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1  | INTRODUC TION

Strongylus vulgaris is considered to be the most pathogenic parasite 
infecting horses. The control of S. vulgaris has during the last decades 
relied on regular treatments with anthelminthic drugs. However, an 
emerging anthelminthic resistance observed in other equine nem-
atodes such as the closely related cyathostomins1,2 has resulted 
in medical treatment restrictions issued in 2007 by the European 
Union (2001/82/EG). In the Nordic countries, these restrictions are 

reported to have contributed to an increased prevalence of S. vul-
garis,3,4 urging for development of alternative methods to control 
equine parasites.

Formulation of vaccines against parasites is a great challenge be-
cause of the parasite's complex life cycle and their ability to modu-
late the host immune response. The life cycle of S. vulgaris involves 
migration through host tissues by different larval stages. Horses are 
infected by ingesting infective third stage (L3) larvae on pasture. At 
this point, the L3s are still encapsulated in their protective second 
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Abstract
Aims: To generate different larval stages of Strongylus vulgaris and to study cytokine 
responses in cultures of eqPBMC exposed to defined larval stages of S. vulgaris 
and cyathostomins with the aim to understand the early immune reaction to these 
parasites.
Methods and results: EqPBMC were exposed to S. vulgaris larvae (L3, exsheated L3 and 
L4) and cyathostomin L3 and analysed for cytokine gene expression. Procedures for 
decontamination, culturing and attenuation of larvae were established. Transcription 
of	IL-4,	IL-5	and	IL-13	was	induced	by	both	S. vulgaris and cyathostomin L3. Moulting 
of S. vulgaris	from	L3	to	L4	stage	was	accompanied	by	a	shift	to	high	expression	of	IL-5	
and IL-9 (exsheated L3 and L4) and IFN-γ (L4 only). In parallel, the adjuvant G3 modi-
fied the cytokine profile induced by both parasites by reducing the expression of IL-4, 
IL-5	and	IL-10	while	concomitantly	enhancing	the	expression	of	IFN-γ.
Conclusion: The L4 stage of S. vulgaris generated a cytokine profile different from 
that induced by the earlier L3 stage of S. vulgaris and cyathostomins. This diversity 
depending on the life cycle stage will have implications for the choice of antigen and 
adjuvant in future vaccine design.
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stage (L2) cuticle. In the gastrointestinal tract, the L3 larvae exsheat 
its L2 cuticle and, approximately two days post-ingestion, penetrate 
the mucosa and submucosa of the intestine where they moult into 
the fourth stage (L4). After two to three days, the L4s penetrate the 
arterioles of the submucosa and start to migrate through the mesen-
teric arteries, against the blood flow, until reaching the cranial mes-
enteric artery about 14 days post-infection. There, the L4s continue 
to grow for three to four months before they moult into fifth stage 
(L5)	 that	 finally	migrate	back	 to	 the	 large	 intestine	where	 they	 re-
quire six to eight more weeks to sexually mature.5 The pathology of 
S. vulgaris infection is related to the larval migration causing lesions, 
thickening of the arterial wall, clot formation and tissue necrosis6 
which potentially can end up with life-threatening nonstrangulating 
intestinal infarction.7

Early attempts to immunize ponies with radiation-attenuated 
S. vulgaris L3 resulted in reduction of larval burdens and reduced 
clinical signs at challenge infections.8-10 The only sign of pathologi-
cal damage in the intestines of these immunized ponies was fibrosis 
in the submucosa indicating that the protective immune response 
was generated within the intestinal submucosa and directed against 
the late stage of L3 and/or early L4 stage of larval development.9 
The protective immune response was characterized by production 
of S. vulgaris-specific antibodies and activation of eosinophils that 
kill L3 larvae by antibody-dependent cytotoxicity.9,11-13 In addition, 
vaccination with attenuated S. vulgaris L3 increased the production 
of	IgG(T),	IL-4	and	IL-5	but	not	IFN-γ, IL-2 and IL-10 measured 14 days 
after challenge infection.10 Out of these parameters, IgG and IL-4 
as well as TNF-α have been estimated in donkeys naturally infected 
with S. vulgaris and cyathostomins14 Thus, infection with S. vulgaris 
and cyathostomins generate a cytokine response in the host but 
these profiles are not yet fully characterized.

The present study was undertaken to establish methods to 
generate different larval stages of S. vulgaris and cyathostomins 
and to study immune reactions to these preparations in cultures 
of equine PBMC (eqPBMC). The cytokine responses were profiled 
with techniques previously applied to evaluate the immune stimula-
tory effects of a novel nanoparticle adjuvant G3.15 To evaluate the 
applicability of this quillaja saponin adjuvant in formulations with 
parasite antigens, the immunomodulatory effects by G3 on selected 
S. vulgaris and cyathostomin preparations were explored in vitro 
using eqPBMC.

2  | MATERIAL S AND METHODS

2.1 | Blood donor horses

Blood	was	collected	from	12	Swedish	warmblood	horses	housed	at	
the	Department	 of	 Clinical	 Sciences,	 SLU,	Uppsala.	 These	 horses,	
mares and geldings 8-21 years old, are clinically examined, vac-
cinated for tetanus and influenza on a regular basis. Parasite diag-
nostics (National Veterinary Institute, Uppsala) are performed every 
spring and include tapeworm and strongyle egg counts with larval 

cultures for detection of S. vulgaris. Horses with >200 eggs per gram 
faeces (EPG) are treated with Ivomec® vet (oral paste 0.2 mg/kg; 
Boehringer	 Ingelheim	Animal	Health	A/S,	Copenhagen,	Denmark).	
All horses included in the study were negative for S. vulgaris at cul-
ture. The blood sampling was approved by the regional committee for 
animal	experimentation	in	Uppsala,	Sweden	(5.8.18-15533/2018).

2.2 | Parasite material

Faecal samples were collected from private owned horses diagnosed 
with S. vulgaris and cyathostomin infections. The faecal samples 
were	mixed	1:1	with	vermiculite	(Weibull,	Sweden),	moistened	with	
tap water and incubated in a jar for 14 days at room temperature. 
L3 larvae were recovered after 12 hours sedimentation using the 
inverted petri-dish method.16 The liquid phase was collected and 
centrifuged for 3 minutes at 248 x g, leaving approximately 2-3 mL 
water containing larvae. Cyathostomin and S. vulgaris L3 were identi-
fied morphologically, based on size and number of intestinal cells.17 
The samples were stored in water at +4°C until use.

2.3 | Decontamination of larval preparations

In our specimens, S. vulgaris always occurred in co-infection with 
cyathostomins. To obtain single species samples, S. vulgaris and cy-
athostomin L3 were isolated by collecting larvae with a 10 µL pipette 
under the microscope. Between 80 and 100 L3 of each species were 
washed	two	times,	by	1-2	hours	 incubation	 in	10	mL	PBS	contain-
ing 400 IU/mL penicillin, 200 µg/mL streptomycin and 1 µg/mL am-
photericin	B	(PBS	+ antimicrobials) followed by, two incubations for 
24	hours	in	PBS	+ antimicrobials with 30 µg/mL	polymyxin	B	(Sigma-
Aldrich,	USA).	All	centrifugation	steps	were	performed	for	5	minutes	
at	50	× g.

To assess the level of bacterial contamination in these L3 prepa-
rations, supernatants were collected after each 24-hour incubation. 
Approximately 200 µL supernatants were plated on bovine blood 
agar	and	fastidious	anaerobic	agar	(SVA,	Uppsala,	Sweden),	and	CFU	
was counted after 24 and 48 hours. Endotoxin levels in the super-
natants were estimated using the Limulus amoebocyte lysate (LAL) 
assay (Pierce™ LAL Chromogenic Endotoxin Quantification Kit, 
Thermo	Fisher	Scientific).

2.4 | Exsheatment and in vitro culture of 
S. vulgaris larvae

A published protocol for exsheatment of the S. vulgaris L2 cuticle was 
optimized.18 In brief, washed L3 were incubated for 2-10 minutes in 
5	mL	pre-warmed	(37°C)	sodium	hypochlorite	solution	(Milton	2%,	
SVA,	 Uppsala,	 Sweden)	 diluted	 to	 various	 concentrations	 ranging	
from	1.0%	to	0.1%.	To	stop	exsheatment	and	reduce	toxic	effects,	
5	mL	PBS	was	added	and	the	rate	of	exsheatment	was	verified	under	
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the microscope. These larvae, devoid of their L2 cuticle, are referred 
to as “exsheated S. vulgaris L3”.

To trigger moulting into the L4 stage, exsheated L3 were cultured 
in cKW2 medium19 until shedding of the L3 cuticle was observed. 
Larvae	in	cKW2	medium	(NTCT-135	medium	(Gibco),	yeast	extract	
(2.25	g/L),	peptone	 (2.813	g/L)	and	dextrose	 (2.813	g/L),	an	equal	
volume	 of	 FCS	 (Invitrogen,	 Life	 Technologies,	 Carlsbad,	 CA)	 and	
supplemented with 400 IU/mL penicillin, 200 µg/mL streptomycin 
and 1 µg/mL amphotericin B) were transferred to a cell culture flask 
(Nunclon; Nunc, Roskilde, Denmark) and gently bubbled for 2 min-
utes	with	a	10%	CO2,	5%	O2	and	85%	N2 gas mixture via a sterile 
plugged	 pipette.	 The	 cultures	were	 incubated	 at	 37	 ⁰C,	 and	 two-
thirds of cKW2 medium were changed and bubbled every 3-4 days. 
Larval size, morphology and time of moulting were monitored in an 
inverted	microscope	(Nikon	Eclipse	TS100).	Moulted	larvae,	devoid	
of both L2 and L3 cuticle, are referred to as “S. vulgaris L4” in accor-
dance with previous definitions.9,19,20

Both exsheated L3 and L4 larvae were washed three times in 
RPMI 1640 medium (BioWhittaker, Cambrex Bioscience, Verviers, 
Belgium) containing 400 IU/mL penicillin, 200 µg/mL streptomycin 
and 1 µg/mL amphotericin B before UV irradiation.

2.5 | UV irradiation of larvae

The various larval preparations (cyathostomin L3, S. vulgaris L3, 
exsheated S. vulgaris L3 and S. vulgaris L4) were centrifuged for 

5	minutes	 at	 50	 x	 g	 and	 suspended	 in	 1	mL	 cell	 culture	medium,	
that	 is	 RPMI	 1640	 medium	 supplemented	 with	 20	 mM	 HEPES,	
2 mM L-glutamine, 200 IU/mL penicillin, 100 µg/mL streptomycin, 
50	µmol/L	2-mercaptoethanol	and	5%	FCS.	The	larvae	were	distrib-
uted into 100 µL droplets containing 12 larvae on a petri-dish and 
UV-irradiated	(GS	Gene	LinkerTM UV Chamber, Bio-Rad) at various 
times	(3-15	minutes)	and	doses	(30-125	MJ).	The	effect	was	evalu-
ated as movement and disintegration of larvae. The optimal irradia-
tion	conditions	were	set	as	the	minimum	time	and	dose	giving	100%	
nonmotile but fully intact larvae.

2.6 | Cell culture conditions

Collection of equine blood, isolation of PBMC and culture set-ups 
were performed as previously described.15 One mL cell culture me-
dium	 containing	 5-6	× 106 eqPBMC was seeded in 6-well plates 
(Nunclon; Nunc, Roskilde, Denmark) and incubated for 30-60 min-
utes	 at	 37°C	 in	 7%	 CO2. Thereafter, one mL cell culture medium 
containing twelve UV-irradiated larvae (cyathostomin L3, S. vulgaris 
L3, exsheated S. vulgaris L3 or S. vulgaris L4) were added. When indi-
cated,	chitin	(Chitin	from	crab	shells,	Sigma)	or	endotoxin	(1	EU/mL;	
Thermo	Fisher	Scientific)	were	used	as	controls.	Chitin	was	dissolved	
by	sonication	in	DMSO	(Sigma-Aldrich,	USA),	brought	up	in	PBS	and	
used	at	 a	 final	 concentration	of	50	µg/mL. To control for possible 
effects of cKW2 medium ingredients or effector molecules deriv-
ing from the L4 larvae, such as excretory/secretory proteins, 200 µL 

F I G U R E  1   Various preparations of 
S. vulgaris larvae. (A) S. vulgaris L3 before 
UV irradiation, (B) UV-irradiated S. vulgaris 
L3, (C) S. vulgaris	L3	exsheated	in	0.1%	
sodium hydrochlorite, (D) L2 cuticle from 
exsheated S. vulgaris L3, and (E) S. vulgaris 
moulting to L4 after five days of culture 
in cKW2 medium (Photo: Nikon Eclipse 
TS100/Nikon	Coolpix	990)

(A) (B)

(C) (D)

(E)
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medium supernatants were collected before and after culture and 
added to parallel cultures of eqPBMC. After 18 hours, eqPBMC were 
harvested in TRIzol reagent (Invitrogen).

2.7 | In vitro adjuvant effects

The adjuvant G3 (NanoQuilR Research Reagent; CRODA Denmark 
A/S)	 was	 used	 at	 a	 final	 concentration	 of	 5	 µg/mL containing 
<0.0035	 EU	 endotoxin/mL.	 The	 adjuvant	 was	 used	 alone	 or	 to-
gether with twelve UV-irradiated cyathostomin L3 or S. vulgaris L3 in 
2	mL	cultures	containing	5-6x106 eqPBMC in 6-well plates. EqPBMC 
cultured in plain growth medium were used as negative control.

2.8 | RNA isolation and cDNA synthesis

RNA was extracted using a combined TRIzol and column-based 
protocol (EZNA total RNA kit, Omega Bio-Tek, Norcross, GA).15 
The quantity and purity of the extracted RNA were measured by 
spectrophotometry (NanoDrop ND-1000, NanoDrop Technologies, 
Montchanin, DE), and RNA quality index (RQI) was estimated to 
≥9.3	 using	 capillary	 gel	 electrophoresis	 (Experion	 RNA	 StdSense	
Analysis	Kit,	Bio-Rad,	Sweden).	cDNA	was	synthesized	from	1.2	μg 
of	RNA	(GoScript	Reverse	transcription	system;	Promega).	To	con-
trol for genomic DNA contamination, each RNA was treated with 
RQ1	RNAse-free	DNAse	 (Promega,	Madison,	WI,	USA)	and	a	–RT	
control	was	run	in	parallel.	The	samples	were	diluted	1:5	and	stored	
at	−20°C	until	use.

2.9 | qPCR analysis

Expression of the genes encoding IFN-γ, IL-1β,	 IL-4,	 IL-5,	 IL-6,	 IL-8,	
IL-9, IL-10, IL-12p40, IL-13, IL-17A, IL-23p19, TGF-β and TNF-α was 
determined	relative	to	that	of	the	reference	genes	RPL32	and	SDHA.	
Optimized	protocols	for	all	cytokines	but	IL-5	and	IL-9	are	previously	
described.15	IL-521	and	IL-9	(F:5′-CCGATTGTTTGTGTCTGGTT-3′	and	
R:5′-TGTGACAGACCCTCCTGGAA-3′)	 were	 optimized	 to	 a	 primer	
concentration	 of	 500	 nmol/L	 and	 annealing	 temperatures	 of	 58°C	
(efficiency	 99%	 and	 r2	 .99)	 and	 59°C	 (efficiency	 93.3%	 and	 r2 .99), 
respectively.

All	samples	were	run	in	25	µL duplicate reactions, consisting of 
2 µL cDNA in 23 µL	Quantitect	SYBR	Green	PCR	mix	(Qiagen)	in	a	
CFX96 Touch PCR machine (Bio-Rad). The run protocol was an ini-
tial	cycle	of	95°C	for	15	minutes	followed	by	40	cycles	of	95°C	for	
15	seconds,	the	assay	specific	annealing	temperature	for	30	seconds	
and 72°C for 30 seconds ending with a melt curve analysis to verify 
the PCR product. The Cq values for each cytokine gene were nor-
malized to the geometric mean of the reference genes and calibrated 
to that in the medium controls. Genes with fold change (FC) values 
<0.5	 or	 >2 were considered as down-regulated or up-regulated, 

respectively. In the case when the gene of interest was not detect-
able	in	the	qPCR	(14	out	of	852	samples),	a	FC	= 1 was assigned to 
that sample.

2.10 | Statistical analysis

Statistical	 analysis	 was	 performed	 using	 the	 software	 Prism	 7.0	
(GraphPad	 Software,	 Inc).	 Differences	 between	 stimulations	 were	
calculated	on	∆∆Ct-values	using	 the	 repeated	measures	ANOVA	fol-
lowed by Tukey's multiple comparison test where P-values <.05	were	
regarded as significant.

3  | RESULTS

3.1 | Preparation of larvae

Various preparations of larvae, (a) cyathostomin L3 (b) S. vulgaris L3 
(c) exsheated S. vulgaris L3 and (d) S. vulgaris L4, were established 

F I G U R E  2   Cultures of eqPBMC isolated from the same horse 
and exposed to UV-irradiated cyathostomin L3 (A) or S. vulgaris L3 
(B)	for	4	hours.	(Photo:	Leitz	Labvert/Canon	EOS	Rebel	T3i)

(A)

(B)
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from feacal cultures. Bacterial cultures from both L3 preparations 
showed initially a sparse growth of bacteria but after 24-hour incu-
bation	 in	PBS	+ antimicrobials no microbial growth was recorded. 
Supernatants	 from	 the	 cyathostomin	 larvae	 contained	 0.79	 and	
0.66 IU/mL endotoxin after the first and second incubations, re-
spectively. The corresponding figures for S. vulgaris were 0.90 and 
0.70 IU/mL of endotoxin, respectively. The optimal dose for attenu-
ation by UV irradiation of both these preparations was found to be 
5	minutes	at	50	MJ	(Figure	1A,B).

3.2 | Exsheatment and culture of S. vulgaris

The optimal condition for exsheatment of the L2 cuticle was de-
termined	to	incubation	for	4	minutes	in	0.1%	sodium	hypochlorite.	
A longer incubation time (>5	minutes)	and	higher	concentration	of	
hypochlorite (>0.2%)	 damaged	 the	 larvae.	 At	 the	 optimal	 condi-
tions,	more	than	95%	of	the	 larvae	exsheated	through	a	breach	 in	
the anterior end, leaving cast-off cuticles and actively motile larvae 
(Figure 1C,B). Without their protective L2 cuticle, these exsheated 

F I G U R E  3   Relative expression of 
cytokine genes in eqPBMC cultured in 
plain growth medium (medium control) 
or in the presence of UV-irradiated 
S. vulgaris L3, cyathostomin L3, the 
G3 adjuvant, chitin or endotoxin. The 
cytokine gene expression was normalized 
to the geometric mean for the reference 
genes	(SDHA	and	RPL32)	and	calibrated	
to that in the medium control. FC > 2 
(indicated by dashed line) is considered as 
up-regulated, and significant differences 
against the medium control are indicated 
in the figure by P <	.05,	P < .01, P < .001
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TA B L E  1   Relative expression (fold change; FC) of cytokine genes in eqPBMC exposed to UV-irradiated S. vulgaris L3 or cyathostomin L3, 
the G3 adjuvant, chitin or endotoxin

Gene n S. vulgaris Cyathostomins G3 adjuvant Chitin Endotoxin

IL-1β 6 2.01 ± 1.72 1.08 ± 0.43 1.96 ± 1.03 0.13 ± 0.17 2.20 ±	1.35

IL-6 6 3.62 ± 4.22 2.77 ±	2.35 2.94 ± 2.81 0.43 ± 0.46 4.85	± 4.72

IL-8 6 1.23 ± 0.72 1.03 ±	0.57 1.55	±	1.57 0.07 ± 0.06 1.01 ± 0.80

IL-9 6 1.27 ± 0.94 1.52	± 1.09 1.05	± 0.49 1.59	±	1.45 0.64 ± 0.87

IL-13 6 4.6 ±	3.65 3.26 ± 2.06 1.16 ± 1.09 1.61 ± 2.01 1.07 ± 3.02

IL-12p40 5a  1.22 ±	0.59 1.46 ± 0.79 4.71 ± 2.17 1.37 ± 0.37 1.26 ± 0.69

IL-17A 5	a  1.22 ±	0.53 1.38 ± 1.16 2.59	± 1.31 1.32 ± 0,71 1.81 ± 1.44

IL-23p19 6 1.22 ±	0.59 1.46 ± 0.79 4.71 ± 2.11 1.37 ± 0.37 1.26 ± 0.69

TGF-β 6 1.30 ±	0.57 1.25	± 0.23 1.08 ± 0.43 0.98 ± 0.80 0.95	± 0.67

aExpression of the genes encoding IL-17A and IL-12p40 was detected in PBMC from five of the six horses sampled. 
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larvae were more sticky and fragile, demanding low speed centrifu-
gation (<50	x	g)	and	gentle	pipetting.

To trigger L4 moulting, exsheated L3 were cultured in cKW2 me-
dium. In accordance with previous observations,19	more	than	90%	of	
the	larvae	moulted	at	day	5	when	at	a	size	between	0.6	and	0.7	mm.	
Upon moulting, the larvae escaped through a breach in the anterior 
end (Figure 1E), leaving intact cast-off cuticles in the culture medium. 
This is in accordance with previous observations20,22 although it is not 
possible to distinguish between the late L3 and the newly moulted L4 
based on morphology.20 These exsheated S. vulgaris L3 and L4 prepara-
tions only resisted a lower dose of UV irradiation, 3 minutes at 30 MJ, 
to remain intact.

3.3 | Cyathostomin and S. vulgaris L3 induce Th2 
polarizing cytokines

Twelve UV-irradiated cyathostomins or S. vulgaris L3 were added to 
cultures of eqPBMC and incubated for 18 hours prior to transcrip-
tion analysis. Throughout the incubation time, the PBMCs were ac-
cumulated in close proximity to the cyathostomin larvae whereas 
the S. vulgaris larvae seemed to repel the PBMC (Figure 2A,B). IL-4 
and IL-13 were induced in PBMC by both parasite species whereas 
IL-5	was	induced	for	four	out	of	six	horses	by	S. vulgaris and for two 
out of six horses by the cyathostomins. The gene expression of IL-1β, 
IL-6, IL-8, IL-9, IL-12p40, IL-17A, IL-23p19 and TGF-β varied slightly 
between horses exposed to cyathostomins or S. vulgaris L3 but was 
consistently low. The G3 adjuvant up-regulated the genes encoding 
IFN-γ, IL-1β,	IL-6,	IL-12p40,	IL-17A	and	IL-23p19	but	not	IL-4,	IL-5,	IL-
10, IL-13 or TGF-β.	EqPBMC	exposed	to	chitin	up-regulated	IL-5,	but	

none of the other cytokines tested. Exposure to endotoxin induced 
IL-10, IL-1β, IL-6 and IL-17A (Figure 3; Table 1).

3.4 | The G3 adjuvant modifies the parasite-induced 
cytokine profile

The effect of G3 on the response to parasite antigens was studied by 
simultaneous exposure of eqPBMC to cyathostomins or S. vulgaris 
L3 and G3 (Figure 4). The cytokine profile induced by G3, charac-
terized by up-regulation of IFN-γ and down-regulation of IL-10, per-
sisted also in the presence of cyathostomins or S. vulgaris L3. The 
up-regulation	of	IL-4	and	IL-5	induced	by	S. vulgaris L3 was reduced 
in	the	presence	of	G3	while	IL-4	and	IL-5	induced	by	cyathostomin	L3	
was only partly reduced by G3.

3.5 | L3, exsheated L3 and L4 elicit different 
cytokine profiles

The cytokine gene expression in response to S. vulgaris at different 
stages of ecdysis was studied by exposing eqPBMC to UV-irradiated 
S. vulgaris L3, exsheated S. vulgaris L3 or S. vulgaris	 L4	 (Figure	5).	All	
three preparations induced up-regulation of IL-4 and IL-13 in eqPBMC. 
Exsheated S. vulgaris L3 and S. vulgaris	L4	induced	higher	levels	of	IL-5	
and IL-9 compared to S. vulgaris L3. The L4 stage was the only larval prep-
aration that induced up-regulation of IFN-γ. None of the preparations 
induced TGF-β (FC for L3 = 0.94 ± 0.37; exsheated L3 = 1.28 ± 0.42; 
L4 = 1.44 ± 0.96). No conclusive effect on the cytokine gene expression 
was seen in the pre- and post-cKW2 control inductions.

F I G U R E  4   Relative expression of 
cytokine genes in eqPBMC cultured 
in the presence of the G3 adjuvant, 
UV-irradiated cyathostomin L3 or S. 
vulgaris L3, alone or combinations 
thereof. The effect of cyathostomin 
L3 or S. vulgaris L3 was evaluated in 
two separate experiments (closed and 
open circle, respectively). The cytokine 
gene expression was normalized to the 
geometric mean for the reference genes 
(SDHA	and	RPL32)	and	calibrated	to	that	
in the medium control. FC > 2 (indicated 
by dashed line) were considered as up-
regulated.	Significant	differences	between	
stimulations are indicated by *<0.05,	
**<0.01, ***<0.001
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4  | DISCUSSION

Alterations in the cytokine response to S. vulgaris third stage (L3) 
larvae via exsheatment of the L2 cuticle and moulting into L4 were 
followed in cultures of eqPBMC. The larval development was ac-
companied by a shift from induction of IL-4 and IL-13 (L3, exsheated 
L3	and	L4)	via	IL-5	and	IL-9	(exsheated	L3	and	L4)	into	IFN-γ (L4 only). 
Such	a	shift	in	cytokine	profile	might	contribute	to	the	parasite's	eva-
sion of the host immune response.

In order to follow cytokine induction accompanying the moult-
ing of the larval cuticles, pure and well-defined larval preparations 
are needed. Therefore, cyathostomin L3 were initially used to set 

up the purification and endotoxin removal procedures. The con-
ditions for exsheating and moulting of the L2 and L3 cuticle, re-
spectively, were elaborated using S. vulgaris and verified by light 
microscopy. Cytokine mRNA expression levels were then evaluated 
using short-term cultures of eqPBMC with appropriate controls as 
previously elaborated for studies of the G3 adjuvant and TLR ago-
nists.15 By these precautions, suitable conditions were established 
to study cytokine responses to defined larval preparations of S. 
vulgaris in vitro.

All cytokine profiles were characterized using whole UV-
irradiated larvae. What precise larval antigens that interacts with 
lymphoid cells can only be speculated on as knowledge about the 

F I G U R E  5   Relative expression of 
cytokine genes in eqPBMC cultured in the 
presence of UV-irradiated S. vulgaris at 
different stages of ecdysis; S. vulgaris L3, 
Exsheated S. vulgaris L3 or S. vulgaris L4 
(closed circle). As controls, eqPBMC were 
exposed to plain cKW2 medium (cKW2 
pre-culture) or supernatants collected 
from the L4 culture (cKW2 post-culture; 
open circle). The cytokine gene expression 
was normalized to the geometric mean for 
the	reference	genes	(SDHA	and	RPL32)	
and calibrated to that in the medium 
control. FC > 2 (indicated by dashed line) 
was considered as up-regulated, and 
significant differences between larval 
stages are indicated by *<0.05,	**<0.01, 
***<0.001
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biochemical composition of infective stage nematode larvae is 
scarce.23 A possible candidate could be the polysaccharide chitin, 
which is expressed in most parasite eggshells and at larval moult-
ing.24 Chitin is known to interact with different PRRs such as TLR-2, 
dectin-1 and mannose-binding receptors in the lungs and intestine. 
Depending on its source and structure, chitin induces various types 
of cytokines, associated with Th1, Th2 or Th17 profiles.25 In our cul-
ture	conditions,	chitin	induced	expression	of	IL-5	and	its	contribution	
to S. vulgaris immune reactions remains to be elucidated.

High	levels	of	IL-5	mRNA	were	induced	both	by	the	S. vulgaris L4 
stage	and	by	exsheated	L3.	An	early	onset	of	IL-5	followed	by	eosin-
ophilia has in previous vaccination trials been identified as important 
to generate a protective immunity against S. vulgaris.9,26 Antibodies 
from vaccinated horses bound strongly to exsheated L3 that had 
been cultured for overnight or for 1-3 days in cKW2 medium.9 The 
same culture medium and conditions were used in the present study 
to	 generate	 L4s	 in	 six-day	 cultures.	 The	 increase	 in	 IL-5	 and	 IL-9	
mRNA production induced by exsheated L3 and in particular L4 lar-
vae suggests that the late L3/L4 stage contain surface antigens of 
importance for immune protection.

Helminth immunity is also suggested to rely on the pleiotropic 
cytokine IL-9.27 By regulating intestinal muscle contractions, mucus 
production and granulocyte activity, IL-9 is known to facilitate worm 
clearance.28,29 However, little is known about the function of IL-9 at 
initial infection by larval stages of the parasite. In our study, the L4 
but not the L3 stages of S. vulgaris induced high expression of IL-9, 
despite the absence of TGF-β.30 Thus, these data could suggest that 
IL-9 induction occurs after S. vulgaris has penetrated the intestinal 
wall and is located in the submucosa protected from expulsion.

Unexpectedly, L4 larvae induced remarkably high levels of IFN-γ 
mRNA. This was in sharp contrast to L3 and exsheated L3 and might 
be related to the invasive stage when the parasite penetrates the 
intestinal wall. If this shift in immune profile reflects immune pro-
tection or immune evasion remains to be evaluated. The two horses 
that expressed the highest levels of IFN-γ in response to the L4 stage 
of S. vulgaris also up-regulated IL-10. Therefore, the cDNA synthesis 
and qPCR for IFN-γ and IL-10 was repeated for these horses, but 
showing the same results. In fact, IL-10 can be produced by most 
leucocytes and double producing IL-10 and IFN-γ capacities has 
been observed in Th1, Tr1 and dendritic cells and is suggested to be 
a self-regulating mechanism to prevent immunopathology.31-33 The 
observed simultaneous induction of the Th1 cytokine IFN-γ and the 
Th2	cytokines	IL-4,	IL-5	and	IL-13	as	well	as	IL-9	by	S. vulgaris L4 con-
tradicts the original Th1/Th2 paradigm. In the context of helminth 
infection, the idea of a static relationship between these T-cell sub-
sets has, however, been challenged.34-36

As S. vulgaris almost exclusively occurs in co-infection with 
the highly prevalent group of species Cyathostominae,4,37 cyto-
kine induction by cyathostomin larvae was evaluated in parallel 
to S. vulgaris. L3 of both species generated IL-4 and IL-13, a Th2 
profile corresponding to previous estimations of cytokine re-
sponses in horses infected with cyathostomins and S. vulgaris.10,38 
However, none of the horses produced IL-10 or IFN-γ in response 

to either cyathostomins or S. vulgaris L3 that would have indicated 
a recall helper T-cell profile. Thus, no effect of any previous ex-
posure to these parasites was revealed in the present short-term 
cultures.

The adjuvant used in the present study, G3, has when combined 
with a split influenza virus been shown to balance the Th2 driven 
immune response towards Th1 with production of IgG2b antibod-
ies and IFN-γ/IL-2 double secreting cells in mice.39 Incorporating a 
diterpene in G3 (G3-DT) has been shown to induce a broad immune 
response by CD8 cytotoxic T cells targeting the internal conserved 
virus nucleoproteins resulting in cross-protection to viral flu strains 
lacking immune compatible haemagglutinin and neuroamidase anti-
gens of the vaccine strain.40 Previous in vitro studies in the horse15 
also illustrate that G3 when combined with TLR agonists can poten-
tiate or reduce the TLR-mediated cytokine induction. That was also 
shown in the present paper using L3 preparations of cyathostomins 
and S. vulgaris. In this context, the G3 induced up-regulation of IFN-γ 
and down-regulation of IL-10 was dominant also in the presence of 
cyathostomins or S. vulgaris L3. Also, the gene expression of IL-4 and 
IL-5	 induced	by	S. vulgaris L3 was inhibited in the presence of G3 
while	IL-4	and	IL-5	induced	by	cyathostomin	L3	was	only	partly	in-
hibited by G3.

From these results, it is evident that the early immune reac-
tion to S. vulgaris varied with the different larval stages exposed to 
eqPBMC. In the future, it will be necessary to screen the parasite for 
both protective antigens and its immunomodulatory properties. Our 
data indicate that these studies should focus on the late L3 and L4 
stages of S. vulgaris. Regardless choice of antigen, an adjuvant with 
a potent immunomodulatory capacity will be indispensable. In that 
context, the versatility of the G3 adjuvant makes it an interesting 
candidate for continued evaluation.
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