
Trypanosoma cruzi infection induces a massive extrafollicular and
follicular splenic B-cell response which is a high source of

non-parasite-specific antibodies

Introduction

Chagas’ disease is a chronic disease that constitutes a

public health problem in Latin America and represents

one of the greatest tropical disease burdens after malaria

and schistosomiasis.1 Trypanosoma cruzi, the protozoan

blood-circulating parasite responsible for Chagas’ disease,

triggers the production of parasite-specific and autoreac-

tive antibodies as well as of high levels of antibodies

with unknown specificity.2 In experimental infection in

mice the parasite-specific antibody response is detectable

only after 2 weeks of infection, when parasitaemia is

high. Interestingly, the parasite-specific response is maxi-

mal after 4 weeks of infection and remains at a plateau

during the chronic phase when parasites are rare.3 In

contrast to the humoral response in the chronic stage,

which shows a preferential IgG2a pattern, the anti-

T. cruzi response in murine acute infection comprises all

the different immunoglobulin isotypes: IgM, IgG1, IgG3,

IgG2a and IgG2b.3

The humoral response elicited against the parasite

antigens is critical to control the spread of parasites.4,5

Indeed, we reported that signals that enhance plasma cell

differentiation and antibody secretion promote parasite
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Summary

Acute infection with Trypanosoma cruzi, the aetiological agent of Chagas’

disease, results in parasitaemia and polyclonal lymphocyte activation. It

has been reported that polyclonal B-cell activation is associated with

hypergammaglobulinaemia and delayed parasite-specific antibody response.

In the present study we analysed the development of a B-cell response

within the different microenvironments of the spleen during acute T. cruzi

infection. We observed massive germinal centre (GC) and extrafollicular

(EF) responses at the peak of infection. However, the EF foci were evident

since day 3 post-infection (p.i.), and, early in the infection, they mainly

provided IgM. The EF foci response reached its peak at 11 days p.i. and

extended from the red pulp into the periarteriolar lymphatic sheath. The

GCs were detected from day 8 p.i. At the peak of parasitaemia,

CD138+ B220+ plasma cells in EF foci, red pulp and T-cell zone expressed

IgM and all the IgG isotypes. Instead of the substantial B-cell response,

most of the antibodies produced by splenic cells did not target the parasite,

and parasite-specific IgG isotypes could be detected in sera only after

18 days p.i. We also observed that the bone marrow of infected mice pre-

sented a strong reduction in CD138+ B220+ cells compared with that of

normal mice. Hence, in acute infection with T. cruzi, the spleen appears to

be the most important lymphoid organ that lodges plasma cells and the

main producer of antibodies. The development of a B-cell response during

T. cruzi infection shows features that are particular to T. cruzi and other

protozoan infection but different to other infections or immunization with

model antigens.

Keywords: antibody responses; B cells; Chagas’ disease; germinal centre;

parasite

Abbreviations: EF, extrafollicular; GC, germinal centre; PALS, periarteriolar lymphatic sheath; PNA, peanut agglutinin.
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clearance.6 Nevertheless, the immune response induced

during infection does not seem to be sufficient to com-

pletely eradicate the pathogen and, therefore, allows

chronic infection. The causes of this incomplete parasite

clearance in the presence of a considerable humoral

response are a matter of study. Most of the studies

addressing the impact of T. cruzi infection on B-cell

compartments have been focused on antibody produc-

tion, the final product of plasma cells, or on B-cell pop-

ulations analysed by flow cytometry.3,7,8 At present there

is not an overall picture about how the generation of

antibody response occurs during an ongoing T. cruzi

infection.

In a typical response against a foreign protein, B cells

start to proliferate and differentiate into antibody-secret-

ing cells after the encounter with the antigen in the pres-

ence of T-cell help. After B-cell receptor engagement,

activated B cells migrate to the interface between the

T-cell and B-cell zones and expand as a consequence of

signals derived from CD4+ helper T cells.9 Later, activated

B cells can migrate to either the follicles to form germinal

centres (GC) or the bridging channels and red pulp of

the spleen to form extrafollicular (EF) foci. In GC, prolif-

erating B cells expand within a mantle zone of naive fol-

licular B cells as secondary follicles. There, B blasts

undergo affinity maturation through somatic hypermuta-

tion followed by selection based on antigen and T-cell

recognition.10–12 A proportion of the antigen-selected B

cells eventually differentiate into plasmablasts/plasma cells

or memory B cells. In the spleen, EF B-cell proliferation

and plasma cell differentiation occur in the periarteriolar

lymphocytic sheaths (PALS). In T-cell-dependent EF

responses, plasma cells secrete antibodies that may be

either switched or unswitched (IgM),9,13 but that are in

general of modest affinity.

The humoral response during infectious processes dif-

fers considerably from the standard response triggered by

model purified protein antigens. Perhaps the antigenic

mosaic and the inflammatory response induced by the

different micro-organisms are responsible for the complex

humoral response they cause. For example, in mice Sal-

monella induces a massive EF response the induction of

which is T-cell-independent but where immunoglobulin

switching is T-cell-dependent. This T-cell-independent

induction reflects, in part, the ability of Salmonella cell

wall proteins to be recognized by B1b cells.14,15 In con-

trast to EF responses that are rapid, GC formation is

delayed until 1 month after infection.14 In other infec-

tions, such as those with Leishmania major, substantial

GCs are detectable by 5 days post-infection (p.i.), and can

account for approximately 10% of white pulp area at this

time.16 This emphasizes that B-cell responses to patho-

gens can vary depending upon the characteristics of the

pathogen and the infection. Elucidating how these

responses develop is likely to help in understanding how

and when antibodies can help control the infection and

prevent further re-infection.

In this work we performed a detailed immunohisto-

logical analysis of the spleen of T. cruzi-infected mice at

different intervals after infection, and we correlated these

findings with antibody production. Our results describe

the remarkable features of the splenic B-cell response

during an ongoing T. cruzi infection, providing new

information to understand how parasite-specific and

parasite-non-specific humoral responses develop.

Material and methods

Reagents

RPMI-1640 and red blood cell lysis buffer (Sigma Aldrich,

St Louis, MO); L-glutamine (Life Technologies, Paisley,

UK) and fetal bovine serum (Gibco, Grand Island, NY)

were used; other chemical reagents were of analytical

grade.

Infection with T. cruzi

BALB/c mice were originally obtained from Comisión

Nacional de Energı́a Atómica, Buenos Aires, Argentina

and housed in our animal facility, where all experiments

were performed in compliance with the Institutional

Review Board and Ethical Committee of the School of

Chemical Sciences, National University of Cordoba.

BALB/c mice, 6–8 weeks old, were intraperiteonally

infected with 500 trypomastigotes from T. cruzi (Tulahuén

strain) diluted in physiological solution, as previously

described.17 Non-infected normal littermates were injected

intraperitoneally with physiological solution and processed

in parallel. At different times after infection blood was

collected by retro-orbital bleeding and after that, mice

were killed by cervical dislocation and the spleen, lymph

organs, bone marrow and peritoneal cells were obtained.

Parasitaemia counts

After blood collection, erythrocytes were lysed in a 0�87%

ammonium chloride buffer, and viable trypomastigotes

were counted in a Neubauer counting chamber.18

Cell preparation

Spleens obtained in one experimental group were pre-

pared for histology and immunohistology. In other exper-

imental groups, spleens and inguinal lymph nodes were

obtained and homogenized through a tissue strainer. Peri-

toneal cells were obtained by peritoneal washouts and

bone marrow cells were isolated by flushing femurs and

tibias of mice with RPMI-1640. When it was necessary,

red blood cells were lysed for 5 min in Tris–ammonium
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chloride buffer. Viable mononuclear cell numbers were

determined by trypan blue exclusion using a Neubauer

counting chamber.

Flow cytometry studies

Spleen or bone marrow cell suspensions were washed twice

in ice-cold FACS buffer (Physiological solution, 2% fetal

bovine serum) and pre-incubated with anti-mouse CD32/

CD16 monoclonal antibody (mAb; Fc block) for 30 min at

4�. The cells were then incubated with each phycoerythrin,

FITC, or biotinylated antibody purchased from BD Phar-

mingen (Franklin Lakes, NJ) for 30 min at 4� and washed

with FACS buffer. Data were acquired on a FACSCanto II

cytometer (Becton Dickinson, San Jose, CA) and analysed

using FACSDIVA (Becton Dickinson) software.

Immunohistology

Spleens were wrapped in aluminium foil snap, frozen by

repeated dipping in liquid nitrogen and stored at ) 70�.

Spleens were embedded in cold OCT compound (Sakura,

Zoeterwede, the Netherlands), and serial 5-lm cryosec-

tions were mounted on four-spot glass slides (Hendley

Essex, Loughton, UK), air-dried before fixation in acetone

at 4� for 20 min, and stored at ) 20�. The following

reagents were used: rat anti-mouse CD3 (KT3) and rat

anti-mouse IgM (LO MM 9; Serotec, Oxford, UK); rat

anti-mouse syndecan-1 (CD138, 09341D; BD PharMingen,

Oxford, UK); rat anti-mouse IgG1, IgG2a, IgG2b and

IgG3 (Serotec, UK); biotinylated peanut agglutinin (PNA;

Vector Laboratories, Burlingame, CA); rabbit anti-mouse

Ki67 (a gift from Johannes Gerdes, Borstel, Germany),

swine anti-rabbit immunoglobulin, rabbit anti-horseradish

peroxidase (HRP) complexes, biotinylated rabbit anti

rat immunoglobulin and alkaline phosphatase-labelled

StreptABC complex (Dako, Cambridgeshire, UK), sheep

anti-mouse IgD, HRP-labelled donkey anti-sheep/goat

immunoglobulin (The Binding Site, Birmingham, UK).

Immunohistology was performed as previously

described.19 In brief, primary antibodies were added to

thawed sections for 1 hr at room temperature, followed by

washing and HRP- or biotin-labelled secondary antibodies

for 45 min. After another wash, alkaline phosphatase-

labelled StreptABC complex was added. The HRP activity

was detected with freshly prepared diaminobenzidine tetr-

ahydrochloride solution containing hydrogen peroxide.

Alkaline phosphatase activity was detected using the sub-

strate Naphthol AS MX phosphate (0�4 mg/ml) and the

chromogen Fast Blue BB salt (1 mg/ml; Sigma Aldrich,

Poole, UK) in 50 mM Tris-buffered saline (pH 9�2), con-

taining 0�8 mg/ml levamisole (Sigma Aldrich) to inhibit

endogenous phosphatases, and 3�8% v/v N,N-dimethylfor-

mamide (Sigma Aldrich). The slides were then mounted

in Immu-Mount (Thermo Shandon, Pittsburgh, PA).

Total immunoglobulin determination

Splenic cells from normal or T. cruzi-infected mice were

cultured with medium for 30 hr. Total IgM and IgG iso-

type levels (in ng/ml) were determined by ELISA as pre-

viously described.18,20 In brief, plates were coated with

2�5 lg/ml of the isotype-specific goat anti-mouse anti-

body (IgM, IgG1, IgG2a, IgG2b and IgG3; Sigma

Aldrich) overnight at 4�, and blocked with 1% BSA.

Culture supernatants were incubated overnight at 4�.

Peroxidase conjugate anti-mouse IgG or anti-mouse IgM

(2�5 lg/ml) were added and incubated for 1 hr at 37�.

The reaction was developed with TMB Substrate Reagent

(BD OptEIA�). The concentration was measured with

reference to standard curves using known amounts of

the respective murine immunoglobulin isotypes (Sigma

Aldrich).

Parasite-specific serum antibody determination

For ELISA, T. cruzi antigens were prepared from epi-

mastigote (Tulahuén strain) harvested from cultures in

monophasic medium.21 The epimastigotes were broken

by three cycles of freezing at ) 20� and thawing. The

freeze–thawed parasites were centrifuged at 105 000 g for

30 min at 4� and the supernatant (F105) was used as

antigen for ELISA.22 The titres of T. cruzi-specific seric

IgM and IgG subclasses were determined at intervals after

infection by ELISA as described.22,23 The ELISA test sera

were considered positive if the mean optical density value

was two standard deviations above the mean value for

control sera assayed in parallel.

Statistical analysis

Statistical significance of comparisons of mean values was

assessed by a two-tailed Student’s t-test or non-parametric

Mann–Whitney U-test using GRAPH PAD software. In the

case of T. cruzi-specific antibodies, mean values were

assessed by a one-way non-parametric Kruskal–Wallis

test. P < 0�05 was considered significant.

Results

T. cruzi infection generated an increase in splenic
B-cell populations

It has been previously shown that T. cruzi infection

induces a marked increase in the number of total splenic

B cells.7 Using flow cytometry, we found that T. cruzi-

infected mice showed an increase in B220+ IgM+ IgD+

(mature B2) (Fig. 1a) and B220+ IgM+ IgD– cells (imma-

ture and/or activated B cells) (Fig. 1b). A population of

B220+ IgM– IgD– cells was also increased (Fig. 1c). This

population is probably comprised of plasmablast and/or
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plasma cells because no changes in B220+ dendritic cells

were detected (data not shown).

T. cruzi induced massive and persistent splenic EF
and GCs B-cell responses

To characterize the features of the B-cell response, and to

determine the location of the different B-cell populations

including plasmablasts and plasma cells, a detailed immu-

nohistology study in the spleen of T. cruzi-infected mice

was performed. Infection with the parasite induced a

rapid EF response that preceded GC formation (Fig. 2a)

so that EF foci of plasmablasts (CD138+) were detectable

by day 3 p.i. Later, by day 18 p.i. EF foci and GCs occu-

pied comparatively similar areas of the spleen and this

was sustained at least up to day 32 p.i. (Fig. 2a). The

impressive GC formation is shown in Fig. 2(b). The GCs

were observed as packed Ki67+ proliferating cells (upper

photograph), unstained areas (middle photograph) and as

PNA+ areas (lower photograph). By this time EF areas

containing non-proliferating (Ki67–) CD138+ plasmacy-

toid cells could be distinguished. Interestingly, when para-

sitaemia reached its highest level (between days 11 and 15

p.i.; see Supplementary Information Fig. S1), a massive

EF response could be observed. Figure 3 shows the EF

plasmacytoid cells (CD138+, Fig. 3a) extended inside from

the classical sites of EF plasmablast growth and displaced

broad sections of the T-cell zones (CD3+) (Fig. 3b).

Although plasmacytoid cells occupied a substantial por-

tion of the white pulp where T cells are normally found,

apparently, T cells and plasmacytoid cells did not overlap

(Fig. 3). This invasion of T-cell zone space is not a dis-

tinct characteristic of T. cruzi infection. In fact, a similar

picture is observed in infections produced by other

parasites, such as Plasmodium.24,25

Most GCs developed, as expected, within follicles, but

from day 18 of infection T. cruzi-infected mice also had

ectopic proliferating GC structures in the red pulp con-

sisting of elongated collections of PNA+ Ki67+ cells

(Fig. 4a). A representative photograph of immunohistolo-

gy shows ectopic GC-like structures that are PNA+

(stained in blue), surrounded by the follicular mantle

(IgD+ cells, stained in brown) (Fig. 4b). Taken together,

the results demonstrate that both GC (follicular) and EF

B-cell responses were mounted in mice with experimental

Chagas’ disease.

Immunoglobulins production by EF and GC
responses

Analysing the antibody isotype profile expressed by

plasma cells in EF foci, red pulp and T-cell zone by

immunohistology, we observed that until 11 days p.i. IgM

was mainly expressed by EF plasma cells (Fig. 5a). By

18 days p.i., EF plasma cells and plasma cells in the red

pulp and T-cell zone expressed IgM, IgG2a, IgG3 and also

IgG1, although at lower level. On days 25 and 32 p.i. the

majority of plasma cells switched equally to all IgG

isotypes (Fig. 5b).

As an indirect way to quantify the immunoglobulin

production by plasmablast/plasma cells described above,

we studied the concentration of immunoglobulin isotypes

in the culture supernatant of splenic cells incubated for

48 hr. Splenocytes from mice with 8 days of infection

secreted increased levels of IgG2a and IgG3 compared

with splenocytes from non-infected control and these lev-

els remained elevated at all subsequent times. Levels of
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Figure 1. B-cell subset numbers in Trypanosoma cruzi infection.

Splenic cells from normal (day 0) or T. cruzi-infected mice were

obtained at different days post infection (p.i.). Graphs show absolute

number of (a) IgM+ IgD+ B220+ cells (mature B2 cells), (b)

IgM+ IgD) B220+ cells (immature and/or activated B cells) and (c)

IgM) IgD) B220+ cells at different days p.i. Diamonds represent the

value obtained from each mouse. The lines represent the median

value in each analysed group. The statistically significant difference

between normal (day 0) and infected mice is shown as * in each

graph (P < 0�01). Results are representative for four individual

experiments.
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IgM remained comparable to those in controls in most

cultures, although a small, but significant, increase in IgM

concentration was detected in the culture supernatant of

splenocytes obtained at days 11 and 18 p.i. IgG1 levels

increased after 11 days of infection but less than IgG2a

(Fig. 6). Indeed, the isotype IgG2a dominated the anti-

body response by splenic B cells with > 300 ng/ml of

antibody detected from day 18 p.i. Despite the high con-

centration of antibodies quantified in culture superna-

tants, no reactivity against parasite antigens was detected

by ELISA using either parasite lysates or recombinant

antigens (data not shown). In contrast, serum parasite-

specific IgM was detectable after day 11 of infection and

reached peak titres on day 18 p.i. (Fig. 7). The detection

of peak titres coincided with the fall in parasitaemia (see

Supplementary Information Fig. S1). Specific IgG1 and

IgG2a were present at day 18 and rose further on days 25

and 32. Although switching to all four IgG subclasses was

seen after 18 days of infection, IgG2b and IgG3 appeared

earlier than IgG1 and IgG2a (Fig. 7).

Massive splenic B-cell response is a high source of
antibodies in T. cruzi infection

It has been demonstrated that plasma cells can survive for

long periods in the appropriate niches. The migration of

plasmablasts from the spleen to these niches, such as the

bone marrow, is important for the generation of long-

lived antibody responses,26,27 which are necessary for pro-

tection against further infection. To analyse whether the

massive plasmablast generation provided plasma cells for

the bone marrow, we evaluated the presence of plasma

cells (B220+ CD138+) in the bone marrow of T. cruzi-

infected mice. We observed that T. cruzi-infected mice

undergoing the acute phase of infection (days 8 and 18

p.i.), showed a large reduction in the percentage (Fig. 8a)

and number of CD138+ cells in the bone marrow

(Fig. 8b).

Based on the absence of plasma cells in bone marrow,

and to compare the contribution of splenic antibody-

secreting cells to the pool of circulating antibodies with

that of other lymphoid organs, we determined the con-

centrations of immunoglobulins produced by the cells

from spleen, inguinal lymph nodes, peritoneum and bone

marrow. The values were expressed as immunoglobulin

concentration/lymphoid tissue total cells. Spleen was the

most important source of all IgG isotypes, providing

more than 100 000 ng total IgG, followed by inguinal
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Figure 2. Germinal centres (GCs) and extrafollicular (EF) splenic B-

cell responses in T. cruzi infection. (a) Semi-quantitative histological

analysis of splenic B-cell response. Slides from the immunohistologi-

cal analysis were assessed by two people independently as the extent

of reaction in arbitrary units (zero = the level seen in non-infected

mice and 6 = a maximum response). The mean score for four mice

in each group at each time-point is depicted. GCs were identified as

PNA+ Ki67+ areas. EF foci were defined as CD138+ PNA) Ki67).

(b) Photomicrographs of serial sections from the same spleen

obtained from 32-day Trypanosoma cruzi-infected mice stained with:

anti-Ki67 and anti-CD138 (upper photograph), anti-IgD and anti-

CD3 (middle photograph) and anti-IgD and peanut agglutinin

(PNA; lower photograph). The inset shows, at high power, Ki67

expression by some of the plasmacytoid cells in part of an EF focus.

The sections shown are representative of four mice at this time-

point. GC, germinal centre; EF, extrafollicular; TZ, T-cell zone.
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lymph nodes and peritoneal cavity (Fig. 9). In accordance

with the low number of plasma cells, the production of

immunoglobulins by bone marrow was almost undetect-

able (data not shown).

Discussion

Minoprio et al.7,8 reported that T. cruzi infection

increases the number of B cells. Two weeks after parasite

infection most cells in spleen and lymph nodes are

enlarged and more than half are dividing and activated B

cells are still detected at the chronic phase of infection.

The intense B-cell response is polyclonal and most of this

massive response is not specific to the parasite antigens.2

Therefore, it has been postulated that the polyclonal

B-cell response may contribute to a delayed parasite-

specific humoral response and hence promote infec-

tion.2,3,28–30 In this study we extend previously reported

data,2,7,8 performing a detailed analysis of the kinetics of

the B-cell response in T. cruzi-infected mice and its asso-

ciation with the emergence of parasite-specific antibodies.

Our study demonstrates that even though T. cruzi

infection induces early, persistent and massive EF and fol-

licular plasmablast responses together with classical and

ectopic GCs, infected mice have a delayed parasite-specific

antibody response. The EF antibody response in mice

infected with T. cruzi was evident from day 3 of infection

and reached a peak after 18 days after infection. These

long-lasting/extended kinetics of the EF response could be

characteristic of infections caused by blood-circulating

protozoan parasites.24 In fact, in Plasmodium chabaudi

chabaudi infection EF plasmablasts are visible from day 4

and by day 10 they are unconventionally sited in the per-

iarteriolar region of the white pulp. In this region, EF

plasmablasts form clusters occupying part of the area nor-

mally filled by T cells.24 In contrast, viruses and bacteria

induce very early protective EF responses. Indeed, the

vesicular stomatitis virus induces an early differentiation

of EF plasma cells that peaks between day 2 and 3 p.i.

and produces mainly vesicular stomatitis virus-specific

IgM but also low levels of specific IgG.31 During Salmo-

nella infection, an EF antibody response with accelerated

switching to IgG2c is well established by day 3 p.i.,14 pos-

sibly as the result of the fast recruitment of B1b cells to

the response.15 In contrast to the Salmonella infection,

where the EF response is enough to impede the extracel-

lular spreading of the infectious agent,14 we determined

that the early EF antibody response observed in T. cruzi-

infected mice was apparently not efficient to control

parasite replication because parasitaemia decreased

after 18 days of infection, long after the EF response is

established.

The kinetics of the appearance of GCs during T. cruzi

infection are similar to those observed after immunization

with classical haptenated proteins, where GCs are visible

within 8 days of immunization.10 However, the GC and

(a) (b)

Syn-1, IgD CD3, IgD

Figure 3. Extrafollicular (EF) foci in Trypanosoma cruzi-infected mice infiltrate T-cell zone Photomicrograph of serial sections from the same

spleen obtained from 11-day T. cruzi-infected mice stained with: anti-CD138, anti-IgD and anti-CD3. (a) CD138+ EF focus stained blue and

IgD+ B cells (follicular mantle) stained brown; (b) CD3+ T cells in blue and the follicular mantle in brown.

(a) (b)

PNA, IgDPNA, Ki67, PNA + Ki67

RP

GC
F

RP

GC
F

Figure 4. Trypanosoma cruzi infection induces ectopic germinal centres (GC). Photomicrograph of serial sections from the same spleen obtained

from 18-day T. cruzi-infected mice stained with: peanut agglutinin (PNA), anti-IgD and anti-Ki67. Photograph shows ectopic GC tissue in the

red pulp (RP). (a) Ectopic PNA+ Ki67+ cells double stained in dark brown, (b) a PNA+ GC stained blue surrounded by follicular mantle (F) with

IgD+ B cells stained brown. Elongated collections of PNA+ GC-like cells in the red pulp are indicated by arrows.
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EF responses triggered by T. cruzi were larger and more

persistent than those typically observed in responses to

conventional test antigens.19,32 In addition, we detected

functional (antibody-producing) GCs in atypical sites.

The GCs in the spleens of T. cruzi-infected mice persisted

for at least 32 days, which resembled the kinetics of the

response seen in P. chabaudi,24 L. amazonensis33 and mur-

ine mammary virus19 infections.

A key finding in this study is that antibodies are rapidly

secreted during infection, whereas antigen-specific anti-

bodies were not detected until the third week of infection.

In agreement with Minoprio et al.,2 our results showed

that the initial humoral response triggered by T. cruzi

infection is dominated by the production of IgG2a iso-

type and that the appearance of a parasite-specific anti-

body response correlates with a decrease in the number

of circulating parasites (see Supplementary Information

Fig. S1). As parasite-specific IgG1 and IgG2b can help to

restrict parasite replication34,35 and modest levels of IgM

were detected, mainly the IgG isotypes are likely to be

important for parasite clearance. Although the total

antibody response is dominated by IgG2a, the parasite-

specific response does not present any particular IgG

isotype predominance.

T cells are likely to be important for directing the effi-

cacy of the specific response to parasite antigen because T

cells are involved in GC formation, somatic hypermuta-

tion and affinity maturation.35 The localization of some

plasmablasts and plasma cells in the T-cell zone of the

spleen during T. cruzi infection did not affect the total

T-cell number as the absolute T-cell number increased

during the infection (data not shown and ref. 7).
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Figure 5. Immunoglobulin expression in pla-

sma cells from extrafollicular (EF) foci, red

pulp and T-cell zones. Semi-quantitative histo-

logical analysis of immunoglobulin expression

in CD138+ cells. Slides from the immunohisto-

logical analysis were assessed by two people

independently as the extent of reaction in arbi-

trary units (zero = the level seen in non-

infected mice, and 6 = a maximum response)

and the mean score for four mice in each

group at each time-point is depicted. CD138+

IgM+ (a) or CD138+ IgG isotypes+ (b) cells

were identified in EF foci, red pulp and T-cell

zone by the staining with: anti-CD138, anti-

IgM, anti-IgG1, anti-IgG2a, anti-IgG2b, anti-

IgG3, peanut agglutinin (PNA), anti-IgD and

anti-CD3. EF, extrafollicular; TZ, T-cell zone;

RP, red pulp.
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Considering the high amount of total antibodies produced

during the infection, the displacement of T cells would not

affect the extent of the ongoing B-cell response. However,

it may affect the quality of the B-cell response potentiating

T-cell-dependent polyclonal B-cell activation36 to the

detriment of a parasite-specific antibody response.
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Figure 6. Immunoglobulin production by

spleen cells from Trypanosoma cruzi-infected

mice. IgM and IgG isotype concentrations,

determined by ELISA, in culture supernatant

of splenic cells obtained from normal (day 0)

or T. cruzi-infected mice at different days post-

infection. Diamonds represent the value

obtained from each mouse. The lines represent

the median value in each analysed group. The

significant difference between normal (day 0)

and infected mice is indicated by * (P < 0�05).

Results are representative for four individual

experiments.
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Figure 7. Parasite-specific antibodies in sera

from Trypanosoma cruzi-infected mice. T. cru-

zi-specific IgM and IgG isotypes titres were

determined by ELISA in sera from normal

(day 0) or T. cruzi-infected mice at different

days post-infection. Test sera were considered

positive if the mean optical density value was

two standard deviations above the mean value

for control sera. Diamonds represent the value

obtained from each mouse. The lines represent

the median value in each analysed group. The

significant difference between normal (day 0)

and infected mice is indicated by * (P < 0�05).

Results are representative for four individual

experiments.
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Switched plasmablasts leaving GCs often migrate to

distant sites of antibody production such as the bone

marrow where they might have longer life spans as a

consequence of increased availability of survival fac-

tors.37–39 In this study, we detected few plasma cells in

the bone marrow of T. cruzi-infected mice, suggesting

that either plasma cells differentiated in spleen were

unable to reach bone marrow or bone marrow may not

sustain plasma cell survival during the early phase of the

infection. In any case, the absence of plasma cells in

bone marrow may be a consequence of an altered

chemokine expression in bone marrow stromal cell.37,39
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marrow of Trypanosoma cruzi-infected mice.

Bone marrow cells were obtained from non-

infected (day 0) or T. cruzi-infected mice (day

8 and 18) and incubated with anti-B220 and

anti-CD138 and analysed by flow cytometry.

Graphs show in (a) are representative plots of

CD138 versus B220 with the percentages of

CD138+ B220+ cells, and in (b) are the abso-

lute number of B220+ CD138+cells on different

days of infection. Diamonds represent the

value obtained from each mouse. The lines

represent the median value in each analysed

group. The significant difference between nor-

mal (day 0) and infected mice is indicated by *

(P < 0�05). Results are representative for two

individual experiments.
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Figure 9. Spleen of Trypanosoma cruzi-infected

mice is the main immunoglobulin-producing

lymphoid organ. Mononuclear cells from

spleen, peritoneum (Per) and inguinal lymph

nodes (LN) were obtained from normal (N) or

18-day T. cruzi-infected mice, counted in a

Neubauer chamber and incubated for 30 hr at

37� in 5% CO2 without stimulus. IgG isotype

concentration was determined in the culture

supernatant of 2 · 106 cells/ml by ELISA. The

values expressed as amount of immunoglobu-

lins/lymphoid tissue mononuclear cells were

depicted in ordinates. Diamonds represent the

value obtained from each mouse. The lines

represent the median value in each analysed

group. The significant difference between nor-

mal (day 0) and infected mice is indicated by *

(P < 0�05). Results are representative for three

individual experiments.
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Although practically absent in bone marrow, a high

number of CD138+ plasma cells lodged in the spleen

during the acute phase of T. cruzi infection. Also, lymph

nodes and the peritoneal cavity of T. cruzi-infected mice

presented antibody-secreting cells. However, the ability

of these cells to produce immunoglobulins was different

depending on the lymphoid compartment they belonged

to. Hence, peritoneum of infected mice presented low-

frequency antibody-secreting cells that released high

concentrations of immunoglobulins,40 whereas the spleen

lodged a high number of plasma cells that released the

same amount of immunoglobulins as lymph node

plasma cells.

By further characterizing the development of the B-

cell response, the present study provides a detailed

understanding of the development of total versus para-

site-specific humoral responses during T. cruzi infection.

This response has shown features that are particular to

T. cruzi and other protozoan infections but different

from those of other infections or from immunization

with test antigens. To understand the unique features of

B-cell responses during an infection process is essential

to the design of potential immune intervention strate-

gies.
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