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Abstract
Fabry	disease	 (FD)	 is	a	 rare	X-	linked	disorder	of	 lipid	metabolism,	characterized	by	
the	accumulation	of	globotriaosylceramide	(Gb3)	due	to	defective	the	lysosomal	en-
zyme,	α-	galactosidase.	Gb3	deposits	activate	immune-	mediated	systemic	inflamma-
tion,	ultimately	 leading	to	 life-	threatening	consequences	 in	multiple	organs	such	as	
the	heart	and	kidneys.	Enzyme	replacement	therapy	 (ERT),	 the	standard	of	care,	 is	
less	effective	with	advanced	tissue	injury	and	inflammation	in	patients	with	FD.	Here,	
we	showed	 that	MCP-	1	and	TNF-	α	 cytokine	 levels	were	almost	doubled	 in	plasma	
from	ERT-	treated	FD	patients.	Chemokine	receptor	CCR2	surface	expression	was	in-
creased	by	twofold	on	monocytes	from	patients	with	low	eGFR.	We	also	observed	
an increase in IL12B transcripts in unstimulated peripheral blood mononuclear cells 
(PBMCs)	over	a	2-	year	period	of	continuous	ERT.	Apabetalone	is	a	clinical-	stage	oral	
bromodomain	and	extra	terminal	protein	inhibitor	(BETi),	which	has	beneficial	effects	
on	cardiovascular	and	kidney	disease	related	pathways	including	inflammation.	Here,	
we	demonstrate	that	apabetalone,	a	BD2-	selective	BETi,	dose	dependently	reduced	
the	production	of	MCP-	1	and	IL-	12	in	stimulated	PBMCs	through	transcriptional	regu-
lation	of	their	encoding	genes.	Reactive	oxygen	species	production	was	diminished	by	
up	to	80%	in	stimulated	neutrophils	following	apabetalone	treatment,	corresponding	
with inhibition of NOX2	 transcription.	 This	 study	 elucidates	 that	 inhibition	 of	 BET	
proteins	by	BD2-	selective	apabetalone	alleviates	inflammatory	processes	and	oxida-
tive	stress	in	innate	immune	cells	in	general	and	in	FD.	These	results	suggest	potential	
benefit	of	BD2-	selective	apabetalone	in	controlling	inflammation	and	oxidative	stress	
in	FD,	which	will	be	further	investigated	in	clinical	trials.
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1  |  INTRODUC TION

Fabry	 disease	 (FD)	 is	 a	 rare	 X-	linked	 lysosomal	 storage	 disorder	
caused by mutations in the GLA gene encoding the lysosomal en-
zyme	 α-	galactosidase	 A	 (α-	GAL).1 These mutations result in defi-
cient α-	GLA	 activity	 and	 accumulation	 of	 globotriaosyceramide	
(also	known	as	Gb3)	and	globotriaosylsphingosine	(lyso-	Gb3)	in	var-
ious	tissues	and	cell	types.	Gb3	deposits	activate	pathogenic	mech-
anisms	such	as	harmful	pro-	inflammatory	responses	and	oxidative	
stress,2,3	subsequently	leading	to	tissue	injury	in	organs	throughout	
the	body	including	the	heart	and	kidneys.	Cardiovascular	and	renal	
dysfunction,	which	commonly	manifest	as	cardiac	hypertrophy	and	
a	decline	in	eGFR	respectively,	remain	the	leading	causes	of	death	
in	FD.4,5	Enzyme	replacement	 therapy	 (ERT),	 the	standard	of	care	
for	nearly	20	years,6,7	reduces	Gb3	levels	and	improves	clinical	out-
comes in the short term.8,9	However,	ERT	is	less	effective	when	tis-
sue injury has developed and abnormal immune responses persist.2

Activation	of	the	innate	component	of	the	immune	system	by	
Gb3	through	Toll-	like	receptor	4	(TLR4)	triggers	pro-	inflammatory	
responses	 in	 FD.10	 Subsequently,	 activated	 innate	 immune	 cells	
(e.g.,	monocytes	and	neutrophils)	produce	deleterious	 inflamma-
tory	cytokines	and	chemokines,	driving	FD	progression.	Elevated	
levels	of	 interleukin-	6	 (IL-	6)	and	tumor	necrosis	 factor-	α	 (TNF-	α)	
have	been	detected	in	FD	patients’	peripheral	blood	mononuclear	
cells	(PBMCs)	compared	with	healthy	controls.10 Increased plasma 
IL-	6	 and	TNF-	α levels also positively correlate with incidence of 
left	 ventricular	 hypertrophy	 in	 patients	with	 chronic	 kidney	 dis-
ease	 (CKD)	 and	 cardiovascular	 disease	 (CVD).11,12	 Furthermore,	
the	 chemokine	 monocyte	 chemoattractant	 protein-	1	 (MCP-	1),	
involved	in	monocyte	movement,	is	associated	with	CVD	progres-
sion	over	1	year	of	ERT,12	while	interleukin-	12	(IL-	12),	a	monocyte-	
derived	 T	 helper	 1	 (Th1)-	type	 cytokine	 that	 promotes	 T	 cell	
responses,	has	been	proposed	to	mediate	abnormal	T	cell	activity	
in	patients	with	FD.13 T cell appearance in damaged myocardium 
during	 long-	term	ERT14 implies aberrant T cell infiltration which 
can result in further tissue damage.

Oxidative	 stress,	 associated	 with	 excessive	 production	 of	 re-
active	oxygen	 species	 (ROS)	 is	 another	driver	of	 FD	progression.15 
Although	ERT	has	been	reported	to	alleviate	oxidative	stress	in	Gb3	
stimulated	human	vascular	endothelial	cells,16 recent in vivo studies 
reveal	limitations	of	ERT	in	modulating	oxidative	stress	in	treated	FD	
patients.17–	19	Pro-	oxidant	conditions	and	oxidative	damage	correlate	
with	elevated	plasma	levels	of	pro-	inflammatory	cytokines	following	
continuous	ERT	(~2	years)19	demonstrating	a	potential	link	between	
abnormal immune responses and ROS production. These findings 
suggest that novel therapeutic approaches targeting pathological in-
flammation	and/or	oxidative	stress	are	necessary	to	complement	the	
standard	of	care	in	FD	to	further	optimize	patient	outcomes.

Bromodomain	and	extra-	terminal	(BET)	proteins,	termed	epigene-
tic	“readers”,20 have been identified as therapeutic targets for disease 
prevention due to their pivotal role in regulating the transcription of 
inflammatory genes.21–	23	BET	proteins	bind	acetylated	lysine	residues	
on histone tails and other nuclear proteins24 through their conserved 
N-	terminal	bromodomains	(BD1	and	BD2)25,26 to recruit and/or facil-
itate	 assembly	 of	 factors	 needed	 for	 regulation	 of	 gene	 expression.	
Notably,	BET	proteins	have	been	shown	to	cooperate	with	nuclear	fac-
tor κ-	light-	chain-	enhancer	of	activated	B	(NF-	κB)	transcription	factor	
downstream	of	the	TLR4	receptor	in	cell	models	including	monocytes	
and macrophages.27–	29	Thus,	inhibition	of	BET	proteins	could	alleviate	
gene	expression	activated	by	Gb3-	TLR4	interactions	in	FD	patients.

Apabetalone	 (RVX-	208)	 is	 a	 clinical-	stage	 BET	 inhibitor	 (BETi)	
currently	 in	 development	 for	 CVD,	 CKD,30,31 pulmonary arterial 
hypertension	 (NCT03655704)	 and	 COVID-	19	 (NCT04894266).	
Apabetalone	binds	preferentially	to	the	second	bromodomain	(BD2)	
of	BET	family	members	BRD2,	BRD3	and	BRD4	with	>20-	fold	selec-
tivity	over	BD1.32,33	This	BD2	dominant	binding	blocks	BET	interac-
tions with acetylated lysines on chromatin and transcription factors 
at	 latent	 enhancers	 and	 promoters,	 minimizing	 maladaptive	 tran-
scription	of	disease-	driving	genes.26	Preclinical	studies	have	shown	
that	apabetalone	reduces	the	expression	of	a	variety	of	markers	of	
CVD,	CKD,	and	inflammation	in	various	cell	types	and	disease	mod-
els.27,28,33–	36	 In	clinical	 trials,	 apabetalone	 improved	cardiac	 (major	
adverse	 cardiovascular	 events	 [MACE])	 and	 renal	 (serum	 alkaline	
phosphatase	and	eGFR)	parameters	in	CVD	patients.30,33,37–	39 These 
data	suggest	that	treatment	with	apabetalone	may	alleviate	cardiac,	
renal,	and	inflammatory	complications	in	FD	patients.

In	this	study,	we	first	examined	the	inflammatory	status	of	plasma	
and	PBMCs	 collected	 from	FD	patients.	We	 also	 tracked	 immune	
activation	in	unstimulated	PBMCs	over	2	years	of	continuous	ERT.	
The	effects	of	ex	vivo	apabetalone	treatment	on	inflammation	bur-
den	were	examined	by	assessing	pro-	inflammatory	marker	levels	in	
stimulated	PBMCs	isolated	from	ERT	treated	FD	patients.	Lastly,	we	
investigated	 apabetalone	 effects	 on	oxidative	 stress	 in	 stimulated	
neutrophils,	in	which	the	role	of	BET	proteins	is	currently	unknown.

2  |  MATERIAL S AND METHODS

2.1  |  Patients and samples

Blood	samples	were	collected	from	eight	FD	patients	receiving	ERT	
therapy	at	M.A.G.I.C	clinic,	Calgary,	Alberta,	Canada.	Patients	met	
the	following	inclusion	criteria:	existing	diagnosis	of	FD,	according	
to	 The	 Canadian	 Fabry	 Association	 Standard	 and	 age	 ≥18	 years.	
Inclusion criteria were limited due to the small population from 
which to draw participants based on the rarity of the disease and 
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the	single-	site	study	design.	The	study	protocol	was	reviewed	and	
approved	by	the	HREBA	(Health	Research	Ethics	Board	of	Alberta)—	
Community	Health	Committee.	Patients	declaring	interest	in	study	
participation provided written informed consent prior to enroll-
ment.	Plasma	samples	from	normal	donors	(age	matched)	were	pur-
chased	from	StemCell	technology.	LysoGb3	and	Gb3	were	detected	
via untargeted mass spectrometry metabolomic approaches.40–	46

2.2  |  Isolation of peripheral blood mononuclear 
cells and neutrophils from whole blood

Blood	samples	were	collected	between	7	and	14	days	following	ERT	
treatment,	which	was	administered	at	14-	day	intervals	for	each	pa-
tient.	Whole	blood	samples	were	collected	in	BD	Vacutainer	1.8	mg/
ml	 ethylenediaminetetre-	acetic	 acid	 (EDTA)-	K2	 tubes	 (Dufort	 et	
Lavigne)	(30	ml	maximum	per	patient).	Fresh	blood	was	centrifuged	
at 2500g	for	20	min	at	room	temperature	to	obtain	plasma	samples,	
which	were	then	snap-	frozen	in	liquid	nitrogen,	and	aliquots	stored	
at	 −80°C	 until	 further	 use.	 Pelleted	 cells	were	 diluted	with	 phos-
phate	buffered	saline	(PBS,	Sigma	Aldrich)	as	1:1	ratio	and	then	sub-
ject	to	density	gradient	centrifugation	with	Histopaque	1077	(Sigma	
Aldrich)	to	isolate	PBMCs	and	neutrophils.	The	layer	containing	neu-
trophils	was	applied	to	hypotonic	lysis	of	erythrocytes	by	Red	Blood	
Cell	Lysis	Buffer.	Purified	PBMCs	and	neutrophils	were	washed	and	
then	resuspended	 in	RPMI	1640	medium	supplemented	with	10%	
fetal	bovine	serum.	The	cells	were	maintained	in	RPMI	1640	medium	
supplemented	with	10%	fetal	bovine	serum.

2.3  |  Flow cytometry

Isolated	PBMCs	or	neutrophils	were	stained	with	antibodies	to	assess	pu-
rity or immune activation status. The antibodies used in this study were 
V450	anti-	human	CD14,	APC	anti-	human	CCR2,	PE-	CF594	anti-	human	
TLR4	(BD	Biosciences).	Data	were	acquired	with	BD	FACSCelesta	(BD	
Biosciences)	and	quantified	with	FlowJo	V10	software	(BD	Biosciences).

2.4  |  Ex vivo apabetalone treatment

Isolated	PBMCs	or	neutrophils	were	stimulated	with	1	µg/ml lipopoly-
saccharide	(LPS,	Sigma)	or	10	ng/ml	IFN-	γ	(StemCell)	and	co-	treated	with	
apabetalone,	pan	BET	inhibitor	JQ1	or	the	vehicle	control	DMSO	for	4	h	
or	overnight	at	37°C.	THP1	cells	 (ATCC)	were	stimulated	with	20	μM	
Gb3	 (Matreya)	with	 200	 μM	1-	deoxygalactonojirimycin	 (DGJ,	 Sigma),	
1 μg/ml	LPS	or	10	ng/ml	IFN-	γ	with	BETi	co-	treatments	for	4	h	at	37°C.

2.5  |  Real- time PCR

Relative	gene	expression	was	determined	by	real-	time	PCR	as	previ-
ously described.27,34	Briefly,	mRNA	was	isolated	using	Catcher	PLUS	

kits	 per	 manufacturer	 instructions	 (ThermoFisher	 Scientific).	 Real-	
time	PCR	was	performed	with	Taqman	primer	probes	(ThermoFisher	
Scientific)	 to	determine	the	abundance	of	 transcripts	 relative	to	the	
endogenous	 control	 cyclophilin.	 The	 data	 were	 analyzed	 as	 2^	 (C

T 
cyclophilin	–		C

T tested	marker)	and	then	normalized	to	DMSO	treated	samples.

2.6  |  Extracellular cytokines/chemokines

Cytokine	profiles	 in	plasma	or	undiluted	supernatants	 from	stimu-
lated	 PBMCs	 post	 overnight	 treatment	 were	 analyzed	 with	 the	
human	cytokine	array	42-	plex	by	Eve	Technologies	Corp.	 (Alberta,	
Canada).	 Chemokine	 production	was	 assessed	 in	 diluted	 superna-
tants	with	BDTM	cytometric	bead	array	human	chemokine	kit	 (BD	
Biosciences).	Data	were	acquired	using	BD	FACSCelesta	and	quanti-
fied	with	FCAP	software	(BD	Biosciences).

2.7  |  Western blot

PBMCs	 were	 pre-	treated	 with	 apabetalone,	 MZ1	 or	 0.025%	
DMSO	for	4	h	and	then	stimulated	with	LPS	for	an	additional	2	h.	
Cells were lysed and sonicated as previously described.27 20 μg 
of	 total	 protein	was	 added	 for	 protein	 separation.	 BET	 proteins	
were	detected	with	 anti-	BRD2,	 anti-	BRD3	and	anti-	BRD4	mAbs	
(Bethyl)	followed	by	goat	anti-	rabbit	IgG	H&L	chain	specific	perox-
idase	 (Calbiochem).	Actin	was	stained	by	anti-	β-	actin	conjugated	
to	peroxidase	(Sigma).

2.8  |  Reactive oxygen species

Intracellular	ROS	levels	in	LPS-	stimulated	neutrophils	were	detected	
using	CellROX®	Green	flow	cytometry	kits	(ThermoFisher	Scientific)	
as per manufacturer instruction. Samples were immediately ana-
lyzed	using	BD	FACSCelesta	Cell	Analyzer.	The	amount	of	intracel-
lular	ROS	was	quantified	as	the	percentage	of	cells	having	positive	
green	fluorescent	signal	above	background	in	proportion	to	total	live	
cells	using	the	Flowjo®	software	(BD	biosciences).

2.9  |  Statistical analyses

Statistical	 significance	 was	 calculated	 using	 GraphPad	 Prism	 8.0	
with	Mann	Whitney	 test,	one-	way	ANOVA	followed	by	Dunnett's	
Multiple	Comparison	Test	where	appropriate.	p < .05 was consid-
ered statistically significant.

2.10  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http://www.guide topha rmaco logy.

http://www.guidetopharmacology.org
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org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,47 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/20.48

3  |  RESULTS

3.1  |  Patient characteristics

In	this	study,	we	recruited	eight	FD	patients	receiving	ERT	therapy	
(44–	74	years	old)	 from	a	 single	 clinical	 site.	Baseline	demographic	
and biochemical data are shown in Table 1. Clinical presentations at 
the	time	of	enrollment	are	in	Table	S1.	All	patients	showed	clinical	in-
dicators	of	CVD.	Three	patients	had	eGFR	below	the	range	of	60	ml/
min/1.73	m2 (p =	.04),	which	is	indicative	of	reduced	kidney	function	
and vulnerability to rapid deterioration.1,49	 Patients	 also	 received	
standard of care medications for management of other complica-
tions	(such	as	CVD	or	CKD)	(Table	S1).	Due	to	limited	blood	volume	
and	variation	in	volume	of	cells	obtained	from	FD	patients,	sample	
number varied in the following analyses.

3.2  |  Fabry disease patients’ baseline 
immune status

Pro-	inflammatory	cytokines	are	positively	associated	with	FD	pro-
gression	despite	ERT	treatment.10–	12	We	examined	cytokine	 levels	
in	plasma	from	ERT-	treated	FD	patients	and	commercially	available	
plasma	 from	 control	 donors	 using	multianalyte	 cytokine	 profiling.	
In	 agreement	with	 previously	 reported	 results,10,12	 plasma	MCP-	1	
and	 TNF-	α	 concentrations	 were	 greater	 in	 FD	 samples	 compared	
with normal controls (p =	 0.0062	 and	 p =	 .0246,	 respectively)	

(Figure	 1A,	 Table	 S2).	 However,	 plasma	 cytokine	 abundance	 did	
not	differ	by	eGFR	 levels	 (Table	S3).	We	also	tracked	cytokine	ex-
pression	 in	PBMCs	from	four	FD	patients	with	eGFR	>60	 (normal	
eGFR)	on	continuous	ERT	therapy	before	and	after	2	years	of	treat-
ment.	PBMCs	showed	an	~20-	fold	increase	in	 IL12B transcript lev-
els (p =	 .03)	 in	 the	most	 recent	 visit	 compared	with	2	 years	 prior	
(Figure	1B).	Furthermore,	activation	markers	on	monocyte	popula-
tions	 (Figure	 1C)	were	 assessed.	As	 shown	 in	 Figure	 1D,	 the	 pro-
portion	of	monocytes	expressing	CCR2	was	greater	in	patients	with	
low	eGFR	 (eGFR	<60,	p =	 .03),	 implying	 that	 innate	 immune	dys-
regulation	may	be	associated	with	renal	dysfunction.	However,	the	
percentage	of	TLR4	expressing	cells	did	not	differ	by	eGFR	 levels.	
Overall,	these	results	suggest	the	persistence	of	immune	dysregula-
tion	during	continuous	ERT	in	unstimulated	PBMCs.

3.3  |  Ex vivo apabetalone treatment 
reduces the expression of inflammatory genes in 
lipopolysaccharide- stimulated peripheral blood 
mononuclear cells isolated from Fabry disease 
patients on enzyme replacement therapy

Immune	cell	activation	observed	in	FD	patients	on	ERT	could	potenti-
ate	disease	progression.	BET	proteins	have	been	reported	to	control	
inflammatory	pathways	through	transcriptional	regulation.	Here,	we	
treated	PBMCs	from	FD	patients	with	BETi	including	apabetalone,	a	
BETi	in	advanced	clinical	development	stages	with	a	favorable	safety	
profile,	as	well	as	JQ1,	a	non-	clinical	pan-	BETi	comparator	with	a	dif-
ferent	chemical	scaffold.	In	unstimulated	PBMCs,	mRNA	levels	of	all	
tested	genes	were	not	altered	by	either	BETi	 (Figure	S1).	We	 then	
examined	the	effects	of	BETi	on	the	expression	of	pro-	inflammatory	
genes	induced	by	TLR4	activation	with	the	bona fide	TLR4	ligand,	LPS.	

TA B L E  1 Demographic	data	and	biochemical	analysis	for	patients	with	fabry	disease

Characteristics
eGFR > 60
(n = 5, median [IQR])

eGFR < 60
(n = 3, median [IQR])

p- valuea

(Mann Whitney)

Demographic analysis

Age,	years 64	[23] 63	[4] .75

Gender	(female/male) 4F/1	M 2F/1	M n/a

BMI,	kg/cm2 23.2	[9.1] 27.9	[14.7] .99

Blood	pressure,	mmHg	(systolic/diastolic) 112	[16]/78	[22] 124	[32]/80	[14] .32/.53

Biochemical	analysis

Creatinine,	µmol/L 70	[27] 103	[55] .07

eGFRb, ml/min/1.73 m2 80 [27] 50 [13] .04

ALT,	U/L 21	[19] 22	[14] .99

LD, U/L 206 [56] 288 [37] .04

Total	bilirubin,	µmol/L 11	[7] 7	[3] .39

Gb3,	µg/ml 5	[4] 3 .38

Lyso-	Gb3,	nmol/L 11	[15] 19	[25] .25

ap	values	are	calculated	by	Mann–	Whitney	U	test.	Parameters	with	statistical	significance	(p <	.05)	were	in	bold.
beGFR	is	calculated	by	the	CKD-	EPI	standard.

http://www.guidetopharmacology.org
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After	4	h	of	LPS	stimulation,	pro-	inflammatory	gene	levels	were	ro-
bustly	induced	in	PBMCs	from	all	tested	patients	(Figure	S2).	Ex	vivo	
apabetalone treatment dose dependently suppressed this induction 
for	all	examined	genes	 (Figure	2).	Apabetalone	at	 low	doses	 (1	μM	
and 5 μM)	possesses	BD2-	selective	properties,	binding	to	BET	pro-
teins	with	higher	affinity	at	the	BD2	domain	over	the	BD1	domain,	
while apabetalone at 20 μM	(apa	20	μM)	or	greater	concentrations	
is	more	similar	to	a	pan-	BETi,	binding	equally	to	BD1	and	BD2	do-
mains.27	Notably,	BD2-	selective	apabetalone	 (apa	1	μM	and	5	μM)	
downregulated	the	induced	expression	of	genes	tested.	For	instance,	
the induced transcription of IL12B and CCL2 was downregulated by 
>90%	with	apa	1	μM	and	apa	5	μM.	The	percentage	of	inhibition	by	
pan-	BETi	treatment	(apa	20	μM)	was	comparable	with	JQ1	(Figure	2),	
a	pan-	BETi	control,	further	supporting	the	engagement	of	BET	pro-
teins in controlling inducible transcription of these genes.

3.4  |  Ex vivo apabetalone treatment 
attenuates pro- inflammatory cytokine secretion 
in lipopolysaccharide- stimulated peripheral 
blood mononuclear cells from enzyme 
replacement theraphy– treated Fabry disease patients

To	evaluate	apabetalone's	effects	on	protein	production,	we	exam-
ined	cytokine	profiles	in	supernatants	from	PBMCs	of	FD	patients	
on	ERT	(n =	6)	after	overnight	LPS	stimulation	and	apabetalone	co-	
treatment.	 As	 expected,	 MCP-	1	 (encoded	 by	 CCL2	 gene),	 TNF-	α 
(encoded by TNF	gene),	IL-	8	(encoded	by	CXCL8	gene)	and	IL-	6	(en-
coded by IL6	gene)	were	drastically	induced	(MCP-	1	induced	by	~65-	
fold,	 TNF-	α	 induced	 by	 800-	fold,	 IL-	8	 induced	 by	 3900-	fold,	 and	
IL-	6	induced	by	72-	fold)	(Figure	3A).	Apabetalone	nearly	abrogated	
MCP-	1	production	(>95%	reduction,	p =	.07	in	all	examined	doses),	

F I G U R E  1 Baseline	immune	profiles	in	plasma	and	peripheral	blood	mononuclear	cells	(PBMCs)	from	enzyme	replacement	therapy	
(ERT)-	treated	Fabry	disease	(FD)	patients.	(A)	Plasma	MCP-	1	and	TNF-	α	levels	in	ERT-	treated	FD	patients	(n =	8)	versus	normal	controls	
(NCs)	(n =	6).	(B)	Comparison	of	indicated	gene	transcript	levels	in	PBMCs	from	ERT	patients	with	normal	eGFR	after	2	years	of	ERT	(n =	4).	
(C)	Representative	dot	plot	of	gating	lymphocyte	and	monocyte	subpopulations	in	PBMCs	isolated	from	the	whole	blood	of	one	patient.	(D)	
Monocyte	fraction	expressing	surface	CCR2	and	TLR4	in	ERT-	treated	FD	patients	with	indicated	eGFR	using	the	same	gating	strategy	as	
in	A.	eGFR	>60	denotes	eGFR	levels	>60	ml/min/1.73	m2,	while	eGFR	<60	indicates	eGFR	<60	ml/min/1.73	m2.	In	(A)	and	(D),	bar	graphs	
show the mean ±	SD.	Statistical	significance	was	determined	by	Mann–	Whitney	or	Wilcoxon	test.	*p <	.05,	**p < .01
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but	had	no	effect	on	TNF-	α,	 IL-	6	and	 IL-	8	production	 (Figure	3A).	
Furthermore,	 using	 multianalyte	 immunoprofiling,	 we	 identified	
three	important	pro-	inflammatory	cytokines,	IL-	12p40,	GM-	CSF	and	
MCP-	3,	that	were	significantly	reduced	by	apabetalone	(Figure	3B,	
Table	S4).	Secretion	of	these	proteins	was	robustly	induced	by	LPS	
stimulation	(up	to	400-	fold)	except	for	MCP-	3	whose	induction	ap-
peared	 less	 extensive,	 likely	 due	 to	 large	 variance	 in	 basal	 levels	
(2	 pg/ml–	605	 pg/ml)	 (Figure	 3B).	 Nevertheless,	 1µM	 apabetalone	
(BD2-	selective)	was	sufficient	 to	downregulate	 the	 induced	secre-
tion	of	 IL-	12p40	(encoded	by	 IL12B),	GM-	CSF,	and	MCP-	3	by	52%	
(p =	 .02),	25%	 (p =	 .04)	and	68%	 (p =	 .01),	 respectively.	Pan-	BETi	
treatments (apa 20 μM	or	JQ1)	suppressed	the	induction	of	IL-	12p40	
and	GM-	CSF	to	basal	levels	(p =	.03	and	p =	.007,	respectively),	and	
reduced	MCP-	3	to	levels	comparable	with	5	μM	apabetalone	(BD2-	
selective)	 (Figure	3B).	However,	BETi	 treatments	had	no	effect	on	
LPS-	induced	 IL-	1β	 (Figure	3B)	despite	the	significant	reduction	oc-
curred	at	gene	level	(Figure	2).

3.5  |  Apabetalone treatment lowered the inducible 
expression of inflammatory genes in IFNγ- stimulated 
peripheral blood mononuclear cells from enzyme 
replacement therapy– treated Fabry disease patients

IFN-	γ	plays	a	well-	known	role	in	priming	monocytes/macrophages	
to	 a	 pro-	inflammatory	 phenotype	 during	 inflammation.50	 IFN-	γ 
contributes	to	pro-	inflammatory	signaling	in	FD	patients13 and its 

production	 is	 also	 a	 known	 downstream	 effect	 of	 TLR4	 activa-
tion.51	Here,	exposure	of	FD	patients’	PBMCs	 (normal	eGFR)	 to	
IFN-	γ resulted in the induction of CCL2,	TNF,	and	IL6	by	fivefold,	
ninefold,	and	sixfold,	respectively,	but	to	a	lesser	extent	than	with	
LPS	stimulation	(Figure	4).	Apabetalone	lowered	the	induced	ex-
pression of CCL2 and TNF with statistical significance but had lit-
tle effect on IL6	gene	induction.	Markedly,	the	downregulation	of	
CCL2	expression	was	observed	when	treating	with	BD2-	selective	
(apa 5 μM)	 and	 pan-	BETi	 (apa	 20	 μM)	 in	 LPS	 or	 IFN-	γ stimula-
tion	conditions,	while	TNF	reduction	occurred	only	with	pan-	BETi	
(apa 20 μM)	under	IFN-	γ	stimulation	conditions.	Additionally,	IL1B 
was	not	induced	by	IFN-	γ	stimulation	and	BET	inhibition	did	not	
alter this basal IL1B	 levels,	while	LPS-	induced	 IL1B transcription 
was diminished by ~29%	 (p =	 .001)	with	 pan-	BETi	 (apa	 20	μM)	
(Figure	4).

3.6  |  Transcription of pro- inflammatory genes is 
BET dependent in Fabry disease

To	confirm	BET	protein	involvement	in	the	transcription	of	inflam-
matory	 genes	 in	 the	 context	 of	 FD,	 we	 pretreated	 PBMCs	 with	
MZ-	1,	 a	 proteolysis	 targeting	 chimera	 (PROTAC)	 compound	 that	
degrades	 BET	 proteins,	 for	 4	 h,	 then	measured	 gene	 expression	
following	an	additional	2-	h	 stimulation	with	LPS	or	 IFN-	γ.	As	ex-
pected,	MZ-	1	degraded	BRD2	and	BRD4	proteins	(Figure	5A).	Upon	
2	h	of	ex	vivo	LPS	stimulation,	PBMCs	were	activated	as	indicated	

F I G U R E  2 BETi	treatment	effects	on	the	inducible	expression	of	inflammatory	genes	in	lipopolysaccharide	(LPS)-	stimulated	peripheral	
blood	mononuclear	cells	(PBMCs)	from	Fabry	disease	patients.	Quantification	of	the	indicated	gene	expression	changes	driven	by	
apabetalone	in	PBMCs	(enzyme	replacement	therapy,	n =	7)	using	quantitative	RT-	PCR.	Bar	graphs	show	the	mean	±	SEM.	On	the	x-	
axis,	apa	=	apabetalone.	Statistical	significance	was	determined	by	one-	way	repeated	measures	ANOVA	followed	by	Dunnett's	multiple	
comparison	test	compared	with	LPS+DMSO.	*p <	.05,	**p <	.01,	***p <	.001,	****p < .0001
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by	 elevated	mRNA	 levels	 of	 IL12B and IL6	 (Figure	 5B).	MZ-	1	 co-	
treatment eliminated the induced IL12B	 expression	 and	 partially	
downregulated IL6 induction (p =	.003,	p =	.003)	(Figure	5B).	IFN-	γ 
stimulation also induced the upregulation of CCL2 and IL12B,	which	
was	abrogated	by	MZ-	1	(p =	 .02,	p =	 .007).	These	results	demon-
strate that the transcription of these genes relies on the presence 
of	BRD2	and	BRD4	proteins.

3.7  |  The effects of apabetalone on the 
transcription of inflammatory genes in the THP1 
monocytic cell line stimulated by Gb3 and DGJ

To	further	understand	the	role	of	BET	proteins	in	monocyte	activi-
ties	in	response	to	Gb3	in	FD,	we	examined	the	transcription	of	in-
ducible	 inflammatory	genes	 in	monocyte-	like	THP1	cells	with	Gb3	
stimulation ±	BETi	co-	treatment.	Gb3	activates	monocyte-	derived	

cytokine	 production	 through	 the	TLR4	pathway,	 albeit	 to	 a	 lesser	
extent	than	LPS.10	This	Gb3-	mediated	pro-	inflammatory	activation	
can	be	detected	in	cultured	cells	only	in	the	presence	of	DGJ,10 an 
α-	gal	inhibitor,	that	blocks	its	enzyme	activity	and	thereby	prevents	
the	clearance	of	its	substrates,	such	as	Gb3,	and	thereby	mimicking	
conditions	in	FD	patient	cells.	Here,	we	observed	differing	transcrip-
tional	responses	to	various	stimuli	including	Gb3+DGJ,	LPS	or	IFN-	γ 
in	THP1	cells.	As	shown	in	Figure	6,	CCL2	expression	was	induced	
in	 all	 three	 stimulation	 conditions;	 however,	 the	 observed	 induc-
tion	was	 lower	with	Gb3	+	DGJ	 than	with	LPS	or	 IFN-	γ.	Similarly,	
a subtle but significant induction was observed for TNF	 expres-
sion	by	Gb3+DGJ	stimulation,	but	to	a	lesser	extent	than	with	LPS.	
Importantly,	 induction	of	both	genes	by	Gb3+DGJ	was	downregu-
lated	by	BD2-	selective	apabetalone	treatment	(apa	1	μM	and	5	μM)	
and	 by	 pan-	BETi	 (apa	 20	μM	and	 JQ1	1	μM).	 These	 data	 suggest	
that apabetalone could downregulate the inducible transcription of 
inflammatory	genes	activated	in	FD.

F I G U R E  3 Cytokine	profile	in	supernatants	from	cultured	peripheral	blood	mononuclear	cells	from	enzyme	replacement	therapy	patients	
(n =	7)	in	response	to	lipopolysaccharide	(LPS)	stimulation	with	18	h	apabetalone	or	JQ1	co-	treatment.	Cytokine	levels	were	determined	
by	(A)	BDTM	Cytometric	Bead	Array	Human	Chemokine	Kit	(BD	Biosciences).	Bar	graphs	show	the	mean	±	SEM	or	(B)	Human	Cytokine/
Chemokine	Array	42	plex	(Eve	Technologies	Corp.).	In	A-	B,	apa	=	apabetalone.	Statistical	significance	was	determined	by	one-	way	repeated	
measures	ANOVA	followed	by	Dunnett's	multiple	comparison	test	relative	to	LPS	+	DMSO.	*p <	.05,	**p < .01
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3.8  |  Apabetalone treatment reduced reactive 
oxygen species production in neutrophils from Fabry 
disease patients on enzyme replacement therapy

In	 FD,	 Gb3	 accumulation	 stimulates	 excessive	 ROS	 produc-
tion	 causing	 intracellular	 oxidative	 damage,	 and	 exacerbating	
inflammation.17–	19	Here	we	investigated	ROS	levels	in	stimulated	FD	
neutrophils	with	BETi	co-	treatment.	Apabetalone	attenuated	LPS-	
induced	ROS	production	(Figure	S4A	and	B,	an	average	of	33-	fold)	
in	a	dose-	dependent	manner	(Figure	7A).	Pan-	BETi	apabetalone	(apa	
20 μM)	countered	the	induced	ROS	production	to	a	level	compara-
ble	with	JQ1	(Figure	7A),	confirming	a	BET-	dependent	mechanism.	
IFN-	γ	 did	 not	 alter	 ROS	 production	 from	 baseline,	 and	 apabetal-
one	 had	 no	 effect	 on	 basal	 ROS	 levels	 (Figure	 7B).	 ROS	 produc-
tion	is	generated	by	cellular	enzymes	such	as	nicotinamide	adenine	
dinucleotidephosphate-	oxidase	(NADPH)52; NOX2 and NOX4 genes 
encode	two	major	subunits	of	the	NADPH	complex.	NOX2	expres-
sion	was	 reduced	by	BD2-	selective	BETi	 treatments	 (by	29%	with	
apa 1 μM,	by	61%	with	apa	5	μM)	and	pan-	BETi	(by	84%	with	apa	
20 μM,	by	93%	with	JQ1)	 in	all	examined	patient	cells	 (Figure	7C),	

though NOX4 was undetectable. This is the first demonstration 
that	 neutrophil-	mediated	 ROS	 production	 occurs	 through	 a	 BET-	
dependent process at the transcription level.

4  |  DISCUSSION

Immune	 cell–	mediated	 inflammation	 is	 a	 major	 factor	 driving	 FD	
progression,	despite	continuous	ERT.	Here,	we	provide	baseline	in-
flammatory	profiles	of	plasma	and	PBMCs	from	FD	patients	on	ERT	
in	 protein	 and	 gene	 expression	 levels,	 revealing	 increased	 plasma	
MCP-	1	 and	 TNF-	α,	 CCR2	 overexpression	 on	monocytes	 from	 pa-
tients	with	 low	eGFR	and	elevated	 IL12B	 expression	over	2	 years	
of	ERT.	These	baseline	results	suggest	that	modulation	of	ongoing	
inflammation	is	necessary	to	complement	long-	term	ERT.

Apabetalone	 inhibits	 transcription	 of	 inducible	 inflammatory	
genes in vascular endothelial cells and monocytes from diabetic pa-
tients,27,28 suggesting therapeutic potential in controlling chronic 
inflammation.	We	 further	 demonstrate	 that	 apabetalone	 at	 BD2-	
selective concentrations counters induction of proinflammatory 

F I G U R E  4 Effects	of	BETi	on	the	inducible	expression	of	inflammatory	genes	in	stimulated	peripheral	blood	mononuclear	cells	from	
Fabry	disease	patients	with	lipopolysaccharide	(LPS)	or	IFN-	γ in vitro stimulation (n =	3).	Bar	graphs	show	the	mean	±	SEM.	On	the	x-	axis,	
apa =	apabetalone.	Statistical	significance	was	determined	by	one-	way	ANOVA	followed	by	Dunnett's	multiple	comparison	test	compared	
with	LPS	+	DMSO	or	IFN-	γ+DMSO.	*p <	.05,	**p <	.01,	***p < .001. # denotes p <	.05	when	comparing	with	DMSO
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transcription	 in	Gb3	+	 DGJ	 stimulated	monocyte-	like	 THP1	 cells,	
conditions	 mimicking	 α-	gal	 deficiency	 in	 FD.	 Sensitivity	 of	 in-
flammatory genes to apabetalone varies with the magnitude of in 
vitro immune activation.27	 Therefore,	we	 also	 used	 LPS,	 a	 potent	
TLR4-	activator,	or	IFN-	γ,	a	cytokine	that	primes	monocytes	to	pro-	
inflammatory	responses	downstream	of	TLR4,	 to	stimulate	 inflam-
mation	in	PBMCs	from	FD	patients.	We	show	that	inhibition	of	BET	
proteins,	 particularly	 by	 BD2-	selective	 apabetalone,	 attenuates	
pro-	inflammatory	responses	in	stimulated	PBMCs	from	ERT-	treated	
patients.	Notably,	we	provide	the	first	evidence	linking	BET	protein	
function	 to	oxidative	stress	 in	 stimulated	neutrophils	 from	FD	pa-
tients	on	long-	term	ERT.

4.1  |  Effects of apabetalone on cytokine secretion 
in Gb3- activated THP1 cells and stimulated peripheral 
blood mononuclear cells from Fabry disease patients

In	FD,	monocytes	use	TLR4	to	sense	Gb3	accumulation,	triggering	
pro-	inflammatory	responses	 including	the	production	of	cytokines	
and	chemokines.10	The	chemokine	MCP-	1	interacts	with	its	receptor	
CCR2,	promoting	monocyte	 infiltration	 into	 injured	 tissues.53,54 In 
FD,	elevated	plasma	MCP-	1	correlates	with	CVD	following	1	year	of	
ERT,12 indicating ongoing immune dysfunction during treatment. We 
also	detect	increased	plasma	MCP-	1	in	FD	patients	undergoing	long-	
term	 ERT	 relative	 to	 controls	 (Figure	 1A	 and	 Table	 S2).	 Increased	

F I G U R E  5 The	influence	of	BET	protein	knock-	down	on	the	expression	of	inflammatory	genes	induced	by	LPS	or	IFN-	γ. Representative 
Western	blot	analysis	of	BRD2,	BRD3,	and	BRD4	protein	abundance	in	cell	lysates	of	peripheral	blood	mononuclear	cells	(PBMCs)	in	
response	to	LPS	or	IFN-	γ	stimulation	with	apabetalone	(BET	inhibitor)	or	MZ-	1	(BET	degrading	PROTAC)	co-	treatment.	(B)	Quantification	
of	pro-	inflammatory	gene	expression	changes	in	PBMC	samples	treated	with	apabetalone	or	MZ-	1	as	indicated	in	(A).	Bar	graphs	show	the	
mean ±	SEM.	Apa	=	apabetalone.	Statistical	significance	was	determined	by	one-	way	ANOVA	followed	by	Dunnett's	multiple	comparison	
test	relative	to	LPS	+	DMSO	or	IFN-	γ +	DMSO.	*p <	.05,	**p < .01. # denotes p <	.05	when	comparing	with	DMSO
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CCR2	 surface	 expression	 observed	 on	 monocytes	 from	 patients	
with	 low	eGFR	 (<60	ml/min/1.73	m2)	at	baseline	 (Figure	1D)	hints	
at	a	possible	relationship	between	CCR2	over-	expression	and	renal	
dysfunction	 during	 FD	 progression.	 Increased	 circulating	 MCP-	1	
and	 augmented	 CCR2	 on	monocytes	may	 enhance	 FD	monocyte	
chemotaxis.	These	patients’	immune	profiles,	together	with	clinical	
manifestations	of	CVD	and/or	CKD	(Table	S1),	suggest	persistent	in-
flammation	and	immune	dysfunction	despite	continuous	ERT.

TLR4-	activated	inflammation	in	FD	has	been	studied	in	cultured	
cell	models	with	LPS	or	 concurrent	 stimulation	with	Gb3+	DGJ.10 
In	 THP1	 cells,	 we	 demonstrate	 induced	 transcription	 of	 CCL2 by 
Gb3+DGJ,	 albeit	 to	 a	 lesser	 extent	 than	with	 LPS	 (Figure	6).	 BET	
inhibition	 using	 BD2-	selective	 BETi	 (apa	 1	 μM)	 counters	 induced	

CCL2	expression	back	to	basal	levels,	indicating	sensitivity	of	CCL2 
to	BETi.	Previously,	we	have	documented	that	pan-	BETi	(apa	20	μM)	
abrogates transcription of CCL2 in line with reduced production 
of	 the	 encoded	 protein,	 MCP-	1,	 in	 cultured	 cytokine-	stimulated	
monocytes	 from	 diabetic	 CVD	 patients.28 We substantiate this 
finding,	showing	that	BD2-	selective	BETi	(apa	5	μM)	had	compara-
ble inhibitory effect on CCL2	transcription	relative	to	pan-	BETi	(apa	
20 μM)	 (97.8%	vs.	99.9%)	 in	LPS	or	 IFN-	γ	 stimulated	PBMCs	 from	
ERT-	treated	FD	patients	with	clinical	 indicators	of	CVD	 (Table	S1;	
Figures	 2	 and	 4).	 Results	 identify	 a	 role	 of	 BET	 protein-	BD2	 do-
mains in CCL2	 regulation,	 suggesting	 potential	 for	 BD2-	selective	
apabetalone	in	reducing	MCP-	1	levels	in	FD.	Other	chemokines	are	
also	 involved	 in	monocyte	migration/activation.	MCP-	3	 is	 import-
ant	for	CCR2-	mediated	monocyte	recruitment,55	and	GM-	CSF	pro-
motes inflammatory activation of monocytes/macrophages.56 We 
report	 increased	GM-	CSF	 in	plasma	from	ERT-	treated	FD	patients	
compared	with	controls	(Table	S2)	and	reduced	production	of	both	
GM-	CSF	and	MCP-	3	with	BD2-	selective	apabetalone	(1	μM	or	5	μM;	
Figure	3B).	Thus,	apabetalone	may	control	monocyte	migration	by	
lowering	cytokine	production	in	FD	patients	receiving	ERT.

TNF-	α	 and	 IL-	6	 levels	 are	 elevated	 in	 ERT-	treated	 FD	 patient	
plasma relative to healthy controls.11,12 We also observe increased 
plasma	TNF-	α	(twofold)	in	ERT-	treated	FD	patients	versus	controls	
(Figure	 1A,	 Table	 S2).	 BET	 inhibition	 opposes	 induced	 transcrip-
tion of these two genes in stimulated cell models.27,28 We further 
demonstrate	 that	 BD2-	selective	 BETi	 counter	 induced	 transcrip-
tion	of	these	genes	when	activated	through	TLR4	in	FD	(by	LPS	or	
Gb3+DGJ,	 Figures	 2	 and	 6),	 as	well	 as	 via	 downstream	 IFN-	γ ac-
tivation.51	 Furthermore,	 we	 broaden	 our	 understanding	 of	 BET	
protein-	BD2	domain	function	 in	 inflammatory	signals	during	acute	
versus	 chronic	 inflammation.	 We	 show	 that	 BD2-	selective	 BETi	
opposed induction of TNF	 expression	 at	 lower	 grade/chronic-	like	
inflammatory	 levels	seen	with	Gb3+DGJ	stimulation	 in	THP1	cells	
(53%–	77%	reduction	by	BD2-	selective	apabetalone	[apa	1	μM,	apa	
5 μM]	on	twofold	induced	TNF,	Figure	6)	while	pan-	BETi	suppressed	
induced IL6	in	LPS	stimulated	conditions,	analogous	to	acute	inflam-
mation (~24%	reduction	by	apa	20	μM	on	>7500-	fold	induction	by	
LPS)	 (Figure	 4).	 Interestingly,	 apabetalone-	driven	 inhibition	 of	 in-
flammatory	signals	at	the	protein	level	occurred	only	in	FD	patients	
with	low	eGFR	(Figure	S3),	who	showed	higher	production	of	TNF-	α,	
IL-	6	and	 IL-	8	 in	 response	 to	LPS	 (Figure	S3).	Therefore,	higher	cy-
tokine	 levels	 appear	more	 sensitive	 to	 BETi.	 Clinical	 studies	 have	
demonstrated beneficial effects of in vivo apabetalone treatment 
in	reducing	elevated	plasma	cytokine	levels	(e.g.,	TNF-	α	and	IL-	6)	in	
patients with renal dysfunction.37	Thus,	apabetalone	may	be	partic-
ularly	effective	at	reducing	hyper-	inflammation	in	FD	patients	with	
renal disease.

IL-	12,	 a	 monocyte-	derived	 cytokine,	 bridges	 innate	 and	 adap-
tive	 immunity	 to	 promote	 Th1	 cell-	mediated	 pro-	inflammatory	
responses,57 which aggravate tissue damage.58,59	 In	 FD,	 IL-	12	 has	
been	speculated	 to	 link	abnormal	 innate	and	adaptive	 immune	 re-
sponses,13	but	its	expression	pattern	remains	elusive.	After	2	years	
of	continuous	ERT,	 IL12B	transcripts	(encoding	IL-	12p40,	a	subunit	

F I G U R E  6 Assessment	of	inflammatory	gene	level	changes	
in	THP1	cells	stimulated	with	Gb3+DGj,	LPS	or	IFN-	γ	with	BETi	
co-	treatment.	THP1	cells	were	stimulated	as	indicated	with	BETi	
co-	treatments	for	4	h.	Data	were	normalized	to	the	baseline	
condition	(naive)	(n =	4),	apa	=	apabetalone.	Bar	graphs	show	the	
mean ±	SD.	Statistical	significance	was	calculated	by	one-	way	
ANOVA	followed	by	Dunnett's	multiple	comparison	test	relative	to	
their	corresponding	stimulation	conditions	(GB3	+	DGJ	+	DMSO,	
LPS	+	DMSO	or	IFN-	γ +	DMSO).	*p <	.05,	**p <	.01,	***p <	.001,	
****p < .0001
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of	IL-	12)	were	elevated	in	unstimulated	PBMCs	in	four	FD	patients	
with	normal	eGFR	(Figure	1B),	 indicating	altered	immune	status	of	
PBMCs	in	these	patients,	even	with	normal	renal	function.	Depletion	
of	 BET	 proteins	 by	 MZ-	1	 abrogated	 induced	 IL12B	 expression	
(Figure	 4),	 confirming	 a	 BET-	dependent	 mechanism.	 Not	 surpris-
ingly,	both	BD2-	selective	BETi	(apa	1	μM	and	5	μM)	and	pan-	BETi	
(apa 20 μM	or	 JQ1)	 attenuated	 induced	 expression	 of	 IL12B with 
LPS	and	IFN-	γ	stimulation	(Figure	2),	as	well	as	IL-	12p40	production	
(Figure	3).	While	further	investigation	of	IL-	12	dysregulation	in	FD	is	
warranted,	apabetalone	may	mitigate	increased	IL-	12	production	via 
direct	inhibition	of	BET-	dependent	IL12B,	possibly	benefiting	long-	
term	ERT-	treated	patients.

4.2  |  Effect of apabetalone on reactive oxygen 
species production in stimulated neutrophils

Excessive	ROS	production	drives	oxidative	stress	and	exacerbates	
inflammation3,15	in	FD	cell	models.17–	19	Using	cells	from	ERT-	treated	
FD	patients,	we	demonstrate	neutrophil-	mediated	ROS	activity	and	
associated	aberrant	gene	expression	with	LPS	or	IFN-	γ stimulation 
(Figure	7,	S4A).	BETi,	particularly	BD2-	selective	apabetalone	(1	μM	
and 5 μM),	 reduced	ROS	production	 in	 stimulated	 FD	neutrophils	
(Figure	7A	and	B),	and	regulated	transcription	of	ROS-	related	genes	
such as NOX2	(Figure	7C).	Furthermore,	our	data	suggest	that	neu-
trophil ROS activity and NOX2	expression	may	be	greater	in	patients	
with	 low	eGFR	 than	 those	with	normal	 eGFR	 (Figure	S4B	and	D),	

implying a connection between renal dysfunction and abnormal 
neutrophil	 responses	 during	 FD	 progression.	 These	 observations	
suggest	 that	 apabetalone	 can	 modulate	 detrimental	 BET	 protein	
activity	 in	 FD	neutrophils,	 at	 least	 in	 vitro.	 To	 date,	work	 on	BET	
protein involvement in ROS production has focused on fibrosis and 
cancer.60–	62	Our	findings	 indicate	that	BD2-	selective	BETi	prevent	
neutrophil-	mediated	ROS	production	in	the	context	of	FD.

4.3  |  Study limitations

This	study	has	several	 limitations.	(1).	Small	sample	size	due	to	the	
rarity	of	FD,	patient	availability	at	a	single	clinic	and	logistical	chal-
lenges	in	obtaining	fresh	blood,	which	may	have	resulted	in	under-
powered	statistical	tests;	(2).	Voluntary	patient	enrollment	resulted	
in	 limited	 representation	 of	 “classic”	 FD	 in	 our	 population,	 which	
we attempted to combat by using various stimulants in hopes of 
more	accurately	 replicating	 inflammatory	 status	 in	 late-	stage	clas-
sic	FD;	 (3).	A	 lack	of	matched	controls	due	 to	a	 community-	based	
clinical	site	and	related	ethical	restrictions,	as	well	as	inaccessibility	
of	commercial	fresh	blood	supply	in	Canada.	Therefore,	commercial	
frozen	plasma	controls	were	used	for	baseline	comparison,	and	Gb3-	
stimulated	 THP1	 monocyte-	like	 cells	 were	 tested	 to	 confirm	 the	
BETi-	driven	effect	in	inflammatory	processes	within	the	context	of	
FD;	(4).	A	limited	number	of	ERT-	treated	patients	were	assessed	for	
inflammation	progress	over	time,	due	to	both	ethical	considerations	
and	the	already	 limited	study	group;	 (5).	An	 inability	 to	obtain	age	

F I G U R E  7 BETi	effects	on	reactive	oxygen	species	(ROS)	production	in	stimulated	neutrophils	from	enzyme	replacement	therapy–	
treated	Fabry	disease	patients.	(A)	percent	change	in	ROS	driven	by	apabetalone.	Data	were	normalized	to	the	stimulation	condition	
(LPS	+	DMSO)	in	individual	patients	(n =	7).	(B)	ROS	level	fold	change	to	baseline	(DMSO)	in	LPS	or	IFN-	γ stimulated neutrophils with 
apabetalone	co-	treatment	(n =	3).	(C)	Apabetalone	treatment	(4	h)	downregulates	LPS	induced	NOX2	gene	expression	in	a	dose-	dependent	
manner.	Data	were	normalized	to	the	LPS	+	DMSO	condition	in	individual	patients.	In	(A)	and	(C),	Data	were	normalized	to	the	LPS	+	DMSO	
condition	in	individual	patients.	Bar	graphs	show	the	mean	±	SEM.	Statistical	significance	was	determined	by	Mann–	Whitney	test	or	one-	
way	ANOVA	followed	by	Dunnett's	multiple	comparison	test	relative	to	stimulated	conditions	(LPS	+	DMSO	or	IFN-	γ +	DMSO).	*p <	.05,	
**p <	.01,	***p <	.001,	****p < .0001
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and	sex-	matched	untreated	or	pre-	ERT	FD	controls,	due	to	limited	
numbers	of	patients	with	varying	degrees	of	FD	at	a	single	clinic	and	
that	increased	age	is	associated	with	disease	progression	requiring	
ERT.	Therefore,	generalized	conclusions	cannot	be	drawn	without	a	
larger	study.	Despite	these	limitations,	we	showed	elevated	inflam-
matory	signaling	in	immune	cells	from	FD	patients	over	time,	with-
out	clinical	presentation	or	diagnostic	signs	of	renal	complications,	
such	as	abnormal	eGFR.	This	persistent	inflammation	in	FD	patients	
regardless	 of	 ERT	 indeed	warrants	 further	 validation	 in	 a	 greater	
number	of	patients.	Furthermore,	we	were	able	to	demonstrate	the	
potential for apabetalone in countering inflammatory processes in 
activated	immune	cells	in	FD	patients.	Despite	limitations,	this	study	
demonstrates that apabetalone could be a valuable therapeutic for 
improving	FD	patient	care.

4.4  |  Conclusions

In	summary,	our	results	show	that	BD2-	selective	apabetalone	coun-
ters	inflammation	and	oxidative	stress	in	stimulated	innate	immune	
cells	from	FD	patients	undergoing	continuous	ERT.	Potential	thera-
peutic	effects	of	BD2-	selective	apabetalone	on	FD	will	be	further	
evaluated in the clinical setting.
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