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SUMMARY

 

Human hookworm infections are distributed widely in tropical areas and have a significant impact on
host morbidity and human health. In the present study, we investigated the cellular responsiveness and
cytokine production in peripheral blood mononuclear cells (PBMC) from 

 

Necator americanus-

 

infected
schoolchildren who had recently received chemotherapy, and compared them with non-infected
endemic controls. Hookworm patients and treated, egg-negative individuals showed a lower cellular
reactivity against phytohaemagglutinin (PHA) and hookworm antigen when compared with egg-
negative endemic controls. The baseline production of proinflammatory tumour necrosis factor-

 

a

 

 (TNF-

 

a

 

) in PBMC from infected patients and treated, egg-negative individuals was elevated. On the other
hand, PHA- or hookworm antigen-induced interleukin (IL)-12 and interferon (IFN)-

 

g

 

 secretion was
higher in endemic controls than in hookworm patients, who either continued egg-positive or were egg-
negative after treatment. Also, PBMC from endemic controls secreted more IL-5 and IL-13 than the
other patient groups. Opposite to that, the spontaneous as well as the antigen-driven IL-10 secretion
was lower in endemic controls when compared with the other groups. In summary, patently hookworm-
infected as well as egg-negative treated patients disclosed an elevated spontaneous cellular secretion of
proinflammatory TNF-

 

a

 

, a prominent secretion of regulatory Th2-type IL-10 and an impaired produc-
tion of IL-12, IFN-

 

g

 

, IL-5 and IL-13.
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INTRODUCTION

 

Human hookworm infection, caused by the species 

 

Ancylostoma
duodenale

 

 and 

 

Necator americanus

 

, affects approximately 1·3 bil-
lion people worldwide [1,2]. The biology of human hookworm
infection has been studied extensively and the transmission of the
parasite depends upon faecal contamination of the soil, adequate
environmental conditions for larval development and intense
contact of contaminated soil with human skin [3]. Furthermore,
the transmission of the parasite is facilitated by poor sanitation or
by the use of nightsoil as fertilizer.

Clinical symptoms of human hookworm infection are iron-
deficiency anaemia [4] and protein-losing enteropathy [5], symp-
toms which are usually correlated with parasitic load. Even light

infections can lead to adverse consequences and increased mor-
bidity in chronically malnourished populations [6].

The intensity of intestinal helminth infections on a population
level is characterized by an overdispersed distribution [7] and
heavy infections in an individual might be dependent on genetic,
ecological, behavioural and social factors [8–10]. Several studies
have shown that highest intensity of infection can be observed in
grown-ups and young adults [11] and a second peak in intensity
has been observed in patients older than 60 years [12,13]. Human
hookworm infection is acquired frequently in young children and,
as such, may have a profound impact on their immune compe-
tence, but there is little information on the induced cellular
immune responses in hookworm-infected as well as exposed indi-
viduals. In the present study, we investigated the cellular reactiv-
ity and cytokine production profiles of schoolchildren who,
following chemotherapy, segregated in treated egg-negative
patients (Cured) and those who remained egg-positive for 

 

N.
americanus

 

 (Nec) even after two treatment rounds, plus a group
of non-treated negative endemic controls (EC).
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MATERIALS AND METHODS

 

Study population

 

The study was conducted in Arinos, a rural town 700 km north-
west of Belo Horizonte, the capital of the state of Minas Gerais,
Brazil. From a quarter of Arinos with insufficient access to clean
water supplies and inappropriate sanitation, a total of 305 school-
children from the local primary and secondary schools were
examined and occurrence of gastrointestinal helminth infections
recorded. During the first examination and treatment patients
positive for hookworms 

 

Ascaris lumbricoides

 

, 

 

Trichuris trichiura

 

,

 

Enterobius vermicularis

 

 or 

 

Hymenolepis nana

 

 received a standard
treatment of 6 

 

¥

 

 100 mg mebendazole for 3 consecutive days.
Patients with a 

 

Schistosoma mansoni

 

 infection received praziqu-
antel treatment from the local health authority. Seven weeks later
a randomly selected group of patients, participating in the immu-
nological study, was examined again. This time, in order to
increase efficacy of intestinal helminths elimination, egg-positive
individuals received a single-dose albendazole treatment
(400 mg). At 6 months after the first treatment, all individuals
were re-examined and all patients positive for intestinal helm-
inths were given treatment with albendazole (400 mg). Patients
co-infected with other helminths were excluded from the immu-
nological study.

This study was approved by the Ethical Committee of the
Centro de Pesquisas René Rachou and was performed in collab-
oration with the local primary healthcare unit in Arinos. For par-
ticipation in the study written consent was given by the parents or
guardians of the children.

 

Subject sampling and parasitological examination

 

Individuals were examined for intestinal helminth infections
using the Kato–Katz technique [14]. Mean egg counts per gram of
faeces (epg) were calculated from at least two slides per sample.
For quantitative assessment of hookworm eggs, slides were exam-
ined shortly after preparation to avoid drying of eggs. Egg-
negative children were examined three times, with one stool
sample each time, during 6 months before inclusion in this study
and were considered as negative endemic controls (EC). Those
individuals had no recent report of drug treatment and remained
egg-negative during all examinations, with the last stool examina-
tion performed 1 week before the start of this study. Six months
after the first treatment, 20 ml of blood were collected from ran-
domly selected individuals in a heparinized Vacutainer® tube
(Becton Dickinson, Franklin Lakes, NJ, USA). For the investiga-
tion of antibody responses, 5 ml blood samples were collected in
a non-heparinized tube before the first treatment and 6 months
after. Serum samples were stored at 

 

-

 

70

 

∞

 

C until further use.

 

Mitogen and antigen preparation

 

For polyclonal stimulation of peripheral blood mononuclear cells
(PBMC) phytohaemagglutinin-L (PHA-L, Difco Laboratories,
Detroit, MI, USA) was used. For the 

 

in vitro

 

 cell culture experi-
ments, adult hookworms (

 

Ancylostoma caninum

 

) were obtained
from infected dogs kept at the animal facilities of the prefecture
of Belo Horizonte. Hookworms were also collected from stools of
albendazole-treated patients from the endemic area during 1
week post-treatment. Hookworm antigen preparations were
tested negative for endotoxin content by the Limulus lysate assay
(sensitivity: 0·06 U/ml; Sigma, St Louis, MO, USA). About 10% of
the adult worms obtained from human patients were preserved,

examined under a stereomicroscope and identified as 

 

N. america-
nus

 

. The remaining worms were used as soluble antigen in an
enzyme-linked immunosorbent asay (ELISA) for investigation of
the humoral immune response. In order to avoid bacterial con-
tamination, all parasites were washed extensively in cold, sterile
phosphate buffered saline (PBS), cut into pieces and transferred
into a tissue grinder in a small volume of PBS. The hookworm
antigen (ANC) was homogenized on ice and centrifuged subse-
quently at 20 000 

 

g

 

 for 40 min at 4

 

∞

 

C. 

 

S. mansoni

 

 parasitic stages
were isolated from Swiss mice infected experimentally at the ani-
mal facilities of the Centro de Pesquisas René Rachou-Fiocruz in
Belo Horizonte. Other, non-related worm antigen preparations
were collected and prepared as described previously [15,16]. All
PBS-soluble antigen fractions were passed through a 0·2 

 

m

 

m filter
(Millipore, Bedford, MA, USA) and the protein concentration
determined according to the method of Lowry 

 

et al

 

. [17].

 

PBMC proliferation assays

 

Isolation of PBMC was performed as described previously [16].
Stimulation assays were performed in triplicates and mitogen and
antigens were added at previously determined concentrations
known to result in optimal proliferation, i.e. PHA (4 

 

m

 

g/ml), ANC
(20 

 

m

 

g/ml), 

 

S. mansoni

 

 soluble egg antigen (SEA) (25 

 

m

 

g/ml) and

 

S. mansoni

 

 adult worm antigen (SWAP) (25 

 

m

 

g/ml). For mitogenic
stimulation, the cells were pulsed after 48 h of culture with triti-
ated thymidine (Amersham Pharmacia, Sao Paulo, Brazil;
0·5 

 

m

 

Ci/well, specific activity = 6·7 Ci/m

 

M

 

) and harvested after a
further 18 h of culture. Antigen-stimulated cell cultures were
pulsed after 6 days with tritiated thymidine and harvested after an
additional 6 h of culture. Incorporated activity was determined in
a liquid scintillation counter and the data expressed as stimulation
indices SI (SI = mean proliferation of stimulated culture/mean
proliferation of unstimulated culture).

 

Cytokine production in PBMC supernatants

 

Determination of cytokine secretion patterns was performed as
described elsewhere [16]. The following cytokine-specific ELISAs
were used and performed according to the manufacturer’s
instructions (Opti-EIA Sets; Pharmingen, Heidelberg, Germany):
interleukin (IL)-5, IL-10, IL-12 (p40), IL-13, interferon (IFN)-

 

g

 

,
and tumour necrosis factor (TNF)-

 

a

 

. Cytokine concentrations in
supernatants were measured in duplicate and were calculated
according to standard curves present in each plate. Mean cytokine
concentrations are expressed in pg/ml and are expressed either as
net production from which background cytokine secretion has
been subtracted or baseline production of the cytokine is indi-
cated separately. The detection limits of the different cytokine
assays were below the standard curves as recommended by the
manufacturers for IL-5 and IL-10 (7·8 pg/ml), IL-13 (3·1 pg/ml),
IFN-

 

g

 

 (9·4 pg/ml) and TNF-

 

a

 

 (15·6 pg/ml). For IL-12, the detec-
tion limit was assessed to be approximately 40 pg/ml.

 

Parasite-specific antibody reactivity in sera

 

Sera from infected patients before (

 

n

 

 = 23) and 6 months after
first treatment (

 

n

 

 = 9), cured individuals (

 

n

 

 = 12) and negative
endemic controls (

 

n

 

 = 17) were screened for 

 

N. americanus

 

-spe-
cific antibodies in an indirect ELISA. Briefly, ELISA plates
(Nunc, Maxisorp, Naperville, IL, USA) were coated overnight at
4

 

∞

 

C with 100 

 

m

 

l of 

 

Necator

 

 antigen (Nec-Ag, 5 

 

m

 

g/ml) diluted in
carbonate buffer (15 m

 

M

 

 Na

 

2

 

CO

 

3

 

, 35 m

 

M

 

 NaHCO

 

3

 

, 0·02% NaN

 

3

 

,
pH 9·6). The plates were washed twice with PBS/0·05% Tween-20
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and incubated with the individual sera diluted in PBS/10% fetal
calf serum (FCS) (1 : 100 for IgG and IgA and 1 : 50 for IgG1,
IgG4 and IgE) at 4

 

∞

 

C overnight. On the following day, the plates
were washed (5

 

¥

 

) and 100 

 

m

 

l per well of alkaline phosphatase-
conjugated detection antibody in PBS/10% FCS was added at the
following dilutions: total IgG 1 : 1000 (Sigma-Aldrich, Steinheim,
Germany); IgG1, IgG4, IgA 1 : 1000 (Pharmingen); IgE 1 : 2000
(Pharmingen). The plates were incubated for 2 h at RT and sub-
sequently washed seven times with PBS/0·05% Tween-20. In a
final step, 100 

 

m

 

l of p-nitrophenylphosphate substrate (Sigma)
diluted in substrate buffer (0·5 m

 

M

 

 MgCl

 

2

 

, 10% diethanolamine,
pH 9·8) were added to the plates and the colorimetric reaction
measured in an automated ELISA reader at 405 nm. Serum anti-
body reactivity for individual samples was performed in duplicate.
Values from different plates were compared and standardized
according to reference sera from infected patients and endemic
controls, which were run in each plate. Values are expressed as
mean optical densities and compared between the different
patient groups.

 

Statistical analyses

 

Data were checked for normal distribution by the Shapiro–Wilk

 

W

 

-test. Differences between the patient groups were checked for
significance by using the non-parametric Wilcoxon rank test.
Bivariate analysis was performed by performing the non-linear
Spearman’s rank test. Significance levels were taken at the 5%
level unless indicated otherwise. Due to multiple testing, a Bon-
ferroni–Holm adaptation was performed in order to correct sig-
nificance values in each experiment and adjusted 

 

P

 

-values are
indicated in the figures and tables.

 

RESULTS

 

Patient groups and parasitological results

 

A total of 305 schoolchildren were examined for intestinal helm-
inth infections. Hookworm infection, with 31·1% (

 

n

 

 = 95
patients), was most prevalent in Arinos, while 

 

H. nana

 

 infection
was diagnosed in 19 patients (6·2%). Cases with other intestinal
helminths, i.e. 

 

S. mansoni

 

, 

 

E. vermicularis

 

, 

 

A. lumbricoides

 

 or 

 

T.
trichiura

 

, were less frequent and prevalences were around or
below 1%.

Hookworm patients and egg-negative endemic controls were
selected randomly to participate in the immunological study.
Hookworm egg-positive patients (

 

n

 

 = 23) were treated with

mebendazole (6 

 

¥

 

 100 mg), then re-examined after 7 weeks post-
treatment to verify successful treatment and positive patients
were treated again with a single dose of albendazole (400 mg). Six
months after the first treatment, from patients and endemic con-
trols PBMC and serum were collected.

For the 95 egg-positive schoolchildren from the primary and
secondary school, no correlation between age and hookworm egg
counts was found. In those individuals who were included in the
immunological study the infection intensity before treatment was
classified in six patients as moderate to high, whereas 17 patients
harboured a light infection (range of all infected patients:
12–9·636 epg), according to Stoltzfus 

 

et al

 

. [18]. Six months after
the first treatment, 14 patients became egg-negative (Cured) and
nine presented a light infection (Nec), with a geometric mean egg
count of 357 epg (range: 48–1·272 epg). Negative endemic con-
trols (EC; 

 

n

 

 = 7) were examined three times within 6 months and
remained egg-negative in all stool preparations, although they
were considered as exposed individuals, living in the same
endemic area and under similar environmental and sanitation
conditions. The mean age in patients who continued egg-positive
(mean age: 10·3 years; range 8–13 years), in cured individuals
(mean age: 9·9 years; range: 7–15 years) and in negative endemic
controls (mean age: 8·9 years; range: 7–11 years) was not signifi-
cantly different between the patient groups and was in a narrow
age range.

In vitro

 

 lymphocyte proliferation assays

 

After stimulation of PBMC with the mitogen PHA, cellular pro-
liferation was higher in EC than in egg-positive and treated, egg-
negative hookworm patients; however, the differences were not
statistically significant (Table 1). Similarly, after stimulation with
hookworm antigen or other non-related worm antigens, the 

 

in
vitro

 

 lymphocyte proliferation was highest in EC compared to
Nec and Cured hookworm patients, but differences were not sta-
tistically significant. In all groups an elevated proliferation after
stimulation with soluble hookworm antigen as well as against sol-
uble egg antigen from 

 

S. mansoni

 

 (SEA) was measured, whereas
reactivity to 

 

S. mansoni

 

 adult worm antigen (SWAP) remained
low (Table 1).

In vitro

 

 cytokine secretion by PBMC

 

The mitogen- and antigen-induced TNF-

 

a

 

 secretion was similar in
all groups. Baseline TNF-

 

a

 

 production was elevated in cured indi-
viduals and especially in hookworm patients, when compared to

 

Table 1.

 

Lymphocyte proliferation in hookworm egg-positive patients (Nec), hookworm treated, egg-negative patients (Cured) and egg-negative endemic 
controls (EC) after stimulation with mitogen or helminth antigens (ANC: 

 

A. caninum

 

 adult worm antigen, 20 

 

m

 

g/ml; SEA: 

 

S. mansoni

 

 soluble egg antigen, 
25 

 

m

 

g/ml; SWAP: 

 

S. mansoni

 

 adult worm antigen, 25 

 

m

 

g/ml; ASC: 

 

A. lumbricoides

 

 adult worm antigen, 20 

 

m

 

g/ml; TRIC: 

 

T. trichiura

 

 adult worm antigen, 
20 

 

m

 

g/ml). Values are indicated as mean stimulation indices 

 

±

 

 s.d.

Mitogen
PHA

Antigens 

ANC SEA SWAP ASC TRIC

Nec, SI 

 

± 

 

s.d. 67·2 

 

± 

 

31·3 12·2 

 

± 

 

6·8 9·9 

 

± 

 

6·1 3·3 

 

± 

 

2·1 13·4 

 

± 

 

11·3 5·0 

 

± 

 

1·5
Cured, SI 

 

± 

 

s.d. 66·4 

 

± 

 

26·2 11·1 

 

± 

 

11·3 9·6 

 

± 

 

6·3 4·0 

 

± 

 

5·2 7·3 

 

± 

 

4·1 4·9 

 

± 

 

4·4
EC, SI 

 

± 

 

s.d. 90·0 

 

± 

 

42·8 14·4 

 

± 

 

10·0 12·0 

 

± 

 

8·7 4·9 

 

± 3·3 9·9 ± 6·8 8·2 ± 4·3

PHA: phytohaemagglutinin; SI: stimulation index; s.d.: standard deviation.
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EC. The differences did not reach statistical significance (Fig. 1).
For IL-12 and IFN-g the baseline production in unstimulated cell
cultures was low and without prominent differences between the
patient groups, thus in Table 2 cytokine concentrations are indi-
cated as net cytokine concentrations with the baseline values sub-
tracted from stimulated cells (Table 2). After PHA stimulation,
the IL-12 as well as the IFN-g production was highest in PBMC
cultures from EC; however, without reaching statistical signifi-
cance. A similar result was obtained after stimulation with the
hookworm antigen. Again, PBMC from EC secreted more IL-12
and IFN-g than cured patients or infected individuals. For IFN-g,
the concentration in supernatants from negative endemic controls
was significantly higher (P < 0·05) than in cured patients
(Table 2).

The concentrations of IL-5 and IL-13 in supernatants also are
indicated as net production in Table 2, which was the cytokine
concentration in stimulated cell cultures subtracted by the cytok-
ine concentration in unstimulated cultures. The IL-5 as well as the
IL-13 production was higher in PBMC cultures from EC than in
the other groups. After PHA stimulation, more IL-5 was pro-
duced by PBMC from EC than by infected patients (P < 0·05),
and following hookworm antigen stimulation significantly ele-
vated IL-5-concentrations (P < 0·05) were detected in superna-
tants from EC when compared to the other groups. Also,
hookworm antigen-induced IL-13 production was significantly
higher (P < 0·05) in EC than in treated, egg-negative patients
(Cured) (Table 2).

For IL-10, all patients produced comparable levels of IL-10
after PHA stimulation. Interestingly, the baseline production of
IL-10 in unstimulated cultures was elevated in Nec and Cured
individuals when compared to EC. For Nec and EC this difference
was significant (P < 0·01)(Fig. 2). Strikingly, when PBMC from
Nec and Cured patients were stimulated with parasite antigen, IL-
10 production did not surpass unstimulated cultures. When com-
pared between the patient groups, IL-10 secretion was higher
(P < 0·01) in Nec than in EC. Spontaneous release of IL-10 by
unstimulated PBMC was clearly elevated in Nec and Cured
patients when compared to EC (P < 0·01 and P < 0·05, respec-
tively) (Fig. 2).

Parasite-specific antibody reactivity in sera
Necator americanus-specific antibodies in sera from different
patient groups were investigated with an indirect ELISA and sig-
nificant differences between patients are shown in Table 3. In gen-
eral, an elevated reactivity for IgG, IgG1, IgG4, IgA and IgE was
measured in Nec patients before and 6 months after treatment.
Treated, egg-negative patients (Cured) showed intermediate
responses, whereas EC disclosed only low serological reactivity,

Fig. 1. PHA- and hookworm antigen-induced as well as baseline TNF-a
production (PHA: 4 mg/ml; ANC: A. caninum adult worm antigen, 20 mg/
ml) in PBMC cultures from hookworm patients (Nec; n = 9), hookworm
egg-negative, cured patients (Cured; n = 14) and egg-negative endemic
controls (EC; n = 7). Mean cytokine concentrations are indicated in pg/
ml ± standard error of the mean. Baseline concentrations are separately
indicated and are not subtracted from stimulated cells.
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Table 2. Cytokine production (IL-12, IFN-g, IL-5, IL-13) of PBMC from
hookworm egg-positive patients (Nec; n = 9), hookworm treated, egg-
negative patients (Cured; n = 14) and egg-negative, endemic controls (EC;
n = 7) after stimulation with PHA or hookworm antigen (ANC: A.
caninum adult worm antigen). Cytokine concentrations are indicated in
pg/ml ± s.d. with baseline values subtracted from those of stimulated cells
and significant differences between patient groups are indicated with an

asterisk (**P £ 0·05)

Cytokine Patient groups
PHA

(4 mg/ml)
ANC 

(20 mg/ml)

IL-12 (pg/ml) Nec 95 ± 106 355 ± 332
Cured 215 ± 273 370 ± 277
EC 299 ± 243 420 ± 266

IFN-g (pg/ml) Nec 1·270 ± 791 118 ± 113
Cured 855 ± 824 76 ± 111**
EC 1·294 ± 719 229 ± 136**

IL-5 (pg/ml) Nec 124 ± 228** 83 ± 83**
Cured 218 ± 368 83 ± 116**
EC 546 ± 514** 290 ± 177**

IL-13 (pg/ml) Nec 788 ± 337 244 ± 198
Cured 783 ± 530 167 ± 180**
EC 1·598 ± 696 434 ± 202**

PHA: phytohaemagglutinin; s.d.: standard deviation

Fig. 2. Phytohaemagglutinin-induced (4 mg/ml; 48 h) and hookworm anti-
gen-induced (ANC: A. caninum adult worm antigen, 20 mg/ml; 96 h) IL-
10 production in PBMC cultures from hookworm patients (Nec; n = 9),
hookworm egg-negative cured patients (Cured; n = 14) and egg-negative
endemic controls (EC; n = 7). Mean cytokine concentrations are indicated
in pg/ml ± standard error of the mean and significant differences between
patient groups are indicated with an asterisk (*P £  0·01, **P £ 0·05). Base-
line concentrations are indicated separately and are not subtracted from
stimulated cells.
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especially for IgG4 and IgE (Table 3). If the IgG4 reactivity
against hookworm antigen is evaluated in non-endemic individu-
als, Ascaris/Trichuris patients (n = 40; mean OD = 0·22 ± 0·01)
and egg-negative, non-endemic controls (n = 10; mean
OD = 0·05 ± 0·19) displayed significantly lower responses when
compared with N. americanus-infected individuals before or after
treatment (P = 0·01, for each group).

DISCUSSION

Information on cellular immune responses and cytokine profiles
in human hookworm infection remain scarce and first reports
occurred only recently [19,20]. Even though prevalence and
intensity of hookworm infections peak in adolescent children,
young adults [21–23] and in middle-aged and elderly patients
[11,13,24], infection is already acquired frequently during the first
5 years of life. Therefore, adult N. americanus, with an assumed
mean parasite life span of 5 years, might have a profound impact
on host immune responsiveness already in the young patient
groups.

In the present study, we compared the cellular immune
response in N. americanus infected children, who remained egg-
positive even after two anthelminthic treatments (Nec), with
treated, egg-negative patients (Cured) and exposed, egg-negative
endemic controls (EC). The cellular reactivity in response to
mitogen as well as to hookworm antigen was suppressed in Nec as
well as in Cured patients when compared to EC, although these
differences were not statistically significant. Such a suppressed
cellular reactivity was reported for other helminthic infections as
well and attributed to the immune-evasion strategy of the parasite
[25,26].

The cytokine secretion pattern of stimulated PBMC cultures
showed several clear differences between the patient groups. The
baseline secretion of inflammatory TNF-a was highest in Nec,
intermediate in Cured and lowest in EC, whereas after stimula-
tion of PBMC with PHA or hookworm antigen an equally high
production was detected in all patient groups. Furthermore, the
spontaneous secretion of IL-10, as well as the production of IL-10
upon antigenic stimulation, was lowest in EC.

TNF-a was described originally as a factor which inhibits pro-
liferation of certain tumour cells. Apart from that, it is a multi-
potential, proinflammatory cytokine with various biological
effects playing a key role during septic shock and some autoim-
mune diseases, including intestinal bowel disease [27–29].

Although experimental infection of SCID mice with S. mansoni
showed that TNF-a is an important factor in the early granuloma
formation [30], elevated levels of TNF-a in combination
with IFN-g correlated with hepatosplenic disease in human
schistosomiasis [31].

It has been shown recently that IFN-g plays a critical role in
the regulation of epithelial cell proliferation during chronic intes-
tinal inflammation in the course of a T. muris infection [32].
IFN-g is known to be a potent inducer of TNF-a secretion and
synergizes with its activities [33]. In our study, different from the
TNF-a concentrations, IL-12 as well as IFN-g secretion patterns
were higher in EC than in Nec or Cured. The higher production of
type 1 cytokines in EC may reflect the absence of a patent infec-
tion, or acute larval challenge, or else IL-12 and IFN-g may be
important for mediating protective immunity. On the other side,
low IFN-g secretion in hookworm patients and cured individuals
might be down-modulated by the higher spontaneously produced
IL-10. In contrast to our results, others reported an increased
IFN-g and TNF-a secretion in patients coinfected with N. ameri-
canus and Oesophagostomum bifurcum than in mono-infected
Necator patients and attributed this to inflammatory responses
and increased intestinal pathology [20]. However, in their study
negative endemic controls were not investigated. Also, as our
patients received two chemotherapies before the assessment of
immunological parameters, the cytokine profile may have
changed and may be different from before treatment.

For other experimental gastrointestinal nematode infections,
it was shown that worm expulsion and immunity is dependent on
a strong type 2 immune response [34–36]. In this respect, our
experiments disclosed a markedly elevated IL-5 and IL-13 pro-
duction in EC when compared to Nec, which was not yet restored
in previously treated and cured patients. The down-regulatory
capacity of IL-10 on both type 1 and type 2 cytokine responses
was described in experimental schistosomiasis [37,38] and there-
fore the lower IL-5 and IL-13 as well as IL-12 and IFN-g produc-
tion in our hookworm patients and egg-negative cured patients
supported these previous findings. One of these studies pointed
out not only the central regulatory role of IL-10 in the pathogen-
esis of schistosomiasis, but also showed that excessive either type
1 or type 2 immune responses will exacerbate pathological pro-
cesses [38]. The central immunomodulatory role of helminth-
induced IL-10 secretion was demonstrated further in a murine
model for allergy, where mice were protected against the devel-
opment of allergy by a prior intestinal helminth infection. In that

Table 3. Necator americanus-specific antibody responses in hookworm patients before (Nec pretreatment, n = 23) and 6 months after first treatment (Nec 
post-treatment, n = 9), treated, egg-negative individuals (Cured, n = 12) and egg-negative endemic controls (EC, n = 17). Parasite-specific IgG, IgG1, IgG4, 
IgA, and IgE antibody reactivity is shown as optical densities ± s.d. Significant differences between groups are indicated (a–e: *P < 0·01; **P < 0·05). Due 

to multiple testing a Bonferroni–Holm adaptation for significance levels was performed and adjusted P-values are indicated in the table

Immunoglobulin
Nec

pretreatment
Nec 

post-treatment Cured EC

IgG, OD ± s.d. 1·01 ± 0·64a 0·81 ± 0·82 0·65 ± 0·64 0·41 ± 0·51a*
IgG1, OD ± s.d. 0·35 ± 0·26b 0·23 ± 0·26 0·18 ± 0·22b** 0·1 ± 0·15b*
IgG4, OD ± s.d. 1·19 ± 0·77c 1·14 ± 1·01d 0·53 ± 0·38c** 0·35 ± 0·28c*,d**
IgA, OD ± s.d. 0·93 ± 0·66e 0·81 ± 0·88 0·35 ± 0·13e** 0·36 ± 0·25e*
IgE, OD ± s.d. 0·33 ± 0·49 0·37 ± 0·55 0·18 ± 0·18 0·11 ± 0·07

OD: optical density; s.d.: standard deviation.
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study, the helminth-induced IL-10 production together with the
absence of allergic responses was reversed by the administration
of anti-IL-10 antibodies [39].

The humoral immune responses against different stage-
specific parasite antigens and excretory–secretory(ES) products
of hookworms have been studied extensively and reviewed
recently in a thorough manner [19]. Here, Nec and Cured patients
presented mainly with elevated parasite-specific IgG4, IgA and
IgE antibodies when compared with EC and the cross-reactivity
with Ascaris or Trichuris patients was low. Antigen-specific IgG4
was confirmed especially to be a specific antibody for immunodi-
agnosis of hookworm infection, as proposed recently [40].

In summary, the present study disclosed an elevated produc-
tion of type 1 (IL-12, IFN-g) as well as type 2 (IL-5, IL-13) cytok-
ines in negative endemic controls from a hookworm area. On the
other hand, the spontaneous secretion of proinflammatory TNF-
a and down-regulatory IL-10 was shown to be low in these
individuals. Whether type 1 or type 2 immune responses are
necessary for protective immunity in hookworm infections should
be addressed further in longitudinal studies with a well-defined
group of endemic controls. For hookworm patients and previ-
ously cured individuals elevated TNF-a levels may indicate ongo-
ing intestinal inflammation and, on the other hand, elevated IL-10
production might serve to minimize cellular responsiveness and
to down-regulate pathogenic processes.
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