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Abstract

Humoral immunity during experimental Chagas disease has been considered a double-edge sword,
critical to control Trypanosoma cruzi spreading but also associated to tissue damage. Peritoneal B-1
cells have been linked to the pathogenesis of Chagas disease; however, they may also help to control
the infection by providing a fast wave of antibodies. In the present work, we determined that
peritoneal B-cell response to T. cruzi is characterized by a marked reduction of CD19* B cells due to
plasma cell differentiation rather than to cell death. Both peritoneal B-2 and B-1 cells decrease after
parasite infection, but with different kinetics. Thus, the reduction in B-2 cell number can be detected
from day 4 postinfection while the number of B-1 cells decreases only after 15 days of infection.
Differentiation of peritoneal B-1 and B-2 cells into IgM-secreting cells was triggered by parasites but
not by cytokines produced by peritoneal cells. Electron microscopy studies showed that peritoneum
of infected mice lodges plasma cells with typical morphology as well as atypical plasma cells named
‘Mott-like cells’ containing high number of cytoplasmatic Ig* granules. The plasma cells induced
during the infection showed a phenotype that may allow their persistence in peritoneum and they may
contribute to the high levels of antibodies exhibited at the chronic phase of infection. We also showed
that the peritoneal B-cell response is scarcely specific for the invading pathogen and rather constitute
an important source of non-parasite-specific IgM and IgG in the infected host.
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Introduction

Antibody responses are a key element of the immunity
against circulating microorganisms, helping to clear acute
infections, to protect against re-infections and to control
reactivation of persistent pathogens. These effector func-
tions are mediated by antibodies secreted by antibody-
secreting cells known as plasmablasts and plasma cells (1).

Plasma cells secreting IgG isotypes and high-affinity anti-
bodies are the result of the germinal center reactions. Germinal
centers are formed in secondary lymphoid organs after
activated B cells receive co-stimulatory signals by specialized
CD4* T, cells and are the place where class switching,
somatic hypermutation and affinity maturation occur (2, 3).
T-cell dependent antibody responses generate a humoral
memory provided by circulating memory B cells as well as by
long-lived plasma cells that home to the bone marrow (1, 4).

In contrast to T-dependent antibody responses, T-independent
responses are fast, do not require T cell help and do not
generate detectable germinal centers or immunological mem-
ory (5). During T-independent responses, antibody-secreting
cells arise few days after microorganism encounter and mostly
secrete low-affinity antibodies of IgM isotype (6).

Antibodies of low affinity and broad specificity are pro-
duced by the immune system in the absence of apparent in-
fection or immunization. These so-called ‘natural’ antibodies,
characterized by the lack of N region additions and somatic
hypermutations, are principally secreted by peritoneal B-1
cells and often recognize highly conserved T-independent
type 2 microorganism antigens (7, 8). Hence, B-1 cells can
easily sense the presence of bacterial challenge and rapidly
differentiate into plasma cells in the absence of T cell help
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(9, 10). Lately, it has been reported that B-1 cells can also
undergo Ig class switching releasing different IgG isotypes
or IgA (11). Due to the distinctive features of B-1 cells and
the antibodies produced by them, these cells are very effi-
cient in the control of bacterial and viral infections and in
the clearance of apoptotic cells (12). However, given the
broad specificity and slight autoreactivity of the B-1 cell-
derived antibodies, B-1 cells have been also involved in
autoimmunity (13, 14).

In addition to B-1 cells, the peritoneal cavity lodges a popu-
lation of B-2 cells that remains poorly studied. Recently, peri-
toneal B-2 cells have been reported to present some B-1b
cell-like features (15). However, peritoneal B-2 cells show
a substantially reduced ability to respond to T-independent
antigens in comparison to B-1 cells and behave like splenic
follicular B cells in response to Toll-like receptor agonists
(11). Although the contribution of peritoneal B-2 cells to
humoral response is not completely elucidated, they would
have a role complementary to B-1 cells in the secretion of
protective antibodies.

Trypanosoma cruzi, the causative agent of Chagas dis-
ease induces the production of parasite-specific and autor-
eactive antibodies in the infected hosts (16, 17). Humoral
immunity was found to be critical for the control of parasite
spreading during T cruzi infection and, consequently, for
preventing acute myocarditis produced by the parasite
(18, 19). In agreement, we reported that signals that en-
hance plasma cell differentiation and antibody secretion pro-
mote parasite clearance (20). However, the parasite-specific
immune response mounted during T. cruzi infection is inade-
quate to completely eradicate the pathogen, allowing
chronic infection and pathogenesis (21). On the other hand,
autoreactive antibodies produced during the infection were
proposed to be responsible for much of the Chagas disease
pathological damage (17, 22). The production of the autor-
eactive antibodies has been ascribed to CD5'B-1 cells
because they are increased in spleen during T cruzi infec-
tion (23). Mice lacking CD5"B-1 cells (Xid mice) did not
show the wasting observed in wild-type BALB/c mice and
developed almost no pathology early in the chronic phase.
However, the resistance of Xid mice to experimental Chagas
disease was associated with the absence of IL-10-secreting
B-1 cells and the consequent production of high levels of
IFN-y (24) rather than to the absence of B-1 cell-derived
autoreactive antibodies.

Due to the lack of previous data concerning peritoneal B-2
cells fate during Chagas disease and the controversial role
of B-1 cells in the pathogenesis or in the control of T. cruzi
infection, we investigated the development and the role of
the peritoneal B-cell response during this parasite infection.

Methods

Antibodies and flow cytometry reagents

PE-labeled anti-mouse CD19 mAb, PE-labeled anti-mouse
CD5 mAb, PE-labeled anti-mouse Syndecan-1 mAb, PE-
labeled anti-mouse IAY mAb, FITC-labeled anti-mouse
IgM mAb, FITC-labeled anti-mouse CD3 mAb, PE-labeled
anti-mouse CD4 mAb, PE-labeled anti-mouse CD8 mADb,
biotin-labeled anti-mouse CXCR4 mAb, peridinin chlorophyll-

a protein-labeled-streptavidin (PerCP-St), and Purified anti-
mouse F4/80 mAb were purchased from BD PharMingen
(Palo Alto, CA, USA). Allophycocyanin (APC)-labeled anti-
mouse B220 mAb, FITC-labeled anti-mouse Mac-1 mAb,
PE-labeled anti-mouse CD21 mAb, FITC-labeled anti-mouse
CD23 mAb, biotin-labeled anti-mouse F4/80 mAb, APC-
labeled streptavidin, biotin-labeled anti-mouse Fc gamma
receptor Il B (FcgammaRllb) mAb and purified anti-mouse
CD23 mAb were purchased from e-Biosciences (San Diego,
CA, USA). Purified anti-mouse IgM and FITC-labeled anti-
mouse IgM for intracellular staining were purchased from
Southern Biotech (Birmingham, AL, USA). PE-labeled anti-
mouse CXCR3 mAb was purchased in R&D systems
(Minneapolis, MN, USA).

Infection with T. cruzi

BALB/c mice, 6-8 weeks old (Comision Nacional de Energia
Atomica, Buenos Aires, Argentina) were intraperitoneally
infected with 500 trypomastigotes of T. cruzi (Tulahuén
strain) diluted in PBS as previously described (25). After dif-
ferent days postinfection (p.i.), mice were sacrificed by CO,
asphyxiation and peritoneal cells were obtained. In some
experiments, spleen, lymph nodes and bone marrow were
also obtained as previously reported (26). Non-infected (NI)
control normal littermates were processed in parallel and
mentioned as non-infected control mice in the text. The stud-
ies are approved by the Institutional Review Board and Ethi-
cal Committee of the School of Chemical Sciences, National
University of Cordoba, Argentina.

Trypomastigotes obtention

Trypomastigotes from the Tulahuén strain of T. cruzi were
obtained from blood of acutely infected BALB/c mice.
Briefly, the blood was centrifuged (3000 r.p.m. for 10 min)
and then incubated at 37°C and 5% CO, for 2 h to allow
parasites concentrate in the plasma. The plasma was then
centrifuged at 13 000 r.p.m. during 3 min. The pellet contain-
ing parasites was washed three times, counted and resus-
pended in complete medium adjusting the concentration
to 0.5 x 10° trypomastigotes mI~" (27).

Cell preparation and culture

Peritoneal cells from T. cruzi-infected () or non-infected (NI)
control normal mice were obtained by peritoneal washouts.
For peritoneal B-lineage cells purification, monocytes and
T cells were depleted by magnetic cell sorting using rat 1gG
anti-mouse F4/80 mAb, followed by anti-rat IgG-coated mag-
netic beads and anti-Thy 1.2-coated magnetic beads (Dynal
Biotech, Invitrogen, Carlsbad, CA, USA) following manufac-
turer’s instructions. This procedure yielded an enriched
B-cell population with <2% CD3" cells and <3% F4/80"
cells, as determined by flow cytometry analysis (data not
shown), 95% intracellular IgM* and >95% of viable cells as
determined by Trypan blue exclusion. These cells were ana-
lyzed for their surface marker expression and Ig production.

In some experiments, peritoneal cells from NI control or
| mice were co-cultured with purified B cells from normal
mice separated by transwells (0.4-um tissue culture-treated
polycarbonate membrane; Costar, Corning, NY, USA).
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Briefly, peritoneal B cells from normal mice (0.5 x 10° in
a volume of 0.5 ml in the lower chamber) were co-cultured
with peritoneal cells from infected mice (0.5 x 10° in a vol-
ume of 0.5 ml in the upper chamber) for 72 or 120 h.

Purified peritoneal B-1 and B-2 cells were obtained by cell
sorting using APC-labeled anti-mouse B220, FITC-labeled
anti-mouse CD11b. B-1 and B-2 cells were obtained by gat-
ing on the B220*CD11b* and B220*CD11b~ population, re-
spectively. Splenic B-2 cells were obtained by cell sorting
using APC-labeled anti-mouse B220, PE-labeled anti-mouse
CD21 and FITC-labeled anti-mouse CD23. Splenic B-2 cells
were obtained by gating on the B220*CD23"9"CD21'°" pop-
ulation using a FACSAria (BD Biosciences).

In some experiments, B-cell subpopulations were adjusted to
a final concentration of 1 X 10° cells mI~" and cultured in the
presence of medium alone, CpG (1 pg mI~") or 0.5 x 10°
T. cruzi trypomastigotes mi~" during 5 days.

Flow cytometry analysis

Total peritoneal cells or peritoneal B-lineage cells or purified
B-cell subpopulations freshly explanted or harvested after
culture were washed in ice-cold flow cytometry (FCM) buffer
(HBSS, 1% FBS, 0.1% NaNs). Then, for surface staining,
cells were incubated with PE, FITC or biotin-conjugated anti-
bodies at 4°C for 30 min and washed with FCM buffer. When
biotin-labeled antibodies were used, an extra 30-min incuba-
tion with PerCP-St was performed. Data were acquired on
a Cytoron Absolute® cytometer (Ortho Diagnostic System,
Raritan, NJ, USA) and analyzed using FlowJo software ver-
sion 5.7.2. The analysis was performed gating lymphocytes
from forward scatter versus side scatter dot plots.

For intracellular IgM detection, surface IgM was blocked
by incubating the cells with purified anti-mouse IgM mAb
(Southern Biotech) (1 pg per 1 x 10° cells) during 30 min
on ice. After that, the cells were resuspended in CytoFix/
CytoPerm™ Solution (BD PharMingen) 30 min at room tem-
perature and permeabilized by two washes with Perm/
Wash™ solution (BD PharMingen). Then, the cells were
incubated with FITC-conjugate anti-mouse IgM diluted in
Perm/Wash™ solution during 30 min at room temperature
and washed twice with Perm/Wash™ solution. Data were
acquired as indicated before.

For apoptosis detection, the cells were first stained with
either PE-labeled anti-mouse CD5 or PE-labeled anti-mouse
CD23 and later with Annexin V-Biot and 7-AAD following BD
Pharmingen protocol (BD Pharmingen). Then, the cells were
washed with binding buffer and incubated with 0.5 ng
FITC-St diluted in 100 pl of binding buffer and 5 pl of
7-AAD (BD Pharmingen) for 15 min at RT. Finally, the cells
were resuspended in 400 pl of binding buffer. Data were
acquired as indicated before. UV-induced apoptotic cells
were used as positive control for Annexin V staining (28).
Induced necrotic cells by either heating or freezing/thawing
were used as positive control for 7-AAD staining (29).

RNA isolation and reverse transcription-PCR

Total RNA was extracted, using TRIzol (Life Technologies,
Brooklyn, NY, USA), from peritoneal plasmoblast/plasma
(intracellular  IgM*CD197F4/80"CD3~) cells or splenic
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Syndecan-1* cells. Peritoneal plasmoblast/plasma cells were
obtained by negative cell sorting (CD19 F4/80"CD3") using
FITC-labeled anti-mouse CD3, PE-labeled anti-mouse CD19,
biotin-labeled anti-mouse F4/80 and APC-St. The purity of
this population was controlled by intracellular IgM staining.
Syndecan-1* cells were positively selected from spleen by
cell sorting using PE-labeled anti-mouse Syndecan-1.
B-lymphocyte-induced maturation protein 1 (Blimp-1) and
interferon regulatory factor-4 (IRF-4) mRNA expression was
determined as previously described (30). The levels of
mRNAs IRF-4 and Blimp-1 are presented as the relative ex-
pression of mMRNA from peritoneal plasmablast/plasma cells
(CD197) referred to splenic Syndecan-1* plasma cells. Rela-
tive expression levels of the transcripts were estimated by
standardization with internal control of GAPDH gene and
evaluated by densitometry using GelPro analyzer 3.2.

Measurements of antibody production

For Ig determination in culture supernatant, peritoneal cells,
peritoneal purified B-1 or B-2 cells, splenic B2 cells, spleno-
cytes, lymph nodes cells or bone marrow were incubated in
the conditions indicated in the legends for figures, at a den-
sity of 2 X 10%ell mI~" in a volume of 1 ml. Supernatants
were collected and assayed in an IgM or IgG isotype-specific
ELISA as described before (30). The reaction was developed
with 3, 3’, 5, 5'-tetramethylbenzidine substrate-chromogen
(Dako, CA, USA). Each sample was assayed in triplicate and
the values were expressed as concentration (ng ml~").

For T. cruzi-specific antibodies detection, half-area 96-well
plates (Costar; Sigma Aldrich) were coated with 40 pl of
T. cruzi F105 antigen diluted in carbonate-bicarbonate buffer
(15 pg mI~") for 18 h at 4°C and then washed with 80 pl of
PBS containing Tween 0.05% (PBS-Tween). They were
blocked by adding 80 ul of PBS-Tween-BSA 1% for 1 h at
37°C. After washing, 40 pl of each sample (culture superna-
tant or sera) were added to the wells and the plates were in-
cubated for 30 min at 37°C. Then, the plates were washed
and 50 pl of peroxidase-conjugated goat anti-mouse IgM or
IgG diluted 1:1500 and 1:2000 (Sigma-Aldrich, St Louis,
MO, USA), respectively, was added and incubated for
30 min at 37°C. The plates were then washed and 50 pl of
3, 3, 5, 5'-tetramethylbenzidine substrate-chromogen
(Dako) was added to the wells. The reaction was stopped
by adding 50 pl 1N H.SO,4. Each sample was assayed in
triplicate and the values were expressed as mean of OD
read at 450 nm in an ELISA reader (Bio-Rad, Hercules, CA,
USA). Sera from normal and infected mice were assayed in
parallel as negative and positive controls, respectively.

ELISpot assay

The frequency of IgM- or IgG-secreting cells was determined
as previously described (31). Briefly, peritoneal, spleen or
lymph node single-cell suspensions were distributed at vari-
ous dilutions onto MultiScreen®-HA Plate (Millipore, Bedford,
MA, USA) precoated with 7.5 ng mi~" goat anti-mouse IgM
or IgG (Southern Biotech) and then incubated for 3 h at 37°C
and 5% CO,. Plates were then treated with biotin-labeled
goat anti-mouse IgM or IgG (Southern Biotech), followed by
incubation with alkaline phosphatase-labeled streptavidin
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(Southern Biotech). The plates were developed with 5-bromo-
4-chloro-3-indolyl phosphate (BCIP®)/nitro blue tetrazolium
liquid substrate system (Sigma-Aldrich). Colored spots were
counted in a stereomicroscope.

Transmission electron microscopy

Peritoneal B-lineage cells were fixed in 2% glutaraldehyde
diluted in 0.1 M cacodylate buffer (pH 7.3). Samples were post-
fixed in 1% OsOg4, dehydrated in acetone and embedded in
araldite (Electron Microscopy Sciences, Hatfield, PA, USA).
Thin sections were cut in a Porter-Blum MT2 ultramicrotome
(Munich, Germany), examined and photographed in a Zeiss
LEO 906 electron microscope (Zeiss, Overkochen, Germany).

Immunoelectron microscopy

Peritoneal B-lineage cells were fixed with glutaraldehyde
(1% for 15 min) in 0.1 M cacodylate buffer (pH 7.3). Osmium
postfixation was omitted. Cell pellets were dehydrated in
ethanol and embedded in an acrylic resin (LR-White-London
Resin Corp.). Thin sections were mounted in nickel grids
and incubated in PBS-BSA 1% to block inespecific bindings
and then on a drop of 16 nm colloidal gold/anti-mouse IgG
complex (Pelco International) for 30 min at 37°C.

Parasitemia count

Peripheral blood was collected by eye bleeding at different
times p.i. Erythrocytes were lysed in a 0.87% ammonium
chloride buffer, and viable trypomastigotes were counted in
a Neubauer counting chamber.

Statistics

The statistical significance was analyzed using unpaired Stu-
dent’s ttest. Values were considered statistically significant
when P < 0.05.

Results

Trypanosoma cruzi infection induces a marked decrease in
the number of CD19" B cells from peritoneal cavity

To evaluate the development of the peritoneal B-cell re-
sponse during the experimental T. cruzi infection, we first an-
alyzed the number of CD19" B cells within the peritoneal
cavity at different times p.i. We observed that the percent-
age of peritoneal CD19" B cells significantly decreased after
15 days of infection (Fig. 1A) when the parasite load is high
[data not shown; (25, 26)]. Because the number of perito-
neal cells was also reduced at day 15 p.i. (Fig. 1B), T cruzi-
infected mice exhibited a strong and significant reduction in
the absolute number of peritoneal CD19* B cells (Fig. 1C).
Considering that the peritoneal cavity lodges both B-1
(CD5%IgM*) and B-2 cells (CD57IgM*), we next determined
if the infection-driven decrease in CD19* B-cell number influ-
enced a particular B-cell subset. By flow cytometry, we ob-
served that T cruzi infection affected both peritoneal B-1
and B-2 cells, but with different kinetic and to a different ex-
tent (Fig. 1D and E). The percentage as well as the number
of the B-2 cell population started to decrease by day 4 p.i.
and reached normal levels at the chronic phase (day
65 p.i.) (Fig. 1E and F) while B-1 cell numbers decreased at

later times p.i. (day 15 p.i.) and remained very low through-
out the period studied (Fig. 1E and F).

The reduction in B-cell numbers was accompanied by
a remarkable increase in the percentage of a CD5"IgM™
population (Fig. 1D, days 15, 23 and 65 p.i.), likely T cells.
Further phenotypic analysis of this population confirmed the
augment of CD4* and CD8" T cells in the peritoneum of
T. cruzi-infected mice (Supplementary Figure 1, available at
International Immunology Online).

The decrease in peritoneal CD19* B-cell numbers in T. cruzi-
nfected mice is associated with B-cell differentiation but not
with cell death

To test whether the reduction in the number of peritoneal
CD19* B cells during T cruzi infection resulted from en-
hanced cell death, we analyzed the levels of apoptosis in
a B-cell-enriched peritoneal population (depleted from mac-
rophages and T cells) referred to hereafter as peritoneal
B-lineage cells. As depicted in Figure 2, minimal changes in
the percentages of Annexin V*/7 ADD™ apoptotic cells within
B-1 and B-2 cell populations were observed during the
course of the infection. These results indicated that T. cruzi
infection does not induce a strong apoptosis of peritoneal
B-1 and B-2 cells, arguing against increased cell death as
the cause of peritoneal B cell number reduction.

A second hypothesis to explain the disappearance of perito-
neal CD19* cells is the occurrence of terminal differentiation
of activated B cells into CD19°"/~ antibody-secreting cells.
To test this, we determined the capability of peritoneal cells
obtained from mice at different times p.i. to secrete Igs to the
culture supernatants. We observed that after 15 days of infec-
tion, peritoneal B cells from infected mice secreted signifi-
cantly higher amounts of IgM, 1gG1, 1gG2a, IgG2b and IgG3
than peritoneal cells from non-infected (day 0) or early
infected (day 4) mice (Fig. 3A). Thus, the reduction in the
numbers of B-1 and B2 peritoneal cells was kinetically corre-
lated with the acquisition of the ability to secrete antibodies.
Furthermore and as determined by the amount of secreted
antibodies, peritoneal antibody-secreting plasma cells in-
duced during T cruzi infection seemed to be able to remain
in the peritoneal cavity for periods longer than day 65 p.i.
(Fig. 3A), although by this time parasitemia is already unde-
tectable [data not shown, (25)].

To confirm the presence of plasma cells, we evaluated, by
electron microscopy, the ultrastructural characteristics of the
peritoneal B-lineage cells from non-infected and infected
mice. Peritoneal B-lineage cells from non-infected mice
showed a large cytoplasm and enlarged nucleus with diffuse
chromatin similar to activated cells (Fig. 3B, left picture). In
contrast, peritoneal B-lineage cells from infected mice
exhibited the typical morphology of plasma cells (Fig. 3B,
middle picture), including increased cytoplasmic volume with
eccentric nuclei and abundant mitochondria and rough endo-
plasmic reticulum. Interestingly, within peritoneal B-lineage
cells, we detected a particular population of plasma cells
characterized by the presence in the cytoplasm of high num-
ber of granules (Fig. 3B, right picture). Cells with these char-
acteristics have been previously named ‘Mott-like cells’,
a pathologic state of plasma cells characterized by the pres-
ence of intracellular inclusions of Igs called Russell bodies
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Fig. 1. Trypanosoma cruzi-infected mice exhibit a decrease of peritoneal CD19* cells after 12-15 days p.i. Total peritoneal cells were obtained
from non-infected control normal mice (day 0; n = 6) or T. cruzi-infected mice (different days p.i.; n = 4 per day). (A) Histograms show the
percentage of CD19" cells in peritoneal cells. (B) Number of total peritoneal cells. (C) Number of CD19* cells calculated by referring the
percentage obtained in (A) to the number of total peritoneal cells obtained in (B). (D) Representative plots of IgM versus CD5 expression in
peritoneal cells. Numbers indicate percentages of cells within each region. (E) Percentage of peritoneal B-2 cells (identified as IgM*CD57) and
B-1 cells (identified as IgM*CD5") as determined in (D). (F) Number of B-2 and B-1 cells calculated by referring the percentage obtained in (E) to
the number of total peritoneal cells obtained in (B). The analysis was performed gating on lymphocytes from forward scatter versus side scatter
dot plots. *P < 0.05, **P < 0.01, ***P < 0.001. Data are representative of three to five independent experiments.

(32). By immunoelectronmicroscopy, we determined that
the granules observed in the peritoneal plasma cells from
T. cruzi-infected mice contained Igs, confirming the pheno-
type of Mott-like cells (Fig. 3C).

The peritoneal cavity of T. cruzi-infected mice lodges
plasmablasts/plasma cells expressing typical plasma cell
transcription factors

The development of peritoneal plasma cells during the
course of T cruzi infection was also determined by flow
cytometry. Thus, a marked percentage of cells within the in-
tracellular IgM* peritoneal B-lineage population obtained
from infected, but not from non-infected mice, exhibited
a CD19"°%~ phenotype (Fig. 4A). Furthermore, almost all the
intracellular 1gG* peritoneal B-lineage cells from infected
mice showed reduced expression of CD19, compatible with
a plasma cell phenotype (Fig. 4A). Further phenotypic analy-
sis revealed that these intracellular IgM* and IgG* popula-
tions were also CD5'°"~ and CD23 '°~ (data not shown).

Analyzing the expression of MHC-II on total peritoneal
B-lineage cells from infected mice, two distinct populations
were identified within the CD19'°Y~ peritoneal cells (Fig. 4B).
According to the literature (33), these subsets, which were
not found in non-infected mice, would correspond to
CD19"°%= MHC-II* plasmablast and to CD19'°%~ MHC-II~
terminally differentiated plasma cells. Unexpectedly, CD19'°V/~
peritoneal B-lineage cells from infected mice did not
express the prototypical plasma cell marker Syndecan-1
(Fig. 4C). The lack of Syndecan-1 expression is not a common
feature for peritoneal B cell-derived plasma cells because
peritoneal B cells up-regulated this marker in response to
CpG-ODN (Fig. 4C). Another atypical phenotypic characteris-
tic of peritoneal plasma cells from T. cruziinfected mice is re-
lated to the expression of the plasma cell-associated
activation marker FcgammaRllb involved in the control of
plasma cell survival and up-regulated during terminal differ-
entiation (34). As shown in Figure 4D, a proportion of perito-
neal plasma cells from infected mice showed a decreased
expression of FcgammaRlIb in comparison to peritoneal cells
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from non-infected mice. Although peritoneal plasma cells in-
duced during T. cruzi infection lack of the expression of sur-
face markers usually ascribed to antibody-secreting plasma
cells, they showed detectable levels of transcripts encoding
IRF-4 and Blimp-1, transcription factors involved in plasma
cell differentiation (35) and highly expressed in conventional
Syndecan-1* plasma cells (Fig. 4E).

Considering that antibody-secreting cells remain in the
peritoneal cavity of infected mice during extended periods
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Fig. 2. The decrease in peritoneal CD19* B cell number in T. cruzi-
infected mice is not associated with cell death by apoptosis.
Peritoneal B-lineage cells were obtained from non-infected control
normal mice (day O, n = 6) or T. cruzi-infected mice (different days
p.i., n = 4 per day). After 10 h of culture, the cells were harvested and
stained with Annexin V and anti-mouse CD23 or CD5 mAbs. The
percentage of 7 ADD~ Annexin V* B-1 cells (white bars) or 7 ADD™
Annexin V* B-2 cells (gray bars) determined by flow cytometry is
depicted. *P < 0.05, **P < 0.01. Data are representative of three
independent experiments.
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(longer that 65 days after infection), we analyzed in these
cells the expression of some chemokine receptors involved
in plasma cell migration. Peritoneal B-lineage cells from non-
infected mice expressed CXCR4, the peritoneal cavity hom-
ing receptor (36), but not CXCR3, the IFN-y-induced receptor
that mediates migration to inflamed tissues. Similar levels of
CXCR4 and CXCR3 expression were observed on the perito-
neal B-lineage cells obtained from 15-day infected and con-
trol mice (Fig. 4F). This result indicated that, in contrast to
what is observed during the terminal differentiation of mem-
ory B cells (37), T. cruzi infection did not affect the profile of
chemokine receptor expression on peritoneal B-lineage cells.

Peritoneal B cell differentiation is triggered by the T. cruzi itself
but not by cytokines produced by peritoneal cells

To determine the possible factors involved in the terminal dif-
ferentiation of peritoneal B cells induced by T. cruzi infection,
we first evaluated whether peritoneal cells from infected mice
are able to secrete cytokines implicated in B cell differentia-
tion (38). We observed that after 15 days of infection, perito-
neal cells from infected mice cultured during 48 h
spontaneously released higher amounts of I1L-10, tumor ne-
crosis factor and IFN-y than peritoneal cells from non-infected
mice. Moreover, while the amount of IL-5 released was similar
for both groups studied, the levels of IL-6 secreted by perito-
neal cells from infected mice were significantly decreased
(Fig. 5A). Next, we studied whether these cytokines or other
soluble factors could mediate peritoneal B cell differentiation.
Co-culture experiments using CD19 down-regulation as read-
out of differentiation showed that soluble mediators derived
from infected-mice peritoneal cells were not able to induce
the differentiation of peritoneal B cells purified from non-
infected mice after 72 or 120 h of culture (Fig. 5B).

Because the presence of antibody-secreting cells was
strongly correlated with the parasite burden (data not
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Fig. 3. Peritoneal B cells decrease in T. cruziinfection is associated with B cell differentiation. (A) Concentration of IgM, IgG1, IgG2a, IgG2b and
IgG3 was determined by ELISA in the supernatant of peritoneal cells from non-infected control normal (day O; n = 5) or infected mice (different
days p.i.; n = 4 per day) cultured during 48 h with medium. Results are expressed as mean concentration of duplicates = SD. *P < 0.05,
**P < 0.01, ***P < 0.001. (B) Electron microscopy image of purified peritoneal B-linage cells from non-infected control normal mice (NI, left
panel) and 15-day infected (I, middle and right panels) mice. (C) Immunoelectronmicroscopy of peritoneal B-lineage cells from 15-day-infected
mice showing intracellular granules containing Igs (arrows). Data are representative of three independent experiments.
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Fig. 4. Antibody-secreting cells from peritoneal cavity of T. cruzi-infected mice show a ‘non-conventional’ phenotype. Peritoneal B-lineage cells
were obtained from non-infected control normal mice (NI) (n = 4) or T. cruzi 15-day-infected (l) mice (n = 8). (A) Representative histograms of
CD19 expression gated on intracellular IgM* or intracellular IgG* cells. Numbers indicate the percentage of intracellular Ig*CD19~ cells.
(B) Representative plots of MHC-II versus CD19 expression on peritoneal B-lineage cells. Numbers represent the percentage of cells within each
region. (C) Representative histograms of Syndecan-1 expression on peritoneal B-lineage cells. Peritoneal B-lineage cells cultured with CpG were
used as positive control (indicated with C) of Syndecan-1 expression. (D) Representative histograms of FcgammaRlIlb expression on peritoneal
B-lineage cells. Numbers indicate the mean fluorescence intensity (MFI). (E) Peritoneal plasmablast/plasma cells (CD197) and splenic
Syndecan-1* (Synd-1*) plasma cells from infected mice were purified by sorting from peritoneum and spleen, respectively, as described in
Materials and Methods (n = 15). Reverse transcription-PCR of IRF-4, Blimp-1 or GADPH (control for RNA integrity and loading). Numbers
indicate the relative expression of mMRNA from peritoneal plasmablast/plasma cells (CD197) referred to splenic Syndecan-1* plasma cells.
(F) Representative histograms of CXCR3 and CXCR4 expression. Numbers indicate the MFI. Splenic T lymphocytes or total peritoneal cells from
normal mice were used as positive controls (indicated with C) for CXCR3 and CXCR4 expression, respectively. Data are representative of three
independent experiments.
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shown) and live trypomastigote of T cruzi are found differentiation but not Ig-class switching of purified peritoneal
in the peritoneal washout of infected mice after 15 days B-1 and B-2 cells in the absence of any other stimuli.

p.i. (Fig. 5C and Supplementary Figure 2, available at ] ] ]
International Immunology Online), we evaluated if peritoneal ~ Antibody-secreting plasma cells are found at low frequency in

B-1 and B-2 cell differentiation may be mediated by direct in-  Peritoneal cavity of T. cruzi-infected mice but secrete high
teraction with the parasite. Sorted peritoneal B-1 and B-2  @mounts of unspecific Igs

cells and splenic B-2 cells from non-infected mice were incu- As an indirect way to evaluate the contribution of peritoneal
bated with live T. cruzi trypomastigotes during 5 days and B cells to the humoral response in T. cruzi infection, we com-
the concentration of IgM and IgG was determined by ELISA. pared the frequency of antibody-secreting cells as well as

After stimulation, increased concentrations of IgM were the production of IgM and IgG in different secondary lym-
detected in the supernatants of peritoneal B-1 and B-2 cells, phoid tissues. As depicted in Fig. 6A, IgM- and 1gG-secreting
but not splenic B-2 cells (Fig. 5D) while IgG secretion was plasma cells were found in peritoneal cavity, spleen and
undetectable in all cases (data not shown). These results in- lymph nodes from T. cruzi-infected mice. The frequency of
dicate that T. cruzi parasites were able to trigger terminal antibody-secreting cells varied among the tissues, being
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Fig. 5. Peritoneal B-1 cell differentiation is triggered by the T. cruziitself but not by cytokines produced by peritoneal cells. (A) Concentration of
IL-10, tumor necrosis factor, IFN-y, IL-6 and IL-5 determined by ELISA in the supernatant of peritoneal cells from non-infected control normal mice
(NI; n = 3) or 15-day-infected mice (I; n = 5) cultured during 48 h with medium. Results are expressed as mean concentration of duplicates * SD.
(B) Expression of CD19 in purified B cells co-cultured during 72 or 120 h with peritoneal cells from non-infected control normal mice (NI, upper
panels; n = 6) or 15-day-infected (I, lower panels; n = 8) mice. Numbers indicate the percentage of CD19" cells. (C) Phase-contrast microscopy
image of 15-day-infected mice peritoneal washout showing living trypomastigotes (arrows). Shown in inset are magnified details with cells
surrounded by tryposmatigotes. (D) Concentration of IgM determined by ELISA in the supernatant of purified peritoneal B-1 (white bars), purified
peritoneal B-2 (gray bars) or purified splenic B2 cells (gray striped bars) (n = 6) after 5 days of culture with trypomastigotes. Trypomastigotes
alone were cultured as control (black bars). Results are expressed as mean concentration of duplicates + SD. *P < 0.05, **P < 0.01, ***P <
0.001. Data are representative of three independent experiments.

higher in the spleen and lymph nodes than in peritoneum. spleen, lymph nodes and, even, bone marrow (Fig. 6B).

Despite the marked reduction in the total number of perito-
neal cells from T. cruzi-infected mice, we determined that the
absolute number of antibody-secreting cells in the perito-
neum from infected mice (calculated as spots in ELISpot as-
say per total cell number) was increased in comparison to
normal mice (data not shown).

Regardless of their low frequency, peritoneal cells se-
creted higher amounts of all Ig isotypes than cells from

These results indicate that, although at low frequencies, peri-
toneal cavity lodges a population of antibody-secreting cells
which seems to have an enhanced ability to secrete antibod-
ies, and consequently, may contribute to the pool of circulat-
ing antibodies produced during T. cruzi infection.

To further elucidate a possible role of peritoneal antibody-
secreting cells in the resistance to T. cruzi infection, we ana-
lyzed if the antibodies secreted by peritoneal B cells from
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Fig. 6. Antibody-secreting plasma cells are at low frequency in peritoneal cavity of T. cruzi-infected mice but secrete high amounts of unspecific
Igs. (A) Frequency of IgM or IgG-secreting cells in peritoneum (white bars), spleen (gray bars) or lymph nodes (gray striped bars) from T. cruzi-
infected mice determined by ELISpot. Results are expressed as the mean number of spots/1 X 10° cells = SD of three to four different well
counts. **P < 0.01, ***P < 0.001. Data are representative of three to five independent experiments. (B) Concentration of IgM, 1IgG1, IgG2a and
IgG2b determined by ELISA in the cell supernatants from peritoneum, lymph nodes, spleen and bone marrow obtained from T. cruzi-infected
mice (15 days p.i., n = 6) cultured during 48 h with medium. Results are expressed as mean concentration of duplicates = SD. ND, not

detectable.

T. cruzi-infected mice were parasite specific. By ELISA
and immunofluorescence, we determined that peritoneal
B-lineage cells from T. cruzi-infected mice produced unex-
pectedly low levels of parasite-specific IgM and IgG that
were detected only at days 18 and 32 p.i. (Fig. 7 and data
not shown). Therefore, peritoneal plasma cells arising during
T. cruzi infection would be an important source of antibodies
but with reduced specificity for parasite antigens.

Discussion

In the present work, we showed that peritoneal B cell re-
sponse to T cruzi infection is characterized by a marked
reduction in the number of CD19* B cells. Although a similar
observation was reported by Minoprio et al. (23), we charac-
terized this phenomenon and determined that the disappear-
ance of peritoneal B cells induced by T. cruzi infection is
due to an enhanced differentiation into plasma cells. More-
over, we determined that the reduction in B-2 and B-1 perito-

neal B cell numbers showed different kinetics, starting at
day 4 p.i. for B-2 cells and at day 12-15 p.i. for B-1 cells.
The delayed disappearance of B-1 cells was surprising be-
cause this compartment is known to suffer modifications at
early times of infection, before the onset of the adaptive im-
mune response (6). In fact, during bacterial infections, B-1
cells respond after just 3-6 h p.i. with visible peritoneum
changes such as the diminution of resident B-1 cells and
the down-regulation of integrins to allow detachment from
local matrix (39). This B-1 cell behavior is not observed dur-
ing T cruzi infection, where, in turn, peritoneal B-2 cells
presented an innate-like behavior, responding earlier than
peritoneal B-1 cells.

Electron microscopy studies confirmed the presence of
cells with typical plasma cell morphology in the peritoneal
cavity of T cruziinfected mice. Interestingly, also atypical
plasma cells containing high number of cytoplasmatic Ig*
granules were detected within the peritoneal cavity from
infected mice. These cells have been previously named
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Fig. 7. Peritoneal B cells from T cruzi-infected mice secrete low
levels of parasite-specific antibodies. Levels of T. cruzi-specific IgM
and IgG determined by ELISA in the supernatant of peritoneal cells
from non-infected control (day O; n = 4) or T. cruzi-infected mice
(different days p.i.; n = 6) cultured during 48 h with medium. Results
are expressed as OD mean * SD. *P < 0.05, **P < 0.01. Data are
representative of three to five independent experiments.

‘Mott-like cells’ since they resemble the so-called Mott cells,
a pathologic state of plasma cells that contain intracellular
inclusions of Igs (Russell bodies). These cells are frequent
in lymphoid tissues of mice and humans suffering autoim-
mune diseases and in normal mice as a consequence of ex-
treme antigenic load (40). Neither the genesis nor the
significance of Mott-like cells in normal or autoimmune states
is well understood; however, it has been described that B-1,
but not B-2, cells can be induced in vitro to form Mott-like
cells in the presence of LPS or IL-5 (41). Considering this, it
is possible that the Mott-like cells detected in the peritoneal
cavity of T. cruzi-infected mice are originated from B-1 cells
whereas the conventional plasma cells develop from B-2
cells. Furthermore, although the specific role of Mott-like
plasma cells in the experimental Chagas disease has not
been elucidated, their association with autoimmune manifes-
tations (41) suggests that these cells may be involved in the
autoimmune responses observed during T. cruzi infection.
Many phenotypic and functional characteristics such as
the loss of B-lineage surface markers (i.e. CD19, CD23,
CD5 and MHC-II), the ability to secrete antibodies and the
expression of prototypical transcription factors such as
Blimp-1 and IRF-4 (35) confirmed that the intracellular
IgM*CD19~ cells detected in the peritoneal cavity of
infected mice are plasma cells. However, peritoneal
antibody-secreting cells show some features that differ from
those ascribed to ‘conventional’ splenic B-2-derived plasma
cells (42). For example, peritoneal plasma cells from
infected mice did not express the classical plasma cell
marker, Syndecan-1, and express lower levels of Blimp-1 in
comparison to splenic Syndecan-1* plasma cells. It has
been reported that antibody-secreting cells are heteroge-
neous as regards Blimp-1 and Syndecan-1 expression (43).
Kallies et al. (43) showed that cells with low levels of Blimp-1
are able to secrete a similar concentration of IgM but higher
concentrations of IgG2a and IgG3 in comparison to
Syndecan-1* Blimp-1"" cells, suggesting that there is not
always a correlation between the ability to secrete antibodies
and the level of Blimp-1 expression. In addition, these cells
remained for long periods in the peritoneal cavity even
though the peritoneum has not been described as a plasma
cell homing site. In fact, some controversial findings suggest

that peritoneal committed-plasmablasts abandon peritoneal
cavity to differentiate in mesenteric lymph nodes and to finally
home to intestinal lamina propria (44).

Different reports have established a key role for chemokines
in guiding antibody-secreting cells to the bone marrow,
inflamed tissues or mucosal sites (37, 45). CXCR4 expression
is key for bone marrow homing but it is also involved in peri-
toneal B cell homing (1) while IFN-y drives plasmablasts to
inflamed tissue by increasing the expression of CXCRS3 in
differentiating plasmablasts and the secretion of CXCR3
ligands by cells present in inflamed tissues (37). Even though
the expression of chemokine receptors not always correlates
with cell migration, a plausible explanation for the confine-
ment of peritoneal antibody-secreting cells from T cruzi-
infected mice to the peritoneal cavity should be found in
their phenotype. In this regard, we observed that despite
the high levels of IFN-y secreted by peritoneal cells from
T. cruzi-infected mice (Fig. 5A), the peritoneal plasma cells
did not upregulate CXCR3 and remained in peritoneum.
Furthermore, by maintaining the expression of CXCR4, the
infection-induced peritoneal plasma cells would license these
cells home to bone marrow; however, the lack of Syndecan-1
expression, required for bone marrow homing (1), will con-
strain these cells to remain in the peritoneal cavity.

Another phenotypic characteristic that may modulate the
permanence of antibody-secreting cells in the peritoneal
cavity of T cruzi-infected mice is the absence of Fcgam-
maRlIb upregulation. FcgammaRillb is a low-affinity inhibitory
receptor for the Fc portion of IgG (46) whose expression is
normally up-regulated during B cell activation and plasma
cell differentiation (34). FcgammaRllb cross-linking by immu-
nocomplexes or specific antibodies turns the cells suscepti-
ble to apoptosis in a process that controls plasma cell
persistence and is required for tolerance. In this regard, sys-
temic lupus erythematosus (SLE)-prone NZB or MRL mice,
characterized by their increased number of plasma cells
(47), fail to upregulate FcgammaRlIlb in germinal center
B cells. Consequently, plasmablasts have no detectable
FcgammaRllb and cannot be killed by this pathway (48).
Similarly to SLE-prone mice, the peritoneal plasma cells from
T. cruzi-infected mice expressed low levels of FcgammaRlib
in comparison with cells from normal mice and, therefore,
would be resistant to this control mechanism. Considering
this, it is possible that the phenotype of the infection-
induced plasma cells may favor the persistence of autoreac-
tive plasma cells and the autoimmune manifestations
associated to this parasite infection.

Regarding the signals that induce the differentiation of
peritoneal plasma cells during T. cruzi infection, we deter-
mined that soluble mediators secreted by peritoneal cells
were not capable of inducing B cell differentiation in vitro.
However, we cannot rule out that cytokines increased during
the infection such as IL-10, IL-6 and IL-5, known to induce
B-2 cell differentiation, may have a role in vivo, maintaining
antibody-secreting cell survival (49). Although refractory to
environmental soluble factors, peritoneal B-1 and B-2 cells,
but not mature splenic B cells, differentiate into plasma cells
in vitro in a T-independent fashion when cultured with the try-
pomastigote of T. cruzi. This differentiation is observed when
the ratio parasite/host cell is higher than 0.5 (Fig. 5D and
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data not shown). This result may explain why at the begin-
ning of the infection the parasites did not trigger B-1 cell dif-
ferentiation, but differentiation is observed at the peak of
parasitemia when the parasite load is high (26).

Analyzing the contribution of different lymphoid tissues to
the humoral response during T. cruzi infection, we deter-
mined that peritoneal cavity presented lower frequency of
antibody-secreting plasma cells than spleen and lymph
nodes. The apparent discrepancy between the strong re-
duction in the number of peritoneal CD19* cells and the low
frequency of antibody-secreting cells may be explained by
the presence of Mott-like cells that exhibit a CD19'°“/~ phe-
notype compatible with terminally differentiated plasma cells
which may be no detectable by ELISpot as consequence of
their reported defects on Ig secretion (40). Interestingly, de-
spite the low frequency of antibody-secreting plasma cells,
peritoneal cells from T. cruziinfected mice secreted higher
amounts of antibodies that the other lymphoid tissues. This
result underscores the enhanced ability of peritoneal cells from
T. cruzi-infected mice to secrete Igs, reinforcing the idea that
the population of peritoneal Syndecan-1~ plasma cells
exhibit distinctive features in comparison to Syndecan-1*
plasma cells from spleen and lymph nodes.

In agreement with Reina-San-Martin et al. (50), we further
established that the peritoneal B cell response observed
during T. cruzi infection is scarcely specific for the invading
pathogen. Despite this, it is likely that the peritoneal plasma
cells induced during T. cruzi infection can release ‘sticky’
antibodies that could contribute to parasite control. This hy-
pothesis is supported by reports showing that peritoneal
B cells produce antibodies of broad specificity that, at very
high concentration, are able to unspecifically stick to several
microorganism providing protection (51).

Supplementary data

Supplementary Figures 1 and 2 are available at International
Immunology Online.

Funding

Consejo de Investigaciones Cientificas y Técnicas, SECyT-
UNC, and Agencia Nacional de Promocion Cientifica y Técn-
ica (PICT 05-14575 and 2007-1955) to A.G.

Acknowledgements

M.C.M. and D.A.B. thank CONICET for the fellowship granted. C.L.M,
E.V.A-R. and A.G. are members of the Scientific Career of CONICET.
M.C.A-V. thank Secyt-UNC for the fellowship granted. Competing
interest: The authors do not have a commercial or other association
that might pose a conflict of interest.

References

1 Radbruch, A., Muehlinghaus, G., Luger, E. O. et al. 2006.
Competence and competition: the challenge of becoming
a long-lived plasma cell. Nat. Rev. Immunol. 6:741.

2 Liu, Y. J., Malisan, F.,, de, B. O. et al. 1996. Within germinal centers,
isotype switching of immunoglobulin genes occurs after the onset
of somatic mutation. Immunity 4:241.

3 Liu, Y. J., Arpin, C., de, B. O. et al. 1996. Sequential triggering of
apoptosis, somatic mutation and isotype switch during germinal
center development. Semin. Immunol. 8:169.

Peritoneal plasma cells in Trypanosoma cruzi infection 409

4 Ahmed, R. and Gray, D. 1996. Immunological memory and
protective immunity: understanding their relation. Science
272:54.

5 Vos, Q. Lees, A., Wu, Z. Q., Snapper, C. M. and Mond, J. J. 2000.
B-cell activation by T-cell-independent type 2 antigens as an
integral part of the humoral immune response to pathogenic
microorganisms. Immunol. Rev. 176:154.

6 Martin, F. and Kearney, J. F. 2000. B-cell subsets and the mature
preimmune repertoire. Marginal zone and B1 B cells as part of
a “natural immune memory”. Immunol. Rev. 175:70.

7 Kantor, A. B., Merrill, C. E., Herzenberg, L. A. and Hillson, J. L.
1997. An unbiased analysis of V(H)-D-J(H) sequences from B-1a,
B-1b, and conventional B cells. J. Immunol. 158:1175.

8 Forster, |., Gu, H. and Rajewsky, K. 1988. Germline antibody V
regions as determinants of clonal persistence and malignant
growth in the B cell compartment. EMBO J. 7:3693.

9 Boes, M., Prodeus, A. P., Schmidt, T., Carroll, M. C. and Chen, J.
1998. A critical role of natural immunoglobulin M in immediate
defense against systemic bacterial infection. J. Exp. Med.
188:2381.

10 Fagarasan, S., Shinkura, R., Kamata, T., Nogaki, F., Ikuta, K. and
Honjo, T. 2000. Mechanism of B1 cell differentiation and migration
in GALT. Curr. Top. Microbiol. Immunol. 252:221.

11 Genestier, L., Taillardet, M., Mondiere, P., Gheit, H., Bella, C. and
Defrance, T. 2007. TLR agonists selectively promote terminal
plasma cell differentiation of B cell subsets specialized in thymus-
independent responses. J. Immunol. 178:7779.

12 Shaw, P. X., Horkko, S., Chang, M. K. et al. 2000. Natural
antibodies with the T15 idiotype may act in atherosclerosis,
apoptotic clearance, and protective immunity. J. Clin. Invest.
105:1731.

13 Hayakawa, K., Hardy, R. R., Parks, D. R. and Herzenberg, L. A.
1983. The “Ly-1 B” cell subpopulation in normal immunodefective,
and autoimmune mice. J. Exp. Med. 157:202.

14 Murakami, M., Nakajima, K., Yamazaki, K., Muraguchi, T,
Serikawa, T. and Honjo, T. 1997. Effects of breeding environments
on generation and activation of autoreactive B-1 cells in anti-red
blood cell autoantibody transgenic mice. J. Exp. Med. 185:791.

15 Hastings, W. D., Tumang, J. R., Behrens, T. W. and Rothstein, T. L.
2006. Peritoneal B-2 cells comprise a distinct B-2 cell population
with B-1b-like characteristics. Eur. J. Immunol. 36:1114.

16 Levin, M. J., Kaplan, D., Ferrari, |., Arteman, P., Vazquez, M. and
Panebra, A. 1993. Humoral autoimmune response in Chagas’
disease: Trypanosoma cruzi ribosomal antigens as immunizing
agents. FEMS Immunol. Med. Microbiol. 7:205.

17 Leon, J. S., Godsel, L. M., Wang, K. and Engman, D. M. 2001.
Cardiac myosin autoimmunity in acute Chagas’ heart disease.
Infect. Immun. 69:5643.

18 Kierszenbaum, F. and Howard, J. G. 1976. Mechanisms of
resistance against experimental Trypanosoma cruzi infection: the
importance of antibodies and antibody-forming capacity in the
Biozzi high and low responder mice. J. Immunol. 116:1208.

19 Krettli, A. U. and Brener, Z. 1976. Protective effects of specific
antibodies in Trypanosoma cruzi infections. J. Immunol. 116:755.

20 Acosta-Rodriguez, E. V., Montes, C. L., Motran, C. C. et al. 2004.
Galectin-3 mediates IL-4-induced survival and differentiation of
B cells: functional cross-talk and implications during Trypanosoma
cruzi infection. J. Immunol. 172:493.

21 Brener, Z. and Gazzinelli, R. T. 1997. Immunological control of
Trypanosoma cruzi infection and pathogenesis of Chagas’
disease. Int. Arch. Allergy Immunol. 114:103.

22 Tibbetts, R. S., McCormick, T. S., Rowland, E. C., Miller, S. D. and
Engman, D. M. 1994. Cardiac antigen-specific autoantibody
production is associated with cardiomyopathy in Trypanosoma
cruzi-infected mice. J. Immunol. 152:1493.

23 Minoprio, P., Bandeira, A., Pereira, P.,, Mota, S. T. and Coutinho, A.
1989. Preferential expansion of Ly-1 B and CD4- CD8- T cells in
the polyclonal lymphocyte responses to murine T. cruzi infection.
Int. Immunol. 1:176.

24 Minoprio, P, Coutinho, A., Spinella, S. and Hontebeyrie-Joskowicz,
M. 1991. Xid immunodeficiency imparts increased parasite clear-
ance and resistance to pathology in experimental Chagas’ disease.
Int. Immunol. 3:427.

0T0Z ‘0 [dy uo rendsoH yoseasay sualp(iyd apnc 1S 1e 610 speuinolpioxo-wwnuil//:dny woiy papeojumoq


Supplementary Figures 1
http://intimm.oxfordjournals.org

410 Peritoneal plasma cells in Trypanosoma cruzi infection

25

26

27

28

29

30

31

32

33

34

35

36

37

Zuniga, E., Motran, C. C., Montes, C. L., Yagita, H. and Gruppi, A.
2002. Trypanosoma cruzi infection selectively renders parasite-
specific IgG+ B lymphocytes susceptible to Fas/Fas ligand-
mediated fratricide. J. Immunol. 168:3965.

Zuniga, E., Acosta-Rodriguez, E., Merino, M. C., Montes, C. and
Gruppi, A. 2005. Depletion of immature B cells during Trypano-
soma cruzi infection: involvement of myeloid cells and the
cyclooxygenase pathway. Eur. J. Immunol. 35:1849.

Gruppi, A., Cerban, F. M. and Vottero-Cima, E. 1997. Exoantigens
from Trypanosoma cruzi contain cruzipain. Acta Trop. 63:141.
Schiller, M., Bekeredjian-Ding, I., Heyder, P., Blank, N., Ho, A. D.
and Lorenz, H. M. 2008. Autoantigens are translocated into small
apoptotic bodies during early stages of apoptosis. Cell Death
Differ. 15:188.

Schmid, I., Krall, W. J., Uittenbogaart, C. H., Braun, J. and
Giorgi, J. V. 1992. Dead cell discrimination with 7-amino-
actinomycin D in combination with dual color immunofluores-
cence in single laser flow cytometry. Cytometry 13:204.

Montes, C. L., Acosta-Rodriguez, E. V., Mucci, J., Zuniga, E. I.,
Campetella, O. and Gruppi, A. 2006. A Trypanosoma cruzi antigen
signals CD11b+ cells to secrete cytokines that promote polyclonal
B cell proliferation and differentiation into antibody-secreting cells.
Eur. J. Immunol. 36:1474.

Tumang, J. R., Frances, R., Yeo, S. G. and Rothstein, T. L. 2005.
Spontaneously |g-secreting B-1 cells violate the accepted
paradigm for expression of differentiation-associated transcription
factors. J. Immunol. 174:3173.

Alanen, A., Pira, U., Lassila, O., Roth, J. and Franklin, R. M. 1985.
Mott cells are plasma cells defective in immunoglobulin secretion.
Eur. J. Immunol. 15:235.

Manz, R. A, Lohning, M., Cassese, G., Thiel, A. and Radbruch, A.
1998. Survival of long-lived plasma cells is independent of
antigen. Int. Immunol. 10:1703.

Xiang, Z., Cutler, A. J., Brownlie, R. J. et al. 2007. FcgammaRlIb
controls bone marrow plasma cell persistence and apoptosis. Nat.
Immunol. 8:419.

Shapiro-Shelef, M. and Calame, K. 2005. Regulation of plasma-
cell development. Nat. Rev. Immunol. 5:230.

Ansel, K. M., Harris, R. B. and Cyster, J. G. 2002. CXCL13 is
required for B1 cell homing, natural antibody production, and
body cavity immunity. /mmunity 16:67.

Muehlinghaus, G., Cigliano, L., Huehn, S. et al. 2005. Regulation
of CXCR3 and CXCR4 expression during terminal differentiation of
memory B cells into plasma cells. Blood 105:3965.

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Cassese, G., Arce, S., Hauser, A. E. et al. 2003. Plasma cell
survival is mediated by synergistic effects of cytokines and
adhesion-dependent signals. J. Immunol. 171:1684.

Ha, S. A., Tsuji, M., Suzuki, K. et al. 2006. Regulation of B1 cell
migration by signals through Toll-like receptors. J. Exp. Med.
203:2541.

Shultz, L. D., Coman, D. R., Lyons, B. L., Sidman, C. L. and
Taylor, S. 1987. Development of plasmacytoid cells with Russell
bodies in autoimmune “viable motheaten” mice. Am. J. Pathol.
127:38.

Jiang, Y., Hirose, S., Hamano, Y. et al. 1997. Mapping of a gene for
the increased susceptibility of B1 cells to Mott cell formation in
murine autoimmune disease. J. Immunol. 158:992.

Fairfax, K. A., Corcoran, L. M., Pridans, C. et al. 2007. Different
kinetics of Blimp-1 induction in B cell subsets revealed by reporter
gene. J. Immunol. 178:4104.

Kallies, A., Hasbold, J., Tarlinton, D. M. et al. 2004. Plasma cell
ontogeny defined by quantitative changes in Blimp-1 expression.
J. Exp. Med. 200:967.

Fagarasan, S., Watanabe, N. and Honjo, T. 2000. Generation,
expansion, migration and activation of mouse B1 cells. Immunol.
Rev. 176:205.

Tokoyoda, K., Egawa, T., Sugiyama, T., Choi, B. |. and Nagasawa,
T. 2004. Cellular niches controlling B lymphocyte behavior within
bone marrow during development. Immunity 20:707.

Ravetch, J. V. and Bolland, S. 2001. IgG Fc receptors. Annu. Rev.
Immunol. 19:275.

Hoyer, B. F., Moser, K., Hauser, A. E. et al. 2004. Short-lived
plasmablasts and long-lived plasma cells contribute to
chronic humoral autoimmunity in NZB/W mice. J. Exp. Med.
199:1577.

Rahman, Z. S., Niu, H., Perry, D., Wakeland, E., Manser, T. and
Morel, L. 2007. Expression of the autoimmune Fcgr2b NZW
allele fails to be upregulated in germinal center B cells and is
associated with increased IgG production. Genes Immun.
8:604.

Calame, K. L. 2001. Plasma cells: finding new light at the end of
B cell development. Nat. Immunol. 2:1103.

Reina-San-Martin, B., Degrave, W., Rougeot, C. et al. 2000. A
B-cell mitogen from a pathogenic trypanosome is a eukaryotic
proline racemase. Nat. Med. 6:890.

Berland, R. and Wortis, H. H. 2002. Origins and functions of
B-1 cells with notes on the role of CD5. Annu. Rev. Immunol.
20:253.

0T0Z ‘0 [dy uo rendsoH yoseasay sualp(iyd apnc 1S 1e 610 speuinolpioxo-wwnuil//:dny woiy papeojumoq


http://intimm.oxfordjournals.org

