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SUMMARY

The production of cytokines by lymphoid cells, isolated from non-infected and Haemonchus

contortus-infected lambs, was investigated. Particular attention was paid to differences in T helper 1-

(Th1) and Th2-type immune pro®les between genetically resistant and random-bred animal groups.

Non-infected resistant and random-bred lambs produced equivalent levels of interferon-c (IFN-c)

and interleukin-5 (IL-5), from isolated abomasal lymph node cells (ALN), mesenteric lymph node

cells (MLN) and spleen cells (SC), in response to in vitro stimulation with T-cell mitogen

(concanavalin A) or larval parasite antigen. ALN and MLN cells derived from infected resistant

and random-bred lambs produced relatively lower levels of IFN-c, following in vitro stimulation

with parasite antigen, when compared with their uninfected counterparts. In contrast, infected

lambs of both groups showed enhanced mitogen- and antigen-stimulated production of IL-5, in

comparison with uninfected controls, at days 5 and 28 postinfection (p.i.). Mitogen- and antigen-

stimulated IL-5 responses were higher among resistant lambs compared with random-bred lambs,

with the highest overall production of IL-5 by parasite antigen-stimulated ALN and MLN cells.

Among day 28 p.i. lambs, levels of cell culture-derived parasite-speci®c immunoglobulin G1 (IgG1)

and IgE antibodies were higher in resistant lambs than in random-bred lambs, following in vitro

stimulation of SC or ALN cells with parasite antigen. Finally, after 28 days p.i., histological

examination of abomasal tissue revealed higher densities of mast cells and eosinophils in the mucosa

of resistant lambs than in random-bred lambs. Taken together, these data support the notion of a

strong Th2-type immune response to Haemonchus infection in genetically resistant sheep, and

support the claim for a Th1/Th2 dichotomy in ruminants.

INTRODUCTION

Elucidation of mechanisms that underlie genetic variations in

resistance to nematode parasites is critical for the design of

effective parasite vaccines, and for the development of methods

for the identi®cation of genetically resistant breeding livestock.

In sheep, genetic resistance to the nematode parasites

Trichostrongylus colubriformis and Haemonchus contortus is

immunologically mediated.1,2 Resistance is correlated with

gastrointestinal (GI) tract mucosal mastocytosis, tissue or

blood eosinophilia,2±6 and parasite-speci®c immunoglobulin A

(IgA) and IgG1 antibody responses.7,8 These responses suggest

the development of a T helper 2 (Th2) -type immune response,

yet de®nitive evidence of a Th1/Th2 dichotomy in ruminants is

lacking, and furthermore the underlying patterns of cytokine

production (which may characterize a polarized Th response)

have yet to be de®ned in ovine helminthic infections.

That CD4+ T helper (Th) cells are important in the genetic

control of sheep immunity to H. contortus has been shown by

Gill.9 Signi®cantly higher lymphocyte blastogenic responses

and delayed-type hypersensitivity responses to parasite antigen

have been reported in sheep with genetic resistance to

haemonchosis. While CD4+ Th cells play a central role in

the expression of protective immune responses,6 the mechan-

isms through which they regulate infection have not been

de®ned. Studies in laboratory animals suggest that CD4+ Th

cells may contribute to resistance by releasing a variety of
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cytokines which amplify and regulate the recruitment,

proliferation and differentiation of effector cells, such as mast

cells, eosinophils and antibody-secreting cells.10

The present study examined the production of key indicator

Th1-type (interferon-c; IFN-c) and Th2-type (interleukin-5;

IL-5) cytokines by H. contortus-infected genetically resistant

and random-bred lambs, following in vitro stimulation of

spleen cells and regional (GI tract) lymph node cells with

parasite antigen or T-cell mitogen. Furthermore, associated

Th2-type accessory responses were investigated, including

parasite antigen-driven production of IgE and IgG1 in in vitro

cell culture, and mast cell/eosinophil in®ltration into the

abomasal mucosa of infected lambs in vivo.

MATERIALS AND METHODS

Animals and parasites

Ten-month-old, ®ne wool Merino lambs with genetic resis-

tance11 or with average susceptibility to H. contortus (random-

bred), born and raised at the University of New England Kirby

Research Station, were used for this study. Two weeks before

the start of the experiment, lambs were drenched with

ivermectin (200 mg/kg body weight) and housed indoors under

conditions which precluded accidental infection with worms.

Lambs were infected with 20 000 H. contortus infective larvae

per os (Kirby strain) on day 0, as described previously.2

Uninfected lambs served as controls.

Preparation of lymphoid cells

Groups of resistant or random-bred lambs were killed on day 0

(uninfected, two animals/group), day 5 and day 28 after

infection (four animals/group) and their spleen, abomasal

lymph nodes (ALN) and mesenteric lymph nodes (MLN) were

removed under sterile conditions. Single cell suspensions from

spleen, ALN, or MLN were prepared in Hanks' balanced salt

solution containing 5% fetal calf serum (FCS), 100 i.u./ml

penicillin and 100 mg/ml streptomycin (Gibco, Grand Island,

NY). Spleen cell (SC) suspensions were depleted of erythro-

cytes by tris-ammonium chloride lysis. Mononuclear cells were

isolated by Ficoll±paque (Pharmacia LKB, Uppsala, Sweden)

centrifugation, washed three times in RPMI-1640 medium

supplemented with FCS (10%), NaHCO3 (7.5%), L-glutamine

(2 mM), HEPES (10 mM), 2-mercaptoethanol (5r10±5
M),

penicillin (100 i.u./ml) and 100 mg/ml streptomycin (Gibco),
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Figure 1. Interferon-c production by SC, ALN and MLN cells and from uninfected (day 0) and H. contortus-infected genetically

resistant and random-bred lambs, after in vitro stimulation with Con A or larval H. contortus antigen.
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and resuspended in fresh medium to a concentration of 4r106

cells/ml. Cell viability, as determined by trypan blue dye

exclusion, was greater than 90% in all cases.

Cell culture

To induce cytokine production, SC, ALN, or MLN cells

(2 ml/well) were cultured in 24-well ¯at-bottomed culture plates

(Costar, Cambridge, MA) with either 100 ml of T-cell mitogen,

[concanavalin A (ConA) 10 mg/ml, Calbiochem-Behring Corp.,

La Jolla, CA], or 100 mg/ml H. contortus larval antigen

(prepared as described previously2). Cells cultured with an

unrelated antigen (ovalbumin; Sigma, St Louis, MO) served as

unstimulated controls. Plates were incubated for 24 hr at 37u in

a humidi®ed atmosphere containing 5% CO2. The supernatants

from replicate cultures (three/sample) were pooled, ®lter-

sterilized and stored at ±20u until tested.

Cytokine and IgG1/IgE measurements

IFN-c activity (units/ml) in the culture supernatants was

measured using double antibody sandwich enzyme-linked

immunosorbent assays (ELISA), as described by Rothel et al.12

A sandwich ELISA was also used to quantify IL-5 (units/ml) in

culture supernatants, using commercially available anti-murine

IL-5 monoclonal and polyclonal antibodies (Pharmingen, San

Diego, CA). Parasite-speci®c IgG1 and IgE antibodies present

in culture supernatants were measured using a standard ELISA

protocol;6 mouse anti-sheep IgG1 and IgE monoclonal

antibodies (kindly provided by Dr Ken Beh, CSIRO) were

used in the assays.

Histology

Paraformaldehyde or Carnoy's ¯uid-®xed abomasal tissues

were stained with toluidine blue or alcian blue dye, and

subsequently counter-stained with safranin O or Lendrum's

carbol chromotrope, as described previously.2 Mean numbers

of eosinophils or mast cells in the abomasal mucosa were

estimated by counting a minimum of 10 random ®elds per

animal sample under low-power microscopy, and were

subsequently expressed as densities of cells per mm2 tissue

surface area.

Statistical analysis

Student's t-test was used to assess the signi®cance of differences

between resistant and random-bred lambs. A probability level

of <0.05 was taken to indicate a statistically signi®cant

difference in the means between pairs of data.
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Figure 2. Interleukin-5 production by SC, ALN and MLN cells from uninfected (day 0) and H. contortus-infected genetically resistant

and random-bred lambs, after in vitro stimulation with Con A or larval H. contortus antigen.
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RESULTS

Parasitology

To re-af®rm the resistance or susceptibility of the lambs used in

this study, and also to con®rm the infectivity of the parasite

larvae, postinfection (p.i.) adult worm counts were performed

on the abomasal contents of six resistant or random-bred

lambs, as described previously.2 As expected, resistant lambs

had signi®cantly lower mean worm burdens than random-bred

lambs (2016t771 versus 5333t894, respectively).

Cytokine production

Mean levels of IFN-c and IL-5 produced by SC, ALN, or

MLN cells, in response to stimulation with Con A or parasite

antigen, are shown in Figs 1 and 2. Cell cultures derived from

non-infected resistant or random-bred lambs produced similar

amounts of IFN-c. Production of IFN-c in response to Con A

mitogen varied little between uninfected and postinfected

animal groups. In contrast, production of IFN-c by ALN or

MLN cells, in response to parasite antigen, was markedly lower

among day 5 and day 28 p.i. lambs in comparison to the

corresponding uninfected lambs of both resistant or random-

bred groups.

Cell cultures derived from non-infected resistant or

random-bred lambs produced similar amounts of IL-5,

following in vitro stimulation with mitogen or parasite antigen.

Among day 5 and day 28 p.i. lambs, levels of mitogen- and

antigen-stimulated production of IL-5 were higher than in the

corresponding uninfected lambs of both resistant and random-

bred groups. The highest amounts of IL-5 overall were

produced by ALN and MLN cells, following in vitro cell

stimulation with parasite antigen. ALN and MLN cells from

resistant lambs produced signi®cantly more IL-5 than cells

from random-bred lambs, at 5 and 28 days p.i.

Stimulation with ovalbumin, an unrelated antigen, did not

induce production of IFN-c or IL-5 by cells from infected or

uninfected lambs at any time-points (data not shown).

IgG1 and IgE production

In vitro parasite-speci®c IgG1 and IgE production was

measured among day 28 p.i. lambs, following stimulation of

cells in culture with parasite antigen. SC and ALN cells from

resistant lambs produced signi®cantly more IgG1 and IgE than

cells from random-bred lambs (Fig. 3).

Mast cell and eosinophil responses in the mucosa

Abomasal tissues from both resistant and random-bred lambs

were examined for mean densities of mucosal mast cells and

eosinophils (cells/mm2 tissue surface area) 28 days after

infection. The mucosa of resistant lambs contained signi®-

cantly higher densities of cells than those of random-bred

lambs (Fig. 4).

DISCUSSION

The control of helminth infections through selective breeding is

a major aim of veterinary health improvement.13 In the case of

H. contortus infection in sheep, the genetic control of resistance

is known to have a speci®c (lymphoid) component, involving

CD4+ Th cells.8 While resistance has been shown to correlate

with enhanced peripheral blood lymphocyte reactivity to

parasite antigens,1,5,7 until now there have been no studies

which have assessed these responses qualitatively. Such

information is important not only for determining which genes

are important in immune protection, but also for the

development of effective prophylactic vaccines, that may offer

enhanced resistance to already `resistant' strains, and even to

`non-resistant' animals.

In the present study, our initial observation was that

lymphoid cells of both genetically resistant and random-bred

non-infected lambs produced small amounts of cytokines in

response to H. contortus antigen in vitro, which was most likely

due to sensitization of these animals to helminth antigens, while

on pasture, prior to ivermectin treatment. In contrast, we

demonstrated that infection with H. contortus initiated strong

production of a Th2-type cytokine (IL-5) by isolated lymphoid
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Figure 3. IgG1 and IgE antibody production by SC and ALN cells

from H. contortus-infected genetically resistant and random-bred lambs

(28 days p.i.), following in vitro stimulation of cell cultures with larval

H. contortus antigen. *P < 0.05 (resistant vs. random bred).
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Figure 4. Tissue densities of mast cells and eosinophils in the abomasal

mucosa of H. contortus-infected genetically resistant and random-bred

lambs, at 28 days p.i. *P < 0.05 (resistant vs. random bred).
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cells. Both genetically resistant and random-bred lambs

exhibited this pattern of cytokine production p.i., although it

was noteworthy that overall levels of IL-5 production were

highest in the regional (GI tract) lymph nodes of resistant

animals. This pattern is similar to that observed in murine

models of the genetic control of acquired immunity to helminth

infection.14 For example, in mice genetically resistant to

Heligmosomoides polygyrus, immune-mediated protection

is associated with the preferential expansion of IL-4- and

IL-5-secreting CD4+ Th-cell populations, with associated

Th2-type effector mechanisms that include parasite-speci®c

GI tract IgA antibodies and mucosal mastocytosis, and blood

eosinophilia. The evidence from the present report, where

infected resistant lambs also produced elevated levels of cell-

derived parasite-speci®c IgE and IgG1 antibodies and had

elevated abomasal mucosal mast cell in®ltrations, would

support the notion that an underlying CD4+ Th2-type immune

response to H. contortus exists in sheep. De®nitive evidence

that ruminants can display polarized Th1/Th2 responses is

scarce, however, there is strong support for this notion from

our study. Similarly, it has recently been shown that sheep

genetically resistant to Trichostrongylus colubriformis mount a

Th2-type cytokine response following natural exposure to

T. colubriformis (i.e. via grazing on infected pasture), with

elevated expression of IL-4 mRNA in GI tract lymphatic tissue

and peripheral blood.15

In murine models, immune reactions to on-going infections

can become strongly dichotomized into Th1- or Th2-type

responses, the latter corresponding with Th2-associated

effector mechanisms that have already been outlined (IgA,

IgG1, IgE antibody; mast cell and eosinophil in®ltration; IL-4

and IL-5 production). These responses have been shown to be

cross-regulatory in the murine system, and it is generally

acknowledged that GI tract helminth infections initiate the

selective expansion of Th2-type CD4+ Th cells with a

concomitant down-regulation of Th1-type responses.16 Reg-

ulation is thought to take place via the production of mutually

exclusive cytokines, such that IL-4 and IL-5 can actively

suppress the expansion of Th1-type IFN-c-secreting T-cell

responses.17 Advanced anti-cytokine reagents necessary for Th

phenotyping at the lymphocyte population level are currently

unavailable in veterinary research. Nevertheless, the evidence

from our study suggests that a Th regulatory mechanism may

exist in ruminants also, in that enhanced secretion of IL-5 was

associated with a decrease in secretion of IFN-c p.i. with

H. contortus, and this was particularly noticeable in regional

lymph node cells stimulated speci®cally with parasite antigen.

Furthermore, overall levels of parasite antigen-stimulated

production of IL-5 by regional (ALN, MLN) cells were

signi®cantly higher among resistant than random-bred lambs.

Taken together with the supporting histological and serological

data, which indicated that p.i. Th2-associated effector

responses were signi®cantly higher among resistant sheep than

random-bred sheep, these results strongly argue that the

protective immune response in sheep genetically resistant to

H. contortus involves the selective expansion of Th2-type

subset cells with strong IL-5-secreting activity, with minimal

activation (and possibly active down-regulation) of Th1-type

IFN-c-secreting activity.

The precise effector mechanism by which sheep are able to

control H. contortus infection remains to be de®ned. However,

results from the present study have demonstrated a reduced

parasite burden in the abomasum of resistant sheep, and higher

densities of in®ltrating mast cells and eosinophils into the

mucosa of these animals. Furthermore, among the various

lymphoid tissues examined, parasite antigen-driven production

of IL-5 was highest in the ALN cells isolated from resistant

lambs. Together, these data could suggest that mucosal

recruitment of granular leucocytes to the site of infection

is T-cell-mediated, and that a strongly polarized Th2-type

response (involving high local production of IL-5, which is

known to be stimulatory for mast cells and eosinophils) would

account for the observed histopathological response to

infection. Reduction in helminth burden is known to be

facilitated by degranulating leucocytes in murine models of

helminthiasis,14 and in many cases worm expulsion is aided by

the presence of parasite-speci®c antibodies. The role of

antibodies interacting with granular leucocytes in the localized

immune-mediated control of haemonchosis in sheep remains

uncertain. However, a recent report has indicated that

eosinophils isolated from mammary washes of H. contortus-

infected sheep are ef®cient at killing infective third-stage

parasite larvae in vitro,18 and that killing can be enhanced by

the presence of parasite-speci®c antibody, complement and

exogenous IL-5. In the present study, the fact that antigen-

stimulated levels of speci®c IgE and IgG1 antibodies were

higher for ALN cells from genetically resistant sheep, in

comparison to random-bred sheep, would suggest an active

role for antibody produced locally. This remains to be

determined by controlled in vivo studies in sheep.
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