
Antigenic dietary protein guides maturation of the host immune
system promoting resistance to Leishmania major infection in

C57BL/6 mice

Introduction

Mucosal surfaces exceed the area of the skin by 100-fold

and are the main surfaces in contact with external anti-

gens. In humans, the area of the mucosal surface of the

small intestine is estimated to be 300 m2. This large sur-

face is constantly exposed to a variety of dietary antigens.

It has been reported that 130–190 g of protein is

absorbed daily,1 as intact, partially degraded or degraded

molecules.2,3 The number of effector cells, such as plasm

cells, in the small intestine is greater than that found in

all other organs combined.4 Under normal conditions,

the constant exposure to food proteins within this lym-

phoid tissue triggers local and systemic immunological

activities, such as secretory immunoglobulin A (sIgA)

production and oral tolerance.5 Indeed, lack of homeosta-

sis of these activities can cause disorders such as food

intolerance and allergies. Importantly, the beginning of

central maturation of the immune system and its activi-

ties coincides with the weaning period, when a larger

variety of food antigens encounter the mucosa of the

small intestine. However, the selective importance of die-

tary antigens in the development of immunity has not

been systematically addressed.

We previously reported that replacement of intact die-

tary proteins with equivalent amounts of amino acids
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Summary

The immature immune system requires constant stimulation by foreign

antigens during the early stages of life to develop properly and to create

efficient immune responses against later infections. We have previously

shown that intake of antigenic dietary protein is critical for inducing mat-

uration of the immune system as well as for the development of T helper

type 1 (Th1) immunity. In this study, we show that administration of an

amino acid (aa)-based diet during the development of the immune system

subsequently resulted in inefficient control of Leishmania major infection

in adult C57BL/6 mice. Compared with mice fed a control protein-con-

taining diet, adult aa-fed mice showed a decreased interferon (IFN)-c

response to parasite antigens and insufficient production of nitric oxide

(NO), which is crucial to parasite death. However, no deviation towards

Th2-specific immunity to L. major was observed. Phenotypic analysis of

antigen-presenting cells (APCs) from aa-fed mice revealed deficient levels

of the costimulatory molecules CD40 and CD80, and low levels of inter-

leukin (IL)-12 produced by peritoneal macrophages, revealing an early

stage of maturation of these cells. APCs isolated from aa-fed mice were

unable to stimulate a Th1 response in vitro. Both phenotypic features of

T cells from aa-fed mice and their ability to produce a Th1 response in

the presence of mature APCs were unaffected when compared with T cells

from control mice. The results presented here support the notion that

regulation of Th1 immunity to infection includes environmental factors

such as dietary proteins, which provide a natural source of stimulation

that contributes to the process of maturation of APCs.

Keywords: antigen-presenting cells; diet; immunological maturation;
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(aa), in order to maintain nutritional requirements but

disrupt the antigenic identity of dietary proteins, resulted

in deficient development of the immune system. C57BL/6

mice fed this experimental diet from weaning to adult-

hood showed poor development of gut-associated lym-

phoid tissue, and low levels of sIgA and serum

immunoglobulins. In vitro cytokine production by T cells

from several lymphoid organs in response to non-specific

stimuli showed a predominant immature T helper type 2

(Th2) profile, with high levels of interleukin (IL)-10 and

IL-4, and low levels of interferon (IFN)-c.6 These parame-

ters resemble those found in suckling mice, suggesting

that intake of antigenic proteins during the early stages of

life is critical for the development of a Th1 profile. We

also observed that mice reared on an aa-based diet devel-

oped decreased nasal tolerance to allergic asthma when

compared with mice fed a control casein-containing diet,7

demonstrating the maintenance of this Th2 immature

profile.

Experimental infection with the parasite Leishmania

major has established the Th1/Th2 paradigm. C57BL/6

mice infected with L. major develop a Th1 response that

results in IFN-c production, macrophage activation, and

control of parasite growth and lesions.8,9 In contrast,

BALB/c mice respond to this parasite by developing a

Th2 response that is associated with inefficient macro-

phage activation and poor control of parasite growth.8,10

Both dendritic cells (DCs) and macrophages are involved

in the development and efficiency of the Th1 response

against L. major in mice. DCs induce a primary response

against the parasite during infection.11 DCs capture

amastigotes and migrate to regional lymph nodes, where

they become mature, up-regulating major histocompati-

bility complex (MHC) class II and costimulatory mole-

cules, including CD80, CD86 and CD40. Mature DCs

have a great ability to stimulate naı̈ve CD4+ T cells to

develop into Th1 cells.12,13 Macrophages capture the

organisms at the site of inoculation and control intracel-

lular pathogen growth under established Th1 immunity.

Macrophages may either host or kill Leishmania, depend-

ing on the balance of the activities of inducible nitric

oxide synthetase (iNOS) and arginase, which are competi-

tively regulated by cytokines secreted by Th1 and Th2

cells. A Th1 immune response leads to the induction of

iNOS, which results in production of nitric oxide (NO),

which is essential for killing the parasite.14–16 In contrast,

Th2 cytokines stimulate arginase production, which

reduces killing capacity.17–19 Therefore, proper activation

and maturation of antigen-presenting cells (APCs) result-

ing in Th1 immunity is fundamental to parasite control.

Based on the immature profile of the immune system

of aa-fed C57BL/6 mice and the pronounced lack of a

Th1 response to non-specific stimuli,6 we hypothesized

that C57BL/6 mice reared on an aa-diet would exhibit

deficient immunity against L. major. Such a result would

demonstrate the importance of dietary antigenic proteins

in promoting immunity against infections. Herein, we

demonstrate that, indeed, dietary proteins seem to pro-

vide a natural source of stimulation, contributing to the

function of APCs, which is important for the develop-

ment of an efficient Th1 response against L. major.

Materials and methods

Mice

Inbred female C57BL/6 and BALB/c mice were bred and

reared under conventional conditions in our facility. This

study was approved by the local Ethical Committee for

Animal Research (CETEA/UFMG/Brazil).

Diets

Mice were fed experimental diets containing either 15%

casein or equivalent amounts of amino acids from wean-

ing (3 weeks old) until adulthood (8 weeks of age).6 Diets

(Rhoster Indústria e Comércio LTDA, SP, Brazil) were

isocaloric and identical in terms of all other nutrients,

according to the American Institute of Nutrition (AIN-

93G).20 Tap water and diets in solid form as pellets were

given ad libitum.

Evaluation of microbiota morphotypes

Fresh faeces, previously weighed, from mice fed either the

casein diet or the aa diet was collected in sterile tubes.

Decimal dilutions were then made in buffered saline.

Aliquots of 0�1 ml were plated in non-selective blood

agar. Plates were incubated at 37� for 48 hr under anaero-

bic conditions with CO2 gas. Bacteria were identified by

macroscopic observation of the colonies and microscopic

examination of cells with Gram staining.

Parasite, antigen and infection

Leishmania major (WHO MHOM/IL/80/Friedlin) was cul-

tured in Grace’s insect medium (Gibco BRL, Grand

Island, NY) supplemented with 20% heat-inactivated fetal

calf serum (Cultilab, Campinas, Brazil), 2 mM L-glutamine

(Sigma Chemical Co., St Louis, MO), 100 U/ml penicillin

(Sigma Chemical Co.) and 100 lg/ml streptomycin (Sigma

Chemical Co.) at 25�. Promastigotes were collected at the

stationary phase (5th day of culture), centrifuged at 700 g

at 4� for 15 min and washed two times in phosphate-buf-

fered saline (PBS). Mice were infected with 1 · 106 para-

sites in 40 ll of PBS in the left hind footpad.

Measurements of footpad thickness were taken using a

caliper. The lesion size was calculated by subtracting the

value for the uninfected contra lateral footpad from that

of the infected footpad. Antigen was prepared from
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L. major promastigote stationary phase cultures as previ-

ously described.21 Briefly, cells were washed four times in

PBS, the concentration was adjusted to 1 · 108 cells/ml,

and cells were frozen/thawed three times. Antigen was

homogenized and maintained at )20� until use.

Determination of parasite load

The number of living L. major parasites in infected tissues

was determined by limiting dilution, as previously

described.22 Briefly, single-cell suspensions from individ-

ual excised lesions were plated in log-fold serial dilutions

in Grace’s insect tissue culture medium starting with a

1 : 10 dilution. Each sample was plated in quadruplicate

and read microscopically 8 days after the beginning of the

culture. Results were expressed as the mean of the nega-

tive log of the titre, i.e. the dilution corresponding to the

last positive well.

Lymphocyte isolation and cell culture

Spleen and popliteal lymph node cell suspensions were

prepared and adjusted to 5 · 106 cells/ml in RPMI-1640

(Gibco Laboratories) supplemented with 10% fetal bovine

serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 lg/ml

streptomycin, 25 mM HEPES, and 0�05 mM b-mercapto-

ethanol (Gibco Laboratories) and 1 ml was plated in

24-well tissue culture plates. Cells were stimulated in vitro

with concanavalin A (ConA; 5 lg/ml; Sigma Chemical

Co.) or 50 ll of L. major antigen. Supernatants were har-

vested at 24 hr for IL-12 and IL-10 and at 72 hr for IFN-

c, IL-4 and NO analysis. Isolation of lymphocyte and

APC subpopulations was performed by incubation of the

cells with monoclonal antibodies coupled to Microbeads

(Dynal Biotech Inc., Oslo, Norway). Purified APCs and

T cells from different groups of mice were stimulated

in vitro with 50 lg of L. major antigen for 72 hr. Culture

supernatants were harvested and analysed for IFN-c
production.

Cytokine assays and NO measurement

Levels of IL-12p70, IL-4, IL-10 and IFN-c in supernatants

were determined by sandwich enzyme-linked immunosor-

bent assay (ELISA) following the manufacturer’s instruc-

tions (BD Bioscience, San Diego, CA). Briefly,

supernatants were added to microtitre plates (Nunc,

Rochester, NY), previously coated with rat anti-mouse

IL-12, IL-4, IL-10 or IFN-c monoclonal antibody (mAb)

(BD Bioscience) at 1 ± 5 lg/ml and blocked with PBS

containing 0�05% casein. Standards and samples were

added and incubated overnight at 4�. Biotinylated rat

anti-mouse mAb (BD Bioscience) was added, followed by

peroxidase-labelled streptavidin (Sigma Chemical Co.).

Bound cytokine was detected by the addition of H2O2

and o-phenylenediamine. Colour development was read

at 495 nm after addition of 2 N H2SO4. Cytokine levels

were calculated using a standard curve obtained with

recombinant cytokines (BD Bioscience). The NO level in

cell supernatants was determined using Griess reagent.23

This technique evaluates NO levels indirectly by correla-

tion with the measurable levels of NO2
).

Analysis of cell subsets by flow cytometry

Cells were incubated with a combination of fluorescein iso-

thiocyanate (FITC)-conjugated, phycoerythrin (PE)-conju-

gated, biotin-conjugated, allophycocyanin-conjugated or

purified antibodies in the presence of 10% heat-inactivated

normal rat serum at 4� for 30 min. Monoclonal antibodies

used for staining were as follows: PE-labelled rat

anti-mouse CD40, CD80 and CD86; streptavidin- and

PE-labelled rat IgG2a; FITC-labelled rat IgG2a and rat anti-

mouse CD11b; and cychrome-labelled rat anti-mouse

CD11c (purchased from BD Bioscience). Stained cells were

then applied to a FACScan (Becton Dickinson, Mountain

View, CA). All data were analysed using CELLQUEST software

(BD Bioscience, San Jose, CA, USA).

Analysis of IL-12p70 production by peritoneal
macrophages

Peritoneal macrophages were isolated from the perito-

neal cavities of mice injected 72 hr previously with 3%

thyoglycolate. Macrophages were selected by submitting

macrophage-enriched cell suspensions [5 · 106 cells/ml

of Dulbecco’s modified Eagle’s minimal essential med-

ium (DMEM) culture medium] to adhesion in 96-well

plates for 4 hr at 37�, 5% CO2. Non-adherent cells and

supernatants were harvested and plates washed three

times with 200 ll/well of DMEM. Macrophages were

cultured in triplicate in the presence of either DMEM

(control) or lipopolysaccharide (LPS) (20 ng/well) plus

IFN-c (20 ng/well) for 24 hr at 37�, 5% CO2. The

supernatants of the cultured macrophages were then col-

lected for measurement of cytokine production. Concen-

trations of IL-12p70 in culture supernatants were

measured using ELISA kits; the assays were performed

according to the manufacturer’s instructions (R&D,

Minneapolis, MN).

Statistical analysis

Results are expressed as the mean ± standard error of the

mean (SEM). Normal distribution of our samples was

confirmed by the Kolmogorov–Smirnov test. The signifi-

cance of differences between groups was determined by

Student’s t-test or analysis of variance (ANOVA) (Tukey’s

post test). Means were considered statistically different

when P < 0�05.
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Results

C57BL/6 mice fed an amino acid-based diet are
susceptible to L. major infection

Because immunological maturation is required for the

mounting of an efficient immune response to infections,

we investigated the role of dietary protein in the develop-

ment of immunity to an infectious parasite, L. major.

C57BL/6 mice, a strain resistant to L. major infection,

were fed an aa-based diet from weaning to 8 weeks of

age, at which time they were inoculated in the hind foot-

pad with 1 · 106 stationary-phase promastigotes. The

course of infection was followed by measuring the devel-

opment of primary lesions. As shown in Fig. 1a, aa-fed

mice had reduced control of infection 5 weeks post-inoc-

ulation, showing increased footpad swelling as compared

with control casein-fed C57BL/6 mice. However, we also

observed that lesions in aa-fed C57BL/6 mice never

reached the sizes found in the genetically susceptible

BALB/c mice and showed a decline at 12 weeks post-

infection, when lesion size became comparable to that in

control casein-fed C57BL/6 mice (Fig. 1a). When num-

bers of lesion parasites were determined, C57BL/6 aa-fed

mice were found to harbour significantly more parasites

than C57BL/6 control mice and fewer parasites than

BALB/c mice at 7 weeks of infection (Fig. 1b). Twelve

weeks after infection, aa-fed C57BL/6 mice had a reduced

parasite load, although this was not comparable to that of

control mice (Fig. 1c). These results suggested that

C57BL6 mice fed an aa diet were more susceptible to

L. major infection than control mice, but that this suscep-

tibility was not permanent as in the genetically susceptible

BALB/c strain.

C57BL/6 mice fed an aa-based diet and control mice
have similar bacteria counts in the intestine

We previously reported that adult aa-fed mice exhibited

an immature immune system.6 Herein, we found that

the immaturity of aa-fed mice interfered with their resis-

tance to L. major infection. Germ-free mice also show

features of immunological immaturity such as poorly

developed gut-associated lymphoid tissue (GALT), as

well as low levels of secretory IgA and of serum IgG

and IgA.24 Therefore, our first aim was to determine

whether withdrawal of dietary proteins would affect the

number of bacteria present in the intestinal microbiota.

Table 1 shows that aa-fed mice and control mice had

similar numbers of total morphotypes, and Gram-posi-

tive and Gram-negative bacteria in their intestinal con-

tent, suggesting that the drastic changes observed in aa-

fed mice6 were not attributable to an alteration in the

amount of intestinal microbiota.
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Figure 1. Susceptibility to Leishmania major infection of amino acid (aa)-fed C57BL6 mice. (a) Casein-fed BALB/c (s), aa-fed C57BL/6 (D) or

casein-fed C57BL/6 ( ) mice were infected with L. major promastigotas (1 · 106). Lesion size was monitored for 12 weeks and is expressed as
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between groups of C57BL/6 mice (P < 0�05).
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C57BL/6 mice fed an aa-based diet develop reduced
Th1 immunity to L. major

Because Th1 immunity is associated with resistance to

L. major, and C57BL/6 aa-fed mice were previously found

to have a decreased Th1 response in vitro to a non-

specific stimulus, we next investigated the possibility that

the increased susceptibility to L. major in this model is

associated with a deficient Th1 response to the parasite.

To test this, we determined IFN-c production by lym-

phoid cells obtained from aa-fed and control mice 7 and

12 weeks after infection. Compared with controls, lym-

phoid cells from C57BL/6 aa-fed mice produced lower

levels of IFN-c in vitro following stimulation with parasite

antigen. Interestingly, this reduced level was maintained

throughout the 12-week post-infection monitoring period

(Fig. 2a). Indeed, the IFN-c response to L. major antigen

in aa-fed C57BL/6 mice was very similar to that found in

BALB/c mice (Fig. 2a). Therefore, these results demon-

strate a deficient Th1 response against L. major in aa-fed

C57BL/6 mice.

Based on these results, we extended our analysis to

evaluate the capacity of aa-fed C57BL/6 mice to pro-

duce NO2
) (an indirect measurement of NO). As

expected, aa-fed C57BL/6 mice produced reduced levels

of synthesis in response to L. major at 7 weeks but not

at 12 weeks post-infection (Fig. 2b). The lack of NO

production would favour parasite growth, which might

account for the high parasite load we found in aa-fed

mice.

To test whether the decrease in the Th1 response was

associated with a skewed immune response, the Th2 cyto-

kine IL-4 was evaluated. Unlike lymphoid cells from

BALB/c mice, which produce high levels of IL-4 in

response to L. major, cells from aa-fed C57BL/6 mice

secreted undetectable levels of IL-4, similar to the casein-

fed C57BL/6 group (Fig. 2c). Thus, no apparent deviation

towards a Th2 type response was detected in the

increased susceptibility to L. major in aa-fed C57BL/6

mice. As IL-10 is a cytokine involved in down-modulating

Table 1. Fecal bacteria counts from Cas-fed and aa-fed C57BL/6

mice

Cas-diet aa-diet

Total morphotypes 7�70 + 0�38 7�79 + 0�44

Gram-positive bacteria 6�06 + 0�16 6�92 + 0�77

Gram-negative bacteria 1�95 + 0�16 0�77 + 0�71

Feces from 8-week old C57BL/6 mice fed either Cas-diet or aa-diet

since weaning were collected and plated in blood agar gel. Gram

staining was used to distinguish Gram-positive and Gram-negative

sub-types. Number of bacteria were counted as colony forming

unities (CFU) and numbers represent log CFU/gram of feces.

Cas-fed mice = 10; aa-fed mice = 29.

Differences between groups were calculated by Student t-test,

(P < 0�05).
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Figure 2. Amino acid (aa)-fed C57BL6 mice develop a weak T helper type 1 (Th1) response. Cell cultures from the spleen and popliteal lymph
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IFN-c production and inflammatory reactions in infec-

tions with many parasites, including L. major, we analysed

the production of this cytokine during infection.

Although levels of IL-10 did not play an important role

in the immune response of aa-fed C57BL/6 mice at

7 weeks after parasite inoculation, there was a significant

increase in the levels of this cytokine 12 weeks after inoc-

ulation at levels comparable to those produced by BALB/c

mice (Fig. 2d).

APCs from aa-fed C57BL/6 mice express low levels of
the costimulatory molecules CD40 and CD80

It has been shown that a deficiency in the engagement

between APCs and naı̈ve T cells during L. major infection

results in inefficient control of the parasite. We thus

investigated the role of APCs in C57BL/6 aa-fed mice

infected with L. major. As CD40, CD80 and CD86 mole-

cules have been shown to be potent costimulatory mole-

cules activating naı̈ve T cells in response to L. major, we

first compared expression of these molecules on APCs of

naı̈ve C57BL/6 aa-fed mice before infection with the pro-

file of suckling mice to characterize their costimulatory

maturity status. Flow cytometry analysis of these mole-

cules in the gated CD11c+ population from the spleens

and mesenteric lymph nodes of suckling and adult aa-fed

mice showed very similar patterns of expression of these

molecules, which significantly differed from those of adult

mice on a casein diet (Fig. 3a). These results therefore

suggest that dietary proteins are important for the process

of maturation of APCs. We then performed the same

analysis after infection. When expression of costimulatory

molecules was analysed by flow cytometry in the gated

CD11c+ (dendritic cell) and CD11b+ CD11c) (macro-

phage) populations from spleens of infected mice, we

found that CD11b+ CD11c) cells from aa-fed C57BL/6

mice displayed reduced expression of the surface markers

CD40 and CD80, similar to the pattern found on cells of

BALB/c mice (Fig. 3b). Moreover, CD11c+ cells from

aa-fed C57BL/6 mice expressed reduced levels of CD40

compared with the control C57BL/6 mice (Fig. 3b).

To further investigate the state of maturation of macro-

phages of aa-fed mice, we tested the in vitro production

of IL-12p70 by stimulated peritoneal macrophages iso-

lated from BALB/c and C57BL/6 mice that were fed either

a control diet (casein) or an aa diet. There was a signifi-

cant reduction in IL-12p70 production by macrophages

isolated from aa-fed mice (of both strains) as compared

with those isolated from control casein-fed mice (Fig. 3c).

This suggests that, in addition to their low expression of
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CD40 and CD80 during infection, macrophages from

adult aa-fed naı̈ve mice had features of functionally

immature cells.

APCs from aa-fed mice stimulate a low Th1 response
to L. major antigen

To investigate whether the immaturity of APCs from

C57BL/6 aa-fed mice was related to the low Th1 response

observed upon infection in these mice (Fig. 4a), we analy-

sed the capacity of APCs from C57BL/6 aa-fed mice to

stimulate T cells in vitro upon stimulation with L. major

antigen. After infection with L. major, T cells and APCs

were purified from aa-fed and control C57BL/6 mice

using magnetic beads, and the isolated populations were

stimulated at different combinations in vitro with

L. major antigen. We used a ratio of 1 : 5 for all APC:

T-cell combinations. As expected, production of IFN-c by

isolated populations from the same donor was consistent

with the results obtained for total populations (Fig. 4a).

However, T cells from aa-fed mice when activated with

APCs from control mice recovered their capacity to pro-

duce IFN-c in response to L. major antigen. Moreover,

T cells from control mice, which were able to produce

large amounts of IFN-c upon activation with control

APCs, failed to produce IFN-c in the presence of APCs

from aa-fed mice (Fig. 4b). Therefore, our results suggest

that dietary proteins provide a natural source of stimula-

tion important for the process of up-regulation of costim-

ulatory molecules on APCs, which is an important

mechanism for Th1 immunity to infectious agents, such

as L. major.

Discussion

In the present study, we showed that food antigens are

important in early life for the development of immunity

against L. major. We found that aa-fed C57BL/6 mice,

which are genetically resistant to L. major infection,

exhibited enhanced footpad lesions and high numbers of

parasites. We also found lower levels of IFN-c and NO,

suggesting that the capacity of these mice to kill the

parasite was also impaired. Analysis of APCs (dendritic

cells and macrophages) of aa-fed mice revealed deficient

levels of costimulatory molecules (CD40 and CD80),

reduced production of IL-12p70 by macrophages and

low capacity of APCs to stimulate a T-cell response.

This profile, which is consistent with an immature phe-

notype of APCs, is associated with a deficient capacity

to mount a Th1 immune response to L. major. Analysis

of the amount of microbiota in the intestinal contents

of aa-fed mice showed no alteration, suggesting that

there is no change in intestinal bacteria numbers that

may account for the immaturity of aa-fed mice. Our

results suggest that natural antigenic stimulation in the

gut and subsequent host immunity are intertwined,

determining activation of immune pathways that eventu-

ally lead to positive regulation of the host immune

response.

Leishmaniasis is a disease that is endemic in underde-

veloped countries. Immunological and epidemiological

studies suggest that effective immunity in hosts can be

developed. However, the high prevalence in these popula-

tions is a result not only of genetic but also of environ-

mental factors. Two environmental factors are nutritional

inadequacies and onset of infection in early life.25

Perhaps, in these two situations, the immaturity of the

immune system may play a role.

In the light of the discovery of the Th1/Th2 paradigm

in leishmaniasis, it is clear that genetically resistant mouse

strains are able to respond to L. major through Th1

immunity, but strains that are unable to mount a Th1

response against the parasite are susceptible to the infec-

tion.26 Interestingly, although the increased susceptibility

to L. major observed in our aa-fed mouse model was

associated with an impaired Th1 response, Th1/Th2

deregulation, which appears to be the mechanism

involved in the development of lesions in the genetically

susceptible BALB/c strain, was not observed. T cells from

aa-fed C57BL/6 mice showed a reduction in the levels of

IFN-c but no change in IL-4 production. Therefore, our

data broaden the sources of regulation of Th1 immunity

beyond genetic factors to include environmental factors,

such as dietary proteins, which appear to enhance Th1

immunity against infections.
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Figure 4. Antigen-presenting cells (APCs) from C57BL/6 amino acid

(aa)-fed mice are unable to induce a T helper type 1 (Th1) response

to Leishmania major antigen. Lymphocytes and APC populations

from aa-fed mice and the control group were isolated by incubation

with monoclonal antibodies coupled to microbeads. (a) Spleen cells

from casein-fed (C) and aa-fed mice and (b) different combinations

of purified APCs and T cells, at a ratio 1 : 5, from different groups

of mice (b) were stimulated in vitro with 50 lg of L. major antigen

for 72 hr. Culture supernatants were harvested and analysed for

interferon (IFN)-c production by enzyme-linked immunosorbent

assay (ELISA). Values are the mean ± standard error of the mean for

five mice per group and are representative of results of two separate

experiments. Different letters show statistical difference between

groups (P < 0�05).
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In addition, we observed that aa-fed C57BL/6 mice

were more susceptible to L. major infection and presented

lesions that were larger than those found in casein-fed

C57BL/6 mice. Nevertheless, these lesions never reached

the size of lesions displayed by BALB/c mice, and a clear

reduction to lesion sizes comparable to those of casein-

fed C57BL/6 mice were found at 12 weeks post-infection.

Lesions associated with L. major infection are composed

of parasites and inflammatory cells that are recruited to

the site of infection. We found that a decrease in the

lesion sizes of aa-fed C57BL/6 mice 12 weeks after infec-

tion was associated with a reduction in the parasite load.

In addition, the high levels of IL-10 at this time-point

might also play a role in the reduction of lesion size

observed in aa-fed C57BL/6 mice by immunomodulating

the recruitment and local proliferation of inflammatory

cells. Therefore, the susceptibility to L. major infection of

aa-fed C57BL/6 mice was transitory. Indeed, we have

shown previously that the immature state of adult aa-fed

C57BL/6 mice is not permanent and immunological

maturity can be restored by feeding a diet containing

10% protein for a period as short as 72 hr.27

The immature immunological state of aa-fed mice is

similar to that reported for germ-free mice. These animals

also show poorly developed GALT, and low levels of secre-

tory IgA and serum IgG and IgA.24 Analysis of the total

number of Gram-positive and Gram-negative bacteria in

the intestinal contents of aa-fed C57BL6 showed no alter-

ation, suggesting that replacement of proteins by amino

acids does not result in a reduction of intestinal microbiota.

A recent study on the effect of elemental diet (ED) in a coli-

tis model using CB-17 severe combined immunodeficiency

(SCID) mice into which IL-10)/) cells were transferred

showed that ED-fed mice have reduced total amounts of

faecal bacteria.28 Our data on aa-fed mice may not be com-

parable to the results obtained in animals fed an ED. The

experimental diet we used had carbohydrates, lipids and all

other components in their native form; only proteins were

replaced by amino acids. The possibility remains that the aa

diet exerts effects on the specific microbiota component

that colonizes the gut. This possibility is currently being

tested. However, the drastic arrest in immunological matu-

ration presented by aa-fed mice6 is only comparable to that

found in germ-free animals and it is unlikely that more

subtle alterations in microbiota would yield similar results.

The mechanisms underlying Th1 differentiation are

complex and involve accessory cells and molecules. The

contribution of mature APCs in Th1 differentiation is

evident. Immature APCs such as found in neonates show

little or no increase in expression of costimulatory

markers such as CD40, CD80 and human leucocyte anti-

gen (HLA)-DR. These cells produce low levels of

pro-inflammatory cytokines such as IL-12 and are unable

to induce Th1 immunity.29–31 Other studies also showed

that dendritic cells from neonates exhibited diminished

endocytotic activity as well as decreased capacity to stim-

ulate T cells.32–34 However, it has been demonstrated that,

under optimal costimulatory conditions or with allogenic

dendritic cells, neonatal and adult T-cell responses are

similar, showing the immunocompetence of the

T cells.34,35 The increased susceptibility of neonates to

infections in general has been ascribed to the immaturity

of their immune system, and, more specifically, to the

particular conditions of antigen presentation and T-cell

priming.36,37 In agreement with these results, we found

that APCs isolated from the spleens and mesenteric

lymph nodes of aa-fed adult C57BL/6 mice expressed

CD40, CD80 and CD86 at levels similar to those of APCs

from suckling mice. CD40 and CD80 expression were also

decreased on dendritic cells and macrophages from aa-fed

C57BL/6 mice infected with L. major.

It has been well demonstrated that dendritic cells up-

regulate MHC class I and II, and CD86 and CD40 surface

molecules after ingestion of promastigotes of L. major in

genetically resistant mouse strains, indicating that matura-

tion of these cells is a critical mechanism involved in the

resistance to the parasite. Susceptibility to L. major infec-

tion has been linked to a deficiency in the engagement

between CD40 and CD40L.8,38–44 Furthermore, B7-medi-

ated costimulation is required for the development of the

early immune response following infection of either resis-

tant or susceptible mice.45 Therefore, activation and mat-

uration of APCs with expression of MHC molecules,

CD40 and CD80 on the surface of APCs is fundamental

to the process of costimulation of T cells for an efficient

response to L. major infection.

After endocytosis, APCs from resistant mice produce

pro-inflammatory cytokines such as IL-12. IL-12 is a

cytokine that is determinant in the CD4+ T-cell differenti-

ation to Th1.46 Infected macrophages of C57BL/6 mice

produce high levels of IL-12 and are able to drive Th1

immunity. However, it has been reported previously that

APCs from neonates are deficient in pro-inflammatory

cytokine secretion.47 Consistent with the results for co-

stimulatory molecule expression, production of IL-12p70

by peritoneal macrophages of pre-weaning and aa-fed

C57BL/6 and BALB/c mice was significantly reduced com-

pared with macrophages from control casein-fed mice. As

important APCs and target cells in L. major infection,

macrophages may have a critical role in determining the

activation of effective T-cell immunity.

As antigens are captured and processed, up-regulation

of costimulatory molecules and cytokine production takes

place to promote activation of T cells. By culturing isolated

T cells and APCs, we found that APCs from C57BL/6

aa-fed mice were unable to induce Th1 polarization in

response to L. major antigen, regardless of the source of

T lymphocytes. Our results indicate that APCs from

aa-fed mice infected with L. major were deficient in the

process of maturation towards efficient Th1 inducers,
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presumably as a consequence of the lack of external21

stimulation normally provided by dietary protein antigens

during development.

To date, no data have shown that dietary antigens are

important for the development of immunocompetence

and infection resistance. There have been studies report-

ing a decrease in the immune response of protein-energy

malnourished BALB/c mice to Leishmania chagasi

vaccination.48 Studies from other groups confirm the

influence of protein malnutrition on effective immune

responses to Leishmania infection.49 These authors used

a diet with as little as 3% protein content, and the ani-

mals showed all the signs of malnutrition. In our model,

dietary proteins were not simply removed or reduced;

they were replaced by equivalent amounts of amino

acids. The nutritional state of aa-fed animals was found

to be normal when determined using several nutritional

parameters (serum protein and albumin levels, blood cell

count, fur appearance, and behaviour; data not shown).6

Therefore, we ascribed the changes we found to a direct

stimulatory effect of antigenic dietary proteins in the

immune system rather than an indirect impact of mal-

nutrition.

Nevertheless, it is tempting to speculate that a similar

immature profile of APCs might be present in immature

immune states, such as in young children and in protein

malnutrition states, in which environmental factors

account for the increased susceptibility to L. major. The

stimulatory effects of food proteins in APC maturation

and T-cell activation may further demonstrate the critical

role of a well-balanced diet not only for general health

but also for the proper development of immunity.

Acknowledgements

This work was supported by CNPq and FAPEMIG grants

and research fellowships from CNPq (to AMCF and LQV)

and CAPES (to JSM and JFA), Brazil. We thank Ilda Marçal
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