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1  |  INTRODUC TION

Aging is one of the greatest risk factors for increased morbidity and 
mortality following infection. CDC reports indicate that between 
January	1,	2020−April	28,	2021	a	staggering	80%	of	deaths	involv-
ing SARS- CoV- 2, influenza, or pneumonia in the United States were 
in	 those	 ≥65	 years	 of	 age	 ([CDC],	 2021).	 There	 are	many	 factors	
contributing	 to	 this	age-	related	disparity,	however	 the	age-	related	
changes in the immune system remains an area of heightened clini-
cal	concern.	These	changes	manifest	in	many	ways	especially	in	the	
context	of	delayed	and	reduced	T	cell	responses.	Both	CD4	and	CD8	

T	cells	are	important	for	anti-	viral	responses,	however,	CD4	T	cells	
have	the	unique	ability	to	differentiate	into	several	different	special-
ized	subsets	important	in	all	stages	of	viral	clearance	and	recovery.

With	 advancing	 age,	 CD4	 T	 cell	 differentiation	 and	 function	
declines resulting in skewed subset distribution, diminished cellu-
lar	 and	 humoral	 immunity	 including	 reduced	B	 cell	 responses	 and	
defective	germinal	center	 formation,	as	well	as	diminished	recruit-
ment	of	other	inflammatory	cells	to	the	site	of	infection	(Lefebvre,	
Masters,	et	al.,	2016).	To	further	highlight	the	importance	of	CD4	T	
cells in influenza infection, it has been demonstrated that depletion 
of	CD4	T	cells	results	in	a	defect	in	the	recruitment	of	CD8	T	cells	to	
sites	of	infection	and	even	further,	delayed	viral	clearance	(Riberdy	
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Abstract
Aging	 and	 senescence	 impact	 CD4	T	 helper	 cell	 (Th)	 subset	 differentiation	 during	
influenza infection. In the lungs of infected aged mice, there were significantly greater 
percentages	of	Th	cells	expressing	the	transcription	factor	FoxP3,	indicative	of	regula-
tory	CD4	T	cells	(Treg),	when	compared	to	young.	TGF-	beta	levels,	which	drive	FoxP3	
expression,	were	also	higher	in	the	bronchoalveolar	lavage	of	aged	mice	and	blocking	
TGF-	beta	reduced	the	percentage	of	FoxP3+	Th	in	aged	lungs	during	influenza	infec-
tion.	Since	TGF-	beta	can	be	the	product	of	senescent	cells,	these	were	targeted	by	
treatment	with	senolytic	drugs.	Treatment	of	aged	mice	with	senolytics	prior	to	in-
fluenza	infection	restored	the	differentiation	of	Th	cells	in	those	aged	mice	to	a	more	
youthful	phenotype	with	fewer	Th	cells	expressing	FoxP3.	In	addition,	treatment	with	
senolytic	drugs	 induced	differentiation	of	aged	Th	toward	a	healing	Type	2	pheno-
type,	which	promotes	a	return	to	homeostasis.	These	results	suggest	that	senescent	
cells,	via	production	of	cytokines	such	as	TGF-	beta,	have	a	significant	impact	on	Th	
differentiation.
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et	al.,	2000).	In	fact,	the	roles	of	CD4	T	cells	during	influenza	infec-
tion are numerous and include the generation of cytokine- producing 
effector	populations	that	can	direct	the	adaptive	immune	response,	
generation	of	T	follicular	helper	subsets	that	work	to	help	generate	
high	 affinity	 virus	 neutralizing	 antibodies	 and	 generation	 of	 cyto-
toxic	effectors	that	can	kill	virus	infected	cells	(Strutt	et	al.,	2013).

Several	CD4	T	cell	subsets	have	been	implicated	in	the	lung	re-
sponse	 to	 influenza	 infection,	 namely	 T	 helper	 1	 (Th1),	 T	 helper	 2	
(Th2),	and	regulatory	T	cell	(Treg)	subsets.	Th1	CD4	T	cells	produce	
IFN-	gamma,	 IL-	2,	and	TNF-	alpha,	and	promote	activation	of	CD8	T	
cells, macrophages, and lung epithelial cells, which supports efficient 
viral	clearance	(Strutt	et	al.,	2013).	Th2	cells	produce	IL-	4,	IL-	5,	IL-	13,	
IL-	10,	and	promote	recruitment	of	immune	cells	to	areas	of	lung	epi-
thelial damage, which then promotes healing and a return to homeo-
stasis	(Gieseck	et	al.,	2018).	Treg	cells	secrete	IL-	10	and	TGF-	beta	and	
play an important role in limiting immunopathology, maintaining ho-
meostasis	of	the	lung	mucosal	environment	and	dampening	of	the	in-
flammatory	immune	response	(Okeke	&	Uzonna,	2019).	Th1	cells	are	
key	players	in	viral	control	and	regulation,	while	Treg	and	Th2	subsets	
play key roles in maintaining the balance of inflammation, tissue ho-
meostasis, and healing. Although in young mice and humans there is 
a balance between these subsets throughout the course of infection, 
where	Th1	cells	predominate	at	early	stages	of	adaptive	response	to	
infection	and	Treg	and	Th2	subsets	predominate	at	later	stages,	this	
balance is disrupted with age and is associated with altered responses 
(Lefebvre,	Lorenzo,	et	al.,	2016;	McElhaney	et	al.,	2006).	Importantly,	
an	increase	in	Tregs	during	influenza	infection	in	aged	mice	has	been	
appreciated	for	some	time	(Williams-	Bey	et	al.,	2011),	but	the	mecha-
nism(s)	responsible	for	this	have	not	yet	been	elucidated.

CD4	T	cells	require	three	key	signals	in	order	to	clonally	expand	
and	differentiate	into	these	specialized	subsets.	The	first	signal	is	the	
recognition	of	antigenic	peptides	through	T	cell	receptor	interaction	
with	MHC	Class	II,	which	is	required	for	initial	activation.	The	second	
is further signaling through co- stimulatory molecules between anti-
gen	presenting	cells	(APCs)	and	T	cells,	providing	activation	or	inhib-
itory	signals	that	direct	cell	fate	and	function	(Mueller	et	al.,	1989).	
The	third	is	cytokines	and	chemokines,	which	provide	additional	sig-
nals necessary for the migration of newly generated antigen- specific 
CD4	 T	 cell	 subsets	 to	 the	 lung	 and	 differentiation	 to	 Th	 subsets	
which exert effector functions. With aging, chemokine and cytokine 
signals	from	the	tissue	environment	are	significantly	altered	and	de-
layed,	which	support	skewed	CD4	T	cell	differentiation,	migration,	
and	expansion	(Lefebvre,	Lorenzo,	et	al.,	2016;	Lefebvre	et	al.,	2012).	
Here,	we	hypothesize	that	senescent	cells	and	their	secretomes	are	
one	of	the	main	contributors	to	the	altered	aged	tissue	environment.

Cellular	senescence	is	characterized	by	irreversible	growth	arrest	
and	plays	a	role	throughout	various	stages	of	 life.	 In	development,	
cellular senescence is critical for proper tissue and organ formation, 
while after birth and throughout adulthood, it is key in protecting 
against	potentially	oncogenic	insults	by	preventing	cells	from	divid-
ing	with	DNA	and	or	mitochondrial	damage.	Senescent	cells	in	adult-
hood are unable to go through apoptotic pathways of self- elimination 
and	rely	on	phagocytic	cells	of	the	immune	system	for	clearance	(Di	

Micco	et	al.,	2021).	Most	importantly,	the	number	of	senescent	cells	
increases with chronological aging, as accumulation surpasses their 
rate	of	elimination	(Di	Micco	et	al.,	2021).	Although	senescence	leads	
to	irreversible	cell	cycle	arrest,	senescent	cells	remain	metabolically	
active	 and	 display	many	 cellular	 changes.	 Senescent	 cells	 become	
resistant	to	apoptosis,	have	protein	aggregation	in	the	endoplasmic	
reticulum, and marked dysfunction in mitochondria and lysosomes 
(Rayess	et	al.,	2012).

Senescent cells also express a senescence associated secretory 
phenotype	(SASP),	which	has	been	described	as	the	ability	to	secrete	
multiple growth factors, cytokines and chemokines, which attract 
immune cells such as macrophages and natural killer cells to aid in 
their	elimination	(Coppe	et	al.,	2008).	It	has	been	shown,	however,	
that	if	senescent	cells	are	not	effectively	cleared,	they	can	accumu-
late	 and	 chronically	 secrete	 inflammatory	 cytokines,	 such	 as	 IL-	6	
and	IL-	8,	which	can	negatively	affect	self-	elimination	(Coppe	et	al.,	
2008).	Thus,	 the	accrual	of	 senescent	 cells	with	 aging	has	 further	
deleterious effects on neighboring cells and tissues and contributes 
to	the	aged	microenvironment.

Senescent	cells	have	been	 implicated	 in	many	age-	related	con-
ditions	and	diseases	and	are	thought	to	be	one	of	the	main	drivers	
of	aging.	A	number	of	 these	conditions	have	been	extensively	de-
scribed by us and others in recent studies demonstrating a signifi-
cant	impact	of	senescence	including:	physical	dysfunction	(Xu	et	al.,	
2015),	 osteoporosis	 (Farr	 et	 al.,	 2017),	 adipose	 tissue	 dysfunction	
(Xu	et	al.,	2015),	osteoarthritis	(Xu	et	al.,	2017),	cardiac	dysfunction	
(Baker	et	al.,	2016),	kidney	dysfunction	(Baker	et	al.,	2011),	athero-
sclerosis	(Childs	et	al.,	2016),	liver	steatosis	(Ogrodnik	et	al.,	2017),	
pulmonary	fibrosis	(Schafer	et	al.,	2017),	stem	cell	dysfunction	(Xu	
et	 al.,	 2015)	 and	 lifespan	 reduction	 (Baker	 et	 al.,	 2016).	 Taken	 to-
gether, it is clear that senescence plays a large role in poor health and 
disease progression in older adults, and that treatments to mitigate 
these	effects	are	critical	to	improving	health	and	quality	of	life.

Importantly, senolytics, which are drugs that can specifically tar-
get	senescent	cells,	are	now	being	developed	and	offer	 the	prom-
ise	of	delaying	many	different	age-	related	conditions	(Niedernhofer	
&	Robbins,	2018).	A	combination	of	two	senolytic	drugs,	dasatinib	
(D),	 a	 pan-	tyrosine	 kinase	 inhibitor,	 and	 quercetin	 (Q),	 a	 plant	 fla-
vonoid,	 has	been	 shown	 to	eliminate	 senescent	 cells	 and	alleviate	
several	age-	related	diseases	(Xu	et	al.,	2018).	Recently,	a	pilot	study	
in	 a	 small	 set	 of	 idiopathic	 pulmonary	 fibrosis	 (IPF)	 patients	 aged	
≥50	 years	 determined	 that	 intermittent	 administration	 of	 a	 D+Q 
cocktail	 resulted	 in	 a	 significant	 improvement	 in	physical	 function	
(Justice	et	al.,	2019).	These	results	also	confirm	observations	in	aged	
mice	(Xu	et	al.,	2018)	and	IPF	mice	(Schafer	et	al.,	2017),	indicating	
that	mouse	models	 are	 valid	 for	 human	 aging	 and	 senescence	 re-
search. In this current study, we examine the effects of D+Q treat-
ment	on	CD4	T	cell	differentiation	in vivo in an aging mouse model. 
Importantly, our results show that targeting senescent cells with 
D+Q	can	alter	the	pattern	of	differentiation	of	CD4	T	cells	in	aged	
mice to more closely resemble that found in younger mice. While 
many	studies	have	demonstrated	the	impact	of	senescence	on	age-	
related	disease	progression	and	physical	function,	only	a	few	have	
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addressed	how	this	 impacts	 immune	function	 (Camell	et	al.,	2021;	
Palacio	et	al.,	2019).	 Importantly,	ours	 is	the	first	study	to	suggest	
a	 relationship	between	 the	 senescent	 environment	 and	 its	 impact	
on	 the	 differentiation	 of	CD4	T	 cells	 in	 response	 to	 an	 infectious	
challenge.

2  |  RESULTS

2.1  |  Aging impacts CD4 T cell differentiation 
during influenza infection

In	order	 to	examine	how	aging	and	senescence	 impact	CD4	T	cell	
differentiation	we	have	used	our	well-	developed	model	of	sublethal	
influenza	infection	(Lefebvre,	Masters,	et	al.,	2016).	During	influenza	
infection,	CD4	T	cells	differentiate	into	subsets	such	as	Th1	to	help	
clear	the	virus	and	Treg	to	control	immunopathology.	These	subsets	
are	 characterized	 by	 expression	 of	 the	 transcription	 factors	 Tbet	
and	FoxP3,	respectively	(Abbas	et	al.,	1996;	Josefowicz	&	Rudensky,	
2009;	Tripathi	&	Lahesmaa,	2014).	The	CD4	subsets	in	the	lungs	of	
young	and	aged	 infected	mice	were	examined	using	MHC	Class	 II	
tetramers	 to	 identify	 influenza	 nucleoprotein	 (NP)-	specific	 CD4	T	
cells.	The	total	numbers	and	percentages	of	NP-	specific	CD4	T	cells	
in	the	lungs	were	similar	in	young	and	aged	groups	(Figure	1a).	The	
differentiation	of	responding	CD4	T	cells	into	Th	subsets	in	each	of	
these groups was then examined by determining transcription factor 
expression	using	a	flow	cytometric	approach	(Figure	S1).	Figure	1b	
shows that in the lungs there was no difference in the percentage of 
Tbet+	Th1	NP-	specific	CD4	T	cells	in	young	and	aged	mice.	In	con-
trast,	there	was	a	significantly	higher	percentage	of	FoxP3+	Tregs	in	
aged	lungs	when	compared	to	young	at	days	7	and	9	post-	infection.

Bronchoalveolar	 lavage	 fluid	 (BAL)	 was	 also	 collected	 from	 the	
lungs	of	these	young	and	aged	mice	and	cytokines	were	quantified.	
While	there	was	no	significant	difference	in	IFN-	gamma	levels,	there	
were	significantly	higher	levels	of	the	Type	2	cytokines	IL-	10	and	IL-	4	
in	BAL	 in	young	mice	when	compared	 to	aged	at	day	7	 (Figure	1c).	
Interestingly,	 the	 Type	 2	 cytokines	 IL-	5	 and	 IL-	10	 are	 significantly	
higher	in	the	BAL	from	aged	groups	at	day	9.	This	is	noteworthy	since	
Type	2	cytokines	are	important	for	resolution	of	an	immune	response	
and	a	return	to	homeostasis	following	infection	(Allen	&	Wynn,	2011).	
Additionally,	since	FoxP3	expression	in	CD4	T	cells	is	driven	by	TGF-	
beta	(Xu	et	al.,	2010),	we	quantified	this	and	observed	that	while	there	
was	no	difference	 in	TGF-	beta	 in	 the	BAL	 in	uninfected	young	and	
aged	mice,	significantly	higher	levels	of	TGF-	beta	were	present	in	aged	
groups	on	days	5	and	7	post-	infection	when	compared	to	young	mice.

2.2  |  TGF- beta drives disproportionate Treg 
differentiation

TGF-	beta	 is	 a	 pleotropic	 cytokine	 secreted	 by	 many	 cell	 types	
in the lung including epithelial cells, other fibroblastic- type cells, 
and immune cells such as macrophages and it plays a role in the 

reinforcement	 of	 senescent	 cell	 phenotypes	 (Rapisarda	 et	 al.,	
2017).	Not	only	does	exogenous	TGF-	beta	 impact	senescent	cells,	
but	 endogenous	 TGF-	beta	 production	 has	 also	 been	 shown	 to	 be	
upregulated	 in	 human	 fibroblasts	 that	 have	 become	 senescent	
(Rapisarda	 et	 al.,	 2017)	 and	TGF-	beta	 can	be	 a	 component	 of	 the	
SASP	(Borodkina	et	al.,	2018;	Hubackova	et	al.,	2012).	This	suggests	
that	TGF-	beta	from	senescent	cells,	which	are	more	plentiful	in	aged	
mice	(Burd	et	al.,	2013),	may	be	an	important	contributing	factor	to	
the	aged	tissue	microenvironment	that	will	further	influence	CD4	T	
cell polarization, especially to a more regulatory phenotype.

Based	on	the	results	shown	in	Figure	1,	we	treated	aged	mice	
with	neutralizing	anti-	TGF-	beta	monoclonal	antibody	following	in-
fection	in	order	to	determine	if	the	TGF-	beta	in	the	aged	environ-
ment	 impacted	FoxP3	expression	 in	 lung	CD4	T	cells	 (Figure	2a).	
Treatment	 reduced	 the	 percentage	 of	 FoxP3	 expressing	 Th	 cells	
in	both	the	total	lung	CD4	T	cell	population	(Figure	2b;	Figure	S2a)	
and	the	NP-	specific	CD4	T	cell	population	(Figure	2c;	Figure	S2b).	
Unexpectedly	however,	anti-	TGF-	beta	treatment	also	dramatically	
decreased	 the	 level	of	 albumin	 found	 in	 the	BAL	of	 the	 infected	
aged	mice	(Figure	2d).	These	results	show	that	not	only	does	the	
high	level	of	TGF-	beta	in	the	lungs	of	aged	mice	drive	the	dispro-
portionate	increase	in	FoxP3	expression	and	Treg	differentiation,	
but	also	that	one	of	the	consequences	of	greater	numbers	of	Tregs	
is	increased	lung	damage,	since	the	presence	of	albumin	in	the	BAL	
is	 associated	with	 lung	 damage	 (Bhan	 et	 al.,	 2015).	While	 these	
results	can	implicate	TGF-	beta	in	altered	CD4	Th	subset	differen-
tiation	over	the	course	of	infection,	it	does	not	determine	whether	
the	senescent	environment	or	senescent	cells	themselves	are	the	
main	drivers	of	this	difference	with	age.	As	a	result,	we	then	aimed	
to study the contribution of pre- existing senescent cells in this 
model.

2.3  |  Senescent cells contribute to age- related 
changes in CD4 T cell differentiation

Aged	mice	have	more	senescent	cells	when	compared	to	young	mice	
(Xu	et	al.,	2018)	and	we	hypothesized	that	these	senescent	cells	or	
the	senescent	environment	might	be	contributing	to	the	aging	envi-
ronment	that	is	driving	the	increased	expression	of	FoxP3	and	dif-
ferentiation	 to	Tregs.	 Importantly	 for	 this	 study,	 TGF-	beta	 can	 be	
generated	by	senescent	cells	as	a	component	of	the	SASP	(Borodkina	
et	al.,	2018;	Hoare	et	al.,	2016).	To	more	directly	examine	the	impact	
of	senescent	cells	on	Th	subsets	in	aged	mice,	senescent	cells	were	
targeted by administration of the senolytic drug cocktail dasatinib 
and	 quercetin	 (D+Q)	 (Xu	 et	 al.,	 2018)	 prior	 to	 influenza	 infection	
of	aged	mice	(Figure	3a).	We	chose	this	approach	since	it	has	been	
shown	to	be	very	effective	at	targeting	senescent	cells	 in	the	lung	
(Schafer	et	al.,	2017).	Since	the	treatment	regimen	ends	5	days	prior	
to	infection	and	these	drugs	have	a	very	short	half-	life	(Christopher	
et	al.,	2008),	the	effect	of	these	senolytic	drugs	should	be	restricted	
to	existing	senescent	cells	and	should	not	impact	the	future	anti-	viral	
immune response.
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Treatment	of	aged	mice	with	D+Q	does	not	have	an	impact	on	
Th1	differentiation	in	the	total	lung	CD4	T	cell	population	or	the	
NP-	specific	populations,	but	 it	does	 impact	Treg	differentiation.	
In the D+Q	 treated	 group,	 the	 percentage	 of	 FoxP3	 expressing	
Treg	cells	is	significantly	reduced	on	day	12	post-	infection	as	com-
pared	to	vehicle	treated	(Figure	3b;	Figure	S3).	We	also	examined	
CD8	T	cells	in	the	lungs	of	these	mice	and	found	that	D+Q treat-
ment	had	no	impact	on	cell	numbers,	percentages	of	NP-	specific	
cells	or	effector	subsets	(as	previously	defined,	Lefrancois	&	Obar,	
2010;	Figure	S4).	Importantly,	we	found	that	the	concentration	of	
TGF-	beta	 in	the	BAL	is	significantly	reduced	(Figure	3C)	 in	D+Q 
treated	aged	mice	when	compared	 to	 the	vehicle	control	group.	
This	 suggests	 that	 previously	 existing	 senescent	 cells	 might	 be	

contributing	to	TGF-	beta	production	and	have	an	impact	on	Treg	
differentiation	 following	 infection,	 even	 weeks	 following	 seno-
lytic treatment.

2.4  |  Impact of D+Q treatment on BAL cytokines

We	next	assessed	cytokines	in	the	BAL	from	aged	mice	treated	with	
D+Q	 or	 vehicle	 in	 order	 to	 determine	 if	 senolytics	 could	 impact	
overall	cytokine	production.	There	was	no	difference	in	IFN-	gamma	
in the two groups, but the D+Q treated aged mice had significantly 
higher	levels	of	IL-	4	and	IL-	5	when	compared	to	the	vehicle	treated	
group	(Figure	4a).	This	pattern	of	cytokine	production	in	the	D+Q 

F I G U R E  1 Higher	levels	of	FoxP3	expressing	CD4	T	cells	in	the	lungs	of	influenza	infected	aged	mice.	Young	(6–	8	weeks)	and	aged	(18–	
20	months)	C57BL/6	mice	were	infected	with	a	sublethal	dose	of	influenza	and	on	days	5,	7,	and	9	post-	infection,	lungs	were	harvested.	
NP-	specific	CD4	T	cells	were	enumerated	within	the	total	CD4	T	cell	population	with	a	NP311- 325/IAb	MHC	class	II	tetramer.	(a)	Shows	the	
number	and	percentage	of	NP+	flu-	specific	cells	within	the	total	CD4	T	cell	compartment	in	the	lung	at	each	time	point.	(b)	The	percentage	
of	NP+	flu-	specific	cells	within	the	CD4	T	cell	compartment	was	assessed	for	expression	of	Th	subset-	specific	transcription	factors	Tbet	
(for	Th1)	and	FoxP3	(for	Treg)	by	flow	cytometry.	(c)	Bronchoalveolar	lavage	fluid	(BAL)	was	also	harvested	from	the	young	and	aged	mice.	
IFNγ,	IL-	10,	IL-	4,	and	IL-	5	in	the	BAL	were	measured	by	multiplex	assay	and	free	active	TGF-	beta	was	measured	by	ELISA.	Data	shown	are	
combined	from	at	least	four	independent	experiments	with	a	total	of	5–	15	mice	per	group.	Statistical	significance	was	calculated	using	the	
Mann–	Whitney	U	test	with	Holm–	Sidak	post	hoc	corrections	for	multiple	comparisons.	The	data	is	presented	as	means	± standard error of 
the	mean	(SEM);	*p ≤	0.05

(a)

(b)

(c)
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treated	group	is	somewhat	similar	to	what	was	found	in	the	BAL	of	
young	mice	(Figure	1c).	We	also	found	that	aged	mice	treated	with	
D+Q	exhibited	a	higher	percentage	of	GATA3	expressing	influenza	
NP-	specific	CD4	T	cells	(Figure	4b;	Figure	S5).	Taken	together,	these	
results indicate that D+Q treatment seems to be promoting a more 
balanced	CD4	differentiation	pattern	in	aged	mice,	including	the	in-
clusion	of	a	more	Th2-	like	phenotype	(Tripathi	&	Lahesmaa,	2014).	
This	result	also	indicates	that	it	is	likely	that	the	presence	of	senes-
cent	cells	negatively	impacts	the	CD4	T	cell	differentiation	program	
in aged mice, which, in turn, could then impact the initiation of heal-
ing	and	return	to	homeostasis	following	viral	clearance,	which	is	me-
diated	by	Th2	cells	(Allen	&	Wynn,	2011).

2.5  |  The senescent environment impacts 
differentiation of young CD4 T cells

It	 is	 possible	 that	 the	 results	 observed	 in	Figure	1	may	be	 influ-
enced by an increased predisposition of aged influenza- specific 
CD4	T	cells	to	express	Foxp3	and	differentiate	toward	a	Treg	phe-
notype	when	compared	to	young	CD4	T	cells.	In	order	to	address	
this point, aged mice were treated with D+Q	 or	 vehicle	 control	
and	then	young	OT-	II	ovalbumin	(OVA)	specific	CD4	T	cells	were	
transferred	into	these	aged	hosts	(Figure	5a).	All	hosts	were	then	
infected	with	an	influenza	virus	expressing	the	OVA	peptide	that	
is	recognized	by	OT-	II	CD4	T	cells	(PR8-	OVAII)	and	the	phenotype	
of	both	the	transferred	and	endogenous	CD4	T	cells	in	the	medi-
astinal	lymph	node	was	examined	7	days	later.	Fewer	donor	OT-	II	
CD4	T	cells	expressing	FoxP3	were	recovered	from	D+Q treated 
hosts	when	compared	to	vehicle	treated	hosts	(Figure	5b).	The	en-
dogenous	 aged	CD4	T	 cells	 exhibited	 a	 similar	 trend	with	 fewer	
of	 them	 expressing	 FoxP3	 (Figure	 5c).	 Taken	 together,	 these	 re-
sults indicate that targeting senescent cells with senolytic drugs 
reduces	the	differentiation	of	responding	CD4	T	cells	into	a	FoxP3-	
expressing	Treg	phenotype,	regardless	of	whether	they	originated	
in a young or aged mouse.

3  |  DISCUSSION

It is well established that the immune response to influenza infection 
is	significantly	impacted	by	aging.	We	have	shown	previously	that:	
(1)	clearance	of	 influenza	virus	 is	delayed	 in	aged	mice;	 (2)	 inflam-
matory	cytokines	 (G-	CSF,	 IL-	6,	 IL-	1-	alpha)	 linger	 longer	 in	 the	BAL	
from	aged	mice;	(3)	albumin	stays	elevated	longer	in	the	BAL	from	
aged	mice;	and	(4)	there	are	age-	related	perturbations	in	Th	subset	
differentiation	as	defined	by	cell	surface	markers	(Lefebvre,	Lorenzo,	
et	al.,	2016).	The	relationship	between	these	four	points	remains	to	
be	delineated	and	will	be	the	subject	of	 intense	research	over	 the	

F I G U R E  2  Neutralization	of	TGF-	beta	in	aged	mice	reduced	the	
number	of	FoxP3+	cells	in	the	lungs.	(a)	Aged	mice	were	treated	
with	anti-	TGF-	beta	neutralizing	monoclonal	antibody	(BioXcell,	
clone:	1D11.16.8)	or	IgG	isotype	control	(IgG)	on	2,	4,	6,	8,	and	
10 days following flu infection. Mice were sacrificed on days 
7,	12	and	14	and	the	lungs	were	harvested	for	flow	cytometry	
to	determine	the	effect	of	TGF-	beta	neutralization	on	the	
CD4+FoxP3+	Treg	subset	in	(b)	the	total	CD4	T	cell	compartment	
and	(c)	the	NP-	specific	CD4	T	cell	compartment	using	an	NP311- 325/
IAb	MHC	class	II	tetramer.	Each	symbol	represents	a	single	animal.	
(d)	In	a	separate	experiment,	anti-	TGF-	beta	treated	mice	were	
sacrificed	on	days	9,	12	and	15	post-	infection	and	the	amount	of	
albumin	in	the	Bronchoalveolar	lavage	fluid	(BAL)	was	assessed	
by	ELISA.	For	all,	statistical	significance	was	calculated	using	the	
Mann–	Whitney	U	test	with	Holm–	Sidak	post	hoc	corrections	for	
multiple	comparisons	comparing	anti-	TGF-	beta	treated	and	IgG	
isotype	control	groups	at	each	time	point.	The	data	is	presented	as	
mean ±	standard	error	of	the	mean	(SEM)	with	n =	4–	8	animals/
group.	*p	≤	0.05

(a)

(b)

(c)

(d)
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coming	 years	 as	 we	 employ	 new	 approaches	 to	 investigate	 aging	
complications.	While	there	are	obvious	intrinsic	age-	related	changes	
in	CD4	T	cells	(Eaton	et	al.,	2004;	Haynes	et	al.,	1999),	previous	stud-
ies	 from	our	 laboratory	have	also	shown	that	 the	aged	microenvi-
ronment	has	a	distinct	impact	on	the	response	of	CD4	T	cells	when	
compared	to	a	young	environment	(Lefebvre,	Masters,	et	al.,	2012;	
Lefebvre	et	al.,	2012;	Masters	et	al.,	2019).	In	the	aged	environment,	
chemokine expression, cellular organization, and organ architecture 
are all dysregulated in secondary lymphoid organs, which can then 
impact	 both	 the	 initial	 priming	 and	 subsequent	 differentiation	 of	
responding	 CD4	 T	 cells.	 Importantly,	 we	 have	 demonstrated	 that	
significantly	more	T	follicular	regulatory	cells	(TFR,	Bcl6

+FoxP3+)	de-
velop	in	aged	mice	when	compared	to	young	during	influenza	infec-
tion	(Lefebvre,	Masters,	et	al.,	2016).	Additionally,	polyclonal	young	
CD4	T	cells	transferred	into	aged	mice	were	more	likely	to	express	a	
TFR phenotype when compared to those transferred into young mice 
and	 this	 was	 accompanied	 by	 higher	 concentrations	 of	 TGF-	beta	
in	 the	 spleens	 of	 the	 aged	 hosts	 (Lefebvre,	Masters,	 et	 al.,	 2016).	
Taken	together,	 these	results	 indicate	that	the	aged	TGF-	beta-	rich	

environment	 favors	 Treg	 differentiation,	 but	 the	 mechanisms	 re-
sponsible for this were not apparent at the time.

In	this	current	study,	we	have	expanded	on	the	examination	of	
Th	 subset	 differentiation,	 now	 using	 lineage-	specific	 transcription	
factors	 to	 define	 Th	 subsets.	 Importantly,	 this	 approach	 revealed	
that while there was no significant difference in the percent of in-
fluenza	NP-	specific	CD4	T	cells	expressing	Tbet	in	young	and	aged	
lungs,	there	were	significantly	more	FoxP3-	expressing	CD4	T	cells	in	
aged	lungs.	These	FoxP3+	Tregs	have	the	potential	to	down	regulate	
effector	mechanisms	that	are	important	for	viral	clearance,	including	
the	generation	of	anti-	viral	CD8	T	cells,	which	could,	in	turn,	delay	
viral	clearance.

While	these	results	are	both	novel	and	interesting,	there	are	no-
table limitations with our studies and their interpretations. Firstly, 
although the half- life of D+Q is short and it is cleared from the mice 
within	24	h	(Christopher	et	al.,	2008;	Graefe	et	al.,	2001),	it	is	pos-
sible that D+Q	might	have	off-	target	effects	on	T	cells.	In	our	stud-
ies,	we	have	tried	to	mitigate	off-	target	effects	by	including	a	5-	day	
wash- out period during which the drug is rapidly metabolized and 

F I G U R E  3 Senolytic	drug	combination	
D+Q	induces	reduction	in	FoxP3+	CD4	T	
cell	subsets	in	the	lung	and	TGF-	beta	in	
the	Bronchoalveolar	lavage	fluid	(BAL).	
(a)	Aged	mice	were	treated	with	D+Q 
(5	mg/kg/day	Dasatinib	and	50	mg/kg/
day	Quercetin)	by	oral	gavage	prior	to	flu	
infection as described in the Experimental 
Procedures	section.	(b)	Mice	were	
sacrificed on day 12 post- infection and 
lungs	were	harvested	for	flow	cytometry	
to determine the effect of D+Q treatment 
on transcription factor expression by 
total	CD4+	and	NP+CD4+	cells.	(c)	Free-	
active	TGF-	beta	was	measured	in	the	
BAL	and	analyzed	by	ELISA	on	day	7	
post- infection. Data shown is from one 
experiment with a total of 5 mice per 
D+Q	treated	group	and	6	mice	per	vehicle	
treated group. Statistical significance 
was	calculated	using	the	Mann–	Whitney	
U test comparing D+Q and Veh treated 
groups.	The	data	is	presented	as	
means ± standard error of the mean 
(SEM).	*p ≤	0.05

(a)

(b)

(c)
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excreted.	 In	addition,	T	cell	proliferation	and	differentiation	 is	not	
seen	in	our	model	until	about	days	5	or	7	post-	infection.	Therefore,	
although we did not examine the effects of D+Q	on	T	cells	directly,	
there	is	 little	evidence	to	support	that	T	cells	will	be	affected	by	a	
D+Q	treatment	10–	12	days	earlier.	More	critically,	because	 the	 in	
vivo	study	of	senescent	cells	 is	still	a	nascent	field,	 it	 is	very	diffi-
cult	to	definitively	link	the	use	of	senolytics	to	targeting	specific	cell	
types	in	a	given	tissue,	e.g.,	the	lungs.	Furthermore,	there	is	no	single	
reliable biomarker for senescent cells that would allow us to track 
the	overall	burden	before	senolytic	treatment	and	during	infection	
in	 the	 same	mouse.	 This	 greatly	 complicates	 our	 ability	 to	 clearly	
demonstrate that senolytic treatment decreases senescent cell bur-
den in the lung that then goes on to confer beneficial outcomes in 
CD4	T	cell	differentiation	in	the	same	individual	mouse.	It	is	also	dif-
ficult, for these same reasons, to determine whether senescent cells 
are	the	sole	producers	of	TGF-	beta	during	a	typical	aged	response	to	
flu	infection.	As	the	field	develops	and	more	reliable	biomarkers	are	
identified, these details will be more clearly elucidated.

Thus,	 there	 remain	 open	 questions	 that	 require	 further	 inves-
tigation	 in	 this	model.	Some	of	 the	most	 important	questions	 that	
remain	to	be	answered	are:	(1)	Which	cells	are	becoming	senescent?	
(2)	Does	 the	 age-	related	 increase	 in	 Tregs	 have	 an	 impact	 on	 the	
primary	response	to	influenza	infection	(including	viral	clearance)	in	
our	model	as	other	investigators	have	reported	(Williams-	Bey	et	al.,	
2011)?	 (3)	Do	 these	Tregs	have	 an	 impact	 on	 the	development	of	
protective	immune	memory	in	aged	mice?	(4)	Do	Tregs	generated	in	
aged	mice	have	suppressive	activity	that	is	similar	to	those	in	young	
mice?	(5)	Does	TGF-	beta	in	the	SASP	drive	de	novo	differentiation	of	
inducible	Tregs	or	does	it	promote	the	survival	and	proliferation	of	

existing	Tregs?	These	points	are	all	important	especially	in	light	of	a	
recent study demonstrating that treatment of aging mice with seno-
lytics	can	improve	survival	and	antibody	production,	both	indicative	
of	a	robust	adaptive	immune	function,	in	response	to	a	viral	infection	
(Camell	et	al.,	2021).	The	results	of	our	study	suggest	that	these	im-
provements	in	immunity	could	be	the	result	of	changes	in	CD4	T	cell	
differentiation in the treated aged mice.

Important for our studies is the fact that there is an accumula-
tion	of	senescent	cells	in	the	aging	lung	environment	(Campisi,	2016)	
and thus, this could impact the immune response to influenza in-
fection.	 In	 the	 lung,	 fibroblasts,	 smooth	muscle	 cells,	 and	 alveolar	
epithelial cells can become senescent and may contribute to lung 
disease	and	could	also	contribute	to	a	senescent	environment	that	
impacts	subsequent	adaptive	immune	responses.	Importantly,	some	
SASP	 factors	 are	 also	 central	 players	 in	 CD4	 T	 cell	 homeostasis,	
stimulation,	 and	 differentiation	 including	 IL-	1alpha,	 IL-	6,	 IL-	7	 and	
TGF-	beta	(Coppe	et	al.,	2008;	Hubackova	et	al.,	2012)	and	have	the	
potential	 to	 impact	adaptive	 immune	responses.	 In	addition,	 it	has	
been shown that senescent cells exhibit a hyper- inflammatory re-
sponse	to	pathogen-	associated	molecular	patterns	(PAMPS),	which	
could account for some of these age- related changes in the cytokine 
milieu	(Camell	et	al.,	2021).	Our	results	demonstrate	that	senolytic	
drugs	can	impact	CD4	T	cells,	most	likely	by	modulating	the	micro-
environment,	which	then	can	influence	T	cell	differentiation	during	
the	response	to	influenza	infection.	These	promising	results	suggest	
that aspects of diminished immune responses with age are in fact 
treatable and future studies may be able to design such therapeutics 
for	 older	 adults	 to	 prevent	 influenza	 and	 other	 infectious	 disease	
mortality.

F I G U R E  4 D+Q	treatment	is	associated	with	the	production	of	Type	2	cytokines	in	aged	lungs.	(a)	Prior	to	flu	infection,	aged	mice	were	
treated with D+Q	or	vehicle	as	in	Figure	3.	On	days	7,	10,	12,	and	14	post-	infection,	Bronchoalveolar	lavage	fluid	was	harvested	and	IFNγ, 
IL-	10,	IL-	4,	and	IL-	5	were	measured	by	multiplex	assay.	Data	shown	is	from	one	experiment	with	a	total	of	5	mice	per	D+Q treated group and 
6	mice	per	vehicle	treated	group	(b)	Aged	mice	were	treated	with	D+Q	or	vehicle	before	flu	infection.	On	day	12	post-	infection,	lung	tissue	
was	harvested	and	NP-	specific	CD4	T	cells	were	enumerated	with	a	NP311- 325/IAb	MHC	class	II	tetramer.	The	number	and	percentage	of	NP+ 
flu-	specific	cells	within	the	total	CD4	T	cell	compartment	were	assessed	for	expression	of	TH2	subset-	specific	transcription	factor	GATA3	
by	flow	cytometry.	Data	shown	is	from	one	experiment	with	a	total	of	8–	9	mice	per	group.	Statistical	significance	was	calculated	using	the	
Mann–	Whitney	U	test	with	Holm–	Sidak	post	hoc	corrections	for	multiple	comparisons	comparing	D+Q	and	vehicle	treated	groups	at	each	
time point. All data are presented as means ±	standard	error	of	the	mean	(SEM).	*p	≤	0.05

(a)

(b)
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4  |  E XPERIMENTAL PROCEDURES

4.1  |  Mice

Young	 (2–	3	 months)	 male	 C57BL/6	 mice	 were	 purchased	 from	
Jackson	 Laboratories	 or	 obtained	 from	 the	 National	 Institute	 on	
Aging.	Aged	(19–	22	months)	male	C57BL/6	mice	were	obtained	from	
the	National	 Institute	 on	Aging	 rodent	 colony.	OT-	II.	 Thy1.1	mice	
were	 bred	 at	 UConn	 Health.	 All	 mice	 were	 housed	 in	 a	 climate-	
controlled	 environment	 and	 fed	 standard	 rodent	 chow	 and	water	
ad libitum until use. All mice were cared for in accordance with the 
recommendations	in	the	Guide	for	the	Care	and	use	of	Laboratory	
Animals	of	the	National	Institutes	of	Health.	All	procedures	were	ap-
proved	by	the	UConn	Health	IACUC.

4.2  |  Viral infection

Mice were anesthetized with isoflurane and intranasally inoculated 
with 500 EID50	of	the	H1N1	influenza	virus	A/PR/8/34	(PR8)	or	PR8	
expressing	an	MHC	Class	II-	restricted	ovalbumin	peptide	(PR8-	OVAII)	

in 50 μl	PBS.	After	infection,	mice	were	weighed	daily	to	monitor	in-
fection progression. Recumbent mice and mice that had lost more 
than	30%	body	weight	were	considered	moribund	and	euthanized.	All	
mice underwent gross pathological examination at time of sacrifice 
and	animals	with	obvious	pathology	were	excluded	from	the	study.

4.3  |  Adoptive transfer of CD4 T cells

OT-	II.	 Thy1.1	 CD4	 T	 cells	 were	 isolated	 from	 the	 spleens	 of	 young	
(2–	4	months	old)	transgenic	mice	using	Miltenyi	negative	selection	kits	
and 5 × 105	cells	were	transferred	intravenously	into	aged	mice	that	had	
been	previously	treated	with	D+Q	or	vehicle.	On	the	next	day,	hosts	were	
infected	with	PR8-	OVAII	and	then	sacrificed	on	day	7	post-	infection.	For	
analysis,	donor	OT-	II	cells	were	identified	by	Thy1.1	staining.

4.4  |  Antibody treatments

Anti-	TGF-	beta	neutralizing	antibody	clone	1D11.16.8	or	IgG	isotype	
matched	control	clone	MOPC-	21	(both	purchased	from	BioXell)	was	

F I G U R E  5 The	senescent	environment	
drives	both	endogenous	aged	CD4	and	
transferred	young	CD4	T	cells	to	express	
FoxP3.	(a)	Young	OT-	II	CD4+	T	cells	
(5	× 105)	were	transferred	i.v.	into	aged	
C57BL/6	mice	hosts	that	were	previously	
treated with D+Q	or	vehicle	control	
(as	in	Figure	3)	and	then	subsequently	
infected	with	PR8-	OVAII influenza. On 
day	7	post-	infection,	(b)	the	young	OT-	II	
donor	CD4+	T	cells	and	(c)	the	aged	host	
endogenous	CD4+	T	cell	populations	
were isolated from the mediastinal lymph 
node	and	were	quantified	for	expression	
of	FoxP3.	Data	shown	is	combined	
from two independent experiments 
with	a	total	of	10–	15	mice	per	group.	
Statistical significance was calculated by 
Student's t test comparing D+Q and Veh 
treated	groups.	The	data	is	presented	
as means ± standard error of the mean 
(SEM).	*p ≤	0.05

(a)

(b)

(c)
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delivered	intraperitoneally	to	mice	(200ug	in	200	μl	PBS)	on	days	2,	
4,	6,	8,	and	10	post-	influenza	infection.	This	dose	of	anti-	TGF-	beta	
antibody	has	been	previously	 shown	 to	 reduce	TGF-	beta	 levels	 in	
vivo	(Greco	et	al.,	2015).

4.5  |  D+Q treatments

Mice	were	 treated	by	oral	 gavage	with	either	5	mg/kg/day	dasat-
inib	and	50	mg/kg/day	quercetin	or	vehicle	control	administered	for	
three	consecutive	days	in	two	treatments	one	week	apart.	Dasatinib	
and	 quercetin	 were	 dissolved	 in	 vehicle	 containing	 10%	 ethanol,	
30%	polyethylene	glycol	400,	and	60%	Phosal	50	PG	at	a	concentra-
tion	of	2	mg/ml	and	20	mg/ml,	respectively.	Solutions	were	left	to	
sit	rotating	gently	at	room	temperature	for	several	hours	to	dissolve.	
After the treatment regimen was completed, mice were allowed to 
rest for 5 days prior to use in experiments.

4.6  |  Multiplex quantification of cytokines

Bronchoalveolar	 lavage	fluid	 (BAL)	was	collected	by	flushing	 lungs	
with	1mL	saline	postmortem.	Supernatant	was	collected	after	cen-
trifugation and assayed for cytokine and chemokine content using 
the	Luminex	Mouse	Cytokine/Chemokine	32-	plex	panel	or	25-	plex	
panel	(EMD	Millipore).

4.7  |  Active TGF- beta1 ELISA

TGF-	beta1	was	measured	in	the	BAL	supernatants	using	the	LEGEND	
MAXTM	 Free	 Active	 TGF-	beta1	 ELISA	 kit	 (BioLegend).	 Samples	
were run in duplicate according to manufacturer's instructions.

5  |  ALBUMIN QUANTIFIC ATION

The	albumin	content	in	BAL	supernatant	was	determined	by	ELISA	
(Bethyl	Laboratories)	according	to	manufacturer's	instructions.

5.1  |  Flow cytometry

Single cell suspensions were generated from the lungs or lymph 
nodes.	Cells	were	incubated	with	Fc	block	(anti-	CD16/32)	for	15	min	
on	 ice	 followed	 by	 staining	with	 a	NP311- 325 IAb	MHC	Class	 II	 te-
tramer	or	NP366-	374	H-	2D

b	MHC	Class	I	tetramer	(generated	by	the	
NIH	Tetramer	Core	Facility)	for	1	h	at	room	temperature	at	a	dilution	
of	1:50	to	ensure	optimal	staining.	For	CD8	effector	subset	analysis,	
cells	were	subsequently	stained	for	expression	of	CD8,	KLRG1	and	
CD127.	In	transcription	factor	studies,	anti-	CD4	antibody	was	used	
in	combination	with	 the	NP	MHC	Class	 II	Tetramer	and	 transcrip-
tion	factor	antibodies:	Tbet	(BioLegend),	FoxP3	(BioLegend),	GATA3	

(BioLegend).	 For	 intracellular	 transcription	 factor	 detection,	 cells	
were	fixed	and	permeabilized	using	the	Foxp3/Transcription	Factor	
Staining	 Buffer	 Set	 (eBioscience)	 according	 to	 the	manufacturer's	
instructions.

5.2  |  Statistics

Differences between experimental groups were analyzed using 
Student's t	Test	or	the	Mann–	Whitney	U	test	with	Holm–	Sidak	post	
hoc corrections for multiple comparisons when necessary. Statistical 
analyses	were	performed	with	Prism	8	software	(GraphPad	Software	
Inc.)	or	SPSS	Software	 (IBM).	Differences	were	considered	signifi-
cant at p < 0.05.

ACKNOWLEDG MENTS
This	 work	 was	 funded	 by	 NIH/NIA	 grants	 (R21AG060707	 and	
R21AG071292)	and	by	an	American	Federation	for	Aging	Research	
(AFAR)	 scholarship	 to	 ECL.	 Dr.	 Haynes	 is	 also	 supported	 by	
P30AG067988.

CONFLIC T OF INTERE S T
LH	serves	 as	 a	paid	 consultant	 for	Spring	Discovery.	MX	has	 a	 fi-
nancial interest related to this research: patents on senolytic drugs 
(including	PCT/US2016/041646,	filed	at	the	US	Patent	Office)	are	
held by Mayo Clinic. Other authors declare no conflicts.

AUTHOR CONTRIBUTIONS
ECL	was	involved	with	experimental	design,	project	funding,	execu-
tion of the experiments, analysis of the results, and assisted with 
writing	of	this	manuscript;	BLT	assisted	with	execution	of	the	experi-
ments, analysis of the results, and assisted with writing of this manu-
script;	AH	helped	carry	out	the	experiments;	IA-	N,	MX,	JMB	and	LH	
helped with experimental design, interpretation of the results and 
with	 the	writing	of	 this	manuscript;	 LH	obtained	 the	 funding	 that	
supported this study.

DATA AVAIL ABILIT Y S TATEMENT
The	data	that	support	the	findings	of	this	study	are	available	from	
the	corresponding	author	upon	reasonable	request.

ORCID
Blake L. Torrance  https://orcid.org/0000-0001-8647-2436 
Ming Xu  https://orcid.org/0000-0002-4477-939X 
Laura Haynes  https://orcid.org/0000-0002-5006-3339 

R E FE R E N C E S
[CDC],	C.	f.	D.	C.	a.	P.	(2021).	Weekly updates by select demographic and 

geographic characteristics.	 https://www.cdc.gov/nchs/nvss/vsrr/
covid_weekl	y/index.htm#AgeAn	dSex

Abbas,	A.	K.,	Murphy,	K.	M.,	&	Sher,	A.	 (1996).	Functional	diversity	of	
helper	 T	 lymphocytes.	 Nature, 383(6603),	 787–	793.	 https://doi.
org/10.1038/383787a0

https://orcid.org/0000-0001-8647-2436
https://orcid.org/0000-0001-8647-2436
https://orcid.org/0000-0002-4477-939X
https://orcid.org/0000-0002-4477-939X
https://orcid.org/0000-0002-5006-3339
https://orcid.org/0000-0002-5006-3339
https://www.cdc.gov/nchs/nvss/vsrr/covid_weekly/index.htm#AgeAndSex
https://www.cdc.gov/nchs/nvss/vsrr/covid_weekly/index.htm#AgeAndSex
https://doi.org/10.1038/383787a0
https://doi.org/10.1038/383787a0


10 of 11  |     LORENZO Et aL.

Allen,	 J.	 E.,	&	Wynn,	T.	A.	 (2011).	 Evolution	of	Th2	 immunity:	A	 rapid	
repair	 response	 to	 tissue	 destructive	 pathogens.	 PLoS Path, 7(5),	
e1002003.	https://doi.org/10.1371/journ	al.ppat.1002003

Baker,	D.	J.,	Childs,	B.	G.,	Durik,	M.,	Wijers,	M.	E.,	Sieben,	C.	J.,	Zhong,	
J.,	Saltness,	R.	A.,	 Jeganathan,	K.	B.,	Verzosa,	G.	C.,	Pezeshki,	A.,	
Khazaie,	K.,	Miller,	J.	D.,	&	van	Deursen,	J.	M.	(2016).	Naturally	oc-
curring	p16(Ink4a)-	positive	 cells	 shorten	healthy	 lifespan.	Nature, 
530(7589),	184–	189.	https://doi.org/10.1038/natur	e16932

Baker,	D.	J.,	Wijshake,	T.,	Tchkonia,	T.,	LeBrasseur,	N.	K.,	Childs,	B.	G.,	van	
de	Sluis,	B.,	Kirkland,	J.	L.,	&	van	Deursen,	J.	M.	(2011).	Clearance	
of	p16Ink4a-	positive	senescent	cells	delays	ageing-	associated	dis-
orders. Nature, 479(7372),	232–	236.	https://doi.org/10.1038/natur	
e10600

Bhan,	U.,	 Podsiad,	A.	B.,	Kovach,	M.	A.,	Ballinger,	M.	N.,	Keshamouni,	
V.,	&	Standiford,	T.	 J.	 (2015).	Linezolid	has	unique	 immunomodu-
latory	effects	 in	post-	influenza	community	acquired	MRSA	pneu-
monia. PLoS One, 10(1),	 e0114574.	 https://doi.org/10.1371/journ	
al.pone.0114574

Borodkina,	A.	V.,	Deryabin,	P.	I.,	Giukova,	A.	A.,	&	Nikolsky,	N.	N.	(2018).	
"Social	 Life"	 of	 senescent	 cells:	What	 is	 SASP	 and	why	 study	 it?	
Acta Naturae, 10(1),	 4–	14.	 https://www.ncbi.nlm.nih.gov/pubme	
d/29713514

Burd,	 C.	 E.,	 Sorrentino,	 J.	 A.,	 Clark,	 K.	 S.,	 Darr,	 D.	 B.,	 Krishnamurthy,	
J.,	 Deal,	 A.	 M.,	 Bardeesy,	 N.,	 Castrillon,	 D.	 H.,	 Beach,	 D.	 H.,	 &	
Sharpless,	N.	E.	(2013).	Monitoring	tumorigenesis	and	senescence	
in	vivo	with	a	p16(INK4a)-	luciferase	model.	Cell, 152(1–	2),	340–	351.	
https://doi.org/10.1016/j.cell.2012.12.010

Camell,	C.	D.,	Yousefzadeh,	M.	J.,	Zhu,	Y.,	Langhi	Prata,	L.	G.	P.,	Huggins,	
M.	A.,	Pierson,	M.,	Zhang,	L.,	O'Kelly,	R.	D.,	Pirtskhalava,	T.,	Xun,	
P.,	 Ejima,	 K.,	 Xue,	 A.,	 Tripathi,	 U.,	 Machado	 Espindola-	Netto,	 J.,	
Giorgadze,	N.,	Atkinson,	E.	J.,	Inman,	C.	L.,	Johnson,	K.	O.,	Cholensky,	
S.	H.,	…	Robbins,	P.	D.	(2021).	Senolytics	reduce	coronavirus-	related	
mortality in old mice. Science, 373(6552),	https://doi.org/10.1126/
scien	ce.abe4832

Campisi,	 J.	 (2016).	 Cellular	 senescence	 and	 lung	 function	 during	
aging.	 Yin	 and	 Yang.	 Annals of the American Thoracic Society, 
13(Supplement_5),	 S402–	S406.	 https://doi.org/10.1513/Annal	
sATS.20160	9-	703AW

Childs,	B.	G.,	Baker,	D.	J.,	Wijshake,	T.,	Conover,	C.	A.,	Campisi,	J.,	&	van	
Deursen,	 J.	M.	 (2016).	 Senescent	 intimal	 foam	 cells	 are	 deleteri-
ous at all stages of atherosclerosis. Science, 354(6311),	 472–	477.	
https://doi.org/10.1126/scien	ce.aaf6659

Christopher,	L.	J.,	Cui,	D.,	Wu,	C.,	Luo,	R.,	Manning,	J.	A.,	Bonacorsi,	S.	J.,	
Lago,	M.,	Allentoff,	A.,	Lee,	F.	Y.,	McCann,	B.,	Galbraith,	S.,	Reitberg,	
D.	P.,	He,	K.,	Barros,	A.	Jr,	Blackwood-	Chirchir,	A.,	Humphreys,	W.	
G.,	&	Iyer,	R.	A.	(2008).	Metabolism	and	disposition	of	dasatinib	after	
oral administration to humans. Drug Metabolism and Disposition, 
36(7),	1357–	1364.	https://doi.org/10.1124/dmd.107.018267

Coppe,	 J.	P.,	Patil,	C.	K.,	Rodier,	F.,	Sun,	Y.,	Munoz,	D.	P.,	Goldstein,	 J.,	
Nelson,	 P.	 S.,	 Desprez,	 P.	 Y.,	 &	 Campisi,	 J.	 (2008).	 Senescence-	
associated	secretory	phenotypes	reveal	cell-	nonautonomous	func-
tions of oncogenic RAS and the p53 tumor suppressor. PLoS Biology, 
6(12),	2853–	2868.	https://doi.org/10.1371/journ	al.pbio.0060301

Di	Micco,	R.,	Krizhanovsky,	V.,	Baker,	D.,	&	d'Adda	di	Fagagna,	F.	(2021).	
Cellular senescence in ageing: From mechanisms to therapeutic 
opportunities. Nature Reviews Molecular Cell Biology, 22(2),	75–	95.	
https://doi.org/10.1038/s4158	0-	020-	00314	-	w

Eaton,	S.	M.,	Burns,	E.	M.,	Kusser,	K.,	Randall,	T.	D.,	&	Haynes,	L.	(2004).	
Age-	related	defects	in	CD4	T	cell	cognate	helper	function	lead	to	
reductions in humoral responses. Journal of Experimental Medicine, 
200(12),	1613–	1622.	https://doi.org/10.1084/jem.20041395

Farr,	J.	N.,	Xu,	M.,	Weivoda,	M.	M.,	Monroe,	D.	G.,	Fraser,	D.	G.,	Onken,	
J.	 L.,	Negley,	B.	A.,	 Sfeir,	 J.	G.,	Ogrodnik,	M.	B.,	Hachfeld,	C.	M.,	
LeBrasseur,	 N.	 K.,	 Drake,	 M.	 T.,	 Pignolo,	 R.	 J.,	 Pirtskhalava,	 T.,	
Tchkonia,	 T.,	 Oursler,	 M.	 J.,	 Kirkland,	 J.	 L.,	 &	 Khosla,	 S.	 (2017).	
Targeting	 cellular	 senescence	 prevents	 age-	related	 bone	 loss	 in	

mice. Nature Medicine, 23(9),	1072–	1079.	https://doi.org/10.1038/
nm.4385

Gieseck	3rd,	R.	L.,	Wilson,	M.	S.,	&	Wynn,	T.	A.	(2018).	Type	2	immunity	
in tissue repair and fibrosis. Nature Reviews Immunology, 18(1),	62–	
76.	https://doi.org/10.1038/nri.2017.90

Graefe,	 E.	 U.,	 Wittig,	 J.,	 Mueller,	 S.,	 Riethling,	 A.	 K.,	 Uehleke,	 B.,	
Drewelow,	B.,	Pforte,	H.,	Jacobasch,	G.,	Derendorf,	H.,	&	Veit,	M.	
(2001).	 Pharmacokinetics	 and	 bioavailability	 of	 quercetin	 glyco-
sides in humans. Journal of Clinical Pharmacology, 41(5),	 492–	499.	
https://doi.org/10.1177/00912	70012	2010366

Greco,	 S.	 H.,	 Tomkotter,	 L.,	 Vahle,	 A.	 K.,	 Rokosh,	 R.,	 Avanzi,	 A.,	
Mahmood,	S.	K.,	Deutsch,	M.,	Alothman,	S.,	Alqunaibit,	D.,	Ochi,	
A.,	 Zambirinis,	 C.,	 Mohaimin,	 T.,	 Rendon,	 M.,	 Levie,	 E.,	 Pansari,	
M.,	 Torres-	Hernandez,	 A.,	 Daley,	 D.,	 Barilla,	 R.,	 Pachter,	 H.	 L.,	 …	
Miller,	G.	(2015).	TGF-	beta	blockade	reduces	mortality	and	meta-
bolic	changes	in	a	validated	murine	model	of	pancreatic	cancer	ca-
chexia. PLoS One, 10(7),	e0132786.	https://doi.org/10.1371/journ	
al.pone.0132786

Haynes,	L.,	Linton,	P.	J.,	Eaton,	S.	M.,	Tonkonogy,	S.	L.,	&	Swain,	S.	L.	(1999).	
Interleukin 2, but not other common gamma chain- binding cyto-
kines,	can	reverse	the	defect	in	generation	of	CD4	effector	T	cells	
from	naive	T	cells	of	aged	mice.	 Journal of Experimental Medicine, 
190(7),	1013–	1024.	https://doi.org/10.1084/jem.190.7.1013

Hoare,	M.,	 Ito,	Y.,	Kang,	T.	W.,	Weekes,	M.	P.,	Matheson,	N.	J.,	Patten,	
D.	A.,	Shetty,	S.,	Parry,	A.	J.,	Menon,	S.,	Salama,	R.,	Antrobus,	R.,	
Tomimatsu,	K.,	Howat,	W.,	 Lehner,	 P.	 J.,	 Zender,	 L.,	&	Narita,	M.	
(2016).	 NOTCH1	mediates	 a	 switch	 between	 two	 distinct	 secre-
tomes during senescence. Nature Cell Biology, 18(9),	 979–	992.	
https://doi.org/10.1038/ncb3397

Hubackova,	 S.,	 Krejcikova,	 K.,	 Bartek,	 J.,	 &	Hodny,	 Z.	 (2012).	 IL1-		 and	
TGFbeta-	Nox4	 signaling,	 oxidative	 stress	 and	 DNA	 damage	 re-
sponse	are	shared	features	of	replicative,	oncogene-	induced,	and	
drug- induced paracrine ‘bystander senescence'. Aging (Albany NY), 
4(12),	932–	951.	https://doi.org/10.18632/	aging.100520

Josefowicz,	 S.	 Z.,	 &	 Rudensky,	 A.	 (2009).	 Control	 of	 regulatory	 T	 cell	
lineage commitment and maintenance. Immunity, 30(5),	 616–	625.	
https://doi.org/10.1016/j.immuni.2009.04.009

Justice,	 J.	N.,	Nambiar,	A.	M.,	 Tchkonia,	 T.,	 LeBrasseur,	N.	K.,	 Pascual,	
R.,	Hashmi,	 S.	K.,	 Prata,	 L.,	Masternak,	M.	M.,	Kritchevsky,	 S.	B.,	
Musi,	N.,	&	Kirkland,	 J.	 L.	 (2019).	 Senolytics	 in	 idiopathic	pulmo-
nary fibrosis: Results from a first- in- human, open- label, pilot 
study. EBioMedicine, 40,	 554–	563.	 https://doi.org/10.1016/j.
ebiom.2018.12.052

Lefebvre,	J.	S.,	Lorenzo,	E.	C.,	Masters,	A.	R.,	Hopkins,	J.	W.,	Eaton,	S.	M.,	
Smiley,	S.	T.,	&	Haynes,	L.	(2016).	Vaccine	efficacy	and	T	helper	cell	
differentiation change with aging. Oncotarget, 7(23),	33581–	33594.	
https://doi.org/10.18632/	oncot	arget.9254

Lefebvre,	J.	S.,	Masters,	A.	R.,	Hopkins,	J.	W.,	&	Haynes,	L.	(2016).	Age-	
related impairment of humoral response to influenza is associated 
with	changes	in	antigen	specific	T	follicular	helper	cell	responses.	
Scientific Reports, 6,	25051.	https://doi.org/10.1038/srep2	5051

Lefebvre,	 J.	 S.,	Maue,	A.	C.,	 Eaton,	 S.	M.,	 Lanthier,	 P.	A.,	 Tighe,	M.,	&	
Haynes,	L.	(2012).	The	aged	microenvironment	contributes	to	the	
age-	related	functional	defects	of	CD4	T	cells	in	mice.	Aging Cell, 11(5),	
732–	740.	https://doi.org/10.1111/j.1474-	9726.2012.00836.x

Lefrancois,	 L.,	&	Obar,	 J.	 J.	 (2010).	Once	 a	 killer,	 always	 a	 killer:	 From	
cytotoxic	T	cell	to	memory	cell.	Immunological Reviews, 235(1),	206–	
218.	https://doi.org/10.1111/j.0105-	2896.2010.00895.x

Masters,	A.	R.,	Hall,	A.,	Bartley,	J.	M.,	Keilich,	S.	R.,	Lorenzo,	E.	C.,	Jellison,	
E.	 R.,	 Puddington,	 L.,	 &	Haynes,	 L.	 (2019).	 Assessment	 of	 lymph	
node stromal cells as an underlying factor in age- related immune 
impairment. Journals of Gerontology: Series A, Biological Sciences 
and Medical Sciences, 74(11),	1734–	1743.	https://doi.org/10.1093/
geron	a/glz029

McElhaney,	J.	E.,	Xie,	D.,	Hager,	W.	D.,	Barry,	M.	B.,	Wang,	Y.,	Kleppinger,	
A.,	Ewen,	C.,	Kane,	K.	P.,	&	Bleackley,	R.	C.	(2006).	T	cell	responses	

https://doi.org/10.1371/journal.ppat.1002003
https://doi.org/10.1038/nature16932
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.1371/journal.pone.0114574
https://doi.org/10.1371/journal.pone.0114574
https://www.ncbi.nlm.nih.gov/pubmed/29713514
https://www.ncbi.nlm.nih.gov/pubmed/29713514
https://doi.org/10.1016/j.cell.2012.12.010
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1513/AnnalsATS.201609-703AW
https://doi.org/10.1513/AnnalsATS.201609-703AW
https://doi.org/10.1126/science.aaf6659
https://doi.org/10.1124/dmd.107.018267
https://doi.org/10.1371/journal.pbio.0060301
https://doi.org/10.1038/s41580-020-00314-w
https://doi.org/10.1084/jem.20041395
https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nri.2017.90
https://doi.org/10.1177/00912700122010366
https://doi.org/10.1371/journal.pone.0132786
https://doi.org/10.1371/journal.pone.0132786
https://doi.org/10.1084/jem.190.7.1013
https://doi.org/10.1038/ncb3397
https://doi.org/10.18632/aging.100520
https://doi.org/10.1016/j.immuni.2009.04.009
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.18632/oncotarget.9254
https://doi.org/10.1038/srep25051
https://doi.org/10.1111/j.1474-9726.2012.00836.x
https://doi.org/10.1111/j.0105-2896.2010.00895.x
https://doi.org/10.1093/gerona/glz029
https://doi.org/10.1093/gerona/glz029


    |  11 of 11LORENZO Et aL.

are	better	correlates	of	vaccine	protection	in	the	elderly.	The Journal 
of Immunology, 176(10),	 6333–	6339.	 https://doi.org/10.4049/
jimmu	nol.176.10.6333

Mueller,	D.	 L.,	 Jenkins,	M.	K.,	&	Schwartz,	R.	H.	 (1989).	Clonal	 expan-
sion	 versus	 functional	 clonal	 inactivation:	 a	 costimulatory	 signal-
ling	 pathway	 determines	 the	 outcome	 of	 T	 cell	 antigen	 receptor	
occupancy. Annual Review of Immunology, 7,	445–	480.	https://doi.
org/10.1146/annur	ev.iy.07.040189.002305

Niedernhofer,	L.	J.,	&	Robbins,	P.	D.	(2018).	Senotherapeutics	for	healthy	
ageing. Nat Rev Drug Discov, 17(5),	 377.	 https://doi.org/10.1038/
nrd.2018.44

Ogrodnik,	M.,	Miwa,	S.,	Tchkonia,	T.,	Tiniakos,	D.,	Wilson,	C.	L.,	Lahat,	
A.,	Day,	C.	P.,	Burt,	A.,	Palmer,	A.,	Anstee,	Q.	M.,	Grellscheid,	S.	
N.,	Hoeijmakers,	 J.	H.	 J.,	Barnhoorn,	S.,	Mann,	D.	A.,	Bird,	T.	G.,	
Vermeij,	W.	P.,	Kirkland,	J.	L.,	Passos,	J.	F.,	von	Zglinicki,	T.,	&	Jurk,	
D.	(2017).	Cellular	senescence	drives	age-	dependent	hepatic	ste-
atosis. Nature Communications, 8,	15691.	https://doi.org/10.1038/
ncomm	s15691

Okeke,	E.	B.,	&	Uzonna,	J.	E.	(2019).	The	pivotal	role	of	regulatory	T	cells	
in the regulation of innate immune cells. Frontiers in Immunology, 10, 
680.	https://doi.org/10.3389/fimmu.2019.00680

Palacio,	 L.,	 Goyer,	 M.	 L.,	 Maggiorani,	 D.,	 Espinosa,	 A.,	 Villeneuve,	 N.,	
Bourbonnais,	S.,	Moquin-	Beaudry,	G.,	Le,	O.,	Demaria,	M.,	Davalos,	
A.	R.,	Decaluwe,	H.,	&	Beausejour,	C.	(2019).	Restored	immune	cell	
functions upon clearance of senescence in the irradiated splenic 
environment.	 Aging Cell, 18(4),	 e12971.	 https://doi.org/10.1111/
acel.12971

Rapisarda,	 V.,	 Borghesan,	M.,	Miguela,	 V.,	 Encheva,	 V.,	 Snijders,	 A.	 P.,	
Lujambio,	A.,	&	O'Loghlen,	A.	(2017).	Integrin	beta	3	regulates	cel-
lular	senescence	by	activating	the	TGF-	beta	pathway.	Cell Reports, 
18(10),	2480–	2493.	https://doi.org/10.1016/j.celrep.2017.02.012

Rayess,	H.,	Wang,	M.	B.,	&	Srivatsan,	E.	S.	 (2012).	Cellular	senescence	
and	 tumor	 suppressor	 gene	 p16.	 International Journal of Cancer, 
130(8),	1715–	1725.	https://doi.org/10.1002/ijc.27316

Riberdy,	 J.	M.,	Christensen,	 J.	P.,	Branum,	K.,	&	Doherty,	P.	C.	 (2000).	
Diminished	 primary	 and	 secondary	 influenza	 virus-	specific	
CD8(+)	 T-	cell	 responses	 in	 CD4-	depleted	 Ig(-	/-	)	 mice.	 Journal 
of Virology, 74(20),	 9762–	9765.	 https://doi.org/10.1128/
jvi.74.20.9762-	9765.2000

Schafer,	M.	J.,	White,	T.	A.,	Iijima,	K.,	Haak,	A.	J.,	Ligresti,	G.,	Atkinson,	
E.	 J.,	Oberg,	A.	 L.,	Birch,	 J.,	 Salmonowicz,	H.,	Zhu,	Y.,	Mazula,	D.	
L.,	 Brooks,	 R.	 W.,	 Fuhrmann-	Stroissnigg,	 H.,	 Pirtskhalava,	 T.,	
Prakash,	Y.	S.,	Tchkonia,	T.,	Robbins,	P.	D.,	Aubry,	M.	C.,	Passos,	J.	
F.,	…	LeBrasseur,	N.	K.	(2017).	Cellular	senescence	mediates	fibrotic	
pulmonary disease. Nature Communications, 8,	14532.	https://doi.
org/10.1038/ncomm	s14532

Strutt,	T.	M.,	McKinstry,	K.	K.,	Marshall,	N.	B.,	Vong,	A.	M.,	Dutton,	R.	
W.,	&	Swain,	S.	L.	(2013).	Multipronged	CD4(+)	T-	cell	effector	and	
memory	responses	cooperate	to	provide	potent	immunity	against	

respiratory	virus.	Immunological Reviews, 255(1),	149–	164.	https://
doi.org/10.1111/imr.12088

Tripathi,	 S.	 K.,	 &	 Lahesmaa,	 R.	 (2014).	 Transcriptional	 and	 epigenetic	
regulation	of	T-	helper	lineage	specification.	Immunological Reviews, 
261(1),	62–	83.	https://doi.org/10.1111/imr.12204

Williams-	Bey,	 Y.,	 Jiang,	 J.,	 &	 Murasko,	 D.	 M.	 (2011).	 Expansion	 of	
regulatory	 T	 cells	 in	 aged	 mice	 following	 influenza	 infection.	
Mechanisms of Ageing and Development, 132(4),	 163–	170.	 https://
doi.org/10.1016/j.mad.2011.03.001

Xu,	L.,	Kitani,	A.,	&	Strober,	W.	 (2010).	Molecular	mechanisms	regulat-
ing	TGF-	beta-	induced	Foxp3	expression.	Mucosal Immunology, 3(3),	
230–	238.	https://doi.org/10.1038/mi.2010.7

Xu,	M.,	 Bradley,	 E.	W.,	Weivoda,	M.	M.,	 Hwang,	 S.	M.,	 Pirtskhalava,	 T.,	
Decklever,	T.,	Curran,	G.	 L.,	Ogrodnik,	M.,	 Jurk,	D.,	 Johnson,	K.	O.,	
Lowe,	 V.,	 Tchkonia,	 T.,	 Westendorf,	 J.	 J.,	 &	 Kirkland,	 J.	 L.	 (2017).	
Transplanted	senescent	cells	induce	an	osteoarthritis-	like	condition	in	
mice. Journals of Gerontology. Series A, Biological Sciences and Medical 
Sciences, 72(6),	780–	785.	https://doi.org/10.1093/geron	a/glw154

Xu,	 M.,	 Pirtskhalava,	 T.,	 Farr,	 J.	 N.,	 Weigand,	 B.	 M.,	 Palmer,	 A.	 K.,	
Weivoda,	M.	M.,	 Inman,	 C.	 L.,	Ogrodnik,	M.	 B.,	 Hachfeld,	 C.	M.,	
Fraser,	D.	G.,	Onken,	J.	L.,	Johnson,	K.	O.,	Verzosa,	G.	C.,	Langhi,	L.	
G.	P.,	Weigl,	M.,	Giorgadze,	N.,	LeBrasseur,	N.	K.,	Miller,	J.	D.,	Jurk,	
D.,	…	Kirkland,	 J.	 L.	 (2018).	 Senolytics	 improve	 physical	 function	
and increase lifespan in old age. Nature Medicine, 24(8),	1246–	1256.	
https://doi.org/10.1038/s4159	1-	018-	0092-	9

Xu,	M.,	Tchkonia,	T.,	Ding,	H.,	Ogrodnik,	M.,	Lubbers,	E.	R.,	Pirtskhalava,	
T.,	White,	T.	A.,	Johnson,	K.	O.,	Stout,	M.	B.,	Mezera,	V.,	Giorgadze,	
N.,	Jensen,	M.	D.,	LeBrasseur,	N.	K.,	&	Kirkland,	J.	L.	(2015).	JAK	inhi-
bition	alleviates	the	cellular	senescence-	associated	secretory	phe-
notype and frailty in old age. Proceedings of the National Academy 
of Sciences of the United States of America, 112(46),	 E6301–	6310.	
https://doi.org/10.1073/pnas.15153	86112

SUPPORTING INFORMATION
Additional	supporting	 information	may	be	found	 in	the	online	ver-
sion of the article at the publisher’s website.

How to cite this article:	Lorenzo,	E.	C.,	Torrance,	B.	L.,	Keilich,	
S.	R.,	Al-	Naggar,	I.,	Harrison,	A.,	Xu,	M.,	Bartley,	J.	M.,	&	
Haynes,	L.	(2022).	Senescence-	induced	changes	in	CD4	T	cell	
differentiation	can	be	alleviated	by	treatment	with	senolytics.	
Aging Cell, 21, e13525. https://doi.org/10.1111/acel.13525

https://doi.org/10.4049/jimmunol.176.10.6333
https://doi.org/10.4049/jimmunol.176.10.6333
https://doi.org/10.1146/annurev.iy.07.040189.002305
https://doi.org/10.1146/annurev.iy.07.040189.002305
https://doi.org/10.1038/nrd.2018.44
https://doi.org/10.1038/nrd.2018.44
https://doi.org/10.1038/ncomms15691
https://doi.org/10.1038/ncomms15691
https://doi.org/10.3389/fimmu.2019.00680
https://doi.org/10.1111/acel.12971
https://doi.org/10.1111/acel.12971
https://doi.org/10.1016/j.celrep.2017.02.012
https://doi.org/10.1002/ijc.27316
https://doi.org/10.1128/jvi.74.20.9762-9765.2000
https://doi.org/10.1128/jvi.74.20.9762-9765.2000
https://doi.org/10.1038/ncomms14532
https://doi.org/10.1038/ncomms14532
https://doi.org/10.1111/imr.12088
https://doi.org/10.1111/imr.12088
https://doi.org/10.1111/imr.12204
https://doi.org/10.1016/j.mad.2011.03.001
https://doi.org/10.1016/j.mad.2011.03.001
https://doi.org/10.1038/mi.2010.7
https://doi.org/10.1093/gerona/glw154
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1073/pnas.1515386112
https://doi.org/10.1111/acel.13525

