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Abbreviations

BAFF B-cell activating factor belonging to the TNF family
CL cutaneous leishmaniasis

ELISA enzyme-linked immunosorbent assay
HC healthy control

HE hematoxylin and eosin

KO knockout

LDU Leishman-Donovan Units

ND not detected

NS not significant

PBS phosphate-buffered saline

p.1. post infection

RA rheumatoid arthritis

RP red pulp

SD standard deviation

SLE systemic lupus erythematosus

VL visceral leishmaniasis

WP white pulp

WT wild-type



General introduction

Leishmaniasis is a spectrum of diseases caused by protozoan parasites of the
genus Leishmania. The diseases are classified roughly into three forms based on
clinical manifestations: cutaneous leishmaniasis (CL), mucocutaneous
leishmaniasis and visceral leishmaniasis (VL). VL, also known as kala-azar, is
the most severe form generally caused by Leishmania donovani in East-Africa,
India, and parts of the Middle East and by L. infantum in Europe, North Africa,
South and Central America [1]. The annual incidence of VL is estimated as
200,000 to 400,000 cases, with about 20,000 to 40,000 associated deaths [2].
Clinical manifestations of VL include fever, hepatosplenomegaly, anemia and
weight loss, and it can be fatal if left untreated. Leishmania parasites develop as
promastigotes in sand flies. Once transmitted to mammalian hosts through blood
feeding by sand flies, these parasites proliferate as amastigotes in macrophages
of the hosts.

Studies on host immune response during leishmaniasis have been mainly
done using CL mouse model. According to the studies, the roles of host immune
response in pathology during Leishmania infection can be divided into two
aspects, whereas these aspects are related to each other. One of the aspects is
associated with host resistance and susceptibility to parasite infection. For
example, based on the studies using mice infected with L. major, which is
causative species of CL in human, resistance and susceptibility to the parasite

infection depend on the balance of the subsets of helper T cells [3]. The other



aspect 1s associated with symptoms. A previous report using mice showed that
cytotoxic T cells kill parasite-infected target cells, but the cytolytic response was
not protective and rather promoted development of lesions during infection of L.
braziliensis, which is causative species of CL in human [4].

Since establishment of VL mouse model representing progressive disease
was more recent, knowledge about host immune response during VL is limited.
Human VL is a chronic disease with the time from infection to disease onset
between 2 to 6 months [5], when acquired immunity is involved. Generally
speaking, T cells and B cells play important roles in acquired immunity. About
relationships between these cells and resistance/susceptibility to infection of
parasites, it was reported that T-cell depleted mice and nude mice, which lack
mature T cells, showed resistance against L. donovani infection [6, 7]. Studies
have also shown that mice lacking B cells are resistant to infection of L. donovani
[8, 9]. However, the roles of these cells in development of symptoms during VL
have been poorly evaluated.

Splenomegaly is one of the major symptoms in VL. Splenomegaly can cause
abdominal pain and give the patients physical discomfort. While mechanisms
underlying splenomegaly are various among the diseases, it seems that increase
in the number of the cells which form spleen is one of major causes of
splenomegaly. In VL, spleen is one of the main places for proliferation of
Leishmania parasites. Although it i1s speculated that immune response to
Leishmania causes splenomegaly during VL, it is not clear which cells and which

signals are involved.



In the present study, involvement of B cells and plasma cells, which are
collectively called B-cell lineage cells in this thesis, in development of
splenomegaly during VL and L. donovani-infected mice was examined. In chapter
1, infection-induced strong activation of B-cell lineage cells during VL is shown
using serum immunoglobulins as indicators for activation of the cells. In chapter
2, contribution of B-cell lineage cells to development of splenomegaly during
infection of L. donovani was evaluated using mice. In chapter 3, the roles of a
molecule designated BAFF (for B-cell activating factor belonging to the TNF
family) in activation of B-cell lineage cells, consequently in development of
splenomegaly in L. donovani-infected mice are focused. BAFF was found as a
costimulator of B cell proliferation and function [10]. Serum BAFF in VL patients
was also examined. Together the aim of this study was to demonstrate the
involvement of BAFF via activation of B-cell lineage cells in development of

splenomegaly during infection of L. donovani in mice and human VL.



Chapter 1
IgG-dominant hyperimmunoglobulinemia is a

hallmark of VL



Introduction

Hypergammaglobulinemia has been reported as one of the symptoms of VL
patients [11-14]. Hypergammaglobulinemia is a clinical manifestation that
abnormally increased levels of gamma globulins are present in the blood, which is
judged from the result of serum protein electrophoresis. Other than VL, this
manifestation can often be found in autoimmune diseases including systemic
lupus erythematosus (SLE), Sjégren's syndrome, rheumatoid arthritis (RA) and
polymyositis as well as tumors of immunoglobulin-producing cells such as
multiple myeloma, Waldenstrom's macroglobulinemia, chronic lymphocytic
leukemia, and other non-Hodgkin’s lymphoma [15, 16].

Proteins belonging to gamma-globulin fraction are mostly immunoglobulins.
Main immunoglobulin classes in amount are IgM, IgG and IgA in blood.
Immunoglobulin class which i1s dominantly elevated is different by diseases. For
example, patients with Waldenstrom's macroglobulinemia are characterized by
elevation of serum monoclonal IgM [17]. Serum IgA levels were elevated in
patients with IgA nephropathy, which resulted from IgA-specific B-cell
hyperactivity in the patients [18]. Tumors of immunoglobulin-producing cells also
contribute to elevation of certain class of immunoglobulins, and sometimes
malignant monoclonal proliferations are associated with a deficient production of
all other immunoglobulin classes [19].

In general, following activation by antigen, B cells can develop into plasma

cells and plasma cells secrete immunoglobulins. Therefore, knowing what classes



of immunoglobulins are responsible for the hypergammaglobulinemia is an
important process to understand mechanisms of B-cell activation during VL.
However, such quantitative and systematic analyses on immunoglobulin classes
are limited. In this chapter, serum or plasma levels of immunoglobulins in VL

patients were quantified.



Materials and methods

Patients

Plasma samples of Bangladeshi VL patients (n = 22) and Bangladeshi
healthy controls (HCs, n = 28 were collected. All the patients were
parasite-positive by microscopy of the smear of aspirated spleen. Plasma samples
were collected at S.K. hospital with informed consent and obtained from
Mymensingh Medical College, Mymensingh, Bangladesh. All the samples were
coded and archived at the hospital, and personal information of the donors were
not available. Collection of the samples was approved by the ethical committee at
Mymensingh Medical College, and usage of the samples was approved by
Institutional Review Board of The University of Tokyo (No. 14-70).

Serum samples from Brazilian VL patients (n = 20), Brazilian Chagas’
disease patients (n = 10) and Brazilian HCs (n = 9) were collected with informed
consent from each donor at Prof. Edgard Santos University Hospital,
Universidade Federal da Bahia, Salvador, Bahia, Brazil. All the samples were
coded and archived at the hospital, and personal information of the donors
including the name, sex and age were not available with the exception of the
sample ID describing the classification of the donor group (G.e., VL, Chagas). This
study was approved by the Institutional Review Board of The University of Tokyo

(No. 11-63).

Quantification of immunoglobulin levels

Quantification of plasma or serum levels of IgG, IgM and IgA in human was
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performed by using Human total IgG ELISA Ready-Set-Go! ELISA kit, Human
total IgM ELISA Ready-Set-Go! and Human total IgA ELISA Ready-Set-Go!
(eBioscience, Inc., San Diego, CA), respectively, according to the manufacture’s

instruction.

Statistical analysis

Differences in the levels of serum immunoglobulins among groups were
analyzed by Mann-Whitney test, Kruskal-Wallis test followed by Dunn’s multiple
comparisons test or one-way ANOVA followed by Bonferroni multiple
comparisons test, and P values less than 0.05 were considered significantly

different.
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Results

IgG-dominant hyperimmunoglobulinemia in VL patients

Bangladeshi VL patients showed high levels of IgG in plasma (Figure 1).
Plasma IgG levels of Bangladeshi VL patients ranged from 21.13 mg/ml to 66.69
mg/ml with the mean + standard deviation (SD) value of 42.36 + 14.63 mg/ml.
Plasma IgG levels in Bangladeshi HCs ranged from 9.19 mg/ml to 23.09 mg/ml
with the mean + SD of 15.05 + 3.25 mg/ml. The levels in VL patients were
statistically higher than those in HCs (P < 0.0001) and 91% of the patients
showed higher levels than mean + 3SD of HCs (24.79 mg/ml). The means + SD
values of plasma IgM in Bangladeshi VL patients and HCs were 2.19 + 1.79
mg/ml and 2.04 + 0.96 mg/ml, respectively, and those of IgA were 0.65 + 0.40
mg/ml and 1.09 + 0.45 mg/ml, respectively. While there was not a significant
difference between the IgM levels of VL patients and those of HCs, the levels of
IgA in VL patients were significantly lower than those in HCs (P < 0.0001).

Brazilian VL patients also showed high levels of IgG (Figure 2). The serum
IgG levels in the VL patients ranged from 3.34 mg/ml to 64.13 mg/ml with the
mean + SD values of 24.97 + 18.34 mg/ml. The serum IgG levels in the patients
with Chagas’ disease ranged from 3.15 mg/ml to 17.25 mg/ml with the mean + SD
value of 10.26 + 4.66 mg/ml, and the levels in HCs ranged from 1.45 mg/ml to 8.03
mg/ml with the mean + SD value of 4.68 + 2.61 mg/ml. The levels in VL patients
were statistically higher than those in Chagas’ disease patients (P < 0.05) and

HCs (P< 0.01), whereas no difference was found between Chagas’ disease
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patients and HCs (P> 0.05). When the mean + 3SD of HCs was set as a cutoff
(12.5 mg/ml), 75% of VL patients showed elevated serum IgG, whereas 30% of
Chagas’ diseases patients did. The means = SD values of serum IgM in Brazilian
VL patients, the patients with Chagas’ disease and HCs were 4.92 + 8.14 mg/ml,
1.83 £ 0.75 mg/ml and 1.39 + 0.82 mg/ml, respectively, and those of IgA were 0.48
+ 0.60 mg/ml, 1.34 + 1.37 mg/ml and 0.77 = 0.25 mg/ml, respectively. There was no
significant difference between the IgM levels in VL patients and HCs, VL
patients and Chagas’ disease patients, or Chagas’ disease patients and HCs. The
IgA levels in VL patients were statistically lower than those in Chagas’ disease
patients (P< 0.01) and HC (P < 0.05), whereas no difference was found between

Chagas’ disease patients and HC (P> 0.05).
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Discussion

From the results, IgG-dominant hyperimmunoglobulinemia was shown in
both Bangladeshi and Brazilian VL patients. The majority of the previous reports
on hypergammaglobulinemia in VL are case reports, and there have been only a
few reports about quantitative data of immunoglobulins which target more than
ten patients. Especially about Bangladeshi VL patients, this is the first report of
quantitative data of immunoglobulins. Increase of the mean value of IgG was
2.8-fold in Bangladeshi VL patients and 5.3-fold in Brazilian VL patients
(comparison to HCs of each region). Previous reports from other region also
showed marked increase in the level of IgG (4.4-fold in India [12]; 4.3-fold in India
[20]; 4.4-fold in Somalia (comparison of median value)[21]). In both Bangladesh
and Brazil, there was no significant difference in IgM levels between patients and
HCs, and IgA levels were significantly lower in patients than HCs. Previous
reports showed lesser increase than IgG or no increase of IgM and IgA in VL
patients[12, 20, 21]. Together with other reports, IgG-dominant
hyperimmunoglobulinemia is a hallmark of VL, which is not restricted by the
geographical backgrounds or the infecting Leishmania species.

Clinically there is a reference value of serum IgG, 8.7-17 mg/ml (from website
of Sysmex Corporation, Hyogo, Japan). In infectious diseases, detection of
antigen-specific antibodies is common way for diagnosis. However, not all
infectious diseases are supposed to be associated with elevation of

immunoglobulin levels. In this study, the patients with Chagas’ disease did not
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show elevation of serum IgG whereas high titer of parasite antigen-specific 1gG
was reported [22].

Hypergammaglobulinemia can be classified into monoclonal or polyclonal
hypergammaglobulinemia. Monoclonal hypergammaglobulinemia, which 1is
characterized by the presence of sharp and strong band in the result of serum
protein electrophoresis, can be found in patients with B-cell malignancy including
multiple myeloma and Waldenstrom's macroglobulinemia as well as in people
without any apparent symptoms called monoclonal gammopathy of undetermined
significance [16]. In contrast, SLE and RA, where autoantibodies play important
roles in pathology, are characterized by polyclonal hypergammaglobulinemia [15].
Hypergammaglobulinemia during VL also has been considered as polyclonal
hypergammaglobulinemia because serum electrophoresis of VL patients
represents not a single sharp peak but rather broad [23].

However, it is not that B-cell activation during VL is antigen-non-specific.
First, most of the autoantibody reported is not IgG but IgM. Second, positive
correlation between IgG levels and Leishmania-specific IgG antibody titer was
found in VL patients (in-house data). Moreover, VL patients have selective IgG
responses to Leishmania-specific antigens. For example, serum from VL patients
showed no reactivity to species-specific antigen of Trypanosoma cruzi, which is
causative species of Chagas’ disease [22, 24, 25]. Because there are no reports of
IgG autoantibody to be detected as high titers in VL patients as those to major
antigens, the majority of serum IgG in VL patients seems to be antigen-specific

rather than from non-specific B-cell activation.
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A marked increase in the level of IgG in serum or plasma of VL patients was
shown in this chapter. It is suggested that B-cell lineage cells are strongly
activated during VL. Moreover, involvement of some factors which promote

immunoglobulin class switching to IgG was indicated.
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Chapter 2
Increase in the number of B cell-lineage cells
contributes to splenomegaly in L. donovani-infected

mice
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Introduction

Splenomegaly is one of the main symptoms in VL (from previous reports, 71%
of 18,501 patients [26]; 77% of 2,130 patients [27]; 97% of 120 patients [28]).
Splenomegaly is also seen in hematological diseases such as myelofibrosis,
non-Hodgkin lymphoma and leukemia, infectious diseases such as viral hepatitis,
tuberculosis and malaria and autoimmune diseases such as SLE and RA [29].
Splenomegaly can cause sense of distension and abdominal pain, which give the
patients physical discomfort.

From previous reports increase in the number of the cells which form spleen
1s one of the main causes of splenomegaly though there is a variety of cell
populations among the diseases. For example, in the patients with myelofibrosis,
erythroblasts and megakaryocytes were significantly increased in spleen, which
indicated splenic hematopoiesis [30]. Another report showed that accumulation of
macrophages is one of the main causes of splenomegaly in the mice infected with
Plasmodium berghei, which causes rodent malaria [31]. However, it is not clear
which cells are involved in the development of splenomegaly during VL.

Spleen is the largest secondary lymphoid organ in the body. The structure of
spleen 1s divided into the white pulp and the red pulp. The white pulp is
organized as lymphoid sheaths, with T- and B-cell compartments, around the
branching arterial vessels and functions as a secondary lymphoid tissue [32]. The
red pulp consists of fibroblasts and reticular fibres and is a macrophage-rich

region [32]. The region has capacity to filter blood and is responsible for the
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removal by phagocytosis of aged erythrocytes, platelets and some blood-borne
pathogens [32]. In VL, spleen is one of the main places for proliferation of
Leishmania parasites and it is speculated that immune response to Leishmania
causes splenomegaly during VL.

Because it was indicated that B-cell lineage cells were strongly activated
during VL from the results of chapter 1, involvement of B-cell lineage cells in
splenomegaly was focused. Spleen is one of the places where B cells proliferate.
Antigen-binding B cells grow as plasmablasts and proliferate to form germinal
centers, and then differentiate into plasma cells, which secrete immunoglobulins
[33-35]. Elucidation of pathological features in the spleen of VL patients remains
difficult due to ethical limitations, so experimentally infected mice were used. In
this chapter, contribution of B-cell lineage cells to splenomegaly in L.

donovani-infected mice is shown.
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Materials and methods

Mice and parasites

Male BALB/cA mice were purchased from Japan Clea, Tokyo, Japan. All
mice were maintained under specific pathogen-free conditions. The mice were
used for experiments at the age of 6-9 weeks. This animal experiment was
reviewed and approved by an institutional animal research committee at the
Graduate School of Agricultural and Life Sciences, The University of Tokyo (No.
P14-930). Promastigotes of L. donovani MHOM/NP/03/D10; gifted from National
BioResource Project at Nagasaki University) were cultured in medium TC199
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% heat-inactivated
fetal bovine serum (Thermo Scientific, USA) and 25 mM HEPES buffer (MD

Biomedicals, France) at 25°C.

Experimental infection and parasitological examination

L. donovani promastigotes in a late log or stationary phase were washed
three times with phosphate buffered saline (PBS; Nissui Pharm) by
centrifugation at 1,600 g for 10 minutes, and were resuspended with PBS at the
concentration of 1 x 108 cells/ml. Mice were infected with 1 x 107 L. donovani
promastigotes by intravenous injection to the tail vein, and sacrificed at 12 or 24
weeks post infection.

Stamp smears of the spleen and liver were fixed for 10 minutes in methanol

(WAKO, Osaka, Japan) and stained for 30 minutes with 5% Giemsa solution
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(Merck KGaA, Parmstadt, Germany). Amastigotes were counted by microscopic
observation of the stained smear at 1,000x magnification, and
Leishman-Donovan Units (LDU) was enumerated as the number of amastigotes
per 1,000 host nucleil X the tissue weight in grams according to a previous study

[36].

Quantification of serum immunoglobulin levels

Mouse blood was centrifuged at 5,000 g for 10 minutes and the supernatant
was collected as serum. Quantification of serum levels of IgG, IgM and IgA in
mice was performed by using Mouse total IgG ELISA Ready-Set-Go! ELISA kit,
Mouse total IgM ELISA Ready-Set-Go! ELISA kit and Mouse total IgA ELISA
Ready-Set-Go! ELISA kit (eBioscience, Inc., San Diego, CA), respectively,

according to the manufacture’s instruction.

Pathological examination of sections of paraffin-embedded spleen
Pieces of the spleens were fixed with 20% neutral buffered formalin and then
embedded in paraffin. Paraffin-embedded spleens of L. donovani-infected mice
and naive mice were cut at 4-6 pm in thickness using a microtome. Sections were
dewaxed and then boiled in antigen retrieval buffer (Citrate buffer, pH 6 for IgG;
Tris-EDTA buffer, pH 9 for B220 and CD3). The sections were incubated in
methanol containing 0.3 % H2O32 followed by blocking buffer. Then the sections
were probed with anti-B220 (B cell marker) antibody (BD Biosciences, USA)

followed by peroxidase-conjugated anti-rat IgG (Nichirei Bioscience, Japan),
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anti-CD3 (T cell marker) antibody (Santa Cruz, USA) followed by
peroxidase-conjugated antibody anti goat IgG (Nichirei Bioscience, Japan) and
HRP-conjugated anti-IgG antibody (GE Healthcare, USA). Probed sections were
stained by DAB (Nichirei-Histofine Simple Stain, Nichirei Bioscience, Japan) and
counterstained with hematoxylin (WAKO, Osaka, Japan).

Hematoxylin and eosin staining was also performed for histological analyses.
The sections were stained with Mayer’s hematoxylin solution for 2 minutes, and

rinsed in running tap water for 1 hour. Next, the tissues were stained with eosin

solution MUTO PURE CHEMICALS CO., LTD., Tokyo, Japan) for 3 minutes.

Flow cytometric analysis of splenocytes

Splenocytes of naive and infected mice were isolated through cell strainer
(BD Pharmingen, USA) and red blood cells were lysed by lysing solution
(Sigma-Aldrich, USA). The cells were washed three times with PBS + 1%
heat-inactivated fetal bovine serum, and incubated with FITC-conjugated
anti-CD3 monoclonal antibody and PE-conjugated anti-CD19 monoclonal
antibody (BD Pharmingen, USA). After washing, the cells were fixed by BD
Cytofix/Cytoperm Fixation/Permeabilization solution (BD Pharmingen, USA),
and then washed again. At least 10,000 cells per sample were analyzed on the BD
FACSVerse™, and data analysis was performed using BD FACSuite™ software.
The lymphocytes were gated in the FSC-SSC dot plots, and the number of
lymphocyte-gated CD19* cells and CD3* cells were analyzed by quadrant analysis

of 2-dimentional dot plots.
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Statistical analysis
Differences in body, spleen and liver weight among groups were analyzed by
one-way ANOVA followed by Bonferroni multiple comparisons test, and P values

less than 0.05 were considered significantly different.
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Results

IgG-dominant hyperimmunoglobulinemia in L. donovani-infected
mice

Serum levels of IgG and IgM increased continuously in the course of infection
(Figure 3). The mean + SD of serum IgG level in naive mice was 0.13 = 0.03 mg/ml,
and at 12 and 24 weeks post infection, 5.99 + 1.48 mg/ml and 24.00 + 1.63 mg/ml,
respectively. The means + SD of serum IgM levels at the indicated time were 0.25
+0.02 mg/ml, 0.59 = 0.10 mg/ml and 1.05 £+ 0.15 mg/ml, respectively. The means +
SD of serum IgA levels at the indicated time were 0.013 + 0.002 mg/ml, 0.282 +
0.226 mg/ml and 0.250 + 0.087 mg/ml, respectively. Ratio of serum levels of IgG,
IgM and IgA was 10:19:1 at naive state, 21:2:1 at 12 weeks post infection and
96:4:1 at 24 weeks post infection.

The means + SD of LDU for the spleen were 182 + 10 at 12 weeks post
infection and 2,219 + 440 at 24 weeks post infection (Figure 4). The means + SD of
LDU for the liver were 1,114 + 620 at 12 weeks post infection and 2,291 + 1,802 at

24 weeks post infection.

Splenomegaly in L. donovani-infected mice

L. donovani-infected mice showed splenomegaly (Figure 5). The mean + SD of
spleen weight was 0.079 + 0.054 g in naive mice, and at 12 and 24 weeks post
infection, the value was 0.352 + 0.151 g and 1.639 + 0.789 g, respectively. The

infected mice also showed hepatomegaly (graph not shown). The means + SD of
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liver weight at indicated time were 1.553 + 0.093 g, 2.057 + 0.034 g and 2.642 +
0.212 g, respectively.

Microscopic observation of HE-stained spleen sections demonstrated that
both red pulp region (red staining) and white pulp region (dark blue staining)
expanded after infection (Figure 6). In the red pulp of infected mice, other than
red blood cells, macrophages which were infected with amastigotes were observed.
In the white pulp of infected mice, lymphocytes which are characterized by round

nucleus and thin rim of cytoplasm were increased.

Increase in the number of B-cell lineage cells in the spleen of infected
mice

In infected mouse spleen, there were much more cells stained by anti-IgG
antibody compared to naive mouse spleen (Figure 7). Because those cells had
round-shaped nucleus with large cytoplasm and cytoplasm was stained by
anti-IgG antibody, the cells were judged as IgG-expressing plasma cells. The cells
were observed beside white pulp region. By observing serial sections stained by
anti-CD3 antibody and anti-B220 antibody, IgG-expressing cells were observed
beside the region of CD3-positive cells, opposite site of the region of B220-positive
cells.

From the flow cytometric analyses, average ratio of CD19* lymphocytes in
total lymphocytes was increased after infection (from 23% to 38% at 12 weeks
post infection and 30% at 24 weeks post infection) (Figure 8). The number of total

splenic cells was also increased after infection. The calculated average number of
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CD19* lymphocytes in naive mice was 1.3 X 107 cells, and in infected mice (24
weeks post infection) 1.4 x 108 cells, about 11-fold increased. In contrast, the
calculated average number of CD3* lymphocytes in naive mice was 3.5 X 107 cells,
and at 24 weeks post infection 1.0 X 108 cells, about 3-fold increased. The number
of the lymphocytes other than CD3* or CD19* lymphocytes also increased. From
the FSC-SSC dot plot analysis, the cells with higher FSC value than lymphocytes

were increased after infection.
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Discussion

Spleen not only removes aged erythrocytes from the circulation but also
works as a secondary lymphoid organ involved in the surveillance against
blood-borne pathogens [32]. The protection provided by the spleen is dependent
on compartmentalized microenvironments suitable for antigen trapping, in
addition to cell interactions leading to the development and maintenance of
immune response against circulating pathogens [32]. Immune response against
pathogen infection can change spleen structure. For example, mouse
cytomegalovirus infection induces significant remodeling of splenic
microarchitecture, including loss of marginal zone macrophage populations and
dissolution of T and B cell compartmentalization [37]. Another report showed
that white pulp in the spleens of patients dying from malaria showed a marked
architectural disorganization [38].

From the results of HE-stained spleen sections, both red pulp and white pulp
expansion were prominent after infection. The mechanisms underlying
splenomegaly during infection of L. donovani may be different from that in other
diseases. It was reported that enlargement of red pulp was more prominent than
that of white pulp in Plasmodium berghei-infected mice [31]. Thus the
mechanisms in development of splenomegaly vary according to difference in
pathogens and host immune response.

At 24 weeks post infection, boundary between white pulp and red pulp

became complicated, when IgG-expressing plasma cells were present at marginal
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zone extending to the red pulp. This disruption of the splenic histological
structure in L. donovani-infected mice was somewhat similar to and somewhat
different from that reported in L. infantum-infected dogs [39, 40]. The reports
showed that plasma cells replace normal cell populations in the spleen and the
changes in splenic structure are associated with the patterns of response to the
infection of L. infantum in dogs. From those results, the numbers of B cells were
reduced in both the follicles and marginal zones, which is different from the
result of this study. They also showed splenic plasmacytosis is strongly associated
with high serum globulin concentrations.

IgG-dominant hyperimmunoglobulinemia, which was seen in VL patients,
was also seen in L. donovani-infected mice, and these mice are supposed to be
useful for better understanding of B-cell activation during VL. The number of
CD19* cells was increased significantly after infection. At 24 weeks post infection,
the number of splenocytes other than CD3* or CD19* lymphocytes was more than
CD19* lymphocytes. However, those splenocytes include plasma cells, which do
not express CD19 on the cell surface. There have been only a few studies
examining the number of B cells in splenomegaly during VL. In one previous
study, ratio of T cells, B cells and macrophages in splenic nucleated cells in L.
donovani-infected BALB/c mice was examined at 2 and 8 weeks post infection [41].
The report showed that the percentage of macrophages increased significantly
and to a lesser extent that of B cells. In that study, the time points were set
earlier and the degree of splenomegaly was much more moderate than this study.

From the present study, it is indicated that infection-induced increase in B-cell
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lineage cells is one of the main causes of splenomegaly in late phase of infection.
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Chapter 3

BAFF is involved in development of splenomegaly

via activation of B cell-lineage <cells in L.

donovani-infected mice
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Introduction

The results in chapter 2 showed that L. donovani infection-induced increase
in B-cell lineage cells is one of the main causes of splenomegaly in mice. Then
which factors are involved in hyper-activation of B-cell lineage cells?

For example, IL-4 is the representative Th2 cytokine that is involved in
induction of humoral immunity, and there is a study that serum levels of IL.-4 are
high in VL patients in India [42]. VL patients also have elevated levels of total
and antigen-specific IgE [43, 44], indicating the involvement of IL-4 in humoral
responses during the disease. However, it should be noted that the role of IL-4 in
VL animal model is controversial [45-47] and there is a report that spleen weights
of ILi-4 knockout mice and wild-type mice were not significantly different during
infection of L. donovani [48].

In this study, the roles of one molecule designated BAFF (for B-cell activating
factor belonging to the TNF family) in development of symptom was focused.
BAFF, also known as B lymphocyte stimulator (BLyS), tumor necrosis factor- and
ApoL-related leukocyte expressed ligand 1 (TALL-1) and tumor necrosis factor
ligand superfamily 13B (TNFSF13B), is a critical regulator of B-cell development
and differentiation [49]. Although the molecule is indispensable in maintaining B
cell functions, aberrant expression of BAFF is associated with some diseases
representing hypergammaglobulinemia. While few studies have been done about
BAFF in infectious diseases, those diseases include SLE, RA and Sjégren’s

syndrome where inhibitors of BAFF signaling such as belimumab and blisibimod
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are approved and/or being evaluated for treatment.

In the first half of this chapter, it was shown that BAFF levels in blood of VL
patients and L. donovani-infected mice were increased. In the latter half, effects
of BAFF deficiency in the development of splenomegaly during infection of L.
donovani were examined in mice. Together the aim of this chapter is to show that
BAFF is involved in splenomegaly via activation of B-cell lineage cells during

infection of L. donovani.
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Materials and methods

Production of BAFF-deficient mouse

BAFF-deficient mouse was produced by offset-nicking method of
CRISPR/Cas system according to previous report [50] by Dr. Wataru Fujii at
Laboratory of Applied Genetics, Graduate school of Agricultural and Life Sciences,
the University of Tokyo. Briefly, exon 1 to exon 2 of BAFF locus, which include
transmembrane region and proteolytic cleavage site [51] (Figure 9), was deleted
by using the four gRNAs designed at the following loci;
5-GGAGTAAGTGACCACAGGGGTGGG, 5-GACCTTCAAAGTGCTCCTCGTGG,
5-GTCGTCTTGTCACCTCCCACAGGG, and
5-GACAAGACGACTAGGGTGCACGG. Approximately 4 pl of RNA solution that
contain 100 pg/ml of Cas9P19A mRNA and 10 pg/ml of each gRNA was injected
into the cytoplasm of each zygote obtained from naturally mated BALB/cA female
mice. Ten injected-zygotes were transferred into the oviductal ampulla of a 0.5
dpc pseudo-pregnant recipient mouse, then 2 pups were obtained by natural birth.
The genotypes of the pups were determined by the genomic-PCR using the
primers (forward primer, 5-CAAACAGGACTGTATTGAGATAGAATGAAAC,
and reverse primer, 5-ACAGTCTTTGCCATTTCTGTGTGTTTTGC) and
sequencing of the PCR amplicons, indicated that both of the pups had bi-allelic
region deletion. The mice were made specific pathogen-free at Central Institute

for Experimental Animals, Kawasaki.
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Mice and parasites

Male wild-type BALB/cA mice were purchased from Japan Clea, Tokyo,
Japan. Male BAFF-deficient BALB/cA mice were obtained by home breeding. All
mice were maintained under specific pathogen-free conditions. The mice were
used for experiments at the age of 6-9 weeks. This animal experiment was
reviewed and approved by an institutional animal research committee (No.
P15-80 and No. P14-930) and an institutional committee on genetically modified
organisms (No. 830-2630) at the Graduate School of Agricultural and Life
Sciences, The University of Tokyo. Promastigotes of L. donovani
(MHOM/NP/03/D10; gifted from National BioResource Project at Nagasaki
University) were cultured in medium TC199 (Nissui Pharmaceutical, Tokyo,
Japan) supplemented with 10% heat-inactivated fetal bovine serum (Thermo

Scientific, USA) and 25 mM HEPES buffer (MD Biomedicals, France) at 25°C.

Experimental infection and parasitological examination

L. donovani promastigotes in a late log or stationary phase were washed
three times with phosphate buffered saline (PBS; Nissui Pharm) by
centrifugation at 1,600 g for 10 minutes, and were resuspended with PBS at the
concentration of 1 x 108 cells/ml. Mice were infected with 1 x 107 L. donovani
promastigotes by intravenous injection to the tail vein, and sacrificed at 12 or 24

weeks post infection.

Patients
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Plasma samples of Bangladeshi VL patients (n = 10) and Bangladeshi
healthy controls (HCs, n = 30) were collected. All the patients were
parasite-positive by microscopy of the smear of aspirated spleen. Plasma samples
were collected at S.K. hospital with informed consent and obtained from
Mymensingh Medical College, Mymensingh, Bangladesh. All the samples were
coded and archived at the hospital, and personal information of the donors were
not available. Collection of the samples was approved by the ethical committee at
Mymensingh Medical College, and usage of the samples was approved by
Institutional Review Board of The University of Tokyo (No. 14-70).

Serum samples from Brazilian VL patients (n = 20), Brazilian Chagas’
disease patient (n = 10) and Brazilian HCs (n = 9) were collected with informed
consent from each donor at Prof. Edgard Santos University Hospital,
Universidade Federal da Bahia, Salvador, Bahia, Brazil. All the samples were
coded and archived at the hospital, and personal information of the donors
including the name, sex and age were not available with the exception of the
sample ID describing the classification of the donor group (G.e., VL, Chagas). This
study was approved by the Institutional Review Board of The University of Tokyo

(No. 11-63).

Quantification of serum BAFF levels and immunoglobulins
Mouse blood was centrifuged at 5,000 g for 10 minutes and the supernatant
was collected as serum. Quantification of serum BAFF levels in mice was

performed by using commercial ELISA kits (R&D Systems, USA) according to the
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manufacture’s instruction. Quantification of serum or plasma BAFF levels in
human was performed by using commercial ELISA kits (R&D Systems, USA)

according to the manufacture’s instruction.

Immunohistochemistry of spleen of infected mice

Pieces of the spleens were fixed with 20% neutral buffered formalin and then
embedded in paraffin. Paraffin-embedded spleens of L. donovani-infected mice
and naive mice were cut at 4-6 pm in thickness. Sections were dewaxed and then
boiled in antigen retrieval buffer (Tris-EDTA buffer, pH 9). The sections were
incubated in methanol containing 0.3 % H202 and blocking buffer. Then the
sections were probed with anti-B220 (B cell marker) antibody (BD Biosciences,
USA) or anti-CD138 antibody (BD Biosciences, USA) followed by
peroxidase-conjugated antibody anti rat IgG (Nichirei Bioscience, Japan). Probed
sections were stained by DAB (Nichirei-Histofine Simple Stain, Nichirei
Bioscience, Japan) and counterstained with Mayer’s hematoxylin solution
(WAKO, Osaka, Japan).

The sections were also stained with hematoxylin for 2 minutes, and rinsed in

running tap water for 1 hour. Next, the tissues were stained with eosin solution

(MUTO PURE CHEMICALS CO., LTD., Tokyo, Japan) for 3 minutes.

Flow cytometric analysis of splenocytes
Splenocytes of naive and infected mice were isolated through cell strainer

(BD Pharmingen, USA) and red blood cells were lysed by lysing solution
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(Sigma-Aldrich, USA). The cells were washed three times with PBS + 1%
heat-inactivated fetal bovine serum, and incubated with FITC-conjugated
anti-CD3 monoclonal antibody and PE-conjugated anti-CD19 monoclonal
antibody (BD Pharmingen, USA). After washing, the cells were fixed by BD
Cytofix/Cytoperm Fixation/Permeabilization solution (BD Pharmingen, USA),
and then washed again. At least 10,000 cells per sample were analyzed on the BD
FACSVerse™, and data analysis was performed using BD FACSuite™ software.
The lymphocytes were gated in the FSC-SSC dot plots, and the number of
lymphocyte-gated CD19* cells and CD3* cells were analyzed by quadrant analysis

of 2-dimentional dot plots.

Statistical analysis

Differences in BAFF levels among groups were analyzed by one-way ANOVA
followed by Bonferroni multiple comparisons test and differences between
wild-type mice and knockout mice were analyzed by two-way ANOVA followed by
Bonferroni multiple comparisons test. P values less than 0.05 were considered

significantly different.
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Results

Increase in the BAFF levels in serum or plasma of VL patients

Plasma BAFF levels of Bangladeshi HCs ranged from 0.689 to 1.37 ng/ml
with the mean + SD of 0.954 + 0.189 ng/ml (Figure 10A). Those of Bangladeshi VL
patients ranged from 0.795 to 3.64 ng/ml with the mean + SD of 1.87 + 0.865
ng/ml. The levels of VL patients were statistically higher than those of HCs (P <
0.0001). When the mean + 3SD of HCs was set as a cutoff (1.52 ng/ml), 60% of VL
patients showed elevated plasma BAFF.

Serum BAFF levels of Brazilian HCs ranged from 0.504 to 1.48 ng/ml with
the mean = SD of 1.08 + 0.34 ng/ml (Figure 10B). Those of VL patients ranged
from 2.01 to 8.33 ng/ml with the mean + SD of 4.65 + 2.16 ng/ml. Those of Chagas’
disease patients ranged from 0.519 to 2.88 ng/ml with the mean + SD of 1.19 +
0.672 ng/ml. The levels of VL patients were statistically higher than those of HCs
and Chagas’ disease patients (P < 0.0001), whereas there was no statistical
difference between HCs and Chagas’ disease patients (P> 0.05). When the mean
+ 3SD of HCs was set as a cutoff (2.089 ng/ml), 90% of VL patients showed

elevated serum BAFF, whereas 10% of Chagas’ diseases patients did.

Increase in the serum BAFF levels in L. donovani-infected mice
Means + SD of serum BAFF levels in mice at 12 and 24 weeks post infection
were 8.59 + 0.90 ng/ml and 11.65 + 1.43 ng/ml, respectively, in contrast to the

levels in naive mice being 5.34 + 1.19 ng/ml (Figure 11). The levels in infected
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mice at 12 and 24 weeks post infection were statistically higher than those in
naive mice (P < 0.05 and P < 0.05, respectively) and the levels at 24 weeks post

infection were statistically higher than those at 12 weeks post infection (P < 0.05).

Deletion of BAFF gene and protein in BAFF knockout mice

Expected size of PCR products from complete gene was 1,212 bp and that
from gene lacking targeted region was 480 bp. The bands corresponding with the
expected size of PCR products were detected from DNA of homozygous knockout
mice (about 480 bp), heterozygous knockout mice (about 480 bp and 1,212 bp) and
wild-type mice (about 1,212 bp)(Figure 12).

Serum BAFF levels in homozygous knockout mice were under detection limit
(< 0.625 ng/ml) while means + SD of the levels in heterozygous knockout mice

were 2.334 £+ 0.255 ng/ml and wild-type mice 4.787 + 0.331 ng/ml.

Moderate splenomegaly in L. donovani-infected BAFF knockout mice
Means = SD of spleen weight of naive wild-type mice and naive BAFF
knockout mice were 0.079 + 0.005 g and 0.054 + 0.006 g, respectively (Figure 13).
At 12 weeks post infection, those of wild-type mice and knockout mice were 0.352
+0.031 g and 0.151 £ 0.013 g, respectively, and at 24 weeks post infection, 1.639 +
0.165 g and 0.789 + 0.058 g, respectively. The spleen weight of knockout mice at
12 and 24 weeks post infection was statistically lower than those of wild-type
mice (P < 0.05 and P < 0.05, respectively) whereas there was no statistical

difference between the spleen weight of naive wild-type mice and that of naive
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BAFF knockout mice. On the other hand, though both wild-type and knockout
mice showed hepatomegaly after infection, there were no statistical differences

between the liver weight of both groups at each time point.

Increase in the number of B cell-lineage cells and IgG-dominant
hyperimmunoglobulinemia were not seen in L. donovani-infected
BAFF knockout mice

While the ratio of CD19-positive lymphocytes in total splenocytes in infected
wild-type mice was increased (the average ratio was 38% at 12 weeks post
infection and 30% at 24 weeks post infection) compared to naive wild-type mice
(23%), the ratio was decreased in infected knockout mice (7% at 12 weeks post
infection and 1% at 24 weeks post infection) compared to naive knockout mice
(9%) (Figure 14). While the number of CD19-positive lymphocytes in wild type
mice increased after infection (from 1.3 X 107 cells in naive mouse to 1.4 x 108
cells at 24 weeks post infection), that in knockout mice did not increase (from 1.6
X 108 cells in naive mouse to 1.0 x 106 cells at 24 weeks post infection). While
increase ratio of CD3-positive cells was 2.98 and that of the splenocytes other
than CD19-positive or CD3-positive lymphocytes in wild-type mice was 24.46,
those in knockout mice were 2.07 and 19.07, respectively.

Immunohistochemical staining of spleen sections showed that proportion of
B220-positive cells and CD138-positive cells in spleen was significantly low in
BAFF deficient mice compared to wild-type mice at each time point (Figure 15).

Means + SD of serum IgG levels in naive wild-type mice and knockout mice
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were 0.131 + 0.025 mg/ml and 0.026 + 0.003 mg/ml, respectively (Figure 16).
Those in infected wild-type mice and knockout mice were 5.994 + 1.480 mg/ml
and 0.304 + 0.191 mg/ml at 12 weeks post infection and 24.004 + 1.627 mg/ml and

1.201 +£ 0.757 mg/ml at 24 weeks post infection, respectively.

Parasite burden of spleen and liver in BAFF knockout mice were
equivalent to or more than that in wild-type mice

Parasites were detected from spleen and liver of infected mice of both strains.
At 12 weeks post infection, the means + SD of LDU for the spleen from wild-type
mice and knockout mice were 182 + 10 and 62 + 20, respectively, and at 24 weeks
post infection, 2,219 + 440 and 1,980 + 255, respectively (Figure 17). The means +
SD of LDU for the liver from wild-type and knockout were 1,114 + 620 and 1,535
+ 751, respectively, at 12 weeks post infection and 2,291 + 1,802 and 9,791 + 1,166,
respectively, at 24 weeks post infection. There were no statistical differences
between spleen LDU of wild-type and knockout at 12 or 24 weeks post infection.
While there was no statistical differences between liver LDU of wild-type and
knockout at 12 weeks post infection, that of knockout was rather higher than that

of wild-type at 24 weeks post infection.
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Discussion

Both Bangladeshi and Brazilian VL patients showed higher serum or plasma
BAFF levels than HCs of each country. In Bangladesh causative species is L.
donovani and in Brazil L. infantum, so the elevation of BAFF may not be
restricted by the geographical backgrounds or the infecting Leishmania species.
The magnitude of BAFF elevation in the VL patients was 2.0 (ratio comparing
mean value) in Bangladesh and 4.3 in Brazil. Though the magnitude of elevation
1s different in Bangladesh and in Brazil, both were equivalent to or higher than
that previously reported for other diseases (in SLE patients 2.4 [52]; in RA
patients 1.5 [52]; in the patients with Sjégren’s syndrome 5.1 [53]; in malaria
patients 2.2 [54]). In SLE, RA and Sjégren’s syndrome, inhibitors of BAFF
signaling such as belimumab and blisibimod are approved and/or being evaluated
for treatment. Elevation of BAFF in blood was reported in some infectious
diseases other than leishmaniasis such as malaria [54], hepatitis C [55] and AIDS
[56]. However, not all infectious diseases are supposed to be associated with
BAFF elevation because the patients with Chagas’ disease did not show elevation
of serum BAFF in this study.

Elevation of serum BAFF was also shown in L. donovani-infected wild-type
mice. From the results of chapter 2, splenomegaly with increase in the number of
B-cell lineage cells and IgG-dominant hyperimmunoglobulinemia were shown in
the infected mice. On the other hand, the degree of spleen enlargement was more

moderate in BAFF knockout mice compared to wild-type mice and the number of
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B cell-lineage cells did not increase in the knockout mice. IgG-dominant
hyperimmunoglobulinemia were not also seen in the infected knockout mice. A
previous report showed that transgenic mice overexpressing BAFF have
excessive numbers of mature B cells, high plasma cell numbers in secondary
lymphoid organ and high levels of immunoglobulins as well as splenomegaly [57].
So it was indicated that infection of L. donovani promoted expression of BAFF
and induced phenomena which are comparable to the mice overexpressing BAFF.

It was reported that BAFF costimulates proliferation of blood-derived B cells
concomitantly with cross-linking of the B-cell receptors using anti-IgM antibodies
[10]. Hence, it is speculated that BAFF promotes proliferation of B cells and
secretion of immunoglobulins with stimulation of B-cell receptors by antigen of
Leishmania. Moreover, since there has been a report that shows the role of BAFF
in survival of plasma cells via BCMA (for B cell maturation antigen), one of the
receptors for BAFF [58], it is possible that involvement of BAFF in survival of
plasma cells also leads to splenomegaly during VL.

Although significant increase in the number of B-cell lineage cells and
IgG-dominant hyperimmunoglobulinemia were not seen in BAFF knockout mice,
there existed some B-cell lineage cells and some immunoglobulins in the mice.
Therefore it 1s indicated that there are BAFF-dependent pathway and
BAFF-independent pathway to maintain B-cell lineage cells and to promote the
cells to secrete immunoglobulins. In that way it i1s reasonable to say that
BAFF-dependent B-cell activation is significant in increase in the number of

B-cell lineage cells in spleen and IgG-dominant hyperimmunoglobulinemia
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during VL.

Among the diseases where serum BAFF elevation is seen, some diseases are
related to splenomegaly but others are not. For example, splenomegaly is a major
symptom in patients with SLE, but it is not a major symptom in the patients with
Sjogren's syndrome. Some reports showed that local BAFF levels are more
related to symptoms than serum BAFF in some diseases. It was shown that the
levels of BAFF in saliva of the patients with Sjogren's syndrome did not correlate
with the levels in sera but correlate with the status of symptoms of the disease
[59]. It was also shown that BAFF levels in clinically inflamed synovial fluids
were greater than those in sera of the patients with RA [60]. It seems that
involvement of BAFF in symptoms varies depending on the production sites of
BAFF and blood levels of BAFF are not necessarily related to the degree of the
symptoms.

While there is a report that spleen weights of IL-4 knockout mice and
wild-type mice were not significantly different during infection of L. donovani [48],
the present study showed that L. donovani-infected BAFF knockout mice showed
milder splenomegaly than wild-type. Therefore it is supposed that BAFF is more
influential factor in development of splenomegaly during VL than IL-4.

In the previous report using VL mouse model, enhanced resistance was
shown in mutant mice that lack mature B cells [9]. Also in CL mouse models,
resistance was observed with depletion of B cells using anti-IgM antibody [61] or
in BALB xid mice, lacking B-1 B cells [8], and susceptibility was increased by

transfer of B cells [62] or administration of B-cell hematopoietic factor, IL-7 [63].
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Moreover, BALB/c mice lacking IgG were more resistant to L. major [64].
Internalization of immunoglobulin-coated amastigotes by macrophages was
shown to lead to IL-10 production and consequent enhancement of intracellular
parasite growth [65]. However, while BAFF knockout mice used in this study
have much fewer B cells and lower immunoglobulin levels, L. donovani parasites
were not eliminated in the course of infection. Recently one report showed that
deficiency of TACI, which is one of the receptors for BAFF, leads to alternatively
activated macrophage phenotype and susceptibility to Leishmania infection [66].
Conversely it was suggested that BAFF has the role to induce M1 polarization of
macrophages, which leads macrophages to be resistant to Leishmania infection.
Taken together, BAFF may have dual function in resistance/susceptibility to
infection of L. donovani via polarization of macrophage or via production of

immunoglobulins.
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General discussion

In chapter 1, infection-induced strong activation of B-cell lineage cells during
VL was shown using serum immunoglobulins as indicators for B-cell activation. A
marked increase in the level of IgG shown in the chapter indicated that B-cell
lineage cells are highly activated during VL. In chapter 2, contribution of B-cell
lineage cells to development of splenomegaly in L. donovani-infected mice was
evaluated. From the results, it was shown that infection-induced increase in
B-cell lineage cells is one of the main causes of splenomegaly. In chapter 3, the
roles of BAFF in development of splenomegaly during VL are focused. From
elevation of serum BAFF in VL patients and L. donovani-infected mice, it was
suggested that BAFF-mediated pathway was activated during VL and infection of
L. donovani. Since the degree of splenomegaly became moderate by deficiency of
BAFF in mice, it was indicated that BAFF promotes development of
splenomegaly during L. donovani infection in mice.

It is suggested that strong activation of B-cell lineage cells is one of the main
causes of splenomegaly during infection of L. donovani, and BAFF is a key
molecule in that mechanisms (Figure 18). BAFF-mediated host immune response
may have dual function in resistance and susceptibility to infection of L. donovani,
but it may promote splenomegaly via activation of B-cell lineage cells. In the
experiments using mice, L. donovani was used as infecting parasites in this study.
From the results of human VL, serum BAFF elevation and IgG elevation were

commonly observed in Bangladeshi patients and Brazilian patients. Since L.
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infantum is the causative species in Brazil, BAFF-mediated activation of B-cell
lineage cells may also be applicable to infection of L. infantum. Taken together, it
1s indicated that BAFF is involved in development of splenomegaly during VL via
activation of B-cell lineage cells.

Currently chemotherapy remains favored option for control of VL. However,
there are many problems in chemotherapy for leishmaniasis such as emergence of
resistant strains and toxicities [67]. While it is not still clear how infection of
Leishmania parasite leads to BAFF elevation, this study showed possibility that

targeting of BAFF may effective for alleviation of splenomegaly.
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Figure legends

Figure 1 Bangladeshi VL patients showed high levels of IgG in
plasma.

The plasma levels of IgG, IgM and IgA of Bangladeshi VL patients and
Bangladeshi HCs were measured by sandwich ELISA. Solid bars represent the
mean value of individual groups. A dotted line represents the cutoff value
calculated as the mean + 3SD of HCs. The differences between the groups were

analyzed by Mann-Whitney test.

Figure 2 Brazilian VL patients showed high levels of IgG in serum.
Each column indicates serum levels of IgG, IgM and IgA in Brazilian VL patients,
Chagas’ disease patients (Chagas) and HCs. Solid lines represent the mean value
of individual groups. A dotted line represents the cutoff value calculated as the
mean + 3SD of HCs. The differences among the groups were analyzed by one-way
ANOVA followed by Bonferroni’s multiple comparisons test for IgG, and
Kruskal-Wallis test followed by Dunn’s multiple comparisons test for IgM and

IgA.

Figure 3 IgG-dominant hyperimmunoglobulinemia in L.
donovani-infected mice
Each column indicates serum IgG, IgM and IgA levels of mice. Naive mice consist

of six mice and infected mice consist of three mice for each time point. Means +
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SD are shown. *P< 0.05 with one-way ANOVA with Bonferroni multiple

comparisons

Figure 4 Parasite burden of spleen and liver of L. donovani-infected
mice

Each column indicates parasite burdens of spleen and liver of the mice expressed
as LDU. LDU was calculated as the number of amastigotes / host nucleated cell X
organ weight (in mg). Each group consists of three mice. Means + SD are shown.

*P < 0.05 with t test; ND: not detected

Figure 5 L. donovani-infected mice showed splenomegaly.
Each column indicates spleen weight of mice. Means + SD are shown. Naive mice
consist of six mice and infected mice consist of three mice for each time point.

Inset: bar =1 cm

Figure 6 Expansion of white pulp and red pulp in spleen of L.
donovani-infected mice
The spleen sections of naive and infected (24 weeks post infection) mice were

stained by HE. bar = 2 mm

Figure 7 The area of IgG-expressing plasma cells in the spleen of
infected mice was significantly expanded in red pulp beside the T-cell

area.
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The spleen sections of naive and infected (12 weeks post infection) mice were
probed by anti-IgG antibody and stained by DAB, followed by counterstain with
hematoxylin. Serial sections of infected mice spleen were stained using anti-CD3

and anti-B220 antibody.

Figure 8 Increase in the number of CD19* lymphocytes in the spleen
of infected mice

Spleen nucleated cells were probed by FITC-linked anti-CD3 antibody and
PE-linked anti-CD19 antibody and analyzed by flow cytometry. (A) The
lymphocytes were gated in the FSC-SSC dot plots, and the number of
lymphocyte-gated CD19* cells and CD3* cells were analyzed by quadrant analysis
of 2-dimentional dot plots. (B) Each column indicates ratio of lymphocyte-gated
CD19* cells and CD3* cells in total nucleated cells in spleens of naive mice (n = 3)
and infected mice (12 and 24 weeks post infection, n = 3). Means are shown. (C)
Each column indicates the number of CD19* or CD3* cells in spleen. Means are

shown.

Figure 9 Exon 1 and 2 of BAFF gene which include transmembrane
region and furin cleavage site were deleted to produce BAFF knockout
mice.

Top: Genomic structure of BAFF gene.

Bottom: Schematic of BAFF and receptors.
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Figure 10 Increase in the BAFF levels in serum or plasma of VL
patients

(A) The plasma levels of BAFF in Bangladeshi VL patients and HCs were
measured by sandwich ELISA. Solid bars represent the mean value of individual
groups. Dotted lines represent cutoff values calculated as the mean + 3SD of HCs.
The difference between the groups was analyzed by t test. (B) Each column
indicates serum levels of BAFF in Brazilian VL patients, Chagas’ disease
patients (Chagas) and HCs. Solid lines represent the mean value of individual
groups. A dotted line represents cutoff value calculated as the mean + 3SD of HCs.
Differences among groups were analyzed by Kruskal-Wallis test followed by

Dunn’s multiple comparisons test.

Figure 11 Increase in the serum BAFF levels in L. donovani-infected
mice

Each column indicates serum BAFF level of mice. Each group consists of three
mice. Means + SD are shown. *P < 0.05 with one-way ANOVA with Bonferroni

multiple comparisons

Figure 12 Deletion of BAFF gene and protein in BAFF knockout mice

Left: Analysis of PCR products from total DNA of the tails for genotyping.

Expected product sizes are 1,212 bp (wild-type) and 480 bp (target-deletion).
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Right: Serum BAFF levels of homozygous knockout mice (-/-, n = 2), heterozygous
knockout mice (-/+, n = 3) and wild-type mice (+/+, n = 3) were determined by

ELISA. Means + SD are shown. ND: not detected (< 625 pg/ml)

Figure 13 Moderate splenomegaly in L. donovani-infected BAFF
knockout mice

Each column indicates organ weight of wild-type mice and BAFF knockout mice.
Means + SD are shown. Naive mice consist of six mice and infected mice consist of
three mice for each time point. . *P < 0.05 with two-way ANOVA followed by
Bonferroni’s multiple comparisons test. NS: not significant. p.1.: post infection.

WT: wild-type

Figurel4 Increase in the number of CD19* lymphocytes in spleen
was not seen in L. donovani-infected BAFF knockout mice

Spleen nucleated cells were probed by anti-CD3 and anti-CD19 antibody and
analyzed by flow cytometry. Left: Each column indicates ratio of CD19* or CD3*
lymphocytes in splenocytes. Right: Each column indicates the number of CD19*
or CD3* cells in spleen. Means are shown. Naive mice consist of six mice and

infected mice consist of three mice for each time point. WT: wild-type

Figure 15 Proportion of B220-positive cells and CD138-positive cells

in spleen was significantly low in BAFF-deficient mice.
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The spleen sections of wild type and BAFF knockout mice were probed by (A)
anti-B220 antibody or (B) anti-CD138 antibody and stained by DAB, followed by

counterstain with hematoxylin. bar = 200 pm

Figure 16 IgG-dominant hyperimmunoglobulinemia was not seen in
L. donovani-infected BAFF knockout mice.

Serum IgG levels were measured by ELISA. Means + SD are shown. WT:
wild-type BALB/cA mice (naive: n = 6, infected: n = 3), KO: BAFF knockout
BALB/cA mice (naive: n = 6, infected: n = 3), *P< 0.05 with two-way ANOVA with

Bonferroni multiple comparisons, wks: weeks post infection

Figure 17 L. donovani parasites were not eliminated from spleen or
liver of infected BAFF knockout mice.

Each column indicates parasite burdens of spleen and liver of wild-type and
BAFF-knockout BALB/cA mice expressed as LDU. LDU was calculated as the
number of amastigotes / host nucleated cell X organ weight (in mg). Each
groups consist of three mice. Means + SD are shown. *P< 0.05 with two-way
ANOVA with Bonferroni multiple comparisons NS: not significant; ND: not

detected

Figure 18 Summary of this study
While it is not still clear how infection of Leishmania parasite leads to BAFF

elevation, it is suggested that strong activation of B-cell lineage cells is one of the
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main causes of splenomegaly during infection of L. donovani, and BAFF is a key

molecule in that mechanisms.
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Figures

Figure 1 Bangladeshi VL patients showed high levels of IgG in

plasma.
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Figure 2 Brazilian VL patients showed high levels of IgG in serum.
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Figure 3 IgG-dominant hyperimmunoglobulinemia in

donovani-infected mice
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Figure 4 Parasite burden of spleen and liver of L. donovani-infected

mice
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Figure 5 L. donovani-infected mice showed splenomegaly.
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Figure 6 Expansion of white pulp and red pulp in spleen of L.

donovani-infected mice
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Figure 7 The area of IgG-expressing plasma cells in the spleen of
infected mice was significantly expanded in red pulp beside the T-cell

area.
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Figure 8 Increase

in the number of CD19* lymphocytes in the spleen
of infected mice
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Figure 9 Exon 1 and 2 of BAFF gene which include transmembrane

region and furin cleavage site were deleted to produce BAFF knockout

mice.
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Figure 10 Increase in the BAFF levels in serum or plasma of VL

patients
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Figure 11 Increase in the serum BAFF levels in L. donovani-infected

mice
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Figure 12 Deletion of BAFF gene and protein in BAFF knockout mice
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Figure 13 Moderate splenomegaly in L. donovani-infected BAFF

knockout mice
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Figure 14 Increase in the number of CD19* lymphocytes in spleen

was not seen in L. donovani-infected BAFF knockout mice
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Figure 15 Proportion of B220-positive cells and CD138-positive cells

in spleen was significantly low in BAFF-deficient mice.
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Figure 16 IgG-dominant hyperimmunoglobulinemia was not seen in

L. donovani-infected BAFF knockout mice.
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Figure 17 L. donovani parasites were not eliminated from spleen or

liver of infected BAFF knockout mice.
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Figure 18 Summary of this study
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Summary (in Japanese)

WML ONKDOESR

INEEOIEZE R s oo
TRk 26 R M HEREEET
A VN LIPS G
REHEA A T

Involvement of BAFF in development of splenomegaly

during visceral leishmaniasis

(NIgRL Y — > o~ = THEIC R 1T 5 METE i~ BAFF @O 5.)

HrE A AR Y —> a~=7%E (VL) 13V =Y a~v=7JEDHAD—>T, Leishmania
donovani = L. infantum (2 K > TH| & Z SN D REYUE T D, VL O FERIGERDO—DIT M
JEZET S5, MIEITREICE DR 2R 54, BAECERORKIZ S 7220 5 HEIRT
BN, VLIZKT DMEOTMMFIEIRATH D, MRS E 24 O MRN8 ET 5

Mt chHsrE LBz, VLIZBWTIEY — Y a~=7JFHBEOBEMO FERETH 5, BHHFEOWIE

25 RIS 2 15 £ O R A 3R BB 5 S BT RS MEIC B 595 2 E 3 B
272> TETVD, MEOREIC L DFBBOZALORER & L TEROBGE - BALIC b RE
HZEEFINETHRMESN TN, B E0E LIEROEENRERICOVWTIIH VRS
NTZZholz, VLIZEEEEETH Y . T B L L W o 72815502 5% O #ifa 23 5 i
BT 5 EZ 2015, A TIE BARICESZ Y T, MiE~D B RO G2 2\ TH
LT HZ LT L, HB1IETE, MTHEIsre 7 ) VRELZRES LT, VLEFIZBWT

B fifachiik 2 pEAT HIEMI (Z0 2 2285 T, L&, BMRRIIOMAL L KRB %)
DFRVEMALRNE E TWD Z L& T, 5 2 FCTliX, L. donovani &Y~ 7 A28\ T B %
SIOMAL OB IED EHARJRK DO —>ThH D Z L ERT, H3ETIEL, HEICEBEDALLN
%571 T 5 BAFF (B-cell activating factor belonging to the TNF family) (23 H 4 %, BAFF
1% B I ORI B 2 R & L TaI LS — 5T, BAKOTEME(Lo BRIk F
TORBEDOHENRRSN TS T THDH, £, VLEEMIGETIZE T 5 BAFF RE 15
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L LT, VLIZBIT% BAFF 0542/~ L, S 512, BAFF OKENR BRI LE D PIEIZ 5
ZDEELE < 2% TN L. L. donovani YLD B IR F O KB O HEHN % £ 5 JjE |z
17 % BAFF 05 %77,

B1E s a7 ) AL BMEs b LIEEMIIC L > TRICEAINDI ZEND, RET
27 U PR ORI B MR O OTEMHALOIEE L 720 5 503, VLIZE T %% /a7
Vv DER RN OWREITIT LA L2, RETIE, VLEFICE T 2P REsrar ) i
JE% 7 T ABNTHRNT LT, HikIZ, N 279520 VL BEB LR A0miE, 75210
VL #B#H, vy —HAFRBEB LR AOMEZHAWT, IgG, IgM, IgA OHFE% ELISA %
[ &> THIE Lz, WM< VL BE IR W T IgG BN N THEICEL . N TT
T2 T91%, 7T VLT 75% D BE BMEE AN OFH+3SD UL EDEWMEZE R LTz, IgM B
DWNTIX, Wik e EE LEF AN CTHEZN R, [gAREIZOW TR, WHukeE bEFLY
BEANOTNEBICE -T2, £, 707 ) VIREOBEE RNy v — T ARBEICE
WTIER BN o Te, ¥y —H AT VL EE U JRBEYYETH Y | RBHURR R 72U
DEAITROLND Z ENBEICHE SN TWDLR, BETHREZ w7 ) VIREOAFERBEINTR
biehotz, — T, VLAFIZREON TP HE s v 7 ) SREDORE REEN/RINTZ
EMB . VLIZHEWT BRSO MIas i < JEHE S D Z L ARE Sz, VLAEFEIZBIT
L7 a7 ) OEAITFRC IgG OHMBHECTH DL Z D, IgG ~D T T AAAL v F &k
WEHET D L5 e VT L OBEERE 2 vk,

H 2% VLICREW TIHEIZHEFE DIER TH D, MR b REWIRY VB ETHY ., VLI
BWTEHFEBBEEOLCHH D, MO —K & L Tix, MisEMESRT 2 Makonnssg z s
%o H1IEORRENSG, VLIZKT 2 BRI OO EREELA RSN Z L, |
Bk T 220 OMIdOBEIREIZAE B Lz, AE T, L. donovani &4s~ v Z1Z6\\T B #Hifid
RINOKRL D DOYEIMPSIEIZFHF 5T 252 L 2RndT 22BN E Lz, VL 25| & 2§ i hfd
Td 5 L. donovani % &% BALB/cA ~ 7 A2 1X 107 D2 E IR L 0 BFE L, e 12 114
& 24 BBICHIB LT, i o IgM, IgG, IgA O D ELISA I X 2 HIE, HiEEEOH
i, G o HE Yefh, - shyEiefa, HIIRO 7 o —H A ~ A MY —IZ X AT 51T > 72, $afE /o
TV R, WE LI ARTO Y 7 ATHEAN LA, HINE, Bne, REOMHEE 12 1gG 23k
LEETHY, VLEETRON IgG 2 Elm LT omNEs 07 U CER~ T X2 T
b DT, YR, IR B LB SN U7e, YR o HE Yt o, AIRBEsE - R
PRBEREG & HICBAE RILR B Sz, BRBEICIR W TR Y R ERERO M OIS 7 b,
REEEIZ B W TCIRRERE~ 7 07 7 =V OB R 67z, Eio, MBIk 5 %
(CED IgG EAREMZ R L7c & 24, FRRIRICITIT & A ER LN DITH L, YR
(21 T MR e Bl U 7o AR BB B 2 © Ol O sEIk A Bl STz, S 612, 7r—H A
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F A RU—IZ LD, BRI MRE S ML, £72, CD19 (Bfja~—»5—) B
MEAPRABOBEE BN LTz, DL EDOREEN D . L. donovani &Yk~ 7 2123\ T B MR O
OB EREIZ 53D Z LR LN E o Tz,

%5 3 7 : BAFF |3 B Ml OTEMEAL O BAF IR T 5 5EE L OREA R STV 523, VL~
BIGAZ DWW T A, BB 1 E, B2 85, VLICBIT 2 B2 O/ Ry EHAL
& . L. donovani [&¥s~ v A2 T 5 B HIERIIOMIE O 2 £ 5 MEES B Sz o72 2 &
Mo, RETIEBAFF N2 OBFICEGT 522" 22 HME LI, T N7 T757 v
2 &7 T VLD VL EBE L EEEANCB T 50D 5V idisEd o BAFF ##£ % ELISA (I XV
MELZEZA, MR E b VL BEHICBOTRF AL S THRICEWVEZ R LIZZ &5,
VL ~® BAFF OB 52 RB S iz, KIZ, B 2 IR L2 FIE T U R TP FEBR AT\, i
1§ BAFF iREZHIE L7 & 2 A, MlE BAFF R ITERGR ICBEE (M LTz, £ 2 T, BAFF
DMIE~DEBEL P~ 572, BAFF / v 77U h~7 X (KO~UR) Z{ERL, EEEHRE
1To70, Yy 24 B O EEIXE AR~ AR TKO v~V A THEILE» -T2, 72,
Tu—HA hA R —ICE DN D, BRI~ T A TR LD MM T D CD19 Btk
BOWMA KO ~ U A TR N hodz, Eio, Mg ofEd &g n . B220 (Bl
~—7—) BtEARE> CD138 (EE M~ ——) BtEfifao#imnt KO ~ 7 2 Tk 6 i
Molz, IgGIREDOIHERHEMS KO~ 7 A TIEA N>, —F, JRBEOTEERIEIHDY;
T 2 Ml & I DWW THIRIEARIZ B T 2RO EZ T 7 & 2 A, KO v 7 A T4
Bl 2 L TR IR, AR CIEA B2 WRBEAZ R Lz, DL EORER) G BAFF
725 VL OISR 1T 2 B ARSI ORI 5l & 2 FHERNFTHDH Z LB LM
W72 o7,

B2 RWSEIZ LY . L. donovani &Y~ U AT S MIEIZ ISV T, BMIAER S O oo HE N
WEBRFRTHD Z &, /o, BAFF A2 Oz 5| S 2 EERRTFTHL Z BP0
(272572, BAFF 3R B OEMAE /I L TTida, MEZRESE T EZx 015, B R
DVLIZEBWTSH BAFF 235 L TWbH Z EREnizZ &, £72, BMIRLRSIOMALD TR E
PALD RSN Z &6 AR OF 7S VL EE OMEZRIZB W T HEE TWD AR H 5,
~ 7 A% W EER Tl L. donovani % W 723 VL B#E 2517 % 1 BAFF 2 OHIIN< IgG
FEE OWEIX L. donovani IS EBERFBETH H /N7 T 57 2 27217 T2 < L. infantum H T
RIFBFETHDH 7 7 VMIBWTHE LT &2, L infantum OREYIZI VT S RIERZ AL
IZBWTHREBRDOEF R DD Z L BRRE S D, S DI, KIFROREND ., 1HERERDIH T %
R L TEREEMT 2 2 EBAEETH D Z ENRB I Nz,
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