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ABSTRACT33

To	address	the	need	for	vaccine	platforms	that	induce	robust	cell-mediated	immunity,	we	34

investigated	the	potential	of	utilizing	self-assembling	biologic	nanolipoprotein	particles	35

(NLPs)	as	an	antigen	and	adjuvant	delivery	system	to	induce	antigen-specific	murine	T	cell	36

responses.	We	utilized	OT-I	and	OT-II	TCR-transgenic	mice	to	investigate	the	effects	of	37

NLP-mediated	delivery	of	the	model	antigen	ovalbumin	(OVA) on	T	cell	activation. Delivery	38

of	OVA	with	the	TLR4	agonist	monophosphoryl	lipid	A	(MPLA)	in	the	context	of	NLPs	39

significantly	enhanced	the	activation	of	both	CD4+ and	CD8+ T	cells	in	vitro compared	to	co-40

administration	of	free	OVA	and	MPLA.	Upon	intranasal	immunization	of	mice harboring	41

TCR-transgenic	cells,	NLPs	enhanced	the	adjuvant	effects	of	MPLA	and	the	in	vivo delivery	42

of	OVA,	leading	to	significantly	increased expansion of	CD4+ and	CD8+ T	cells	in	lung-43

draining	lymph	nodes. Therefore,	NLPs	are	a	promising	vaccine	platform	for	inducing	T	cell	44

responses	following	intranasal	administration.45
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INTRODUCTION48

Current	vaccine	development	efforts	have	shifted	largely	toward developing	subunit	49

vaccines capable	of	generating both	cellular	and humoral	immunity [1].	While	subunit	50

vaccines	benefit	from	improved	safety	profiles, they	lack	the	immunogenicity	of	live	51

attenuated or	heat-killed	vaccines	and	require	the	use	of	stimulatory	adjuvants	to	elicit	52

long-lasting	immunity [2].	Furthermore,	vaccines	capable	of	inducing	robust	cell	mediated	53

immune	responses	are	necessary	to	combat	intracellular	pathogens	and	tumors [1].	54

However,	the	use	of alum	as	an	adjuvant	provokes	a	strong	Th2	response	resulting	55

primarily	in	antibody	generation,	rather	than	a	robust Th1	cytotoxic T	cell	response, to	the	56

antigen [3,	4].	 Therefore,	the	development	of	vaccine	formulations	that	integrate newly	57

identified	adjuvants	and novel	delivery	platforms that	can	generate	strong Th1	immune	58

responses is	paramount.59

Nanoparticles	have	been	widely	explored	as	vaccine	delivery	platforms and	offer	a	60

number	of	benefits	including	improved immunogenicity, reduced	toxicities	associated	with	61

high	doses	of	adjuvants,	improved	pharmacokinetic	profiles,	and	enhanced stability	[2,	5,	62

6].	As	soluble	proteins	are	poorly	internalized	and	have	limited	access	to	the	cross-63

presentation	pathway [9],	strategies	aimed	at	enhancing	antigen uptake	and	processing by	64

dendritic	cells	are	critical	for	the	development	of	subunit	vaccines	against	intracellular	65

pathogens	and	tumors.	Nanoparticle-based	vaccines	that	contain	co-localized	antigen	and	66

adjuvant	provide	two-fold	benefits	in	this	context.	First,	they	present	antigens in	67

particulate	form,	which	are	internalized	by	dendritic	cells	more	readily	than	soluble	68

antigens [9].	Second,	co-delivery of	adjuvants	serves	to	markedly	enhance	antigen	69

processing, thus	resulting	in	more	efficient	cross-presentation	[10].	70



Despite	a	significant	expansion	in	our	understanding	of	innate	and	adaptive	immunity,	71

the development	of	vaccines comprised	of new	adjuvants and	formulations	remains	largely	72

unachieved	[3,	4].	While	Toll-like	receptor	(TLR)	ligands, such	as	lipopolysaccharide	(LPS),73

function	as	potent	adjuvants and	may induce	more	balanced	T	cell	responses than	alum,	the	74

non-specific	toxicity	and	widespread	inflammation	associated	with	natural	TLR	ligands has	75

limited	their	clinical	translation	to	date.	As	such,	approaches	to	mitigate	these	limitations	76

are	critical.77

Nanolipoprotein	particles	(NLPs)	are	self-assembling, discoidal	particles	comprising	a	78

lipid	bilayer	stabilized	by	scaffold	proteins,	i.e.	apolipoproteins.	NLPs	are	well-tolerated79

both	in	vitro and	in	vivo and can	be	delivered	by	multiple	routes with intranasal	80

administration	resulting in	retention for	at	least	24	hours in the	lungs [16]. Importantly,	81

NLPs	can	be	functionalized	to	incorporate	TLR	agonists which	greatly	enhances the	activity	82

and	delivery	of	these	compounds	in	vitro and	in	vivo [17].	Further, incorporation	of	both	83

antigen	and	adjuvant	onto	NLPs	significantly enhances antibody	responses	in	mice84

compared	with	non-NLP	conjugated	control	formulations [18].85

To	investigate	the	effects	of	NLPs	on	T	cell	responses,	we	utilized	OT-I	and	OT-II	86

transgenic	mice,	which	have	T	cell	receptors (TCRs) that	are	engineered	to	recognize	87

peptides	derived	from	the	model	antigen	ovalbumin	(OVA)	displayed	in	the	context	of	class	88

I	(OT-I)	or	class	II	(OT-II)	MHC	molecules.	Since	the	specific	TCRs	expressed	on	OT-I	and	89

OT-II	T	cells	are	known,	these	cells	can	be	easily	identified	by	antibody	staining,	thus	90

allowing	the	evaluation	of CD8+ and	CD4+ (respectively)	T	cell	responses	to	OVA	91

formulated	with	NLPs.	The	OVA and	OT-I/OT-II	model	systems are well-characterized,	92

robust	models to	assess	T	cell	responses	to	vaccine	formulations,	including	particle-based	93



vaccines	[19-21].	We	investigated	the	intranasal	route	of	immunization to	evaluate	the	94

potential	for	NLP-based	vaccines	against	inhaled	pathogens.	Delivery	of	OVA	on	NLPs	95

significantly	enhanced	the	activation	of	T	cells both in	vitro and	in	vivo upon	intranasal	96

immunization.	In	vitro,	this	effect	correlated	with	increased	uptake	of	OVA	by APCs,	while	97

in	vivo,	the	data	suggest	that	NLPs	enhance	both	antigen	delivery	and	the	adjuvant	effects	98

of	MPLA.	99

100



MATERIALS AND	METHODS101

Materials	for	NLP	assembly102

1,2-dioleoyl-sn-glycero-3-phosphocholine	(DOPC)	and	synthetic	MPLA (PHADTM)	were103

purchased	from	Avanti	Polar	Lipids	(Alabaster,	AL).	All	other	reagents	were	ordered	from	104

Sigma-Aldrich	(St.	Louis,	MO).	N-Hydroxysuccinimide -polyethyleneglycol	4-105

dibenzylcyclooctyne	(NHS-PEG4-DBCO) was	purchased	from	Click	Chemistry	Tools	106

(Scottsdale,	AZ).	The	C18-PEG6-N3molecule	was	custom	synthesized	by	Creative	PEGworks	107

(Winston	Salem,	NC).	108

109

Preparation	and	characterization	of adjuvanted	NLPs and	OVA	conjugation110

The	NLP	scaffold	protein	apoE422k	(N-terminal	22	kDa fragment	of	apolipoprotein	E4	111

(apoE4))	was	expressed	and	purified	using	a	similar	protocol	as	previously	described [26,	112

27].	MPLA	was	incorporated	into	the	NLP	using	published	procedures	[18]. To	covalently	113

conjugate	OVA	to	the	MPLA-adjuvanted	NLPs	using	click	chemistry,	an	azide-bearing	lipidic	114

molecule	(C18-PEG6-N3)	was	incorporated	into	the	NLP	bilayer	during	assembly to	form115

MPLA:N3NLPs,	as	previously	described [16].	Incorporation	of	MPLA	and	the	N3-bearing	116

molecule	into	MPLA:N3NLPs	was	assessed	by	reverse	phase	HPLC	as	described	previously	117

[17]. For	additional	detailed	information	regarding	MPLA:N3NLP	assembly	and	MPLA	118

quantification, as	well	as	OVA	conjugation	and	subsequent	fluorescent	labeling, please	see	119

supplementary	materials.120

121

Mice122



All	animal	work	was	conducted	in	accordance	with	protocols	approved	by	the	Lawrence	123

Livermore	National	Laboratory	Institutional	Animal	Care	and	Use	Committee.	OT-I	and	OT-124

II	breeding	pairs	were	obtained	from	The	Jackson	Laboratory	(Sacramento,	CA)	and	were	125

maintained	in	PHS-assured	facilities.	OT-I	transgenic	animals	were	maintained	as	126

hemizygous	by	crossing	to	wild-type	C57BL/6,	while	OT-II	mice	were	homozygous.	127

C57BL/6	mice	were	obtained	from	Harlan	Laboratories (Livermore,	CA).128

129

Activation	of	OT-I	and	OT-II	T	cells	and	splenic	APCs130

Spleens	from	OT-I,	OT-II	or	wild-type	C57BL/6	mice	were	collected	in	cold	PBS	and	made	131

into	a	single-cell	suspension	by	manual	dissociation	as	described	previously	[17].	Cells	132

were plated	into	96-well	plates at	a	density	of	4 x	106 cells/ml	in	200	l	per	well in	133

complete	RPMI	medium	(10%	FBS,	1x	L-gluatamine,	and	1x	penicillin/streptomycin	(all	134

cell	culture	reagents	from	Gibco/Life	Technologies,	Grand	Island,	NY)	containing	2	ng/ml	135

IL-7	(PeproTech,	Rocky	Hill,	NJ)	to	promote	survival	of	all	T	cells.	Final	concentrations of	136

OVA	and	MPLA were	3	g/ml	and	0.41	g/ml, respectively. Cells	were	incubated at	37C	137

with	5%	CO2 for	4	or	24 hours,	then	stained	for	flow	cytometric	analysis.	138

139

OT-I/II	cell	transfer	and	intranasal	immunizations140

One	day	before	immunization,	spleens	from	OT-I	or OT-II	mice	were	collected	in	cold	PBS141

and	made	into	a	single-cell	suspension	by	manual	dissociation, as	described	above.	Cells	142

were	diluted	to	107 cells/ml,	and	100	l	(106 OT-I	or	OT-II	splenocytes)	were transferred	to	143

naïve	C57BL/6	recipients	via	intraperitoneal	injection.	The	next	day,	mice	were	lightly	144

anesthetized	using	isoflurane,	and	OVA	preparations	(or	PBS	control)	were	administered	145



intranasally	in	2	volumes	of	15	l	each	(one	drop/nare;	30	l/mouse).	The	doses	146

administered	per	mouse	ranged	between	3-10	g	OVA	and	0.41-0.5	g	MPLA	(depending	147

on	the	batch	of	particles	used)	or	the	equivalent	conjugated	to	NLPs. Lymph	nodes	(LNs,	148

mediastinal	and	inguinal)	were	collected	seven	days	later	and	processed	for	staining.	LNs	149

were	gently	crushed	into	a	single	cell	suspension	in	2%	FBS	in	PBS	using	a	tissue	150

homogenizer	tube	and	pestle	then	lysed	of	RBCs,	rinsed,	and	resuspended	for	staining	151

(typically	0.5-1	x	106 cells	per	stain).152

153

Flow	cytometry154

Lymph	node	cells	or	cultured	splenocytes	were	resuspended	in	FACS	Buffer	(2%	FBS	in	155

PBS	with	0.1%	NaN3)	containing	0.25-0.5	l	Mouse	BD Fc	Block (Clone	2.4G2,	BD	156

Pharmingen,	San	Diego,	CA) and	were	kept	on	ice	throughout	staining.	Surface-staining	157

antibodies	were	added	at	dilutions	of	1/200-1/2,000,	and	cells	were	incubated	on	ice	for	158

20-30	min.	Cells	were	washed	and	resuspended	in	200	l	FACS	Buffer	for	analysis	on	a	159

FACSCaliber	(BD	Biosciences,	San	Jose,	CA).	Antibodies	against	cell-surface	antigens	were	160

obtained	from	either	BD	Biosciences	or	Biolegend	(San	Diego,	CA).161

162

Analysis	of	OVA	uptake163

Splenocytes	from	wild-type	C57BL/6	mice	were	processed	and	incubated	with	164

fluorescently-labeled	OVA formulations	as	described	for	the	activation	of	OT-I/II	cells.	After	165

an	incubation	of	1	hour,	cells	were	collected	and	surface	stained	as	described	above.	166

Following	surface	staining,	cells	were	incubated	with	anti-AF488	antibody	from	Life	167

Technologies	(Carlsbad,	CA)	at	1/100	for	30	min	prior	to	analysis	by	flow	cytometry.	For	168



permeabilized	cell	experiments,	cells	were	stained	first	for surface	makers	then	fixed	and	169

permeabilized	using	the	BD	FACSPerm	kit	as	indicated	in	the	manufacturer’s	instructions.	170

Cells	were	then	incubated	with	anti-AF488 antibody	in PermWash	buffer	for	30	min prior	171

to	analysis	by	flow	cytometry. APCs	were	defined	as	B	cells	(CD19+),	macrophages	172

(CD11b+	CD11c-)	or	dendritic	cells	(CD11c+).173

174

Data	analysis	and	statistics175

Data	were	analyzed	and	graphed	using	FlowJo	(TreeStar,	Ashland,	OR) and	Prism	176

(GraphPad,	La	Jolla,	CA)	software.	Differences	between	groups	were	analyzed	for	statistical	177

significance	using	one-way	ANOVA	with	Tukey’s	multiple	comparisons	test.	An	adjusted	p	178

value	of	0.05	or	less	was	considered	significant,	and	significant	differences	are	indicated	as	179

follows:	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	****p	<	0.0001.180



RESULTS181

Attachment of	OVA	to	MPLA-containing	NLPs	(MPLA:NLPs)	182

Previously,	we	developed	a	novel	method	for	conjugating	recombinant	protein	antigens183

containing	a	poly-histidine (His)	tag	onto	NLPs	by	utilizing	nickel-chelating lipids [16,	18,	184

28,	29].	To	incorporate	OVA lacking	a His	tag,	we	utilized	click	chemistry	to	covalently	185

attach	OVA	to	lipids	comprising the	NLP	bilayer [16].	Briefly,	NLPs	were	prepared	with	2	186

mol%	C18-PEG6-N3and	2.5	mol%	MPLA using	the	standard	self-assembly	reaction	187

(referred	to	as	MPLA:N3NLPs)	(Figure	1A).	Free	amines	on	OVA	were	labeled	with	NHS-188

DBCO to	form	OVA-DBCO as	previously	described	[16].	The	OVA-DBCO	is	reactive	towards	189

azide	groups	through	a copper-free	azide-alkyne	cycloaddition	reaction,	forming	a	covalent	190

bond.	Conjugation	of	OVA-DBCO to	MPLA:N3NLPs	was	assessed	by	size-exclusion	191

chromatography	(SEC)	analysis	and	SDS-PAGE	analysis	(Figure	1B,	C).	OVA-DBCO	was	192

incubated	with	the	MPLA:N3NLPs at	different	OVA-DBCO	to	MPLA:N3NLPs	molar	ratios	(0	–193

160)	overnight	and	then	run	on	SEC.	The	resulting	SEC	chromatograms contained	two	194

peaks,	where	the	first	peak	corresponded	to	retention	times	(tR)	consistent	with	OVA-195

DBCO:MPLA:N3NLP	(referred	to	as	OVA:MPLA:N3NLPs	in	the	remaining	text)	and	the	196

second	peak	corresponded	with	the	tR of	unreacted	OVA-DBCO	(Figure	1B).	As	expected197

there	was	an increase	in	the	intensity	and	shift	to	larger	sizes (decrease	in	tR) as	the	OVA-198

DBCO	to	MPLA:N3NLP	ratio	increased,	which	indicates	successful	attachment	of	OVA-DBCO199

[16].	200

To	quantify	the	degree	of	conjugation	and	demonstrate that	the	increase	in	peak	201

intensity	and	decrease	in	tRwere	due	to	conjugation	of	the	OVA-DBCO	protein,	the	peak202

corresponding	to	the	OVA:MPLA:N3NLP constructs was analyzed	by	SDS-PAGE	and	203



quantified	by	densitometry.	As	shown	in	Figure	1C (inset),	both	E422k	and	OVA-DBCO	204

were	present	in	the	OVA:MPLA:N3NLP SEC	fractions,	further	demonstrating	that	the	OVA-205

DBCO	was	successfully	conjugated	to	the	MPLA:N3NLPs.	When	final	conjugate	ratios	were	206

expressed	as	a	function	of	the	initial	reaction	ratio	(Figure	1C),	a	linear	relationship	was	207

observed	up	to	100	proteins	per	MPLA:N3NLP.	Based	on the	slope	of	this	linear	208

relationship,	the	reaction	was	determined	to	be	approximately	20%	efficient.	In	the	case	of	209

OVA,	which	is abundantly	available,	this	inefficiency is	not	of particular	concern,	and	free	210

OVA	was	removed	from	OVA:MPLA:N3NLP	formulations	for	all	studies.211

212

Enhanced	activation	of	OT-I	and	OT-II	T	cells	by	OVA:MPLA:NLPs213

To	determine	the	effect	of	delivery	of	OVA	with	or	conjugated	to MPLA:N3NLPs	on	214

antigen	presentation	and	T	cell	activation,	we	cultured	total	splenocytes	from	wild	type	215

(WT),	OT-I,	and	OT-II	mice	with	different	OVA	formulations	or	saline	control.	OVA	(3	216

g/ml)	was	administered	alone,	with	free	MPLA	adjuvant,	with	MPLA:N3NLPs	(OVA	not	217

attached),	and	covalently	bound	to	MPLA: N3NLPs	(OVA:MPLA: N3NLP). Based	on	the	218

relative	incorporation	of	OVA	and	MPLA	into	the	N3NLPs	in	the	fully	conjugated	219

formulation,	a	dose	of	0.41 g/ml	MPLA	was	used for	all	formulations.	A	10-fold	lower	dose	220

of	OVA/MPLA	(0.3	g/ml/0.041 g/ml)	was	not	as	potent for activating	T	cells	in	a	pilot	221

experiment,	likely	due	to	the low	a	concentration	of	OVA,	although	similar	trends	to	the	222

higher	dose	experiments	were	observed	(data	not	shown).	223

After	24	hours	in	culture	with	or	without	OVA,	T	cells	(CD3+)	were	analyzed	for	224

expression	of	the	early	activation	markers	CD25	and	CD69	as well	as	upregulation	of	CD44225

(Figure	2).	We	observed	that	a	significantly	larger	percentage	of	T	cells	were	activated	226



upon	treatment	with	OVA:MPLA:N3NLP	compared	to	all	other	formulations.	This	result	was	227

observed	in	OT-I	and	OT-II	spleens,	but	not	WT,	indicating	that	the	response	is	antigen-228

specific because	it	requires	the	OVA-specific	TCR	present	in	the	OT	mice.	For	both	OT-I	and	229

OT-II	spleens,	T	cell	activation	could	be	detected	when	the	adjuvant	MPLA	was	included	in	230

the	formulation,	but	no	difference	in	activation	status	was	observed	between	the	cells	that	231

received	free	OVA	+	MPLA	and	the	cells	that	received	OVA	co-administered	with	232

MPLA:N3NLPs (Figure	2).233

234

Enhanced	OVA uptake but	not	activation of	APCs	with	OVA:MPLA:NLPs in	vitro235

To	determine	the	mechanism	by	which	OVA:MPLA:N3NLPs	enhance	OVA-specific	T	cell	236

activation,	we	investigated	the	expression	of	activation markers	by APC	populations	in	the	237

spleen,	as	our	previous	data	indicated expression	of	these	surface	molecules	can	be	238

enhanced	by	delivery	of	TLR	agonists	via	NLPs	in	vivo	[17].	WT	splenocytes	were	cultured	239

for	24	hours	with	the	same	treatments used	to	assess	T	cell	activation,	and	while	MPLA	240

induced	upregulation	of	activation	markers	by	all	APC	subsets,	no	difference	was	observed	241

between	any	of	the	MPLA-containing	formulations,	indicating	that	activation	of	APCs does	242

not	correlate	with	the	T	cell	activation	phenotype in	vitro (Supplementary	figure	1).243

Next,	we	investigated	the	effect	of	OVA	delivery	via MPLA:N3NLPs	on	the	uptake	of	OVA	244

by	APCs.	WT	splenocytes	were	incubated	with	the	same	formulations	above,	prepared	with	245

OVA	that	had	been	fluorescently	labeled	with	Alexa	Fluor	488	(OVA-AF488),	and uptake	of246

OVA-AF488	was	assessed	by	flow	cytometry.	In	all	cell	types	examined	(DCs,	macrophages,	247

and	B	cells),	significantly	more	cells	were	positive	for	OVA-AF488	upon	treatment	with	248

OVA:MPLA:N3NLPs	than	OVA, OVA+MPLA	or	OVA+MPLA:NLP	(Figure	3).	Internalization	of	249



OVA-AF488 was	confirmed	by	incubation	with	an	AF488	quenching	antibody,	which	250

quenches only	the	fluorescence	of	surface-bound	OVA-AF488	while	having	no	effect	on	251

internalized	OVA-AF488 (Figure	3).	Quenching	of	OVA-AF488	fluorescence	was	confirmed	252

using	permeabilized	cells	as	a	control	(data	not	shown).	These data	suggest	that	253

attachment	of	OVA	to	MPLA:N3NLPs	enhances	the	uptake	of	OVA	into	APCs,	thereby	254

significantly	enhancing	antigen	delivery	to	the	same	cells	that	receive	MPLA.255

256

Intranasal	administration	of	OVA:MPLA:NLPs	significantly	increases	T	cell	activation	257

and	expansion	in	lung-draining	lymph	nodes	258

To	determine	whether	delivery	of	OVA	on	MPLA:N3NLPs	enhanced	T	cell	responses	in	259

vivo,	we	transferred	106 OT-I	or	OT-II	splenocytes	to	naïve	WT	mice	and	assessed	the	260

expansion	(frequency of	the	OT-I/II	TCR V5+ segment)	and	activation	status	of	these	cells	261

in	lymph	nodes	seven	days	following	intranasal	immunization.	As	expected,	no	OT-I/II	262

expansion	was	detected	in	non-draining	lymph	nodes	(Figure	4A and	B).	However,	in	the	263

lung-draining	lymph	nodes,	significant	expansion	of	both	OT-I	and	OT-II	cells	was	observed	264

7	days	post immunization. An	increase	in	the	percentage	of	cells	expressing	the OT-I/II	TCR	265

(Figure	4A	and	B),	as	well in	the	activation	status	of	these	V5+ cells	(Figure	4C-E) was	266

observed.	Of	particular	note,	unlike	the	in	vitro activation	experiments,	an	intermediate	267

effect	on	OT-I	cells	was	observed	when	OVA	was	co-administered	with	MPLA:N3NLPs	268

compared	to	OVA	+	free	MPLA	and	OVA:MPLA:N3NLPs (Figure	4D).269



DISCUSSION270

Due	to	the	important	and	varied	roles	of	T	cells	during	infection,	developing	vaccine	271

platforms	that	induce	robust	T	cell	responses	is	critically	important. Here,	we	show	that	272

NLP-based	delivery,	previously	shown	to	enhance	antibody	responses	to	protein	antigens273

[18],	also	enhances	the	antigen-specific	activation of	T	cells	in	vitro and	in	vivo.	274

The	in	vitro experiments	suggest	that	the	primary	mechanism	by	which	NLPs	enhance	T	275

cell	activation	is	through	enhanced	uptake	of	OVA,	as	evidenced	by	increased	OVA-AF488	276

positive	APCs	when	incubated	with	OVA-AF488:MPLA:N3NLPs	compared	to	OVA-AF488 +	277

MPLA:N3NLPs	or	OVA-AF488 +	MPLA,	while	expression	of	costimulatory	molecules	on	278

these	same	APCs	was	similar between	all three	groups.	In	contrast	to	the	in	vitro279

experiments,	the	in	vivo activation	of	OT-I	and	OT-II	cells	suggests	two	mechanisms	of	280

action	by	which	NLPs	enhance	T	cell	responses.	Again,	the	fully	conjugated	281

OVA:MPLA:N3NLP	formulation	induced	significantly higher	expansion	and	activation	of	T	282

cells	in	draining lymph	nodes.	Notably,	the	OVA+MPLA:N3NLP	formulation	had	an	283

intermediate	effect	between	the	OVA:MPLA:N3NLP	and	OVA+MPLA	formulations,	with	a	284

clear	trend	in	both	the percent	OT-I/II	cells	detected	in	the	lymph	nodes	and	in	the	285

activation	status of	these	cells.	These	data	suggest	that	in	addition	to	enhanced	delivery	of	286

OVA	to	APCs	when	incorporated	onto	NLPs,	NLP-mediated	delivery	also	enhanced	the	287

adjuvant	effects	of	MPLA	when	MPLA:N3NLPs	were	co-delivered	with free	OVA.	These	data	288

are	consistent	with	previous	work	from	our	laboratory,	which	showed	increased	uptake	289

and	activity	of	TLR	agonists	in	vivo [17]. Other	recent	studies	suggest	nanoparticles	can	be	290

used	to	expand	subsets	of	CD8+ and	CD4+ T	cells	with	a	regulatory-like	phenotype	[30-32],	291

promoting	the	induction	of	tolerance	against	self-peptides	rather	than	a	classic	T	cell	292



response	that	is	desired	against	pathogen-derived	peptides.	In	those	studies,	mice	received	293

repeated	doses	of	unadjuvanted	nanoparticles,	in	contrast	to	our	current	study	where	mice	294

received	a	single	dose	of	NLPs	formulated	with	antigen	and	MPLA	adjuvant.	Ultimately,	295

studies	aimed	at	determining	the	mechanism	by	which	nanoparticles	enhance	both	types	of	296

responses	will	aid	the	fine-tuning	of	formulations	and	dosing	regimens	for	elicitation	of	a	297

specific	desired	response.	298

Importantly,	the	enhanced	activation	of	T	cells	was	observed	for	both CD4+ and	CD8+299

cells,	indicating	that	NLP-mediated	delivery	achieves	both	standard	exogenous	antigen300

presentation	on	MHC-II	and	cross-presentation	on	MHC-I.	Several	factors	have	been	shown	301

to	have	positive	effects	on	antigen	cross-presentation	to	CD8+ T	cells	in	vitro and	in	vivo302

including various	innate	immune	stimuli, increasing	effective	antigen	doses	by	antigen	303

clustering	(e.g.	use	of particles)	and targeting	of	antigen	to	APCs [33-37].	Interestingly,	the	304

two	mechanisms	of	action	of	NLPs	predicted	by	our	results	contribute	to	enhancing	cross-305

presentation:	1)	NLPs	enhance	the	adjuvant	effects	of	TLR	agonists	on	innate	immune	cells,	306

leading	to	a	more	activated/mature	phenotype	[17];	and	2)	the	enhanced	uptake	of	OVA	307

leads	to	a	higher	effective dose	of	antigen	delivered	to	these	same	APCs.	The	relative	308

contribution	of	increased	OVA	uptake	by APCs	and	potential	trafficking/targeting	of	OVA-309

containing	NLPs	to	APCs	in	vivo has	not	yet	been	determined.	Ultimately,	this	ability	of	310

NLPs	to	simultaneously enhance	adjuvant	and	antigen	effective	doses	to	allow	cross-311

presentation	will	be	important	for	the	application	of	the	NLP	platform	to	vaccines	in	which	312

cell-mediated	immunity	is	desired.313

Current data	suggest	that	both	the	magnitude	and	quality of	T	cell	responses to	a	314

vaccine	candidate	is	important	to	achieve	the	desired	protective	outcomes	[1].	Our	work	315



demonstrates that	NLPs	significantly	enhance	the	magnitude	of	T	cell	responses	to	a	316

protein	antigen	upon	immunization.	While	this	was	shown	for	both	CD4+ and	CD8+ T	317

lymphocytes,	further	work	is	needed	to	determine	the	specific types	of	responses	induced	318

and	to	determine	to	what	extent	the	observed	effects	are	dependent	on	the	specific	antigen.	319

The	potential	for	incorporating	other	TLR	agonists	and	antigens	into	NLPs	will	allow	these	320

questions	to	be	addressed	and	has	important	implications	for	vaccine	design,	potentially	321

allowing	“tuning”	of	the	immune	response	for	each	target	pathogen	according	to	known	322

protective	mechanisms.323
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427
Figure	1:	Generation	of	OVA:MPLA:N3NLPs428

A. Diagram	of	basic	MPLA:N3NLP	assembly	reaction	&	attachment	of	OVA	by	click	429

chemistry.	Scaffold	protein	(human	apoE422k),	lipid	(1,2-dioleoyl-sn-glycero-3-430

phosphocholine	(DOPC),	C18-PEG6-N3,	monophosphoryl	lipid	A	(MPLA),	and	surfactant	431

(cholate)	are	combined,	and	MPLA:N3NLPs	self-assemble	upon	dialysis	of	the	surfactant.	432

OVA	is	linked	to	DBCO	(OVA-DBCO),	an	alkyne-containing	compound,	which	reacts	with	N3433

to	covalently	attach	OVA-DBCO	to	assembled	MPLA:N3NLPs.	B. Detection	of	attachment	of	434

OVA-DBCO	to	MPLA:N3NLPs	using	size-exclusion	chromatography	(SEC).	Two	peaks	are	435

clearly	visible	in	the	SEC	traces	of	preparations	using	different	OVA-DBCO	to	MPLA:N3NLP	436

ratios	as	noted.	The	first	peak	corresponds	to	the	MPLA:N3NLP	and	the	second	peak	437

corresponds	to	unreacted	OVA-DBCO.	C. To	quantify	conjugation	efficiency,	NLPs	reacted	438

with	OVA	were	purified	by	SEC,	dissociated	in	SDS,	and	analyzed by	SDS-PAGE	(inset).	By	439

comparing	band	intensity	to	appropriate	protein	standards,	the	actual	molar	ratio	of	OVA-440

DBCO	attached	to	the	MPLA:N3NLP	(OVA:MPLA:N3NLP	actual)	as	a	function	of	the	initial	441

reaction	ratio	(OVA:MPLA:N3NLP	input)	was	determined.442

443

Figure	2:	Activation	of	OT-I	and	OT-II	T	cells	by	OVA:MPLA:NLPs	in	vitro444

Splenocytes	from	wild	type	(WT),	OT-I,	and	OT-II	mice	were	incubated	with	3	g/ml	OVA	445

+/- 0.41	g/ml	MPLA	in	different	formulations	(PBS	and	OVA	alone	included	as	controls)	446

for	24	h,	and	T	cells	were	analyzed	for	expression	of	activation	markers	by	flow	cytometry.	447

Representative	histograms	of	CD25,	CD69,	and	CD44	expression	(pregated	on	CD3+ cells)	448

from	OT-I	cells	are	shown	(A).	The	mean	+	S.D.	from	triplicate	wells	from	a	single	449



experiment	(out	of	2	(OT-II)	or	3	(OT-I))	are	shown	in	B.	Data	were	analyzed	by	2-way	450

ANOVA,	and	p	values	for	multiple	comparisons	within	each	cell	type	are	shown	(*p	<	0.05,	451

**p	<	0.01,	***p	<	0.001,	****	p	<	0.0001).452

453

Figure	3:	Uptake of	OVA	into	APCs454

Splenocytes	from	WT	C57BL/6	mice	were	incubated	with	3	g/ml Alexa	Fluor	488-labeled	455

OVA	(OVA-AF488)	+/- 0.25 g/ml	MPLA	in	different	formulations	(PBS	and	OVA-AF488456

alone	included	as	controls)	for	1	h.	Cells	were	surface	stained	for	APC	markers,	then	457

incubated	with	an	AF488	quenching	antibody,	before	analysis	by	flow	cytometry.	Data	is	458

shown	as	the	mean	percentage	of	OVA-AF488	positive	cells	+	S.D.	of	duplicate	wells	from	a	459

representative	experiment	(out	of	2). Data	were	analyzed	by	one-way	ANOVA	with	multiple	460

comparisons	(*p	<	0.05,	**p	<	0.01).	461

462

Figure 4:	Activation	of	OVA-specific	T	cells	in	vivo in	lung-draining	lymph	nodes	following	463

intranasal	immunization464

WT	C57BL/6	mice	were	seeded	with	106 splenocytes	from	OT-I	(A)	or	OT-II	(B)	mice	by	465

intraperitoneal	injection	one	day	before	immunization.	Mice	were	immunized	intranasally	466

with	OVA	+	MPLA	in	different	formulations:	PBS	control;	OVA	alone;	OVA	+	MPLA	(free);	467

OVA	+	MPLA:NLPs	(coadministration);	and	OVA:MPLA:NLPs	(fully	conjugated	particle-468

based	co-delivery).	Expansion	of	OT-I/II	cells	was	examined	on	day	7	in	lung-draining	and	469

non-draining	(inguinal)	lymph	nodes	(LNs)	by	detection	of	TCR	V5+ cells	within	CD8+ (A)	470

or	CD4+ (B)	populations.	Baseline	percentages	of	V5+ cells	are	reflected	in	PBS	and	non-471

draining	LN	samples.	C,	D,	E.	Activation	status	of	V5+ cells.	V5+ cells	from	the	472



experiments	in	A	and	B	were	stained	for	expression	of	CD62L	and	CD44	to	distinguish	473

naïve	cells	from	effector/memory	cells.	Plots	representing	V5+ (OT-I)	cells	from	non-474

draining	LNs	(NDLN)	or	lung-draining	LNs	(LDLN)	immunized	with	PBS	(showing	baseline	475

levels)	or	OVA:MPLA:NLPs	(showing	maximal	activation)	are	shown	in	(C).	Data	for	all	476

groups	from	three	(OT-I,	D)	or	one	(OT-II,	E)	experiments	are	shown	on	the	left.	Data	in	A,	477

B,	D,	and	E	were	analyzed	by	one-way	ANOVA	with	multiple	comparisons	(*p	<	0.05,	**p	<	478

0.01,	***p	<	0.001,	****	p	<	0.0001)479

480



Figure	1481
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