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1	Introduction
Energy	metabolic	reprogramming	is	one	of	the	hallmarks	of	cancer	cells.	Together	with	aerobic	glycolysis,	the	best	known	metabolic	feature	of	tumor	cells,	glutamine	addiction	and	increased	lipid	metabolism	have	been	also

added	as	important	components	of	metabolic	transformation.

1.1	Aerobic	glycolysis
Aerobic	glycolysis	was	 firstly	 reported	 in	 the	1920s	by	Otto	Warburg,	who	observed	 that	cancer	cells	 limited	 their	energy	metabolism	 largely	 to	glycolysis	producing	 large	amounts	of	 lactate	even	under	 fully	oxygenated
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Abstract

Cell	metabolic	reprogramming	is	one	of	the	main	hallmarks	of	cancer	and	many	oncogenic	pathways	that	drive	the	cancer-promoting	signals	also	drive	the	altered	metabolism.

This	review	focuses	on	recent	data	on	the	use	of	oncogene-targeting	agents	as	potential	modulators	of	deregulated	metabolism	in	different	solid	cancers.	Many	drugs,	originally	designed	to	inhibit	a	specific	target,	then

have	turned	out	to	have	different	effects	involving	also	cell	metabolism,	which	may	contribute	to	the	mechanisms	underlying	the	growth	inhibitory	activity	of	these	drugs.	Metabolic	reprogramming	may	also	represent	a	way

by	which	cancer	cells	escape	from	the	selective	pressure	of	targeted	drugs	and	become	resistant.	Here	we	discuss	how	targeting	metabolism	could	emerge	as	a	new	effective	strategy	to	overcome	such	resistance.

Finally,	accumulating	evidence	indicates	that	cancer	metabolic	rewiring	may	have	profound	effects	on	tumor-infiltrating	immune	cells.	Modulating	cancer	metabolic	pathways	through	oncogene-targeting	agents	may	not

only	restore	more	favorable	conditions	for	proper	lymphocytes	activation,	but	also	increase	the	persistence	of	memory	T	cells,	thereby	improving	the	efficacy	of	immune-surveillance.

Abbreviations:	ACC,	acetyl-CoA	carboxylase;	ALDOA,	aldolase	A;	AIs,	aromatase	inhibitors;	AMPK,	AMP-activated	protein	kinase;	BC,	breast	cancer;	CML,	chronic	myelogenous	leukemia;	CT,	computed	tomography;	CPT1,	carnitine
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conditions.

This	metabolic	feature,	known	as	the	“Warburg	effect”,	has	represented	the	basis	for	the	development	of	18F-fluorodeoxyglucose	positron	emission	tomography	(FDG-PET),	a	non-invasive	imaging	technique	that,	providing	an

accurate	assessment	of	tumor	glucose	utilization,	is	widely	exploited	in	the	clinic	for	initial	diagnosis,	staging	disease,	and	monitoring	tumor	responses	to	therapies.	The	glycolytic	switch	in	cancer	cells	allows	to	maximize	the	diversion

of	glycolytic	intermediates	into	multiple	branching	pathways,	that	provide	substrates	for	the	biosynthesis	of	macromolecules	(lipids,	nucleic	acids,	and	proteins)	required	for	rapid	tumor	growth	and	proliferation	[1].	 In	addition,	an

increased	flux	through	the	cytosolic	oxidative	pentose	phosphate	pathway	(PPP)	provides	cytosolic	NADPH	to	balance	the	intracellular	redox	potential	and	neutralize	the	excessive	levels	of	reactive	oxygen	species	(ROS)	resulting	from

the	enhanced	metabolic	activity	of	cancer	cells	[2].	It	is	worth	noting	that,	despite	the	increased	glycolytic	rates,	some	glucose	transitions	to	the	tricarboxylic	acid	(TCA)	cycle	in	mitochondria	are	still	maintained	in	cancer	cells	for	both

ATP	production	and	generation	of	citrate	for	lipid	synthesis	[1].

Alterations	in	oncogenic	signaling	transduction	pathways	and	loss	of	tumor	suppressor	genes,	by	affecting	the	regulation	of	transporters	and	enzymes,	drive	cancer	cells	to	aerobic	glycolysis.	Over-expression	of	the	facilitative

glucose	transporter	1	(GLUT-1)	promotes	an	increased	glucose	uptake	in	a	variety	of	cancer	cell	types,	and	has	been	associated	with	the	constitutive	activation	of	oncogenes	such	as	KRAS,	AKT,	src,	and	Myc	[3]	or	with	the	loss	of	the

tumor	suppressor	PTEN	[4].	Activated	AKT	may	also	 favor	cancer	glucose	uptake	by	promoting	 the	cell	 surface	 localization	of	GLUT-1	and	attenuating	 its	 internalization	 [5].	 In	addition,	aberrant	activity	of	 the	PI3K/AKT/mTORC1

pathway	has	been	shown	to	enhance	the	expression	of	Hexokinase	II	(HKII),	the	first	rate-limiting	enzyme	of	glycolysis,	which	mediates	the	rapid	phosphorylation	of	glucose	upon	its	entrance	into	the	cell	[6].	Conversely,	miR-124

overexpression	has	been	demonstrated	 to	hinder	glycolysis	by	decreasing	AKT-induced	expression	of	both	GLUT-1	and	HKII	 in	non-small	cell	 lung	cancer	 (NSCLC)	cells	 [7].	 Interestingly,	PI3K	has	been	shown	 to	activate	an	AKT-

independent	Rac-dependent	mechanism	that	promotes	the	release	of	filamentous	actin-bound	aldolase	A	(ALDOA),	thus	increasing	ALDOA	activity	and	enhancing	the	flux	through	glycolysis	[8].	AKT	may	also	induce	the	rate-controlling

enzyme	phosphofructokinase-1	 (PFK1)	by	directly	phosphorylating	and	activating	phosphofructokinase-2	 (PFK2)	 [9];	AKT-dependent	modulation	of	 cancer	glucose	metabolism	may	be	 indirectly	mediated	by	 the	downstream	 target

mTORC1,	which	in	turn	can	activate	the	hypoxia-inducible	factor	1	(HIF-1)	even	under	normoxic	conditions.	HIF-1	is	consider	as	a	master	regulator	of	cancer	metabolic	reprogramming	towards	glycolysis,	being	responsible	for	the

induction	of	a	variety	of	genes	encoding	for	glucose	transporters	and	glycolytic	enzymes	[10].	Not	only	AKT/mTORC1	signaling,	but	also	deregulated	Myc	can	stabilize	HIF-1	protein	under	normoxic	conditions	[11].	HIF-1	and	Myc	have

been	shown	to	cooperatively	induce	HKII	and	pyruvate	dehydrogenase	kinase	1	(PDHK1).	PDHK1	in	turn	inactivates	the	pyruvate	dehydrogenase	(PDH)	and	hence	the	pyruvate	dehydrogenase	enzyme	complex	(PDC)	responsible	for

the	conversion	of	pyruvate	to	acetyl-coenzyme	A,	thereby	inhibiting	pyruvate	entry	in	the	tricarboxylic	acid	(TCA)	cycle	and	diminishing	mitochondrial	respiration	 [12].	 In	addition,	both	HIF-1	and	Myc	enhance	the	transcription	of

lactate	dehydrogenase	A	(LDHA),	which	catalyzes	the	conversion	of	pyruvate	into	lactate,	further	contributing	to	the	glycolytic	cancer	phenotype	in	Myc	over-expressing	cancers	[12].	HIF-1	and	Myc	positively	regulate	the	expression	of

pyruvate	kinase	M2	(PKM2),	the	final	rate-limiting	enzyme	of	glycolysis,	which	catalyzes	the	conversion	of	phosphoenolpyruvate	to	pyruvate.	Over-expression	of	PKM2	has	been	found	in	multiple	human	cancers,	including	lung,	breast,

and	 colon,	 compared	 to	matched	normal	 tissues,	 and	 is	 considered	 as	 a	major	 contributor	 to	 altered	 cancer	metabolism	 [13].	 PKM2	exists	 as	 a	 tetramer,	 showing	high	 catalytic	 activity,	 or	 as	 a	 dimeric	 less	 active	 form,	 and	 the

conversion	between	these	two	forms	is	dynamically	regulated.	In	cancer	cells,	a	number	of	post-translational	modifications,	such	as	fibroblast	growth	factor	receptor	type	1	(FGFR1)-mediated	phosphorylation	at	Tyr105,	promote	the

tetramer-to-dimer	switching,	thus	reducing	pyruvate	kinase	activity	and	favoring	the	diversion	of	glycolytic	intermediates	towards	collateral	pathways,	such	as	PPP	and	serine	biosynthesis	[14].	PKM2	can	facilitate	the	Warburg	effect

also	through	non	canonical	functions,	that	are	independent	of	its	pyruvate	kinase	activity,	and	involve	its	ability	to	directly	transactivate	HIF-1α	or	indirectly	activate	Myc	via	ßcatenin	[15].

Besides	activation	of	oncogenes,	an	important	mechanism	contributing	to	cancer	metabolic	reprogramming	involves	the	loss	of	p53	function,	which	occurs	in	50%	of	all	human	cancers	due	to	gene	mutation	or	deletion.

As	a	tumor	suppressor,	p53	counteracts	the	Warburg	effect	by	limiting	glycolysis	through	multiple	mechanisms,	such	as	transcriptional	repression	of	GLUT-1	and	GLUT-4,	and	induction	of	TP53-induced	glycolysis	and	apoptosis

regulator	 (TIGAR),	 that	 functions	 as	 a	 fructose-2,6-bisphosphatase,	 reducing	 the	 activity	 of	 PFK1	 and	 favoring	 the	 diversion	 of	 glycolytic	 intermediates	 towards	 PPP	 to	 provide	 nucleotides	 for	 DNA	 repair	 and	NADPH	 for	 ROS

scavenging	[16,17].	In	addition,	p53	maintains	the	mitochondrial	integrity	and	positively	regulates	OXPHOS,	up-regulating	the	expression	of	Synthesis	of	Cytochrome	c	Oxidase	2	(SCO2),	and	apoptosis-inducing	factor	(AIF),	two	factors

essential	for	the	assembly	of	complexes	of	the	electron	transport	chain	[18].	Under	stress	conditions,	such	as	nutrient	and	energy	limitations,	p53	induces	p21cip1	and	represses	mTORC1	signaling	to	coordinately	inhibit	cell	proliferation

and	cell	growth	in	biomass,	respectively	[19].	p53-dependent	inhibition	of	mTORC1	may	be	mediated	by	different	mechanisms,	including	transcription	of	PTEN,	and	activation	of	the	energy	sensor	AMP-activated	protein	kinase	(AMPK),

which	plays	a	key	role	in	restoring	energy	homeostasis	by	switching	on	the	catabolic	pathways	and	switching	off	the	anabolic	pathways	[20].	It	 is	worth	noting	that	stress	conditions	that	alter	the	energy	status	of	the	cell,	such	as

glucose	starvation,	can	directly	activate	AMPK,	which	 in	 turn	can	stabilize	and	activate	p53	protein,	establishing	a	mutual	 regulation	 that	 reinforce	 their	 tumor	suppressive	 functions	 [21].	AMPK	can	contribute	 to	p53-dependent

induction	of	autophagy,	through	mTORC1	inhibition	or	direct	activation	of	the	autophagy	machinery	[22].	p53-mediated	autophagy	can	have	a	pro-survival	adaptive	function,	but	can	also	facilitate	the	induction	of	apoptosis	when	the

cells	are	exposed	to	high	stress	or	irreparable	damage.	In	these	conditions	p53	may	promote	cell	death	also	by	activating	pro-oxidant	functions,	which	result	in	increased	ROS	production	[23].

Taking	into	account	the	lines	of	evidence	here	reported,	loss	of	p53	may	effectively	contribute	to	cancer	development	by	facilitating	the	metabolic	transformation.	In	addition,	stimulation	of	the	Warburg	effect	has	recently



emerged	as	a	novel	gain	of	function	of	mutant	p53	[18].	However,	considering	that	some	metabolic	functions	of	p53	allow	pro-survival	adaptations	to	stress	conditions,	in	some	circumstances	loss	of	p53	may	increase	the	vulnerability	of

cancers	to	metabolic	stress	[24].

1.2	Glutamine	metabolism
Glutamine	is	the	most	abundant	free	amino	acid	and	is	involved	in	multiple	fundamental	processes,	such	as	energy	generation,	synthesis	of	macromolecules,	redox	homeostasis,	and	signal	transduction	[25].

Glutamine	is	taken	up	from	the	extracellular	milieu	via	transporters	such	as	ASCT2	(Na+-dependent	neutral	amino	acid	transporter),	and	is	mainly	catabolized	into	glutamate	by	glutaminase	(GLS).	Glutamate	is	a	precursor	of

glutathione,	 the	major	 cellular	 antioxidant,	 and	 provides	 amino	 groups	 for	 nonessential	 amino	 acids,	 such	 as	 serine	 and	 glycine,	 necessary	 for	macromolecular	 syntheses.	 In	 addition,	 glutamate,	 converted	 to	α-ketoglutarate	 by

glutamate	dehydrogenase	(GLUD1),	acts	as	an	anaplerotic	nutrient	that	refills	the	TCA	cycle	to	supply	intermediates	for	further	biosynthetic	pathways.	This	process	is	particularly	relevant	for	cancer	cells,	in	which	the	flux	of	pyruvate

entering	the	TCA	cycle	 is	reduced	as	a	consequence	of	aerobic	glycolysis.	Moreover,	glutamate	can	support	the	production	of	NADPH.	Glutamine	can	be	also	used	directly	as	a	carbon	source	to	 feed	anaplerotic	reactions	or	as	a

nitrogen	source	for	nucleotide	and	hexosamine	synthesis.

Many	signaling	pathways	 involved	 in	 tumorigenesis	can	reprogram	glutamine	metabolism,	however	deregulated	Myc	has	been	proved	 to	play	a	major	 role	 in	 this	 regard,	 rendering	cancer	cells	addicted	 to	glutamine	and

therefore	especially	sensitive	to	glutamine	deprivation	[26].	Myc	enhances	glutamine	utilization	by	activating	the	expression	of	genes	involved	in	glutamine	uptake,	including	SLC1A5	(ASCT2	encoding	gene)	or	catabolism	such	as	GLS

[27].

In	 addition,	 oncogenic	 KRAS	 mediates	 reprogramming	 of	 glutamine	 metabolism	 in	 pancreatic	 cancer,	 by	 up-regulating	 aspartate	 transaminase	 (GOT1)	 and	 inhibiting	 GLUD1	 transcription;	 this	 results	 in	 an	 increased

dependence	on	glutamine	for	NADPH	production	to	ensure	the	maintenance	of	redox	balance	essential	for	cancer	survival	[28].

1.3	Lipid	metabolism
Increased	lipid	metabolism	is	common	in	cancer	cells	and	 is	generally	accomplished	via	up-regulation	of	 lipid	endogenous	synthesis,	although	exogenous	 lipid	uptake	and	consumption	(through	fatty	acid	β-oxidation,	 FAO)

appear	essential	 for	survival	and	proliferation	of	some	non-glycolytic	tumor	types,	such	as	prostate	cancer	(PC),	and	may	become	a	relevant	mechanism	of	adaptation	under	conditions	of	metabolic	stress	 [29].	Fatty	acids	(FA)	are

building	blocks	for	the	synthesis	of	phospholipids	and	glycolipids	that	serve	as	components	of	biological	membranes,	are	precursors	of	lipids	with	signaling	function,	and,	in	form	of	triacylglycerides,	are	stored	in	lipid	droplets	(LDs)

together	with	cholesterylesters.	LDs	accumulation	in	cancer	cells	has	been	associated	with	increased	aggressiveness	[30].

Cancer	cells	activate	de	novo	biosynthesis	of	FA	by	increasing	the	expression	of	lipogenic	enzymes,	 including	FA	synthase	(FASN),	acetyl-CoA	carboxylase	(ACC),	and	ATP	citrate	lyase	(ACLY)	that	promotes	also	cholesterol

synthesis	[31].	Transcription	of	the	corresponding	genes	is	mediated	by	Sterol	regulatory	element	binding	protein	1	(SREBP-1),	whose	activation	in	cancer	cells	can	be	promoted	through	different	mechanisms	[32].	mTORC1	is	essential

for	nuclear	accumulation	of	SREBP-1	in	AKT-activated	cancer	cells	[33],	whereas	mTORC1-independent	activation	of	SREBP-1	has	been	reported	in	human	glioblastoma	multiforme	with	altered	epidermal	growth	factor	receptor	(EGFR)

signaling	[34];	SREBP-1	can	also	be	activated	by	SIRT1	deacetylase	and	SIRT1-dependent	induction	of	lipogenesis	has	been	shown	to	promote	the	growth	of	endometrial	tumor	cells	[35].

2	Oncogene-targeting	agents	and	energy	metabolism
It	is	now	clear	that	oncogenes	that	drive	the	cancer-promoting	signals	also	drive	the	altered	metabolism.	This	chapter	of	the	review	is	focused	on	recent	data	regarding	the	use	of	drugs	directed	against	oncogenic	signaling

pathways	(Fig.	1)	as	potential	modulators	of	deregulated	metabolism	in	different	solid	cancers	and	in	chronic	myelogenous	leukemia	(CML)	(Table1).



Table	1	Effect	of	targeted	agents	on	energy	metabolism.

Drugs Specific	target Metabolic	targets Metabolic	effects Cancer	types Refs

Erlotinib EGFR GLUT-1
HKII,	PKM2
Mitoch.	complex	subunits
GLS

↓Glycolysis
↑OXPHOS
↑OXPHOS
↓Glutaminolysis

NSCLC [36,37]
[38]
[38]
[40]

Osimertinib EGFR HKI/II
ALDOA,	LDHA-B,	PDHK1,	PFKB4,	PKM2	;	TXNIP

↓Glycolysis NSCLC [39]

Cetuximab EGFR LDHA
ASCT2

↓Glycolysis
↓Gln	and	Cys	uptake

HNSCC [41]
[42,43]

Trastuzumab HER-2 GLS1 ↓Glutaminolysis BC [44]

Dovitinib FGFR PKM2
PDHK1
GLUT-1

↑OXPHOS
↑OXPHOS
↓Glycolysis

NSCLC
SQCLC

[45]
[46]
[47]

BGJ398 FGFR GLUT-1 ↓Glycolysis SQCLC [47]

Ceritinib EML4-ALK HKII ↓Glycolysis NSCLC [49]

SC-66 AKT GLUT-1,	GLUT-4 ↓Glycolysis Cervical	cancer [50]

MK-2206 AKT	1-2-3 ↓Glycolysis BC,	PC [51,52]

BEZ-235 PI3K/mTORC1-C2 ↓Glycolysis BC [51]

AZD8055 mTOR CPT1A ↓Lipogenesis
↓FAO

BC [54]

Salirasib KRAS FASN,	SCD ↓Lipogenesis NSCLC [57]

Fig.	1	Drugs	directed	against	oncogenic	signaling	pathways	involved	in	the	modulation	of	cancer	cell	metabolism.



RO5126766 RAF/MEK GLUT-1 ↓Glycolysis Colon	cancer [57]

CI-1040 MEK1/2 HKII ↓Glycolysis Melanoma [59]

Vemurafenib BRAF	V600E GLUT-1,	GLUT-3,	HKII ↓Glycolysis Melanoma [60]

Saracatinib Src GLUT-1,	HKII,	LDHA ↓Glycolysis BC [61]

Imatinib BCR-ABL/KIT GLUT-1
PKM2

↓Glycolysis CML
CML,	GIST

[62–64]
[45,65]

Sorafenib Multi	TKI Mitochondrial	complex	I
GLUT3,	PFKP,	PDH
GLUT-1

↓OXPHOS
↑Glycolysis
↑/↓Glycolysis

HCC,	neuroblast,	BC
HCC
BC

[67–70]
[70]
[69]

Nutlin	3a MDM2 GLUT-1 ↓Glycolysis BC,	glioma [75]

2.1	Inhibitors	of	EGFR	family
A	variety	of	evidence	indicates	that	oncogenic	mutated	EGFR	promotes	a	metabolic	reprogramming	to	glycolysis,	which	may	be	reverted	by	EGFR	tyrosine-kinase	inhibitors	(TKIs),	contributing	to	cancer	cell	growth	inhibition.

In	a	previous	study,	we	reported	that	the	first-generation	EGFR	TKI	erlotinib	down-regulated	the	glucose	uptake	in	sensitive	NSCLC	cell	lines,	an	effect	occurring	before	the	appearance	of	inhibitory	effects	on	cell	proliferation

and	associated	with	inhibition	of	GLUT-1	protein	expression	[36].	We	also	demonstrated	that	downstream	of	EGFR,	inhibition	of	the	PI3K/AKT/mTOR	and	not	the	MAPK	pathway	plays	a	role	in	erlotinib-mediated	down-regulation	of

glucose	transport	activity.

Treatment	with	erlotinib	or	osimertinib,	a	third-generation	irreversible	EGFR	TKI,	decreased	lactate	production,	glucose	consumption,	and	the	extracellular	acidification	rate	in	lung	adenocarcinoma	EGFR	mutant	sensitive

cells	and	in	T790M	resistant	mutant	cells,	respectively	[37].	In	addition,	a	metabolomics	analysis	revealed	that	treatment	with	the	EGFR	TKIs	reduced	the	amount	of	early	intermediate	metabolites	of	both	glycolysis	and	PPP,	thereby

hindering	also	de	novo	pyrimidine	biosynthesis.	The	underlying	mechanism	involved	the	inhibition	of	PI3K/AKT/mTOR	signaling,	which,	in	contrast	with	our	findings	[36],	caused	a	reduction	of	membrane-bound	GLUT-1	without	affecting

its	total	expression.

Interestingly,	distinct	mechanisms	were	activated	 in	NSCLC	cells	 in	vitro	and	 in	vivo	after	a	 long-term	 incubation	 (48–72 h)	with	erlotinib	or	WZ4002,	a	 specific	 inhibitor	of	EGFR-T790M.	 Indeed,	 in	 these	conditions	EGFR

inhibition	promoted	a	switch	from	aerobic	glycolysis	to	mitochondrial	oxidative	phosphorylation	(OXPHOS)	by	reducing	HKII	and	p-PKM2	Tyr105	levels,	and	up-regulating	the	expression	of	specific	mitochondrial	complexes	subunits.

These	effects	were	attributed	to	the	inhibition	of	ERK1/2	and	AKT,	respectively	[38].

Also	osimertinib	 reduced	HKI/II	activity	 in	osimertinib-sensitive	cells,	and	down-regulated	 the	expression	of	other	key	regulators	of	glycolysis	 (ALDOA,	LDHA-B,	PDHK1,	PFKB4,	PKM2),	while	 increasing	 the	expression	of

thioredoxin	interacting	protein	(TXNIP),	a	negative	regulator	of	glycolysis	[39].

Besides	glycolysis	and	PPP,	EGFR	inhibition	has	been	shown	to	affect	additional	metabolic	pathways,	resulting	in	profound	alterations	of	the	metabolic	profile	 in	EGFR-mutated	lung	adenocarcinoma	cells.	Indeed,	erlotinib

treatment	in	these	cells	hindered	glutaminolysis	and	lowered	the	expression	of	GLS,	induced	an	increase	of	proline	and	aspartate,	and	decreased	the	levels	of	NADH	and	glutathione	[40].

The	EGFR-blocking	monoclonal	antibody	cetuximab	has	been	reported	to	affect	both	glucose	and	glutamine	metabolism	in	head	and	neck	squamous	cell	carcinoma	(HNSCC).	In	particular,	treatment	with	cetuximab	in	sensitive

HNSCC	cells	suppressed	the	expression	and	activity	of	LDHA	through	downregulation	of	HIF-1α,	with	consequent	decrease	of	glucose	consumption,	lactate	production,	and	ATP	intracellular	levels	[41].	By	reducing	the	supply	needed

to	generate	biomass,	cetuximab	arrested	cell	proliferation	and	cell	cycle	at	G1	phase,	without	evident	signs	of	apoptosis.	However,	a	further	down-regulation	of	LDHA	by	RNA	silencing	or	oxamate	treatment	induced	pro-apoptotic

effects,	thus	enhancing	the	therapeutic	efficacy	of	cetuximab.

In	more	recent	studies	performed	in	EGFR-overexpressing	HNSCC	cells,	EGFR	was	found	to	be	physically	associated	with	ASCT2	transporter,	which	plays	a	key	role	in	glutamine	uptake	in	rapidly	proliferating	cells,	including

cancer	cells	 [42].	By	 inducing	EGFR	endocytosis,	cetuximab	mediated	 the	 internalization	of	EGFR-ASCT2	complex,	which	 includes	 the	adaptor-related	protein	complex	1	gamma	1	subunit	 (AP1G1),	a	component	of	clathrin-coated

vesicles	involved	in	membrane	protein	sorting	[43].	ASCT2	internalization	reduced	the	uptake	of	glutamine	and	cysteine,	which	are	essential	precursors	for	the	biosynthesis	of	the	anti-oxidant	glutathione.	The	resulting	decrease	of

glutathione	supply	rendered	the	cells	susceptible	to	ROS-induced	apoptosis,	a	finding	with	important	clinical	implications,	considering	that	cetuximab	is	currently	approved	for	treatment	of	HNSCC	in	combination	with	radiotherapy	or



cisplatin,	which	are	known	to	increase	ROS	production.	The	therapeutic	efficacy	of	such	combinations	may	indeed	rely	on	cetuximab-mediated	sensitization	to	radiation-	or	cisplatin-induced	oxidative	stress.

A	 functional	 relationship	 between	ErbB2	 and	glutamine	metabolism	has	 been	demonstrated	 in	 breast	 cancer	 (BC)	 tumorigenesis.	 ErbB2	 activation	 has	 been	 shown	 to	 promote	 glutamine	 utilization	 during	 oncogenic	 and

metabolic	transformation	of	breast	epithelial	cells,	by	up-regulating	GLS1	expression	through	NF-kB	signaling.	Conversely,	the	ErbB2-blocking	monoclonal	antibody	trastuzumab	inhibited	the	increased	GLS1	expression	and	activity	in

ErbB2-expressing	BC	cell	lines	[44].	In	these	models,	GLS1	knockdown,	as	well	as	treatment	with	BPTES,	a	selective	inhibitor	of	GLS1	activity,	suppressed	cell	proliferation,	suggesting	that	the	enhanced	GLS1	activity	in	ErbB2-positive

BC	is	not	a	mere	epiphenomenon,	but	is	instead	a	key	event	in	the	process	of	malignant	transformation.

2.2	FGFR	inhibitors
Dovitinib	(TKI258),	a	multiple	receptor	TKI	with	activity	against	FGFR1/3	among	its	targets,	has	been	demonstrated	to	inhibit	FGFR1-mediated	phosphorylation	of	PKM2	in	FGFR1-overexpressing	NSCLC	cells,	with	the	result

of	enhancing	PKM2	enzymatic	activity	[45].	This	mechanism	may	contribute	to	dovitinib	anti-tumor	activity,	as	suggested	by	the	observation	that	the	induced	expression	of	a	catalytically	more	active	form	of	PKM2	increased	OXPHOS

and	decreased	proliferation	of	NSCLC	cells	under	hypoxic	conditions,	and	also	reduced	tumor	growth	in	vivo.	In	addition,	FGFR1	has	been	shown	to	co-localize	with	PDHK1	in	the	mitochondria	and	to	induce	PDHK1	through	tyrosine

phosphorylation	 at	 multiple	 sites,	 with	 consequent	 inhibition	 of	 PDC	 [46].	 Dovitinib	 inhibited	 also	 FGFR1-dependent	 phosphorylation/activation	 of	 PDHK1	 in	 FGFR1-overexpressing	 NSCLC	 cells,	 thus	 relieving	 PDHK1-mediated

inhibition	of	PDC	and	favoring	the	reversion	of	the	Warburg	effect.

Besides	 the	 effects	 on	 PKM2	 and	 PDHK1,	 we	 have	 recently	 demonstrated	 that	 FGFR1	 can	 regulate	 glucose	metabolism	 in	 FGFR1	 amplified/over-expressing	 squamous	 cell	 lung	 carcinoma	 (SQCLC)	 cell	 lines	 through	 a

mechanism	 that	 involves	 AKT/mTOR-dependent	HIF-1α	 accumulation	 and	 up-regulation	 of	 GLUT-1	 [47].	 Treatment	 with	 dovitinib	 or	 with	 the	 selective	 FGFR	 inhibitor	 BGJ398	 under	 serum	 deprivation	 prevented	 FGF2-mediated

stimulation	of	FGFR1/AKT/mTOR	signaling,	thereby	reducing	GLUT-1	expression,	glucose	uptake,	glycolysis,	and	lactate	production.	As	a	consequence	cell	proliferation	and	viability	were	significantly	impaired,	under	both	normoxic

and	hypoxic	conditions.	In	presence	of	serum,	FGFR1	targeting	decreased	glucose	metabolism	only	when	AKT/mTOR	signaling	was	inhibited.	In	cell	models	in	which	FGFR1	selective	inhibition	failed	to	down-regulate	the	AKT/mTOR

pathway	due	to	the	activation	of	alternative	signaling	pathways,	the	anti-proliferative	effects	of	BGJ398	were	significantly	enhanced	by	the	combination	with	AKT/mTOR	inhibitors.	Interestingly,	co-targeted	inhibition	of	FGFR1	and

AKT/mTOR	by	BGJ398	and	BEZ235	(dual	PI3K/mTOR	inhibitor)	reduced	GLUT-1	mRNA	and	protein	expression	in	xenografts	and	led	to	superior	anti-tumor	effects	as	compared	with	individual	treatments	[47].

2.3	Ceritinib	(ALK	inhibitor)
The	echinoderm	microtubule-associated	protein-like	4-anaplastic	 lymphoma	kinase	 (EML4-ALK)	 fusion	oncogene	 is	a	driving	 factor	of	 tumorigenesis,	whose	expression	defines	a	 specific	clinicopathologic	 subset	of	NSCLC

characterized	by	an	 increased	glycolytic	phenotype	 compared	with	EML4-ALK-negative	NSCLC	 [48].	 EML4-ALK	 rearrangement	 in	NSCLC	 cell	 lines	was	 shown	 to	 induce	 a	 high	 glucose	metabolism	 through	HIF1α-dependent	 up-

regulation	of	HKII	expression	not	associated	with	increased	expression	of	GLUT-1	or	LDHA	proteins	[49].	EML4-ALK	modulated	HIF1α	at	the	level	of	transcription	and	translation,	with	downstream	PI3K/AKT/mTOR	pathway	playing	a

major	role	in	sustaining	HIF1α	protein	synthesis.	Ceritinib,	a	second-generation	ALK	inhibitor	approved	for	the	treatment	of	ALK-positive	NSCLC,	hindered	glycolysis	and	lactate	production	in	EML4-ALK-rearranged	NSCLC	cells	by

reducing	both	mRNA	and	protein	expression	of	HIF1α	with	consequent	down-regulation	of	HKII.	Downstream	of	EML4-ALK,	ceritinib	inhibited	the	PI3K/AKT/mTOR	pathway,	thus	blocking	its	contribution	to	enhance	HIF1α	protein

synthesis.	Interestingly,	a	brief	treatment	with	ceritinib	(2–3 days)	strongly	decreased	the	glycolytic	rate	in	EML4-ALK-positive	xenografts,	as	indicated	by	FDG-PET	scans	in	live	animals	[49].	This	finding	suggests	that	FDG-PET	might

represent	an	useful	tool	to	quickly	determine	the	ALK	status	and	to	identify	the	patients	likely	to	respond	to	ALK	inhibitors,	especially	in	those	part	of	the	world	where	ALK	testing	has	not	been	introduced	into	routine	diagnostics.

2.4	Inhibitors	of	PI3K/AKT/mTOR	pathway
The	PI3K/AKT/mTOR	inhibitors	have	been	widely	used	in	the	literature	to	investigate	the	involvement	of	PI3K,	AKT,	and	mTOR,	alone	or	in	cascade,	in	the	control	of	cancer	metabolic	reprogramming	downstream	of	altered

receptors	or	along	other	signaling	axes	 (e.g.	 (AMPK)/mTORC1	signaling).	 In	addition,	 these	 inhibitors	have	served	as	valuable	 tools	 to	provide	mechanistic	explanations	 for	 the	metabolic	effects	of	other	 targeted	drugs.	Here,	we

present	some	of	the	studies	that	have	been	designed	to	assess	the	impact	of	PI3K/AKT/mTOR	inhibition	on	cancer	cell	metabolism	in	tumors	carrying	specific	oncogenic	alterations	of	this	pathway.

The	allosteric	AKT	inhibitor	SC-66	induced	non-apoptotic	cell	death	in	a	cell	model	of	cervical	cancer	carrying	both	activating	PIK3CA	and	inactivating	PTEN	mutation	[50].	Mechanistically,	 inhibition	of	AKT/mTOR	signaling

following	treatment	with	this	drug	reduced	the	translocation	of	GLUT-1	and	GLUT-4	to	the	cell	surface,	thus	decreasing	glucose	uptake	and	glycolysis.	SC-66-mediated	cytotoxicity	was	further	enhanced	by	the	combination	with	the

competitive	HK	inhibitor	2-deoxyglucose	(2-DG),	that	exacerbated	the	inhibitory	effects	on	glycolysis.

MK-2206,	a	highly	selective	inhibitor	of	AKT	1-2-3	isoforms,	and	BEZ-235,	a	dual	PI3K	and	mTORC1-C2	inhibitor,	were	shown	to	down-regulate	AKT	phosphorylation	and	to	inhibit	cell	growth	in	basal-like	BC	xenografts	bearing

an	 increased	PI3K	 signaling	 [51].	 These	effects	were	associated	with	decreased	concentration	 levels	 of	 lactate	and	 increased	 levels	 of	phosphocholine,	while	glucose	and	glycerophosphocholine	 concentrations	were	 increased.	 In



contrast,	 no	metabolic	 change	was	detected	 in	 basal-like	BC	 xenografts	 that	 expressed	 lower	baseline	 levels	 of	AKT	activation	 in	 comparison	with	basal-like	 xenografts,	 and	 resulted	 insensitive	 to	 treatment.	 The	 interest	 aspect

emerging	from	this	study	is	that	lactate,	phosphocholine	and	glycerophosphocholine	may	represent	novel	potential	metabolic	biomarkers	for	response	to	therapies	with	PI3K/mTOR	inhibitors	in	basal-like	BCs.

The	potential	usefulness	of	metabolic	changes	as	biomarkers	of	responsiveness	to	PI3K/mTOR	inhibitors	has	been	also	proposed	for	other	types	of	cancer.	By	using	hyperpolarized	magnetic	resonance	spectroscopy	(HP-MRS)	to

monitor	the	conversion	of	hyperpolarized	[1-13C]	pyruvate	into	lactate,	MK-2206	was	demonstrated	to	reduce	aerobic	glycolysis	in	spheroids	derived	from	PTEN-mutated	or	PTEN-deleted	PC	cell	lines	[52].	Such	metabolic	alteration

occurred	early	upon	AKT	inhibition,	and	was	followed	by	significant	down-regulation	of	cell	growth.	This	suggested	that	HP-MRS	may	be	used	to	measure	the	metabolic	flux	after	treatment	with	AKT	inhibitors	in	patient-derived	tumor

organoids,	providing	a	non-invasive	method	for	early	evaluation	of	the	therapeutic	efficacy	of	these	drugs	in	PC	patients.

Similarly,	studies	performed	in	a	PTEN-null	glioblastoma	xenograft	model	suggested	that	FDG-PET	may	be	a	valuable	marker	for	response	to	the	mTORC1/mTORC2	inhibitor	AZD8055	in	glioblastoma	patients	[53].	In	BC	cells,

the	anti-tumor	efficacy	of	AZD8055	was	affected	by	its	ability	to	suppress	lipid	metabolism	[54].	Indeed,	AZD8055	induced	cell	death	only	in	HER2+/PIK3CA	mutant	cell	lines,	in	which	the	treatment	produced	a	significant	decrease	of

de	novo	lipid	synthesis	and	also	down-regulated	the	lipid	catabolism	by	reducing	the	levels	of	carnitine	palmitoyltransferase	1A	(CPT1A),	a	rate-limiting	enzyme	for	FAO.	In	contrast,	in	HER2-/PIK3CA	wt	cells	AZD8055	failed	to	alter	the

lipid	metabolism	and	its	effects	were	cytostatic.

2.5	Inhibitors	of	RAS/RAF/MEK	pathway
2.5.1	KRAS	inhibitor	(Salirasib)

Reprogramming	of	tumor	metabolism	by	oncogenic	KRAS	is	essential	to	support	cell	growth	in	a	variety	of	cancers,	including	glioblastoma	and	pancreatic	cancer;	in	particular,	previous	studies	have	shown	that	activated	KRAS	increased	glucose

consumption	 and	 lactate	 production,	 decreased	 oxidative	 TCA	 cycle	 flux,	 and	 stimulated	 the	 utilization	 of	 glutamine	 for	 anabolic	 pathways	 [28,55,56].	 Results	 from	 a	 very	 recent	 work	 adds	 further	 complexity	 to	 KRAS-driven	 cancer	 metabolism,

demonstrating	the	existence	of	a	causal	link	between	KRAS	activation	and	a	specific	lipogenesis	gene	signature	in	NSCLC	[57].	In	this	study,	KRAS	has	been	shown	to	promote	lipogenesis	via	ERK2-mediated	induction	of	FASN	and	stearoyl	CoA	desaturase

(SCD).	Selective	 inhibition	of	KRAS	with	salirasib	resulted	 in	 the	decrease	of	both	FASN	and	SCD	gene	expression	 in	mutated	KRAS	NSCLC	cell	 lines;	on	 the	other	hand	proliferation	of	 these	cells	was	efficiently	 slowed	down	by	 the	FASN	 inhibitor

cerulenin,	suggesting	that	lipogenesis	may	be	a	relevant	therapeutic	target	for	treating	KRAS-induced	lung	cancer.

2.5.2	RAF/MEK	inhibitors
The	dual	RAF/MEK	kinase	Inhibitor	RO5126766	was	shown	to	decrease	FDG	uptake	in	KRAS	and	BRAF	mutant	colon	cancer	xenografts	[58].	This	metabolic	change	was	associated	with	a	reduced	surface	expression	of	GLUT-1	levels	and	correlated

with	a	decreased	expression	of	the	marker	of	proliferation	ki67,	confirming	the	relevance	of	FDG-PET	as	a	surrogate	marker	for	the	efficacy	of	RAF/MEK	inhibitors.

Impairment	of	glucose	metabolism	following	treatment	with	BRAF	inhibitors	was	also	demonstrated	in	BRAF-driven	melanoma	cancer.	Using	HP-MRS,	the	MEK1/2-selective	inhibitor	CI-1040	was	shown	to	reduce	lactate	production	in	BRAF	mutant

melanoma	cells	in	vitro	and	in	xenografts	ex	vivo	but	not	in	BRAFwt	melanoma	cells	[59].	The	underlying	mechanism	involved	the	down-regulation	of	HKII	expression,	which	was	a	likely	consequence	of	Myc	down-regulation.	Comparable	findings	were

obtained	in	BRAF	mutant	melanoma	cells	with	vemurafenib,	a	selective	inhibitor	of	mutated	BRAFV600E,	that	down-regulated	HKII,	GLUT-1,	and	GLUT-3	genes,	and	hence	hindered	glucose	metabolism	via	concerted	inhibition	of	Myc	and	HIF-1α,	and

activation	of	MONDOA,	a	transcriptional	factor	involved	in	the	negative	regulation	of	glycolysis	[60].

2.6	Intracellular	TK	inhibitors
2.6.1	Src	inhibitor	(saracatinib)

The	role	of	src	in	regulating	cancer	glucose	metabolism	and	the	effects	of	its	selective	inhibition	by	saracatinib	have	been	investigated	in	premalignant	estrogen	receptor	(ER)-negative	mammary	epithelial	cells	modified	to	overexpress	ErbB2	and

exhibiting	ErbB2-dependent	src	activation	[61].	These	cells	displayed	an	increased	glucose	utilization,	which	was	inhibited	by	treatment	with	saracatinib.	In	particular,	saracatinib	reduced	GLUT-1	mRNA	and	protein,	and	inhibited	glucose	uptake,	thus

affecting	the	synthesis	of	early	intermediate	metabolites	of	both	glycolysis	and	PPP,	such	as	glucose	6-phoshate	and	fructose	6-phosphate.	HKII	and	LDHA	expressions	were	moderately	inhibited,	while	no	change	was	observed	for	PFK1.	These	effects	were

associated	with	saracatinib-mediated	inhibition	of	the	ERK1/2-MNK1-e-IF4E	pathway,	that	resulted	in	a	reduced	cap-dependent	translation	of	Myc.	By	hampering	glucose	metabolism,	saracatinib	inhibited	cell	proliferation,	induced	apoptosis,	and	prevented

a	disorganized	acinar	growth	in	3D	culture;	in	addition,	saracatinib	markedly	prevented	the	development	of	mammary	premalignant	lesions	and	delayed	tumor	onset	in	vivo.

2.6.2	BCR-ABL	and	KIT	inhibitor	(imatinib)
In	CML,	the	BCR-ABL	oncogene	redirects	the	energy	metabolism	towards	glycolysis	as	a	mechanism	contributing	to	 its	transforming	activity.	The	BCR-ABL	inhibitor	 imatinib,	currently	used	for	treatment	of	CML	as	well	as	acute	 lymphocytic



leukemia	and	gastrointestinal	stromal	tumors	(GIST),	can	efficiently	hamper	glucose	metabolism	through	different	mechanisms,	including	reduction	of	surface	localization	of	GLUT-1	and	inhibition	of	BCR-ABL-mediated	phosphorylation	of	PKM2	[45,62,63].

In	GIST	imatinib	dramatically	reduces	FDG	uptake,	providing	an	early	(24 h)	indicator	of	treatment	response	[64].	More	recently,	imatinib	has	been	shown	to	promote	the	switching	from	PKM2	to	PKM1	isoform,	by	inducing	miR-124	expression,	which	in

turn	down-regulates	polypyrimidine	tract-binding	protein	1	(PTBP1),	an	alternative	splicing	repressor	of	PKM1	[65].

2.7	Sorafenib	(multi-kinase	inhibitor)
Sorafenib	 is	 a	multi-kinase	 inhibitor,	 targeting	V600E	mutant	BRAF	 as	well	 as	 a	 number	 of	 TK	 receptors,	 including	 vascular	 endothelial	 growth	 factor	 receptors	 (VEGFR)-2/3,	 and	Platelet-derived	 growth	 factor	 receptor

(PDGFR)-ß	[66].	Apart	from	the	metabolic	effects	deriving	from	its	antiangiogenic	properties,	sorafenib	has	been	shown	to	affect	cancer	energy	metabolism	by	directly	targeting	the	mitochondrial	electron	transport	chain	complex	I,

thus	inhibiting	OXPHOS	and	impairing	mitochondrial	energy	production	in	hepatocellular	carcinoma	(HCC)	and	in	neuroblastoma	cells	[67,68].

In	BC	cells	we	demonstrated	that	sorafenib	caused	an	early	mitochondrial	dysfunction	associated	with	drop	of	 intracellular	ATP	levels,	ROS	production,	and	activation	of	the	energy	sensor	AMPK	 [69].	As	a	result	of	AMPK

activation,	sorafenib	induced	an	increase	of	GLUT-1	expression,	glucose	uptake,	aerobic	glycolysis	and	lactate	production,	at	least	at	early	time	points,	in	ER + and	ER-/ErbB2 + BC	cells.	Comparable	effects	were	described	in	HCC	cell

lines	[70],	where	sorafenib	up-regulated	genes	involved	in	the	glycolytic	pathway,	such	as	GLUT-3	and	PFKP	(platelet	isoform),	while	reducing	the	expression	of	PDH.	However,	AMPK	activation	produced	different	outcomes	in	the	two

types	of	cancer.	Indeed,	BC	cells	were	not	able	to	cope	with	sorafenib-induced	stress,	despite	the	initial	attempt	to	restore	the	energy	balance,	and	AMPK	activation	persisted	during	sorafenib	treatment,	finally	leading	to	a	decreased

glucose	utilization	also	in	a	triple	negative	BC	(TNBC)	high	glycolytic	cell	model.	This	long-term	inhibitory	effect	on	glucose	metabolism	was	mediated	by	AMPK-dependent	inhibition	of	the	mTORC1	pathway	and	contributed	to	the	anti-

proliferative	and	pro-apoptotic	action	of	sorafenib	 [69].	 In	contrast,	activated	AMPK	exerted	a	cytoprotective	role	 in	HCC	cells	 [70],	presumably	via	autophagy	 induction,	and	combination	with	glucose	deprivation	or	 the	glycolytic

inhibitor	2-DG	was	required	for	sorafenib	to	produce	cytotoxic	effects.

In	addition	with	glycolysis	inhibitors,	other	combinatorial	strategies	targeting	cancer	energy	metabolism	were	demonstrated	to	improve	the	efficacy	of	sorafenib.	For	example,	the	anti-tumor	activity	of	sorafenib	associated	with

ROS	production	was	significantly	potentiated	in	HCC	cells	by	disturbing	the	redox	balance	through	combination	with	oxythiamine,	inhibitor	of	the	PPP	enzyme	transketolase	[71].	Moreover,	combination	of	sorafenib	with	the	AMPK

activator	metformin	in	NSCLC	promoted	a	synergistic	activation	of	AMPK	and	inhibition	of	downstream	mTOR	signaling,	leading	to	a	synergistic	growth	inhibition	both	in	vitro	and	in	vivo	[72].	The	efficacy	of	such	combination	was	also

demonstrated	in	cholangiocarcinoma	cells	[73].

2.8	Nutlin-3a	(p53	activator)
Due	to	the	frequent	loss	of	p53	in	human	cancers,	considerable	effort	has	been	made	to	develop	novel	therapeutic	strategies	aimed	at	restoring	p53	function.	One	of	these	strategies	is	based	on	the	use	of	drugs	directed	against

murine	double	minute	2	(MDM2),	a	negative	regulator	of	p53,	to	activate	wild-type	p53	in	tumors	that	have	lost	its	expression	as	a	consequence	of	MDM2	overexpression/amplification	[74].	Combining	the	MDM2	antagonist	Nutlin-3a

with	the	V-ATPase	inhibitor	archazolid	was	shown	to	exert	synergistic	pro-apoptotic	effects	in	p53	wild	type	BC	cells	and	to	reduce	tumor	growth	in	a	mouse	xenograft	glioma	model	[75].	The	rationale	for	such	combination	came	from

the	suggestion	that	p53	restoration	could	improve	the	efficacy	of	archazolid	by	counteracting	its	stimulating	effects	on	glycolysis.	Indeed,	combination	of	the	two	drugs	resulted	in	a	significant	up-regulation	of	TIGAR	associated	with

down-regulation	of	GLUT-1	expression	and	glucose	uptake.

3	Alteration	of	metabolism	as	a	mechanism	of	resistance	to	targeted	agents
Intrinsic	or	acquired	resistance	to	targeted	agents	are	still	the	main	limits	for	their	efficacy.

Preventing	or	overcoming	such	resistance	is	currently	one	of	the	most	important	research	aim	in	the	field	of	anti-cancer	therapy.

Metabolic	reprogramming	may	represent	a	way	by	which	cancer	cells	escape	from	the	selective	pressure	of	drugs	and	become	resistant	(Table	2).

Table	2	Metabolic	reprogramming	as	a	resistance	mechanism	to	targeted	agents.

Metabolic	reprogramming Drug	resistance Mechanism	of	resistance Overcoming	resistance Cancer	types Refs

Glucose	metabolism

Sorafenib	or	sunitinib GLUT	1	overexpression mTOR	inhibition RCC [76]



Axitinib GLUT1	overexpression
Increased	glycolysis

AKT	inhibition Pancreatic	cancer [77]

Erlotinib GLUT1	overexpression HKII	inhibition
Glucose	starvation/autophagy	inhibition NSCLC [36]

[78]

Lapatinib Glycolytic	Enzymes	phosphorylation HKII	inhibition BC [79]

Tamoxifen Increased	glycolysis HKII	inhibition BC [80]

BEZ235 Increased	glycolysis
Reduced	OXPHOS Glycolysis	inhibition NSCLC [81]

OXPHOS

Aromatase	inhibitors miR-155 miR-155	targeting BC [82]

Imatinib Increased	expression	of	mitochondrial	enzymes OXPHOS	inhibition
Mitoch.	translation	inhibition

GIST
CML

[83]
[84]

Lipid	metabolism

Imatinib FAO FA	derivative CLM [65]

Gefitinib FASN FASN	inhibitor NSCLC [87]

Glutamine	metabolism (Please	delete	bold	characters	for	"Glutamine	metabolism"	)

Aromatase	inhibitors SLC1A5	overexpression GPNA	inhibitor
GLS	inhibition BC [88]

mTOR	inhibitors GLS	overexpression GLS	inhibition Glioblastoma [89]

Erlotinib GLS	overexpression GLS	inhibition NSCLC [90]

Vemurafenib GLS	inhibition Melanoma [91]

Sorafenib PPARδ	up-regulation GLS	or	PPAR	inhibition HCC [92]

Cetuximab SLC1A5	overexpression GPNA	inhibitor CRC [93]

3.1	Glucose	metabolism
As	 assessed	 by	 FDG-PET	 integrated	with	 computed	 tomography	 (CT),	 early	 acceleration	 of	 glucose	 uptake	 and	 accumulation,	 associated	with	 activation	 of	 the	mTOR	 pathway,	 indicated	 resistance	 to	 the	 antiangiogenic

inhibitors	sorafenib	or	sunitinib	in	renal	cell	carcinoma	(RCC)	patients.	Treatment	with	the	mTOR	inhibitor	everolimus	decreased	the	max	SUVmax	in	all	the	treated	resistant	patients	[76].	FDG-PET	assessment	after	2 days	of	erlotinib

treatment	has	been	proposed	as	an	useful	method	to	identify	early	resistant	NSCLC	patients	and	may	also	predict	survival	in	unselected	NSCLC	pre-treated	population	[36].	These	reports	indicate	the	usefulness	of	FDG	PET/CT	to

monitor	tumor	response	sequentially	during	TKI	therapy,	for	an	early	evaluation	of	resistance	acquisition	to	TKI	treatment.

Along	this	line,	increased	glucose	metabolism	has	been	associated	with	resistance	to	different	TKIs	in	several	tumor	types.	Resistance	to	the	anti-angiogenic	multi-kinase	inhibitor	axitinib	was	associated	with	increased	GLUT-1

cell	surface	expression,	glucose	uptake,	and	glycolysis	rate	in	pancreatic	adenocarcinoma	cells.	In	these	resistant	cells,	the	AKT	inhibitor	MK-2206	restored	the	sensitivity	to	axitinib	by	reverting	the	translocation	of	GLUT-1	into	the

plasma	 membrane	 and	 normalizing	 the	 glycolytic	 flux	 [77].	 Similarly,	 HCC827-ER6	 NSCLC	 cells	 resistant	 to	 erlotinib	 [78]	 exhibited	 a	 high	 glycolytic	 rate,	 dependent	 on	 GLUT-1	 over-expression,	 together	 with	 a	 mitochondrial

dysfunction.	However,	in	this	resistant	cell	model,	AKT	inhibition	failed	to	decrease	cell	viability,	suggesting	that	up-regulation	of	GLUT-1	might	be	independent	from	AKT	signaling.	In	addition,	HCC827-ER6	cells	were	more	sensitive	to

2-DG	treatment	or	glucose	starvation	than	parental	cells;	however,	these	stressful	conditions	activated	autophagy,	and	combination	with	an	autophagy	inhibitor	was	required	for	overcoming	resistance	to	erlotinib.



Interestingly,	in	BC	cells	resistant	to	the	EGFR/ErbB2	inhibitor	lapatinib,	an	extensive	reprogramming	of	glycolytic	activity	mediated	by	post-translational	regulation	through	phosphorylation	has	been	recently	described	[79].

Tyrosine-phosphorylation	of	LDHA,	enolase	(ENO1),	PKM	and	phosphoglycerate	mutase	1	(PGAM1),	and	serine-phosphorylation	of	ALDOA,	PFKP,	and	glyceraldehyde	3-phosphate	dehydrogenase	(GAPDH)	were	significantly	increased,

leading	to	enzymatic	activation	and	hence	to	significant	changes	in	the	intracellular	level	of	glycolytic	metabolites,	such	as	glucose-6-phosphate,	glyceraldehyde-3-phosphate,	and	phosphoenolpyruvate.	Therefore,	not	a	single	kinase

but	multiple	activation	of	different	kinases	was	involved	in	lapatinib	resistance.	Nevertheless,	this	increased	glycolytic	activity	in	resistant	cells	was	suppressed	by	the	competitive	HK	inhibitor	2-DG.	Similarly,	the	inhibition	of	HKII	was

sufficient	to	overcome	resistance	to	tamoxifen	in	tamoxifen-resistant	human	BC	cell	lines	derived	from	MCF7	cells	[80].

In	H1975	NSCLC	cells,	resistance	to	the	PI3K/mTOR	inhibitor	BEZ235	was	associated	with	high	glycolysis	and	low	mitochondrial	respiration	rates	mediated	by	the	presence	of	a	mitochondrial	DNA	MT-C01	variant.	Depletion	of

mitochondrial	DNA	 in	 sensitive	 cells	 induced	 increased	glycolysis	 and	 resistance	 to	BEZ235	and	other	PI3K/mTOR	 inhibitors.	 The	 combination	 of	BEZ235	with	 the	glycolysis	 inhibitor	 3-bromopyruvate	 exerted	 a	 synergistic	 anti-

proliferative	effect	in	resistant	cells	[81].

3.2	OXPHOS
A	very	interesting	example	of	metabolic	plasticity,	able	to	sustain	resistance	despite	glycolysis	inhibition,	has	been	reported	in	BC	cells	resistant	to	aromatase	inhibitors	(AIs).	In	this	cell	model,	glycolysis	targeting	by	2-DG	was

ineffective	in	reverting	resistance	to	AIs,	due	to	a	shift	from	glycolysis	to	OXPHOS.	miR-155	was	found	to	be	associated	with	this	change	in	the	metabolic	phenotype,	revealing	a	dynamism	that	allows	resistant	tumor	cells	to	further

modify	energy	metabolism	in	the	presence	of	specific	metabolic	blockade	[82].	miR-155	targeting	may	therefore	have	a	potential	therapeutic	implication	in	AIs-resistant	tumors.

Also	during	prolonged	 imatinib	 treatment,	 the	metabolic	phenotype	of	GIST	shifted	 from	glycolysis	 to	OXPHOS	by	 increasing	the	expression	of	key	mitochondrial	enzymes,	 including	cytochrome	c	oxidase	1,	2,	and	4,	and

mitochondrial	transcription	factor	A.	A	mitochondrial	OXPHOS	inhibitor	(VLX-600)	increased	tumor	cell	dependence	on	glycolysis,	enhancing	the	anti-glycolytic	and	apoptotic	effects	of	imatinib	either	in	vitro	and	in	vivo	[83].	Therefore,

inhibiting	mitochondrial	OXPHOS	increased	the	efficacy	of	imatinib,	highlighting	an	important	limitation	of	imatinib	when	administered	as	monotherapy.

A	recent	study	on	CML	disclosed	that	primitive	CML	stem	and	progenitor	cells,	known	to	be	resistant	to	 imatinib,	were	highly	susceptible	to	 inhibition	of	OXPHOS	by	the	FDA-approved	mitochondrial	 translation	 inhibitor

tigecycline	[84].	These	findings	suggest	that	restraining	mitochondrial	functions	may	represent	a	new	therapeutic	option	when	combined	with	imatinib	to	treat	imatinib	resistance.

This	conclusion	finds	further	confirmation	in	the	results	from	another	study,	showing	that	low-dose	oligomycin-A	(inhibitor	of	mitochondrial	ATP-synthase)	synergizes	with	imatinib	in	killing	CML	cells	both	in	vitro	and	in	vivo,	by

inducing	a	rapid	mitochondrial	membrane	depolarization	associated	with	reduced	ATP	levels	and	enhanced	superoxide	production	[85].	The	greater	efficacy	of	such	combination	relies	on	the	increased	dependence	on	mitochondrial

pyruvate	oxidation,	required	to	compensate	for	the	inhibition	of	BCR-ABL-driven	glycolysis	and	satisfy	the	energetic	and	anabolic	demands	for	cell	maintenance.	An	interesting	implication	emerging	from	this	study	is	that	targeting

mitochondrial	functions	together	with	imatinib	might	help	in	preventing	the	acquisition	of	imatinib	resistance	in	CML.

3.3	Lipid	metabolism
Several	 studies	 have	 demonstrated	 that	 FAO	 inhibition	 is	 a	 potential	 strategy	 to	 overcome	 chemoresistance	 in	 tumors.	 Regarding	 the	 resistance	 to	 targeted	 agents,	 a	 correlation	 has	 been	 reported	 between	 high	 CPT1

expression	(the	rate-limiting	enzyme	of	FAO)	and	rapamycin	resistance	in	mouse	xenograft	models	[86].	Also	the	efficacy	of	imatinib	was	shown	to	be	reduced	by	the	activation	of	CPT1	in	CML	cells	[65].	In	fact,	suppression	of	glycolysis

by	imatinib	stimulated	compensatory	FAO	via	up-regulation	of	the	AMPK/ACC	signaling,	that	activates	CPT1.	Activation	of	this	mechanism,	observed	also	in	BCR-ABL-positive	acute	lymphoblastic	leukemia	stem	cells,	contributed	to	the

acquisition	of	insensitivity	to	imatinib.	Combination	of	imatinib	with	AIC-47,	a	novel	anti-cancer	fatty	acid	derivative	able	to	inhibit	the	expression	of	CPT1,	demonstrated	a	significant	synergistic	cytotoxicity,	suggesting	that	tackling	on

energy	metabolism	at	multiple	levels	may	be	a	superior	strategy	for	therapeutic	intervention	in	BCR-ABL-driven	cancers

Very	recently	 [87],	a	novel	EGFR/FASN	signaling	axis	has	been	documented	 in	NSCLC	with	acquired	gefitinib-resistance	 independent	of	T790M	mutation.	The	palmitoylation	of	EGFR	 induced	 its	nuclear	 translocation	and

supported	growth	of	TKI-resistant	EGFR	mutated	NSCLC	cells.	Pharmacological	inhibition	of	FASN	with	orlistat,	a	FDA-approved	anti-obesity	drug,	induced	EGFR	ubiquitination	and	cell	death	in	vitro	and	reduced	tumor	growth	in	both

xenografts	and	transgenic	mouse	models.	This	result	provides	the	rationale	for	blocking	the	FA	metabolic	pathway	in	TKI-resistant	T790M	negative	NSCLC	patients.

3.4	Glutamine	metabolism
In	many	tumors,	the	intrinsic	metabolism	of	resistant	cells	is	reprogrammed	to	preferential	activation	of	glutamine-dependent	pathways,	indicating	that	glutamine	addiction	may	be	considered	a	common	feature	of	targeted

agent-resistant	cells.



ASCT2	was	significantly	up-regulated	by	Myc	activation	in	BC	cells	resistant	to	AIs	[88],	and	inhibition	of	Myc,	SLC1A5	and	GLS	significantly	decreased	cell	proliferation	in	resistant	cells,	suggesting	that	targeting	glutamine

metabolism	is	a	potential	therapeutic	strategy	in	the	treatment	of	AIs-resistant	BC.

Increased	GLS	expression	promoted	acquired	resistance	to	mTOR-targeted	therapy	in	glioblastoma	[89].	Suppression	of	GLS	expression	with	either	RNA	interference	or	the	GLS	inhibitor	compound	968	sensitized	resistant

glioblastoma	cells	and	xenograft	models	to	mTOR-targeted	therapies.

The	inhibition	of	GAC	(a	splice	variant	of	GLS1)	activity	has	also	been	proposed	as	a	new	strategy	to	overcome	erlotinib	resistance	in	NSCLC,	being	NSCLC	resistant	cells	dependent	for	their	growth	to	glutamine	synthesis	and

disposition.	 Interestingly,	 the	 combination	 of	 compound	 968	with	 erlotinib	 suppressed	 not	 only	 glutamine	metabolism,	 but	 also	 glycolysis	 [90].	 Also	melanoma	 cells	with	 acquired	 resistance	 to	 vemurafenib	 showed	 an	 increased

sensitivity	to	glutamine	deficiency	or	GLS	inhibitors	 in	respect	to	parental	cells	both	 in	vitro	and	in	vivo.	Acquired	mutations	 in	NRAS	contributed	 for	 reprogramming	metabolism	to	glutamine	dependence	and	were	responsible	 for

vemurafenib	resistance	[91].

It	 has	 been	 recently	 demonstrated	 that	 up-regulation	 of	 peroxisome	proliferator–activated	receptor-δ	(PPAR-δ)	 contributed	 to	 sorafenib	 resistance	 in	HCC.	 PPAR-δ	 promoted	 reductive	 glutamine	metabolism	 and	 reductive

glutamine	carboxylation,	which	induced	proliferation	of	resistant	cells.	Inhibition	of	GLS1	or	PPAR-δ	activity	reversed	the	glutamine	metabolic	reprogramming	in	these	cells	and	restored	their	sensitivity	to	sorafenib	[92].

Very	recently	[93],	the	expression	of	SLC1A5	in	samples	of	patients	with	colorectal	cancer	(CRC)	resistant	to	cetuximab	was	demonstrated	to	be	significantly	higher	than	in	responders.	Pharmacological	inhibition	of	SLC1A5

with	GPNA	inhibited	the	growth	and	enhanced	the	efficacy	of	cetuximab	in	CRC	cell	lines	both	in	vitro	and	in	vivo.	This	work	also	reveals	a	new	function	of	SLC1A5.	Indeed	SLC1A5	was	found	to	induce	the	EGFR	degradation	and	to

reduce	its	nuclear	expression.

4	Effects	of	oncogene-targeting	agents	on	the	metabolism-immune	system	link
Metabolic	reprogramming	has	emerged	as	a	critical	requisite	for	immune	cells	to	sustain	differentiation,	proliferation,	and	proper	effector	function.	However,	within	the	tumor	microenvironment	(TME),	the	ability	of	these	cells

to	satisfy	 the	 increased	demands	 for	energy	and	nutrients	 is	challenged	by	a	severe	competition	with	cancer	cells,	 that	show	the	same	metabolic	 requirements.	The	enhanced	acquisition	of	both	extracellular	energy	and	nutrient

resources	by	tumor	cells	creates	metabolic-restricted	conditions	that	may	severely	affect	the	immune	response,	contributing	to	immune	escape.	Due	to	the	complex	metabolic	interplay	between	cancer	and	immune	cells,	it	is	reasonable

consider	that	oncogenic	signaling,	by	controlling	cancer	metabolic	rewiring,	may	also	regulate	the	immune	escape	function	[94].	Therefore,	targeted	inhibition	of	specific	oncogenic	pathways	may	in	principle	not	only	dampen	cancer

cell	metabolism,	but	also	indirectly	reduce	the	tumor-imposed	metabolic	restrictions,	thus	restoring	the	effectiveness	of	immune	cells.

The	triggering	of	T	cell	effector	functions	is	associated	with	a	transition	from	OXPHOS,	typical	of	naïve	and	memory	T	cells,	to	a	biosynthetic	and	anabolic	metabolism,	that	requires	an	increased	uptake	of	nutrients	from	the

environment.	This	switch	results	in	aerobic	glycolysis,	with	a	concomitant	increased	glutamine	metabolism	and	consumption	of	oxygen	[95].	As	previously	discussed,	many	oncogene-targeting	agents	can	reduce	cancer	glucose	uptake

and	utilization,	thus	potentially	restoring	its	availability	for	T	cells.	However,	some	of	these	drugs,	such	as	PI3K/AKT/mTOR	inhibitors,	may	act	not	only	on	cancer	cells	but	also	on	T	cells	that	use	the	same	pathways	to	sustain	their

metabolic	reprogramming.	The	resulting	decrease	of	T	cell	glucose	metabolism	may	therefore	limits	anti-tumor	immunity,	unless	a	therapeutic	window	is	find	in	which	this	metabolic	effect	may	instead	reinforce	the	immunologic	anti-

tumor	activity	through	the	generation	of	memory	T	cells.	Indeed,	loss	or	reduction	of	AKT	signaling	does	not	compromise	T	cell	proliferation	or	survival,	but	causes	differentiated	cytotoxic	T	cells	to	transcriptionally	reprogram	from	an

effector	 to	a	memory	phenotype.	To	support	metabolic	demands,	memory	CD8+	T	cells	engage	a	catabolic	metabolism,	 including	 increased	OXPHOS	and	FAO,	 in	contrast	with	effector	CD8+	T	cells	 that,	as	previously	discussed,

preferentially	utilize	anabolic	metabolism	[96].	Pharmacological	inhibition	of	AKT	has	been	associated	with	enhanced	FAO	in	human	cytotoxic	tumor-specific	lymphocytes	and	with	induction	of	memory	cell	characteristics	in	melanoma

[97].	Also	mTOR	inhibiting	compounds,	such	as	rapamycin,	have	metabolism-targeting	effects	on	T	cells,	promoting	memory	CD8+	T	cell	formation	[98].	Therefore,	despite	rapamycin	is	known	to	reduce	activation,	proliferation,	and

effector	function	of	CD8+	T	cells,	its	ability	to	stimulate	the	generation	of	memory	cells	may	ultimately	enhance	tumor	clearance	and	prevent	tumor	recurrence	[99].

Besides	reducing	glucose	availability,	a	consequence	of	cancer	aerobic	glycolysis,	possibly	affecting	T	cell	function,	is	the	release	of	lactate	in	the	extracellular	milieu.

Lactic	acid	produced	by	tumor	cells	acidifies	the	TME,	and	both	the	lower	pH	or	the	direct	effect	of	 lactate/lactic	acid	can	modulate	the	 immune	cells,	weakening	T	cell	effector	functions	[100].	 Indeed,	a	reduction	 in	the

proliferation	of	cytotoxic	T	lymphocytes,	as	well	as	a	dramatically	reduced	availability	of	IL-2	and	IFN-γ,	and	intracellular	perforin	and	granzyme-B,	were	observed	upon	exposure	to	external	lactic	acid	[101].

In	 TNBC	 cells,	 EGF	 signaling	mediated	 aerobic	 glycolysis	 through	up-regulation	 of	HKII	 expression	 and	down-regulation	 of	 PKM2	activity,	 leading	 to	 an	 accumulation	 of	metabolic	 intermediates	 and	 extracellular	 lactate

responsible	for	cancer	cell	immune	escape.	Also	in	this	case,	the	reduced	cytotoxic	T	cell	activation	was	accompanied	by	a	decrease	in	INFγ	and	IL-2	production.	Therefore,	co-targeting	EGFR	with	gefitinib	and	glycolysis	with	2-DG	has

been	suggested	as	a	new	therapeutic	strategy	to	treat	TNBC	and	other	EGFR-expressing	cancers	[102].



The	altered	nutrient	state	of	the	TME,	related	not	only	to	glucose	metabolism	but	also	to	amino	acid	deprivation,	impairs	anti-tumor	immune	responses	in	different	ways	(Fig.	2).

L-arginine	is	essential	for	T	cell	functions	and	its	shortage	determines	a	down-regulation	of	surface	T	cell	receptors,	thus	inhibiting	the	antigen-specific	T	cell	responses.	Arginase	I	and	NOS	are	the	two	enzymes	involved	in

arginine	catabolism,	and	when	expressed	at	high	 levels	within	 the	TME	 lead	 to	a	deficiency	 in	 the	availability	of	arginine	and	a	decrease	 in	 immune	cell	 function.	The	L-arginine	analogue	N-hydroxy-nor-L-arginine,	a	well-known

inhibitor	 of	 arginase	 activity,	was	 shown	 to	 successfully	 inhibit	 primary	 tumor	 growth	 in	 Lewis	 lung	 carcinoma	 through	 a	myeloid	 cell-mediated	mechanism	 [103].	 Further	 investigations	 are	 critical	 to	 determine	whether	 known

oncogene-targeting	drugs	could	restore	the	availability	of	arginine	in	the	TME.

It	has	been	demonstrated	that	T	lymphocytes	exposed	to	tryptophan	starvation	undergo	proliferation	arrest.	Indoleamine	2,3-dioxygenase	(IDO),	an	enzyme	that	catalyzes	tryptophan	degradation	and	is	expressed	in	cancer

cells	or	in	dendritic	cells,	has	been	shown	to	induce	immunosuppression.	This	inhibitory	effect	was	also	mediated	by	an	increased	differentiation	of	regulatory	T	cells	(Tregs)	at	the	tumor	site.	Tregs	further	recruited	and	activated

myeloid-derived	 suppressor	 cells	 (MDSCs),	 thus	 enhancing	 the	 immunosuppressive	 status.	 In	 vivo	 treatment	 with	 the	 selective	 IDO	 inhibitor	 indoximod	 reversed	 this	 tumor-associated	 immunosuppression	 by	 decreasing	 tumor-

infiltrating	MDSCs	and	Tregs	and	abolishing	their	suppressive	function	[104].	Interestingly,	it	has	been	reported	that	PHA-665752	(c-Met	TK	inhibitor)	and	LY294002	(PI3K	inhibitor)	suppressed	IDO	expression	[105],	although	their

role	in	the	immune	context	has	not	been	investigated	yet.

Glutamine	deprivation,	which	occurs	in	TME	due	to	the	high	glutamine	uptake	by	cancer	cells,	shifts	the	balance	of	the	immune	response	to	become	more	suppressive.	Glutamine-deficient	TME	is	a	critical	factor	in	enforcing

differentiation	of	Treg	cells	[106],	and,	in	this	context,	agents	such	as	erlotinib	and	trastuzumab	(see	Table	1),	through	their	inhibitory	activity	on	glutaminolysis,	may	provide	a	novel	approach	to	decrease	the	persistence	of	Tregs	in

the	TME.

5	Conclusions	and	future	directions
The	renewed	interest	emerged	in	recent	years	towards	cancer	metabolic	reprogramming	has	allowed	to	expand	our	knowledge	on	the	mechanisms	underlying	tumor	initiation	and	progression,	thus	opening	new	opportunities

for	the	development	of	effective	therapeutic	strategies	against	cancer.

To	date,	a	multitude	of	drugs	directly	 targeting	peculiar	cancer	metabolic	pathways	have	been	proposed	 for	cancer	 therapy.	However,	despite	 the	encouraging	results	obtained	 in	preclinical	models,	 very	 few	of	 them	are

Fig.	2	Targeting	the	link	between	cancer	metabolism	and	immune	system.	By	increasing	lactate	production	and	depleting	the	microenvironment	of	nutrients,	such	as	glucose	and	amino	acids,	cancer	cells	can	alter	the	activation	status	of	lymphocytes	and

ultimately	impair	immune	function.	By	modulating	cancer	metabolism,	oncogene-targeting	agents	not	only	may	affect	cancer	growth	directly,	but	may	also	restore	more	favorable	conditions	for	effective	immune-surveillance.



currently	in	clinical	trials.	Indeed,	one	major	challenge	with	such	agents	is	to	achieve	a	therapeutic	window	that	allows	to	efficiently	target	cancer	cells,	with	minimal	toxicity	for	normal	proliferating	cells,	such	as	immune	cells,	that

share	common	metabolic	requirements	with	cancer	cells.

An	alternative	approach	to	tackling	on	cancer	metabolism,	which	may	potentially	limit	the	inhibitory	effects	to	cancer	cells,	is	to	target	the	oncogenic	signaling	pathways	responsible	for	cancer	metabolic	reprogramming.	The

variety	of	studies	discussed	in	this	review	sustain	the	validity	of	such	an	approach.	However,	another	important	issue	concerns	the	metabolic	plasticity	that	allows	cancer	cells	to	adapt	to	drug-mediated	inhibition	of	their	preferential

metabolic	pathway	by	shifting	their	metabolic	demands	to	alternative	fuel	sources.	Therefore,	combining	oncogenic	signaling-targeted	drugs	with	agents	directed	against	distinct	metabolic	pathways	may	offer	a	superior	therapeutic

option,	with	the	advantage	of	reducing	the	doses	of	both	drugs	and	limiting	the	side	effects.

Activation	of	compensatory	metabolic	pathways	is	considered	as	one	of	the	mechanisms	involved	in	the	acquisition	of	drug	resistance.	However,	a	causal	link	between	altered	cancer	metabolism	and	drug	resistance	may	be

difficult	to	determine.	Indeed,	activation	of	metabolic	pathways	in	cancer	resistant	cells	may	emerge	simply	as	a	consequence	of	their	restored	capability	to	proliferate	in	the	presence	of	the	drug,	which	in	turn	may	depend	on	the

adaptive	activation	of	oncogenic	signaling,	such	as	the	PI3K/AKT/mTOR	pathway,	impacting	also	on	cancer	metabolism.	However,	the	identification	of	molecular	and	genetic	rearrangements	in	metabolic	pathways	in	cancer	resistant

cells	have	clarified	their	direct	and	essential	role	in	the	acquisition	of	drug	resistance.

Although	acquired	resistance	can	arise	from	multiple	mechanisms,	targeting	a	common	deregulated	metabolic	pathway	across	different	types	of	cancer	can	result	in	overcoming	resistance	to	different	drugs.	Just	as	an	example,

the	 pharmacological	 inhibition	 of	 GLS	 (Table	 2)	 has	 demonstrated	 a	 great	 efficacy	 in	 overcoming	 resistance	 to	 different	 targeted	 agents	 (AIs,	 mTOR	 inhibitors,	 erlotinib,	 vemurafenib,	 sorafenib)	 in	 different	 tumor	 cells	 (BC,

glioblastoma,	NSCLC,	melanoma,	HCC)	in	preclinical	studies	and	CB-839,	a	potent	and	selective	inhibitor	of	GLS	is	now	tested	in	Phase	1	study	in	patients	with	solid	tumors	(NCT02071862).

Emerging	 evidence	 indicates	 that	 cancer	 metabolic	 reprogramming	 may	 have	 a	 profound	 impact	 on	 immune	 anti-tumor	 response,	 affecting	 both	 T	 cell	 activation/differentiation	 and	 the	 induction	 of	 a	 tumor-specific

immunological	memory.	Therefore,	a	more	deepened	knowledge	of	 the	effects	of	oncogene-targeting	agents	on	cancer	metabolism	and	their	consequence	on	TME	components	may	contribute	to	 find	better	 therapeutic	anti-cancer

treatments.	In	this	context,	the	ultimate	goal	may	be	to	design	combination	based-strategies	using	oncogenic-targeted	agents	with	known	metabolic	effects	and	drugs	capable	of	improving	T	cell	reactivation,	to	promote	effective	and

sustainable	anti-tumor	responses.
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