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ABSTRACT	

Subunit	vaccines	can	have	excellent	safety	profiles,	but	their	ability	to	give	rise	to	robust	immune	responses	

is	often	compromised.	For	glycan-based	vaccines,	insufficient	understanding	of	B	and	T	cell	epitope	

combinations	that	yield	optimal	immune	activation	hinders	optimization.	To	determine	which	antigen	

features	promote	desired	IgG	responses,	we	synthesized	epitope-functionalized	polymers	using	ring-opening	

metathesis	polymerization	(ROMP)	and	assessed	the	effect	of	B	and	T	cell	epitope	loading.	The	most	robust	

responses	were	induced	by	polymers	with	a	high	valency	of	B	and	T	cell	epitopes.	Additionally,	IgG	

responses	were	greater	for	polymers	with	T	cell	epitopes	that	are	readily	liberated	upon	endosomal	

processing.	Combining	these	criteria,	we	used	ROMP	to	generate	a	non-toxic,	polymeric	antigen	that	elicited	

stronger	antibody	responses	than	a	comparable	protein	conjugate.	These	findings	highlight	principles	for	

designing	synthetic	antigens	that	elicit	strong	IgG	responses	against	inherently	weak	immune	targets	such	as	

glycans.		
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INTRODUCTION	

Subunit	vaccines	are	powerful	agents	for	combatting	infectious	disease.	They	overcome	many	limitations	of	

traditional	whole-cell	vaccines	by	incorporating	select	antigens	that	produce	a	protective	response.	As	a	

result,	these	simplified	subunit	scaffolds	have	improved	safety	profiles,	particularly	for	immune-

compromised	individuals.1,	2	Additionally,	they	afford	substantial	freedom	in	the	choice	of	antigen,	enabling	

the	development	of	vaccines	against	diverse	targets	including	cancers,3	autoimmune	diseases4,	drug	

addiction5,	and	pathogens	for	which	traditional	constructs	have	been	ineffective.	Despite	these	benefits,	

subunit	vaccines	are	often	less	immunogenic,	especially	when	they	target	inherently	weak	antigens	such	as	

carbohydrates.6	Diseased	cells	and	pathogenic	microbes	typically	display	unique	glycans	that	are	rarely	

present	or	completely	absent	from	human	cells,	making	them	ideal	immune	targets	for	vaccination.7,	8	Insight	

into	the	optimization	of	subunit	vaccines	would	reap	multiple	benefits.		

Some	subunit	vaccines	that	incorporate	carbohydrate	antigens	can	elicit	neutralizing	antibodies	that	protect	

against	cancer	or	infectious	disease.	For	example,	vaccines	containing	capsular	polysaccharides	from	

Streptococcus	pneumoniae,	Neisseria	meningitidis,	or	Haemophilus	influenzae	have	been	highly	effective	in	

eradicating	infections	caused	by	these	pathogens.9-11	Additionally,	glycoconjugates	incorporating	tumor-

associated	carbohydrate	antigens	have	shown	early	promise	as	therapeutic	cancer	vaccines	in	clinical	trials.3,	

12	Despite	these	successes,	glycans	remain	challenging	vaccine	targets.	Polysaccharide	and	oligosaccharide	

antigens	are	often	inherently	poor	immunogens	because	they	lack	peptide	epitopes	that	can	recruit	CD4	T	

cells	to	the	immune	response.	The	most	widely	used	strategy	to	address	this	issue	is	to	conjugate	glycans	to	

protein	carriers	such	as	diphtheria	toxoid	or	keyhole	limpet	hemocyanin	to	generate	strong	T	cell	

responses.13,	14	However,	proteins	suffer	limitations	as	vaccine	platforms.	They	are	prone	to	off-target	

antibody	responses	and	can	be	challenging	to	functionalize	efficiently	and	in	a	homogenous	manner.15-19	

Additionally,	the	choice	of	carrier	protein	can	affect	glycoconjugate	efficacy	which	adds	variability	and	

ambiguity	to	the	design	of	protein	conjugate	vaccines.20	

A	promising	alternative	to	protein	carriers	is	to	link	the	essential	elements	required	for	a	strong	IgG	

antibody	response,	namely	a	carbohydrate	epitope	and	a	CD4	T	cell	epitope.	One	strategy	is	to	use	chemical	

synthesis	to	link	immune	epitopes	directly.21-25	Such	component	vaccines	can	generate	robust	anti-

carbohydrate	IgG	responses,	yet	they	are	challenging	to	synthesize	which	complicates	the	optimization	of	

their	activities.	For	example,	increasing	the	carbohydrate	epitope	valency	of	a	component	vaccine	could	

improve	immunogenicity	but	is	synthetically	difficult	to	accomplish.		Glycan	epitopes	can	also	be	attached	to	

synthetic	scaffolds	such	as	linear	polymers,26	dendrimers,27	or	nanoparticles.28-32	In	this	way,	many	B	and	T	

cell	epitopes	can	be	displayed	from	such	platforms.	Given	the	many	permutations	by	which	epitopes	can	be	

attached,	defining	which	parameters	influence	the	activation	of	a	B	cell	response	is	advantageous.	We	



reasoned	that	polymeric	scaffolds	would	be	ideal	for	probing	how	epitope	quantity,	density,	and	mode	of	

linkage	influences	outcomes.	Such	information	is	critical	for	the	rational	design	of	vaccine	constructs	that	

will	induce	potent	antibody	responses.		

B	cell	activation	is	sensitive	to	the	structural	features	of	the	antigen.	For	antigens	lacking	T	cell	epitopes,	the	

valency	of	the	B	cell	epitope	is	one	parameter	that	can	influence	the	magnitude	of	the	antibody	response.33-36	

A	mechanism	for	this	influence	is	that	high	valency	antigens	can	induce	B	cell	receptor	(BCR)	clustering	and	

the	signals	that	promote	a	B	cell	response,	while	low	valency	antigens	fail	to	trigger	signals	that	surpass	the	

threshold	for	activation	of	an	antibody	response.35	However,	few	studies	have	been	performed	to	determine	

whether	responses	to	antigens	bearing	B	and	T	cell	epitopes	require	multivalency.	In	some	instances,	

monovalent	protein-based	antigens	such	as	hen	egg	lysozyme	have	been	reported	to	stimulate	B	cell	

activation37,	38	and	induce	antibody	responses.39	By	contrast,	vaccine	platforms	for	immunization	against	

HIV40,	influenza32,	and	malaria41	exploit	multivalency	to	induce	potent	antibody	responses.	Thus,	how	B	cell	

epitope	valency	influences	the	magnitude	of	the	antibody	response	for	antigens	bearing	both	B	and	T	cell	

epitopes	remains	unclear.	

A	related	antigen	feature	that	has	not	been	explored	is	the	quantity	of	T	cell	epitopes	available	for	antigen	

presentation.	Following	antigen	engagement,	the	BCR	facilitates	antigen	uptake	and	trafficking	to	

compartments	containing	major	histocompatibility	complex	type	II	(MHCII)	molecules.42-44	Antigen	peptides	

are	loaded	onto	MHCII	complexes	and	shuttled	to	the	cell	surface	for	presentation	to	T	cells.	Successful	

recruitment	of	T	cells	results	in	an	immunological	synapse	wherein	the	T	cells	provide	CD40	stimulation	and	

cytokine	signals	that	activate	B	cell	proliferation	and	differentiation.45,	46	T	cell	recruitment	and	synapse	

formation	are	essential	for	antigen-specific	B	cells	to	initiate	the	events	required	for	high-affinity	IgG	

production.47	The	presentation	of	even	a	single	peptide	can	activate	T	cells.48	However,	the	likelihood	of	B	

cells	engaging	T	cell	help	is	dependent	upon	the	level	of	antigen	presentation.48,	49	Thus,	antigens	that	

increase	the	quantity	of	presented	peptide-MHCII	(pMHCII)	complexes	should	be	more	effective	at	recruiting	

T	cell	participation.	We	hypothesized	two	factors	could	critically	alter	the	level	of	B	cell	pMHCII	presentation.	

First,	the	concentration	of	peptide	epitope	in	MHCII-loading	compartments	should	affect	the	number	of	

pMHCII	complexes.	Second,	antigen	presentation	requires	antigen-bearing	peptide	epitope	that	is	sensitive	

to	endosomal	processing.50	Thus,	we	predicted	that	antigens	with	cleavage-sensitive	T	cell	epitopes	would	be	

more	effective	at	inducing	T	cell	activation	and	robust	IgG	responses.	

To	establish	criteria	for	the	design	of	synthetic	vaccine	constructs,	we	sought	to	define	the	effect	of	B	and	T	

cell	epitope	loading	on	the	immunogenicity	of	multivalent	antigen	constructs.	We	developed	a	polymer	

scaffold	that	can	be	equipped	with	B	and	T	cell	epitopes	with	control	over	epitope	loading.50	Polymers	are	

versatile	epitope	carriers	for	evaluating	antigen	structural	properties.35,	51,	52	Using	ring-opening	metathesis	

polymerization	(ROMP),53,	54	we	can	generate	polymers	of	defined	length	that	are	functionalized	with	

multivalent	B	and	T	cell	epitopes.	Altering	either	the	length	of	the	polymer	or	the	level	of	substitution	of	



attached	epitopes	affords	polymers	bearing	different	levels	of	epitope	functionalization.	We	previously	used	

this	approach	to	examine	the	effect	of	B	cell	epitope	valency	on	B	cell	signaling	and	antigen	presentation.	We	

found	that	long	polymers	with	high	B	cell	epitope	valency	are	more	effective	at	clustering	the	BCR	and	

triggering	signaling	than	low	valency	polymers.35	Moreover,	long	polymers	are	more	effective	at	inducing	

BCR	internalization	and	presentation	of	attached	peptides	to	T	cells.50			

For	the	present	study,	we	generated	a	library	of	polymer	constructs	that	varied	in	length,	level	of	epitope	

substitution,	and	mode	of	epitope	attachment.	We	compared	the	ability	of	these	polymers	to	induce	IgG	

antibody	responses	in	vivo.	We	found	that	polymers	with	T	cell	epitopes	tethered	by	a	linker	amenable	to	

endosomal	processing	afforded	optimal	responses.	We	also	determined	that	the	magnitude	of	the	antibody	

response	positively	correlates	with	both	the	valency	of	the	B	cell	epitope	and	the	abundance	of	the	T	cell	

epitope	present	on	the	polymer	scaffold.	To	establish	a	molecular	mechanism	for	this	latter	effect,	we	

examined	the	impact	of	T	cell	epitope	loading	on	antigen	presentation	and	found	that	polymers	with	high	T	

cell	epitope	density	are	more	effective	at	inducing	T	cell	activation.		Our	results	provide	a	blueprint	for	

optimizing	the	immunogenicity	of	synthetic	antigens	for	the	design	of	effective	subunit	vaccines.		

MATERIALS	AND	METHODS	

Synthesis	and	characterization	of	ROMP	polymers	and	DNP-ovalbumin.	A	complete	description	of	

polymer	and	DNP-functionalized	ovalbumin	synthesis	and	characterization	is	provided	in	the	supporting	

information.	

BCR	and	polymer	internalization	measure	by	flow	cytometry.	A20HL	cells	were	suspended	in	cell	assay	

buffer	at	4x106	cells	mL-1.	Cells	were	incubated	at	37	°C	for	5	min	before	stimulation.	Alexa	Fluor	488-labeled	

antigens	were	diluted	at	10	μM	DNP	in	cell	assay	buffer	and	pre-warmed	at	37	°C	for	20	min.	Equal	volume	

aliquots	of	antigen	and	cell	suspension	were	combined	and	incubated	at	37	°C,	then	placed	on	ice	at	indicated	

time	points.	The	A20HL	aliquots	were	then	labeled	on	ice	with	2.1	μg	mL-1	anti-IgM	μ-chain	specific	Fab	

fragment	Dylight	649	conjugate	(Jackson	Immunoresearch)	for	30	min.	Cells	were	then	rinsed	twice	using	

ice-cold	1%	(w/v)	BSA/PBS	and	resuspended	at	a	final	concentration	of	1x106	cells	mL-1.	The	extent	of	BCR	

labeling	and	antigen	uptake	was	measured	by	flow	cytometry	using	a	FACScaliber	(BD).	For	each	sample,	the	

geometric	mean	of	Dylight	649	and	AF488	fluorescence	was	calculated	using	the	FlowJo	software	suite.	The	

relative	level	of	surface	BCR	and	the	extent	of	antigen	was	determined	using	aliquots	of	unstimulated	cells	as	

a	reference	and	plotted	versus	time.	

T	cell	IL-2	production.	A20HL	cells	were	plated	at	2x105	cells	per	well	in	A20HL	medium	onto	tissue	

culture-treated	96-well	plates	(BD).	Antigen	dilutions	were	prepared	in	A20HL	medium,	and	plated	cells	

were	incubated	in	the	presence	or	absence	of	antigen	for	3	h.	Culture	medium	was	removed	by	aspiration,	

and	the	cells	were	fixed	at	a	final	concentration	of	2%	(v/v)	paraformaldehyde/PBS	for	20	min	at	rt.	Wells	

were	quenched	with	1%	(w/v)	BSA/PBS	pH	7.4	containing	0.7	M	lysine,	then	washed	twice	with	DO-11.10	



medium.	Unstimulated,	fixed	A20HL	cells	were	also	treated	with	antigens	at	a	final	concentration	of	1	μM	

Ova323.	The	wells	were	plated	with	DO-11.10	cells	at	105	cells	per	well,	and	the	co-culture	was	incubated	for	

20-24	h	at	37	°C.	The	plate	was	centrifuged,	and	the	co-culture	medium,	along	with	IL-2	standards	(R&D	

Systems)	prepared	in	DO-11.10	medium	(two-fold	dilution	series	from	1	ng	mL-1	to	7	pg	mL-1),	were	

transferred	to	an	ELISA	plate	that	had	been	pre-coated	with	4	μg	mL-1	anti-IL-2	capture	antibody	(R&D	

Systems)	and	blocked	with	0.05%	(v/v)	Tween-20/PBS	(PBS-T)	containing	1%	(w/v)	BSA.	The	plate	was	

incubated	at	4°C	overnight	and	then	washed	three	times	with	PBS-T	for	5	min.	Biotinylated	IL-2	antibody	

(R&D	Systems)	was	added	to	each	well	at	0.4	μg	mL-1	and	allowed	to	incubate	2	h	at	rt.	The	washing	

procedure	was	repeated,	and	streptavidin-HRP	(Jackson	Immunoresearch)	was	added	at	0.5	μg	mL-1	for	30	

min	at	rt.	The	washing	procedure	was	repeated,	and	TMB	substrate	(Pierce)	was	added;	the	reaction	was	

then	quenched	with	the	addition	of	1	M	aqueous	sulfuric	acid.	The	absorbance	at	450	nm	was	measured	

using	a	plate	reader	(Bio-Tek).		

Immunizations.	Animals	were	maintained	in	accordance	with	the	University	of	Wisconsin-Madison	

Research	Animal	Resources	Center	and	with	the	MIT	Committee	for	Animal	Care	(CAC)	and	Institutional	Care	

and	Use	Committee	(IACUC),	which	adhere	to	both	national	and	local	guidelines.	Groups	of	4-6	weeks	old	

female	BALB/c	mice	(Jackson	Laboratories)	received	s.c.	immunizations	on	day	0	and	34	with	indicated	

doses	of	antigen	mixed	with	5	µg	vaccigrade	MPLA	(Invivogen)	in	100	µL	PBS.	Serum	samples	were	collected	

weekly	post-injection.		

Serum	anti-DNP	IgG	detection.	Serum	anti-DNP	total	IgG	was	assessed	using	an	ELISA.	96-well	polysorp	

plates	were	coated	for	1	h	at	rt	(21°C)	with	5	μg	mL-1	DNP8-BSA	(DNP-conjugated	BSA;	Biosearch	

Technologies)	in	PBS.	Washing	steps	were	performed	3	times	with	0.05%	Tween-20	in	PBS	(PBS-T)	and	the	

plate	was	blocked	for	one	hour	at	RT	with	1%	BSA	in	PBS-T	(BSA/PBS-T).	The	plates	were	washed,	and	

dilutions	of	serum	in	BSA/PBS-T	were	added	and	incubated	for	2	h	at	rt.	Again,	the	plates	were	washed,	and	

horseradish	peroxidase-conjugated	goat	anti-mouse	IgG	(H+L)	(SouthernBioTech)	diluted	4000:1	in	

BSA/PBS-T	was	added.	Following	a	2	h	incubation	at	rt,	the	plates	were	washed.	Wells	were	then	incubated	

with	50	μL	Ultra	TMB	(ThermoFisher	Scientific)	for	5	min	then	quenched	with	50	μL	1	aqueous	sulfuric	acid.	

Plates	were	read	at	450	nm.	To	measure	titers	for	each	IgG	antiserum,	absorbance	curves	were	fitted,	and	

the	titer	was	assigned	as	the	dilution	giving	an	absorbance	of	0.3	O.D.	This	cutoff	value	was	determined	as	

the	mean	plus	≥3	times	the	standard	deviation	of	the	negative	control	group	(untreated	mice).	If	no	dilution	

gave	an	absorbance	at	or	above	the	cutoff,	the	titer	was	considered	to	be	102.	Negative	control	mice	did	not	

raise	detectable	IgG.		

Statistical	analysis.	Comparison	of	serum	anti-DNP	IgG	was	made	using	one-way	or	two-way	analysis	of	

variance	(ANOVA),	followed	by	a	Tukey-Kramer	test	for	multiple	comparisons	with	Prism	5.0	(GraphPad	

software).	P	values	less	than	0.05	were	considered	statistically	significant	and	marked	with	a	single	asterisk.	



P	values	less	than	0.01	were	marked	with	two	asterisks.	P	values	less	than	0.001	were	denoted	with	three	

asterisks.	All	values	are	reported	as	the	mean	±	SD.	

RESULTS	

Polymers	with	controlled	epitope	functionalization	

To	evaluate	antigen	properties	that	influence	antibody	responses,	we	required	defined	antigens	with	control	

over	the	quantity	of	attached	B	and	T	cell	epitopes.	We	exploited	ring-opening	metathesis	polymerization	

(ROMP)	to	derive	polymers	amenable	to	functionalization	with	immune	epitopes.	This	polymer	synthesis	

method	allows	control	over	the	number	of	epitopes	present	on	the	polymer	by	variation	of	either	polymer	

length	or	the	level	of	epitope	substitution	(Figure	1A).	To	alter	polymer	length,	we	employed	a	ruthenium	

initiator,	which	allows	access	to	polymers	with	narrow	dispersity	and	length.55	The	monomer-to-initiator	

ratio	controls	the	length	(Scheme	S1).53,	54	To	vary	the	number	of	epitopes	on	a	polymer,	we	used	a	

norbornene	monomer	bearing	an	N-hydroxysuccinimidyl	(NHS)	ester.56	The	ester	is	susceptible	to	attack	by	

amine-bearing	epitopes	to	yield	functionalized	polymers.	By	modifying	the	stoichiometry	of	polymer	to	an	

epitope	that	is	used	in	the	coupling	reaction,	we	controlled	the	level	of	substitution.56,	57		

Polymers	bearing	succinimidyl	esters	can	be	

functionalized	with	B	and	T	cell	epitopes	(Scheme	

S3A).50	We	used	the	dinitrophenyl	(DNP)	group	as	a	

model	of	non-peptide	haptens	such	as	carbohydrates.	

As	a	T	cell	epitope,	we	employed	a	peptide	derived	

from	ovalbumin	(Ova323-339	denoted	Ova323).	To	

facilitate	the	endosomal	release	of	T	cell	epitope	

following	polymer	internalization	by	B	cells,	we	

attached	the	peptide	to	the	polymer	using	a	linker	

sensitive	to	cleavage	by	the	protease	cathepsin	D	

(catD)	(Scheme	S3A	and	Figure	2A).50	CatD	is	an	

aspartyl	protease	implicated	in	antigen	processing,58,	

59	and	we	postulated	that	engineered	release	of	T	cell	

epitopes	would	yield	more	effective	T	cell	epitope	

presentation.	We	quantified	the	level	of	B	and	T	cell	

epitopes	attached	to	the	polymer	backbone	using	

NMR	spectroscopy	(Scheme	S3B).50	With	this	overall	

approach,	we	accessed	a	set	of	polymers	that	varied	systematically,	and	we	used	these	agents	to	evaluate	the	

effect	of	epitope	loading	on	antibody	responses	in	vivo	(Figure	2).		

	

Figure	1.	Control	of	epitope	loading	(A)	A	ROMP-
derived	polymer	bearing	reactive	esters	can	be	
substituted	with	B	and	T	cell	epitopes.	Control	of	
polymer	length	or	degree	of	substitution	allows	
variation	of	the	number	of	displayed	epitopes.	(B)	
Polymer	B	cell	epitopes	enable	B	cell	receptor	(BCR)	
engagement	and	activation,	while	a	protease-sensitive	
T	cell	epitope	can	undergo	endosomal	processing	for	
antigen	presentation	and	T	cell	activation	through	the	
T	cell	receptor	(TCR).		



	

Figure	2.	A	series	of	polymer	antigens	that	vary	systematically	in	B	and	T	cell	epitope	
loading.	(A)	We	prepared	polymer	variants	bearing	distinct	combinations	of	B	cell	epitope	
DNP	(R1)	and	T	cell	epitope	Ova323.	The	latter	was	appended	through	either	a	cathepsin	D	
(catD)-sensitive	(R2)	or	–insensitive	(R3)	linker.	The	rest	of	the	polymer	units	contained	
inert	functionality	(R5)	with	the	exception	of	a	few	that	carried	a	fluorescent	dye	(AF488)	
(R4).	n	=	degree	of	polymerization.	(B)	The	schematic	depicts	the	relative	percentage	of	
epitopes	per	polymer	molecule	for	the	polymers	detailed	in	the	chart.	B	cell	epitope	
loading	was	varied	by	extending	polymer	length	(polymers	3	vs.	5)	or	increasing	
substitution	(polymers	3	vs.	6).	T	cell	epitope	loading	was	varied	by	increasing	
substitution	(polymers	1	–	4).		

Peptide-functionalized	polymers	promote	IgG	antibody	response	with	a	dependence	on	a	cleavable	linker	

We	first	determined	whether	polymers	bearing	only	B	cell	epitopes	could	elicit	a	T	cell-dependent	(TD)	IgG	

response.	Polymers	presenting	many	copies	of	B	cell	epitopes	are	T	cell-independent	type	II	(TI-II)	

antigens—they	can	induce	antibody	responses	because	they	engage	the	BCR	in	multivalent	interactions	that	

trigger	signaling.33,	35	This	response	lacks	T	cell	help	and	typically	affords	low	IgG	titers.	To	test	whether	

dual-functionalized	DNP/Ova323	polymers	recruit	T	cell	help,	we	formulated	polymers	with	monophosphoryl	

Lipid	A	(MPLA),	a	TLR-based	adjuvant,	and	compared	the	anti-DNP	IgG	titers	for	DNP-only	polymer	1	and	

DNP/Ova323	polymer	3.	Mice	were	injected	with	polymer	1	or	3	or	ovalbumin	functionalized	with	DNP	

(DNP10/Ova).	The	anti-DNP	IgG	responses	were	significantly	higher	for	DNP/Ova323	polymer	3	compared	to	

DNP-only	polymer	1,	suggesting	that	treatment	with	the	peptide-functionalized	polymer	recruits	T	cell	help	

(Figure	3A).	Interestingly,	responses	for	a	single	antigen	dose	were	significantly	stronger	for	DNP/Ova323	

polymer	than	those	from	the	DNP10/Ova	protein	conjugate.	The	haptenated	protein	required	a	second	dose	

administration	to	reach	similar	titers	as	DNP/Ova323	polymer	3	(Figure	S1A).		



We	previously	demonstrated	that	peptides	attached	to	the	polymer	backbone	through	a	linker	susceptible	to	

catD	protease	result	in	more	effective	antigen	presentation	and	T	cell	activation.50		We	hypothesized	that	a	

polymer	with	the	protease-sensitive	linker	would	elicit	superior	IgG	responses	than	those	with	linkers	that	

lack	specific	cleavage	sites.	We	compared	300mer	polymers	bearing	equivalent	substitution	levels	of	DNP	

and	Ova323	but	varying	in	whether	the	peptide	was	attached	through	a	catD-sensitive	or	catD-resistant	linker	

(Figure	2B).	DNP/Ova323	polymer	with	the	protease-sensitive	linker	yielded	higher	levels	of	anti-DNP	IgG	

(Figure	3B,	Figure	S1B).	Given	that	treatment	of	B	cells	with	the	cleavage-sensitive	polymer	results	in	more	

T	cell	activation,50	the	elevated	response	in	vivo	is	likely	due	to	better	recruitment	of	T	cell	help.		

Higher	valency	results	in	greater	IgG	responses	

We	varied	polymer	length	and	found	that	the	longer	polymers	(e.g.,	30mers	versus	300mers)	cluster	the	BCR	

more	effectively.35	Longer	polymers	promote	enhanced	signaling35	and	uptake	of	antigen50	by	B	cells.	

Because	they	induce	stronger	B	cell	activation,	long	polymers	should	afford	a	more	robust	IgG	response	than	

short	polymers.	We	tested	this	hypothesis	by	immunizing	mice	with	DNP/Ova323	polymers	of	different	

length.	(Figure	2B).	Mice	were	vaccinated	with	0.2	nmol	of	polymer	on	day	0	and	34,	and	serum	anti-DNP	

IgG	titers	were	determined.	Titers	were	significantly	higher	for	the	long	polymer	3	on	each	day	tested	

(Figure	4A).	Additionally,	we	investigated	the	biodistribution	and	toxicity	profiles	for	long	and	short	

polymer	scaffolds	(Fig.	S2-3).	Both	30mer	and	300mer	polymers	were	cleared	through	the	liver,	and	no	

visible	toxicity	was	detected.	We	anticipate	the	titer	difference	between	lengths	is	due	to	the	potency	with	

which	high	valency	polymer	can	stimulate	B	cell	activation.	Still,	the	longer	polymer	delivers	larger	doses	of	

the	B	cell	epitope	DNP	because	it	has	more	copies.		

	 To	determine	whether	the	short	polymer	could	

induce	this	level	of	activation	at	higher	doses,	we	

immunized	with	this	agent	at	higher	concentrations.	

Specifically,	we	compared	titers	for	mice	immunized	

with	30mer	5	at	a	high	dose	(2	nmol	polymer,	30	

nmol	DNP)	and	a	low	dose	(0.2	nmol	polymer,	3	nmol	

DNP)	relative	to	300mer	3	(0.2	nmol	polymer,	30	

nmol	DNP).	In	this	way,	we	compared	the	30mer	5	

and	300mer	3	at	either	the	same	polymer	

concentration	(0.2	nmol	polymer)	or	the	same	DNP	

concentration	(approximately	30	nmol	DNP).	The	

responses	to	the	short	polymer	were	always	modest	

(Figure	S4).	These	data	indicate	that	the	ability	of	the	

polymers	to	induce	immune	cell	activation	depends	

	

Figure	3.	IgG	responses	from	polymers	with	B	and	T	
cell	epitopes	compared	to	haptenated	protein.	BALB/c	
mice	were	immunized	s.c.	with	antigen	mixed	with	5	
µg	MPLA	on	day	0	and	34.	Anti-DNP	IgG	sera	titers	
were	assessed	on	day	21	by	ELISA.	(A)	Animals	were	
immunized	with	0.2	nmol	of	DNP	polymer	1,	
DNP/Ova323	polymer	3	or	DNP10/Ovalbumin.	(B)	
Animals	were	immunized	with	0.02	nmol	of	DNP	
polymer	bearing	either	catD-sensitive	Ova323	(10)	or	
catD-insensitive	Ova323	(11).	Shown	are	day	21	anti-
DNP	IgG	sera	titers	with	mean	±	SD	of	n=6-10	per	
group.	



on	how	effectively	they	can	engage	in	multivalent	binding.		

High	peptide	loading	affords	a	robust	IgG	antibody	response	

Robust	B	cell	activation	requires	B	cell	signaling	but	also	effective	antigen	presentation	and	T	cell	help.	We	

tested	whether	antigens	with	high	B	cell	epitope	valency	but	different	T	cell	epitope	loadings	would	vary	in	

their	ability	to	recruit	T	cell	help.	Polymers	are	ideal	vehicles	to	address	this	question	as	the	mole	fraction	of	

T	cell	epitopes	can	be	controlled.	Thus,	we	synthesized	polymers	of	the	same	length	(300mer)	with	

comparable	DNP	substitution	(36-40%),	but	variable	levels	of	substitution	of	the	catD-sensitive	linked	Ova323	

epitope:	polymers	2	(0.5%),	3	(5%),	and	4	(12%)	(Figure	2B).	The	lowest	substitution	we	tested	had	a	

molar	ratio	of	peptide-to-polymer	of	about	1:1,	while	the	highest	was	approximately	38:1.	To	ensure	a	

homogenous	level	of	peptide	substitution,	we	compared	polymers	by	gel	permeation	chromatography	and	

determined	that	DNP/Ova323	polymer	retained	narrow	dispersity	following	functionalization	(data	not	

shown).	Mice	were	immunized	with	polymers	1,	2,	3,	or	4	(0.2	nmol	polymer)	on	day	0	and	34.	As	

anticipated,	the	inclusion	of	a	single	Ova323	epitope	resulted	in	elevated	serum	anti-DNP	IgG	titers	for	

polymer	2	compared	to	DNP-only	polymer	1	(Figure	4B).	Still,	titers	were	significantly	more	robust	for	

polymers	3	and	4,	each	of	which	had	higher	levels	of	Ova323	functionalization,	indicating	that	antigens	

bearing	more	T	cell	epitopes	were	superior	immunogens	(Figure	4B).	

Given	that	increased	peptide	loading	generates	more	IgG	production,	we	assessed	whether	that	response	

remained	sensitive	to	B	cell	epitope	valency.	We,	therefore,	prepared	300mer	6	with	high	Ova323	substitution	

(5%),	but	a	low	level	of	DNP	substitution	(4%)	(Figure	2B).	If	higher	peptide	loading	can	compensate	for	

low	B	cell	epitope	valency,	we	anticipated	that	the	response	to	300mer	6	would	be	stronger	than	for	30mer	

5.	Instead,	we	found	the	responses	to	be	comparable,	both	immediately	after	immune	priming	on	day	0	and	

following	a	boost	injection	on	day	34	(Figure	4C).	These	data	suggest	multivalent	clustering	of	the	B	cell	

receptor	is	a	critical	contributor	to	IgG	responses	and	that	T	cell	activation	does	not	compensate	for	BCR	

signaling.	

High	peptide	loading	increases	antigen	presentation	

We	hypothesized	that	the	augmentation	observed	with	polymers	displaying	many	peptide	copies	resulted	

from	increased	antigen	presentation	that	leads	to	effective	T	cell	recruitment.	To	test	this	hypothesis,	we	

compared	the	extent	of	antigen	presentation	elicited	by	300mer	polymers	with	different	Ova323	substitution	

levels.	We	employed	a	B	cell	line	expressing	a	DNP-specific	BCR	(A20.2J	HLTNP	denoted	as	A20HL)60,	61	and	a	

T	cell	line	expressing	an	Ova323-specific	TCR	(DO-11.10).62,	63	The	polymers	had	the	same	DNP	valency;	

however,	polymers	with	different	levels	of	Ova323	T	cell	epitope	substitution	might	adopt	different	

conformations.	We,	therefore,	measured	the	rate	and	extent	of	internalization	to	ensure	similar	levels	of	

antigen	uptake	by	B	cells	regardless	of	T	cell	epitope	loading.	Polymers	7,	8,	and	9	were	prepared	with	DNP	

and	Ova323	epitopes	as	well	as	a	fluorescent	dye	(Alexa	Fluor	488	or	AF488),	and	the	level	of	cell-surface	BCR	

following	exposure	to	polymer	(5	µM	DNP)	was	compared	(Figure	5A).	Regardless	of	peptide	loading,	the	



polymers	induced	internalization	of	50-60%	of	

cell-surface	BCR	within	30	minutes.	Additionally,	

we	saw	that	the	fluorescence	signal	for	the	

internalized	polymer	was	comparable	(Figure	5B).	

These	data	indicate	that	there	is	no	difference	in	

the	rate	or	extent	of	antigen	internalization	for	

polymers	that	differ	in	T	cell	epitope	loading.	

Because	the	polymers	are	internalized	to	a	similar	

extent,	we	tested	whether	polymers	with	high	

Ova323	substitution	levels	afforded	more	efficient	

antigen	presentation.	We	quantified	T	cell	IL-2	

production	in	response	to	polymer-treated	B	cells	

as	a	measure	of	antigen	presentation.	Low	

substitution	polymer	2	elicited	IL-2	production,	but	

the	levels	were	reduced	by	4-fold	relative	to	those	

obtained	with	polymer	3	or	4	substituted	with	5	or	

12%	Ova323	(Figure	5C).	Thus,	polymers	with	high	

peptide	loading	boost	antigen	presentation,	

consistent	with	their	ability	to	elicit	more	IgG	

production.	

DISCUSSION	

Vaccine	safety	is	a	critical	public	health	issue,	and	

subunit	vaccines	are	advantageous	in	that	they	can	

be	used	in	individuals	with	weakened	immune	

systems.1	Subunit	vaccines	that	target	epitopes	

such	as	carbohydrates	can	be	prepared	by	

attaching	the	epitopes	to	carrier	proteins.	

However,	proteins	have	drawbacks	including	off-

target	responses	and	inefficient	antigen	

functionalizations15-19,	and	so	researchers	are	seeking	alternative	scaffolds.	To	design	immunogenic	

synthetic	antigens,	structural	properties	that	allow	immune	recognition	and	activation	must	be	defined.	

Using	polymers	generated	by	ROMP,	our	goal	has	been	to	determine	the	parameters	that	give	rise	to	strong	

antibody	responses.		

ROMP	is	a	polymerization	reaction	that	produces	polymers	with	a	high	degree	of	control53,	54,	so	distinct	

parameters	(length,	substitution	level)	can	be	varied	systematically.		Thus,	we	have	generated	polymers	

	

Figure	4.	Increasing	B	cell	epitope	valency	and	T	cell	
epitope	substitution	drive	a	stronger	IgG	response.	
BALB/c	mice	were	immunized	s.c.	with	0.2	nmol	of	
polymer	mixed	with	5	µg	MPLA	on	day	0	and	34.	Anti-
DNP	IgG	sera	titers	were	assessed	over	time	by	ELISA.	(A)	
IgG	responses	to	300mer	polymer	3	and	30mer	polymer	5	
over	time	(left)	and	on	day	21	(right).	(B)	IgG	responses	
to	DNP	300mer	1	and	DNP/Ova323	300mer	with	varied	
Ova323	loading	(2,	3,	and	4)	over	time	(left)	and	on	day	21	
(right).	(C)	IgG	responses	to	DNP/Ova323	30mer	5	and	
DNP/Ova323	300mer	6	over	time	(left)	and	on	day	21	and	
41	(right).	IgG	sera	titers	are	shown	as	the	mean	±	SD	of	
two	independent	experiments	with	n	=	3	–	6	per	group.	



bearing	B	and	T	cell	epitopes	with	well-defined	

and	tunable	epitope	functionalization.	We	can	

control	the	average	number	of	epitopes	per	

antigen	by	altering	either	polymer	length	or	

the	degree	of	epitope	substitution	(Figure	1A).	

We	used	this	approach	to	assess	the	effect	of	

changing	B	or	T	cell	epitope	quantity	on	the	

antibody	response.	First,	we	validated	that	

equipping	the	polymer	with	T	cell	epitope	

affords	a	T-cell	dependent	antigen	that	can	

induce	robust	IgG	responses.	We	found	that	

while	polymer	bearing	only	B	cell	epitope	can	

yield	class-switched	IgG	antibody,	the	levels	

are	low;	however,	attachment	of	a	T	cell	

epitope	dramatically	increases	the	response	

(Figure	3A).			

Our	results	also	reveal	that	the	IgG	response	

can	be	augmented	by	using	a	peptide	linker	

sensitive	to	endosomal	protease	catD	(Figure	

3B).	We	found	this	linker	was	necessary	for	in	

vitro	antigen	presentation	to	T	cells.50	To	

explain	this	observation,	we	suggest	that	the	

catD-sensitive	linker	facilitates	peptide	release	

during	a	stage	in	the	endolysosomal	pathway	

that	augments	MHCII	loading.	MHCI	

presentation	in	dendritic	cells	has	been	shown	

to	depend	upon	antigen	processing	kinetics	

where	antigen	release	must	occur	within	a	narrow	window	of	time	following	uptake	for	successful	

presentation	to	occur.64	A	similar	dependence	is	likely	for	B	cell	MHCII	presentation	given	that	MHCII-

loading	is	tightly	coordinated	with	BCR	signaling	and	antigen	uptake.65	In	this	scenario,	the	sensitive	linker	

enables	processing	when	the	antigen-loaded	endosome	reaches	MHCII	enriched	compartments.	In	the	

absence	of	the	linker,	processing	appears	to	be	too	slow	to	release	the	epitope	within	the	requisite	time	

frame.	Polymer	lacking	the	cleavage	site	likely	fails	to	release	the	antigen	to	induce	productive	B-T	cell	

interactions	that	promote	B	cell	proliferation	and	differentiation.	Several	material-based	strategies	have	

been	developed	to	allow	epitope	release	in	endolysosomal	compartments	for	MHCII	presentation,	including	

the	use	of	linkers	that	exploit	the	acidic66	and	reducing67-69	environment	of	the	endosome.	However,	

	

Figure	5.	Polymers	with	different	T	cell	epitope	density	
are	internalized	to	the	same	extent,	but	high	density	is	
required	for	antigen	presentation.	(A	&	B)	A20HL	B	cells	
were	treated	with	DNP/Ova323/AF488	polymers	with	
varied	Ova323	loading	at	5	μM	DNP.		After	polymer	
treatment	for	the	indicated	duration,	mean	fluorescence	
intensity	was	measured	by	flow	cytometry	for	(A)	cell	
surface	BCR	labeled	with	fluorescent	anti-BCR	Fab	and	
(B)	fluorescent	polymers.	The	data	were	normalized	to	
A20HL	cells	at	t=0	min	(A)	or	unstimulated	A20HL	cells	
(B).	Error	bars	represent	±1	standard	deviation	from	the	
mean	of	three	independent	experiments.	(C)	IL-2	
produced	by	DO-11.10	T	cells	in	response	to	B	cell	
exposure	to	DNP/Ova323	polymers	for	3	h.	The	response	
is	indicated	as	a	function	of	Ova323	concentration.	Error	
bars	represent	±1	standard	deviation	from	the	mean	(n	=	
3).	Data	are	representative	of	at	least	three	independent	
experiments.	



protease-sensitive	linkers	are	advantageous	because	they	are	readily	incorporated	and	are	stable	during	the	

synthesis	of	the	T	cell	epitope.	The	specificity	of	the	site	can	also	be	tuned	to	allow	release	at	a	stage	during	

the	endosomal	passage	that	is	ideal	for	antigen	presentation.64	Given	these	advantages	and	our	results	

showing	that	the	linker	benefits	the	immune	response,	we	anticipate	that	protease	linkers	can	be	exploited	

to	improve	immunogen	design.	

For	antigens	lacking	T	cell	epitopes,	high	BCR	epitope	valency	is	a	critical	parameter	for	engendering	

antibody	responses.33,	35	We	compared	IgG	responses	to	long	and	short	polymers	to	define	whether	valency	

is	important	when	antigens	have	both	B	and	T	cell	epitopes.	The	data	show	that	long	polymers	with	high	BCR	

epitope	valency	yield	substantially	stronger	responses	than	short	polymers	with	low	valency	(Figure	4A).	

One	explanation	for	this	effect	is	a	difference	in	BCR	signaling.	We	previously	determined	that	long	polymers	

induce	extensive	BCR	clustering	and	stronger	signaling	than	short	polymers.35	Superior	BCR	signaling	likely	

yields	to	potent	B	cell	activation,	thereby	affecting	the	outcome	of	the	antibody	response.	Additionally,	we	

have	shown	that	long	polymers	are	better	internalized	than	short	polymers,	resulting	in	elevated	antigen	

presentation.50	Thus,	the	long	polymer	may	induce	both	stronger	BCR	signaling	and	more	effective	antigen	

presentation,	thereby	delivering	signals	that	drive	a	robust	IgG	response.	Observations	that	multivalent	

particle-based	vaccines	bearing	pathogen-derived	epitopes	give	strong	antibody	responses70	suggest	a	

crucial	role	for	valency	in	responses	to	antigens	bearing	B	and	T	cell	epitopes.	Still,	the	immunogenicity	of	

these	scaffolds	could	be	due	to	other	features,	such	as	physical	dimensions	that	allow	effective	trafficking	to	

lymphoid	tissues.	By	comparing	antigens	with	different	valency,	we	have	validated	an	essential	role	for	this	

parameter	in	generating	strong	IgG	responses.	

We	also	investigated	the	impact	of	the	number	of	T	cell	epitopes	delivered	on	the	antibody	response.	This	

parameter	cannot	be	readily	studied	with	protein	carriers,	but	polymers	provide	the	means	to	vary	the	

number	of	T	cell	epitopes	delivered.	Although	polymers	bearing	a	single	peptide	give	rise	to	increased	

responses	relative	to	those	lacking	T	cell	epitopes,	a	15-fold	increase	in	peptide	substitution	affords	

increased	IgG	titers	by	about	two	orders	of	magnitude	(Figure	4B).	We	postulated	that	polymers	with	high	

peptide	functionalization	give	rise	to	higher	peptide	concentration	in	MHCII-loading	compartments,	thereby	

leading	to	more	antigen	presentation.	We	compared	polymers	with	increasing	peptide	substitution	and	

found	that	highly	substituted	polymers	give	rise	to	stronger	T	cell	activation	(Figure	5C).		This	finding	is	

corroborated	by	recent	evidence	that	during	B	cell	division,	the	cell	that	retains	higher	antigen	concentration	

is	capable	of	more	effective	antigen	presentation.71.	Thus,	delivery	of	increased	intracellular	stores	of	peptide	

should	drive	presentation	and	T	cell	activation.	However,	we	found	that	high	peptide	functionalization	does	

not	compensate	for	minimal	BCR	epitope	valency.	Polymer	6	with	high	levels	of	peptide	substitution	but	low	

BCR	epitope	valency	failed	to	induce	a	potent	response	(Figure	4C).	Our	finding	that	low	valency	antigens	

are	not	internalized	effectively	suggests	that	such	antigens	will	not	afford	the	intracellular	concentration	of	

peptide	necessary	for	effective	antigen	presentation,	regardless	of	the	level	of	peptide	functionalization.		



Together,	our	findings	suggest	a	set	of	parameters	that	affect	the	magnitude	of	the	antibody	responses.	

Antigen	valency	determines	whether	BCR	signals	exceed	a	minimum	threshold	for	B	cell	activation	and	

whether	an	antigen	is	effectively	internalized.	A	secondary	parameter	is	the	concentration	of	intracellular	

peptide	available	for	presentation	and	recruitment	of	T	cell	help.	Including	a	protease	cleavage	site	to	

efficiently	release	antigen	in	the	endolysomal	compartments	can	lead	to	more	efficient	MHCII	complex	

formation.	Adding	additional	copies	of	T	cell	epitopes	can	also	augment	responses.	In	designing	vaccine	

antigens,	BCR	epitope	valency	and	loading	and	release	of	T	cell	epitopes	are	critical	considerations	for	

maximizing	the	magnitude	of	the	antibody	response.		These	findings	can	be	broadly	applied	to	classical	

carbohydrate-helper	T	cell	paired	constructs	as	well	as	the	recently	reported	constructs	combining	glycans	

and	the	invariant	natural	killer	T	cell	epitope	α-GalCer.72,	73	Moreover,	our	findings	are	also	relevant	for	the	

design	of	constructs	that	seek	to	elicit	enhanced	antibody	responses	against	other	epitopes	like	peptides	or	

small	molecules.	

Finally,	we	determined	that	a	single	dose	of	polymer	with	optimized	epitope	loading	produced	a	stronger	IgG	

response	than	a	haptenated	protein	(Figure	3A).	Our	findings	indicate	that	this	difference	arises	from	higher	

B	and	T	cell	epitope	quantities	for	the	polymer	relative	to	the	protein	antigen	(>100	DNP	and	>10	Ova323	for	

a	300mer	polymer	versus	10	DNP	and	1	Ova323	epitopes	for	DNP/Ova	protein).	Our	data	demonstrate	that	

access	to	antigens	with	high	epitope	functionalization	offers	a	distinct	advantage	for	enhancing	the	antibody	

response.	Synthetic	scaffolds,	such	as	ROMP-derived	polymers,	can	be	highly	substituted,	while	

functionalization	of	protein	carriers	is	limited.	Additionally,	with	synthetic	scaffolds,	the	level	of	substitution	

is	quantifiable	and	uniform,	which	is	a	challenge	when	generating	haptenated	protein	antigens.	These	

features	of	polymer	scaffolds	highlight	compelling	advantages	for	creating	vaccine	antigens	that	can	elicit	

antibody	responses	against	pathogen-	or	tumor-derived	carbohydrate	epitopes.		

CONCLUSIONS	

The	design	of	subunit	vaccines	can	be	improved	through	better	understanding	of	the	combinatorial	effects	of	

B	and	T	cell	epitope	display.	We	used	defined	ROMP	polymers	to	reveal	key	criteria	for	epitope	attachment	

to	enhance	antigen	immunogenicity.	A	highly	valent	display	of	B	cell	epitope	alone	induced	IgG	class	

switching.	These	IgG	titers	greatly	increased	upon	addition	of	optimally	presented	T	cell	epitope.	Specifically,	

we	showed	that	multivalent	display	and	controlled	endosomal	release	of	T	cell	epitopes	yield	robust	IgG	

responses.	These	criteria	for	T	cell	attachment	influence	the	level	of	B	cell	antigen	presentation,	a	

requirement	for	strong	IgG	responses.	Together,	our	results	demonstrate	that	antigens	with	high	B	cell	

epitope	valency	and	abundant	cleavable	T	cell	epitopes	function	as	robust	immunogens.	Considering	these	

parameters	in	the	design	of	vaccine	constructs	could	optimize	immune	responses	against	weakly	

immunogenic	carbohydrate	antigens.		
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