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Abstract

Introduction—Sustained proliferative signaling and de-regulated cellular bioenergetics are two 

of the chief hallmarks of cancer. Alterations in the Ras pathway and its downstream effectors are 

among the major drivers for uncontrolled cell growth in many cancers. The GTPases are one of the 

signaling molecules that activate crucial signal transducing pathways downstream of Ras through 

several effector proteins. The GTPases (GTP bound) interact with several effectors and modulate a 

number of different biological pathways including those that regulate cytoskeleton, cellular 

motility, cytokinesis, proliferation, apoptosis, transcription and nuclear signaling. Similarly, the 

altered glycolytic pathway, the so-called “Warburg effect”, rewires tumor cell metabolism to 

support the biosynthetic requirements of uncontrolled proliferation. There exists strong evidence 

for the critical role of the glycolytic pathway’s rate limiting enzymes in promoting 

immunosuppression.

Areas covered—We review the emerging roles of GTPase effector proteins particularly the p21 

activated kinase 4 (PAK4) and nicotinamide biosynthetic pathway enzyme nicotinamide 

phosphoribosyltransferase (NAMPT) as signaling molecules in immune surveillance and the 

immune response.

Expert Opinion—In this expert opinion article we highlight the recent information on the role of 

GTPases and the metabolic enzymes on the immune microenvironment and propose some unique 

immune therapeutic opportunities.
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1) Introduction

A majority of solid tumors are heterogeneous and thrive in a milieu of multiple cell types 

with different metabolic profiles [1]. Such heterogeneity includes a significant number of 

immune surveillance cells, some of which generate a suppressive tumor microenvironment 

(TME), contributing to the lack of an optimal immunogenic response post-treatment with 

chemo or targeted therapies [2]. These observations prompted developing immunotherapy 

strategies that specifically target immune suppression and surveillance molecules. In 

particular, the immune checkpoint inhibitors (ICIs) are being widely evaluated in the clinic 

in combination therapies for various tumor indications. Nevertheless, despite some positive 

responses, ICIs alone have failed to demonstrate robust activity in most cancer patients [3]. 

Therefore, novel combination strategies that can enhance the efficacy of ICIs with minimal 

additional toxicities are urgently needed.

Sustained proliferation and disturbed cellular bioenergetics are critical to tumor survival. 

The uncontrolled proliferation has been attributed to the alterations in Kras signaling which 

occurs in many tumors (http://cancer.sanger.ac.uk/cosmic). Simultaneously, the disturbances 

in the glycolytic signaling (“Warburg Effect”) and/or cellular energy generating pathways 

are considered as the major driver of excessive cellular growth in most solid tumors [4]. As 

presented in this article, both these cancer hallmarks influence immune signaling in the 

tumor microenvironment. Nevertheless, Kras has remained by far undruggable and strategies 

to target the unique tumor bioenergetics are yet to yield a clinically beneficial outcome. 

There is a need to identify unique druggable avenues within these critical pathways for a 

successful therapeutic outcome.

The Rho GTPases and their effectors hold special position downstream of mutant Kras 

exerting proliferative signaling, cellular differentiation and plasticity. It is not unusual to 

note that the majority of Rho GTPase effectors are found to be activated in a large 

proportion of cancers [5]. More significantly, their role in immune surveillance is slowly 

being recognized. In parallel, the increased tumor glucose consumption acts as a continuous 

source of carbon that is needed for anabolic processes for rapidly proliferating cells [6]. 

Such continuous generation of carbon is used as building blocks for several macromolecules 

such as proteins, lipids and nucleotides. Highly proliferative cells acutely depend on the 

reducing equivalents particularly the nicotinamide adenine dinucleotide phosphate 

(NADPH) [7]. Enhancement in glucose consumption forces higher production of the 

reducing equivalents in the oxidative branch of the pentose phosphate pathway. These 

reducing equivalents are then utilized in de novo lipid synthesis pathway (reductive 

biosynthesis) [8]. Nicotinamide phosphoribosyltransferase (NAMPT) controls the level of 

intracellular nicotinamide adenine dinucleotide (NAD) thereby controlling the activity of 

NAD-dependent enzymes [9]. Together with several glycolytic pathway enzymes, NAMPT 
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has also been shown to play a major role in the maturation of several types of cells including 

those belonging to the immunological niche [10]. There are strong indications to the 

presence of unique therapeutic opportunities to re-ignite the tumoricidal immune response in 

cancers that are sustained on Rho GTPase effectors and hyperactivation of cellular energy 

pathway enzymes.

2) Immune suppression in the solid tumor microenvironment

2.1) Immunosuppressive Cells

Many cells in the tumor microenvironment (TME) have been found to promote a local 

immunosuppressive state that renders solid tumors unresponsive to immunotherapy. Cancer-

associated fibroblasts (CAFs), myeloid-derived suppressor cells (MDSCs), and tumor-

associated macrophages (TAMs) that are major constituents of stroma promote this TME 

immunosuppression (Figure 1)[11]. MDSCs were shown to produce reactive nitrogen 

species that cause nitration of CCL2, forming N-CCL2, which results in T cell apoptosis and 

trapping in the extracellular matrix (ECM) surrounding numerous tumor types including 

colon and prostate cancers. MDSCs also secrete arginase which catabolizes L-arginine, a 

crucial amino acid for T cells, and down regulate L-selectin leading to decreased T cell 

motility [12]. TAMs resemble M2 macrophages and produce cytokines, like IL-10, that 

inhibit IL-12 production by intratumoral CD103+ dendritic cells (DCs), which is crucial to T 

cell proliferation [11]. The increase in lactate production caused by aerobic glycolysis in 

tumor cells, increases M2 TAMs in the TME. CAFs expressing fibroblast activation protein-

α (FAP) trap T cells in the ECM that they produce, and secrete the chemokine CXCL12, 

which has been found to bind tumor cells, causing T cell exclusion in pancreatic ductal 

adenocarcinoma, colorectal cancer, and ovarian cancer [13–16]. Another very important 

immunosuppressive cell type in the TME is the regulatory T cell (Treg). Treg cells (CD4+, 

CD25+, FOXP3+, CTLA4+, GITR+) are part of the natural immune modulating mechanism, 

but their presence within tumors is correlated with poor prognosis [17]. Treg cells recognize 

tumor associated antigens and induce a tolerant microenvironment, through the production 

of cytokines like IL-10, and suppress effector T cell activation and proliferation [12]. 

Cytotoxic lymphocyte-associated antigen-4 (CTLA-4), an immune checkpoint protein 

expressed on Treg cells and recently activated T cells, competes for APC’s CD80 and CD86 

(B7 ligands which normally provide co-stimulatory signals to T cells via CD28) causing an 

increase in the T cell activation signaling threshold [12, 18]. Treg cells also express high 

levels of the transcription factor FoxP3 that produces TGF-β, preventing the production of 

pro-inflammatory cytokines [12]. CD8+ T cell mediated inflammation in early 

tumorigenesis promotes Treg cell production. Indole 2,3-dioxygenase (IDO) expressed by 

DCs, MDSCs and tumor cells also promotes the formation of Treg cells, as well as 

metabolizes tryptophan into kynurenine which inhibits T cell proliferation [11]. Tumor and 

stromal cells produce C-C motif chemokine ligand 28 (CCL28) which attracts Treg cells to 

the TME [17]. The vasculature of some tumors have increased expression of the apoptosis 

inducer Fas ligand (FasL) [11]. Treg cells have a high expression of the apoptosis inhibitor c-

FLIP and so escape FasL-mediated killing, while CD8+ T cells undergo apoptosis, 

promoting a Treg dominated immunosuppressed TME.
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2.2) Immune Checkpoint

The mechanisms of T-cell activation are very important when discussing 

immunosuppression in the TME. Antigen presenting cells (APCs) activate T cells by 

providing 3 signals [19]. The first signal involves binding of the APC’s antigen peptide-

MHC complex to the T-cell receptor (TCR), activating the TCR signaling cascade. The 

second signal involves the co-stimulatory interaction of APCs’ CD80 and T cells’ CD28, 

activating PI3K-PIP3-AKT and PKCθ pathways necessary for T-cell effector functions and 

proliferation, as well as preventing T cells apoptosis. The second signal can also be 

inhibitory through the interaction of the aforementioned APC’s CD80 and T cell’s CTLA4. 

Another inhibitory signal is through the interaction of programmed death receptor 1 (PD-1) 

on T cells, with programmed death ligand 1 (PD-L1) expressed on many cells including 

APCs and cancer cells, which causes strong countering of both TCR signaling and CD28 co-

stimulation. The expression of PD-L1 on cancer cells occurs through innate and adaptive 

immune resistance processes. The innate immune resistance of cancer cells occurs when 

PI3K/AKT and IL-6/STAT3 signaling cause an increase in PD-L1 expression, while adaptive 

immune resistance is when PD-L1 is expressed in response to inflammatory cytokines, like 

INF-γ, released by T cells recognizing antigen on MHC [12, 20]. Hypoxia within the TME 

causes HIF-1α to bind to a hypoxia-responsive region in the PD-L1 promotor of DCs, 

thereby increasing PD-L1 expression on their surface [11]*. Lymphocyte Activation Gene-3 

(LAG-3), a transmembrane protein expressed on activated immune cells, can also provide an 

inhibitory signal by binding to MHC2, therefore blocking downstream TCR signaling and 

inhibiting T-cell proliferation [12]. These inhibitory signals are known as immune 

checkpoints. Cytokines regulating T-cell differentiation constitute the third signal of T-cell 

activation [19].

The PD-1/PD-L1 immune checkpoint complex provides a direct cause of 

immunosuppression within the TME and therefore will be examined in further detail. PD-1 

on T cells, when associated with its ligand, PD-L1, directly inhibits the TCR by recruiting 

SHP1 and SHP2 phosphatases which inhibit ZAP70 and PI3k phosphorylation [19]. This 

inhibition of phosphorylation has multiple effects like T cells shifting from the glycolysis 

needed for T-cell activation to fatty acid β-oxidation, as well as T-cell exhaustion and IL-10 

production within the tumor. PD-L1 bound PD-1 can also indirectly inhibit TCR signaling 

by reducing CK2 expression, yielding an active PTEN that converts PIP3 to PIP2, therefore 

inhibiting the PI3K-AKT-PKCθ pathway and causing T-cell arrest. Also, E3-ubiquitin 

ligases CBL-B, c-CBL and ITCH are upregulated by engaged PD-1 leading to removal of 

the TCR from the T-cell surface by endocytosis. PD-1 expressed on Treg cells increases the 

immune resistance of the TME by upregulating the conversion of naïve T cells to Treg cells 

in the presence of CD3 and TGF-β [20]. Some melanoma cells have also been shown to 

express PD-1 that promoted tumor growth through activation of survival pathways [19]. 

PD-1/PD-L1 blockade was observed to prevent T cell exhaustion and delay tumor growth.

There are about 10 PD1 or PD-L1 directed antibodies under clinical evaluation. Five of 

those have been approved by FDA (Table 1). Pembrolizumab (pembro) is a monoclonal 

antibody directed against PD-1 on T cells, disrupting the interaction between PD-1 and its 

ligand, PD-L1, promotes T cell activation and tumor killing. Darvalumumab and Ipilimumab 
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are monoclonal antibodies against another immune checkpoint, CTLA-4/B7 pair. Evidence 

suggests that the patients most likely to respond to immunotherapies are those who have a 

baseline CD8+ T cell infiltration within the TME. In contrast, patients who lack a T cell 

infiltrate have poor responses to checkpoint inhibitors [21, 22].

2.3) WNT/β-catenin and immune suppression

The Wnt/β-catenin pathway (which is crucial in embryonic development, hematopoiesis, 

cell migration and wound repair) has been shown to promote cancer growth [23]. WNTs 

(cysteine-rich glycoproteins) bind to a frizzled receptor and the LRP co-receptor, inhibiting 

glycogen synthase kinase-3β (GSK-3β) and ultimately increasing un-phosphorylated active 

β-catenin cytoplasmic levels [24]. Without WNT ligand stimulation, the β-catenin 

destruction complex (made up of axin, APC, CK1α, and GSK-3β) phosphorylates β-catenin, 

causing its proteasomal degradation. The function of β-catenin is dependent on its location. 

At the cell membrane, β-catenin is an important junctional component that links E-cadherins 

to the actin cytoskeleton, mediating cell to cell adhesion [23, 25]. In the nucleus β-catenin 

activates T-cell factor/lymphoid enhancer factor-1 (TCF/Lef1) transcriptional complex, 

activating the expression of several cell proliferation genes such as c-myc and cyclin D1 

[26]. Higher β-catenin expression levels are associated with lower CD8+ T cell infiltration, 

through expression of ATF3 which suppresses CCL4 transcription leading to defective 

CD103+/CD8α DC recruitment, and higher Treg infiltration and activity, due to the 

disruption of Foxp3 transcriptional activity [24]. In melanoma, β-catenin signaling increases 

the expression of IL-10, which hinders the ability of DCs to induce a CD8+ T cell response 

[27]. In one study, melanoma tumors with active β-catenin were shown to be nearly devoid 

of T cells [28]. In another study in breast cancer WNT/β-catenin signaling was shown to 

regulate cancer stem cell (CSC) self-renewal and migration [24]. Also, β-catenin within T 

cells seems to inhibit their activation; a possible mechanism of immunotherapy resistance 

[28]. The end result is T-cell exclusion from the TME and unresponsiveness to ICIs.

A correlation was reported between activated β-catenin, a component of the Wnt pathway, 

and T cell exclusion from the TME in melanoma patients [28–32] as well as in other 

experimental cancer models including bladder cancer [33], breast cancer [34], and rectal 

cancer, non-small cell lung cancer and renal cell carcinoma [35]. The mechanism by which 

active β-catenin reduces T-cell recruitment is not certain, but appears to involve an early step 

in T-cell priming, one that involves a reduction of antigen-presenting cells/DCs [28]. 

Specifically, β-catenin is thought to suppress the expression levels of the chemokine CCL4, 

via its induction of the transcriptional repressor ATF3, which consequently leads to reduced 

CD103/CD8α DCs [28]. The correlation between active β-catenin and a reduction in T-cell 

recruitment to the TME is an important concept for the development of combination 

therapies. These data indicate that combination therapies, in which the Wnt/β-catenin 

pathway is inhibited, while simultaneously targeting immune checkpoints, may be beneficial 

in patients who are otherwise resistant to ICI treatment. Nuclear localization of β-catenin is 

important for the production of its oncogenic transcriptional products [23]. The p21 

activated kinase 4 (PAK4), a Rho GTPase (CDC42) effector is a well-recognized regulator 

for β-catenin and was shown to modulate WNT signaling [26]. In the following section we 

describe the role of Rho GTPase effectors in immunosuppression and also highlight 
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therapeutic strategies that can be used to re-ignite the immune microenvironment from cold 

to hot through small molecule strategies.

2.4) Rho GTPase effectors in immune suppression

Members of the Ras family of GTPases, particularly, Ras and Rap1A, and the Rho family 

GTPases, Cdc42, Rac and RhoA, hold critical positions as signal transducers. Presence of 

various Ras mutation has been directly linked to the observed enhanced expression of PD-L1 

[36–38]. Ras downstream signaling (both canonical and non-canonical) can influence 

several immune related pathways.

Ras-MAPK pathway activation has been shown to promote tumor immune-evasion. Mitogen 

activated kinases (MAPK) and epidermal growth factor receptor (EGFR) signaling in 

immune checkpoint regulation has been clearly demonstrated for solid tumors including 

enhanced PD-1 expression in pancreatic cancer [39]. Similarly, Ras-MAPK signals are 

required for PD-L1 expression in lung tumors [40]. MAPK is in turn activated by a variety 

of mechanisms, some of which are Rho, Rac and CDC42, which are downstream of mutant 

ras. These GTPases bind to a wide range of effectors that in turn play important roles in 

lymphocyte biology [41]. The RhoGTPase effector protein has important functions in 

normal cellular functions such as cell-cell adhesion, regulating cellular polarity, cell motility, 

cell invasion, cell cycle progression, cell survival, cellular innate immunity and 

inflammation [42]. RhoA was shown to trigger adhesion through leukocyte integrins thereby 

regulating immune cell-cell interactions and trafficking [43]. Rac has been demonstrated to 

regulate integrin-mediated spreading and increased adhesion of T lymphocytes [44]. Various 

mutations in GTPases are highly relevant to immune suppression, for example Rac1 

mutation is associated with increased expression of PD-L1 in mutated Rac1P29S melanoma 

patients compared to Rac1 wild type or other Rac1 mutants [45] and this has been proposed 

to cause cancer cells to evade the host immune system. Earlier, Marques and colleagues had 

identified GTPase Cdc42 as the determinator of cancer cell susceptibility to antigen-specific 

CTLs in vitro and adoptively transferred immune effectors in vivo [46]. Results from their 

studies showed that Cdc42 prevents CTL-induced apoptosis via MAPK signaling and post-

transcriptional stabilization of B cell lymphoma-2 (Bcl-2). More significantly, 

pharmacologic inhibition of MEK and/or ERK, components of MAPK signaling cascade 

was shown to overcome Cdc42-mediated immuno-resistance and activation of Bcl-2 in vivo. 

These studies clearly demonstrated the role of Cdc42 signaling in mediating immune escape 

of cancer cells and leading to the idea that targeting Cdc42 may improve the efficacy of 

cancer immunotherapies. Deregulation of Rho GTPase effectors, particularly the p21-

activated kinases [PAKs (Group I PAK1, 2 and 3 and Group II PAK4, 5 and 6)] is linked to 

oncogenic transformation through Wnt/β-catenin activation, cell survival, altered tumor 

metabolisms, as well as metastasis.

As discussed above, β-catenin mediated regulation of immune cell function is well 

recognized, and this protein happens to be within the Rho GTPase network. PAK4 

phosphorylates β-catenin on Ser675 in the cytoplasm inhibiting its degradation and 

increasing its transcriptional activity. At the cell membrane, PAK4 co-localizes areas of 

cellular junction along with β-catenin, phosphorylating it, thereby contributing to the altered 
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cell polarity seen in many cancers [47]. PAK4 has two nuclear localization signal (NLS) 

motifs, NLS1 and NLS3, which interact with importin α5, allowing it to enter the nucleus 

[26]. It is possible that PAK4 not only stabilizes β-catenin (which lacks a NLS motif) in the 

cytoplasm but also helps shuttle it across the nuclear envelope, as nuclear accumulation of 

PAK4 accompanies increased β-catenin nuclear levels and increased TCF/LEF 

transcriptional activity. The association of PAK4 in the nucleus with the β-catenin TCF/LEF 

complex increases expression of transcribed gene products such as c-myc and cyclin D1, 

which increase cell proliferation. Silencing of PAK4 decreased cytosolic and nuclear β-

catenin, reduction in TCF/LEF transcriptional activity, as well as cyclin D1 expression [25]. 

It is interesting to note that PAK4, which is oncogenic when overexpressed [47], was also 

shown to increase cyclin D1 and cell proliferation through an alternate PAK4/c-Src/EGFR 

pathway, and so inhibiting it would quell multiple proliferative pathways [26].

The above presented studies clearly show the impact of Rho GTPase on immune cell 

function, and immune suppression. More importantly, the Rho GTPases are intertwined with 

the cellular energy pathways that are often altered in tumors. Cellular bioenergetics can 

significantly impact immune cell development and can also alter the immune response. In 

the following sections we will highlight the role of glycolytic and NAD biosynthetic 

pathway enzymes in immune cell regulation with a focus on NAMPT.

2.5) Altered tumor metabolism and immune suppression

Many tumors’ increased dependence on aerobic glycolysis, or the “Warburg Effect”, has 

been known for quite some time. The impact of such altered metabolic state on immune cell 

function is also emerging. Studies have shown that activated T cells upregulates the Glut1 

glucose transporters through TCR and CD28 induced Akt activation, thereby increasing their 

glucose uptake eighteen times more than naïve T cells [48]. This allows cells to undergo 

aerobic glycolysis, and without this change T cells become hyporesponsive where even full 

antigenic stimulation cannot induce a response. Given that, activated T cells engage with 

aerobic glycolysis and anabolic metabolic pathways for their subsistence, propagation, and 

functionality, a glucose deficient environment is anticipated to prevent their maturation. 

Interestingly, competition between tumor cells and T cells for the glucose pool in the aerobic 

microenvironment was shown to be linked to suppressed T-cell effector functions [49]. Such 

nutrient competition has been demonstrated to result in loss of tumoricidal action of the T-

cells. In a low glucose TME, T cells decrease their Akt activity to lower their glycolytic 

potential, rendering them hyporesponsive. T cells also activate apoptosis inducing members 

of the Bcl-2 family [48]. A decrease in methyltransferase enhancer of zeste homolog 2 

(EZH2) in T cells of a low glucose TME of ovarian cancer has also been noted, which 

decreases T cells’ glycolytic potential and therefore function. It is interesting to note that 

tumor specific checkpoint blockade was shown to reduce tumor glucose uptake and 

increasing glucose available to T cells. Bone marrow transplant patients receiving allogenic 

PD-L1−/− T cells had higher levels of GLUT1 and lactate production, hinting that PD-1 

signaling possibly decreases T cells’ glucose metabolism [50].

The TME is low in other nutrients essential to T-cell function. TMEs are known to be 

hypoxic due to decreased blood supply and increased cancer metabolism. Hypoxic 
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conditions in the TME decrease T-cell function and proliferation [48]. In mice, decreasing 

hypoxia through respiratory hyperoxia increased T-cell infiltration and tumor suppression. 

Hypoxia also stabilizes hypoxia-inducible factor-1α (HIF-1α) which increases the 

expression of PD-L1 on tumor cells [50]. Through PD-1/PD-L1 interactions, T cells’ Akt-

mTOR pathway is inhibited, decreasing T-cell glycolysis and functions. The TME also has 

low levels of two amino acids, glutamine and arginine, which are necessary for T-cell 

activation, differentiation and proliferation, and lack thereof is inhibitory to T cells [48]. The 

TME demonstrates high levels of immunosuppressive metabolic byproducts, lactic acid, 

which is produced in large amounts by tumor cells undergoing glycolysis and inhibits T-cell 

function and cytokine production by pH-dependent alterations and loss of cytosolic NAD+ 

regeneration. Dying cells in the TME release ATP and NAD which are metabolized by the 

ectoenzymes CD39, CD73, and the NADase CD38 which are upregulated in some cancer 

cells, to adenosine [51]. Adenosine binds to the T-cell adenosine A2R receptor inhibiting 

effector T-cell functions and stimulating regulatory T cells.

Another way PD-1 signaling affects T-cell metabolism is by decreasing expression of the 

transcription co-activator, peroxisome proliferator-activated receptor gamma co-activator 1 

alpha (PGC-1α), which is a master regulator of mitochondrial biogenesis genes [51]. 

PGC-1α normally increases glucose uptake and mitochondrial membrane potential in T cells 

enhancing their activities and prolonging their survival. PD-1 signaling negatively regulates 

PGC-1α, causing a failure of mitochondrial quality control in T cells, an accumulation of 

exhausted T cells with high levels of reactive oxygen species, and a possible inhibition of T-

cell function.

Aside from T-cells, NAD pathway enzymes and metabolites were shown to affect other 

immune-cell functions as well. The MDSCs have been well studied for their 

immunosuppressive role in the tumor microenvironment. MDSCs also deplete the TME of 

arginine, impairing T-cell functions [52]. Goffaux et al., conducted a modeling study on the 

MDSCs central carbon metabolism and bioenergetics dynamic using as an in vitro model 

where the MDSCs were derived from matured mouse bone marrow cells. MDSCs 

maturation is demonstrated to directly link to high glycolytic flux with minimal participation 

of the pentose phosphate pathway and oxidative phosphorylation to ensure NADPH 

production and anabolic metabolite generation [53]. Collectively, these studies clearly 

illustrate that the tumor metabolism associated microenvironment and Warburg effect play 

key roles in immunosuppression (Figure 1). Further understanding of the critical 

components within the tumor microenvironment and their specific roles in immune 

regulation will help design rational metabolism targeted therapeutic strategies for better 

treatment outcomes of immunotherapy regimens in cancer.

2.6) Role of NADPH pathway enzyme NAMPT in immune suppression

Tumor cells undertake a metabolic shift and have pronounced increase in glycolytic, pentose 

and fatty acid synthesis pathways. Such metabolic shift leads to increased tumor cell 

survival, proliferation and metastasis. The nicotinamide adenine dinucleotide (NAD) is a 

substrate for several biological enzymes. Many types of cancer cells have a pronounced 

NAD turnover rate compared to their normal counterparts, due in part to their genomic 
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instability. Nicotinamide, nicotine and tryptophan are three major sources of NAD 

biosynthesis in mammalian cells. Since NAD is central for these metabolic changes, as the 

levels of NAD is to be balanced to accommodate these processes. NAD levels are regulated 

by an equilibrium between its synthesis and degradation which is mediated by enzymes such 

as CD38, PAPRs and SAMR1 [54]. All these enzymes appear to be involved in immune 

function and cancer biology. Synthesis of NAD is mainly mediated by Nicotinamide 

phosphoribosyltransferase (NAMPT) controls the rate-limiting reaction in the NAD 

biosynthesis pathway [55]. Quite interestingly, NAD precursors generated by NAMPT such 

as NMN and another one named NR (nicotinamide riboside) can be further metabolized by 

surface molecules such as CD38 and CD73 located in the tumor environment. These indicate 

that approaching NAD metabolism can be achieved by manipulation of both the synthetic 

and degradation pathways [56].

Many tumor cell types are recognized to have higher expression of NAMPT and this 

increase has been linked to immune suppression. Often considered as a chemokine, 

extracellular NAMPT has been shown to regulate signaling in inflammatory cells, such as 

human monocytes, mouse peritoneal macrophages and bone marrow-derived macrophages 

[57, 58]. Among the earlier studies, in non-cancer models, NAMPT was shown to link NAD 

metabolism to inflammatory cytokine secretion by leukocytes [59]. These findings led to the 

hypothesis that NAMPT inhibition may have therapeutic efficacy in immune-mediated 

inflammatory disorders. Stimulation of resting monocytes isolated from chronic lymphocytic 

leukemia with NAMPT polarizes them towards tumor-supporting M2-macrophages [60]. 

Moreover, NAMPT increases expression of immunosuppressive (IL-10) and tumor 

promoting (IL-6 and IL-8) cytokines. These data suggest an immunosuppressive role of 

NAMPT in cancer-related inflammation. The enzyme activity independent immune 

suppression of NAMPT has also been described. In chronic lymphocytic leukemia (CLL) 

patients with intra- and extra-cellular plasma over-expression of NAMPT promoted the 

differentiation of resting monocytes causing their polarizing towards tumor-supporting M2 

macrophages [60]. These differentiated monocytes have elevated expression of CD163, 

CD206, and indoleamine 2,3-dioxygenase and secrete immunosuppressive (interleukin [IL] 

10, CC chemokine ligand 18) and tumor-promoting (IL-6, IL-8) cytokines.

Earlier studies using conditional knockout mouse models, site directed mutagenesis and 

NAMPT selective small molecule inhibitor, FK866, showed that inhibition of NAMPT via 

conditional knockout or through mutation inactivation or chemical inhibition drastically 

affects development of both T and B lymphocytes leading to tumor immune suppression 

[61]. Similarly, NAMPT inhibitor APO866 decreased neutrophil NAD(P)/H levels in 

neutrophils in a dose- and time-dependent manner [62]. Such NAMPT inhibition was shown 

to alter the expression of several cell-surface receptors. NAMPT inhibitors were also shown 

to synergize with other drugs that target immune suppression promoting enzymes. For 

example, APO866 synergizes with L-1-methyl-tryptophan (L-1MT), the inhibitor of 

negative immune regulator enzyme Indoleamine 2,3-dioxygenase (IDO). The IDO-specific 

inhibitor also activates the immune responses and reduces tumor volume in mice tumor 

xenograft. It is anticipated that the combination of APO866 and L-1MT may yield better 

therapeutic outcome than single agent. Nevertheless, these NAMPT inhibitors were 
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discontinued from clinical studies due to the lack of objective response in patients. 

Therefore, better agents to target PAK4 and NAMPT are yet to be developed.

3) PAK4-NAMPT dual inhibition

Based upon pre-clinical data and a recently initiated Phase 1 study, targeted inhibition of 

PAK4 or NAMPT has been demonstrated to be a feasible anti-cancer strategy [63]. However, 

earlier attempts to develop specific small molecule inhibitors have been challenging. For 

example, PF-3758309 is a pan PAK inhibitor, which inhibits both the group A PAKs (PAKs 

1, 2, 3) and the group B PAKs (PAKs 4, 5, 6) [64], and FK866 was shown to be a highly 

selective NAMPT inhibitor [65]. Despite strong pre-clinical data from both compounds, but 

due to lack of objective response in Phase I studies, both inhibitors were discontinued. In the 

case of PF-3758309 this was due in part to undesirable PK characteristics [66, 67]. To 

address the unmet therapeutic need for effective PAK4 and NAMPT inhibitors [68], we and 

others collaborated with Karyopharm Therapeutics, to develop the PAK4-NAMPT dual 

inhibitor, KPT-9274. In preclinical studies, KPT-9274 demonstrates potent activity against a 

spectrum of solid tumor and hematological malignancies in both in vitro and in vivo settings 

[69–73]. KPT-9274 is currently undergoing Phase I clinical evaluation and remains the only 

compound targeting both PAK4 and NAMPT. Our previous work showed that KPT-9274 

could reduce growth of several tumor cell lines and xenograft models, while modulating 

Wnt/β-catenin signaling [69, 71]. In our previous study, KPT-9274 was effective in inducing 

dose-dependent apoptosis in non-Hodgkin lymphoma (NHL) cell lines [74]. Also, when 

used in R-CHOP combination studies, enhanced viability suppression and increased 

apoptosis was noted. KPT-9274 was well tolerated and showed remarkable anti-tumor 

activity in sub-cutaneous NHL xenograft in mice. While KPT-9274 has strong anti-tumor 

activity in immunodeficient nude mice, our preliminary studies now show that KPT-9274 

and anti-PD-1 antibody reduce tumor growth even more effectively than either agent alone, 

in two tumor allograft models in immunocompetent host. Based on published evidence for 

the role of PAK4-NAMPT in tumor immune suppression (Figure 2), along with emerging 

data, it would be worthwhile to characterize the cooperative interactions between KPT-9274 

and ICIs in therapy resistant cancers. Success of such pre-clinical studies would strengthen 

the case for KPT-9274-ICI combination as a rational designed strategy for improved 

treatment outcomes in ICI-resistant patients.

4) Expert opinion

The complex interaction between tumor and immune cells in the tumor microenvironment is 

not fully understood. It is clear that greater understanding of these interactions will be 

necessary for immune therapy to be successful. Recently, there has been a substantial 

increase in tumor immune microenvironment research. These efforts have led to the 

identification of immune suppressive molecules that are now being targeted in the clinics for 

the treatment of cancers. Among the major immune molecules, the immune checkpoint 

PD-1 and PD-L1 targeted strategies are being aggressively pursued by many clinics. 

Nevertheless, only a fraction of patients have benefitted from immune checkpoint blockade 

strategies. Lack of optimal response indicates the need for deciphering actionable targets 
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that could enhance the efficacy of immunotherapy, particularly the immune checkpoint 

inhibitor therapies.

The Ras signaling is altered in many cancers and this problem is exacerbated further in some 

of the difficult to treat malignancies (>90% mutations in pancreatic cancer). Mutant Ras 

promotes several key proteins that are responsible for uncontrolled tumor cell survival, 

differentiation and division. Studies show that Ras pathway proteins can directly promote 

the expression of PD-1 and PD-L1. This signal is mediated through Ras activated MAPK/

ERK1/2 or through the Rho GTPases effector PAKs. PAKs, particularly PAK4 can also 

enhance the expression of PD-1 through β-catenin. On the other hand, the cellular energy 

generating mechanisms are also found to be de-regulated in most tumors. Switching to 

glycolytic pathway provides a continuous source of energy and macromolecules for fast 

growing tumor cells. High NAD turnover rate is a common feature of rapidly dividing tumor 

cells. NAMPT, which controls the rate-limiting reaction in the NAD biosynthesis pathway, is 

also a promoter of an immune suppressive microenvironment. In our expert opinion 

drugging the Rho GTPase effector or NAD pathway enzymes can in principle become an 

effective strategy to tame immune suppressive molecules particularly the immune 

checkpoint regulators. The PAK4-NAMPT dual inhibitor KPT-9274 has recently been 

introduced in Phase I clinical trials for solid tumor and hematological malignancies. The 

results from these Phase I studies are encouraging and attest to the feasibility of such dual 

inhibition strategies. Nevertheless, more pre-clinical work especially in humanized patient 

derived xenograft (PDX) mouse models is needed to justify future Phase II studies 

combining KPT-9274 with immune checkpoint inhibitors for the treatment of therapy 

resistance cancers. Such combined therapy is anticipated to lead to unleashing the true 

potential of immune checkpoint inhibitors for optimal therapeutic outcome of 

immunotherapy strategies in cancer patients.
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Figure 1. GTPase and NAD signaling mediated immune suppression mechanisms
Tumors thrive in a milieu of different types of cells including fibroblasts and collagen. 

Tumor stromal cells regulate the function of several types of immune cells such as Tregs, 

TH17, macrophages and MDSCs. Mutant ras promotes canonical RAF-MAPK-ERK-MEK 

pathway and also activates the Rho GTPase effector protein PAK4. RAF and PAK4 regulate 

the expression of pro-pro-survival signaling molecules that directly promote immune 

checkpoint protein PD-1 activation. PD-1 in turn block proper activation of immune 

surveillance molecules. NAMPT, a rate limiting enzyme in NADPH turnover, can directly 

activate PD-1 expression.
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Figure 2. Dual inhibition of PAK4 and NAMPT as a feasible strategy to re-ignite a compromised 
tumor immune micro-environment
PAK4 signaling is active during cancer, in response to oncogenes such as Ras and mediated 

by Rho GTPases including Rac. Hypoxia/Warburg effect promotes the salvage biosynthesis 

pathway. This in turn activates immune surveillance molecules, thereby suppressing ICI 

activity
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Table 1

FDA approved PD-1/PD-L1 inhibitors

Drug Name Type Indication

Imfinzi (durvalumab) Anti-PD-L1 checkpoint inhibitor • Locally advanced/metastatic bladder cancer progressing 
during/after platinum-based chemotherapy or within 12 
months of chemotherapy

Tecentriq (atezolizumab) Anti-PD-L1 checkpoint inhibitor • Locally advanced/metastatic bladder cancer progressing 
during/after platinum-based chemotherapy or within 12 
months of chemotherapy

• For metastatic NSCLC that progressed during/after platinum-
based chemotherapy; patients with EGFR or ALK mutation 
whose cancer is progressing while using approved therapy for 
the mutation

• Initial treatment of locally advanced/metastatic bladder cancer 
in patients ineligible for cisplatin chemotherapy, or within 12 
months of chemotherapy

Bavencio (avelumab) Anti-PD-L1 checkpoint inhibitor • 1st line or 2nd line therapy for metastatic Merkel-cell 
carcinoma

• Locally advanced or metastatic bladder cancer that progressed 
during/after platinum-based chemotherapy or within 12 
months of neoadjuvant/adjuvant treatment

Keytruda (pembrolizumab) Anti-PD-1 checkpoint inhibitor • Metastatic NSCLC expressing PD-L1 and progressing during/
after platinum-based chemotherapy; for patients with EGFR 
or ALK mutations whose cancer is progressing while 
receiving therapy for the mutation

• Initial treatment of unresectable/metastatic melanoma

• Recurrent/metastatic head and neck squamous-cell carcinoma 
progressing during/after platinum-based chemotherapy

• Initial treatment of metastatic NSCLC with PD-L1 expression 
and no EGFR/ALK mutation

• Classical Hodgkin lymphoma not responding to therapy or 
relapsed after ≥3 therapies

• Initial treatment of metastatic nonsquamous NSCLC, in 
combination with pemetrexed and carboplatin, with/without 
PD-L1 expression

• Initial treatment of locally advanced/metastatic bladder cancer 
in patients ineligible for cisplatin-based chemotherapy

• Locally advanced/metastatic bladder cancer progressing 
during/after platinum-based chemotherapy, or within 12 
months of chemotherapy

• Any unresectable/metastatic solid tumor with a certain genetic 
marker and disease progression after previous treatment, and 
for colorectal cancer progressing after fluoropyrimidine, 
Eloxatin (oxaliplatin), + irinotecan regimen

Opdivo (nivolumab) Anti-PD-1 checkpoint inhibitor • Metastatic squamous NSCLC progressing during/after 
platinum-based chemotherapy

• Unresectable/metastatic melanoma without BRAFV600 
mutation, in combination with Yervoy (ipilimumab)

• Metastatic nonsquamous NSCLC progressing during/after 
platinum-based chemotherapy; patients with EGFR or ALK 
mutations whose cancer progresses while using approved 
therapy for the mutation

• Advanced renal-cell carcinoma after anti-angiogenic therapy
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Drug Name Type Indication

• Unresectable/metastatic melanoma, in combination with 
Yervoy, with/without BRAF mutation

• Metastatic melanoma with a BRAFV600 mutation or 
melanoma that cannot be removed surgically

• Relapsed/progressing classical Hodgkin lymphoma after 
autologous HSCT + Adcetris (brentuximab vedotin), or after 
3 systemic therapies

• Recurrent/metastatic squamous-cell head and neck cancer 
progressing during/after platinum-based therapy

• Locally advanced/metastatic bladder cancer progressing 
during/after platinum-based chemotherapy, or within 12 
months of chemotherapy

Column 3 indications information obtained from Clinicaltrials.gov
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