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ABSTRACT	OF	THE	DISSERTATION	

	
Non-pharmacologic	approaches	to	target	inflammation	in	Myeloproliferative	Neoplasms	

by	

Laura	Fernanda	Mendez	Luque	

Doctor	of	Philosophy	in	Biomedical	Sciences	

University	of	California,	Irvine,	2021	

Associate	Professor	Angela	G.	Fleischman,	Chair	

	

	

	
Myeloproliferative	neoplasms	(MPNs)	are	hematologic	malignancies	that	result	

from	a	somatic	mutation,	most	commonly	in	the	Janus	kinase	(JAK2V617F)	causing	the	

constitutive	activation	of	the	blood	cell	production	pathway,	JAK-STAT	which	leads	to	an	

overproduction	of	mature	myeloid	cells.	Inflammation	is	a	key	feature	in	the	development	

of	these	blood	cancers	and	drives	clinical	manifestations.	This	thesis	centers	on	diet	as	a	

non-pharmacologic	approach	to	reduce	inflammation.	We	designed	a	15-week	clinical	trial	

to	test	the	anti-inflammatory	properties	of	the	Mediterranean	diet.	The	trial	consists	of	a	

two-week	“lead-in”	period,	a	ten-week	active	intervention	and	a	three-week	follow	up	

period.	Our	primary	aim	is	to	evaluate	the	feasibility	of	a	dietary	intervention	and	the	

adherence	to	a	Mediterranean	diet	among	a	MPN	cohort.	The	study’s	exploratory	endpoints	

include	reduction	in	inflammatory	biomarkers,	reduction	in	symptom	burden,	and	change	

in	the	gut	microbiome.		

Our	findings	demonstrated	that	a	Mediterranean	diet	is	as	feasible	to	follow	for	MPN	

patients	as	the	standard	US	Dietary	Guidelines	for	Americans.	We	concluded	that	with	



 

xii 
 

dietician	counseling	and	written	education	MPN	patients	can	achieve	proper	adherence	to	

a	Mediterranean	diet.	However,	there	were	no	specific	symptoms	being	impacted	by	the	

Mediterranean	diet	more	than	the	other.	Also,	no	significant	changes	on	cytokine	levels	

were	detected	in	either	of	the	diet	groups	throughout	the	course	of	the	study.		

Interestingly,	we	observed	that	MPN	subtype	is	associated	with	gut	microbiome	

composition,	and	that	patients	with	myelofibrosis	(MF)	had	a	more	dissimilar	community	

composition	of	microbes	in	the	gut	that	those	suffering	from	polycythemia	vera	(PV)	or	

essential	thrombocythemia	(ET).		

We	also	developed	mouse	models	to	test	the	impact	of	diet	on	the	trajectory	of	

mutant	hematopoietic	cells.	We	adapted	a	mouse	bone	marrow	transplant	technique	to	

yield	mice	with	a	small	percentage	of	mutant	cells	in	the	blood,	recapitulating	what	is	seen	

in	humans	with	clonal	hematopoiesis	of	indeterminate	potential	(CHIP),	a	precursor	to	

hematologic	malignancy.	With	our	mouse	model	we	did	not	find	that	high	fat	diet	(HFD)	

nor	N-acetylcysteine	(N-AC)	had	a	significant	impact	on	the	trajectory	of	Tet2-/-	cells	(a	

common	CHIP	mutation)but	we	did	see	less	weight	gain	in	mice		on	a	HFD	+	N-AC	water.	

	
	
	
	
	



 

1 
 
 

INTRODUCTION	
	

	 Myeloproliferative	neoplasm	(MPN)	is	a	hematologic	malignancy	including	

polycythemia	vera	(PV),	essential	thrombocythemia	(ET),	and	primary	myelofibrosis	(PMF)	

characterized	by	the	clonal	outgrowth	of	hematopoietic	cells	with	a	somatically	acquired	

mutation	most	commonly	in	JAK2	(JAK2V617F)	[1-5].	This	mutation	endows	upon	myeloid	

progenitors	cytokine	independent	growth	and	consequently	leads	to	excessive	production	

of	myeloid	lineage	cells.	MPN	patients	present	a	broad-spectrum	of	symptoms	even	in	

early-stage	disease	and	vary	among	individuals,	though	some	symptoms	are	more	

prevalent	in	ET,	PV,	or	PMF.	Regardless	of	the	subtype,	the	most	common	complaint	is	

fatigue	(80.7%),	followed	by	pruritus	(52.2%),	night	sweats	(49.2%),	bone	pain	(43.9%)	

and	fever	(13.7%)	[6].	Fatigue	in	MPN	not	only	stems	from	the	disease	itself	but	can	also	be	

caused	by	cytoreductive	therapies	used	in	MPN	treatment,	such	as	hydroxyurea,	

anagrelide,	and	interferon-alpha.	Interestingly,	specific	symptoms	and	complaints	have	

been	correlated	with	elevated	levels	of	specific	inflammatory	biomarkers	[7].	

Recently	developed	National	Comprehensive	Cancer	Network	(NCCN)	guidelines	for	

MPN	address	the	importance	of	symptom	burden	and	recommend	intervention	to	reduce	

symptom	burden	regardless	of	prognosis	scoring	category.	Early	stage	MPN	can	

spontaneously	progress	to	myelofibrosis,	a	more	aggressive	stage	of	the	disease	as	well	

acute	myeloid	leukemia	(AML)	which	has	a	particularly	dismal	prognosis	when	preceded	

by	an	MPN.	Therapeutic	intervention	is	focused	on	patients	with	late	stage	disease,	mostly	

due	to	the	lack	of	currently	available	therapies	that	halt	or	slow	disease	progression	or	

alter	the	disease	course.	There	remains	a	critical	need	for	interventions	that	reduce	
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symptom	burden	and	ultimately	impact	disease	progression	in	MPN	at	early	stages	of	the	

disease.	

Chronic	inflammation	is	a	characteristic	feature	of	MPN	[8,9].	Inflammation	drives	

many	of	the	debilitating	constitutional	symptoms	associated	with	MPN,	inflammation	also	

plays	a	role	in	promoting	the	survival	advantage	and	proliferation	of	JAK2V617F	neoplastic	

hematopoietic	stem	cells	[10,11].	Our	team	has	shown	that	inflammation	inhibits	the	

growth	of	JAK2WT	cells,	while	allowing	for	robust	growth	of	JAK2V617F	mutant	cells	[12].	

Moreover,	JAK2V617F	mutant	cells	themselves	produce	pro-inflammatory	cytokines	(most	

notably	tumor	necrosis	factor-alpha,	TNF)	and	induce	bystander	normal	cells	to	produce	

excessive	pro-inflammatory	cytokines	[13].		

Diet	relates	to	the	incidence	of	various	types	of	malignancies,	vascular	events,	and	

metabolic	syndromes	[14].	The	Mediterranean	diet,	characterized	by	increased	

consumption	of	extra	virgin	olive	oil	(EVOO),	nuts,	legumes,	vegetables,	fruits,	fish,	and	

whole	grain	products,	has	proven	to	be	beneficial	in	diseases	where	chronic	subclinical	

inflammation	plays	a	key	role	[15].	For	example,	the	PREDIMED	(Prevención	con	Dieta	

Mediterránea)	study	demonstrated	that	a	Mediterranean	diet	supplemented	with	EVOO	or	

nuts	reduced	the	incidence	of	major	cardiovascular	events	[16].	The	Mediterranean	diet’s	

anti-inflammatory	properties	are	attributed	to	its	richness	in	phenolic	compounds	and	

main	nutrients,	such	as:	fiber,	monounsaturated	fatty	acids,	n-3	polyunsaturated	fatty	

acids,	vitamins	C	and	E,	and	carotenoids	[17].	Overproduction	of	pro-inflammatory	

cytokines	like	IL-6	and	TNF	is	a	characteristic	feature	of	Myeloproliferative	Neoplasm	

(MPN)	and	correlates	with	high	symptom	burden	and	may	also	play	a	role	in	disease	

progression.		
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	 Nutritional	control	of	inflammation	represents	a	unique	low	risk	therapeutic	

approach	to	alleviate	the	symptom	burden	of	MPN	patients	and	to	also	possibly	blunt	

disease	progression.	To	date,	only	one	therapy	has	been	identified	to	alleviate	the	symptom	

profile	of	MPN	patients	through	JAK	inhibition	[18].	The	JAK1/2	inhibitors	ruxolitinib	and	

fedratinib	reduce	inflammatory	cytokines	and	improve	symptoms	but	not	without	

significant	side	effects	including	thrombocytopenia,	anemia,	increased	risk	of	skin	cancer,	

and	immunosuppression.	Traditional	therapies,	including	non-pharmacologic	therapies	

such	as	phlebotomy,	have	been	shown	to	have	no	impact	on	or	worsen	symptom	burden	

[19].	There	remains	an	unmet	need	for	low-risk	interventions,	such	as	nutrition,	that	

impact	symptom	burden.	 	
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Abstract	

	
Purpose	of	review:	Chronic	inflammation	is	a	characteristic	feature	of	myeloproliferative	

neoplasm	(MPN)	and	impacts	many	aspects	of	the	disease	including	initiation,	progression,	

and	symptomatology.		

	
Recent	findings:	The	chronic	inflammatory	state	of	MPN	results	from	disruption	of	immune	

signaling	pathways	leading	to	overproduction	of	inflammatory	cytokines	by	both	the	

neoplastic	clones	and	bystander	immune	cells.	This	chronic	inflammation	may	allow	for	the	

neoplastic	clone	to	gain	a	selective	advantage.	The	symptomatic	burden	felt	by	MPN	

patients	may	be	a	result	of	the	chronic	inflammation	associated	with	MPN,	as	several	

cytokines	have	been	linked	with	different	symptoms.		Pharmacologic	as	well	as	

nonpharmacologic	treatments	of	the	inflammatory	component	of	this	disease	may	lead	to	
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decreased	symptomatic	burden,	prevention	of	disease	progression	and	improvement	in	

overall	disease	trajectory.			

	
Summary:	Inflammation	plays	a	key	role	in	the	pathogenesis	of	MPN	and	represents	an	

important	therapeutic	target.	

	

Introduction	

	
Inflammation	plays	a	crucial	role	in	the	development	and	progression	of	

myeloproliferative	neoplasms	(MPN).	Myeloid	malignancies	are	characterized	by	elevated	

levels	of	inflammatory	cytokines,	which	correlate	with	disease	initiation	and	progression,	

symptomatic	burden,	and	prognosis.	Increased	inflammatory	cytokines,	including	tumor	

necrosis	factor	alpha	(TNFα)	and	interleukin	6	(IL-6),	are	typically	observed	in	MPN	

patients	[1,	2]	as	well	as	MPN	mouse	models	[3].	These	findings	suggest	that	inflammatory	

cytokines	are	involved	in	the	natural	course	of	the	disease	and	are	driving	the	clinical	

manifestations.		

The	clinical	burden	of	MPN	develops	from	a	combination	of	unrestrained	

production	of	mature	myeloid	cells	by	the	neoplastic	clone,	and	a	bone	marrow	

microenvironment	of	inflammatory	products	from	activated	leukocytes	and	platelets,	

which	leads	to	the	accumulation	of	reactive	oxygen	species	(ROS)	in	the	hematopoietic	

stem	cell	(HSC)	compartment	[4].	
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Role	of	Inflammation	in	MPN	Disease	Initiation		

	
Inflammation	may	create	an	environment	which	is	highly	favorable	for	growth	of	

the	JAK2V617F	neoplastic	hematopoietic	stem	cells.	The	JAK2V617F	mutant	hematopoietic	

progenitors	are	resistant	to	inflammation,	while	JAK2WT	cells	are	suppressed	by	

inflammation,	possibly	through	the	induction	of	apoptosis,	quiescence,	or	reduced	self-

renewal/increased	differentiation	of	HSC	5.	Moreover,	JAK2V617F	mutant	cells	themselves	

produce	inflammatory	cytokines	(most	notably	TNF-α)	and	also	induce	bystander	normal	

cells	to	produce	inflammatory	cytokines	[6,	7].	

A	chronic	inflammatory	state	may	increase	one’s	risk	of	developing	MPN.	MPN	

patients	are	more	likely	to	have	a	preceding	diagnosis	of	autoimmune	disease	[8].	

Interestingly,	the	JAK2	46/1	haplotype	identified	as	associated	with	JAK2-mutated	MPN	is	

also	associated	with	Crohn's	disease	[9].	Lai	et	al	found	that	MPN	patient	monocytes	

produce	TNF-α	for	prolonged	periods	of	time	after	Toll-like	Receptor	(TLR)	stimulation	

because	they	are	less	able	to	respond	to	the	anti-inflammatory	cytokine	IL-10	[7].	This	

defective	negative	regulation	of	TLR	signaling	was	observed	in	both	the	mutant	and	wild-

type	cells	alike	from	MPN	patients,	suggesting	this	is	not	a	cell	intrinsic	consequence	of	

JAK2V617F.	Moreover,	the	unaffected	identical	twin	of	an	MPN	patient	was	found	to	have	

prolonged	TNF-α	production	following	stimulation	similar	to	her	twin	with	MPN,	

suggesting	this	abnormality	may	be	a	genetic	feature	rather	than	a	consequence	of	MPN.		

This	work	also	demonstrates	that	the	chronic	inflammatory	state	in	MPN	may	be	due	to	

defects	in	quelling	inflammation	after	stimulation.			
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Aging	is	considered	a	pro-inflammatory	state	due	to	the	increased	release	of	

inflammatory	cytokines	and	immunosenescence	which	may	likely	play	a	role	throughout	

myeloid	malignancies.	MPN	is	generally	a	disease	of	the	elderly	with	the	average	age	of	

onset	being	65	years	old,	further	highlighting	the	association	between	inflammation	and	

development	of	MPN.		

	

Source	of	Inflammation	in	MPN	and	Pathway	Targets	

	
The	mechanisms	driving	inflammation	in	MPN	are	multifactorial	and	not	fully	

understood	(Figure	1.1).	Production	of	inflammatory	cytokines	is	not	exclusive	to	the	

JAK2V617F	mutant	clone,	demonstrating	that	the	presence	of	the	mutant	clone	creates	an	

environment	which	induces	bystander	normal	cells	to	produce	inflammatory	cytokines.	

Using	single-cell	profiling,	Kleppe	et	al	showed	that	hematopoietic	cells	from	MPN	mouse	

models	as	well	as	primary	MPN	patient	samples	aberrantly	secrete	inflammatory	cytokines	

[6].	In	addition,	Stat3	was	found	to	be	critical	for	the	production	of	inflammatory	cytokines	

in	MPN.	Pan	hematopoietic	deletion	of	Stat3	reduced	inflammatory	cytokines	and	

attenuated	disease	severity,	however	deleting	Stat3	in	the	MPN	cells	while	preserving	Stat3	

in	non-mutant	cells	did	not	reduce	cytokine	production	nor	attenuate	disease	pathology	

further	supporting	the	key	role	of	bystander	cells	as	producers	of	inflammatory	cytokines	

in	MPN.			

The	ability	of	the	mutant	clone	to	induce	inflammation	may	create	a	self-

perpetuating	environment	for	its	continued	selection.	An	inflammatory	environment	may	

be	critical	to	the	maintenance	and/or	expansion	of	the	mutant	clone.	If	so,	blocking	this	
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inflammation	induced	by	the	mutant	clone	could	be	a	useful	therapeutic	approach	to	

potentially	blunt	the	expansion	of	mutant	over	wild-type	cells.	Blockade	of	mutant	clone	

induced	inflammation	would	also	likely	have	an	impact	on	the	negative	consequences	of	

the	mutant	clone	such	as	accelerated	atherosclerosis	or	potentially	even	thrombosis.	

Derangement	of	JAK/STAT	signaling	is	not	the	sole	contributor	to	inflammation	in	

MPN.	Although	ruxolitinib	reduces	inflammatory	cytokines	in	MPN	patients,	it	may	not	be	

enough	to	fully	return	cytokines	to	normal.	Fisher	et	al	found	a	modest	difference	in	pre	

versus	post	ruxolitinib	plasma	levels	cytokines	such	as	VEGF,	TNF-α,	IL-6,	IL-10,	and	IL-16	

in	MF	patients,	demonstrating	that	JAK	inhibition	may	not	be	sufficient	to	normalize	

inflammatory	cytokines	[10].		

Hyperactivation	of	the	NFκB	signaling	pathway	is	a	key	contributor	to	chronic	

inflammation	in	MPN.	Using	mass	cytometry	Fisher	et	al	found	that	primary	samples	from	

myelofibrosis	(MF)	and	secondary	acute	myeloid	leukemia	samples	had	constitutive	NFκB	

signaling	and	many	NFκB	target	genes	were	found	to	have	increased	expression	in	MF	

patient	CD34+	cells.	Moreover,	NFκB	inhibition	suppressed	colony	formation	from	MF	

CD34+	cells	implicating	NFκB	as	a	therapeutic	target	in	MPN	[11].		

Yang	et	al	found	a	significant	enrichment	of	the	NFκB	signaling	pathway	in	sorted	

hematopoietic	stem	cells	from	JAK2V617F	mice	as	compared	to	wild-type	mice	[12].	They	

found	that	the	NFκB	inhibitor	dimethylaminoparthenolide	(DMAPT)	reduced	proliferation	

of	Ba/F3-EpoR-JAK2V617F	cells,	inhibited	the	growth	of	human	JAK2V617F-positive	cell	

lines,	and	inhibited	the	hematopoietic	progenitor	colony	outgrowth	in	JAK2V617F	mice	BM	

and	MPN	patient	peripheral	blood	CD34+	cells.	Treatment	of	combination	therapy	with	
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ruxolitinib	and	DMAPT	reduced	mutant	myeloid	precursors	in	the	bone	marrow	and	spleen	

of	JAK2V617F	mice	and	reduced	bone	marrow	fibrosis.		

Kleppe	et	al	[13]	also	identified	activation	of	NFκB	in	both	malignant	and	non-

malignant	cells	in	MPN	and	found	that	inhibition	of	BET	bromodomain	proteins	attenuated	

NFκB	signaling	and	reduced	cytokine	production	in	vivo.	They	also	found	that	combined	

treatment	with	ruxolitinib	and	the	BET	inhibitor	JQ1	reduced	inflammatory	cytokines,	

reduced	disease	burden,	and	reversed	bone	marrow	fibrosis	in	mouse	MPN	models.	

There	is	abundant	pre-clinical	evidence	to	support	evaluation	of	NFκB	inhibition	in	MPN	

patients.	A	clinical	trial	is	currently	open	at	Washington	University	in	St.	Louis	investigating	

the	combination	of	the	NFKB	inhibitor	pevonedistat	in	combination	with	ruxolitinib	in	

patients	with	myelofibrosis	(NCT03386214).		

	

	

Figure	1.1	Factors	influencing	inflammation	in	myeloproliferative	neoplasms.	Chronic	
inflammation	is	a	multifactorial	process	in	MPN.	It	is	difficult	to	assess	if	it	is	the	result	from	a	
preceding	pro-	inflammatory	environment	or	if	the	neoplastic	clone	itself	predisposes	to	its	
development.	Understanding	the	different	drivers	of	inflammation	in	MPN	may	lead	to	targeted	
treatments	in	the	future.		
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Inflammation	and	Symptoms	In	MPN		

	
MPN	patients	can	experience	a	variety	of	symptoms	including	fatigue,	sleep	

disturbance,	night	sweats,	weight	loss,	depression,	anxiety,	early	satiety,	pruritus,	and	bone	

pain.		Fatigue	is	the	predominant	symptom,	which	affects	81-95%	of	MPN	patients,	and	has	

been	reported	as	an	important	distressing	factor	causing	decreased	quality	of	life	(QoL)	by	

cancer	survivors	[14-19].	Fatigue	in	MPN	not	only	stems	from	the	disease	itself	which	will	

be	discussed	below,	but	can	also	be	caused	by	cytoreductive	therapies	used	in	MPN	

treatment,	such	as	hydroxyurea,	anagrelide,	and	interferon-alpha.	In	MPN,	a	patients	QoL	

can	also	be	affected	by	disease	complications	including	thrombosis,	hemorrhage,	

hepatosplenomegaly,	anemia,	cachexia,	and	weight	loss	[15].		

Several	studies	have	shown	a	correlation	with	inflammatory	markers	and	perceived	

symptoms	of	disease.	Elevated	levels	of	IL-6,	a	highly	expressed	cytokine	within	MPNs,	has	

been	linked	to	cancer-related	fatigue,	and	has	shown	a	correlation	with	depression	(32%	in	

a	cohort	of	1788	MPN	patients)	[20-22].	Similarly,	fever	and	night	sweats	are	well	known	

to	be	influenced	by	pyrogenic	cytokines	(IL-1,	IL-2,	IL-6,	TNF-α,	and	IFN)	23.	Clinically,	

Bower	et	al	reported	a	positive	correlation	among	TNF-	α	levels	and	post-chemotherapy	

fatigue	in	women	with	breast	cancer	[24].			

Abdominal	symptoms	are	common	among	MPN	patients	and	can	be	mostly	

attributed	to	splenomegaly,	portal	hypertension,	mechanical	obstruction,	and	splenic	

infarcts.	Splenomegaly	has	been	associated	with	the	expansion	of	the	malignant	clone	from	

the	bone	marrow	microenvironment	to	extramedullary	sites,	and	with	specific	cytokines	

including	MIG,	HGF,	and	IL-1RA	[2].	
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Thrombosis,	one	of	the	principal	targets	of	MPN	therapy	particularly	in	essential	

thrombocythemia	(ET)	and	polycythemia	vera	(PV)	patients,	may	result	in	a	variety	of	

abdominal	complaints.	An	evaluation	of	244	PV	and	ET	patients	demonstrated	a	positive	

association	between	the	highest	CRP	protein	tertile	and	the	highest	rate	of	major	

thrombotic	events	[25].	Likewise,	patients	with	the	lowest	pentraxin	3	levels	were	at	

higher	risk	for	major	thrombotic	events.		

Microvascular	events	also	affect	MPN	patients,	which	can	result	in	headaches,	

concentration	problems,	lightheadedness,	dizziness,	vertigo,	numbness/tingling,	and	

sexual	dysfunction	[26].	Inflammation	has	been	identified	as	a	cause	for	cognitive	

impairment	in	both	animal	and	human	models.	IL-6	deficient	animals	are	protected	from	

lipopolysaccharide	(LPS)	induced	cognitive	impairment,	suggesting	that	IL-6	plays	a	key	

role	in	interrupting	the	process	of	memory	and	learning	[27].	In	patients	suffering	from	

hematological	disorders,	the	presence	of	high	levels	of	IL-6	usually	correlates	with	poor	

executive	function	[28].	

Weight	loss	in	MPN	is	complex	and	multifactorial.	Cancer	patients	often	suffer	from	

cancer	cachexia,	a	dysregulation	of	carbohydrate	and	fat	metabolism	in	which	TNF-α	is	

responsible	for	the	proteolysis	of	skeletal	muscle	and	the	enhancement	of	genes	related	to	

enzymes	in	the	ubiquitin	dependent	proteolytic	pathway	[29-32].	

Pruritus	has	also	been	linked	to	the	inflammatory	cascade,	which	affects	over	50%	

of	the	MPN	population.	Pruritis	is	predominantly	observed	in	PV	patients	(65%),	who	have	

been	noted	to	have	increased	number	of	constitutively	activated	and	hypersensitive	

circulating	basophils	[33].	Interestingly,	an	increased	number	of	mast	cells	was	

demonstrated	in	Jak2V617F	transgenic	mice	with	the	PV	phenotype,	which	also	may	
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contribute	to	pruritis	[34].	These	mast	cells	are	a	source	of	prostaglandin,	leukotriene,	

histamine,	and	tryptase,	mediators	of	the	inflammatory	response	involved	in	pruritus.	

Recent	studies	evaluating	the	effects	of	infrared	thermography	have	documented	mast	cell	

degranulation	due	to	changes	in	temperature	with	the	release	of	pyrogenic	factors	such	as	

interleukins,	histamine,	and	leukotrienes	[35,	36],	this	may	provide	some	explanation	for	

pruritis	after	hot	showers	in	MPN.		

	

Lifestyle	and	Environmental	Influence	MPN	Development	

	
Although	there	is	a	familial	predisposition	to	acquire	MPN	most	cases	are	sporadic	

which	suggests	that	lifestyle	choices	and	environment	may	play	an	important	role	in	MPN	

disease	initiation.	Cigarette	smoking	leads	to	a	chronic	inflammatory	state	that	is	the	pre-

stimulus	for	several	chronic	illnesses	including	cardiovascular	disease,	chronic	obstructive	

pulmonary	disease	(COPD)	and	cancer.	The	association	of	smoking	with	different	

hematologic	malignancies	has	been	investigated	and	sufficient	evidence	indicates	a	role	in	

the	development	of	acute	myeloid	leukemia	[37,	38].	Evidence	for	the	role	of	cigarette	

smoking	in	MPN	development	has,	until	recently,	been	limited.	Two	studies	of	women	only	

cohorts	found	a	correlation	between	exposure	to	tobacco	smoke	and	the	incidence	of	

myeloproliferative	neoplasms.	The	UK	Million	Women	Study	was	one	of	the	largest	studies	

to	provide	sufficient	power	to	assess	tobacco	smoking	as	a	risk	for	subtypes	of	

hematological	malignancies	and	they	found	that	current	smokers	had	a	higher	risk	for	

developing	myelodysplastic	syndrome	(MDS)	and	MPN	compared	to	never-smokers	[39].	

The	Iowa	Women’s	Health	Study	found	that	current	cigarette	smoking	was	associated	with	



 

13 
 
 

an	increased	risk	of	all	MPNs	and	for	the	particular	subtypes	there	was	a	stronger	

association	for	PV	than	ET	[40].	In	addition,	a	case-control	study	carried	out	by	Sørensen	

and	Hasselbalch	studied	the	relationship	between	smoking	and	MPN	using	chronic	

lymphoid	leukemia	(CLL)	patients	as	controls	and	found	that	a	history	of	smoking	

increased	the	odds	of	developing	MPN	compared	to	CLL	[41].	Very	recently,	a	Danish	

population-based	study	found	smoking	to	be	a	significant	risk	factor	for	developing	MPN	

when	comparing	smokers	to	never-smokers	[42].	Also,	a	meta-analysis	that	combined	

several	published	studies	reported	an	increased	odds	ratio	for	MPN	when	comparing	ever-

smokers	to	never-smokers	[43].	Interestingly,	the	most	common	somatic	mutation	in	MPN,	

the	JAK2V617F	mutation,	is	more	common	in	smokers	than	non-smokers,	further	supporting	

the	idea	that	the	pro-inflammatory	effects	of	tobacco	smoke	induce	genetic	changes	in	

hematopoietic	stem	cells	(HSCs)	[44,	45].	The	positive	association	between	a	history	of	

smoking	and	the	risk	of	MPN	has	been	postulated	to	occur	via	chronic	inflammation	and	

oxidative	stress	leading	to	genomic	instability,	derivation	of	a	malignant	clone	and	clonal	

expansion	in	HSCs	[46].		

In	addition	to	the	risk	for	developing	MPN	due	to	smoking	behavior,	the	effects	of	

past	or	current	tobacco	use	on	MPN	symptom	burden	is	largely	unknown.	An	internet-

based	survey	developed	by	a	team	of	MPN	investigators	for	MPN	patients	has	found	

significant	differences	in	symptom	burden	between	ever-smokers	and	never-smokers.	Of	

the	435	patient	participants,	58%	reported	no	history	of	tobacco	use	while	42%	of	the	

population	consisted	of	former	or	current	users	of	some	form	of	tobacco.		In	terms	of	

severity	of	symptom	burden,	current	and	former	smokers	were	more	likely	to	experience	

significantly	higher	levels	of	fatigue,	inactivity,	concentration	difficulties	and	decreased	
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quality	of	life	compared	to	never	smokers	(personal	communication,	R.	Scherber).	While	

smoking	behavior	is	gaining	attention	in	MPN,	it	is	also	important	to	evaluate	the	molecular	

effects	of	smoking	on	HSCs	in	the	MPN	setting.		

The	human	intestinal	gut	microbiome	is	increasingly	appreciated	for	its	role	in	

metabolism	and	interaction	with	host	immune	cell	populations.	The	host	microbiome	can	

also	influence	MPN	phenotype	since	dysbiosis	is	now	well-recognized	to	play	a	role	in	

autoimmune	diseases	such	as	inflammatory	bowel	disease	(IBD)	including	Crohn’s	disease	

and	ulcerative	colitis	(UC)	[47,	48],	and	graft-versus-host	disease	(GVHD)	[49].	There	also	

exists	described	associations	between	microbiota	and	hematopoiesis	such	as	size	of	the	

bone	marrow	myeloid	pool	[50]	steady-state	hematopoiesis	[51].	Now,	it	has	been	shown	

that	microbiota	induced	differentiation	of	Th17	cells	drives	the	appearance	of	multiple	

myeloma	in	transgenic	mice	and	the	presence	of	IL-17	in	the	bone	marrow	also	predicted	

disease	progression	in	multiple	myeloma	patients	[52].	Interestingly,	we	have	preliminary	

data	indicating	that	the	Prevotellaceae	family	of	bacterium,	as	also	reported	by	Calcinotto	

et	al	[52],	is	increased	in	MPN	patients	compared	to	normal	controls	and	found	that	the	

cytokines	TNF-alpha	and	IL-17a	explained	the	most	variance	in	microbiome	data	

(Fleischman	lab	unpublished	data).	Further	studies	with	larger	cohorts	are	required	to	

address	the	causal	role	of	microbiota	in	driving	inflammation	in	MPN.	Considering	that	the	

enteric	microbiome	plays	an	integral	role	in	host	immunity,	there	are	various	efforts	

targeting	the	intestinal	microbial	communities	such	as	fecal	microbial	transplantation	

(FMT)	[53],	antibiotics	and	anti-fungals,	and	dietary	interventions	[54]	to	manage	or	

prevent	chronic	inflammatory	conditions.			
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Clonal	hematopoiesis	is	the	expansion	of	peripheral	blood	cells	derived	from	a	

single	HSC	and	has	been	recently	reported	to	occur	during	aging	[55,	56].	Age-related	

clonal	hematopoiesis	has	been	associated	with	adverse	clinical	outcomes	relating	to	

hematologic	cancer,	coronary	heart	disease,	ischemic	stroke	and	overall	mortality	[55].	

Clonal	hematopoiesis	of	indeterminate	potential	(CHIP)	refers	to	mutations	occurring	in	a	

candidate	driver	genes	for	hematological	malignancy	such	as	DNMT3A	or	TET2	at	a	variant	

allele	frequency	greater	than	2%	[57].	CHIP	is	rare	under	the	age	of	40	but	the	frequency	

increases	with	age	with	1	in	10	(10%)	people	over	the	age	of	70	exhibiting	detectable	

mutant	peripheral	blood	cells	and	represents	precursor	cells	for	neoplasia	[55].	Clonal	

hematopoiesis	(CH)	is	very	common	in	the	elderly	and	is	significantly	associated	with	

smoking	behavior	and	was	also	found	to	associate	with	the	number	of	mutations	detected	

in	CH	[58].		Tobacco	use	was	also	associated	with	a	higher	likelihood	of	clonal	

hematopoiesis	in	patients	with	non-hematologic	cancers	[59].		

Ionizing	radiation	is	a	human	carcinogen	with	an	established	casual	role	in	

leukemias,	particularly	acute	myeloid	leukemia	in	Japanese	A-bomb	survivors	[60].	

Although	no	direct	evidence	exists	for	increased	MPN	incidence	following	radiation	

exposure,	it	is	interesting	to	note	that	MPN	patients	in	Ukraine,	exposed	to	the	radiation	

from	the	Chernobyl	nuclear	accident,	exhibit	a	different	genetic	profile	when	compared	to	

unexposed	patients.	Radiation	exposed	patients	had	a	lower	rate	of	JAK2V617F	mutation,	

higher	rate	of	the	type	I	CALR	mutation	and	increased	number	of	triple	negative	cases	in	

exposed	subjects	when	compared	to	unexposed	MPN	patients	[61].	These	findings	indicate	

that	MPNs	acquired	via	exposure	to	ionizing	radiation	display	distinct	genomic	

characteristics	that	require	further	investigation.		
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A	cluster	of	PV	exists	in	Pennsylvania,	which	raises	the	question	of	local	

environmental	exposure,	where	elevated	levels	of	radon	gas	was	found	in	indoor	air	and	

radium	in	the	soil.	In	2009	The	Agency	for	Toxic	Substances	and	Disease	Registry	(ATSDR)	

collected	peripheral	blood	samples	from	1170	full	time	residents	of	Luzerne,	Schuylkill,	or	

Carbon	County	who	had	lived	in	the	tri-county	area	for	1-year	or	longer	and	tested	them	

for	JAK2V617F	using	a	PCR-based	method	with	a	detection	limit	of	0.05%	allele	burden	62.	

They	found	19	(1.6%)	residents	who	tested	positive	for	JAK2V617F,	14	of	whom	did	not	have	

a	diagnosis	or	symptoms	of	MPN.	In	the	majority	of	JAK2	positive	cases	without	an	MPN	

diagnosis	the	JAK2	allele	burden	was	1.2%	or	less.	It	is	difficult	to	compare	the	prevalence	

of	JAK2	positivity	in	this	area	of	Pennsylvania	with	published	reports	of	JAK2	screening	in	

other	populations	due	to	differences	in	analytical	methodologies	and	participant	selection.	

	

Nonpharmacological	Approaches	to	Reduce	Inflammation	in	MPN		

	
Our	current	pharmacologic	treatment	of	MPN	often	inadequately	control	symptom	

burden	and	have	significant	side	effect	profiles.	Traditional	therapies	like	therapeutic	

phlebotomies	in	patients	with	PV	[63]	have	been	shown	to	be	ineffective	and	in	some	cases	

worsen	symptom	burden.	The	JAK1/2	inhibitor	ruxolitinib	reduces	inflammatory	cytokines	

and	improves	symptoms,	but	not	without	significant	side	effects	such	as	thrombocytopenia,	

anemia,	increased	risk	of	skin	cancer,	and	immunosuppression	[64].	There	is	a	crucial	need	

to	explore	low-risk	therapies	to	diminish	inflammation	in	MPN,	particularly	in	patients	

with	early	stage	disease,	as	this	may	be	an	ideal	way	to	reduce	inflammation	and	empower	

MPN	patients	to	change	their	disease	trajectory	(Figure	1.2).	Besides	the	minority	of	
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patients	who	are	on	interferon-alpha,	little	attention	is	placed	on	preventing	disease	

progression,	instead	we	wait	until	the	patient	progresses	to	myelofibrosis	and	then	attempt	

to	intervene.	This	“watch	and	wait”	approach	can	make	both	MPN	patients	and	physicians	

alike	feel	powerless.		

	

	
Figure.	1.2	Nonpharmacologic	approaches	to	reduce	inflammation	in	MPN.	Maintaining	a	
healthy	lifestyle	may	help	prevent	a	chronic	inflammatory	environment	in	patients	with	strong	
family	history	of	MPN	and/or	patients	on	early	stages	of	the	disease.	These	nonpharmacologic	
approaches	may	be	able	to	reduce	overall	inflammation	with	the	goal	of	reversing	some	of	these	
factors	or	mitigating	their	effects		
	

	
The	use	of	exercise	to	combat	fatigue	in	malignancy	is	an	emerging	field.	Recently,	a	

study	found	that	MPN	patients	who	were	physically	active	reported	less	fatigue	than	those	

who	were	not	[19].	Yoga	has	been	used	effectively	in	various	conditions	related	to	stress	

and	inflammation,	including	cancer	(breast,	lung,	pancreatic	and	most	recently	in	MPN)	

since	it	has	improved	the	QoL	by	relieving	stress,	anxiety,	depression,	fatigue,	and	
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emotional	and	social	function	[65-68].	A	randomized	trial	investigating	yoga	in	a	breast	

cancer	cohort	demonstrated	a	reduction	in	inflammatory	cytokines	[69].	

Yoga	can	produce	stimulating	effects	on	physical	and	mental	energy,	and	thereby	

could	alleviate	levels	of	fatigue	in	MPN	patients	[68,	70].		A	feasibility	study	consisting	of	38	

analyzable	participants	[71]	followed	by	a	qualitative	study	with	a	sample	size	of	39	

participants	[72]	were	conducted	to	explore	the	benefits	of	yoga	in	MPN.	In	both	studies,	

MPN	patients	were	required	to	complete	an	hour	of	weekly	yoga	for	12	weeks.	Preliminary	

data	demonstrated	that	online	yoga	was	a	more	feasible	option	compared	with	in-person	

yoga	because	many	patients	travel	significant	distances	to	receive	specialty	MPN	

care.		Seventy-one	percent	(20	of	28)	of	patients	traveled	out	of	town	and	36%	(10	of	28)	

traveled	out	of	state	for	their	MPN	care,	suggesting	that	many	MPN	patients	may	not	have	

easy	access	to	a	facility	to	actively	engage	with	for	in-person	interventions.	Furthermore,	

participating	in	online	yoga	may	help	MPN	patients	overcome	other	limitations	of	in-

person	activities,	such	as	fatigue,	pain,	transportation,	and	scheduling	difficulties	[72,	73].	

At	the	end	of	both	trials	the	research	team	conducted	a	15-	to	20-minute	phone	

interview	with	participants	consisting	of	10	questions	pertaining	to	patients’	thoughts,	

feelings,	and	perceptions	of	their	experiences	practicing	online	yoga.	Almost	all	patients	

reported	a	positive	impact	on	their	physical	health	as	a	result	of	yoga	practice.	The	most	

common	mentioned	benefits	were	increases	in	physical	activity,	reductions	in	fatigue,	and	

improved	sleep.	Some	participants	reported	reduced	pain,	easier	breathing,	improved	

circulation,	improved	eating	habits,	improvement	of	their	MPN	symptoms,	or	just	feeling	

better	or	more	health	conscious	in	general.	It	was	noted,	however,	that	the	primary	

limitations	in	these	studies	were	an	overrepresentation	of	women	(n	=	34/39)	and	that	
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several	participants	(n	=	25/39)	had	prior	yoga	experience.	This	prevents	the	ability	to	

generalize	the	findings	of	the	present	trials	to	all	MPN	patients,	the	majority	of	whom	likely	

have	no	experience	with	yoga.	Larger	studies	investigating	the	impact	of	yoga	on	MPN	

patient	QoL,	symptom	burden,	inflammatory	cytokines	are	forthcoming.		

Diet	is	another	nonpharmacological	approach	to	reduce	inflammation.	The	

Mediterranean	diet	which	is	rich	in	fruits,	vegetables,	legumes,	whole	grains,	fish,	nuts,	and	

low-fat	dairy	products	has	proven	to	effectively	reduce	CRP	(p	=	0.015)	and	IL-6	levels	(p	=	

0.025)	[74].	In	addition,	implementation	of	the	Mediterranean	diet	has	been	associated	

with	decreased	incidence	of	various	cancers	such	as	breast,	lung	and	colon	[75-77],	

suggesting	that	it	may	have	some	preventative	effects.	Low-inflammation	diets	have	been	

found	to	induce	changes	in	thrombotic	markers	with	decreases	in	homocysteine	levels	(p	

=0.031),	white	blood	cell	counts	(p	=	0.001),	and	fibrinogen	levels	(p	=0.025)	[78].		

The	PREDIMED	(Prevención	con	Dieta	Mediterránea)	trial	was	a	Mediterranean	diet	

nutritional	intervention	among	individuals	with	high	cardiovascular	risk,	but	who	had	not	

yet	developed	a	cardiovascular	disease	[79].	Participants	were	randomized	into	two	

different	Mediterranean	diet	groups	and	one	control	group.	One	of	the	Mediterranean	diet	

arm	was	given	provisions	of	extra-virgin	olive	oil	and	the	other	one	was	given	provisions	of	

mixed	nuts.	Participants	in	both	Mediterranean	arms	had	a	significantly	lower	incidence	of	

major	cardiovascular	events	(hazard	ratio	0.70	for	group	assigned	to	Mediterranean	diet	

with	extra	virgin	olive	oil	and	0.72	to	the	group	assigned	to	Mediterranean	diet	with	nuts).	

Diet	is	an	attractive	tool	to	empower	MPN	patients	to	reduce	inflammation,	manage	

symptoms,	and	prevent	disease	progression.	In	February	2017,	an	online	survey	hosted	by	

the	Mayo	Clinic	Survey	Research	Center	was	advertised	on	multiple	internet	websites	and	
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communities	that	focused	on	MPN	[80,	81].	The	purpose	of	this	questionnaire	was	to	

collect	data	on	demographics,	MPN	characteristics,	nutritional	habits,	supplement	use,	and	

symptom	burden	using	the	MPN-10.	1,329	MPN	patients	from	all	over	the	world	(37	

countries)	responded	to	the	online	survey,	out	of	which	24%	were	diagnosed	with	MF,	37%	

with	PV,	and	38%	with	ET.	Some	of	the	respondents	(34%)	reported	that	they	were	already	

using	diet	as	a	measure	to	help	control	their	symptoms.	A	wide	variety	of	sources	such	as	

books	(28.2%),	websites	(27.1%),	health	care	providers	such	as	physicians,	naturopaths	

(28.2%),	online	forums	(23.2%),	friends	(12.2%),	nutritionists	(9.5%),	phone	or	tablet	

applications	(9.1%),	or	videos	(4.2%)	were	used	for	nutritional	education.	About	96%	of	

MPN	patients	responded	that	they	would	be	willing	to	restrict	their	diet	by	eating	only	

certain	foods	if	it	helped	control	symptom	burden	and	the	great	majority,	98%	would	do	so	

if	it	could	help	stabilize	or	improve	the	course	of	their	disease.	A	correlation	was	made	

between	the	intake	of	at	least	once	per	week	of	fast	food	(P=0.0007),	fried	foods	

(p=0.0198),	pre-made	snacks	(P=0.03),	soda	(P<0.0001),	refined	sugar	(P=0.01),	and	tacos	

(P=0.03)	with	worsened	symptom	score	compared	with	no	intake	at	all.	Otherwise,	

patients	who	ingested	at	least	once	per	week	alcohol	(p<0.0001)	and	rice	(p=0.0452)	

noticed	significant	improvement	in	their	symptom	burden.	With	these	last	two	being	basic	

components	of	the	Mediterranean	diet,	preliminary	data	suggests	that	diet	may	play	a	role	

in	MPN	symptoms	and	disease	course.	

This	data	provides	rationale	for	looking	at	nutritional	control	of	inflammation	as	a	

new	alternative	therapy	to	the	limited	interventions	that	have	currently	shown	to	alleviate	

the	symptom	burden	of	MPN	patients.	A	feasibility	trial	investigating	a	Mediterranean	Diet	

intervention	in	MPN	is	currently	open	and	enrolling	at	University	of	California,	Irvine.	This	
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study	will	determine	whether	MPN	patients	are	able	to	adhere	to	a	Mediterranean	Diet	if	

given	in-person	dietician	counseling	and	weekly	written	curriculum.	The	exploratory	

endpoints	of	this	study	are	improvement	of	MPN	symptom	burden	and	reduction	of	plasma	

inflammatory	cytokines.	

	

Conclusion	

	
There	is	an	emerging	body	of	evidence	to	support	the	importance	of	inflammation	in	

disease	pathogenesis	of	MPN.		A	combination	of	over-production	of	inflammatory	cytokines	

and	the	inability	to	regulate	and	reduce	these	cytokines	can	lead	to	a	state	of	chronic	

inflammation	which	self-perpetuates	the	neoplastic	clone.	Interventions	that	can	reduce	

inflammation	overall	or	target	specific	cytokines	may	play	a	role	in	the	prevention	of	and	

future	treatments	for	MPN.		Lifestyle	modification,	including	diet	and	exercise	has	been	

associated	with	qualitative	improvement	of	MPN	disease	burden.	Future	research	may	aim	

to	develop	measurable	inflammatory	markers	of	MPN	that	can	help	define	the	disease	and	

may	correlate	to	prognosis,	phenotype,	progression	and	remission	of	disease.	These	

markers	may	be	used	in	conjunction	with	molecular	studies,	cell	counts,	age	and	co-

morbidities	to	risk	stratify	patients’	disease	and	therefore	direct	treatment.		
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CHAPTER	2	

The	NUTRIENT	Trial:	study	design	and	primary	objectives	

	
Previous	work	in	our	lab	has	aimed	to	understand	and	address	the	inflammatory	

environment	involving	MPN.	In	doing	so	we	have	identified	that	the	need	to	manage	

cytokine	levels	and	alleviate	symptom	burden	among	MPN	populations	remains.	Recently,	

studies	have	begun	to	investigate	interventions	with	low	or	no	risk	such	as	lifestyle	

changes	in	the	context	of	MPN.	Scientific	evidence	supports	that	inflammation	can	be	

modulated	through	diet.	Given	the	positive	outcome	that	the	Mediterranean	dietary	pattern	

has	had	in	other	inflammatory	diseases,	we	hypothesized	that	MPN	patients	suffering	from	

chronic	inflammation	may	benefit	from	the	Mediterranean	diet’s	anti-inflammatory	

properties.		

This	study	proposes	a	15-week	non-pharmacologic	intervention	that	seeks	to	

improve	the	quality	of	life	among	MPN	patients,	and	to	our	knowledge	it	is	the	first	

nutritional	intervention	to	be	tried	of	its	kind	among	a	cohort	of	MPN	patients.	This	chapter	

will	give	a	detailed	explanation	of	our	study’s	design	and	setup	including	participant’s	

accrual	and	characteristics,	as	well	as	data	collection	and	management.	Our	main	interest	

was	to	determine	if	patients	were	willing	to	restrict	their	diet	if	it	helped	improve	symptom	

burden,	and	if	following	a	diet	with	written	curriculum	and	verbal	consult	was	feasible	for	

them.		
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Study	design	and	participants	

	
The	NUTRIENT	study	was	a	single	center	interventional	proof-of	concept	study	of	a	

dietary	intervention	among	MPN	patients	performed	at	University	of	California,	Irvine	from	

October	2018	through	December	2019.	The	primary	objective	of	the	NUTRIENT	study	was	

to	assess	whether	MPN	patients	can	adopt	a	Mediterranean	eating	pattern	if	given	dietician	

counseling	and	educational	materials.	Thirty-one	MPN	patients	were	randomly	assigned	to	

receive	either	dietician	counseling	and	written	educational	materials	on	the	Mediterranean	

Diet	(MED)	or	the	2015-2020	United	States	Dietary	Guidelines	for	Americans	(USDA),	28	

participants	completed	the	study.	Participants	were	told	they	would	be	randomized	to	one	

of	two	diets	that	are	conventionally	regarded	to	be	healthful	but	were	not	informed	of	the	

specific	diets	being	studied	nor	which	group	they	were	randomized	to.	The	US	Dietary	

Guidelines	for	Americans	was	chosen	as	an	intervention	that	would	provide	the	

participants	with	equal	counseling	attention	but	did	not	encourage	a	Mediterranean	diet	

eating	pattern.	

We	recruited	individuals	who	were	18	years	of	age	or	older	and	who	had	been	

previously	diagnosed	with	a	Philadelphia	chromosome	negative	MPN	including	essential	

thrombocythemia	(ET),	polycythemia	vera	(PV),	or	myelofibrosis	(MF,	includes	primary	

myelofibrosis	as	well	as	post-ET	or	post-PV	myelofibrosis).	Because	the	intervention	

required	active	participation	in	counseling	from	a	registered	dietician,	written	educational	

materials	delivered	via	email,	and	online	surveys	participants	were	required	to	fluently	

speak,	understand,	and	read	English	and	have	access	to	email	and	the	internet.	Although	

this	trial	explored	diet	as	a	non-pharmacologic	therapy,	because	diet	was	not	intended	to	
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replace	a	patient’s	ongoing	treatment	any	type	of	MPN	directed	therapy	was	allowed.	A	

complete	list	of	inclusion	and	exclusion	criteria	are	provided	in	Table	2.1.		

	

Table	2.1	Inclusion	and	exclusion	criteria		

	

We	screened	47	potential	participants.	Five	did	not	meet	the	inclusion	criteria,	11	

participants	were	consented	and	met	inclusion	criteria,	however	they	did	not	complete	the	

observation	period	surveys	and	so	did	not	progress	to	the	intervention	phase	and	were	not	

randomized.	Of	the	31	participants	who	were	randomized,	two	withdrew	due	to	family	

illness	and	one	was	lost	to	follow-up.	Demographics	of	the	28	patients	who	completed	the	

study	are	shown	in	Table	2.2.	
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Table	2.2	Demographics	of	trial	participants		

	

Endpoints	
	
	

We	had	a	combined	primary	endpoint	of	both	feasibility	of	and	adherence	to	a	

Mediterranean	diet	assessed	via	online	surveys.	Feasibility	was	assessed	via	a	single-item	

question	on	each	of	the	online	surveys	administered	while	participants	were	actively	

receiving	intervention	of	“how	easy	do	you	feel	this	diet	is	to	follow?”	on	a	0	to	10	

numerical	score	(0	very	easy	to	10	very	difficult)	with	a	score	of	<5/10	being	regarded	as	

reasonably	easy	to	follow.	Adherence	was	assessed	using	the	14-point	Mediterranean	Diet	

Adherence	Screener	(MEDAS)	[20].	We	defined	good	adherence	to	a	Mediterranean	style	

eating	pattern	as	a	score	of	≥	8	on	the	MEDAS.	As	a	second	mode	of	assessment	dietary	

adherence	completed	an	online	24hour	diet	recall	using	the	National	Cancer	Institute	

Automated	Self-Administered	24-hour	(ASA24®)	dietary	assessment	tool	at	weeks	1,	2,	3,	
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6,	9,	12,	and	15.	The	Mediterranean-Style	Dietary	Pattern	Score	(MSDPS)	was	calculated	for	

each	entry	using	the	algorithm	developed	by	Rumawas	et	al	[21],	with	a	score	of	>25	

(≥forth	quintile)	defined	as	adequate	adherence.	

Exploratory	endpoints	include	reduction	in	inflammatory	biomarkers,	reduction	in	

symptom	burden,	changes	in	hematologic	parameters,	lipids,	and	change	in	the	gut	

microbiome.	

	

Study	Schedule	
	
	

The	total	duration	of	the	study	was	15	weeks	(Figure	2.1).	During	weeks	1-2	

participants	were	monitored	without	intervention	during	which	we	obtained	two	baseline	

measures	of	unannounced	dietary	intake	and	symptom	burden	and	one	set	of	biological	

samples	(blood	and	stool	at	any	day	during	week	1).	Participants	received	a	total	of	10	

weeks	active	dietary	intervention	(week	3-12)	starting	with	an	in-person	meeting	with	a	

dietician	at	week	3	followed	by	the	distribution	of	dietary	resources,	during	which	4	

unannounced	surveys,	4	dietary	recalls,	and	2	biological	samples	were	collected	(weeks	3,	

6).	Throughout	this	time	they	also	received	provisions	of	extra	virgin	olive	oil	

(Mediterranean	diet	group)	or	gift	cards	(USDA	group).	During	weeks	13-15	participants	

no	longer	received	weekly	educational	materials.	At	any	time	during	week	15,	participants	

completed	one	survey,	one	unannounced	24	hour	dietary	recall,	and	contributed	one	set	of	

biological	samples	(blood,	stool).	
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Figure	2.1	NUTRIENT	study	design	

	

Intervention		
	
	

Study	subjects	were	randomized	by	simple	randomization	(1:1)	before	the	start	of	

the	intervention	phase	to	receive	either	a	10-week	long	Mediterranean	diet	or	control	diet	

(US	Dietary	Guidelines	for	Americans)	intervention	with	data	collection	extending	two	

weeks	before	and	three	weeks	after	diet	intervention.	All	participants	met	once	at	the	start	

of	the	intervention	period	(week	3)	with	a	registered	dietician	for	one-on-one	counseling	to	

educate	the	participant	on	the	central	components	of	the	Mediterranean	diet	or	the	US	

Dietary	guidelines,	and	to	tailor	the	diet	to	meet	each	participant’s	medical	needs	and/or	

cultural	preferences.	Participants	had	two	brief	follow	up	dietary	counseling	visits	during	

week	5	and	7.	Participants	were	emailed	10	weekly	installments	of	educational	materials	
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on	their	respective	diet	in	a	colorful	pdf	format	during	week	3-13.	All	participants	in	the	

Mediterranean	diet	arm	were	given	750ml	of	extra	virgin	olive	oil	(EVOO)	at	week	3	and	6,	

and	all	participants	following	the	standard	US	Guidelines	diet	were	given	a	$10	grocery	gift	

card	at	week	3	and	6.	During	this	time	period	participants	completed	four	online	surveys	

(week	3,	6,	9,	12)	and	donated	two	sets	of	blood,	stool,	and	urine	samples	(weeks	6,	9).	

	

Data	Collection		

	
Patient	Reported	Outcomes:	
	

Besides	two	initial	assessments,	six	unannounced	surveys	and	24-hour	food	recalls	

were	collected	throughout	the	duration	of	the	15-week	study.	Conformity	with	the	

Mediterranean	dietary	pattern	was	assessed	by	the	14-item	Mediterranean	diet	adherence	

score	(MEDAS).	Symptom	burden	was	assessed	using	the	MPN	symptom	assessment	form	

(MPN-SAF	TSS	or	MPN-10),	a	standardized	tool	used	in	clinical	trials.	

	

Laboratory	Studies:	
	

Four	biological	sample	data	points	were	collected	during	the	15-week	study	which	

included	collection	of	blood,	stool,	and	urine.	A	certified	phlebotomist	drew	a	total	amount	

of	50cc	of	blood	from	participating	subjects	at	week	1,	6,	9,	and	15.	A	portion	of	this	blood	

was	sent	to	pathology	for	measurement	of	complete	blood	count	(CBC),	comprehensive	

metabolic	panel,	lipid	panel,	and	hs-CRP.	3-4	ml	of	blood	were	centrifuged	to	obtain	plasma	

and	stored	at	-80°C	for	cytokine	measurements	to	be	performed.	The	remainder	of	blood	

was	flash	frozen	into	1ml	aliquots.	Participants	were	given	a	urine	specimen	cup	to	provide	
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a	urine	sample	of	at	least	50ml	during	weeks	1,	6,	9,	and	15	to	measure	urine	total	

polyphenol	(TPE),	a	biomarker	of	adherence	to	the	Mediterranean	diet.	The	samples	were	

aliquoted	into	500ul	tubes	(in	triplicate)	and	flash	frozen.	They	are	currently	stored	at	-

80°C	for	measurement	of	TPE	in	future	studies.	Stool	sample	collection	is	discussed	in	the	

microbiome	section.	These	specimens	were	used	to	measure	changes	in	the	gut	

microbiome	with	the	diets.		

	

Anthropometric	measures:	
	

Weights	were	measured	at	every	visit	(weeks	1,	6,	9,	15)	although	the	purpose	of	

this	study	was	not	to	lose	weight.	Recording	an	accurate	body	weight	is	fundamental	for	

nutrition	screening.		In	the	context	of	myeloproliferative	neoplasms	this	is	critical	because	

undesired	weight	loss	can	be	a	sign	of	disease	progression,	especially	in	patients	with	

myelofibrosis	[22].		

	

Data	management	
	
	

Participants	were	blinded	to	which	diets	were	being	tested	and	the	diet	that	they	

were	randomized	to.	Consent	and	HIPAA	forms	were	signed	on	the	day	of	enrollment	and	

all	the	paperwork	was	kept	in	a	separate	file	folder	for	each	individual.	For	privacy,	their	

personal	identifications	were	replaced	for	an	FEA	number	which	stands	for	feasibility.	We	

shared	their	data	such	as	laboratory	studies	(blood	counts,	chemistries,	lipids)	with	them	

upon	request	throughout	the	course	of	the	study.	The	surveys	were	administered	via	

Qualtrics	and	the	24-hour	food	recalls	were	entered	using	the	Automated	Self-
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Administered	24-hour	(ASA24®)	Dietary	Assessment	Tool	from	the	NCI’s	website.	Access	

links	were	automatically	sent	on	due	dates	from	our	We	Are	MPN	research	email.	All	data	

was	entered	into	an	Excel	sheet	for	ease	of	analysis.	

	

Compliance	Behavior	with	Online	Surveys	
	
	

Participants	completed	the	week	1	survey	and	24	hour	diet	recall	(ASA24®)	at	time	

of	enrollment.	Subsequently	participants	received	an	email	alerting	them	to	complete	a	

Qualtrics	survey	and	a	24	hour	diet	recall	on	a	random	day	during	weeks	2,	3,	6,	9,	12,	and	

15.	If	surveys	had	not	been	completed,	email	reminders	were	sent	every	two	days,	if	

surveys	had	not	been	completed	after	two	emails	a	follow	up	phone	call	was	done.	With	the	

use	of	reminders	100%	of	surveys	and	24	hour	diet	recalls	were	completed.	We	

investigated	whether	demographics	such	as	age	or	gender	correlated	with	the	need	for	

reminders	to	complete	the	surveys.	We	reasoned	that	older	participants	would	be	less	

technology	savvy	and	may	not	check	email	regularly,	resulting	in	reduced	compliance	with	

survey	requests.	However,	older	participants	did	not	require	more	reminders	than	younger	

participants	(Figure	2.2A),	demonstrating	that	older	individuals	are	just	as	capable	of	

participating	in	online	studies	as	younger	individuals.	In	addition,	we	found	similar	needs	

for	reminders	based	on	gender	(Figure	2.2B)	and	dietary	intervention	group	(Figure	

2.2C).	
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Figure	2.2	Compliance	behavior	as	a	function	of	age	and	gender.	(A)	Total	number	of	
reminders	required	as	a	function	of	participant	age.	(B)	Total	number	of	reminders	required	based	
on	gender.	(C)	Total	number	of	reminders	required	by	treatment	group.	
	

Feasibility	of	a	Mediterranean	Diet	in	MPN	Patients	
	

	
The	primary	objective	of	this	study	was	to	assess	whether	a	Mediterranean	diet	

intervention	is	feasible	in	the	MPN	patient	population.	To	assess	ease	of	the	diet	

intervention	among	MPN	patients	during	the	10	week	active	intervention	phase	surveys	

also	included	a	single	feasibility	question,	asking	“how	easy	is	it	for	you	to	follow	this	diet,	

with	1	being	very	easy	to	follow	and	10	being	very	difficult	to	follow”.	We	defined	

feasibility	as	reporting	a	score	of	<5	on	all	surveys.	Seventy	percent	of	the	patients	on	the	

USDA	diet	achieved	this	feasibility	benchmark,	and	79%	of	patients	in	the	Mediterranean	

arm	achieved	this	feasibility	benchmark	(Figure	2.3A).	This	demonstrates	that	a	
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Mediterranean	diet	is	at	least	as	feasible	to	follow	for	MPN	patients	as	the	standard	US	

Dietary	Guidelines	for	Adults.		

Adherence	to	the	Mediterranean	diet	was	assessed	at	weeks	1,	2,	3,	6,	9,	12,	and	15.	

Using	a	14-point	Mediterranean	Diet	Adherence	Score	(MEDAS).	Because	in	some	cases	

week	3	data	was	collected	before	the	dietician	counseling	sessions	and	in	other	cases	after	

the	dietician	counseling	session	this	week’s	data	was	not	included	in	the	analysis.	For	

future	studies	we	will	ensure	all	participants	undergo	dietician	counseling	prior	to	any	data	

collection	during	the	defined	intervention	period.	A	MEDAS	score	of	≥8	was	defined	as	

having	good	adherence	to	a	Mediterranean	style	diet.	Our	pre-defined	goal	was	to	have	at	

least	80%	of	the	participants	in	the	Mediterranean	group	maintaining	a	MEDAS	score	of	≥8	

over	the	entire	active	intervention	period	(Figure	2.3B).	At	weeks	6	and	9	>80%	of	

participants	on	the	Mediterranean	arm	achieved	a	score	of	≥8.	At	week	12,	78%	achieved	a	

score	of	≥8	which	was	slightly	below	our	predefined	adherence	goal.	In	contrast,	at	no	time	

point	did	at	least	80%	of	the	USDA	group	achieve	a	MEDAS	score	of	≥8.	This	demonstrates	

that	with	dietician	counseling	and	education	MPN	patients	can	achieve	adequate	adherence	

to	a	Mediterranean	diet	eating	pattern.	However,	the	lull	in	adherence	at	week	12	suggests	

that	ongoing	active	dietician	counseling	is	helpful	to	maintain	adequate	adherence	to	a	

Mediterranean	diet	eating	pattern.	In	this	current	study	dietician	counseling	sessions	

occurred	during	weeks	3,	5,	and	7	and	participants	received	written	curriculum	weekly	

during	weeks	3-13.	For	future	studies	dietician	counseling	session	will	occur	throughout	

the	active	intervention	period.		
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Figure	2.3	Feasibility	and	adherence	score.	(A)	Participants	who	reached	the	feasibility	
benchmark	during	the	diet	intervention	phase.	(B)	Percentage	of	participants	with	MEDAS	≥8	over	
the	course	of	the	15-week	trial.	
	
	

Conclusions	
	

In	summary,	we	observed	that	older	individuals	are	just	as	capable	of	participating	

in	online	studies	as	younger	individuals	since	they	did	not	need	more	reminders	when	

compared	to	the	younger	population.	This	is	important	to	know	as	the	majority	of	patients	

suffering	from	MPN	are	over	65	years	old.	We	also	found	that	there	was	really	no	difference	

in	the	number	of	reminders	needed	between	males	and	females	as	well	as	when	comparing	

both	of	the	dietary	interventions.		
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The	primary	objective	of	this	study	was	to	assess	the	feasibility	of	a	Mediterranean	

dietary	intervention	among	MPN	patients.	We	demonstrated	that	for	the	patients	in	our	

cohort	a	Mediterranean	diet	is	at	least	as	feasible	to	follow	as	is	a	standard	USDA	diet.	We	

achieved	our	predefined	goal	for	Mediterranean	diet	adherence	score	as	greater	than	80%	

of	the	participants	in	the	Mediterranean	diet	group	maintained	a	MEDAS	≥8	for	the	

majority	of	the	active	intervention	period.	We	can	conclude	that	with	dietician	counseling	

and	written	education	MPN	patients	can	achieve	adequate	adherence	to	a	Mediterranean	

diet	eating	pattern.	However,	ongoing	active	dietitian	counseling	might	be	needed	towards	

the	end	of	the	intervention	to	maintain	adequate	adherence	to	the	diet	that	they	were	

assigned	to.		
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CHAPTER	3	

The	NUTRIENT	Trial:	biological	correlates	and	exploratory	endpoints	

	
Abnormally	high	levels	of	inflammatory	cytokines	contribute	to	the	MPN	disease	

phenotype	characterized	by	thrombosis,	bone	marrow	fibrosis,	splenomegaly,	and	

constitutional	symptom	burden	which	cause	a	negative	impact	in	the	quality	of	life	of	

patients.	Our	diet	intervention	examined	the	preliminary	effects	of	a	well-established	anti-

inflammatory	diet	on	cytokine	expression,	symptom	burden	management	and	disease	

related	markers.	This	non-traditional	approach	to	a	chronic	hematologic	malignancy	

represents	an	innovative	and	integrative	method	to	target	inflammation.	All	biological	

correlates	and	exploratory	endpoints	will	be	addressed	in	this	chapter.		

Because	of	the	overproduction	of	myeloid	lineage	cells	in	MPN	it	was	reasonable	to	

examine	blood	tests,	though	no	clinically	relevant	impact	was	expected	from	the	diet.	

Complete	blood	counts	(CBC)	are	performed	routinely	to	monitor	signs	of	disease	

progression	and	disease	management.	Preventing	blood	clots	and	bleeding	is	particularly	

important	in	treating	MPN.	These	disease	related	markers	show	alterations	according	to	

the	MPN	subset	and	will	be	discussed	in	detail	further	along.	This	chapter	also	presents	

analyses	of	the	nutritional	information	gathered	from	the	self-reported	food	recalls	which	

include	intake	of	total	calories	and	fats,	macro	and	micronutrients,	and	fiber.	We	only	

focused	on	those	relevant	to	the	Mediterranean	dietary	pattern.	
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Changes	in	eating	patterns	over	the	course	of	the	study	
	
	
	 The	24-hour	diet	recalls	using	the	ASA24®	platform	gave	us	detailed	information	

about	their	dietary	intake	over	the	preceding	24	hours.	The	total	calories	consumed	did	not	

change	during	the	active	intervention	period	in	either	group	(Figure	3.1A)	nor	was	there	

an	impact	on	the	participant’s	weights	(Figure	3.1B).	To	mention	that	this	study	was	not	

geared	towards	weight	loss,	but	rather	focused	on	maintaining	a	healthy	lifestyle.	

Participants	following	the	Mediterranean	diet	can	consume	a	different	amount	of	energy	

(i.e.	calories)	and	still	be	following	the	diet.	The	total	number	of	calories	eaten	will	depend	

on	whether	they’re	trying	to	lose,	gain,	or	maintain	weight.	Following	a	Mediterranean	diet	

can	significantly	improve	metabolic	health	even	in	the	absence	of	weight	loss.	For	future	

studies	measuring	the	body	mass	index	(BMI)	rather	than	simply	weight	may	be	a	more	

accurate	indicator	of	health.	

	

Comparison	of	intake	of	macronutrients	on	diet	arms	
	
	

According	to	the	Mediterranean	dietary	pattern,	the	daily	intake	of	macronutrients	

aims	to	be:	50%	of	total	calories	from	carbohydrates	(emphasizing	whole	grains,	fruits	and	

vegetables),	35%	of	total	calories	from	fat	(with	primary	source	as	extra	virgin	olive	oil),	

and	15%	of	total	calories	from	proteins.	We	also	displayed	visually	the	intake	of	

macronutrients	on	both	diet	arms	during	the	intervention	period	(Figures	3.1C	and	3.1D).	
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Figure	3.1	Changes	in	kilocalories,	weights,	and	macronutrients.	(A)	Changes	in	the	intake	of	
kilocalories	(kcal)	per	day	by	both	diet	groups	during	the	diet	intervention.	Baseline	calories	was	
the	average	of	the	total	calorie	intake	on	the	two	ASA24s	during	the	lead-in	period,	intervention	
calories	was	the	average	calories	consumed	on	the	ASA24s	during	weeks	6,	9,	and	15.	(B)	Changes	
in	weight	for	each	of	the	arms	throughout	the	study.	We	compared	the	average	weight	during	
weeks	6,	9,	15	versus	the	baseline	weight.	(C)	Visual	representation	of	the		percentage	of	calories	
coming	from	the	macronutrients	consumed	by	the	participants	in	both	of	the	diet	groups	during	the	
intervention	period.	
	
	

Fats	
	

	
Fat	intake	under	the	Mediterranean	diet	is	moderately	high	(35%	total	calories).	It	

consists	predominately	of	monounsaturated	fats	(e.g.	olive	oil)	as	opposed	to	

polyunsaturated	(e.g.	canola	oil)	and	saturated	(e.g.	animal)	fats.	Less	than	10%	of	total	

calorie	intake	should	be	from	saturated	fats.	We	expected	the	Mediterranean	diet	group	to	

show	a	decrease	in	consumption	of	saturated	fats	and	an	increase	in	monounsaturated	fats.	

The	increase	in	monounsaturated	fats	would	be	consistent	with	an	increased	intake	of	
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extra	virgin	olive	oil,	vegetables,	nuts,	seeds,	and	fish	as	part	of	this	dietary	pattern.	We	did	

not	find	any	significant	change	in	the	percentage	coming	from	the	different	types	of	fats	

when	comparing	the	USDA	versus	MED	group,	however	perhaps	this	is	due	to	participants	

not	being	specifically	screened	for	normative	dietary	pattern	(Figure	3.2).	

	

	

	

	

	

	

	

	

	

Figure	3.2	Consumption	of	fats	during	the	intervention	period.	(A)	Percentage	of	each	type	of	
fat	consumed	by	both	study	groups	during	the	diet	intervention.	Percent	change	in	intake	of	(B)	
saturated	fats,	(C)	monounsaturated	fats,	(D)	and	polyunsaturated	fats	throughout	the	intervention	
period	for	each	diet	arm.	We	calculated	the	average	intake	on	the	2	ASA24s	during	the	lead-in	
period	as	our	baseline	and	the	average	intake	of	the	ASA24s	during	weeks	6	and	9	as	the	
intervention	period.	
	

	
Dietary	Fiber	
	
	 	

A	distinctive	characteristic	of	the	Mediterranean	dietary	pattern	is	the	abundance	of	

foods	rich	in	fiber	content,	such	as	fruit,	vegetables,	legumes,	cereals,	and	nuts.	According	

to	the	American	Heart	Association	(AHA),	the	daily	value	for	fiber	is	25	grams	per	day	on	a	

2,000-calorie	diet	for	adults.	This	number	may	also	depend	on	age	or	sex.	For	women	
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under	50	an	intake	of	25	grams	of	fiber	per	day	is	recommended,	as	are	21	grams	of	fiber	

per	day	for	women	over	50	years	old.	Men	under	50	should	consume	38	grams	of	dietary	

fiber	per	day,	and	men	over	50	about	30	grams	per	day.	During	the	active	intervention	we	

expected	the	participants	in	the	Mediterranean	diet	group	to	reach	their	daily	fiber	intake	

target	or	to	go	over	it.	However,	about	half	of	the	participants	in	both	groups	(53	and	54%)	

managed	to	reach	their	respective	targets	(Figure	3.3A).	Only	25%	of	the	males	reached	

their	daily	fiber	intake	as	compared	to	65%	of	the	females	in	both	diet	arms.	This	result	

suggests	that	females	are	more	likely	to	reach	their	fiber	per	day	target	than	males.	To	

further	explore	the	consumption	of	dietary	fiber	we	looked	at	the	percent	change	of	fiber	

intake	while	on	the	intervention	period.	Similarly,	about	a	quarter	of	the	participants	(23	

and	27%)	had	a	50%	increase	in	their	fiber	intake	during	the	active	intervention	(Figure	

3.3B).		

	

	

	

	

	

	

	

	

	
	
Figure	3.3	Daily	intake	target	and	percent	change	in	fiber.	(A)	Average	grams	of	fiber	consumed	
per	group	during	the	diet	intervention	according	to	daily	targets	recommended	for	age	and	sex.	(B)	
Percent	change	in	the	intake	of	fiber	comparing	both	diet	groups	during	the	diet	intervention	
period.	
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Vitamin	and	antioxidant	intake	

	
From	the	information	reported	by	the	24	hour	food	recalls	we	were	able	to	look	at	

vitamins	and	minerals	that	are	abundant	in	a	Mediterranean	style	diet.	The	main	vitamins	

acquired	from	a	Mediterranean	dietary	pattern	are	vitamin	C	and	E,	as	well	as	B-carotene	

as	precursor	of	vitamin	A.	We	were	interested	in	knowing	whether	they	were	differences	

between	the	study	groups	in	reaching	their	daily	intake	targets	during	the	intervention	

period.		

There	are	different	daily	intake	targets	for	vitamins	A	and	C	according	to	sex:	900	

mcg	RAE	for	males	and	700	mcg	RAE	for	females.	When	comparing	the	intake	of	these	

vitamins	during	the	intervention	we	found	that	a	higher	percentage	of	women	were	able	to	

reach	and	go	over	their	target	than	men.	While	looking	at	the	two	diet	groups	we	didn’t	see	

a	drastic	difference	(Figures	3.4A	and	3.4B).	About	half	of	the	participants	in	the	

Mediterranean	diet	started	the	trial	having	achieved	their	intake	target	of	vitamin	E	and	

kept	it	stable	during	the	intervention	period.	Most	of	the	patients	who	were	part	of	the	

USDA	group	were	under	their	vitamin	E	target	and	did	not	manage	to	increase	their	levels	

while	following	the	dietary	pattern	(Figure	3.4C).	
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Figure	3.4	Targets	for	vitamin	and	antioxidant	intake.	Average	intake	of	(A)	vitamin	A	and	(B)	
vitamin	C	during	the	intervention	period	separated	by	sex	and	diet	groups.	Average	intake	of	(C)	
vitamin	E	and	(D)	selenium	comparing	baseline	to	intervention	between	both	diet	arms.	
	

	

The	Mediterranean	diet	provides	high	amounts	of	antioxidants.	We	focused	on	

selenium	because	of	its	protective	effect	in	cancer.	Almost	all	of	the	participants	in	the	

Mediterranean	group	had	already	met	their	selenium	daily	intake	target	at	baseline	and	

maintained	it	throughout	the	diet	intervention.	Starting	with	69%	the	USDA	group	

obtained	a	higher	selenium	intake	per	day	during	the	active	intervention	(92%)	which	is	

comparable	to	that	of	the	Mediterranean	group	(93%)	(Figure	3.4D).	
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Impact	of	diet	on	symptom	burden	
	

Symptom	burden	was	assessed	using	the	MPN-SAF	TSS/	MPN-10,	which	grades	the	

10	most	clinically	relevant	symptoms	of	MPN	patients.	The	MPN-10	measures	the	worst	

level	of	the	symptom	(e.g.,	fatigue)	on	a	0	(no	fatigue)	to	10	(worst	imaginable)	in	the	past	

week.	This	tool	has	been	validated	to	measure	symptom	burden	in	the	MPN	population.	In	

addition	extended	questions	were	asked	regarding	gastrointestinal	symptoms.		

The	waterfall	plots	shown	on	Figure	3.5A	represent	the	percent	change	in	MPN	

symptom	burden	for	both	diet	arms	throughout	the	course	of	the	intervention	period	

(weeks	6-12)	and	at	the	end	of	the	study	(week	15).	We	felt	it	important	to	quantify	

symptom	burden	at	week	15	to	determine	if	perhaps	the	diet	intervention	had	a	lasting	

impact	that	went	beyond	the	active	intervention	period.	A	slightly	larger	number	of	

participants	following	the	Mediterranean	diet	had	a	50%	reduction	in	symptom	burden	

when	compared	to	the	USDA	group.	Although,	a	smaller	percentage	of	the	patients	

following	the	USDA	diet	reached	the	symptom	reduction	benchmark	we	can	identify	a	

downward	trend	that	extends	until	the	end	of	the	trial,	suggesting	that	adopting	a	healthy	

eating	pattern	improves	symptom	burden	regardless	of	a	specific	diet.	Figure	3.5B	shows	

the	raw	change	in	score	for	every	individual	symptom	evaluated	by	the	MPN-SAF	TSS.	In	

our	surveys	we	also	included	questions	about	gastrointestinal	symptoms.	We	can	conclude	

that	no	particular	symptom	is	being	affected	more	than	the	other	by	either	of	the	diets.	The	

Mediterranean	diet	has	no	greater	impact	than	the	USDA	diet	over	any	specific	symptom.		
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Figure	3.5	Effect	of	diet	intervention	on	symptom	burden.	(A)	Percent	change	in	MPN	symptom	
burden	score	for	both	diet	arms	throughout	the	intervention	period	(weeks	6-12)	and	at	the	end	of	
the	study	(week	15).	(B)	Raw	change	in	MPN	symptom	burden	score	for	every	individual	symptom	
evaluated	by	the	MPN-SAF.	
	
	
	
Impact	of	diet	on	inflammatory	biomarkers	

	
Many	factors	can	be	associated	with	elevated	C-reactive	protein	(CRP)	levels	in	

plasma.	Therefore,	it	is	considered	a	nonspecific	marker	of	inflammation	and	infection	[23].	

CRP	is	a	pentameric	acute-phase	protein	produced	by	the	liver.	It	rises	following	the	

secretion	of	interleukin	6	(IL-6)	by	macrophages	[24]	and	adipocytes	[25].		



 

50 
 
 

The	high-sensitivity	C-reactive	protein	(hs-CRP)	is	a	blood	test	that	can	detect	even	

lower	levels	of	chronic	inflammation	in	the	body.	Average	levels	range	from	0.1	to	0.3	

mg/dL.	High-sensitivity	C-reactive	protein	was	measured	at	each	visit	(weeks	1,6,9,	and	

15).	Although	most	participants	fall	in	a	normal	range,	among	those	who	are	elevated	in	the	

Mediterranean	diet	group	there	seems	to	be	a	downward	trend	towards	the	end	of	the	trial	

(Figure	3.6).	This	observation	suggests	that	perhaps	a	longer	intervention	is	needed	to	see	

a	possible	effect	of	the	Mediterranean	diet	in	decreasing	levels	of	hs-CRP.	Also,	this	data	

may	help	inform	future	studies,	those	with	high	hs-CRP	may	be	ideal	candidates	for	

interventions.	

	

	

	

	

	

	

	

	

	

	

	
	
Figure	3.6	Longitudinal	measurements	of	high-sensitivity	CRP	throughout	the	course	of	the	
study.	Average	levels	range	from	0.1	to	0.3	mg/dL.		
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In	addition,	plasma	was	stored	to	perform	a	multiplexed	cytokine	assay	to	quantify	

and	investigate	the	potential	impact	of	a	Mediterranean	diet	on	the	circulating	levels	of	

inflammatory	cytokines	in	MPN	patients.	Pro-inflammatory	cytokines,	particularly	tumor	

necrosis	factor	alpha	(TNFα)	and	interleukin	6	(IL-6)	are	overexpressed	in	patients	with	

myeloid	malignancies,	and	they	are	linked	to	disease	initiation,	symptom	burden,	disease	

progression	and	a	worsened	prognosis.	This	suggests	that	these	cytokines	play	a	role	in	the	

fundamental	aspects	of	the	development	and/or	manifestations	of	hematologic	

malignancies.	Likewise,	the	anti-inflammatory	cytokines,	IL-4,	IL-10	and	IL-13	are	

commonly	elevated	in	patients	suffering	from	myeloid	malignancies,	conceivably	as	an	

attempt	to	dampen	the	chronic	inflammatory	state	[26].	

The	panel	consisted	of	10	cytokines	(IL-12p70,	IL-1B,	IL-4,	IL-5,	IFNg,	IL-6,	IL-8,	IL-

22,	TNFα,	and	IL-10)	out	of	which	only	50%	of	them	came	into	the	detectable	range.	The	

longitudinal	measurements	for	these	5	cytokines	(TNFα,	IL-6,	IL-8,	IL-10,	IL-22)	are	shown	

in	Figure	3.7.	No	significant	changes	on	cytokine	expression	levels	were	detected	in	either	

of	the	diet	groups	throughout	the	course	of	the	trial.	Potentially	longer	time	periods	or	

other	more	sensitive	methods	for	detecting	subtle	changes	in	inflammatory	markers	are	

needed.		
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Figure	3.7	Expression	levels	of	different	cytokines	by	time	–	(A)	TNF-⍺,	(B)	IL-6,	(C)	IL-8,	(D)	IL-
10	and	(E)	IL-22.	
	
	
	
Impact	of	diet	on	blood	counts	

	
Patients	suffering	from	MPN	have	abnormal	blood	counts.	These	alterations	depend	

on	the	subset	of	the	disease.	Generally,	those	with	essential	thrombocythemia	will	have	

elevated	platelet	counts,	those	with	polycythemia	vera	will	have	excessive	red	blood	cells,	

and	those	with	primary	myelofibrosis	may	have	immature	white	cells	in	the	peripheral	

blood	and	often	have	low	red	blood	cells	and	platelets.		

The	normal	range	of	red	blood	cells	per	microliter	is	usually	4.7	million	to	6.1	

million	for	men	and	4.2	million	to	5.4	million	for	women.	The	normal	range	of	white	blood	
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cells	(WBC)	per	microliter	is	usually	5,000	to	10,000	for	men	and	4,500	to	11,000	for	

women.	Normal	hematocrit	(HTC)	levels	are	42	percent	to	52	percent	of	the	total	blood	

count	for	men	and	37	percent	to	47	percent	for	women.	Platelet	counts	(PLT),	regardless	of	

age	or	gender,	are	considered	normal	at	150,000	to	400,000	per	microliter.	

Complete	blood	counts	(CBC)	are	of	particular	interest	in	these	blood	cancers	

because	they	allow	for	proper	monitoring	of	disease	progression	and	dictate	the	treatment	

to	follow.		Thrombosis	and	bleeding	are	major	complications	in	essential	thrombocythemia.	

The	first-line	treatment	for	ET	as	well	as	for	PV	involves	antiplatelet	therapy	with	low-dose	

aspirin.	Occasionally,	aspirin	will	cause	excessive	bleeding	as	a	side	effect,	reason	why	its	

use	needs	to	be	carefully	monitored.	For	polycythemia	vera	the	treatment	goal	is	to	keep	

the	blood’s	hematocrit	level	below	45	percent.	Phlebotomy	(therapeutic	blood	drawing)	is	

commonly	used	to	reduce	the	number	of	red	blood	cells.	However,	if	given	too	frequently,	it	

can	result	in	anemia	from	removal	of	the	red	cells.	This	is	monitored	by	periodic	blood	

testing.	

Changes	over	time	were	reported	on	blood	counts.	Figure	3.8A	shows	that	the	

white	blood	cells	count	for	almost	all	of	the	participants	in	both	diet	groups	fell	in	normal	

range.	No	trend	could	be	identified	out	of	the	few	that	were	above	10,	500	cells	per	

microliter.	Throughout	the	entire	trial,	the	majority	of	the	participants	in	both	the	

Mediterranean	diet	and	USDA	groups	were	able	to	maintain	their	hematocrit	below	45	

percent	(Figure	3.8B).	Most	of	the	participants	in	both	study	arms	had	elevated	platelet	

counts,	above	400,000	per	microliter.	Interestingly,	each	participant’s	platelet	levels	were	

remained	relatively	stable	over	the	course	of	the	study	(Figure	3.8C).	In	summary,	we	did	

not	detect	an	obvious	impact	of	either	of	the	diets	on	MPN	patients’	blood	counts.	
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Figure	3.8	Longitudinal	measurements	of	complete	blood	counts	comparing	both	diet	
groups.	(A)	White	blood	cells	(B)	Hematocrit	(C)	Platelets.	
	

	
Conclusions	
	

From	the	data	presented	in	this	chapter	we	can	conclude	that	the	impact	of	the	

Mediterranean	diet	is	not	necessarily	on	consumption	of	total	calories,	weight	changes,	or	

macro	and	micronutrients	intake.	We	observed	that	the	diet	intervention	didn’t	change	the	

percentage	of	calories	coming	from	proteins,	fats,	and	carbohydrates,	nor	was	there	a	

significant	change	in	the	distribution	of	the	different	types	of	fats.	Therefore,	we	identified	

the	need	to	give	specific	guidance	on	healthy	and	unhealthy	fats	to	help	participants	in	the	

Mediterranean	diet	increase	their	consumption	of	monounsaturated	fats	as	we	expected	
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they	would	do.	Subsequent	Mediterranean	diet	interventions	should	focus	on	increasing	

the	intake	of	fiber.	To	achieve	this	we	should	also	offer	detailed	guidance	on	daily	intake	

targets	according	to	age	and	sex	groups.	We	noticed	that	females	are	most	likely	to	reach	

their	intake	targets	not	only	for	fiber,	but	for	also	for	other	vitamins	and	antioxidants	that	

we	looked	at	in	this	study.	Therefore,	we	may	need	to	personalize	guidance	based	on	

gender.	

About	half	of	the	participants	in	the	Mediterranean	diet	group	had	at	least	a	50%	

reduction	in	symptom	burden	towards	the	end	of	the	study.	A	smaller	percentage	of	

participants	following	the	USDA	diet	also	showed	a	reduction	in	symptoms.	This	

observation	suggests	that	adopting	a	healthy	eating	pattern	improves	symptom	burden	

regardless	of	the	type	of	diet.	In	the	Mediterranean	diet	group,	among	the	participants	with	

high	levels	of	hs-CRP	a	downward	trend	was	observed	at	the	end	of	the	trial.	Meaning	that	

perhaps	a	longer	intervention	is	needed	to	see	a	possible	effect	of	the	Mediterranean	diet	in	

decreasing	levels	of	hs-CRP.	Because	we	did	not	detect	significant	changes	on	cytokine	

levels	in	either	of	the	diet	groups	throughout	the	course	of	the	study,	we	propose	that	

longer	time	periods	or	other	more	sensitive	methods	for	detecting	subtle	changes	in	

inflammatory	markers	are	needed.	Lastly,	there	was	no	impact	of	any	of	the	diets	on	blood	

counts	and	we	weren’t	really	expecting	for	diet	alone	to	modify	this	parameter.		
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CHAPTER	4	

Fecal	microbial	community	composition	in	myeloproliferative	neoplasm	

patients	is	associated	with	an	inflammatory	state	
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MAIN	TEXT	

	
The	human	microbiome	may	influence	inflammatory	and	malignant	diseases,	with	

widespread	implications	for	diagnostics,	prevention,	and	therapy.	Moreover,	there	is	an	

expanding	appreciation	for	associations	between	the	gut	microbiome	and	hematopoiesis.	

Studies	involving	the	microbiome	in	hematologic	malignancies	have	primarily	focused	on	

acute	myeloid	leukemia	and	hematopoietic	stem	cell	transplantation,	specifically	

evaluating	the	impact	of	the	microbiome	on	infection	[1],	hematopoietic	reconstitution	and	

graft	versus	host	disease	(GVHD)	[2].	To	date,	no	studies	have	investigated	the	gut	

microbiome	of	myeloproliferative	neoplasm	(MPN)	patients.	

MPN	is	a	hematologic	malignancy	with	a	hallmark	feature	of	chronic	inflammation.	

The	inflammation	in	MPN	is	multifactorial;	the	neoplastic	clone	itself	induces	inflammation,	

however	chronic	inflammation	may	precede	the	development	of	MPN	and	play	a	critical	

role	in	disease	initiation.	Disease	manifestations	are	variable	among	MPN	patients,	even	

those	with	identical	MPN	driver	mutations.	This	suggests	that	other	forces	modulating	

inflammation	play	an	instructive	role	in	MPN	disease	manifestation.	We	conducted	a	pilot	

study	to	test	the	hypothesis	that	the	microbiome	of	MPN	patients	is	distinct	from	healthy	

controls,	and	that	changes	in	gut	microbiome	composition	may	be	associated	with	MPN	

development	and	clinical	manifestation.		

A	total	of	25	patients	with	MPN	and	25	non-MPN	controls	participated	in	this	initial	

pilot	study,	exclusion	criteria	included	gastrointestinal	disease	(e.g.	inflammatory	bowel	

disease,	malabsorption,	malignancy),	and	history	of	pelvic	irradiation.	All	participants	

completed	a	survey	which	included	questions	about	demographics,	lifestyle,	and	other	
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clinical	covariates	of	interest	(Table	4.1).	The	MPN	cohort	additionally	completed	

questions	on	disease	characteristics,	treatment	regimens	and	symptom	burden	using	the	

Myeloproliferative	Neoplasm	Symptom	Assessment	Form	(MPN-SAF)	(Table	S4.1).	The	

questionnaire	was	completed	at	time	of	enrollment	in	the	study.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Table	4.1	Characteristics	of	Subjects	
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Participants	collected	three	fecal	samples	over	the	course	of	one	week.	We	

performed	16S	rRNA	gene	sequencing.	To	investigate	whether	having	MPN	was	associated	

with	changes	in	alpha	diversity	within	the	gut	microbiome,	we	analyzed	the	number	of	

distinct	species	(richness)	and	the	distribution	(evenness)	of	those	species.	Both	richness	

and	evenness	did	not	significantly	differ	between	MPN	patients	and	healthy	controls	

(Figure	4.1A).	The	most	abundant	bacterial	taxa	found	in	this	cohort	came	from	the	

taxonomic	families	Ruminococcaceae	(mean	32.1%),	Lachnospiraceae	(26.7%),	and	

Bacterioidaceae	(21.7%)	(Figure	4.1B).		

We	next	asked	whether	there	were	specific	taxa	that	differed	between	patients	with	

MPN	and	healthy	controls.	A	random	forest	was	capable	of	distinguishing	between	patients	

with	MPN	and	healthy	controls	using	microbiome	composition	alone	(Figure	4.1C).	While	

several	taxa	informed	the	random	forest	model	(Figure	4.1D),	we	found	an	operational	

taxonomic	unit	(OTU)	from	the	genus	Phascolarctobacterium	was	critical	in	differentiating	

patients	with	MPN	from	healthy	controls.	Furthermore,	gut	microbiomes	from	healthy	

controls	have	significantly	higher	raw	abundances	of	sequence	reads	mapping	to	

Phascolarctobacterium	(Figure	4.1E).	Using	linear	discriminant	analysis	to	confirm	the	

random	forest	results	showing	differential	abundance	of	Phascolarctobacterium	between	

patients	with	MPN	and	healthy	controls	also	revealed	significantly	lower	relative	

abundance	of	Phascolarctobacterium	in	patients	with	MPN	(Figure	S4.1).		Increased	

Phascolarctobacterium	is	associated	with	benefits	that	include	protection	from	Clostridium	

difficile	infection	[3]	and	lower	levels	of	C-reactive	protein	(CRP)	[4].	Further,	decreased	

abundance	of	Phascolarctobacterium	is	observed	in	autoimmune	diseases	such	as	primary	

sclerosing	cholangitis	and	ulcerative	colitis	[5]	and	may	be	associated	with	decreases	in	the	
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short	chain	fatty	acid	propionate	in	the	gut,	which	in	turn	can	influence	inflammation	[6].	

Phascolarctobacterium	may	protect	from	inflammation,	thus	lower	Phascolarctobacterium	

in	MPN	patients	corroborates	a	chronic	inflammatory	state	in	this	disease.	

Changes	in	taxonomic	composition	may	indicate	differences	in	the	functional	

potential	of	microbial	communities.	We	inferred	gene	composition	from	taxonomic	

composition	and	found	the	microbiomes	of	MPN	patients	were	enriched	for	genes	involved	

in	D-Glucuronate	metabolism	(Figure	4.1F).	Changes	in	abundances	of	β-D-glucuronidases	

are	associated	with	colon	cancer	and	other	inflammatory	diseases	[7].		

The	taxonomic	composition	of	gut	microbiomes	within	this	cohort	were	largely	

personalized	(PERMANOVA,	R2	=	0.65,	p	=	0.001),	reflecting	the	individualistic	nature	of	

the	microbiome.	An	MPN	diagnosis	explained	1.7%	(PERMANOVA,	p	=	0.001)	of	the	

between-cohort	variance	in	the	microbiome	(Figure	4.1G),	suggesting	subtle	but	

significant	differences	between	the	microbiomes	of	patients	with	MPN	compared	to	healthy	

controls.	To	contextualize	this	variation,	consider	the	extreme	intervention	of	ileocecal	

resection	in	Crohn’s	disease,	which	explained	5%	of	microbiome	variance	[8].	Other	factors	

are	known	to	shape	microbiome	composition,	such	as	diet	and	cohabitation.	In	the	present	

cohort,	approximately	half	of	the	study	participants	were	cohabitants,	including	nine	MPN	

patient-normal	pairs	and	three	normal-normal	pairs,	comprising	12	different	households.	

Of	the	MPN	patients	and	healthy	subjects	cohabitating,	living	together	explained	50%	of	the	

variance	in	the	microbiome	(Figure	4.1G),	consistent	with	reports	[9]	showing	that	

cohabiting	people	usually	have	the	same	diet,	hygiene,	and	lifestyle,	all	of	which	strongly	

affect	microbiome	composition.		
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Since	MPN	can	be	stratified	into	subtypes	based	on	phenotype,	we	sought	to	

determine	if	there	were	specific	microbial	signatures	between	the	subtypes	measured	in	

our	cohort.	Unsupervised	ordination	analysis	of	MPN	subtypes	showed	that	microbiomes	

of	myelofibrosis	(MF)	patients	had	more	similar	community	composition	than	those	from	

Polycythemia	Vera	(PV)	or	Essential	Thrombocythemia	(ET)	(Figure	4.1H).	However,	

when	the	analysis	was	performed	using	a	supervised	random	forest	(RF)	approach,	distinct	

differences	between	early	(PV/ET)	and	late	stage	(MF)	MPN	were	observed	(Figure	4.1I).	

Moreover,	clustering	from	PV	and	ET	patients	was	dense	whereas	that	from	MF	was	more	

dispersed.	Dysbiotic	individuals	with	a	larger	spread	in	microbial	community	composition	

than	healthy	individuals	has	been	called	the	‘Anna	Karenina	principle’	for	animal	

microbiomes	[10]—paralleling	Leo	Tolstoy's	dictum	that	“all	happy	families	look	alike;	

each	unhappy	family	is	unhappy	in	its	own	way”.	These	data	suggest	that	early	and	late	

stage	subtypes	of	MPN	might	be	differentiated	by	the	composition	of	gut	microbes.		
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Figure	4.1	Characterization	of	the	gut	microbiome	in	patients	with	myeloproliferative	
neoplasms.	(A)	Alpha	diversity	was	averaged	within	individual,	showing	no	significant	differences	
between	health	status	for	richness	(number	of	distinct	operational	taxonomic	units	(OTU))	and	
evenness	(distribution	of	those	species).	(B)	Gut	microbial	families	in	MPN	(top)	and	healthy	
(bottom)	subjects	averaged	within	individual	(numbers	on	top	of	bars).	(C)	Permutated	random	
forest	plot	of	all	samples	from	MPN	and	healthy	individuals,	identifying	(D)	taxa	that	were	
indicative	of	health	status.	(E)	Normalized	number	of	reads	mapping	to	Phascolarctobacterium	sp.	
from	all	samples	of	MPN	patients	and	healthy	individuals.	(F)	Using	Phylogenize	to	identify	
functional	potential	of	the	communities	enriched	among	MPN	patients.	(G)	PERMANOVA	results	
showing	the	significance	and	variance	in	microbiome	composition	explained	by	each	tested	factor.	
(H)	Unsupervised	ordination	of	the	microbiomes	from	patients	with	PV	and	ET	versus	MF,	and	(I)	a	
random	forest	proximity	plot	distinguishing	MPN	sub	status	based	on	the	gut	microbial	community.		
	
	
	

We	sought	to	correlate	plasma	cytokines	with	microbial	composition	in	the	MPN	

cohort.	We	measured	twelve	cytokines	in	a	subset	of	20	individuals	which	included	15	MPN	

patients	and	5	healthy	controls	(Figure	4.2A).	We	found	increased	plasma	concentrations	
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of	TNFα	and	IP10	in	MPN	patients	(Figure	4.2C),	consistent	with	other	studies	[11].	

Notably,	although	a	random	forest	could	clearly	distinguish	MPN	and	healthy	using	the	

microbiome	(Figure	4.1E),	the	classification	suffered	considerably	when	using	only	

cytokine	abundances	(Figure	4.2B).	The	largest	contributing	factor	to	the	cytokine	RF	

model	was	TNFα	(Figure	4.2C),	which	plays	a	critical	role	in	MPN	pathogenesis	by	creating	

an	environment	that	is	conducive	to	the	growth	of	the	neoplastic	clone	[11].	Integrating	the	

microbiome	and	cytokine	data	revealed	associations	between	cytokine-taxa	pairs	(Figure	

4.2D).	We	found	an	association	between	TNFα	and	the	genus	Veillonella	(Figure	4.2D).	

Veillonella	stimulates	TNFα	production	of	peripheral	blood	mononuclear	cells	in	a	dose	

dependent	fashion	[12].	Species	of	Veillonella	have	also	been	implicated	in	Crohn’s	disease	

[13],	highlighting	a	potential	role	in	inflammation.	Using	undirected	Spearman	correlations	

as	an	alternative	way	to	investigate	TNFα	and	the	microbiome,	we	found	the	genus	

Parabacteroides	may	also	be	associated	with	TNFα	production	in	MPN;	however,	this	trend	

was	not	significant	after	correcting	for	multiple	comparisons	(r	=	0.65,	p	=	0.016,	q	=	0.77,	

Supplemental	Figure	4.2).	Interestingly,	one	study	found	a	species	of	Parabacteroides	to	

be	enriched	in	patients	with	colorectal	carcinoma	[14].	Further,	Parabacteroides	abundance	

was	negatively	correlated	with	intake	of	fruits	and	vegetables.	Conceivably,	dietary	

nutrients	such	as	vitamins	and	fiber	may	be	an	important	covariate	in	the	management	of	

inflammatory	diseases	such	as	MPN.	For	example,	low	fiber	diets	are	associated	with	

colonic	inflammation,	and	can	be	lessened	by	switching	to	a	high	fiber	diet	coincident	with	

changes	in	colonic	microbial	metabolism	[15].	Future	studies	should	examine	how	dietary	

interventions	in	MPN	patients	could	be	helpful	to	reduce	inflammation	in	part	via	

modulation	of	the	microbiome.	
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Figure	4.2	Cytokines	and	the	microbiome	in	MPN.	(A)	Heat	map	of	plasma	cytokine	
concentrations	in	a	subset	of	MPN	patients	and	additional	healthy	controls	with	cytokines	scaled	
using	z-scores.	(B)	Random	forest	plot	utilizing	cytokine	profile	to	distinguish	MPN	from	healthy,	
the	dots	represent	the	actual	health	status,	and	the	circles	around	the	dots	represent	the	RF	
classification,	and	(C)	the	cytokines	relied	on	most	heavily	to	make	the	classification	of	MPN	versus	
normal,	particularly	TNFα.	(D)	Grid-fused	LASSO	regression	to	select	microbes	that	best	predicted	
cytokine	abundances	in	MPN	patients	identified	several	OTUs	that	may	have	correlative	
relationships	with	various	cytokines.		
	
	
	

It	is	difficult	to	distinguish	whether	the	microbiome	affects	MPN	initiation	and	

symptoms	or	whether	the	inflammatory	response	to	the	microbiome	is	exaggerated	in	MPN	

as	it	is	widely	influenced	by	multiple	factors.	A	potential	caveat	of	this	study	is	the	

heterogeneity	of	treatments	for	the	individuals	with	MPN;	indeed	we	suspect	different	

medications	will	have	variable	effects	on	the	microbiome.	However,	due	to	the	pilot	nature	

of	this	initial	investigation	we	are	unable	to	confidently	determine	these	differences	and	

surmise	this	is	an	important	avenue	for	future	research.	Furthermore,	therapeutic	



 

66 
 
 

manipulation	of	the	microbiome	using	diet,	probiotics,	or	potentially	fecal	transfer	with	the	

intent	of	reducing	inflammation	in	MPN	remains	unexplored.	Despite	the	limitations	of	this	

initial	pilot	study,	however	this	study	is	an	important	step	in	the	path	to	better	understand	

the	role	of	the	microbiome	in	MPN.	

	
	
Supplemental	Table	and	Figures	

	

	

Supplemental	Table	4.1	Disease	characteristics	of	the	MPN	cohort		
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Supplemental	Figure	4.1	Lefse	(linear	discriminant	analysis)	between	healthy	and	MPN	
individuals	for	all	microbiome	samples.	
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Supplemental	Figure	4.2	(A)	Spearman	correlations	between	TNFα	and	microbial	genera	using	all	
samples	from	patients	with	MPN.	(B)	Scatterplot	of	between	TNFα	and	Parabacteroides.	 	
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CHAPTER	5	

Exploring	the	influence	of	diet	on	the	MPN	gut	microbiome	

	
It	has	been	recognized	that	diet	has	a	direct	impact	in	shaping	the	gut	microbiome.	

The	ingestion	of	high-	fiber	diets,	animal	fats,	and	plant-based	diets	are	associated	with	

distinct	patterns	of	gut	microbiota	composition	[27].	These	microorganisms	are	important	

for	the	development	of	the	host’s	immune	system,	as	mice	lacking	gut	microbes	have	

altered	immune	responses	[28].	Microbiota	dysregulation	(or	dysbiosis)	is	seen	in	different	

inflammatory	conditions	[29]	including	inflammatory	bowel	disease,	rheumatoid	arthritis,	

and	systemic	lupus	erythematosus	indicating	that	manipulating	the	microbiota	may	be	an	

innovative	therapeutic	strategy	for	inflammatory	diseases.	The	focus	of	this	chapter	is	to	

determine	how	the	Mediterranean	diet	influences	the	microbiome	of	MPN	patients.	Stool	

samples	were	used	to	measure	changes	in	the	gut	microbiome	with	the	diets.	We	believe	

that	therapeutically	manipulating	the	intestinal	microbiota	through	an	anti-inflammatory	

diet,	the	Mediterranean	diet,	might	increase	the	overall	bacterial	diversity	and	alter	the	

composition	in	the	MPN	gut	microbiome.	

	

Methods	

	
Collection	of	fecal	samples:		

Study	participants	were	asked	to	provide	a	fecal	samples	from	4	different	

timepoints	(weeks	1,	6,	9	and	15)	stored	in	Zymo	DNA/RNA	shield	preservation	buffer	(Cat.	

#R1101).	Samples	were	frozen	at	-80°C	once	returned.	
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Extraction	of	DNA	from	fecal	samples:		

Fecal	samples	stored	in	DNA/RNA	shield	were	thawed	on	ice,	vortexed	to	

homogenize,	then	1000	uL	of	fecal	slurry	was	extracted	using	ZymoBiomics	DNA	Miniprep	

Kit	(Cat.	#D4300)	according	to	the	manufacturer's	protocol.	Bead	lysis	during	the	

extraction	was	performed	at	6.5	m/s	for	5	minutes	total	(MPBio	FastPrep-24).	

	

Shotgun	library	preparation	and	sequencing:		

Libraries	for	shotgun	sequencing	were	prepared	using	the	Illumina	DNA	prep	kit	

(Cat.	#	20018705),	using	an	adapted	low-volume	protocol	[30].	Briefly,	a	maximum	of	5	uL	

or	50	ng	(whichever	was	reached	first)	of	DNA	from	each	sample	was	tagmented	for	15	min	

at	55°C.	Next,	1.25	uL	of	1	uM	forward	and	1.25	uL	of	1	uM	reverse	barcodes	were	added	to	

each	sample	and	annealed	via	PCR	using	KAPA	HiFi	DNA	Polymerase	(Cat.	#	NC0465187).	

Samples	were	then	pooled	and	cleaned	of	smaller	fragments	using	the	included	sample	

purification	beads	according	to	the	published	protocol.	The	pooled	sample	libraries	were	

quantified	using	Quanti-iT	PicoGreen	dsDNA	(Cat.	#P7589).	Multiple	positive	

(ZymoBIOMICS	Microbial	Community	DNA	Standard,	Cat.	#D6305)	and	negative	

sequencing	controls	were	included	to	identify	potential	contaminants	and	sequencing	bias.	

Libraries	were	shipped	overnight	on	dry	ice	to	Novogene	Corporation	Inc.	(Sacramento,	

CA)	for	sequencing	using	Illumina’s	Hiseq	4000.	An	average	of	2,819,107	+/-	670,543	

paired-end	reads	per	sample,	150	bases	in	length,	were	obtained.	
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OTU	table	generation	and	analysis:		

Raw	data	was	first	cleaned	to	remove	sequencing	adapters	and	artifacts	using	

BBMap	[31].	BBMap	was	also	used	to	demultiplex	and	remove	barcodes	from	samples.	

Sequences	were	quality	filtered	so	that	the	minimum	quality	score	did	not	fall	below	25	

using	PRINSEQ++	[32].	Visualization	of	sequence	quality	was	done	using	FastQC	[33].	

Removal	of	human-derived	reads	was	performed	in	Bowtie2	by	aligning	samples	to	

reference	human	genome	hg38	[34].	Taxonomy	of	the	resulting	sequences	was	

characterized	using	MetaPhlAn3	to	produce	an	OTU	table	[35].	Filtering	of	microbial	

contaminants	was	performed	in	R	v3.6.3	using	the	negative	sequencing	controls.	

Additionally,	microbes	which	appeared	in	the	positive	control,	but	who	were	not	part	of	the	

original	composition,	were	also	removed	from	the	OTU	table.	Richness	and	evenness	

metrics	were	calculated	using	the	Vegan	v2.5-6	package	in	R	[36].	Significance	testing	of	

richness	and	evenness	metrics	was	done	using	a	linear-mixed	effect	model	in	the	nlme	

v3.1-148	package	in	R	[37].	The	adonis	function	in	Vegan	was	used	to	generate	a	Bray-

Curtis	dissimilarity	matrix	and	to	perform	PERMANOVA	significance	testing.	Non-metric	

multidimensional	scaling	of	microbiome	data	was	performed	using	the	metaMDS	function	

in	Vegan.	Plots	were	generated	using	ggplot2	v3.3.0	[38].	The	code	used	for	this	analysis	is	

available	at	https://github.com/Javelarb/MPN_diet_intervention.	
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Results	

	
MPN	subtype	is	associated	with	gut	microbiome	composition:	alpha	diversity	

Since	MPN	can	be	stratified	into	subtypes	based	on	phenotype,	we	sought	to	

investigate	if	either	ET,	MF	or	PV	were	associated	with	changes	in	alpha	diversity	within	

the	gut	microbiome.	We	analyzed	the	number	of	distinct	species	(richness)	and	the	

distribution	(evenness)	of	those	species.	The	richness	in	our	cohort	significantly	decreased	

when	comparing	PV	with	MF,	as	well	as	when	comparing	ET	with	MF,	meaning	that	people	

with	MF	have	a	reduced	total	number	of	unique	species	(Figure	5.1A).	The	evenness	was	

also	decreased	in	participants	with	myelofibrosis	(Figure	5.1B).	This	subtype	of	MPN	

tends	to	be	dominated	by	one	particular	microbe	instead	of	having	a	more	even	

distribution.	

	

MPN	subtype	is	associated	with	gut	microbiome	composition:	beta	diversity	

We	sought	to	determine	if	there	were	specific	microbial	signatures	between	the	

subtypes	measured	in	our	cohort.	Analysis	of	MPN	subtypes	showed	that	microbiomes	of	

myelofibrosis	(MF)	patients	tend	to	be	more	disparate	from	each	other	than	those	from	

polycythemia	vera	(PV)	or	essential	thrombocythemia	(ET).	Although,	the	microbes	of	

patients	with	PV	and	ET	are	also	separating	away	from	each	other	(Figure	5.1C).	

	

Fecal	microbial	community	composition	across	MPN	subtypes	

The	most	abundant	taxonomic	families	among	our	cohort	are	visually	represented	

in	Figure	5.1D.	We	observed	that	each	person’s	microbial	community	composition	appears	
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dissimilar	from	each	other,	but	at	the	same	time	they	look	more	like	their	own	self	during	

the	course	of	the	diet	study.	

	

	

Figure	5.1	MPN	subtype	is	associated	with	gut	microbiome	composition.	(A)	The	number	of	
unique	microbial	species	(richness)	and	(B)	the	evenness	of	the	gut	microbiome	across	MPN	
subtypes.	Each	point	is	one	sample,	with	up	to	four	samples	per	individual.	The	number	of	samples	
per	MPN	subtype	is	shown	in	parenthesis.	Significant	differences	are	labeled	as;	`.`	=	(p	=	0.05),	`*`	=	
(p	<	0.05),	and	`**`	=	(p	<	0.005).	(C)	Non-metric	multidimensional	scaling	of	Bray-Curtis	
dissimilarities	across	MPN	subtypes	to	represent	microbial	composition.	Points	closer	together	are	
more	similar	in	microbial	composition	when	compared	to	points	further	apart.	Points	are	labeled	
by	the	subject	of	origin,	with	up	to	four	samples	per	subject.	(D)	The	relative	abundance	of	the	top	
ten	microbial	families	across	MPN	subtypes	and	diet	types.	Samples	are	grouped	by	subject	over	
time.	The	‘high’	and	‘low’	adherence	labels	indicate	whether	an	individual	had	a	Mediterranean	
adherence	score	of	>	8	or	<	8,	respectively,	for	each	time	point.	
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MPN	subtype	associated	with	depletion	of	specific	microbe	

Next	we	explored	if	there	were	differentially	abundant	microbes	between	the	MPN	

subtypes	and	we	found	significantly	(FDR	<	0.05)		lower	relative	abundance	of	

Faecalibacterium	prausnitzii	in	individuals	with	MF	when	compared	to	those	with	PV	

(Figure	5.2).	These	differences	were	present	at	the	beginning	of	the	trial	and	cannot	be	

attributed	to	the	diet	intervention.	Still,	this	is	an	interesting	finding	that	suggests	that	the	

gut	microbiome	between	MPN	subtypes	is	different.		

F.	prausnitzii	is	one	of	the	most	important	butyrate	(short	chain	fatty	acid)	

producers	found	in	the	intestine	[39,	40].	This	anti-inflammatory	compound	has	a	crucial	

role	in	maintaining	intestinal	barrier	integrity	and	host	wellbeing.	Butyrate	is	the	main	

source	of	energy	for	the	colonocytes	and	it	has	protective	properties	against	colorectal	

cancer	(CRC)	and	inflammatory	bowel	diseases	[41,	42].	In	addition,	butyrate	can	have	

beneficial	effects	on	glucose	and	energy	homeostasis	by	activating	intestinal	

gluconeogenesis	[43].		

Transplantation	of	F.	prausnitzii	has	been	shown	to	be	an	effective	therapeutic	

approach	for	diabetes	and	its	complications	[44].	On	the	other	hand,	low	abundance	of	this	

microbe	has	been	associated	with	increased	inflammatory	processes	and	atherosclerosis.	F.	

prausnitzii	may	have	a	protective	effect	from	inflammation,	thus	lower	F.	prausnitzii	in	MF	

patients	corroborates	a	chronic	inflammatory	state	in	this	particular	subtype	of	MPN.	
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Figure	5.2	F.	prausnitzii	is	differentially	abundant	between	MPN	subtypes.	F.	prausnitzii	was	
significantly	depleted	in	myelofibrosis	when	compared	to	polycythemia	vera.	
	

	
Conclusions	

	
Our	findings	suggest	that	early	and	late	stage	subtypes	of	MPN	might	be	

differentiated	by	the	composition	of	intestinal	microbes.	Participants	from	our	trial	with	

myelofibrosis	had	reduced	microbial	diversity	as	well	as	a	significant	depletion	of	F.	

prausnitzii	in	their	gut.	It	is	interesting	that	in	two	independent	studies	we	found	that	the	

MF	population	was	different	from	ET	and	PV	patients.	A	possible	explanation	for	this	

observation	could	be	that	patients	bearing	this	disease	have	the	most	inflammation	in	their	

guts	of	the	two	MPN	subtypes.	This	further	highlights	that	myelofibrosis	is	a	different	and	

more	serious	disease	than	PV	or	ET.		
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CHAPTER	6	

Creation	of	a	mouse	model	that	represents	CHIP	to	test	the	impact	of	a	

high	fat	diet	on	expansion	of	CHIP	mutant	cells	

	

Abstract	

	

Clonal	hematopoiesis	of	indeterminate	potential	(CHIP)	is	the	presence	of	cells	with	

mutations	in	the	blood	that	are	also	seen	in	hematologic	malignancies,	but	in	a	

hematologically	normal	person.	CHIP	is	common	in	the	aging	population,	with	up	to	20%	of	

people	over	the	age	of	60	having	CHIP.	CHIP	may	progress	to	an	overt	hematologic	

malignancy	and	also	has	non-cancer	consequences	such	as	increased	inflammation	leading	

to	accelerated	atherosclerosis.	Lifestyle	choices	such	as	smoking	behavior	is	associated	

with	an	increased	risk	of	CHIP.	We	hypothesize	that	diet	may	also	impact	the	emergence	of	

CHIP	and	its	progression	to	hematologic	malignancy.	Specifically,	high	inflammatory	diets	

may	increase	one’s	risk	of	CHIP,	and	low	inflammatory	diets	such	as	a	Mediterranean	diet	

may	reduce	one’s	risk	of	CHIP.	Genetic	mouse	models	exist	for	common	CHIP	mutations,	

such	as	Tet2,	Dnmt3a,	Asxl1,	and	Jak2.	However,	these	genetic	models	do	not	accurately	

recapitulate	human	CHIP	where	only	a	small	percentage	of	cells	is	mutant	in	the	context	of	

wild-type	cells.	Here,	we	develop	a	more	physiologically	relevant	CHIP	model	using	

transplantation	into	minimally	irradiated	donors	and	test	the	impact	of	a	high	fat	diet,	a	

common	high	inflammatory	diet,	in	these	mice.	
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Introduction	

	
Clonal	hematopoiesis	of	Indeterminant	Potential	(CHIP)	is	a	newly	described	

phenomenon	whereby	cells	with	mutations	associated	with	hematologic	malignancies	are	

present	in	people	without	apparent	hematologic	abnormalities	[45-49].	CHIP	is	likely	a	

requisite	precursor	to	hematologic	malignancy	but	only	a	fraction	of	people	with	CHIP	will	

go	on	to	develop	a	hematologic	malignancy.	The	incidence	of	CHIP	increases	with	age,	it	is	

present	in	10-15%	of	people	over	65	[45].	In	CHIP,	pre-existing	mutant	clones	expand	only	

when	they	gain	a	selective	advantage	in	the	context	of	an	aged	HSC	pool.	CHIP	is	more	

common	in	current	and	former	smokers	[45,	50]	implicating	a	role	for	lifestyle	choices	in	

CHIP	development.	

Diet	is	emerging	as	a	potential	determinate	of	CHIP.	An	ongoing	cohort	study	using	

longitudinal	data	from	over	44,000	participants	in	the	UK	Biobank	examined	whole-exome	

sequencing	data	and	survey-based	information	on	health-associated	behaviors	of	people	in	

the	United	Kingdom.	Results	from	this	study	suggested	that	unhealthy	diet	quality	may	be	

associated	with	a	higher	prevalence	of	CHIP	and	higher	rates	of	adverse	cardiovascular	

events	and	death	independent	of	CHIP	status	[51].	Another	study,	the	Women's	Health	

Initiative	(WHI),	analyzed	deep-coverage	whole	genome	sequencing	of	8,709	

postmenopausal	women	who	were	free	of	cancer	or	cardiovascular	disease.	Across	

individual	lifestyle	factors,	a	normal	body	mass	index	was	associated	with	a	lower	

prevalence	of	CHIP	[52].	These	findings	support	the	idea	that	lifestyle	choices	such	as	diet	

impact	the	selective	outgrowth	of	CHIP	mutant	hematopoietic	cells.	
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The	most	common	CHIP	mutations	in	descending	order	are	in	the	genes	DNMT3A,	

TET2,	ASXL1,	TP53,	and	JAK2,	and	mouse	models	are	available	for	all	of	them.	A	fraction	of	

mice	bearing	mutations	in	DNMT3A	and	TET2	develop	spontaneous	hematologic	

malignancies	[53,	54],	and	TET2	and	DNMT3A	cell	outcompete	wild-type	hematopoietic	

cells	in	competitive	repopulation	assays.	Experimentally	induced	inflammatory	stressors	

such	as	exogenous	TNFα	enhances	the	selective	advantage	of	CHIP	mutant	cells	[55].	

Chronic	inflammation	induces	the	production	of	reactive	oxygen	species	(ROS)	leading	to	

DNA	damage	and	HSC	exhaustion	[10].	We	hypothesize	that	inflammation	induced	ROS	

may	be	responsible	for	the	selection	of	CHIP	mutant	cells	by	reducing	the	fitness	of	their	

wild-type	counterparts.	

Tet2	knockout	mouse	models	have	been	generated	to	study	the	function	of	TET2	in	

vivo.	As	early	as	2-4	months	of	age,	Tet2−/−	mice	can	display	a	disordered	hematopoiesis	

and	resemble	characteristics	of	CMML,	indicated	by	monocytosis/neutrophilia,	

hepatosplenomegaly,	and	increased	cellularity	in	the	bone	marrow	(BM)	[53].	Competitive	

transplant	assays	have	shown	that	hematopoietic	stem	cells	(HSC)	harboring	Tet2	

mutations	have	a	growth	advantage	when	compared	to	normal	HSC	[56].	Zhe	Li	et	al.	

demonstrated	that	transplantation	of	TET2-/-	BM	cells	led	to	increased	white	blood	cell	

(WBC)	counts,	monocytosis,	and	splenomegaly	in	WT	recipient	mice	[53].	Tet2	mutations	

on	their	own	are	not	enough	to	cause	AML	in	mice,	implying	that	perhaps	other	mutations	

and/or	environmental	stressors	are	necessary	for	their	selective	advantage	leading	to	the	

development	of	leukemias	[57].		

An	inflammatory	environment	originated	by	external	factors,	infections,	

autoimmunity	and	aging	may	cause	mutations	and	genomic	instability	in	somatic	cells.	
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Inflammation	can	also	modulate	the	tumor	microenvironment	through	angiogenesis	and	

the	expression	of	chemokines	and	cytokines	[57].	Cai	et	al.	studied	if	TET2-/-hematopoietic	

stem	and	progenitor	cells	(HSPCs)	produce	inflammatory	cytokines	and	how	they	respond	

to	an	inflammatory	challenge.	Their	findings	show	that	serum	IL-6	levels	and	the	

expression	of	IL-6	are	significantly	upregulated	in	TET2-/-	HSPCs	with	or	without	LPS	

stimulation,	suggesting	that	TET2-/-HSPCs	are	powered	with	a	selection	advantage	under	

conditions	of	inflammation-induced	stress.	In	vitro	studies	from	Abegunde	et	al.	show	that	

TET2-deficient	murine	and	human	macrophages	are	hyperinflammatory.	This	phenotype	

arises	on	chronic	TNFα	exposure	and	is	associated	with	myeloid	biasing	and	resistance	to	

apoptosis	[55].	Their	evidence	suggests	that	Tet2	mutations	promote	clonal	dominance	

with	aging	by	conferring	TNFα	resistance	to	hematopoietic	progenitors	while	also	

propagating	such	an	inflammatory	environment	[58].		

The	main	objective	of	this	chapter	is	to	assess	the	impact	of	an	inflammatory	high-

fat	diet	(HFD)	on	the	clonal	expansion	of	malignant	myeloid	cells,	specifically	TET2	

knockout	(TET2-/-)	cells.	A	study	looking	at	the	effects	of	diet-induced	obesity	in	mice	

concluded	that	HSCs	were	negatively	altered	as	it	promoted	the	expansion	of	pro-

inflammatory	myeloid	cell	production	from	the	bone	marrow	[59].	We	hypothesize	that	an	

unhealthy	high	fat	diet	will	create	an	inflammatory	environment	that	will	allow	for	the	

clonal	expansion	of	malignant	cells.	Moreover,	we	reasoned	that	intervention	with	an	

antioxidant	such	as	N-acetylcysteine	will	suppress	oxidative	stress	and	inflammation,	thus	

restraining	the	outgrowth	of	mutant	cells.		
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Materials	and	Methods	

	

Mice	

All	animal	procedures	were	performed	under	approval	of	the	Institutional	Animal	

Care	and	Use	Committee	at	the	University	of	California,	Irvine.	The	TET2	knockout	mutant	

mice	were	obtained	from	The	Jackson	Laboratory	(TET2	,	JAX	stock	#023359).	Mouse	

genotyping	was	performed	with	PCR	reaction	per	the	protocols		provided	from	The	Jackson	

laboratory.	Complete	blood	counts	were	measured	using	the	ABCVet	Hemalyzer	(scil,	

Viernheim,	Germany)	using	blood	diluted	1:1	with	100mM	EDTA.	Spleen	and	liver	weights	

were	recorded	upon	sacrifice	or	death.	

	

Diets	

Diets	were	purchased	from	Research	Diet	Inc.	We	used	the	rodent	diet	D12450B,	

which	is	a	type	of	control	diet	with	10	kcal%	from	fat	(low	fat).	Fat	is	distributed	the	

following	way:	from	soybean	oil,	USP	(25.00	g),	lard	(20.00	g).	The	rodent	diet	D12451	

causes	metabolic	disease	and	has	45	kcal%	from	fat	(high	fat).	Fat	is	distributed	the	

following	way:	from	lard	(177.50	g),	soybean	oil,	USP	(25.00	g).		

	

N-AC	water	

For	N-AC	treatment,	mice	were	given	drinking	water	with	2gm/L	N-AC	(Bulk	

Supplements,	Henderson,	NV)	beginning	at	16	weeks	post-transplant	and	this	was	

replenished	weekly.	
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Flow	Cytometry	

Flow	cytometry	for	chimerism	of	mature	cells	in	peripheral	blood	was	performed	

using	CD45.1	and	CD45.2	antibodies.	Data	was	acquired	on	the	BD	Accuri	C6	(BD	

Biosciences,	San	Jose	CA).			

	

Competitive	transplants	

Whole	bone	marrow	was	harvested	from	both	femurs	and	tibias	of	donor	mice	

(CD45.1/CD45.1/2).	RBCs	were	lysed	with	Ammonium-Chloride-Potassium	(ACK)	buffer,	

washed,	then	cells	were	stained	for	30	minutes	on	ice.	B6.SJL-Ptprca	Pepcb/Boy	(BoyJ,	

CD45.1)	mice	were	purchased	from	The	Jackson	Laboratory.	Recipient	mice	(CD45.2)	were	

minimally	irradiated	with	50cGy	the	day	of	transplantation.	To	develop	chimeric	mice,	

donor	whole	bone	marrow	cells	from	WT	C57B6	or	TET2		knockout	mice	

(CD45.1/CD45.1/2)	were	mixed	in	a	ratio	of	50:50	(5x106	each)	with	competitor	cells	

(CD45.1/CD45.1/2)	and	injected	intravenously	into	irradiated	recipients.	Peripheral	blood	

was	collected	at	monthly	intervals	to	assess	the	donor	cell	engraftment.	

	

Statistical	Analysis	

All	statistical	analyses	were	performed	using	Graphpad	Prism	version	9.0	(Graphpad,	La	

Jolla,	CA,	USA).	

	

	

	

	



 

83 
 
 

Results	

	

Development	of	CHIP	model	with	a	low	percentage	of	CHIP	mutant	cells	

Genetic	mouse	models	are	readily	available	for	the	most	common	CHIP	mutations.	

In	these	models	all	hematopoietic	cells	bear	the	CHIP	mutations.	However,	in	human	CHIP	

only	a	small	percentage	of	cells	bear	the	CHIP	mutation.	Because	our	central	purpose	is	to	

test	how	modulation	of	inflammation	through	diet	may	impact	the	competition	between	

CHIP	mutant	and	WT	hematopoietic	cells	we	needed	to	develop	a	system	in	which	only	a	

small	percentage	of	cells	bear	the	CHIP	mutation.	Therefore,	we	established	

transplantation	models	to	recapitulate	human	CHIP	bearing	TET2	and	DNMT3A	mutations.	

We	chose	to	use	the	recently	established	Dnmt3aR878H	mouse	line	(B6(Cg)-

Dnmt3atm1Trow/J,	JAX	stock#	032289)	rather	than	Dnmt3aKO	mice	because	the	

Dnmt3aR878H	line	recapitulates	the	common	DNMT3AR822H	hotspot	mutation	seen	in	human	

CHIP.	We	performed	competitive	repopulation	assays	both	with	TET2-/-(Figure	6.1A)	and	

Dnmt3aR878H	(Figure	6.1B)	donors	at	a	1:1	ratio	of	mutant:WT	whole	bone	marrow.	We	

conditioned	recipient	mice	with	either	800cGy	(lethal	dose	for	C57B/6	mice)	which	clears	

the	bone	marrow	for	full	engraftment	of	the	donor	cells	or	50cGy	which	does	not	obliterate	

the	recipient’s	bone	marrow	but	allows	for	a	small	amount	of	engraftment	from	donor	cells.	

The	modest	engraftment	of	mutant	cells	into	recipients	conditioned	with	50cGy	irradiation	

achieved	our	goal	of	a	small	percentage	of	mutant	cells	in	the	blood.	
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Figure	6.1	Engraftment	of	CHIP	mutant	cells	can	be	modulated	by	altering	the	intensity	of	
recipient	irradiation.	TET-/-	(A)	and	Dnmt3aR878H	(B)	whole	bone	marrow	cells	were	injected	at	a	
1:1	ratio	along	with	WT	bone	marrow	cells	into	mice	conditioned	with	either	800cGy	or	50cGy	X-
ray	irradiation.	The	percentage	of	mutant	cells	was	followed	in	the	blood	over	6	months.	
	

	

Testing	the	impact	of	a	high	fat	diet	(HFD)	and	the	anti-oxidant	N-Acetylcysteine	(N-

AC)	on	the	selection	of	TET2-/-	mutant	cells	

We	transplanted	TET2-/-	whole	bone	marrow	into	50cGy	to	determine	how	diet	

may	impact	the	selection	of	mutant	cells.	Moreover,	we	also	wanted	to	investigate	how	the	

antioxidant	N-AC	would	impact	the	trajectory	of	TET2-/-	mutant	cells.	The	C57B6	mouse	

model	is	ideal	for	competitive	repopulation	assays.	The	standard	C57B6	strain	has	the	

CD45.2	haplotype.	PepBoy	mice	have	the	CD45.1	haplotype	but	otherwise	are	congenic	

with	C57B6	mice.	CD45.2	C57B6	and	CD45.1	PepBoy	mice	can	be	bred	to	create	CD45.1/2	

heterozygotes.	Therefore,	this	system	allows	one	to	easily	distinguish	three	different	

sources	of	cells	in	a	competitive	repopulation	assay.	We	backcrossed	our	TET2-/-	into	

CD45.2,	CD45.1,	and	CD45.1/2	backgrounds	to	give	us	more	flexibility	for	transplant	

planning.		



 

85 
 
 

We	transplanted	TET2-/-	mice	from	either	a	CD45.1	or	CD45.1/2	background	along	

with	wild-type	cells	from	a	CD45.1/2	or	CD45.1	background,	respectively	into	CD45.2	mice	

which	were	conditioned	with	50cGy	X	ray	irradiation	(Figure	6.2).	

	

	
Figure	6.2	Experimental	Design	for	the	TET2-/-	transplantation	experiments.	(A)	
Transplantation	schematic,	(B)	Representative	flow	cytometry	plot	in	the	case	where	TET2-/-	is	in	
a	CD45.1/2	background.		
	
	
	

Mice	rested	for	16	weeks	post-transplant	before	starting	the	HFD	and	N-AC	

treatment.	N-acetylcysteine	(N-AC)	is	an	antioxidant	agent	that	comes	from	the	amino	acid	

L-cysteine.	It	has	been	approved	by	the	FDA	for	the	use	in	acetaminophen	(Tylenol)	

overdose.	Investigations	from	our	lab	demonstrated	that	in	a	murine	model	of	MPN,	N-AC	

reduced	thrombus	formation	in	vivo	and	improved	the	animal’s	survival	[60].	Other	studies	

have	shown	that	N-AC	has	a	thrombolytic	effect	on	arterial	thrombi	[61],	as	well	as	proven	
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to	reduce	the	formation	of	platelet-leukocyte	aggregates	(PLAs)	in	a	model	of	experimental	

diabetes	[62].	In	accordance	with	its	anti-inflammatory	properties,	oral	N-AC	treatment	in	

hemodialysis	patients	during	a	3	month	period	significantly	decreased	serum	levels	of	hs-

CRP	(22.4	vs.	5.2),	IL-6	(8.1	vs.	3.6),	parathyroid	hormone	(iPTH)	(257.2	vs.	158.8),	ferritin	

(632.0	vs.	515.1)	and	erythrocyte	sedimentation	rate	(ESR)	(54.2	vs.	38.3).	The	N-AC	was	

supplemented	in	the	drinking	water	at	a	concentration	of	2gm/L.	Fresh	N-AC	water	was	

replaced	once	weekly.	Below	is	a	scheme	of	or	experimental	setup	(Figure	6.3).	

Figure	6.3	In	vivo	competitive	bone	marrow	transplant	testing	HFD	and	supplementation	
with	N-AC	water.	
	

	

Trajectory	of	TET2-/-	mutant	cells	over	time	

We	collected	peripheral	blood	monthly	and	measured	the	percentage	of	TET2-/-	

cells	by	flow	cytometry	(Figure	6.4).	We	noted	that	the	selective	advantage	of	TET2-/-	
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differed	in	the	CD45.1	(Figure	6.4A)	versus	the	CD45.1/2	(Figure	6.4B)	background.	

Exposure	groups	were	designated	randomly,	however,	as	shown	in	Figure	6.4,	there	was	

inherent	differences	in	the	percentage	of	TET2-/-	cells	between	groups.	Therefore,	we	

calculated	the	fold	change	in	TET2-/-	from	the	beginning	to	the	end	of	the	exposure	period	

for	each	mouse	(Figure	6.5).		

	
	
Figure	6.4	Trajectory	of	TET2-/-	cells	in	the	peripheral	blood.	The	percentage	of	TET2-/-	cells	
from	a	CD45.1	(A)	and	CD45.1/2	(B)	background	were	followed	monthly	in	the	peripheral	blood	of	
transplanted	mice.	
	

	

	

	
	
	
	
	
	
	
	
	
	
	
Figure	6.5	Fold	change	in	the	percentage	of	TET2-/-	cells	from	month	4	(beginning	of	the	
exposure	period)	to	month	9	(end	of	the	exposure	period).	No	significant	difference	were	found	
between	any	of	the	groups.	
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When	comparing	the	fold	change	in	TET2-/-	cells	from	the	beginning	to	the	end	of	

the	exposure	period	we	did	not	detect	any	differences	between	groups.		

Because	HFD	induces	weight	gain,	and	increased	adipose	tissue	is	pro-inflammatory	

,	we	also	measured	weights	in	the	cohort.	Interestingly,	at	the	6-12	week	time	points	mice	

on	HFD	+	N-AC	gained	less	weight	than	mice	on	HFD	+	regular	water	(Figure	6.6).	

		

	

	

	

	

	

	

	
Figure	6.6	N-AC	diminishes	HFD	induced	weight	gain.	Mice	were	weighed	approximately	weekly	
starting	at	the	time	HFD	and	N-AC	were	introduced.	
	

	

Discussion	

	
Here,	we	adapted	available	genetic	mouse	models	bearing	mutations	commonly	

seen	in	human	CHIP	to	be	a	more	physiologic	representation	of	CHIP.	Our	goal	was	to	

create	a	transplant	model	with	a	fraction	of	mutant	cells,	this	will	allow	us	to	test	whether	

specific	experimental	interventions	augment	or	decrease	the	selective	advantage	of	CHIP	

mutant	cells.	As	expected,	TET2-/-	cells	have	a	stronger	selective	advantage	than	Dnmt3a	

mutant	cells	(Figure	1).	For	future	experiments	we	can	further	modulate	the	number	of	
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mutant	cells	injected	as	well	as	titrate	the	irradiation	dose	to	alter	the	desired	percentage	

of	mutant	cells	in	the	blood.	

We	did	not	find	that	HFD	nor	N-AC	had	a	significant	impact	on	the	trajectory	of	

TET2-/-	cells.	We	are	also	moving	on	now	to	test	the	impact	of	HFD	on	other	CHIP	mutants	

such	as	DNMT3A	and	JAK2.	We	used	a	moderate	high	fat	diet	(45%	kcal	from	fat),	it	is	

possible	that	a	higher	fat	diet	is	required	to	induce	sufficient	inflammation	to	increase	the	

selection	of	CHIP	mutant	cells.	Other	possibilities	are	that	a	longer	exposure	is	required	to	

observe	the	impact	of	diet	on	selection	of	CHIP	mutant	cells.		

Although	we	did	not	find	that	N-AC	impacted	the	trajectory	of	TET2-/-	mutant	cells,	

we	did	observe	less	weight	gain	in	mice	on	a	HFD	+	N-AC.	Whether	this	reduction	in	weight	

gain	is	due	to	less	consumption	of	food	when	on	N-AC	water,	increased	physical	activity,	or	

some	other	mechanism	remains	to	be	seen	but	will	be	followed	up	on.	
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SUMMARY	AND	CONCLUSIONS	

	
The	NUTRIENT	trial	is	a	feasibility	study	to	evaluate	if	MPN	patients	are	able	to	

follow	a	healthy	diet	when	given	written	curriculum	and	verbal	information,	and	to	explore	

whether	a	diet	rich	in	anti-inflammatory	properties	(Mediterranean	diet),	can	improve	

MPN	symptoms.	The	overreaching	goal	of	this	project	is	to	target	inflammation	in	MPN	

using	non-pharmacologic	approaches,	primarily	in	a	clinical	trial	setting	seeking	to	reduce	

inflammation,	modulate	related	symptom	burden,	and	possibly	blunt	disease	progression.		

Overall,	being	this	the	first	dietary	intervention	among	the	MPN	population,	our	

main	purpose	was	to	collect	data	to	design	subsequent	studies	which	will	test	the	impact	of	

diet	on	a	larger	group	of	MPN	patients.	This	study	was	not	powered	to	detect	changes	in	

the	symptom	burden	or	inflammatory	cytokine	levels,	however	these	measurements	will	

help	guide	our	power	calculation	for	subsequent	studies.	

We	concluded	that	older	MPN	patients	are	as	capable	to	complete	the	online	

assignments	as	the	younger	ones.	Sending	email	reminders	was	effective	for	most	

participants	to	engage,	although	some	needed	more	than	one	reminder	to	answer	the	

surveys.	The	number	of	reminders	did	not	differ	much	between	males	and	females	nor	was	

it	higher	for	one	diet	group	compared	with	the	other,	meaning	that	participants	regardless	

of	their	gender	showed	similar	enthusiasm	for	both	of	the	diets	offered.		

Geography	was	a	limitation	for	this	study.	Participants	who	were	not	from	southern	

California	were	not	as	compliant	towards	the	end	of	the	study,	failing	to	complete	the	

assignments	on	time,	not	mailing	back	their	fecal	samples	and	cancelling	appointments.	
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Surprisingly,	patients	who	came	across	the	NUTRIENT	study	through	our	website,	were	

more	responsive	and	engaged	than	those	recruited	by	the	research	team	in	the	field.		

Another	limitation	to	our	pilot	study	was	the	number	of	enrolled	patients	who	had	a	

moderate	to	low	symptom	burden.	It	was	hard	to	evaluate	the	anti-inflammatory	effect	of	

the	diet	on	symptom	burden	when	patients	weren’t	highly	symptomatic	to	begin	with.	For	

future	studies	we	propose	to	screen	potential	trial	candidates	with	high	symptom	burden	

in	order	to	appreciate	the	change	in	MPN	symptom	score	during	the	dietary	intervention.	

Yet	a	third	limitation	was	including	participants	who	at	baseline	were	highly	

adherent	to	the	Mediterranean	diet	in	conformity	with	a	MEDAS	≥8.	We	observed	that	at	

week	2	(before	the	intervention	phase),	almost	60%	of	the	patients	in	the	Mediterranean	

group	were	already	adherent	as	compared	to	less	than	20%	of	the	participants	in	the	USDA	

group.	This	establishes	that	there’s	a	need	to	have	the	starting	point	better	defined	to	avoid	

preexisting	adherence	to	the	Mediterranean	diet	in	either	group.		

We	also	saw	that	there	was	a	slight	decrease	in	the	percentage	of	patients	who	were	

adherent	to	de	Mediterranean	diet	towards	the	end	of	the	intervention	phase,	suggesting	

that	incorporation	of	some	sort	of	extra	stimulus	is	needed,	such	as	ongoing	active	dietitian	

counseling	to	maintain	the	interest.	

During	the	intervention	phase	we	noticed	an	increase	in	the	amount	of	USDA	group	

participants	who	were	adherent	to	the	Mediterranean	diet.	This	could	be	because	many	of	

the	recommendations	overlap	(whole	grain,	fruit,	vegetables,	nuts/seeds)	in	both	food	

pyramids,	or	we	also	hypothesized	that	this	could	be	due	to	a	“game	effect”	in	which	

patients	might	have	gotten	clues	of	the	type	of	food	they	should	be	eating	from	the	MEDAS	

questionnaire	and	they	tried	to	raise	their	score	thinking	they	would	do	better.	Considering	
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this	we	should	rephrase	our	patient	reported	outcome	survey	design	as	to	not	reveal	the	

components	of	the	Mediterranean	diet	that	will	gain	“points”	on	the	survey.		Another	

approach	would	be	to	estimate	the	Healthy	Eating	Index	(HEI)	score	calculated	from	the	

ASA24®	food	recalls	and	compare	that	score	over	time	in	the	USDA	group.	

Removal	of	week	3	from	all	data	sets	was	necessary	since	not	all	of	the	patients	had	

started	the	diet	intervention	as	originally	planned	due	to	scheduling	conflicts	with	the	

dietitian.	Therefore,	some	patients	had	their	first	dietician	visit	at	the	week	3	time	point	

and	others	had	not.	Patients	reported	back	to	us	once	they	had	attended	their	consult.	A	

more	strict	scheduling	criteria	with	the	dietician	is	needed	for	subsequent	studies.	A	

follow-up	phone	call	on	weeks	5	and	7	was	part	of	this	study.	However,	this	wasn’t	possible	

for	all	study	subjects.	Enforcing	the	need	for	the	follow	up	visits	and	administering	them	

via	zoom	rather	than	telephone	may	increase	the	compliance	with	follow	up	visits	for	

future	studies.		

Participants	donated	urine	samples	during	4	timepoints.	We	originally	had	planned	

to	use	them	as	an	objective	measure	of	adherence	to	the	Mediterranean	diet	by	quantifying	

the	total	polyphenol	excretion	(TPE).	This	is	done	by	mass	spectrometry	and	was	beyond	

the	scope	of	our	study.	Nevertheless,	these	samples	were	stored	for	future	use.		

Though	the	Mediterranean	diet	did	not	have	a	greater	effect	than	the	USDA	diet	on	

specific	MPN	symptoms	as	we	had	predicted,	overall	the	dietary	intervention	led	to	a	

reduced	symptom	burden	in	both	groups.	This	is	still	a	positive	result	as	MPN	patients	

would	benefit	from	using	diet	as	a	medical	nutritional	therapy.		

Also,	no	obvious	impact	of	the	diet	intervention	was	detected	in	relation	to	the	

change	in	blood	counts,	calorie	intake	and	weight.	Although	weights	were	measured	at	
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every	visit,	this	nutritional	intervention	was	not	geared	towards	weight	loss,	but	rather	

mere	healthy	eating	and	maintaining	the	weight.	The	body	mass	index	(BMI)	is	a	more	

informative	measure	in	nutrition	studies.	Height	should	also	be	measured	in	consequent	

studies	to	calculate	the	BMI.	

We	looked	at	vitamins	and	antioxidants	that	are	abundant	in	a	Mediterranean	style	

dietary	pattern.	We	were	interested	in	knowing	whether	they	were	different	and	we	

identified	that	all	the	groups	increased	their	intake	targets	regardless	of	the	specific	diet.	

This	result	supports	that	dietary	counseling,	regardless	of	the	specific	diet	counseled,	may	

improve	vitamin	intake	and	lead	to	a	general	improvement	in	one’s	diet.	

We	detected	no	significant	changes	in	hs-CRP	and	the	5	cytokines	quantified	by	our	

panel.	We	will	need	a	much	larger	cohort	of	patients	to	detect	a	difference	in	these	

inflammatory	biomarkers,	and	a	longer	intervention	period	may	be	necessary.	For	future	

studies,	perhaps	a	more	sensitive	ways	to	assess	inflammatory	markers	would	be	through	

metabolomics.	

In	our	studies	to	identify	the	influence	of	the	Mediterranean	diet	on	the	MPN	gut	

microbiome	we	interestingly	found	Faecalibacterium	prausnitzii,	an	anti-inflammatory	

microbe	to	be	significantly	decreased	in	myelofibrosis	patients	at	the	start	of	the	nutrition	

trial	when	compared	to	those	with	essential	thrombocythemia.	This	fiber	degrading	

microbe	is	involved	in	butyrate,	a	short	chain	fatty	acid	production	in	the	gut.	We	

concluded	that	in	our	cohort,	more	inflammation	translated	into	reduced	diversity,	but	

could	diversity	be	an	established	read	out	for	inflammation	in	MPN	patients?	Could	the	

decrease	in	F.	prausnitzii	be	predictive	of	ET	and	PV	people	who	would	eventually	

transition	to	MF?		
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From	this	trial	we	also	learned	that	characterizing	the	participant’s	microbiome	at	

the	beginning	of	the	study	is	important.	We	could	potentially	use	the	microbiome	as	a	

screening	tool	by	identifying	a	signature	with	specific	taxa.	

Finally,	we	need	to	address	that	there	are	caveat	regional	differences.	It	is	difficult	to	

recapitulate	Mediterranean	diet	in	the	Unites	States	because	the	method	used	to	process	

grains	is	very	different	from	the	Mediterranean	countries.	Overall,	the	outcome	of	this	diet	

study	is	to	inform	the	design	of	following	studies.		
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