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Abstract

Background: Altered cell metabolism is an established hallmark of cancer. Advance-

ment in our understanding of dysregulated cellular metabolism has aided drastically in

identifying metabolic vulnerabilities that can be exploited therapeutically. Indeed, this

knowledge has led to the development of a multitude of agents targeting various

aspects of tumor metabolism.

Recent findings: The intent of this review is to provide insight into small molecule

inhibitors that target tumor metabolism and that are currently being explored in active

clinical trials as either preventive, stand‐alone, or adjuvant therapies for variousmalignan-

cies. For each inhibitor, we outline the mechanism (s) of action, preclinical/clinical find-

ings, and limitations. Sections are divided into three aspects based on the primary

target of the small molecule inhibitor (s): those that impact (1) cancer cells directly, (2)

immune cells present in the tumormicroenvironment, or (3) both cancer cells and immune

cells. We highlight small molecule targeting of metabolic pathways including de novo

fatty acid synthesis, NAD+ biosynthesis, 2‐hydroxyglutarate biosynthesis, polyamine

metabolism, the kynurenine pathway, as well as glutamine and arginine metabolism.

Conclusions: Use of small molecule inhibitors aimed at exploiting tumor metabolic

vulnerabilities continues to be an active area of research. Identifying metabolic depen-

dencies specific to cancer cells and/or constituents of the tumor microenvironment is

a viable area of therapeutic intervention that holds considerable clinical potential.
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1 | INTRODUCTION

Altered cell metabolism is an established hallmark of cancer.1 Funda-

mental differences between the metabolism of normal differentiated

cells and rapidly proliferating cancer cells were first described by Otto

Warburg nearly a century ago.2,3 Warburg noted that tumors exhibit

increased rates of glycolysis even in the presence of oxygen, a

phenomenon now known as aerobic glycolysis or the “Warburg

effect”.4 As aerobic glycolysis is an inefficient way to generate adeno-

sine 5´‐triphosphate, Warburg postulated this observed metabolic

shift was indicative of a mitochondrial defect in cancer cells. While this

notion has been intensely debated, it is now recognized that cancer

cells generally retain functional mitochondria capable of carrying out

oxidative phosphorylation and that Warburg's observations instead

reflect a reprogramming of metabolism to meet anabolic needs and

provide necessary macromolecules that enable sustained prolifera-

tion.5,6 Although the observations of Warburg and others have been

fundamental to our understanding of tumor biology, they are but

one aspect of adaptive tumor metabolism. In fact, alterations in cancer

metabolism extend well beyond glucose metabolism and energetics to

encompass a broad array of metabolic pathways that have diverse

functions intrinsic to cancer cells as well as constituents of the tumor

microenvironment.7-10

Metabolic alterations in cancer have primarily been considered to

be indirect effects of aberrantly activated cell proliferation and sur-

vival programs, rather than functionally important drivers of tumor

development.1 However, findings over the last decade have greatly

advanced and evolved our understanding of cancer metabolism, and

it is now evident that altered metabolism is an integral effector of

tumorigenesis that is intricately intertwined with cellular signaling

and genetic/epigenetic regulation. This is best exemplified by gain of

function mutations in the isocitrate dehydrogenase‐1/2 (IDH) enzymes

that facilitate the generation of 2‐hydroxyglutarate—an onco‐metabo-

lite that competitively inhibits the alpha‐ketoglutarate enzymes,

including histone demethylases and DNA hydroxylases, resulting in

distinct epigenetic phenotypes.11 Recognizing the dysregulation of

cellular metabolism as an import aspect of tumorigenesis has offered

the potential of clinical benefit by providing targets for the develop-

ment of novel therapeutics.1

Tumors exhibit remarkable, context‐sensitive metabolic plasticity

that is an essential component of their survival and progression.

Metabolic fluxes are tuned according to environmental cues as well

as the energy and biomass demands of cancer cells throughout tumor-

igenesis and in states of proliferation, nutrient attenuation, and quies-

cence.12 In addition to supporting primary tumors, the rewiring of cell

metabolism can activate metabolic programs that confer metastatic

capacity that allows cancer cells shed from primary tumors to over-

come nutrient and energy deficit, survive, and initiate metastases.13

It is therefore important to elucidate and distinguish between meta-

bolic alterations active within primary, tumor‐initiating and dissemi-

nated tumor cells. Particular attention has been drawn by Webber

and colleagues14 to metabolic programs that enable metastatic cells

to overcome ATP deficit, achieve anchorage independence and further

tumor progression, rather than proliferation per se. Luo et al15 have

explored altered lipid metabolism that is associated with metastatic
disease pathogenesis and explored membrane lipid raft structures as

mediators of tumor aggression and progression. This diverse metabolic

landscape provides novel therapeutic potential and consideration of

these multiple points of vulnerability could lead to more effective

targeting of the diversity of tumor cell populations according to

specific metabolic state.

The primary intent of this review is to provide an overview of

small molecule inhibitors that target metabolic pathways and that

are oriented towards the prevention or treatment of various malignan-

cies. Due to the broad scope of available metabolic inhibitors, empha-

sis is given to those drugs in active clinical trials (Table 1). The

following sections will highlight the implications, mechanism (s) of

action and limitations for the inhibitors specified in Table 1. Sections

are divided into three aspects based on the primary intent of the small

molecule inhibitor (s): those that impact (1) cancer cells directly, (2)

immune cells present in the tumor microenvironment, or (3) both

cancer cells and immune cells.
2 | SMALL MOLECULE INHIBITORS:
TARGETING CANCER CELLS

2.1 | Fatty acid synthase inhibitors

Fatty acid synthase (FASN) is a key multi‐subunit enzyme involved in

lipogenesis (Figure 1), and its overexpression is commonly observed

in various malignancies; normal tissues express relatively low levels

of FASN, with the exception of the liver, adipose tissue, and lactating

mammary glands.16,17 Increased expression of FASN is linked to poor

prognosis and reduced disease‐free survival in numerous cancer

types.18-21 Fatty acid synthase facilitates the generation of long‐chain

saturated fatty acids, namely palmitate, from acetyl‐CoA and malonyl‐

CoA (Figure 1), thereby providing fatty acids for membrane biosynthe-

sis and lipid‐modification of proteins.22 Regulation of FASN expression

in cancer is complex; however, growth factor receptors, such as ERBB‐

2 and EGFR, or loss of PTEN, can activate downstream PI3K/AKT and

MAPK signaling cascades resulting in transcriptional activation of FASN

expression.23 Given the importance of FASN in cancer cells and its

association with poor prognosis, FASN serves as a promising therapeu-

tic target. Ventura and colleagues recently reported that TVB‐3166, an

oral FASN inhibitor, induced apoptosis, inhibited anchorage‐indepen-

dent cell growth under lipid‐rich conditions, and inhibited in vivo xeno-

graft tumor growth in a dose‐dependent manner without affecting non‐

tumorous tissue.24 Ventura and colleagues demonstrated that FASN

inhibition disrupted lipid raft architecture, reduced lipid biosynthesis,

and inhibited PI3K/AKT/mTOR signaling and expression of oncogenic

factors such as c‐Myc.24 Giro‐Perafita and colleagues illustrated that

C75, a potent synthetic FASN inhibitor, reduced cell viability of triple‐

negative breast cancer cell lines and sensitized doxorubicin‐resistant

generated cell lines MDA‐MB‐231 and HCC1896 to doxorubicin.25

Conversely, Liu et al demonstrated that FASN upregulation confers

resistance to various chemotherapeutic drugs by inhibiting drug‐

induced ceramide production, caspase‐8 activation, and apoptosis in

breast cancer cell lines.26 In pancreatic cancer, a positive association

has been shown between FASN expression and both radiotherapy
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and chemotherapy. Inhibition of FASN in pancreatic cancers by siRNA

against FASN or through the FASN inhibitor orlistat reduced

gemcitabine resistance, whereas ectopic overexpression of FASN

contributed to intrinsic resistance to gemcitabine and radiotherapy.27

In addition to the several outlined applications above,

GlaxoSmithKline has also developed a FASN inhibitor that has been

shown to induce anti‐tumor activity28,29; however, transition of FASN

inhibitors to clinical utilization remains elusive or early stage. Cur-

rently, omeprazole, an FDA‐approved proton pump inhibitor (PPI)

and effective FASN inhibitor, is being actively tested in Phase 1 clinical

trials in breast cancer (Table 1). Omeprazole functions by inhibiting the

thioesterase domain of FASN, preventing the hydrolysis of the

thioester bond between the acyl carrier protein domain and palmitate

and, thereby, preventing release of free palmitate.30 Omeprazole has

been shown to induce dose‐dependent reductions in cell viability in

BxPC‐3 pancreatic cells30 and to inhibit breast cancer cell invasion

and metastasis.31

Despite promising preclinical evidence, evaluation of the safety,

tolerability, and adverse effects of FASN inhibition is warranted.

Cheung and colleagues report that the use of PPIs increased risk of

gastric cancer (HR: 2.44, 95% CI 1.42–4.20) in subjects treated for

Helicobacter pylori.32 Moreover, this risk increased with duration of

the PPI usage.32 Conversely, it has been found that the FASN inhibitor

C75 readily crosses the blood‐brain barrier in rodent models, where it

negatively impacts the central nervous system resulting in hypophagia

and consequent weight loss. These findings underscore the impor-

tance of determining context‐specific risk versus benefit when apply-

ing FASN inhibitor therapies. Nevertheless, FASN serves as a

promising target for therapeutic intervention in cancer that merits

continued investigation.
2.2 | Nicotinamide phosphoribosyltransferase
(NAMPT) inhibitors

Nicotinamide adenine dinucleotide (NAD+) is an important metabolic

reducing equivalent that is vital for bioenergetics and serves as an

important cofactor for DNA maintenance and repair and SIRT‐medi-

ated deacetylation reactions.33 NAD+ is also the precursor molecule

for NADP+, an important cofactor in the pentose phosphate pathway

(oxidative stress response), the citric acid cycle, and lipid biosynthesis.

NAD+ is principally generated either de novo from tryptophan as part

of the kynurenine pathway or recycled through the nicotinamide or nic-

otinic acid (NA) salvaging pathways (Figure 1).33 The nicotinamide sal-

vaging pathway is the primary recycling pathway for NAD+

biosynthesis, for which nicotinamide phosphoribosyltransferase

(NAMPT) is the rate‐limiting enzyme.33 Regulation of cell metabolism

is integral to support of cell proliferation, particularly in cells under high

metabolic demand. Rapid turnover of NAD+ pools by degrading

enzymes such as PARPs and SIRTs render salvaging pathways as vital

for restoration of NAD+ bioavailability.34 As such, it comes as no sur-

prise that cancer cells exhibit elevated NAD+ salvaging machinery. In

particular, NAMPT has been commonly observed to be elevated in var-

ious malignancies (as reviewed in Shackelford et al35). The NA salvaging

pathway is frequently found to be inactive due to lack of expression of

the rate‐limiting enzyme NA phosphoribosyltransferase (NAPRT).36



FI
G
U
R
E
1

Sc
he

m
at
ic

de
pi
ct
in
g
m
et
ab

o
lic

pa
th
w
ay
s
o
r
pr
o
te
in
s
ta
rg
et
ed

by
sm

al
lm

o
le
cu

le
in
hi
bi
to
rs
.B

io
ch

em
ic
al

st
ru
ct
ur
es

fo
r
m
et
ab

o
lit
es

w
er
e
de

ri
ve

d
fr
o
m

K
E
G
G

d
at
ab

as
e.

C
h
em

ic
al

st
ru
ct
ur
es

fo
r

re
sp
ec
ti
ve

in
hi
bi
to
rs

w
er
e
de

ri
ve

d
fr
o
m

ch
em

ic
al
‐v
en

de
r
w
eb

si
te
s
if
av
ai
la
bl
e.

B
lu
e
te
xt

re
pr
es
en

ts
th
e
en

zy
m
es
,b

la
ck

te
xt

re
pr
es
en

ts
m
et
ab

o
lit
es
,a

nd
re
d
te
xt

in
di
ca
te
s
th
e
in
hi
bi
to
rs

fo
r
ea

ch
st
ep

8 of 15 TRIPATHI ET AL.



TRIPATHI ET AL. 9 of 15
Conversely, de novo synthesis of NAD+ from tryptophan catabolism is

minimal due to cancer cells lacking at least one enzyme in the

kynurenine pathway.36 Consequently, targeting of the nicotinamide

salvaging pathway via inhibiting NAMPT has received considerable

attention as an intriguing target for therapeutic intervention.

NAMPT inhibition by APO866/FK866 has been shown to reduce

viability of pancreatic cancer cells in vitro and to reduce pancreatic

tumor growth in vivo.37 Addition of nicotinamide mononucleotide, a

downstream catabolite in the nicotinamide salvaging pathway, attenu-

ated APO866‐mediated reductions in cell viability of pancreatic cancer

cell line PaTu8988T in vitro.37 Notably, the addition of NA equally

prevented APO866‐induced reductions in cell viability of the

PaTu8988T, suggesting activation of the NA salvaging pathway as a

compensatory mechanism.37 Activation of NA salvaging pathways to

counteract NAMPT inhibition is an important consideration that can

have both detrimental as well as beneficial implications. Recently,

O'Brien and colleagues demonstrated that treatment with the oral

NAMPT‐inhibitor GNE‐617 inhibited NAD+ generation by greater

than 98% and reduced tumor volume in NAPRT‐deficient PC3 and

HT‐1080 xenograft models.38 However, co‐administration of NA

markedly abrogated the growth‐inhibitor effects of GNE‐617.38 These

findings were conserved in patient‐derived xenograft models of

SAO‐737 sarcoma and STO‐399 gastric cancer.38 This would suggest

a negative role of NA in antagonizing the beneficial effects of NAMPT

inhibition in cancerous cells. However, activation of the NA pathway

may also protect normal tissue from non‐specific toxic effects of

NAMPT inhibitors. Previously, Olesen and colleagues demonstrated

that co‐administration of APO866 with NA drastically reduced

APO866 drug‐induced death.39 Similar to the findings by O'Brien,

inclusion of NA with APO866 also negated the anti‐proliferative

effects APO866.39 Thus, the use of NAMPT inhibitors comes to a jux-

taposition: NAMPT inhibitors have considerable potential; however,

activation of compensatory mechanisms can impede the potential

benefit of such treatments. To this end, a recent open‐labeled, sin-

gle‐arm, multicenter, Phase 2 clinical trial analyzed the efficacy, safety,

and tolerability of APO866 in 12 patients relapsed or refractory

cutaneous T‐cell lymphoma.40 Overall, APO866 demonstrated modest

efficacy with one subject achieving partial response and six subjects

exhibiting stable disease at 16 weeks post intervention. However,

considerable adverse events were reported including pyrexia,

lymphopenia, spondylitis, staphylococcal sepsis, rhabdomyloysis, and

thrombocytopenia. Ultimately, the study was halted due to the lack

of drug efficacy in the context of cutaneous T‐cell lymphoma.40

Currently, three Phase 2 clinical studies have been completed to

explore the use of APO866, a selective NAMPT inhibitor, in both solid

tumors and hematological malignancies (Table 1). Whether clinical

benefit from NAMPT inhibitors will be achieved remains to be

determined.
2.3 | Isocitrate dehydrogenase inhibitors

In 2008, a multi‐group collaboration was set forth to sequence over

20,000 genes in 22 glioblastomas to uncover genetic alterations.41

Remarkably, one of the most common point mutations occurred in a

metabolic enzyme, cytoplasmic isocitrate dehydrogenase (IDH1).
Subsequent studies found that this mutation was found in ~80% of

grade II‐III gliomas and secondary glioblastomas.42 Mitochondrial

IDH2 has also been shown to be frequently mutated in gliomas, albeit

to a lesser extent, and mutually exclusive to IDH1.42,43 Under normal

conditions, IDH1/2 generates reduced NADPH from NADP+ by cata-

lyzing the oxidation of isocitrate to α‐ketoglutarate (α‐KG) (Figure 1).
44 However, point mutations in either IDH1 or IDH2 result in the catab-

olism of isocitrate to the “oncometabolites” R (−)‐2‐hydroxyglutaric

acid and D (−)‐2‐hydroxyglutaric acid (2‐HG), respectively, rather than

oxidation to α‐ketoglutarate (Figure 1).11,45 As expected, levels of 2‐

HG are elevated in gliomas harboring mutant IDH.45 Specifically, the

D‐enantiomer, but not the L‐enantiomer, of 2‐HG, has been shown to

be selectively elevated in the CSF of subjects with glioma and that

harbor mutated IDH genes.46 The levels of 2‐HG are so elevated in

affected tumors that non‐invasive imaging modalities have proven

useful in diagnosis and monitoring of patients with such glioblasto-

mas.47 2‐HG competitively inhibits α‐KG enzymes including histone

demethylases and DNA hydroxylases, resulting in distinct epigenetic

phenotypes.11 Since this initial observation, IDH mutations have been

observed in other tumor types, including acute myeloid leukemia

(AML),48 intrahepatic cholangiocarcinoma,49 and breast

adenocarcinoma.50

Cancer mutations and subsequently altered enzymatic functions

make IDH unique as compared with the other metabolic targets

discussed thus far, and mutated IDH enzymes have become attractive

candidates for therapeutic intervention in IDH mutant malignancies.

Rohle and colleagues demonstrated that IDH inhibition through a

selective inhibitor, AGI‐5198, reduced 2‐HG levels in a dose‐depen-

dent manner, induced demethylation of H3K9me3 and altered expres-

sion of genes associated with gliogenic differentiation inTS603 glioma

cells.51 Rohle and colleagues further demonstrated that AG‐5198

treatment reduced tumor volume in mutant R132H‐IDH1 TS603 but

not IDH1‐wild type glioma xenografts.51 Wang and colleagues demon-

strated that AGI‐6780, an allosteric inhibitor of IDH2/R140Q, induced

dose‐dependent reductions in 2‐HG in human glioblastoma U87 and

TF‐1 cell lines expressing IDH2‐wt and IDH2/R140Q but not IDH1,

indicating the selectivity of AGI‐6780 towards IDH2.52 Furthermore,

AGI‐6780 reversed the IDH2/R140Q‐induced differentiation block

in TF‐1 cells and induced blast differentiation in primary human

IDH2/R140Q, but not IDH2‐wt, AML patient samples.52 Collectively,

both studies point towards the potential clinical applications of IDH

inhibition; however, they also affirm that the use of IDH inhibitors

should be selective to the specific mutated form of IDH.

Currently, two IDH inhibitors are in active clinical trials, AG‐120

and AG‐221. AG‐120 is an orally available inhibitor of cytoplasmic

IDH1; whereas AGI‐221 is an orally available inhibitor of mitochon-

drial IDH2. There are eight ongoing clinical trials exploring the use of

AG‐120 and/or AG‐221 for the treatment of both hematological and

solid malignancies (Table 1). Early Phase 1 studies assessing the safety

and efficacy of AG‐120 in 258 subjects with mIDH1 advanced hema-

tologic malignancies including relapsed/refractory (R/R) AML indi-

cated acceptable tolerability with the majority of adverse events

being diarrhea, leukocytosis, nausea, fatigue, febrile neutropenia, dys-

pnea, anemia, QT prolongation, peripheral edema, pyrexia, and

decreased appetite.53 Amongst high‐risk, molecularly defined R/R
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AML patients, the rate of complete remission or complete remission

with partial hematologic recovery was 30.4% following AG‐120 treat-

ment, the overall response rate was 41.6%.53 Much like AG‐120,

Phase 1 and 2 efficacy and tolerability studies of AG‐221 in R/R

AML yielded favorable clinical outcomes including complete response

rates of 19.3% and overall response rates of 40.3%.54 Adverse events

associated with AG‐221 included nausea, hyperbilirubinemia, anemia,

fatigue, leukocytosis, and decreased appetite.55

Whether AG‐120 or AG‐221 will provide clinical benefit or allow

a sustained response in larger definitive Phase 3 trials remains to be

determined; however, targeting IDH mutant tumors through the use

of IDH inhibitors has shown considerable promise in early clinical trials

and remains a promising avenue of therapeutic intervention.
2.4 | Targeting polyamine metabolism

The polyamines spermidine and spermine and their diamine precursor

putrescine are naturally occurring polycationic alkylamines essential

for eukaryotic cell growth. They are directly implicated in a variety

of cellular processes, including replication, transcription, translation

and post‐translational modification, ion channel gating, and membrane

stability.56 Not surprisingly, the requirement of polyamine metabolism

is frequently dysregulated in cancer and other hyperproliferative dis-

eases.56 The biosynthesis polyamines is regulated by ornithine decar-

boxylase (ODC1), the first enzyme in the polyamine pathway that

mediates the decarboxylation of ornithine to generate putrescine,

and adenosylmethionine decarboxylase (AMD1) which decarboxylates

s‐adenosylmethionine (SAM) to provide the aminopropyl donor for the

conversions to spermidine and spermine. Thus, reductions in poly-

amine pools lead to increases in dcSAM and corresponding reductions

in SAM pools. Notably, methylation of DNA and histone tails requires

the transfer of the methyl group derived from SAM, and these epige-

netic changes are required for changing the pattern of peripheral tis-

sue antigens during negative selection.57 Generation of spermidine

and spermine is mediated by two sequential aminopropyl transfer

reactions via spermidine synthase and spermine synthase. Intracellular

polyamine levels are regulated by the enzymes spermidine/spermine

N1‐acetyltransferase (SAT1), which facilitates the acetylation of

spermidine/spermine mediating cellular efflux, and the oxidases poly-

amine oxidase (PAOX) and spermine oxidase. Transcriptional regula-

tion of ODC1 is mediated by oncogenic c‐MYC.56 Regulation of

polyamine catabolism by SAT1 has been shown to be regulated by

DNA CpG hypermethylation of the SAT1 promoter region that enables

elevated levels of intracellular polyamines for tumor proliferation.58

The SAT1 gene promoter also contains a polyamine‐responsive ele-

ment that enables transcriptional activation through binding of nuclear

factor, erythroid 2‐like 2, and polyamine‐modulating factor 1.10

Targeting of polyamine metabolism has been an active area of

research for which multiple small molecule inhibitors have been

developed to target various aspects of the polyamine pathway

(reviewed in Casero and Marton56). Of the small molecule inhibitors,

difluoromethylornithine (DFMO, elfornithine), an FDA‐approved

enzyme‐activated irreversible ODC inhibitor, has been the mostly

widely studied. DFMO undergoes enzymatic decarboxylation, liberat-

ing the fluoride ion and binds within the active site at lys 69 and lys
360 of ODC,59 thereby depleting intracellular polyamine pools

(Figure 1). The use of DFMO in pre‐clinical settings has been widely

examined.56,60,61 In gliomas, DFMO induces dose‐dependent cell‐

cycle arrest at G0/G1 phase and intrinsic apoptosis via overexpression

of Bax, Bad and reduction of bcl‐2 in vitro.60 Using a Kras‐activated

p48Cre/+‐LSL‐KrasG12D/+ mouse model of pancreatic cancer, Moham-

med, et al demonstrated that DFMO‐treatment induced significant

reductions in PDAC incidence as compared with controls.61 Moreover,

treatment with DFMO yielded a significant reduction of PanIN 3 (car-

cinoma in situ) lesions.61 Complementary to pre‐clinical studies, explo-

ration of DFMO in clinical studies has been widely explored62,63 with

several clinical trials having been completed (clinicaltrials.gov). How-

ever, discretion should be taken when interpreting potential clinical

benefit of DFMO. Previously, a Phase 3 study examining the efficacy

of eflornithine and sulindac in preventing formation of sporadic colo-

rectal adenomas evaluated the relationship between dietary poly-

amine content (sum of putrescine, spermidine, and spermine),

treatment, and clinical outcome.64 When stratifying dietary polyamine

content into the highest quartile versus the lower three quartiles, a

significant interaction was observed between dietary polyamine levels

and treatment in relation to adenoma recurrence. Moreover, there

were significant reductions in risk of metachronous adenoma (risk

ratio: 0.19, 95% C.I. = 0.08–0.41; P < 0.0001) in dietary polyamine

quartiles 1 to 3.64 This is an important notion given that malignant

cells scavenge extracellular polyamines, potentiating the possibility of

reduced efficacy of ODC inhibition by DFMO.65 Consequently, die-

tary intervention should be monitored and controlled when examining

the therapeutic potential of DFMO.

Nevertheless, there are 11 ongoing clinical trials to evaluate the

clinical utility of eflornithine as a therapeutic agent (alone, or in combi-

nation with other therapies) for the treatment of cancer, namely neuro-

blastoma and gastrointestinal cancers (Table 1), including a randomized,

double‐blind, Phase 3 trial oriented at evaluating the efficacy and safety

of elfornithine/sulindac as a combination therapy comparedwithmono-

therapies in patients with familial adenomatous polyposis.66 Interim

analyses of this Phase 3 study identified eight serious adverse events

including depression, deep vein thrombosis, seasonal migraine, post‐

polypectomy bleed, adhesive small bowl obstruction, lung adenocarci-

noma, small bowel ileus, and pancreatitis; however, the authors note

that these adverse events were not related to study treatment.66

Whether DFMO alone or in combination with other therapies

such as sulindac is an effective preventive therapy remains to be

determined; however, preclinical and clinical findings to date support

the continued exploration of targeting polyamine metabolism.
3 | SMALL MOLECULE INHIBITORS:
TARGETING IMMUNE CELLS

3.1 | Indoleamine 2, 3‐dioxygenase inhibitors

The essential amino acid tryptophan is an important precursor for pro-

tein synthesis, neurotransmitters, and de novo nicotinamide adenine‐

dinucleotide biosynthesis.67 Tryptophan depletion and accumulation

of its downstream catabolites, such as kynurenine (Figure 1), elicit

http://clinicaltrials.gov
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potent immunosuppressive effects.9 Given the direct implications of

immunosuppression on anti‐tumor interventions, considerable focus

has been given to the development IDO inhibitors. Holmgaard and col-

leagues demonstrated that anti‐CTLA‐4 treatment in IDO‐deficient

B16F10 melanoma xenograft mice significantly impeded tumor devel-

opment and prolonged tumor‐free survival compared with IDO‐wt

B16F10 xenograft mice.68 Furthermore, anti‐CTLA‐4 treatment in

IDO‐deficient mice compared with control resulted in enhanced accu-

mulation of tumor‐infiltrating CD4+ and CD8+ effector T cells and

reduced the population of CD4 + FOX3+ Treg cells.68 Co‐treatment

of wt B16F10 xenograft mice with 1‐methyltryptophan, a competitive

inhibitor of IDO1, and anti‐CTLA‐4 equally resulted in prolonged sur-

vival and reduced tumor burden in addition to elevated infiltration of

CD8+ T cells and reduced CD4 + FOX3+ Treg cell prevalence compared

with controls.68 Ninomiya and colleagues illustrated that only IDO‐pos-

itive Raji lymphoma cells significantly abrogated the anti‐tumor growth

effects of CD19‐CART cells in SCID‐Beige opposite flank engraftment

xenograft mice.69 Importantly, the addition of co‐stimulatory domains

CD19.ζ (CD3ζ chain alone), CD19.28.ζ (CD3ζ chain and CD28

endodomain), or CD19.28.4‐1BBζ (CD3z, CD28, and 4‐1BB

endodomains) was not able to attenuate the inhibitory effects of the

IDO‐downstream tryptophan catabolite 3‐hydroxykynurenine

(Figure 1) on CD19‐CART proliferation.69 Furthermore, the addition

of 1‐methyltryophan prior to CD19‐CART treatment improved the effi-

cacy of CD19‐CART mediated suppression of tumor growth in IDO‐

positive Raji tumors.69 Both of these studies demonstrate the value of

IDO inhibition, particularly as a means of attenuating an immunosup-

pressive milieu, and, perhaps more importantly, emphasize the use of

IDO inhibitors as adjuvant therapies to immuno‐therapy approaches

such as anti‐tumor CAR‐T cells.

As a caveat, a recent survey of cancer cell lines demonstrated

considerable variability in the expression pattern of IDO1 and trypto-

phan 2,3‐dioxygenase (TDO), with 16% of analyzed cancer cells lines

being positive for IDO1, 19% being positive for TDO and 15% being

positive for both.70 Current IDO1 inhibitors do not cross inhibit

TDO.71 Thus the use of IDO1 inhibitors in subjects that do not exhibit

elevated tumor IDO1 expression but instead are TDO and/or IDO2

positive would likely have minimal to no clinical benefit. Concurrently,

immune‐suppression is multi‐factorial and not solely mediated by

tryptophan depletion and kynurenine accumulation. For instance, is

has been shown that prostaglandin E2 (PGE2) generation in cancer

cells can induced Treg differentiation and promote T‐cell anergy

through both direct effects on T‐cells and indirect effects on APCs.72

This would insinuate a potential synergistic benefit from using both

cyclooxygenase‐2 and IDO inhibitors.

Currently, there are 10 ongoing clinical trials to assess the efficacy

of the IDO1 inhibitor indoximab (1‐methyl‐d‐tryptophan) as both a

mono‐ and adjuvant therapy for various malignancies in addition to

several other clinical trials exploring the use of other IDO1‐inhibitors

(GDC‐0919, Epacadostat, NLG802) (Table 1). Early efficacy and safety

trials of epacadostat plus pembrolizumab, a PD‐1 checkpoint inhibitor,

in patients with advanced lung cancers demonstrated favorable clinical

outcomes including overall response rates and disease control

response rates of 43% and 57%, respectively.73 Major adverse events

related to epacadostat plus pembrolizumab treatment included
fatigue, arthralgia, increased aspartate aminotransferase (AST), and

increased lipase activity.73 Concurrently, early Phase 1 and 2 trials of

epacadostat plus pembrolizumab in advanced melanoma have also

shown promising results.74 Despite the encouraging results from the

mentioned above Phase 1 and 2 trials, recent findings from the Pase

3 ECHO‐301/KEYNOTE‐252 trial concluded that the combination of

pembrolizumab and epacadostat failed to improved progression‐free

survival versus single‐agent pembrolizumab in patients with

unresectable or metastatic melanoma.

IDO targeting offers considerable clinical promise; however, it is

clear that its context appropriate application and combination with

other therapies will be paramount to truly obtaining optimal clinical

benefit.
4 | SMALL MOLECULE INHIBITORS:
TARGETING BOTH CANCER AND IMMUNE
CELLS

4.1 | Glutaminase inhibitors

Several lines of evidence have demonstrated that tumor cells exhibit a

“glutamine addiction” to support anabolic metabolism.75 Extracellular

glutamine can donate carbon and nitrogen to supply anabolic pathways,

resulting in replenishment of tricarboxylic acid cycle (TCA) cycle inter-

mediates and promoting synthesis of nucleotides, proteins, and lipids.6

Glutamine uptake is principally mediated by members of four amino

acid transporter families, for which solute carrier family 1 member 5

has the highest affinity and is frequently upregulated in human cancer

cell lines.76While intracellular glutamine can be utilized to supply amino

groups for the hexosamine biosynthetic pathway or as an exchange for

the import of other amino acids such as arginine, cysteine and leucine,

its primary metabolic fate in cancer is often deamination to glutamate

through kidney‐type glutaminase 1 (KGA) and GAC, a splice variant

encoded by GLS1.75 The contribution of GLS2‐encoding glutaminase

enzymes is not a major factor in most cancers.77-79 Glutamate, in turn

serves as a carbon donor for the TCA cycle via deamination to α‐

ketoglutarate by glutamate dehydrogenase (Figure 1), or as a substrate

for glutathione biosynthesis.75 Currently, there are three well‐studied

inhibitors of KGA/GAC: Bis‐2‐(5‐phenylacetamido‐1,3,4‐thiadiazol‐2‐yl)

ethyl sulfide (BPTES), (5‐(3‐Bromo‐4‐(dimethylamino)phenyl)‐2,2‐

dimethyl‐2,3,5,6‐tetrahydrobenzo [a]phenanthridin‐4(1H)‐one) (968),

and CB‐839. Both BPTES and CB‐839 are non‐competitive selective

inhibitors of GAC and KGA,78,80 whereas 968 is an allosteric inhibitor

of GAC/KGA.81 In triple‐negative breast cancer, CB‐839, as compared

with BPTES, was shown to be the superior inhibitorwith an IC50 ~13‐fold

lower than that of BPTES.78 In this study, CB‐839 elicited significant anti‐

tumor activity in both a patient‐derived xenograft (PDX) model and in a

JIMT‐1 implanted CB.17 SCID mouse model, resulting in respective

tumor growth suppression by 61% and 54%, relative to vehicle control.78

Tumor abundances of glutamine increased 4 hours post CB‐839 treat-

ment, whereas glutamate and aspartate levels decreased, consistent with

GLS activity inhibition.78

While GLS inhibitorsmay serve asmonotherapies, their combination

with other concurrent therapies such as radiotherapy, chemotherapy or
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immunotherapy is equally intriguing. With respect to radio‐ and

chemotherapy, studies in PDAC have demonstrated that GLS inhibition

leads to increased radio‐sensitivity, largely due to increased ROS gener-

ation,82 an aspect likely linked to alterations in glutathione biosynthesis, a

well‐documented contributor to drug resistance.83 Indeed, studies in tri-

ple‐negative breast cancer have demonstrated considerable effects of

CB‐839 on reducing glutathione levels in a cell line‐dependentmanner.78

Additionally, glutaminolysis, a biochemical reaction by glutamine is lysed

to glutamate, aspartate, CO2, pyruvate, lactate, alanine, and citrate, has

been linked to cisplatin resistance in gastric cancers.28 With respect to

immunotherapy, Calithera has initiated a Phase 2 study aimed at explor-

ing the safety, tolerability, and efficacy of CB‐839 in combination with

Nivolumab, a PD‐1/PD‐L1 check point inhibitor, in patients with renal

cell carcinoma, melanoma, or non‐small cell lung cancer. Interim results

indicated tolerable toxicity with mild to moderate adverse events,

namely fatigue, nausea, and photophobia. Positive responses were

obtained in melanoma patients with overall response rates of 19% and

an overall disease control rate of 44% (Calithera; Society for Immuno-

therapy of Cancer Meeting).

Currently, the use of CB‐839 in combination with chemotherapy or

immunotherapies is being explored in multiple Phase 1 and 2 studies on

solid tumors (Table 1). However, the broad applicability of CB‐839 as an

anti‐cancer agent is tentative. A recent study by Davidson et al84 found

that in vivo glutaminase inhibition exhibited markedly lower efficacy in

KRAS driven lung cancer mouse model as compared with in vitro stud-

ies. The authors attribute this discrepancy to differences in the tumor

microenvironment and nutrient utilization.84 Conversely, studies by

Christen and colleagues demonstrated preferential utilization of pyru-

vate rather than glutamine for PC‐dependent anaplerosis in breast‐

derived lung metastases and that this was sufficient to render cells

insensitive to glutamine anaplerosis inhibition.85 These findings neces-

sitate the importance of identifying the correct target population and of

understanding the interaction between cancer metabolism, the tumor

microenvironment, and nutrient availability.

Regardless, the ultimate clinical utility of glutaminase inhibitors as

single or combinatorial agents remains to be determined; however,

preclinical and preliminary clinical results support the value of

targeting glutaminase as a therapy for cancer.
4.2 | Targeting arginine metabolism

Whereas the abovementioned inhibitors aim to directly target

enzymes that support tumor‐associated metabolic processes, one

could in principle achieve similar effects using an inverse approach

wherein recombinant enzymes are applied therapeutically to reduce

the availability of key nutrients required for tumor growth within the

tumor microenvironment. This concept has been introduced through

the use of recombinant arginase I that aims to deplete the

microenvironment of the amino acid arginine. Arginine is versatile

amino acid that serves as an important metabolic precursor for protein

biosynthesis, nitric oxide production, polyamine biosynthesis, and

nitrogen disposal.86 It has been well documented that malignant cells

are particularly sensitive to arginine depletion both in vitro and

in vivo.87-89 Normal cells have the ability to replenish arginine from

citrulline through a two‐step process involving the conversion of
citrulline to argininosuccinate to arginine by argininosuccinate syn-

thase (ASS) and argininosuccinate lyase, respectively (Figure 1). How-

ever, malignant cells often do not express ASS, thereby impeding their

ability to replenish arginine.89 Correspondingly, tumor cells may have

adequate levels of ASS but lack expression of ornithine

transcarbamylase, the enzyme that mediates the conversion of argi-

nine to ornithine (Figure 1),88 thereby limiting their capacity to regen-

erate arginine. Consequently, tumor cells are auxotrophic for arginine,

and attenuating arginine availability is a plausible therapeutic strategy.

This approach has led the development of Pegylated Recombinant

Arginase I (Peg‐rhArg1) that is currently being evaluated in multiple

Phase 1 and Phase 2 clinical trials (Table 1). A Phase 1 study lead by

Poon and colleagues examined the pharmacokinetics and pharmaco-

dynamics of Peg‐rhArg1 in advanced hepatocellular carcinoma sub-

jects.90 A total of 15 patients were enrolled with patients being split

among weekly doses of 500 U/kg (n = 3), 1000 U/kg (n = 3),

1600 U/kg (n = 3), or 2500 U/kg (n = 6).90 Plasma arginine depletion

was observed in a dose‐dependent manner.90 The most common

drug‐associated non‐hematological adverse events were diarrhea,

abdominal discomfort, and nausea; no hematological adverse events

were observed.90 The best overall response was stable disease for

>8 weeks in 4 subjects (26.7%).90 Izzo and colleagues examined the

effects of polyethyelene glycol‐conjugated arginine deaminase (ADI‐

SS PEG) in 19 patients with unresectable hepatocellular carcinoma.91

An ADI‐SS PEG dose of 160 U/m2 sufficiently lowered plasma argi-

nine from a baseline ~130 μM to below levels of detection (<2 μM)

for more than 7 days.91 ADI‐SS PEG was well tolerated with no seri-

ous adverse events.91 Of the 19 subjects on ADI‐SS PEG, two

(10.5%) had complete responses, seven (36.8%) had partial responses,

seven (36.8%) had stable disease, and three (15.9%) exhibited progres-

sive disease.91 Whereas clinical trials have been focused primarily on

hepatocellular carcinomas, the application of Peg‐rhArg1 has also

been tested in preclinical models of other malignancies including

AML,92 prostate cancer,88 and non‐Hodgkin's lymphoma93 indicating

broad potential application. The application of Peg‐rhArg1 as a

monotherapy or adjuvant therapy holds promise and provides proof

of concept for similar therapies that would aim to exploit the

auxotrophic vulnerabilities of various malignancies.

However, it is important to note that arginine reliance is not exclu-

sive to cancer cells. In fact, arginine metabolism is also intimately linked

toT cell fate and function. In particular, arginine has been shown to play

a key role in the activation of T cells and in generation of central mem-

ory‐like cells endowed with a higher survival capacity, a function that is

linked to a shift in activated T cells away from glycolysis and towards

oxidative phosphorylation.94 To this end, studies by Geiger and col-

leagues demonstrated that arginine promotes T cell survival through

interaction with the transcriptional regulators BAZ1B, PSIP1, and

TSN.94 Moreover, Geiger and colleagues show that stimulation of

TCR transgenic CD8+ OT‐I T cells specific for the OVA257–264 peptide

arginine‐supplemented medium for 4 days endowed OT‐I T cells with a

higher survival capacity as compared with control when transferred

into lymphopenic Cd3e−/− mice.94 Importantly, arginine‐treated OT‐I T

cells adoptively transferred into wild‐type mice bearing B16 melanoma

tumors expressing the OVA antigen yielded superior anti‐tumor

responses, marked by significant reductions in tumor size and improved
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overall survival.94 Collectively, this implies that elevated arginine levels

promote the survival capacity of CD8+ T cells and their anti‐tumor

activity in vivo. Keeping this notion in mind, Calithera has developed

the arginase inhibitor CB‐1158 (Figure 1) with the overall intent of

preventing arginine depletion in the local tumor microenvironment.

Pre‐clinical data has demonstrated that CB‐1158 reverses the capacity

of polymorphonuclear cells and myeloid‐derived suppressor cells to

inhibit T‐cell activation and proliferation ex‐vivo by preventing arginine

depletion.95 Moreover, pre‐clinical data has demonstrated that CB‐

1158 increases plasma and tumor arginine levels in mouse syngeneic

tumor models, resulting in increased pro‐inflammatory markers and

activated CD8 T‐cells in the tumor.95 The pharmacokinetics and phar-

macodynamics of CB‐1158 are currently being explored in a Phase 1

study of solid tumors (Table 1). To this end, preliminary findings from

the Phase 1 study evaluating safety and tolerability of CB‐1158 as a

monotherapy and in combination with anti‐PD1 have found that CB‐

1158 is well tolerated with no dose‐limiting toxicities or drug‐related

grade 3 adverse events.95 CB‐1158 was found to be rapidly absorbed

(Tmax = 4 hours); doses of 50 and 100 mg resulted in stead‐state plasma

trough levels of 1.6 and 4.5 μM which was sufficient to achieve >90%

arginase inhibition and increase plasma arginine levels by 2.4‐ and

4‐fold, respectively.95 Dose escalations studies are currently on‐going.

Although both Peg‐rhArg1 and CB‐1158 have shown promising

preclinical and early clinical success, the two strategies are contradic-

tory in nature; one favoring the depletion of arginine (Peg‐rhArg1)

while the other favors its accumulation (CB‐1158). As such, the

efficacy of either strategy as a successful therapy for cancer will be

of particular interest and likely context dependent.
5 | CONCLUSION

In the preceding overview, we have summarized the use of small mole-

cule inhibitors currently in active clinical trials that are aimed at targeting

both aberrant metabolic pathways in tumor cells as well as in the sur-

rounding tumor microenvironment. Preclinical and early clinical results

have shown promise and warrant close evaluation. Moreover, the use

of small molecule inhibitors aimed at exploiting tumormetabolic vulner-

abilities continues to be an active area of research, extending far beyond

the targets mentioned in these sections. Yet, the one unifying consen-

sus is that identifying metabolic dependencies specific to cancer cells

and/or constituents of the tumor microenvironment is a viable area of

therapeutic intervention that holds considerable clinical potential.
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