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Introduction

Gastrointestinal nematodes are long lived and cause chronic 
infection, probably because of immunosuppression induced dur-
ing infection. Immunosuppression is obviously beneficial for the 
nematode and benefits the host because the reduced inflamma-
tory reaction prevents pathology and destruction of the intestine 
tissue.1 Nematodes suppress the immunity generated by infec-
tion and also affect responses to other non-nematode antigens.2 
For this reason nematode exposure can prevent or reverse auto-
immune diseases but the pathway activated by nematodes to 
regulate the host’s immune system is unknown.

The Heligmosomoides polygyrus-mouse system is widely used 
for studies of parasite immunomodulation. H. polygyrus causes a 
chronic, asymptomatic gastrointestinal infection which reduces 
eosinophil responses in the airways of asthmatic mice;3 reduces 
established colitis through the opioid pathway4 and causes EAE 
remission.5,6 During infection, fragments of antigen are pre-
sented by antigen presenting cells (APC) to T cells locally and 
after migration of the APC, in mesenteric lymph nodes (MLN). 
In the chronic phase of infection, immunosuppression and the 
low level of cytokines produced by T cells of MLN did not 
result from programmed cell death and the high survival of 

Many laboratory studies and epidemiological observations confirm that nematodes prevent some immune-mediated 
diseases. The development of immunologically well-defined laboratory models of intestinal nematode infection has 
allowed significant advances to be made in understanding the immunological basis of effector mechanisms operating 
during infection under controlled laboratory conditions. The Heligmosomoides polygyrus-mouse system is used for 
studies of parasite immunomodulation. H. polygyrus causes a chronic, asymptomatic intestinal infection and effectively 
maintains both local and systemic tolerance to reduce allergic and autoimmune inflammation. However, exposure of 
mice to H. polygyrus antigen reduced spontaneous and glucocorticoid-induced apoptosis of CD4- positive T cells in 
mesenteric lymph node (MLN). In this study we evaluate the proliferation, cytokine secretion, cell cycle progression and 
expression of apoptosis related genes in MLN CD4 T cells of uninfected and H. polygyrus infected mice ex vivo and in 
vitro after restimulation with parasite excretory secretory antigen (ESAg), somatic antigen (SAg) and fraction 9 (F9Ag) of 
somatic antigen. For the first time we explain the influence of H. polygyrus antigens on the intrinsic pathway of apoptosis. 
We found that the proliferation provoked by fraction 9 and inhibition of apoptosis was dependent on a low Bax/Bcl-2 
ratio, dramatical upregulation of survivin, D1 cyclin, P-glycoprotein, and loss of p27Kip1 protein with inhibition of active 
caspase-3 but not caspase-8.
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MLN lymphocytes with the CD4 phenotype; CD4+CD25− and 
CD4+CD25hi were detected. The inhibited apoptosis of CD4- 
positive but no other T cells in mice infected with the nema-
tode was connected with the apoptosis inhibitor Bcl-2 protein7 
and FLICE-like inhibitory protein (FLIP) overexpression which 
are transcriptionally regulated by the nuclear factor kappa B 
(NFkB). The most active fraction in the induction of prolifera-
tion, inhibition of apoptosis and activation of NFkB in CD4+  
T cells was fraction 9 of somatic antigen.8 The cause of this resis-
tance of CD4+ T lymphocytes to apoptosis in H. polygyrus infec-
tion is not fully understood.

In this study to explore the mechanism by which CD4+  
T cells are resistant to apoptosis, we analyzed proliferation, cyto-
kine secretion, cell cycle alterations and expression of apoptosis 
related proteins in pure MLN CD4+ T cells of uninfected and 
H. polygyrus infected mice ex vivo and in vitro after restimula-
tion with parasite excretory secretory antigen (ESAg), somatic 
antigen (SAg) and fraction 9 (F9Ag).

For the first time we explain the mechanism by which H. poly-
gyrus antigens inhibit apoptosis. We show that increased CD4+ 
T cell proliferation is provoked by fraction 9 and inhibition of 
apoptosis and increase in G2/M cell cycle phase is dependent 
on low Bax/Bcl-2 ratio, dramatic overexpression of survivin, D1 
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H. polygyrus infection effects on the pure CD4 T-cell-
cycle. H. polygyrus infection resulted in a decrease in the  
G0/G1 phase and an increase in G2/M cell cycle phase com-
pared with CD4+ T cells of control untreated cells (Fig. 4).

Effects of infection on Bax and Bcl-2 protein expression in 
CD4+ T cells. Bax and Bcl-2 protein levels in the pure CD4+ 
T cells were measured by enzyme-linked immunosorbent assay 
after cell permabilization. H. polygyrus infection increased the 
expression of Bcl-2 protein and inhibited the concentration 
of Bax protein observed ex vivo. Nematode antigens exposure 
led to slow increases in Bax expression and inhibition of Bcl-2 
protein expression (Fig. 5A and B). The ratio of Bax to Bcl-2 
protein determines the susceptibility of cells to apoptosis sig-
nals; therefore the Bax/Bcl2 ratio was calculated in infected 
and uninfected cells (Fig. 5C). The ratio of Bax/Bcl-2 in the 
infected cells ex vivo and in vitro especially after F9Ag treat-
ment was dramatically lower than in the untreated cells.

Effects of H. polygyrus on active caspase-3 and caspase-8 
protein expression in CD4+ T cells. There was no inhibition 
of expression of active caspase-8 between the cells of infected 
and uninfected cells cultured alone and restimulated with ES 
and S antigens (Fig. 6). However, H. polygyrus infection and 
restimulation with the antigens inhibited caspase-3 activity. 
Interestingly, the immunoreactivity of caspase-3 and -8 was 
dramatically upregulated in CD4+ T cells of control mice in the 
presence of F9 with significant downregulation of caspase-3 but 
not caspase-8 in the cells of infected mice.

Apoptosis-related genes expression in CD4+ T cells. 
Expression of apoptosis and cell cycle related proteins was 
estimated by the protein level in the enzyme-linked immuno-
sorbent assay (Fig. 7) and confirmed by real time quantitative 
PCR (qRT-PCR, Fig. 8). In the control cells, mRNA expression 
of survivin was not detected and a very low level was detected 
in the immunoreactivity assay. The infection with H. polygy-
rus caused a significant increase in survivin expression that 
was confirmed at the protein level. Stimulation CD4+ T cells 

cyclin, P-glycoprotein (Pgp) and loss of p27Kip1 protein. The 
inhibition of apoptosis is caspase-3 dependent but independent 
of caspase-8.

Results

H. polygyrus increased the proliferation of total MLN T cells. 
To detect the effect of H. polygyrus on long-term proliferation, 
MLN cells of control and infected mice were seeded on 96-well 
plates and treated with the previously determined concentration 
of antigens and CD3/CD28 antibody for 48 h−264 h and then 
analyzed by MTS assay (Fig. 1). The cells of infected mice pro-
liferated longer than cells of control mice. The trypan blue exclu-
sion assay (data not show) confirmed the survival in MLN cells 
as a consequence of H. polygyrus infection and antigen treatment. 
MLN cells of control mice proliferated intensively after stimula-
tion of TCR and CD28 receptors but not after nematode anti-
gen. MLN of infected mice proliferated weakly after nonspecific 
stimulation of TCR and CD28 receptors, ESAg and SAg but the 
F9Ag induced strong and long lasting proliferation of the cells.

Proliferative response to H. polygyrus of CD4+ T cells. 
CFSE-labeled purified CD4+ T cells were cultured with or with-
out stimulants for seven days (Fig. 2). CD4+ T cells from con-
trol mice showed the mean percent of proliferated CD4+ cells 
and the antigens did not influence the proliferation significantly. 
The CD4+ T cells of infected mice proliferated more and faster 
than cells of control mice. CD4+ T cells proliferated to 6 genera-
tion in response to stimulation with fraction 9.

Cytokine concentration in MLN cell culture. We measured 
the concentrations of IL-2, IL-12, IL-6, IL-22, IL-17A, IL-10, 
and TGF-β in MLN cell cultures of both control and infected 
mice (Fig. 3). Nematode infection drastically enhanced the 
concentration of IL-22 and IL-10 and partly enhanced IL-17A, 
TGF-β, IL-2 and IL-12. Fraction 9 suppressed regulatory cyto-
kines IL-10 and TGF-β synthesis and enhanced IL-22 and 
IL-17A production.

Figure 1. MLN cell proliferation after stimulation with total H. polygyrus ES (ES Ag), S antigen (SAg) and fraction 9 (F9). The antigen effect on stimula-
tion of MLN cell proliferation was calculated using the formula: Proliferation % = (ODAg/ODM) × 100. Where (ODAg) indicates the optical density of the 
tested antigen and (ODM) indicates the optical density of the sample with medium alone. Cell proliferation was assayed daily. The experiments were 
done in triplicate. Bars represent the mean ± SE of six mice of a representative experiment (n = 6). Statistical significance between groups was assessed 
by ANOVA. bp < 0.05 compared with cells with other group treated by the same manner. 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Prion	 321

Discussion

Normally, T cells proliferate in response to stimulation with 
parasite-derived antigens and proinflammatory cytokines, and 
activated T cells undergo programmed cell death after the infec-
tious agent has been cleared. In our previous studies H. polygyrus 
antigen inhibited CD4 positive T-cell sensitivity to spontaneous 
and glucocorticoid-induced apoptosis by upregulation of Bcl-2 
protein.7,8 To demonstrate the mechanism of CD4 T-cell resis-
tance to apoptosis the proliferation, cell cycle alterations and 
expression of several apoptosis related genes was investigated in 
cells of normal and H. polygyrus infected mice ex vivo and in 
vitro.

It was postulated that restimulation in vitro of already acti-
vated T cells potently induces Fas/FAsL expression and causes 

with somatic antigen and fraction 9 increased the expression 
of survivin.

At the transcription level there were significant differences 
between the expression of the cyclin dependent kinase inhibitor 
p27Kip1 in the cells of nematode infected and control mice. 
The proliferation of CD4+ T cells was correlated with increased 
expression of D1 cyclin and with a downregulation of the cell 
cycle inhibitor p27Kip1. Expression of p27Kip1 was drastically 
downregulated in CD4+ T cells of mice infected with nema-
todes (ex vivo) and after re-stimulation with antigens but the 
effect was not induced by fraction 9.

Pgp, the product of the multidrug resistance 1 MDR1 gene 
was detected in CD4+ cells of control mice at a very low level. 
However nematode infection lead to the upregulation of Pgp 
expression especially by SAg and fraction 9.

Figure 2. Mean percentage of CD4 T cells in different divisions of proliferation process in control uninfected mice and mice infected with H. polygyrus. 
MLN cells were stained with CFSE and were adjusted to 2 × 105 cells/well in 96-well plates. Cells were in medium alone or were stimulated with CD28/ 
CD3 antibody and H. polygyrus antigens in a final volume of 200 μL. The plates were incubated at 37 °C with 5% CO2 for 7 d. The cells were harvested 
and stained with anti-CD4 mAb. Flow cytometry FACS data analysis was performed using II Software (B). The numerical values for proportions of pro-
liferated cells at each cell generation were used for statistical analysis. Data from individuals were pooled and the mean percent of CD4+ T cells in each 
division was presented (A). Statistical significance between groups was assessed by ANOVA. bp < 0.05 compared with cells with other group treated by 
the same manner. Histogram shows unstimulated CFSE stained CD4 T cells of control mice and infected with nematodes.

Figure 3. Concentration of IL-2, IL-6, IL-22, IL-17A, IL-10, IL-12, and TGF-β in cultures of MLN cells from uninfected and day 15 infected with H. polygyrus 
mice. Cells (5 × 105/well) were treated with excretory–secretory (ESAg), somatic antigen (SAg) and fraction 9 (F9) and cultured for 7 d. Concentrations 
of cytokines were measured by specific ELISA. A representative result from three independent experiments is shown. Bars represent the mean ± SE of 
five mice of representative experiment (n = 5). Statistical significance between groups (control and infected) was assessed by Anova. ap < 0.05 com-
pared with untreated cells (MEDIUM) within the same group; bp < 0.05 compared with cells with other group treated by the same manner.
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ESAg and SAg than cells of control mice in the long lasting 
proliferation experiments. However F9 induced strong and long 
lasting proliferation of MLN cells and the number of CD4  
T-cell generations was rising to six generation during seven 

autocrine or paracrine cell death.9 However, H. polygyrus antigen 
did not induce apoptosis by this way. Interestingly MLN cells 
of infected mice proliferated weakly after nonspecific stimula-
tion of TCR and CD28 receptors and after stimulation with 

Figure 4. Effects of H. polygyrus infection on CD4 T cell-cycle progression. CD4+ T cells were negatively selected by magnetic field-assisted cell sorting. 
FACS profiles of cells from control mice (A) and infected mice (B) stained with PI for DNA content are shown. A cell cycle-DNA content analysis was 
performed. The number on each panel shows the percentage of hypodiploid nuclei. 20 000 CD4+ T cells were analyzed for PI fluorescence on a Becton 
Dickinson FACScalibur.

Figure 5. Bcl-2 and Bax expression in CD4 T cells ex vivo and in vitro after antigens treatment and in medium alone of control mice and mice infected 
with H. polygyrus (A and B). CD4+ T cells were negatively selected by magnetic field-assisted cell sorting directly from MLN or from in vitro cultures. 
The Bax to Bcl-2 ratio was calculated as mean ± 2SE following the formula: Bax/Bcl × 100% (C). Statistical significance between groups (control and 
infected) was assessed by ANOVA. ap < 0.05 compared with untreated cells (MEDIUM) within the same group; bp < 0.05 compared with cells with the 
other group treated in the same manner.
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concentration and high level of TNFα is detected in the MLN 
cells of mice infected with H. polygyrus.7 However the apoptosis 
through TNFα signaling is induced by cdk-inbitor p27Kip121 
and during infection expression of the protein was inhibited. It 
was recently suggested that caspase-8 activity at low concentra-
tion induced T cell proliferation after TCR stimulation and this 
may explain why H. polygyrus infection does not induce apopto-
sis through caspase 8 activity.16

The dramatically high expression of survivin in the CD4  
T cells of infected mice and very low level of them in control 
cells of the same organs, fully confirmed inhibition of apoptosis 
on the intrinsic caspase independent pathway. The recent data 
are confused to the general mechanism by which survivin pro-
tects cells from apoptosis. However our results confirmed that 
survivin activates caspase-314 but not caspase-8,17 and survival 
of CD4 T cells appear to occur independently of procaspase-8 
processing. Interestingly survivin was not detected in the resting 
peripheral blood lymphocytes but only in T-cell leukemia lines 
and in developing T cells in thymus.18 Expression of survivin is 
regulated by NFκB activation.19 Upon stimulus by H. polygyrus 
antigens, NFκB (p50) is released and translocated to the nucleus 
where it regulates gene transcription.8 NFκB promotes cell sur-
vival and cell cycle progression by regulating the expression of 
several genes involved in the cell cycle machinery such as cyclins, 
Bcl-2 family protein and survivin.20 It has been suggested that 
NFκB may induce the expression of the multidrug resistance 
P-glycoprotein in lymphocytes20 and in consequence Pgp confers 
long-term resistance to caspase-dependent apoptotic stimuli in 
leukemia T cells and normal cells.21 Pgp upregulation observed 
in CD4 T cells of mice infected with H. polygyrus ex vivo and 
after antigen restimulation might be involved in the inhibition 
of caspase dependent apoptosis.

Taken together, during H. polygyrus infection inhibition 
of apoptosis and cytokines production, increase in G2/M cell 
cycle phase is dependent on low Bax/Bcl-2 ratio, dramatic over-
expression of survivin, D1 cyclin, P-glycoprotein (Pgp), loss 

days of incubation. T lymphocytes divide once every 15–20 h10 
and the proliferation level of CD4 T cells is dependent on the 
cytokine milieu. However H. polygyrus infection caused nega-
tive effect on the γ

c
 chain signaled IL-2 and IL-6 and IL-12 

which promote survival of activated T cells ex vivo and in vitro 
by increased expression of Bcl-2 protein. Fraction 9 promoted 
higher production of important pro-inflammatory cytokines; 
IL-22 and IL-17A by T cells and inhibition of regulatory IL-10 
and TGF-β1 production as opposed to ES and somatic antigens 
inducing TGF-β and IL-10 production by MLN T cells. TGF-β 
and IL-10 cytokines have the potential to downregulate the 
immune response during nematode infection.11

According to the proliferation results we have shown the 
shortening of G1/0 phase of cell cycle and increased G2/M 
phase of the CD4+ T cells of mice infected with H. polygyrus 
compared with the cells of control mice. Shortening of the G1 
phase resulting in quicker cell cycle is probably associated with 
increased expression of D1 cyclin. In purified CD4 lymphocytes 
ex vivo and in the stimulated cells with AgS and F9 especially 
D1 expression was increased. This cell cycle progression corre-
lated with a downregulation of the cell cycle inhibitor Cyclin 
Dependent Kinase Inhibitor p27Kip1. It is suggested that cell 
surviving in G2/M phase is specifically connected with sur-
vivin expression12 and is associated with microtubules of the 
spindle apparatus at the beginning of mitosis.13 Cells are most 
sensitive to survivin targeting in mitosis.14 In CD4+ T cells of 
infected mice survivin was expressed at high levels. Apoptosis 
can be induced at any point during the cell cycle but sensitivity 
to apoptosis varies greatly at different points in the cell cycle. In 
many long lived transformed cells apoptosis and cell cycle arrest 
is induced exactly at G2/M.12

Apoptosis is a network of signals which act through two major 
apoptotic pathways: the extrinsic cytokine dependent death 
receptor pathway via caspase-8 and the intrinsic mitochondrial 
pathway via caspase-9 which shifts the balance in the Bcl-2 fam-
ily proteins toward the proapoptotic members and consequently 

Figure 6. Active caspase-3 and -8 protein expression in CD4 T cells ex vivo and in vitro after antigen treatment of control and infected with H. polygy-
rus mice. CD4+ T cells were negatively selected by magnetic field-assisted cell sorting directly from MLN or in vitro cultures restimulated with H. poly-
gyrus total ES , S antigen and fraction 9 or cultured alone at 37 °C with 5% CO2 for 7 d. Results are presented as the means of the three replicates from 
three independent experiments. Statistical significance between groups was assessed by ANOVA. ap < 0.05 compared with untreated cells (MEDIUM) 
within the same group; bp < 0.05 compared with cells in the other group treated in the same manner.
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of p27Kip1 protein and inhibition 
active caspase-3 but not caspase-8 
indicates the inhibition of intrinsic 
pathway of apoptosis in MLN CD4 
T cells. Fraction 9 H. polygyrus of 
somatic antigen inhibits apoptosis 
and provoke long-term proliferation 
of these cells. The general effects 
observed in CD4 T cells of infected 
with H. polygyrus mice and treated 
with antigens in vitro seem to be 
interconnected as a consequence of 
antigenic composition which may 
variably effect on the T-cell sur-
vival. However fraction 9 which is 
connected with nematodes female 
reproductive system (manuscript in 
preparation) and contain proteins 
such as Hsp-60, calumenin, ferritin, 
galectin and thrombospodin which 
increase survival of T cells8 might 
keep the cells in the cell cycle dur-
ing the infection and increase the 
frequency of acquired T-cell somatic 
mutation.

There are limited evidence for an 
association between intestinal nema-
tode infection and T-cell leukemia. 
Asymptomatic carriers of human  
T-cell leukemia virus HTLV-1 
developed clinical leukemia faster 
if they had a concurrent infection 
with Strongyloides stercoralis, possi-
bly through stimulation of the pro-
liferation of HTLV-1 infected cells.22 
However, there is no evidence that 

chronic infection with the intestinal nematode could be carcino-
genic for mesenteric lymph node lymphocytes.

Undoubtedly, treatment with living nematodes gives the 
best and fastest inhibition of autoimmune diseases.23 However, 
host parasite relationships are complex and there may be several 
mechanisms by which parasites could influence the survival of 
host cells and the therapeutic potential of intestinal nematodes 
needs to be closely examined for potential adverse side effects.

In immunocompromised hosts or in patients receiving immu-
nosuppressive therapy with whole nematode larvae, nematode 
pro-oncogenic molecules could be a cofactor of T-cell leukemia 
and infection could increase the risk of malignant transforma-
tion. Cancer is a multifactorial disease and the proposed therapy 
with nematode antigens could have an important role in this 
disease control.

Materials and Methods

Mice. Pathogen-free male BALB/c mice were infected orally at 
eight weeks of age with 200 larvae (L3) of H. polygyrus. Mice 

toward caspase-3 meditated apoptosis.13 Among the various fac-
tors responsible for regulation of T-cell apoptosis, the families of 
Bcl-2 related proteins play a pivotal role15 and the BCL-2 gene 
is associated with leukemia and lymphoma. Sensitivity or resis-
tance to cell survival is not absolute but reflects the relative bal-
ance between the concentration of antagonist Bcl-2 and agonist 
Bcl-x. In the current study, H. polygyrus infection and restimu-
lation with nematode antigens inhibited the intrinsic pathway 
of apoptosis. The presented results demonstrated the predomi-
nance of Bcl-2 protein over Bax protein and the Bax/Bcl-2 ratio 
in CD4 T cells of infected mice especially after restimulation 
with fraction 9 was very low.

The resistance to apoptosis of CD4 T cells of infected mice 
via the intrinsic pathway may be explained by the Bax/Bcl-2 
ratio and expression of active caspases. Caspase-8 is an initia-
tor caspase but caspase-3 leads to dramatic morphologic changes 
on apoptosis. H. polygyrus infection and somatic antigens down-
regulated the expression of caspase-3 and slightly upregulated 
caspase-8. The activation of caspase-8 could be provoked by 
TNFα. The activation of caspase-8 is strictly related to TNFα 

Figure 7. Effect of H. polygyrus infection on survivin, cyclin D1 and PgP concentration in CD4T cells. For 
the protein detection, CD4+ T cells were permabilized and Cyclin D1, permeability protein Pgp and sur-
vivin levels were measured by an enzyme-linked Immunosorbent Assay. Data are representative for one 
of three biologically independent experiments. Statistical significance between groups was assessed by 
ANOVA. ap < 0.05 compared with untreated cells (MEDIUM) within the same group; bp < 0.05 compared 
with cells in the other group treated in the same manner.
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Long-term proliferation for MTS assay. Total MLN cell pro-
liferation was estimated by using the MTS colorimetric method 
(the Cell Titer 96® Aqueous One Solution Cell Proliferation 
Assay, Promega). MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2[4-sulfophenyl]-2H-tetrazolium) is 
reduced by dehydrogenase enzymes in metabolically active cells 
producing soluble colored formazan in tissue culture medium. 
Tetrazolium salt reduction is good indicator of cell growth and 
has been used in models for screening cytocidal chemical agents 
or cell growth promoting factors and cytokines. The quantity 
of formazan products, measured at 490 nm absorbance after 4 
h incubation time, is directly proportional to the number of liv-
ing cells in the culture.

Cultures were incubated in humidified 5% CO
2
 atmosphere 

for 264 h at 37 °C. After 48, 72, 120, 168, 216, 240, 264 h 
with 5 μg/ml of ESAg, SAg or F9Ag or with medium alone at 
total volume of 200 μl. The cells were stimulated with antigen 
only one time. During the last 4 h of the culture, 20 μl of 
MTS solution were added to each well and incubated under the 
same conditions. The absorbance was measured at 490 nm in 
a spectrophotometer (u-Quant, BD, Costar). Each experiment 
was repeated for three times with four wells per dilution in each 
run.

The antigen effect to stimulate MLNC proliferation was cal-
culated using the following formula: Proliferation % = (OD

Ag
/

OD
M

) × 100. Where (ODAg) indicates the optical density of 
the tested antigen and (ODM) indicates the optical density of 
the control sample with Medium alone.

Proliferation measurements. MLN cells were stained with 
5 mM stock of the stain 5,6-carboxyfluroescein diacetate suc-
cinimidyl ester (CFSE, Invitrogen, Molecular Probes). Freshly 
isolated cells were incubated for 15 min at RT in the dark with 
5 μM CFSE in PBS/0.1% BSA. After a total of three washes 
with RPMI 1640, the cells were re-suspended in fresh medium 
and cultured at a concentration of 2 × 105 cells per well in 96-well 

were divided into two experimental groups: one experimental 
group consisted of six mice infected for 15 d and the second 
group consisted of uninfected, control mice. Animals were sam-
pled individually. Mice were killed under carbon dioxide anes-
thesia. All experiments were performed in triplicate to ensure 
accurate results. Results of only one representative experiment 
are shown. The experiment was conducted in accordance with 
the guidelines of the Local Ethical Committee.

Antigens of adult worms. Adult worms were collected from 
BALB/c mouse intestine 15 d post infection using the Baermann 
technique.24 500 adult nematodes were lysed on ice in 0.5 mL 
of PBS using an ultrasonic device. The samples were then 
centrifuged 18 000 g, 5 min, 4 °C, the supernatant (somatic 
antigen, SAg) was sterile-filtered using a 0.2 μm syringe filter 
(Milipore). One hundred worms in 0.5 ml of RPMI medium 
supplemented with penicillin (100 U/ml), streptomycin  
(100 mg/ml), and L-glutamine (2 mM, Gibco) were cultured 
aseptically at 37 °C under a humidified atmosphere of 95% air 
and 5% CO

2
. The secretory products produced by worms for the 

first 24 h which contains about 20 endotoxin units/mg protein 
(LAL test, SterBios) were rejected. After the next 14 d, super-
natants containing excretory/secretory products (ESAg) of the 
nematode protein (<5 endotoxin units/mg) were collected and 
sterile filtered using a 0.20 μm filter (Sarstedt). Protein concen-
tration was measured by the Bradford technique.25 The antigens 
were stored at −80 °C until used.

Separation of antigenic fractions. Separation of somatic 
antigen fractions was performed using high-pressure liquid 
chromatography (HPLC, Integrity coupled with mass detec-
tor, Waters) on ProteinPak column (Waters); 100 μL of antigen 
solution was loaded onto the column and eluted isocratically 
with PBS (pH 7.4) at a flow rate of 0.4 mL per minute and 
fractions of 0.5 mL were collected starting when protein pres-
ence was detected at λ = 280 nm. The protein concentration 
in each fraction was estimated. The fractions were stored at  
−80 °C until use.

Cell preparation. The mesenteric lymph nodes (MLN) were 
isolated aseptically from control and infected mice and pressed 
through a nylon cell strainer (BD, Falcon) to produce a single 
cell suspension. MLN cells were washed and re-suspended in 
complete medium-RPMI 1640 (Gibco) supplemented with 
5% heat inactivated fetal bovine serum (FBS), penicillin  
(100 U/ml), streptomycin (100 μg/ml), L-glutamine (2 mM), 
and β-mercaptoethanol (1 U/ml) (Gibco). Cell viability, as 
determined by trypan blue exclusion, was greater than 96%.

The effect of dose of antigens and fractions on cell apoptosis 
and proliferation was determined in a preliminary study.7,8 To 
examine the pro-proliferative and anti-apoptotic effects of anti-
gens on the CD4+ T-cell subpopulation, the cells were treated 
with different dose of antigen; 0, 5, 1, 5, 10, 20, 50, and 100 μg 
for 48−168 h. A maximal effect of Ag on CD4+ T cell in vitro 
(the lowest level of apoptosis and the highest level of prolifera-
tion) was found with a dose of 5 μg at 120 h. Apoptosis was 
measured by ssDNA apoptosis test (data not shown). The assay 
was performed following the manufacturer’s protocol using an 
ssDNA Apoptosis ELISA Kit (Chemicon International, Inc.).

Figure 8. Expression of apoptosis-related proteins; survivin, cyclin de-
pendent kinase inhibitor p27Kip1 by pure CD4 lymphocytes of control 
mice and infected with H. polygyrus mice. Ct data for p27 Kip1 protein 
and survivin have been normalized to the housekeeping genes GAPDH 
and corrected for the total control mean value using Light Cycler Nano 
Software-1.0. The mean fold change and standard error of target gene 
expression were calculated from three independent biological repli-
cates. Statistical significance between groups was assessed by ANOVA. 
ap < 0.05 compared with untreated cells (MEDIUM) within the same 
group; bp < 0.05 compared with cells with other group treated by the 
same manner.
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Quantitative PCR. Total RNA from CD4 T cells was 
extracted using the SV Total RNA Isolation System (Promega) 
according to the manufacturer’s protocol. Thirty ng of total 
RNA isolated from each samples was then used as a template 
for cDNA synthesis, prepared with a first-strand cDNA synthesis 
kit (Thermo Scientific) using TaqMan Gene Expression Assays. 
Quantitative PCR was performed on the LightCycler Nano 
Software 1.0 (Roche) specific to mouse survivin (Mm00599749_
m1) P27 (Mm00438168_m1) and for the housekeeping gene 
GAPDH. PCR was performed with TaqMan MGB probes 
labeled with FAM reporter dye in a final reaction volume of  
20 μl. The amplification conditions consisted incubation at  
50 °C for 2 min and initial DNA polymerase enzyme activation 
at 95 °C for 10 min, followed by 50 cycles of denaturation at  
95 °C for 15 sec and annealing/extension at 60 °C for 1 min. All 
PCR reactions were performed in triplicate and validated by the 
presence of a single peak in the melt curve analysis. The mRNA 
level for each sample was normalized by dividing the calculated 
value by the GAPDH value.

Enzyme-linked immunosorbent assay. For the protein 
detection, CD4 T cells were permabilized with Fixation and 
Permeabilization Solution (BD, Biosciences). Cyclin D1, P-Protein 
Pgp, B cell Leukemia/Lymphoma 2 Bcl-2, Bcl-2 Associated X 
Protein Bax, Survivin levels in CD4 T cells were measured by an 
Enzyme-linked Immunosorbent Assay Kit according to suppli-
ers’ guidelines (Uscn Life Science Inc.). Because the ratio of Bax 
to Bcl-2 determines the susceptibility of cells to death signals, the 
Bax to Bcl-2 ratio was calculated as: Bax/Bcl × 100%.

Caspases activity. Caspase-3 and -8 activity was determined 
by using a Caspase-3/CPP32 Colorimetric Assay Kit and FLICE/
Caspase-8 Colorimetric Assay Kit (Biovision), according to the 
manufacturer’s instructions. HeLa cells were used as a control for 
caspase-3 and-8 activity. Relative caspase activity was measured 
as optical density at 405 nm.

Statistical analyses. The data were collected in three inde-
pendent experiments. The results and statistical evaluation of 
a representative experiment were presented. The significance of 
differences between groups was determined by analysis of vari-
ance (ANOVA) using MINITAB Software (Minitab Inc.). All 
values are expressed as mean ± SE. A P value < 0.05 was consid-
ered to be statistically significant.
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flat-bottom plates (Costar). Cells were incubated with 5 μg/mL  
of complete somatic antigen (AgS), 5 μg/mL of excretory-
secretory antigen (ESAg), of 5 μg/mL antigenic fractions or 
costimulated with anti-CD3/CD28 antibodies; 0.5 μg/ml anti-
CD3 (plate bound) and 0.5 μg/mL anti-CD28 antibodies (BD 
Biosciences, PharMingen) or with complete medium alone. Cells 
were harvested at day 7 of CFSE culture and washed three times 
with PBS (pH 7.2). The harvested cells were stained with anti-
CD4-PerCP antibodies (BD Biosciences, PharMingen). The 
cells were examined on a BD FACS Calibur Flow Cytometer. A 
minimum of 20 000 events were acquired for each sample. Flow 
cytometry (FACS) data analysis was performed using II Software 
(BD). Cell proliferation, tracked by dye dilution, was monitored 
and the percentage of cells in each division was presented.

ELISA cytokine assay. Analysis of lymphocyte proliferation 
by CFSE enables the functional analysis of lymphocytes because 
the cells remain alive and the cytokine production profile can 
be monitored. Culture supernatants were collected at 168 h and 
stored at −80 °C until use. Cytokine levels were titrated using 
the ELISA method. IL-2, IL-6, and IL-12 concentration were 
measured by ELISA using monoclonal antibodies according 
to suppliers’ guidelines (BD Biosciences, PharMingen). IL-22, 
IL-17A, IL-10, and TGF-β were measured using monoclonal 
antibodies according to suppliers’ guidelines (e-Bioscences). For 
the TGF-β measurement the samples were acidified and latent 
and active cytokine excreted into the culture medium was mea-
sured in samples. The plates were read at 450 nm using u-Quant, 
BD. The mean optical densities (ODs) of triplicate cultures were 
compared with the standard curves prepared using recombinant 
cytokines. The detection limit of the assays was 2 pg/ml for 
IL-6, 8 pg/mL for IL-22, 4 pg/mL for Il-17A, 2 pg/ml for IL-2,  
30 pg/ml for IL-10, and 8 pg/ml for TGF-b, 2 pg/ml for IL-12.

MACS sorting of CD4- positive T cells. For negative selec-
tion of CD4+ T-cells from MLN ex vivo and after 168 h in vitro 
culture 1 × 107 MLN cells were incubated with a 10 μl mix of 
antibodies against surface antigens to non-CD4+ T cells for  
15 min at 4 °C in PBS/1% BSA and enriched by magnetic field-
assisted cell sorting (Dynal Mouse CD4 Negative Isolation Kit, 
Invitrogen). Purity of the CD4+ cells obtained that way assessed 
by FACS analysis was better than 96%. Enriched CD4+ cells 
were stored at −80 °C until further processing.

Analysis of CD4 T cell cycle. After washing the CD4+ T cells 
in PBS, the resultant pellet was resuspended in 70% ice-cold eth-
anol with PBS and incubated 20 min on ice. Then the superna-
tants were aspirated after centrifugation at 500 g for 5 min. The 
pellet was suspended in 500 μl propidium iodide (PI)-solution in 
PBS: 50 μg/ml PI 0.1 mg/ml RNase A with 0.05% Triton X-100. 
The tube was incubated for 40 min at 37 °C. The PI fluorescence 
of nuclei was measured using a FACSCalibur and analyzed using 
CELLQUEST PRO software.
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