: kinetic buffer 

LBP: LPS binding protein  

LDH: lactate dehydrogenase  

LO: lead optimization  

LPS: lipopolysaccharide 

LRR: leucine-rich repeats 

mAb: monoclonal antibody 

MAC: Membrane Attack Complex  

MAPK: mitogen-activated protein kinase  

MCP-1: monocyte chemoattractant protein-1  
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MD-2: myeloid differentiation factor-2  

MMP: matrix metalloproteinase  

mTOR: mammalian target of rapamycin 

MyD88: myeloid differentiation factor 88  

NA: nicotinic acid 

NAD: nicotinamide adenine dinucleotide  

NADS: NAD+ synthetase  

NAM: nicotinamide  

NAMN: nicotinic acid mononucleotide 

NAMPTi: NAMPT inhibitor 

NAMPT: nicotinamide phosphoribosyltransferase  

NAPRT: nicotinic acid phosphoribosyltransferase 

NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells 

NFR2: nuclear factor-erythroid 2 related factor 2 

NGF: nerve growth factor 

NK: natural killer  

NLC: nurse-like cells  

NLRP3: NLR family pyrin domain containing 3  

nM: nanomolar 

NMN: nicotinamide mononucleotide  

NMNAT: nicotinamide mononucleotide adenylyltransferase 

Nocht1: neurogenic locus notch homolog protein 1  

Nox2: NADPH oxidase 2  

OA: osteoarthritis 

OASFs: OA synovial fibroblasts 

OD: optical density  

ox-LDL: oxidized low-density lipoprotein 

PAK4: P21-activated kinase 4 

PAMP: pathogen-associated molecular pattern  

PARP: poly(ADP-ribose) polymerase 

PBEF: pre-B-cell colony enhancing factor 

PBMCs: peripheral blood mononuclear cells 

PBS: Phosphate-Buffered Saline 

PCa: prostate cancer 

PCR: polymerase chain reaction 

PEC: peritoneal macrophage 

PGE2: prostaglandin E2 

PI3K: phosphatidylinositol 3-kinase 

PLC-γ: phospholipase C-γ 

PMN: polymorphonuclear leucocyte 

PROTAC: PROteolysis-TArgeting Chimera  

PRPP: 5’-phosphoribosyl-1-pyrophosphate  

PRR: pattern recognition receptor family 

PVDF: polyvinylidene fluoride  

RA: rheumatoid arthritis 

RASFs: RA synovial fibroblasts 

RILF: radiation-induced lung fibrosis 

RO: round optimization  
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ROC: receiver operating characteristic 

ROCK: rho-associated protein kinase  

RT-qPCR: quantitative reverse transcription polymerase chain reaction  

SCF: stem cell factor 

scFv: single-chain variable fragment 

SCID: severe combined immunodeficiency  

SDF-1: stromal-derived factor 1 

SEAP: secreted embryonic alkaline phosphatase  

SF: synovial fluid 

SIRT: sirtuin  

SOD-2: superoxide dismutase 

SPR: surface plasmon resonance  

SR-A: scavenger receptor 

SRB: sulforhodamine B  

STAT: signal transducer and activator of transcription 

T1DM: type 1 diabetes mellitus 

T2DM: type 2 diabetes mellitus 

TAA: tumor-associated antigens 

TCA: trichloroacetic acid  

TDO: tryptophan 2,3-dioxygenase 

TEA: triethylamine 

TER: transendothelial electrical resistance 

TGF-β: transforming growth factor β  

TIR: toll/interleukin-1 receptor-like   

TLR: toll-like receptor  

TNF-α: tumor necrosis factor-α 

TME: tumor microenvironment 

TRIF: TIR-domain-containing adapter inducing interferon-β  

TXAS: thromboxane synthase  

TYMS: thymidylate synthase  

UC: ulcerative colitis 

VCAM-1: vascular cell adhesion protein 1 

VSMC: vascular smooth muscle cell  

VEGF: vascular endothelial growth factor 

VH: heavy chain’s variable region 

VILI: ventilator-induced lung injury 

VL: light chain’s variable region 

WAT: white adipose tissue 

WBC: white blood cell 

ZO: zonula occludens  
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