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Abstract
Problem: Requirement	 of	multiple	 injections	 of	 contraceptive	 vaccines	 to	 achieve	
infertility	 is	one	of	the	important	impediments	for	their	application.	In	the	present	
study,	attempts	have	been	made	to	reduce	the	number	of	injections	of	contraceptive	
vaccine.
Method of study: Fusion	protein	encompassing	C-terminus	fragment	of	sperm	pro-
tein	Sp17	 (aa	residues	76-126)	and	two	copies	of	gonadotropin-releasing	hormone	
along	with	T-cell	epitopes	and	dilysine	linkers	(abbreviated	as	Sp17C-GnRH2)	was	ex-
pressed in Escherichia coli.	Its	immunogenicity	and	contraceptive	efficacy	have	been	
evaluated	in	female	FVB/J	mice	using	different	adjuvants	and	delivery	platforms.
Results: Immunization	of	female	mice	with	recombinant	Sp17C-GnRH2	(25	μg/injec-
tion/mouse)	 emulsified	 with	 squalene-arlacel	 A	 following	 two	 injections	 schedule	
led	to	failure	of	88.8%	immunized	animals	to	conceive,	which	was	not	significantly	
different	from	mice	 immunized	with	same	protein	along	with	alum	following	three	
injections	schedule.	To	make	single-dose	vaccine,	poly	d,l-lactic	acid–based	micro-
particles	 (PLA-MPs)	 entrapping	 Sp17C-GnRH2	were	 prepared.	 Immunization	of	 fe-
male	mice	with	 a	 combination	 of	 soluble	 Sp17C-GnRH2	 (12.5	μg/injection/mouse)	
along	with	Sp17C-GnRH2	entrapped	in	PLA-MPs	(12.5	μg/injection/mouse)	in	alum	
showed	higher	antibody	titres	and	contraceptive	efficacy	as	compared	to	mice	im-
munized	with	Sp17C-GnRH2	entrapped	in	PLA-MPs	alone	in	alum.	Immunization	with	
recombinant	Sp17C-GnRH2	 led	 to	 long-term	 infertility	as	 second	mating	 (150	days	
after	immunization)	of	various	groups	of	immunized	mice	showed	similar	infertility	as	
observed	during	first	mating.
Conclusion: Single-dose	 immunization	 with	 PLA-MPs	 entrapping	 Sp17C-GnRH2 
along	with	soluble	recombinant	protein	 in	alum	generated	long-lasting	infertility	 in	
female	mice.
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1  | INTRODUC TION

To	minimize	human-animal	conflicts	for	habitation	and	to	reduce	
the	 burden	 of	 various	 zoonotic	 diseases,	 it	 is	 imperative	 to	 de-
velop	 new	 tools	 for	wildlife	 population	management.	 In	 this	 di-
rection, contraceptive vaccines have been proposed as a human 
approach	for	the	management	of	wildlife	population.	Indeed,	con-
traceptive	 vaccines	 based	 on	 native	 porcine	 zona	 pellucida	 (ZP)	
glycoproteins	have	been	successfully	used	to	manage	population	
of	feral	horses	at	Assateague	Island	National	Seashore,	MD,	USA,	
and	white-tailed	deer	at	Fire	Island	National	Seashore,	NY,	USA.1,2 
In	addition,	contraceptive	vaccines	based	on	neutralization	of	go-
nadotropin-releasing	hormone	(GnRH)	have	also	shown	promising	
contraceptive	efficacy	in	various	animal	models.3-5	Both	ZP-	and	
GnRH-based	 contraceptive	 vaccines	 are	 commercially	 available.	
Recently,	 we	 have	 reported	 that	 active	 immunization	 of	 female	
mice with Escherichia coli–expressed	 recombinant	 fusion	 pro-
tein	 encompassing	 promiscuous	 T-cell	 epitope	 of	 bovine	 RNase	
(bRNase;	 aa	 residues	 94-104),	 dilysine	 linker	 (KK),	 C-terminus	
fragment	 of	 spermatozoa-associated	 protein	 Sp17	 (aa	 residues	
76-126),	dilysine	 linker,	and	T-cell	epitope	of	 tetanus	 toxoid	 (TT;	
aa	residues	830-844)	followed	by	two	copies	of	GnRH	(bRNase-
KK-Sp17C-KK-TT-GnRH-GnRH	 abbreviated	 as	 Sp17C-GnRH2)	
along	with	alum	as	an	adjuvant,	showed	significant	curtailment	in	
fertility.6	 Interestingly,	none	of	 the	 female	mice	 immunized	with	
recombinant	Sp17C-GnRH2 conceived when mated with male mice 
co-immunized	with	the	same	immunogen,	showing	the	feasibility	
to	achieve	100%	contraceptive	efficacy	in	the	immunized	female	
mice.6

To	 present	 contraceptive	 vaccine	 as	 a	 feasible	 proposition	
for	wildlife	population	management,	it	is	imperative	that	the	de-
sired	contraceptive	efficacy	 is	achieved	by	administering	mini-
mum	number	of	injections.	It	is	desirable	that	a	single	injection	
of	the	contraceptive	vaccine	should	be	able	to	impart	long-term	
contraceptive	 efficacy.	 This	 necessitates	 the	 formulation	 of	
vaccines	with	potent	adjuvants	to	minimize	the	number	of	injec-
tions.	Adjuvants	used	in	vaccine	formulation	should	be	immuno-
logically	inert,	stable	with	long	shelf	life,	biodegradable,	not	be	
expensive	to	produce	and	promote	adequate	immune	response.7 
In	both	human	and	veterinary	vaccines,	aluminium-based	adju-
vants	 have	 been	widely	 used.	MF59,	 squalene-based	 adjuvant	
formulation,	 has	 been	 shown	 to	 generate	 high	 antibody	 re-
sponses	to	a	variety	of	antigens.8 Squalene is a polyprenyl com-
pound naturally occurring in animal and plant kingdom9 and is 
the	major	 component	 of	 human	 sebum.10	 Squalene	by	 itself	 is	
not	 an	 adjuvant,	 but	 emulsions	 of	 squalene	 with	 surfactants	
enhance	 the	 immune	 response.	 Its	 emulsions	 are	 efficient	 in	
eliciting both humoral and cellular immune responses and are 
stable	 for	 years	 at	 ambient	 temperature	 and	 can	 be	 frozen.11 
With	an	aim	 to	 achieve	 similar	 contraceptive	efficacy	with	 re-
duced	number	of	injections,	in	the	present	study,	immunogenic-
ity	and	contraceptive	efficacy	of	E. coli-expressed	recombinant	
Sp17C-GnRH2	with	an	emulsion	of	squalene	and	arlacel	A	have	

been	evaluated	in	female	FVB/J	mice	and	compared	with	when	
administered with alum.

To	 generate	 long-lasting	 immune	 response	 by	 a	 single	 injec-
tion, antigen entrapped in biodegradable and biocompatible 
polymeric	 particles	 of	 poly	 d,l-lactic	 acid	 (PLA)	 and	 poly	 (lac-
tic-co-glycolic	acid)	(PLGA)	has	also	been	used	as	antigen	delivery	
platforms.12	 PLA	 has	 been	 approved	 by	 the	United	 States	 Food	
and	 Drug	 Administration	 (USFDA)	 and	 is	 easy	 to	 process	 into	
micro/nano-particles.	Vaccines	based	on	these	particles	are	com-
mercially	available	for	human	applications.13,14	Since	PLA	is	more	
hydrophobic	in	nature	than	PLGA,	it	has	been	shown	to	be	more	
immunogenic15	and	therefore	is	included	in	the	present	study	for	
making	microparticle-based	 formulations.	PLA-based	microparti-
cles	(PLA-MPs)	entrapping	Sp17C-GnRH2 have been prepared and 
evaluated	in	female	mice	for	their	contraceptive	efficacy	using	sin-
gle injection schedule.

2  | MATERIAL S AND METHODS

2.1 | Expression and purification of recombinant 
Sp17C-GnRH2

Synthetic	 gene	 encompassing	 promiscuous	 T	 non-B-cell	 epitope	
of	bRNase	 followed	by	KK,	Sp17C,	KK,	T	non-B-cell	epitope	of	TT	
and	 two	 copies	 of	 GnRH	 (Sp17C-GnRH2)	 with	 Nde1 and BamH1	
restriction	sites	at	5′	and	3′	ends,	respectively,	was	obtained	from	
GenScript	Corporation	in	pUC57	vector.	This	insert	was	cloned	into	
the	pET22b(+)	expression	vector	and	the	said	protein	expressed	in	
BL21[DE3]pLysS	strain	of	E. coli as described previously.6	To	purify	
recombinant	 Sp17C-GnRH2,	 3	 mL	 Luria	 Bertani	 (LB)	 medium	with	
ampicillin	(100	μg/mL)	and	chloramphenicol	(37	μg/mL)	as	selection	
markers	was	inoculated	with	BL21[DE3]pLysS	cells	harbouring	plas-
mid	encoding	for	Sp17C-GnRH2	and	kept	at	37°C	in	a	shaker	incuba-
tor	at	180	rpm	overnight.	Next	day,	bacterial	cells	(1:1000	dilution)	
were	grown	in	1	L	of	LB	medium	(250	mL/culture	flask)	at	37°C	in	
a	 shaker	 incubator	 at	 180	 rpm	 till	 absorbance	 at	 600	 nm	 reaches	
0.5-0.6.	Bacterial	culture	was	treated	with	an	optimized	concentra-
tion	of	1	mmol/L	 isopropyl	β-d-1-thiogalactopyranoside	(IPTG)	and	
further	grown	for	3	hours,	and	subsequently,	pelleted	bacterial	cells	
were	processed	for	the	purification	of	the	protein	by	Ni-NTA	affin-
ity	chromatography	followed	by	refolding	as	described	previously.6 
Renatured	protein	was	filtered	through	membrane	of	0.45	μm pore 
size	and	concentrated	by	using	Amicon®	Ultra-15	Centrifugal	Filter	
Device	(Merck	Millipore	Ltd.).	The	concentration	of	purified	recom-
binant	 Sp17C-GnRH2 was estimated by bicinchoninic acid assay 
(BCA;	Pierce)	using	bovine	serum	albumin	(BSA)	as	the	standard.

2.2 | Preparation of the microparticles

Biodegradable	PLA	of	45	kDa	molecular	weight	 (PURAC	Biochem)	
was	 used	 for	 the	 preparation	 of	 microparticles.	 PLA-MPs	 were	
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prepared	 using	 water-in-oil-in-water	 (W1/O/W2)	 double	 emul-
sion solvent evaporation method.16	 In	 brief,	 first	 internal	 aqueous	
phase	(IAP)	comprising	PVA	(1%	w/v)	and	recombinant	Sp17C-GnRH2 
(lyophilized	and	 reconstituted	as	10	mg/mL)	 in	MQ	was	prepared.	
Subsequently,	primary	emulsion	was	prepared	using	 IAP	 (W1)	and	
PLA	polymer	(50	mg/mL	in	dichloromethane)	by	sonication	using	MS	
72	probe	 (SONOPLUS	HD	2200;	Ultrasonic	Homogenizer)	at	40%	
duty	 cycle	 and	 40%	 power	 output	 for	 1	minute	 on	 ice.	 Resulting	
primary	emulsion	was	added	drop-wise	to	external	aqueous	phase	
(EAP	 or	 W2)	 containing	 PVA	 (1%	 w/v),	 sodium	 bicarbonate	 (2%	
w/v)	and	sucrose	(10%	w/v)	in	MQ	and	homogenized	at	15	000	rpm	
for	 10	minutes	 on	 ice	 using	 homogenizer	 (POLYTRON®	 PT-3100;	
Kinematica	AG).	The	resulting	emulsion	was	kept	for	7-8	hours	stir-
ring	 (200	 rpm)	 at	 room	 temperature	 under	 sterile	 conditions.	 The	
resulting	particles	were	collected	by	centrifugation	at	24	000	g	for	
20	minutes,	washed	 three	 times	with	 ice-cold	MQ	and	 lyophilized	
to	get	 free-flowing	powder.	Polymer	particles	were	 then	stored	at	
4°C.	For	the	preparation	of	dummy	particles,	no	antigen	was	added	
to	IAP.

2.3 | Characterization of the microparticles

2.3.1 | Size distribution of microparticles and 
encapsulation efficiency

Size	 distribution	 of	 PLA-MPs	 was	 determined	 using	 Malvern	
Mastersizer	Hydro	2000S	Particle	Size	Analyzer	(Malvern	Panalytical	
Ltd.).	Particles	(1	mg)	were	resuspended	in	MQ,	and	measurements	
were	 carried	 out	 in	 triplicates.	 Zeta	 potential	 was	 measured	 by	
Malvern	nanosizer.	To	measure	the	protein	content	of	particles,	PLA-
MPs	 (10	mg)	were	solubilized	 in	acetonitrile	and	encapsulated	pro-
tein	that	precipitated	was	dissolved	in	1%	SDS	solution	in	50	mmol/L	
phosphate	buffer	saline	(PBS),	pH	7.4	and	protein	content	estimated	
using	micro	BCA.	Theoretical	 loading	was	the	amount	of	total	pro-
tein	taken	for	encapsulation	per	unit	weight	of	the	polymer.	Practical	
loading is the total protein encapsulated, as determined above per 
unit	weight	of	the	polymer.	Encapsulation	efficiency	is	calculated	by	
dividing	 the	practical	 load	of	protein	by	 theoretical	 load	of	protein	
multiplied by 100.

2.3.2 | Scanning electron microscopy

Morphological	 characteristics	 of	 PLA-MPs	 were	 observed	
using	 scanning	 electron	 microscopy	 (SEM;	 model	 Zeiss	 EVO	
LS10).17 Microparticles were spread on coverslips mounted 
with	the	help	of	double-sided	carbon	tape	(Sigma-Aldrich,	Inc.)	
attached to aluminium stubs. Samples were sputter coated 
with	gold-palladium	and	visualized	at	10	K	×	magnification	on	
Zeiss	 EVO.	 Images	 were	 recorded	 and	 analysed	 by	 software	
“Smart SEM.”

2.3.3 | In vitro release studies

To	determine	in	vitro	release	of	the	recombinant	Sp17C-GnRH2,	PLA-
MPs	(10	mg)	were	dissolved	in	1	mL	50	mmol/L	PBS	(pH	7.4)	in	an	
Eppendorf	tube	and	kept	on	an	orbital	shaker	at	200	rpm	at	37°C.	
Supernatants	were	collected	at	different	time	intervals	by	centrifu-
gation at 18 000 g	for	10	minutes.	After	collecting	the	supernatant	
each	time,	fresh	PBS	was	added	to	each	of	the	pellet	and	incubation	
was	continued	till	day	35.	Experiment	was	conducted	in	triplicates	
and	repeated	thrice.	Released	amount	of	protein	at	each	withdrawal	
was	 estimated	 using	 quantitative	 enzyme-linked	 immunosorbent	
assay	 (ELISA).	 In	brief,	microtitration	plates	 (Corning	 Incorporated)	
were	 coated	with	 various	 dilutions	 of	 Sp17C-GnRH2	 (0-250	ng)	 as	
standards	in	PBS.	Subsequently,	different	wells	of	same	microtitra-
tion	 plate	 were	 also	 coated	 with	 supernatant	 (100	 μL/well)	 with-
drawn	after	every	incubation	in	PBS	at	37°C	for	1	hour	followed	by	
overnight	incubation	at	4°C.	The	plates	after	blocking	non-specific	
sites	with	1%	BSA	were	incubated	with	serum	samples	(1:10	dilution;	
100 μL/well)	obtained	from	groups	of	female	mice	immunized	with	
recombinant	Sp17C-GnRH2, and plates were subsequently processed 
essentially as described previously.18 The microtitre plates were 
read	using	ELISA	reader	(BioTek™	ELx800™	Absorbance	Microplate	
Reader)	at	490	nm	with	630	nm	as	reference	filter.

2.4 | Active immunization of female mice

In	order	to	evaluate	the	immunogenicity	and	contraceptive	efficacy	
of	the	recombinant	Sp17C-GnRH2,	virgin	female	mice	of	8-10	weeks	
of	age,	kept	under	the	conventional	containment	levels	at	the	Small	
Experimental	Animal	Facility,	National	Institute	of	Immunology,	New	
Delhi,	India,	were	immunized	following	three,	two	or	one	injections	
schedule	using	various	formulations.	These	studies	were	conducted	
as	per	the	guidelines	and	approval	of	the	Institutional	Animals	Ethics	
Committee	(IAEC).

2.4.1 | Immunization of female FVB/J mice with 
recombinant Sp17C-GnRH2 with alum as an adjuvant 
following three injections schedule

The	group	of	 female	FVB/J	mice	 (n	=	10)	was	 immunized	with	 re-
combinant	Sp17C-GnRH2	 following	 three	 injections	schedule	using	
alum	as	an	adjuvant	(abbreviated	as	Sp17C-GnRH2/Al/3).	First	injec-
tion	was	 administered	 subcutaneously	with	 25	μg	of	 recombinant	
Sp17C-GnRH2	adsorbed	on	alum	 (200	μg aluminium content/injec-
tion/mouse;	 Sigma-Aldrich,	 Inc.),	 and	 two	 boosters	were	 given	 on	
days	21	and	42	intraperitoneally,	keeping	the	amount	of	protein	and	
alum	constant.	Control	group	of	mice	(n	=	10)	received	only	adjuvant	
following	the	same	schedule.	Blood	was	collected	from	immunized	
mice	through	retro-orbital	bleeding	in	compliance	with	IAEC	guide-
lines	on	days	0,	35,	56	and	150.
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2.4.2 | Immunization of female mice with 
recombinant Sp17C-GnRH2 with either 
alum or squalene-arlacel A as adjuvants following two 
injections schedule

Four	groups	of	female	FVB/J	mice	were	immunized	with	(a)	Sp17C-
GnRH2	+	alum	(n	=	10;	abbreviated	as	Sp17C-GnRH2/Al/2);	(b)	Sp17C-
GnRH2	 +	 squalene-arlacel	A	 (n	=	9;	 abbreviated	 as	Sp17C-GnRH2/
SA/2);	 (c)	alum	 (n	=	7);	and	 (d)	squalene-arlacel	A	 (n	=	6).	The	first	
injection	was	given	on	day	1	subcutaneously	followed	by	a	booster	
dose	on	day	28	 intraperitoneally.	Amount	of	alum	(200	μg alumin-
ium	 content/injection/mouse;	 Sigma-Aldrich,	 Inc.),	 Sp17C-GnRH2 
(25	μg/injection/animal)	 and	50%	of	 squalene	 (Sigma-Aldrich,	 Inc.)	
and	arlacel	A	(Sigma-Aldrich,	Inc.)	in	the	ratio	of	4:1	were	kept	con-
stant	for	primary	as	well	as	booster	injections.	Blood	was	collected	
from	immunized	mice	through	retro-orbital	bleeding	in	compliance	
with	IAEC	guidelines	on	days	0,	21,	42	and	150.

2.4.3 | Immunization of mice with recombinant 
Sp17C-GnRH2 entrapped in PLA-based microparticles 
adsorbed on alum following single injection schedule

In	 order	 to	 evaluate	 the	 immunogenicity	 and	 contraceptive	 ef-
ficacy	of	 recombinant	Sp17C-GnRH2	entrapped	 in	PLA-MPs,	one	
group	of	female	 inbred	FVB/J	mice	 (n	=	10)	was	 immunized	with	
25	μg	of	Sp17C-GnRH2	entrapped	in	PLA-MPs	adsorbed	on	alum	
following	 one	 injection	 schedule	 (abbreviated	 as	 Sp17C-GnRH2/
MP/Al/1).	Also,	one	more	group	(n	=	10)	was	immunized	with	phys-
ical	 mixture	 of	 12.5	 μg	 of	 Sp17C-GnRH2	 entrapped	 in	 PLA-MPs	
and	12.5	μg	of	soluble	recombinant	Sp17C-GnRH2	(abbreviated	as	
Sp17C-GnRH2/MP+SP/Al/1),	with	the	premise	that	soluble	antigen	
would	work	for	priming	and	slowly	released	antigen	from	the	mi-
croparticles	would	work	 for	boosting	 the	 immune	system	of	 the	
mice.	In	addition,	one	control	group	of	mice	was	immunized	with	
dummy	 PLA-MPs.	 To	 compare	 the	 antibody	 titres	 generated	 by	
PLA-MPs	entrapping	Sp17C-GnRH2	vs	Sp17C-GnRH2 adsorbed on 
alum,	an	additional	group	of	female	mice	(n	=	10)	was	immunized	
with	recombinant	Sp17C-GnRH2	adsorbed	on	alum	following	single	
injection	schedule	(abbreviated	as	Sp17C-GnRH2/Al/1).	Amount	of	
alum used was 200 μg/injection/animal, and all the animals were 
immunized	following	intramuscular	route.	Blood	samples	were	col-
lected	 through	 retro-orbital	 bleeding	on	days	0,	21,	42,	90,	120	
and	150.

2.5 | Enzyme-linked immunosorbent assay

Antibody	titres	against	recombinant	Sp17C-GnRH2 and its compo-
nents	Sp17C	and	GnRH	were	determined	essentially	as	described	
previously.6	 All	 the	 pre-immune	 as	 well	 as	 immune	 serum	 sam-
ples	of	the	individual	mouse	of	each	group	were	tested	using	log	

dilutions	(1:10−2, 1:10−3, 1:10−4,	etc).	In	brief,	microtitration	plates	
(Corning	 Incorporated)	were	coated	with	Sp17C-GnRH2	 (250	ng/
well)	in	0.2	mol/L	carbonate	buffer,	pH	9.5,	at	37°C	for	1	hour	fol-
lowed	by	overnight	incubation	at	4°C.	To	determine	the	antibody	
titres	 against	 the	 individual	 fragments,	 recombinant	 protein	 en-
compassing	promiscuous	T-cell	epitope	of	TT,	dilysine	spacer	and	
C-terminus	fragment	of	Sp17	(TT-KK-Sp17C;	250	ng/well)	was	used	
for	coating	the	microtitration	plates.6	In	addition,	synthetic	GnRH	
(Sigma-Aldrich,	Inc.)	was	conjugated	with	BSA	in	40:1	molar	ratio	
using	 1-step	 glutaraldehyde	 method	 as	 described	 previously.19 
In	 this	 case,	 the	 concentration	 for	 coating	 ELISA	 plate	 (250	 ng/
well)	was	with	respect	to	GnRH	assuming	that	whole	of	it	bound	
to	BSA	during	conjugation.	The	 respective	protein-coated	plates	
after	 blocking	 non-specific	 sites	 with	 1%	 BSA	 were	 incubated	
with	 log	 dilutions	 of	 serum	 samples	 (100	 μL/well; serum sam-
ples	 of	 individual	mouse	 from	 respective	 groups)	 obtained	 from	
various	groups	of	immunized	mice,	and	plates	were	subsequently	
processed essentially as described previously.18 The corrected 
absorbance	value	of	 immune	 serum	samples	 at	 varying	dilutions	
was determined by subtracting the absorbance obtained by the 
pre-immune	serum	samples	from	the	absorbance	obtained	by	the	
immune	 serum	 samples	 of	 the	 same	mouse.	 Absorbance	 values	
thus	obtained	of	serum	samples	of	individual	adjuvanted	control/
immunized	mice	at	varying	log	dilutions	were	analysed	by	regres-
sion	plot.	 The	 reciprocal	 of	 serum	dilution	 giving	 an	 absorbance	
of	 1	 was	 determined	 by	 regression	 analysis,	 which	 was	 defined	
by	us	as	antibody	unit	 (AU).	The	antibody	response	generated	 in	
each	group	of	mice	was	represented	as	arithmetic	mean	±	stand-
ard	error	of	the	mean	(SEM)	of	the	antibody	titres	of	the	individual	
animals,	which	has	been	calculated	using	“Origin”	software.

2.6 | In vivo contraceptive efficacy of the 
Escherichia coli–expressed recombinant Sp17C-GnRH2

Groups	of	immunized	female	mice	were	mated	with	10-12-week-
old	male	FVB/J	mice	of	proven	fertility.	Mating	was	started	on	day	
56	in	case	of	female	mice	immunized	following	a	three	injections	
schedule	 and	 day	 42	 in	 rest	 of	 the	 immunized	 groups	 following	
either	 two	or	one	 injection	 schedule.	During	mating,	 two	 immu-
nized	female	mice	from	the	same	group	were	housed	in	same	cage	
with	one	unvaccinated	healthy	male	mouse.	Male	and	female	mice	
were	co-habitated	for	15	consecutive	days	to	cover	three	ovula-
tory	cycles	of	the	females,	and	male	mice	were	rotated	every	5th	
day.	The	presence	of	a	vaginal	copulation	plug	next	morning	indi-
cates	 that	mating	has	occurred.	After	15th	day	of	mating,	males	
were	removed	and	females	were	monitored	every	day	for	the	next	
25	days	to	observe	pregnancy	status	and	counted	the	number	of	
pups	born	in	immunized	as	well	as	control	groups.	All	the	groups	
of	immunized	female	mice	were	kept	for	longer	duration	and	again	
mated	 as	 described	 above	 on	 day	 150	 after	 initiation	 of	 active	
immunization.
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2.7 | Statistical analysis

The	statistical	significance	of	the	antibody	titres	in	pregnant	vs	non-
pregnant	female	mice	immunized	with	different	formulations	of	re-
combinant	 Sp17C-GnRH2	was	 determined	 by	 one-way	ANOVA.	 In	
addition,	statistical	significance	in	the	number	of	pups	born	in	female	
mice	immunized	with	the	recombinant	protein	as	compared	to	adju-
vanted	control	or	between	two	immunized	groups	of	mice	was	also	
assessed	by	one-way	ANOVA	followed	by	post	hoc	Bonferroni	test.	
A	P-value	of	<.05	was	considered	to	be	statistically	significant.

3  | RESULTS

3.1 | Immunization of female mice with recombinant 
Sp17C-GnRH2 emulsified in squalene-arlacel A led 
to higher antibody titres as compared to when 
administered with alum following two injections 
schedule

Status	of	purified	E. coli–expressed	recombinant	Sp17C-GnRH2 was 
characterized	by	polyacrylamide	gel	electrophoresis	under	reducing	
conditions.	As	previously	published,6 it revealed a dominant single 
band	 at	 ~17	 kDa	 (Figure	 S1).	 Female	 FVB/J	mice	were	 immunized	
with	recombinant	Sp17C-GnRH2	either	emulsified	in	squalene-arlacel	
A	(n	=	9)	or	adsorbed	on	alum	(n	=	10)	following	two	injections	sched-
ule	as	described	in	Section	2.	Immunization	of	mice	with	the	above	
led	to	the	generation	of	high	antibody	titres	against	Sp17C-GnRH2 
as	well	as	both	of	its	components,	for	example	Sp17C	and	GnRH,	as	
evident	by	the	reactivity	in	ELISA	with	Sp17C-GnRH2,	TT-KK-Sp17C 
and	 GnRH-BSA	 conjugate	 (Figure	 1).	 The	 group,	 Sp17C-GnRH2/
SA/2,	showed	significantly	(P	=	.0001)	higher	antibody	titres	on	day	
42	against	recombinant	Sp17C-GnRH2	(210.22	±	27.80	×	10

3	AU)	as	
compared	to	the	group	Sp17C-GnRH2/Al/2	(50.50	±	6.84	×	10

3	AU;	
Figure	1,	 Panel	A).	 Significantly	 (P	 =	 .0004)	 higher	 antibody	 titres	
against	recombinant	Sp17C-GnRH2	were	also	observed	on	day	150	
in	the	group	Sp17C-GnRH2/SA/2	as	compared	to	the	group	Sp17C-
GnRH2/Al/2.	 Moreover,	 the	 antibody	 titres	 in	 the	 former	 group	
were	also	significantly	higher	both	at	day	42	as	well	as	on	day	150	
against	the	individual	fragments,	that	is	Sp17C determined using re-
combinant	 TT-KK-Sp17C	 and	 GnRH	 determined	 using	 GnRH-BSA	
conjugate	as	 compared	 to	 the	group	Sp17C-GnRH2/Al/2	 (Figure	1,	
Panels	B	and	C).	Antibody	titres	against	Sp17C-GnRH2 were higher as 
compared	to	TT-KK-Sp17C	as	well	as	GnRH-BSA	in	both	the	groups,	
which	may	represent	the	summation	of	the	antibody	titres	against	
Sp17C	and	GnRH	(Figure	1).	Interestingly,	antibody	titres	generated	
against	recombinant	Sp17C-GnRH2	as	well	as	TT-KK-Sp17C in groups 
Sp17C-GnRH2/SA/2	 and	 Sp17C-GnRH2/Al/3	were	 comparable	 and	
not	statistically	different	(Figure	2,	Panels	A	and	B).	Antibody	titres	
in	 the	 3rd	 bleed	 (day	 56	 in	 Sp17C-GnRH2/Al/3;	 day	 42	 in	 Sp17C-
GnRH2/SA/2)	against	GnRH-BSA	 in	the	group	Sp17C-GnRH2/SA/2	
were	found	to	be	significantly	(P	=	.005)	higher	as	compared	to	the	

group	Sp17C-GnRH2/Al/3	(Figure	2,	Panel	C).	However,	at	day	150	
antibody	titres	against	GnRH-BSA	were	not	significantly	different	in	
these	two	groups	of	immunized	mice.

3.2 | Immunization of female mice with recombinant 
Sp17C-GnRH2 emulsified in squalene-arlacel A as 
compared to protein adsorbed on alum led to higher 
curtailment in fertility

In	Sp17C-GnRH2/SA/2	immunized	group	(n	=	9),	88.8%	female	mice	
failed	 to	 conceive,	which	 is	 higher	 than	 the	percentage	 infertility	
(70%)	observed	 in	the	group	Sp17C-GnRH2/Al/2	 (n	=	10;	Table	1).	
Number	of	pups	born	per	mated	female	(0.44	±	0.44)	in	the	group	
Sp17C-GnRH2/SA/2	was	 significantly	 lower	 (P	 =	 .00009)	 as	 com-
pared	 to	 adjuvanted	 control	 (6.83	±	1.40)	 during	 the	 first	mating	
on	 day	 42	 using	 one-way	 ANOVA	 statistical	 analysis.	 In	 Sp17C-
GnRH2/SA/2	group	of	the	immunized	mice,	pups	born	per	pregnant	
female	 were	 also	 significantly	 lower	 as	 compared	 to	 adjuvanted	
control	 during	 first	 mating,	 suggesting	 subfertility	 in	 this	 group.	
Similarly,	number	of	pups	born	per	mated	 female	 (1.50	±	0.77)	 in	
the	group	Sp17C-GnRH2/Al/2	(n	=	10)	was	also	significantly	 lower	
(P	=	.0003)	than	the	respective	adjuvanted	control,	whereas	num-
ber	 of	 pups	 born	 per	 pregnant	 female	 mice	 was	 not	 statistically	
significant.	Using	post	hoc	Bonferroni	test,	however,	there	was	no	
significant	difference	in	the	number	of	pups	born	either	per	mated	
female	or	per	pregnant	female,	when	female	mice	were	either	im-
munized	with	recombinant	protein	adsorbed	on	alum	or	emulsified	
in	squalene-arlacel	A.

3.3 | Characterization of PLA microparticles 
encapsulating recombinant Sp17C-GnRH2 and its 
in vitro release

Poly d,l-lactic	 acid–based	microparticles	 encapsulating	 recombi-
nant	Sp17C-GnRH2 were prepared as described in Section 2. The 
encapsulated	 recombinant	 Sp17C-GnRH2 revealed a dominant 
single	band	of	~17	kDa	as	analysed	by	0.1%	SDS-15%	PAGE,	sug-
gesting that the recombinant protein was not degraded during 
PLA-MPs	 preparation	 (Figure	 3,	 Panel	 A).	 Further,	 characteriza-
tion	of	PLA-MPs	revealed	that	10	μg	of	the	recombinant	protein	
was	encapsulated	per	mg	of	PLA-MPs	with	an	encapsulation	effi-
ciency	of	50%.	Scanning	electron	microscopy	showed	that	the	ma-
jority	of	the	PLA-MPs	were	spherical	(Figure	3,	Panel	B).	Analysis	
by	Malvern	 particle	 size	 analyzer	 revealed	 that	 the	 average	 size	
of	the	PLA-MPs	was	~5.0	μm	(Figure	3,	Panel	C).	The	in	vitro	re-
lease	profile	of	the	recombinant	Sp17C-GnRH2	from	the	PLA-MPs	
showed	 initial	 release	 of	 ~20%	within	 a	 week	 followed	 by	 slow	
continuous	 release	over	 a	period	of	35	days	 (Figure	3,	Panel	D).	
Approximately,	 ~38%	 of	 the	 recombinant	 protein	 was	 released	
from	microparticles	in	35	days.
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F I G U R E  1  Evaluation	of	serum	IgG	titre	in	female	mice	immunized	with	recombinant	Sp17C-GnRH2 using two injections schedule. Female 
FVB/J	mice	(8-10	wk	old)	were	immunized	with	recombinant	Sp17C-GnRH2	either	adsorbed	on	alum	or	emulsified	with	squalene-arlacel	A	
as	adjuvants	following	two	injections	schedule	as	described	in	Section	2.	Primary	injection	was	administered	subcutaneously	with	Sp17C-
GnRH2	(25	μg/injection/animal)	followed	by	one	booster	intraperitoneally	on	day	28	with	same	dose	of	recombinant	protein.	Animals	were	
bled	retro-orbitally	on	days	0,	21,	42	and	150,	and	serum	IgG	titres	against	recombinant	Sp17C-GnRH2	(Panel	A)	as	well	as	the	individual	
fragments,	that	is	Sp17c	by	using	recombinant	TT-KK-Sp17C	(Panel	B)	and	GnRH	by	using	GnRH-BSA	conjugate	(Panel	C),	were	determined	
by	ELISA.	Antibody	titres	are	expressed	as	AU	and	represent	the	mean	±	SEM	for	each	group.	Antibody	titres	in	the	adjuvanted	control	
groups	were	<0.05	AU	and	not	shown	in	the	above	graph
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F I G U R E  2  Comparison	of	antibody	titre	in	mice	immunized	with	recombinant	Sp17C-GnRH2	following	three	and	two	injections	schedule.	
Serum	IgG	titre	of	the	female	mice	immunized	with	Sp17C-GnRH2	either	adsorbed	on	alum	in	a	three	injections	schedule	or	emulsified	
in	squalene-arlacel	A	in	a	two	injections	schedule	was	evaluated	against	Sp17C-GnRH2	as	well	as	the	individual	fragments	in	ELISA	as	
mentioned	in	Section	2.	The	antibody	titres	were	evaluated	in	ELISA	with	the	sera	obtained	from	3rd	bleed	(day	56	for	Sp17C-GnRH2/
Al/3	group	and	day	42	for	Sp17C-GnRH2/SA/2	group)	and	day	150.	Panel	A	represents	the	antibody	titre	generated	against	recombinant	
Sp17C-GnRH2,	whereas	Panels	B	and	C	show	the	serum	IgG	titres	against	recombinant	TT-KK-Sp17C	and	GnRH-BSA	conjugate,	respectively.	
Antibody	titres	are	expressed	as	AU	and	represent	the	mean	±	SEM	of	the	immunized	group
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TA B L E  1  Contraceptive	efficacy	in	female	FVB/J	mice	immunized	with	Sp17C-GnRH2	either	adsorbed	on	alum	or	as	an	emulsion	of	
squalene-arlacel	A	following	two	injections	schedule

Immunogen

During 1st mating (day 42) During 2nd mating (day 150)

% of animals 
failed to 
conceive

Number of pups/
mated female 
(mean ± SEM)

Number of pups/
pregnant female 
(mean ± SEM)

% of animals 
failed to 
conceive

Number of pups/
mated female 
(mean ± SEM)

Number of pups/
pregnant female 
(mean ± SEM)

Alum	(n	=	7) 0 8.14	±	1.25 8.14	±	1.25 0 7.26	±	0.98 7.26	±	0.98

Squalene	+	Arlacel	
A	(n	=	6)

16.10 6.83	±	1.40 8.20	±	0.58 0 7.55	±	0.73 7.55	±	0.73

Alum	+	Sp17C-
GnRH2	(Sp17C-
GnRH2/Al/2)	
(n	=	10)

70 1.50	±	0.77
P	=	.0003a

5.00	±	0.57
P	=	.15c

70 1.50	±	0.77
P	=	.0002a

5.00	±	0.57
P	=	.19c

Squalene	+	Arlacel	
A	+	Sp17C-GnRH2 
(Sp17C-GnRH2/
SA/2)	(n	=	9)

88.8 0.44	±	0.44
P	=	.00009b

4.00	±	0.00
P	=	.04d

88.8 0.66	±	0.66
P	=	.0002b

6.00	±	0.00
P	=	.4d

aP-value	with	respect	to	number	of	pups	born/mated	female	in	Sp17C-GnRH2/Al/2-immunized	group	as	compared	to	alum	control	group.	
bP-value	with	respect	to	number	of	pups	born/mated	female	in	Sp17C-GnRH2/SA/2-immunized	group	as	compared	to	Squalene	+	Arlacel	A	control	
group. 
cP-value	with	respect	to	number	of	pups	born/pregnant	female	in	Sp17C-GnRH2/Al/2-immunized	group	as	compared	to	alum	control	group.	
dP-value	with	respect	to	number	of	pups	born/	pregnant	female	in	Sp17C-GnRH2/SA/2-immunized	group	as	compared	to	Squalene	+	Arlacel	A	
control group. 

F I G U R E  3  Profile	of	PLA	microparticles	entrapping	Sp17C-GnRH2.	PLA	microparticles	(PLA-MPs)	entrapping	recombinant	Sp17C-GnRH2 
were	prepared	and	characterized	as	described	in	Section	2.	Panel	A	shows	0.1%	SDS-15%	PAGE	analysis	of	the	recombinant	Sp17C-GnRH2 
entrapped	in	PLA-MPs.	The	microparticles	were	solubilized	in	acetonitrile,	and	the	precipitated	recombinant	protein	was	solubilized	in	
1%	SDS	and	subsequently	resolved	by	0.1%	SDS-15%	PAGE	and	stained	with	0.1%	Coomassie	Brilliant	Blue	for	confirming	the	integrity	
of	the	entrapped	protein.	Lanes	1	and	2	represent	the	soluble	Sp17C-GnRH2	and	PLA-MPs	entrapped	Sp17C-GnRH2, respectively. Lane 
M	represents	the	molecular	weight	markers.	Panel	B	represents	the	SEM	micrograph	of	PLA-MPs	entrapping	recombinant	Sp17C-GnRH2. 
The	average	size	of	PLA-MPs	entrapping	recombinant	Sp17C-GnRH2	as	determined	by	using	Malvern	Mastersizer	Hydro	2000S	Particle	
Size	Analyzer	has	been	shown	in	Panel	C.	The	in	vitro	release	profile	of	the	recombinant	protein	was	also	determined	at	different	intervals	
for	up	to	35	d	as	described	in	Section	2.	In	vitro	release	profile	of	PLA-MPs	entrapping	recombinant	Sp17C-GnRH2 has been depicted in 
Panel	D.	Percentage	cumulative	release	represents	the	percentage	of	cumulative	release	within	each	interval.	It	is	calculated	by	dividing	the	
cumulative	release	by	the	total	no.	of	observations	(n),	then	multiplying	it	by	100
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3.4 | Single-dose immunization of female mice 
with recombinant Sp17C-GnRH2 entrapped in PLA 
microparticles led to the generation of high antibody 
titres and contraceptive efficacy

In	 an	 attempt	 to	 achieve	 high	 contraceptive	 efficacy	 by	 single	
injection,	 groups	 of	 female	 mice	 were	 immunized	 with	 Sp17C-
GnRH2	 entrapped	 in	 PLA-MPs	 as	 described	 in	 Section	 2.	 The	
Sp17C-GnRH2/MP+SP/Al/1	 group	 of	 immunized	 mice	 (n	 =	 10)	
showed	the	highest	antibody	titres	against	Sp17C-GnRH2 as well 
as	 the	 individual	 fragments	 on	 day	 42	 (Figure	 4).	 Serum	 IgG	 ti-
tres	against	Sp17C-GnRH2	were	significantly	higher	in	this	group	
of	 immunized	 mice	 as	 compared	 to	 the	 group	 Sp17C-GnRH2/
Al/1	 (P	 =	 .0001)	 or	 Sp17C-GnRH2/MP/Al/1	 (P	 =	 .0002)	 on	 day	
42	 (Figure	 4,	 Panel	 A).	 In	 addition,	 antibody	 titres	 against	 both	
Sp17C	and	GnRH	were	also	higher	 in	Sp17C-GnRH2/MP+SP/Al/1	
group	of	immunized	mice	as	compared	to	the	Sp17C-GnRH2/MP/
Al/1	as	well	as	Sp17C-GnRH2/Al/1	groups	(Figure	4,	Panels	B	and	
C).	 Further,	 significantly	 higher	 antibody	 titres	 against	 Sp17C-
GnRH2	 (P	 =	 .001),	 Sp17C	 (P	 =	 .0003),	 and	GnRH	 (P	 =	 .01)	were	

also	observed	 in	 Sp17C-GnRH2/MP/Al/1	 as	 compared	 to	 Sp17C-
GnRH2/Al/1	(Figure	4).	Upon	mating,	the	female	mice	in	the	group	
Sp17C-GnRH2/Al/1	 revealed	 40%	 infertility	 (Table	 2).	 In	 Sp17C-
GnRH2/MP/Al/1	group,	50%	of	the	immunized	female	mice	failed	
to	 conceive	 (Table	 2).	 Interestingly,	 Sp17C-GnRH2/MP+SP/Al/1	
group	 showed	maximum	 curtailment	 in	 fertility;	 that	 is,	 70%	of	
the	immunized	animals	failed	to	conceive	(Table	2).

To determine the relationship between antibody response and 
infertility,	 antibody	 titres	 generated	 against	 recombinant	 Sp17C-
GnRH2,	 TT-KK-Sp17C	 and	 GnRH-BSA	 in	 pregnant	 and	 non-preg-
nant	mice	were	compared	in	all	the	immunized	groups	(Figure	5).	It	
was	observed	 that	 the	 antibody	 titres	were	 significantly	 higher	 in	
non-pregnant	female	mice	as	compared	to	the	pregnant	mice.

3.5 | Immunization of female mice with recombinant 
Sp17C-GnRH2 led to long-term infertility

Various	 groups	 of	 female	 mice	 immunized	 with	 recombinant	
Sp17C-GnRH2 as well as their respective controls in the above 

F I G U R E  4  Serum	IgG	titre	generated	in	female	mice	immunized	with	PLA-based	microparticles	entrapping	recombinant	Sp17C-GnRH2 
following	one	injection	schedule	till	150	d.	Female	FVB/J	mice	(8-10	wk	old)	were	immunized	intramuscularly	with	either	soluble	Sp17C-
GnRH2	(25	μg/injection/mouse;	abbreviated	as	Sp17C-GnRH2/Al/1;	n	=	10)	or	Sp17C-GnRH2	entrapped	in	PLA-MPs	(~25	μg/injection/
mouse;	abbreviated	as	Sp17C-GnRH2/MP/Al/1;	n	=	10)	adsorbed	on	alum	following	one	injection	schedule	as	described	in	Section	2.	Control	
group	of	mice	(n	=	10)	was	immunized	with	equivalent	amount	of	dummy	PLA-MPs	adsorbed	on	alum.	An	additional	group	of	female	mice	
(n	=	10)	was	immunized	with	a	combination	of	Sp17C-GnRH2	entrapped	in	PLA-MPs	(12.5	μg/injection/mouse)	and	soluble	Sp17C-GnRH2 
(12.5	μg/injection/mouse)	adsorbed	on	alum	(Sp17C-GnRH2/MP+SP/Al/1).	Animals	were	bled	retro-orbitally	till	150	d	and	serum	IgG	titre	
against	recombinant	Sp17C-GnRH2	(Panel	A)	as	well	as	the	individual	fragments,	that	is	Sp17C	by	using	recombinant	TT-KK-Sp17C	(Panel	
B)	and	GnRH	by	using	GnRH-BSA	conjugate	(Panel	C),	was	determined	by	ELISA.	Antibody	titres	are	expressed	as	AU	and	represent	the	
mean	±	SEM	of	the	group	of	immunized	mice
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TA B L E  2  Contraceptive	efficacy	of	single	injection	of	Sp17C-GnRH2	entrapped	in	PLA-MPs	in	FVB/J	female	mice

Immunogen

During 1st mating
(day 42)

During 2nd mating
(day 150)

% of 
animals 
failed to 
conceive

Number of pups/
mated female 
(mean ± SEM)

Pups/pregnant 
female 
(mean ± SEM) 
during 1st mating

% of 
animals 
failed to 
conceive

Number of pups/
mated female 
(mean ± SEM)

Pups/pregnant 
female 
(mean ± SEM) 
during 2nd mating

Dummy	PLA-MPs	+	Alum	
(n	=	10)

10 7.30	±	0.94 8.11	±	0.53 0 6.33	±	0.81 6.33	±	0.81

Alum	+	soluble	Sp17C-GnRH2 
(Sp17C-GnRH2/Al/1)	(n	=	10)

40 4.00	±	1.27
P	=	.02a

6.66	±	1.14
P	=	.22b

40 2.90	±	0.92
P	=	.003a

4.83	±	0.79
P	=	.24b

Alum	+	Sp17C-GnRH2	PLA-
MPs	(Sp17C-GnRH2/MP/
Al/1)	(n	=	10)

50 4.20	±	1.56
P	=	.04a

8.40	±	1.43
P	=	.82b

55.5 2.44	±	1.08
P	=	.003a

5.5	±	1.19
P	=	.59b

Alum	+	Sp17C-GnRH2 
PLA-MPs	+	soluble	Sp17C-
GnRH2	(Sp17C-GnRH2/
MP+SP/Al/1)	(n	=	10)

70 1.50	±	0.85
P	=	.0004a

5.00	±	1.52
P	=	.03b

62.5 2.37	±	1.30
P	=	.006a

6.33	±	1.66
P	=	.98b

aP-value	with	respect	to	number	of	pups	born/mated	female	in	groups	of	female	mice	immunized	with	recombinant	Sp17C-GnRH2	vs	number	of	pups	
born/mated	female	in	the	group	of	mice	immunized	with	dummy	PLA-MPs	along	with	alum.	
bP-value	with	respect	to	number	of	pups	born/pregnant	female	in	groups	of	female	mice	immunized	with	recombinant	Sp17C-GnRH2	vs	number	of	
pups	born/pregnant	female	in	the	group	of	mice	immunized	with	dummy	PLA-MPs	along	with	alum.	

F I G U R E  5  Correlation	between	serum	IgG	titre	and	fertility	status	of	female	mice	immunized	with	recombinant	Sp17C-GnRH2	following	
one	injection	schedule.	Panel	A	shows	graph	of	anti-Sp17C-GnRH2	antibody	titres	of	the	days	42	and	150	bleeds.	Total	antibody	titres	
along	with	antibody	titres	of	pregnant	and	non-pregnant	mice	are	represented	for	the	groups	of	mice	immunized	with	recombinant	Sp17C-
GnRH2	adsorbed	on	alum	(Sp17C-GnRH2/Al/1),	delivered	in	PLA-MPs	adsorbed	on	alum	(Sp17C-GnRH2/MP/Al/1)	or	delivered	in	PLA-MPs	
along	with	soluble	form	supplemented	with	alum	(Sp17C-GnRH2/MP+SP/Al/1).	Similarly,	total	antibody	titres	along	with	antibody	titres	of	
pregnant	and	non-pregnant	mice	against	the	individual	fragments	are	shown	in	Panels	B	(against	TT-KK-Sp17C)	and	C	(against	GnRH-BSA).	
Antibody	titres	are	expressed	as	AU	and	represent	the	mean	±	SEM	of	the	respective	groups	of	immunized	mice
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experiments	 were	 kept	 for	 an	 extended	 period	 of	 150	 days.	
Although	 the	 antibody	 titres	 against	 recombinant	 Sp17C-
GnRH2	as	well	as	the	respective	fragments	declined	(Figures	1	
and	4),	the	extent	of	infertility	was	retained	in	Sp17C-GnRH2/
Al/2	as	well	as	Sp17C-GnRH2/SA/2	groups	of	immunized	mice	
even	after	150	days	of	initiation	of	the	immunization	(Table	1).	
Similar	 observations	 were	 made	 in	 the	 Sp17C-GnRH2/MP/
Al/1-,	 Sp17C-GnRH2/MP+SP/Al/1-	 and	 Sp17C-GnRH2/Al/1-
immunized	 female	 mice	 (Table	 2).	 Female	 mice	 that	 did	 not	
conceive	 during	 the	 first	 mating	 (day	 42)	 failed	 to	 conceive	
again	in	second	mating	(day	150).	This	suggests	that	recombi-
nant	Sp17C-GnRH2	 is	 responsible	 for	 the	 long-term	 infertility	
in mice.

4  | DISCUSSION

Earlier	 studies	 have	 shown	 that	 immunization	of	 female	mice	 or	
humans	with	either	sperm	or	their	extracts	led	to	the	production	of	
anti-sperm	antibodies	and	infertility.20,21 These studies suggested 
that	 immunization	with	 sperm	 can	 result	 in	 infertility.	 However,	
use	 of	 whole	 spermatozoa	 or	 its	 extract	 will	 have	 proteins	 that	
are	common	with	other	somatic	cells	and	generation	of	antibod-
ies against these shared proteins may have adverse consequences. 
Thus,	 instead	 of	 using	whole	 spermatozoa,	 it	 is	 desirable	 to	 use	
pure	proteins	that	are	sperm-specific.	However,	the	use	of	purified	
native	proteins	may	have	a	possibility	of	contamination	by	other	
gamete-associated	 proteins.	 Further,	 there	 may	 be	 limitations	
in	 the	 availability	 of	 the	 purified	 native	 spermatozoa-associated	
proteins.	Thus,	employment	of	recombinant	proteins	as	candidate	
immunogens	 for	 the	 development	 of	 contraceptive	 vaccines	 has	
been	proposed	 to	overcome	 the	 shortcoming	of	native	proteins.	
Subsequently,	 various	 spermatozoa-associated	 proteins	 such	 as	
LDH-C4,	 PH20,	 fertilin,	 Sp10,	 Sp56,	 fertilization	 antigen	 (FA)-1,	
Izumo,	 YLP-12,	 Catsper	 1,	 Eppin,	 80	 kDa	 human	 sperm	 antigen,	
pro-acrosin,	and	cysteine-rich	secretory	protein-1	(CRISP-1)	have	
shown	 their	 ability	 to	 inhibit	 fertility	using	various	experimental	
animal models.22,23	Previous	studies	have	reported	that	immuniza-
tion	of	female	mice	with	various	peptides	corresponding	to	sperm	
protein	 Izumo	also	 led	to	higher	contraceptive	efficacy	of	~53%,	
which was reversible.24

In	 the	 present	manuscript,	we	 revisited	 the	 in	 vivo	 contra-
ceptive	potential	of	E. coli–expressed	recombinant	Sp17C-GnRH2 
with	respect	to	reduced	number	of	injections	and	long-term	in-
fertility.	Squalene	is	widely	used	for	numerous	vaccine	and	drug	
delivery	 emulsions	 due	 to	 its	 stability-enhancing	 effects	 and	
biocompatibility.25	 Upon	 comparing	 immunized	 groups	 Sp17C-
GnRH2/SA/2	and	Sp17C-GnRH2/Al/2,	 it	was	observed	 that	 the	
female	 mice	 in	 the	 former	 group	 showed	 significantly	 higher	
serum	 IgG	 titre	 than	 the	 latter.	 Moreover,	 contraceptive	 effi-
cacy	achieved	in	the	group	Sp17C-GnRH2/SA/2	was	also	higher	
than	 the	 group	 Sp17C-GnRH2/Al/2	 (Table	 1),	 which,	 however,	
was	not	statistically	significant	as	per	post	hoc	Bonferroni	test.	

Interestingly,	 no	 significant	 differences	 in	 the	 antibody	 titres	
against	Sp17C-GnRH2	and	TT-KK-Sp17C were observed in groups 
Sp17C-GnRH2/SA/2	and	Sp17C-GnRH2/Al/3,	suggesting	that	two	
injections	schedule	with	squalene-arlacel	A	generate	compara-
ble antibody titres as observed in three injections schedule with 
alum	 (Figure	 2).	 Further,	 higher	 antibody	 titres	 against	 GnRH-
BSA	 in	 the	 third	 bleed	 (day	 56	 of	 Sp17C-GnRH2/Al/3	 and	 day	
42	of	Sp17C-GnRH2/SA/2)	were	observed	in	the	Sp17C-GnRH2/
SA/2	group	(Figure	2,	Panel	C).	In	addition	to	antibody	titres,	the	
contraceptive	efficacy	as	well	 as	 the	number	of	pups	born	per	
mated	 female	mice	was	not	significantly	different	 in	 the	group	
Sp17C-GnRH2/SA/2	as	compared	to	Sp17C-GnRH2/Al/3	group	as	
analysed	by	post	hoc	Bonferroni	 test	 (Table	1,	Table	S1).	From	
the	perspective	of	number	of	 injections	to	be	given	to	achieve	
comparable	antibody	titres	and	contraceptive	efficacy,	these	re-
sults	suggest	that	squalene-arlacel	A	might	be	a	better	adjuvant	
than	alum.	 Infertility	 in	Sp17C-GnRH2/Al/2,	Sp17C-GnRH2/Al/3	
and	Sp17C-GnRH2/SA/2	groups	was	maintained	for	long	period	
as	revealed	by	the	observations	on	mating	at	day	150	following	
initiation	of	immunization.

Several	 studies	 have	 shown	 that	 antigens	 entrapped	 in	 PLA-
based microparticles can elicit a sustained immune response.26-28 
In	the	present	study,	with	an	aim	to	further	optimize	immunization	
strategy	 of	 recombinant	 Sp17C-GnRH2-based	 formulations,	 mice	
were	 immunized	with	 Sp17C-GnRH2	 entrapped	 in	PLA-MPs	by	 in-
tramuscular	 route	 following	one	 injection	schedule.	Microparticles	
within	2-8	μm	size	are	the	most	suitable	for	efficient	generation	of	
antibody	 titres	 (humoral	 immune	 response)	 as	 the	 probability	 of	
their	 surface	 interaction	 with	 antigen-presenting	 cells	 (APCs)	 are	
high	as	compared	to	 large	size	as	well	as	very	small	size	polymeric	
particles.28	 In	 the	present	work,	 the	 average	 size	of	 the	PLA-MPs	
entrapping	Sp17C-GnRH2	was	found	to	be	~5.0	μm	(Figure	3,	Panel	
C).	MPs	of	micron	range	have	been	shown	to	be	an	inducer	of	Th2	
type immune response.29

Low	adjuvanticity	of	microparticle-based	vaccine	formulation	
necessitates	 the	 use	 of	 alum	 along	 with	 particles	 to	 elicit	 im-
proved	antibody	 titres	 for	single	point	 immunization.28 Previous 
reports	 have	 suggested	 the	 positive	 role	 of	 alum	 on	 improved	
antibody	 response	 from	 immunization	with	mixture	of	alum	and	
antigen-loaded	microparticle.30-34	The	presence	of	alum	probably	
helps	in	better	presentation	of	the	soluble	antigen	released	from	
the particles.35,36	It	could	be	due	to	the	reason	that	released	anti-
gen	gets	adsorbed	on	to	the	alum	and	is	then	presented	to	APCs.	It	
has	also	been	suggested	that	better	dispersion	of	particles	leads	to	
improved phagocytosis and thus enhances the immune response 
on	co-administration	with	alum.31 Glenny et al37 suggested that 
aluminium salts work as adjuvants by persistent and prolonged re-
lease	of	antigen	by	formation	of	nodules.	Further,	this	hypothesis	
was	confirmed	by	a	study	in	which	it	was	observed	that	immune	
response	could	be	transferred	surgically,	by	extracting	and	inject-
ing these nodules in a naïve animal.38	However,	alum	acting	as	an	
adjuvant	by	depot	effect	was	challenged	by	the	observations	that	
very	 few	 B-cell	 blasts	 are	 present	 in	 the	 draining	 lymph	 nodes	
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after	3	weeks	at	the	site	of	injection.39	Further,	removal	of	the	an-
tigen-aluminium	salt	nodules	14	days	after	 immunization	had	no	
effect	 on	 the	 subsequent	 antibody	 titres.40 These observations 
suggest	that	alum	does	not	function	as	an	adjuvant	by	acting	sim-
ply	 as	 an	 antigen	 depot.	 Alum	 facilitates	 the	 uptake	 of	 antigen	
by	 APCs	 as	 upon	 adsorption	 with	 alum,	 size	 of	 soluble	 antigen	
increases	significantly	(between	3	and	5	μm),	which	makes	it	more	
suitable	for	phagocytosis.41	Alum	also	activates	immune	system	in	
a	Th2-biased	manner	as	it	induces	the	secretion	of	IL-4	and	also	ac-
tivates the complement system.42	Thus,	the	use	of	alum	augments	
the	production	of	IgG1	and	IgE	class	of	antibodies.43,44	Therefore,	
alum	was	included	in	the	present	study	of	immunization	of	female	
mice	with	PLA-MPs	entrapping	 Sp17C-GnRH2.	 Initial	 studies	 re-
vealed	that	mice	 in	the	group	Sp17C-GnRH2/MP/Al/1	developed	
better	antibody	titres	as	compared	to	mice	in	Sp17C-GnRH2/Al/1	
group.	However,	overall	antibody	titres	were	lower	as	compared	
to	 the	 soluble	 protein-based	 formulations	 in	 previous	 experi-
ments	following	two	or	three	injections	schedule.	In	order	to	en-
hance	the	antibody	titres	of	Sp17C-GnRH2	entrapped	in	PLA-MPs,	
a	combination	of	soluble	Sp17C-GnRH2	along	with	Sp17C-GnRH2 
entrapped	 in	PLA-MPs	 (Sp17C-GnRH2/MP+SP/Al/1)	was	used	to	
immunize	 the	 female	mice.	 Significant	 improvement	 in	 antibody	
titres	has	been	shown	in	previous	studies,	when	some	part	of	an-
tigen dose is administered as alum adsorbed antigen, while rest 
of	 the	 dose	 is	 given	 in	microencapsulated	 form.30	 Interestingly,	
similar	 observations	 were	 found	 in	 the	 present	 study	 as	 well.	
The	 Sp17C-GnRH2/MP+SP/Al/1	 group	 showed	 higher	 antibody	
titres	 as	 compared	 to	 Sp17C-GnRH2/MP/Al/1	 group.	 It	 is	 possi-
ble	that	soluble	protein	might	have	primed	the	immune	system	of	
the	immunized	mice	and	later	Sp17C-GnRH2	released	slowly	from	
PLA-MPs	might	 have	 acted	 as	 booster.	 Remarkably,	 the	 highest	
infertility	was	also	observed	in	Sp17C-GnRH2/MP+SP/Al/1	group	
(Table	2).

It	has	been	proposed	that	single	point	immunization	with	PLA-
MPs in conjunction with alum through intramuscular route results 
in	local	inflammation	near	the	site	of	injection.	This	attracts	pro-
fessional	 APCs,	 mostly	 resident	 macrophages	 (and	 also	 inflam-
matory	 monocytes/macrophages)	 since	 a	 clear	 predominance	
of	 macrophages	 following	 the	 injection	 of	 aluminium	 hydrox-
ide-containing	vaccines	 in	animals	 is	well	 known.36	A	prolonged	
interaction	between	PLA	particles	and	macrophages	is	thus	main-
tained.	Microparticles	 remain	 attached	 to	 the	 macrophages	 for	
long periods and continuously deliver the antigen leading to its 
presentation	on	MHC	class	 II	molecules	 on	 the	 surface	of	mac-
rophages.45	 This	 results	 in	 long-lasting	 immune	 response	 from	
single	 point	 immunization.	 The	 slow	 and	 persistent	 release	 of	
antigen	also	helps	in	maintaining	the	memory	response	for	many	
months.	Admixture	of	microparticle	and	alum	is	thus	best	suitable	
for	 both	 primary	 and	 secondary	 antibody	 (memory)	 response.46 
In	the	present	work,	it	was	observed	that	the	antibody	response	
against	Sp17C-GnRH2 increased till day 90 and started to decline 
afterwards	 in	 both	 Sp17C-GnRH2/MP/Al/1	 and	 Sp17C-GnRH2/
MP+SP/Al/1	 groups.	 However,	 in	 the	 group	where	 only	 soluble	

Sp17C-GnRH2 was used, the decline in antibody titre started just 
after	45	days	(Figure	4,	Panel	A).	However,	the	contraceptive	ef-
ficacy	in	all	the	groups	lasted	for	150	days	after	the	single	injec-
tion	(Table	2).	Interestingly,	the	females,	which	could	not	conceive	
during	the	first	mating	(day	42),	remained	infertile	even	after	the	
second	mating	(day	150).	The	antibody	titres	against	recombinant	
Sp17C-GnRH2,	TT-KK-Sp17C	and	GnRH-BSA	conjugates	were	low	
in	pregnant	mice	as	compared	to	those	which	failed	to	conceive	
during	 first	 and	 second	mating	 (Figure	5).	 Immunization	of	dogs	
and	cats	with	GnRH-based	contraceptive	vaccine	has	also	shown	
that	some	of	the	immunized	animals	failed	to	generate	adequate	
antibody	titres,	categorized	as	“non-responders,”	in	spite	of	giving	
booster injection.47-49	It	is	likely	that	the	immunized	female	mice	
that	became	pregnant	on	mating	have	failed	to	generate	adequate	
antibody	 titres	 and	 may	 be	 categorized	 as	 “non-responders.”	
However,	 the	 reason	 for	 failure	 to	 generate	 adequate	 antibody	
titres	by	 few	of	 the	 immunized	animals	 in	 the	 inbred	population	
of	mice	is	not	clear.

To	conclude,	 the	 feasibility	of	 single	point	 immunization	with	
recombinant	 Sp17C-GnRH2	 using	 PLA-MPs	 leading	 to	 long-term	
infertility	 in	 female	 mice	 has	 been	 demonstrated.	 It	 is	 antici-
pated	 that	 these	 studies	will	 facilitate	 the	 development	 of	 prac-
tical	 contraceptive	vaccines	 in	 the	context	of	wildlife	population	
management.
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