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General introduction 

 

Visceral leishmaniasis (VL), also known as kala-azar, is caused by parasitic 

protozoa of the genus Leishmania. Endemic countries of VL include India, Bangladesh, 

Nepal, Brazil, Ethiopia and Sudan. It is estimated that there are 300,000 new cases of 

VL and 20,000 deaths annually (WHO, 2012). In sand flies, the insect vector for 

Leishmania, the parasites develop as promastigotes in the midgut. Once transmitted to 

mammalian hosts through blood feeding by sand flies, these parasites proliferate as 

amastigotes within macrophages in the spleen, liver and bone marrow. VL is 

characterized by clinical manifestations such as fever, weight loss, hepatosplenomegaly 

and anemia (Fig. 1). 

According to a systematic analysis of the literature on anemia in VL, the 

prevalence of anemia among VL patients is quite high despite of different geographical 

backgrounds and the severity of anemia is categorized into moderate to severe anemia 

(1) (Fig. 2). In general, the causes of anemia can be classified into two categories, 

reduced normal RBC production and increased RBC destruction (2). In VL patients, 

various mechanisms are proposed in both two categories of reduced RBC production 

and increased RBC destruction. Since bone marrow is one of the major sites for 
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Leishmania parasites proliferation, it is possible that erythropoiesis in bone marrow of 

VL patients is interfered after infection. Several reports describe abnormal bone marrow 

structures in VL patients (3, 4). Other reports have mentioned that RBCs from VL 

patients are microcytic and hypochromic (5, 6), implying defective erythropoiesis by 

iron deficiency. On the other hand, some groups consider RBCs from VL patients are 

destructed by hemolysis resulted from the change of membrane or adhere of 

autoantibody to RBC (7-9). Thus, the pathogenesis of anemia during VL remains 

controversial partly because there are experimental and ethical limitations in studying 

the pathogenesis using human subjects. 

Therefore, appropriate animal models for studying VL pathology are needed to 

elucidate the mechanisms of anemia during the disease, while there had not been a 

mouse model of VL exhibiting anemia. There are only a few reports on anemia in rodent 

models of Leishmania infection. In mice, there was only one report on anemia which is 

caused by L. tropica infection (10), but none by L. donovani complex. L. 

donovani-induced anemia was reported only in hamster models (11-13). Although 

hamsters are regarded as a better model for VL pathology than mice, they have fewer 

advantages in immunological studies such as availability of reagents (e.g., antibodies) 

and labor in animal work (e.g., housing, generation of transgenic animals).  
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As a part of my master thesis, I have developed a mouse model of VL by L. 

donovani exhibiting anemia for the first time (14). Mice chronically infected with L. 

donovani had low hematocrit, hemoglobin and erythrocyte counts while having 

up-regulated erythropoiesis, suggesting hemolytic events due to infection. Through the 

study, it is proposed that hemophagocytosis is one of the hemolytic events associated 

with anemia in the infected mice. The spleen is the major place for hemophagocytosis; 

there, multinucleated giant cells heavily infected with amastigotes are markedly 

observed and are the major cell type phagocytosing erythrocytes. These results suggest 

that heavy infection of macrophages with Leishmania parasites triggers phagocytosis of 

erythrocytes resulting in anemia during murine VL. Because hemophagocytosis has 

been reported in human VL cases, reproduction of the pathology in mice may facilitate 

an understanding of the mechanisms leading to anemia during VL. Thus, my master 

thesis work contributed to advancing the understanding on the mechanism of anemia 

during VL.  

However, the mechanisms of hemophagocytosis or the physiological function 

of hemophagocytosis still need to be further examined in order to connect the study on 

anemia/hemophagocytosis to development of novel interventions for VL. Questions to 

be addressed include signals required for induction of hemophagocytosis through direct 
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parasite infection and from other accessory cells, molecular mechanisms in 

macrophages for induced self-eating of erythrocytes, and influence of 

hemophagocytosis to Leishmania survival. Induction of hemophagocytosis by 

Leishmania infection means that a macrophage becomes the place for harboring both 

parasites and erythrocytes simultaneously. This situation is not necessarily true in other 

infection-associated hemophagocytosis. For example, infection of Trypanosoma brucei, 

the related kinetoplastid parasite, can also cause anemia (15), whereas the parasites 

proliferate extracellularly in the blood of mammalian hosts with a clear contrast to 

intracellular parasitism of Leishmania. These indicate that molecular mechanisms of 

hemophagocytosis and its role to infecting pathogens can be different among infectious 

diseases causing hemophagocytosis. 

 In my Ph.D. thesis, the contribution of hemophagocytes to anemia during VL, 

molecular mechanisms of hemophagocytosis during VL and the role of 

hemophagocytosis in Leishmania survival have been addressed using an experimental 

model. Chapter 1 has focused on detailed characterization of hemophagocytosis during 

experimental VL and demonstrated that direct infection by L. donovani is the key for 

macrophage hyper-activation. In chapter 2, molecular mechanisms for 

Leishmania-induced hemophagocytosis have been focused, resulting in identification of 
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a candidate molecule responsible for the phenomenon. Chapter 3 has addressed the 

influence of erythrocyte uptake by infected macrophages demonstrating the positive 

impact of hemophagocytosis to parasite survival. I believe that results in this thesis will 

serve as the first step of elucidation of hemophagocytosis during VL which contribute to 

a better intervention in controlling the human diseases. 

Please note that the presented thesis includes contents previously reported as a 

part of my master thesis in order to make the design and significance of this study 

clearer. Figures previously reported in my master thesis are described as Supplementary 

Figures (e.g., Fig. S1). 

  



7 

Chapter 1: 

 

Macrophage hyper-activation by Leishmania donovani 

leading to hemophagocytosis during experimental 

visceral leishmaniasis 

 

 

Abstract 

Anemia often occurs in infectious diseases, whereas the mechanisms of 

infection-associated anemia may be variable depending on the diseases. In VL, the 

mechanisms of anemia remained still elusive due to lack of appropriate animal model. 

In my master thesis, a mouse model of VL exhibiting anemia was developed, and using 

this model it was demonstrated that hemophagocytosis in the spleen of infected mice is 

a possible cause of anemia during VL. In this chapter, more detailed analyses on anemia 

and hemophagocytosis during VL were performed. At 24 weeks of L. donovani 

infection, BALB/cA mice exhibited splenomegaly, hepatomegaly and anemia. There 

were no apparent signs of defective erythropoiesis in the infected mice but rather 

indication of up-regulated hemolysis by serum indirect bilirubin. Histological analyses 

on the spleen of infected mice demonstrated macrophages phagocytosing erythrocytes. 
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Autoantibodies to erythrocytes or damages on erythrocyte membrane were not detected, 

implying those are not related the induced hemophagocytosis. The spleen was the major 

place for hemophagocytosis when compared with the liver and bone marrow, the other 

major tissues for parasitization; there, multinucleated giant cells heavily infected with 

amastigotes were markedly observed and were the major cell type phagocytosing 

erythrocytes. In addition, hemophagocytosis in the spleen and anemia of the infected 

mice were improved by treatment of the mice with an antileishmanial drug, suggesting 

that direct infection by parasites is one of the key factors causing hyper-activation of 

host macrophages to engulf blood cells. Taken together, these results suggest that heavy 

infection of macrophages with Leishmania parasites in the spleen triggers phagocytosis 

of erythrocytes resulting in anemia during experimental VL. 
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1.1. Introduction 

 

Anemia is one of typical symptoms during VL. However, the mechanisms of 

anemia in VL patients are still unclear. In fact, various mechanisms are proposed to 

cause either reduced RBC production or increased RBC destruction during human VL. 

For example, increased bleeding, abnormal structure of bone marrow or iron deficiency 

anemia, alteration of RBC membrane, bound of IgG to RBC or hemophagocytosis were 

speculated as causes for anemia during VL. Study on human case is limited ethically 

and physically, and to identify causes which contribute to the pathogenesis actually, 

animal model is needed. 

There are only a few reports on anemia in rodent models of Leishmania 

infection. In mice, there was only one report on anemia which is caused by L. tropica 

infection (10), but none by L. donovani complex. L. donovani-induced anemia was 

reported only in hamster models (11-13). Although hamsters are regarded as a better 

model for VL pathology than mice, they have fewer advantages in immunological 

studies such as availability of reagents (e.g., antibodies) and labor in animal work (e.g., 

housing, generation of transgenic animals). In the master’s dissertation, we have 

reported anemia in mice infected with L. donovani first time (14) and analyzed the 
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possible cause of anemia and hemophagocytosis was suspected to contribute to anemia. 

However, other possible cause of anemia was not fully examined. In this study, other 

possible cause including decreased erythropoiesis in bone marrow and iron status was 

examined. In addition, experimental infections using another strain of parasites or mice 

were performed to examine other factor needed for the generation of anemia. 

The presented results demonstrated the importance of hemophagocytosis into 

anemia during VL and that hemophagocytic activity induced by L. donovani infection 

resulted from macrophage hyper-activation. 
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1. 2. Materials and methods 

 

1. 2.1. 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 6-8 weeks. This animal experiment was reviewed and 

approved by an institutional animal committee at the Graduate School of Agricultural 

and Life Sciences, The University of Tokyo (Approval No. P14-930, P16-254 and 

P16-275).  

Promastigotes of Leishmania donovani (MHOM/NP/03/D10, gifted from 

National BioResource Project at Nagasaki University (16); MHOM/SU/62/2S-25-C2, 

gifted from Dr. Katakura at Hokkaido University (17)) were cultured in medium TC199 

(Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% heat inactivated fetal 

bovine serum (HI-FBS; Thermo Fisher Scientific, Pittsburgh, US) and 25 mM HEPES 

buffer (MP Biomedicals, France) at 25ºC.  

1. 2.2. Experimental infection, hematological analyses and autopsy 

 L. donovani promastigotes in a late log or stationary phase were washed with 

phosphate-buffered saline (PBS: Nissui) by centrifugation at 1,600 ×g for 10 min, and 



12 

were resuspended with PBS at the concentration of 1 × 10
8
 cells/ml. Mice were infected 

with 1 × 10
7 

L. donovani promastigotes by intravenous injection into the tail vein. After 

12 and 24 weeks of infection, blood was collected from orbital sinus of mice under 

anesthesia with isoflurane (Pfizer Japan Inc., Tokyo, Japan) by using heparinized 

capillary tubes (TERUMO, Tokyo, Japan). Hematocrit was determined by centrifuging 

the tubes at 15,000 ×g for 10 min. Hemoglobin was measured following Zander’s 

procedure (18). The number of blood cells was counted by microscopic examination 

and mean corpuscular volume was calculated. For analysis on polychromatic 

erythrocytes, thin blood smears were prepared by using the heparinized blood, followed 

by fixation with methanol (WAKO, Osaka, Japan) for 5 min and staining with 5% 

Giemsa solution (Merck KGaA, Parmstadt, Germany) for 25 min. The ratio of 

polychromatic erythrocytes to total erythrocytes was calculated through microscopic 

observation of the stained smears at 200× magnification. 

 After the blood collection for hematological analyses, cardiac puncture was 

performed on those mice under anesthesia with isoflurane to collect the whole blood. 

The mice were then sacrificed by cervical dislocation to collect the spleen, liver and 

bone marrow. Serum was collected from the blood after centrifuging at 5,000 ×g for 10 

min, and was analyzed for erythropoietin level by using Mouse Erythropoietin 
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Quantikine ELISA Kit (R&D Systems, Minneapolis, MN). Serum iron (Fe) and total 

iron binding capacity (TIBC) were measured by Nitroso-PSAP direct assay, bilirubin by 

enzyme method, total protein (TP) by Biuret method and albumin (19) by BCG method 

using automatic analyzer, Hitachi 7180 (Hitachi, Tokyo, Japan). Unsaturated iron 

binding capacity (UIBC) and globulin (GLB) were calculated. Stamp smears of the 

spleen and liver were fixed for 5 min in methanol and stained for 25 min with 5% 

Giemsa solution. Amastigotes were counted by microscopic observation of the stained 

smear at 1,000× magnification, and Leishman-Donovan Units (LDU) was enumerated 

as the number of amastigotes per 1,000 host nuclei × the tissue weight in grams 

according to a previous study (20).  

1. 2.3. Administration of antileishmanial drug to infected mice 

Liposomal amphotericin B (L-AmB) was purchased from Dainippon 

Sumitomo Pharma, Osaka, Japan. L-AmB was dissolved at 4 mg/ml in deionized water 

and diluted at 400 μg/ml with 0.9% (w/v) NaCl solution. At 24 weeks of infection, the 

mice received a single daily dose (200 μg) of the L-AmB intraperitoneally for 5 days. 

Mice were euthanized at 10 days after the completion of treatment to examine parasite 

burden and hematological status.  
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1.2.4. Hematoxylin and eosin (HE) staining and quantitative analyses of 

hemophagocytes 

The tissues collected at the time of sacrifice were fixed with buffered 20% 

formalin (Sumitani Shoten Co., Ltd, Japan) and embedded in paraffin. The 

paraffin-embedded tissues were sectioned at 4 μm thickness. The tissue sections were 

dewaxed and stained with Mayer’s hematoxylin solution (WAKO) for 90 sec and rinsed 

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

(MUTO PURE CHEMICALS CO., Ltd., Tokyo, Japan) for 2 min. In the HE-stained 

section of the spleen, the number of infected macrophages, hemophagocytes and 

multinucleated giant cells in the total splenic macrophages were counted in 5 random 

microscopic fields at 1,000× magnification. Also, around 100 hemophagocytes per 

section were individually analyzed for the number of host nuclei as well as that of L. 

donovani amastigotes infected by microscopic observation at 1,000× magnification. In 

this study, a macrophage was defined as a large cell (~20 μm in size, except for 

multinucleated giant cells) with large cytoplasm and round non-polymorphic nucleus. 

Definitions for hemophagocytes and multinucleated cells were given as those engulfing 

red blood cells inside their phagosomal compartments and those with multiple round 

nuclei, respectively.  
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1. 2.5. Erythrocyte osmotic fragility test 

Osmotic fragility of erythrocytes was examined according to Stijulemans’s 

protocol (21) with modifications. Solutions containing 0.7, 0.6, 0.55, 0.5, 0.45, 0.4, 0.35, 

0.3 and 0.2% of NaCl (WAKO) were prepared and 200 μl of each solution were applied 

to V bottom 96 well plates (Thermo). Two microliters of heparinized blood from either 

naive or 24 week-infected mice were added to each well followed by gentle pipetting. 

After incubation at room temperature for 2 h, 100 μl supernatant from each well with 

erythrocyte sedimentation was transferred to a new 96 well flat bottom plate and the 

absorbance at 550 nm was measured. Degree of hemolysis for each well was calculated 

according to the absorbance of wells for erythrocytes treated with deionized water as 

100% hemolysis and that for PBS treatment as 0% hemolysis. Hemolysis rate was 

plotted against the concentration of NaCl in the medium and the NaCl concentrations in 

which 50% of RBCs were lysed were determined. 

1. 2.6. Direct anti-IgG agglutination test 

Heparinized blood from either naïve or 24 week-infected mice was washed 

with DMEM twice by centrifugation at 200 ×g for 10 min, followed by resuspension 

with PBS to 25% hematocrit. Five microliters of the suspension were applied to each 

well of a V bottom 96 well plate containing 100 μl of PBS and were mixed well. Then 
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50 μl of goat anti-mouse IgG antibody (1/1,000 dilution in PBS, Thermo) were added to 

each well. Erythrocyte agglutination was determined based on the presence of clump by 

visual examination. As controls, blood from a naïve mouse was pretreated with 

indicated amounts of anti-mouse RBC monoclonal antibody (clone 34-3C, Hycult 

Biotech, Uden, Netherland) at room temperature for 1 h, before probing with 

anti-mouse IgG antibody. 

1. 2.7. Statistical analyses 

Statistical comparisons of means between naive and infected mice were 

performed by two-way ANOVA followed by Bonferroni’s multiple comparison test, 

one-way ANOVA followed by Tukey’s test or unpaired t test with GraphPad Prism 6 

software (GraphPad Software, Inc., La Jolla, USA). Difference between groups was 

considered as statistically significant when P value was less than 0.05. 
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1. 3. Results 

 

1. 3.1. Mice infected with L. donovani exhibited splenomegaly and anemia 

L. donovani infection induced hepatosplenomegaly in BALB/cA mice. The 

spleen and liver of the infected mice became significantly larger in size over time than 

those of uninfected mice. Mean weight per body weight ± SD of the spleen and liver 

from those infected mice were 0.72 ± 0.18% and 2.96 ± 0.16% at 12 weeks post 

infection (p.i.), 6.95 ± 0.25% and 6.81 ± 0.11% at 24 weeks p.i, respectively (Fig. S1A 

and C). In contrast, those of the uninfected mice (age-matched to the 24 week-infected 

mice) were 0.27 ± 0.02% and 5.40 ± 0.20%, respectively. Parasite burden in both tissues 

also showed increase from 12 to 24 weeks p.i. Mean ± SD of LDU for the spleen were 

58.9 ± 37.0 at 12 weeks p.i. and 796 ± 159 at 24 weeks p.i., for the liver were 551 ± 282 

at 12 weeks p.i. and 2,291 ± 279 at 24 weeks p.i. (Fig. S1B and D). 

Microscopic observation of HE-stained spleen at 24 weeks-infected mice 

revealed pathological changes compared with that of the uninfected. The enlarged 

spleens from the infected mice were coupled with expansion of both red pulp and white 

pulp, whereas both red pulp and white pulp were structurally retained. The red pulp 

showed more significant expansion than white pulp, and was filled with increased 
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number of macrophages/histiocytes representing a characteristic of diffuse histiocytosis 

(data not shown). 

 In addition to hepatosplenomegaly, the 24 week-infected mice represented 

anemia with lower hematocrit, hemoglobin and red blood cell counts (38.7 ± 2.16%, 

13.9 ± 1.49 g/dl and 6.73 x 10
6
/μl, respectively) than the naive mice (45.2 ± 1.48%, 17.3 

± 0.83 g/dl and 8.53 x 10
6
/μl, respectively) (Fig. S1E to G). At the 12 weeks post 

infection, no significant decrease in the above hematological parameters was found (Fig. 

S1E). 

1. 3. 2. There were no signs of aplastic or iron deficiency anemia in L. 

donovani-infected mice± 

Those infected mice had higher levels of serum erythropoietin compared with 

the naïve mice (1,589 ± 712 pg/ml vs. 94.3 ± 100 pg/ml) (Fig. S2A) and higher 

frequency of polychromatic erythrocytes in peripheral blood than the naïve mice (4.70 ± 

1.76% vs. 1.39 ± 0.30%, respectively) (Fig. S2B and C).  

Next, bone marrows of 24 week-infected mice were examined if there are some 

histopathological disorders including aplastic bone marrow or fibrosis by microscopic 

observation. However, no significant histological change was seen in bone marrow after 

Ld infection (Fig. 3A and B). In order to see the association between anemia and iron 
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deficiency during experimental VL, mean corpuscular volume, serum Fe, unsaturated 

iron binding capacity (UIBC) and total iron binding capacity (TIBC) were examined. 

Those of 24 week-infected mice (57.9 ± 5.40 fl, 150.4 ± 17.3 μg/dl, 278.0 ± 27.4 μg/dl 

and 497.5 ± 38.7 μg/d, respectively) (Fig. 3C-F) were not lower than naïve mice (53.2 ± 

3.55 fl and 203.6 ± 16.4 μg/dl, 231.2 ± 23.1 μg/dl and 425.2 ± 27.5 μg/dl, respectively). 

To examine if malnutrition by infection affect anemia, serum total protein (TP) 

was measured. Serum TP was rather increased in infected mice compared to naïve mice 

(6.36 ± 0.59 g/dl vs 4.84 ± 0.17 g/dl) (Fig. 3G). This increased TP was resulted from 

serum globulin increase (Fig. 3H), while albumin in serum was not changed (Fig. 3I). 

1. 3.3. Serum indirect bilirubin in L. donovani-infected mice was increased. 

Biochemical examination showed that serum indirect bilirubin in L. 

donovani-infected mice was higher (0.11 ± 0.01 mg/dl) (Fig. 4A) than those of naïve 

mice (0.05 ± 0.01 mg/dl). In contrast, serum direct bilirubin in L. donovani-infected 

mice and naïve mice were comparable (0.00 ± 0.00 mg/dl vs. 0.00 ± 0.01 mg/dl) (Fig. 

4B). As a result, serum total bilirubin was higher in L. donovani-infected mice (0.11 ± 

0.02 mg/dl) than those of naïve mice (0.05 ± 0.01 mg/dl) (Fig. 4C). 

 

1. 3.3. The osmotic fragility of RBCs was not increased during L. donovani infection 
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Since up-regulated hemolysis was suspected in infected mice by the increased 

serum indirect bilirubin, the osmotic fragility test on RBCs was performed to examine 

whether the membrane fragility increased during L. donovani infection. In both infected 

and uninfected mice, as the concentration of NaCl decreased, the rate of hemolysis 

increased (Fig. S3A). There was no significant difference in concentration 

corresponding with 50% hemolysis between infected (0.48 ± 0.02%) and uninfected 

mice (0.45 ± 0.01%) (Fig. S3B).  

1. 3.4. No IgG was detected on RBCs from infected mice  

Direct anti-IgG agglutination test was performed to examine the presence of 

IgG molecules bound to RBCs and possibly lead to IgG-associated hemolysis. Neither 

infected nor uninfected mice showed positive results (Fig. S4, lower panels). The first 

several wells of positive control (RBCs binding with twice-fold serial dilutions of 

anti-RBC IgG) showed positive results. The smallest amount of IgG per RBC detectable 

in this assay was 5 ng (Fig. S4, upper panel), which corresponds with 800 molecules of 

IgG per RBC.  

1. 3. 5. Hemophagocytosis in 24 week-infected spleen 

 Next, the spleen of the 24 weeks-infected mice was examined for any other 

hemolytic event by microscopic observation of the HE-stained section. It was observed 
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that erythrocytes were internalized in phagosomal compartments of the splenic 

macrophages in red pulp (Fig. S5). At 24 weeks, hemophagocytes accounted for 28.6% 

of the total splenic macrophages in the infected mice. In contrast, such macrophages 

were not observed in the spleen of uninfected mice. The liver and bone marrow of the 

24 week-infected mice were also examined for the presence of hemophagocytes. 

Although amastigotes were detected in those tissues, there were less frequency of 

hemophagocytes in the bone marrow than the spleen and no detectable levels of 

hemophagocytes in the liver (Fig. S6). At 12 weeks post infection, hemophagocytes 

were seen less frequently; 9.41% of the total splenic macrophages. 

1. 3. 6. Heavy infection and giant cell phenotype as characteristics of hemophagocytes 

The infection status of hemophagocytes was evaluated to examine if 

Leishmania infection influences hemophagocytosis by macrophages. Histological 

analyses on the spleen from the 24 week-infected mice revealed that all of the 

hemophagocytes were infected with amastigotes although infected macrophages 

accounted for 50.2% in the total splenic macrophages (Fig. S7). Furthermore, 

hemophagocytosis was more prominent in heavily infected macrophages. When 

infection status was categorized based on the number of parasite for each macrophage 

as none (0 amastigote), low (1-10 amastigotes), moderate (11-20 amastigotes) and high 
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(more than 20 amastigotes), the percentages of splenic macrophages with low, moderate 

and high infection were comparable (16.0 ± 1.7%, 19.4 ± 2.4% and 14.7 ± 1.5%, 

respectively) (Fig. S7). In contrast, the majority of hemophagocytes were categorized in 

the high infection group (66.5 ± 6.2%), followed by moderate (26.2 ± 7.9%) and low 

(11.7 ± 3.7%) (Fig. S7).  

 Besides the heavy infection, multinucleated giant cell (MGC) phenotype was 

prominent in those hemophagocytes (Fig. S8A). The multinucleated macrophages 

accounted for 15.0 ± 6.2% of the total splenic macrophages (Fig. S8B). There were no 

such cells observed in the spleen of uninfected mice. Although a few multinucleated 

macrophages were found in the liver or bone marrow of the infected mice, the ratio in 

those tissues was lower than that in spleen. The multinuclear phenotype was more 

prominent in hemophagocytes; 60.4 ± 5.8% of hemophagocytes in the spleen of the 

infected mice were multinucleated (Fig. S8B).  

1. 3.7. Antileishmanial drug improved anemia and hemophagocytosis 

In order to examine if clearance of L. donovani can reverse hemophagocytosis 

and anemia during experimental VL, the infected mice were treated by L-AmB. After 

the completion of the treatment, parasite burden dramatically decreased; the mean LDU 

for the spleen and liver decreased by 95.3% and 99.2% from those of pretreated mice 
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(Fig. S9B and D). The spleen and liver become smaller than before the treatment; 

64.4% and 49.8% recovery, respectively (Fig. S9A and C), considering difference 

between values from infected and age-matched naïve mice as 100%. In addition, 

hematological parameters of the treated mice recovered. The recovery rates of 

hematocrit, hemoglobin and the number of RBC calculated were 98.5%, 56.0% and 

73.9%, respectively (Fig. S9E to G), while high frequency of polychromatic 

erythrocytes decrease by 82.5% (Fig. S9H). Furthermore, hemophagocytosis in the 

spleen become less frequently; from 26.3% to 12.0% (Fig. S9I). 

AmB-treated mice also showed recovered iron (Fig. 5A to C) and bilirubin 

status (Fig. 5D to F), while kidney disease marker (Uric acid, creatinine, blood urea 

nitrogen and glucose) were increased before treatment (Fig. 5G to J). 

1. 3. 8. 本項の内容は、学術雑誌論文として出版する計画があるため公表できな

い。3年以内に出版予定。 

1. 3. L. donovani 2S-infection caused anemia and hemophagocytosis in the spleen of 

BALB/cA mice 

L. donovani 2S-infected mice were examined for parasite burden, 

hematological parameter and pathology as performed with L. donovani D10-infected 

mice. The 2S-infected mice had similar extent of parasite burden in the spleen to the 
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D10-infected mice (the number of amastigote/1000 host nuclei: 510 ± 224) (Fig. 7C) 

and slightly less extent of splenomegaly; 2.96 ± 0.41% (Fig. 7A). On the contrary, 

parasite burden in the liver of the 2S-infected mice was low and the number of 

amastigotes per 1,000 host nuclei was 15 ± 10 (Fig. 7D). In those infected mice, 

hemophagocytosis and anemia occur (Fig. 7E to H) as with D10-infected mice.  
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1. 4. Discussion 

 

In the present chapter, the causes of anemia during VL were explored using a 

mouse VL model. Although bone marrow histology and iron status were examined for 

possibility of decreased erythropoiesis, there were no significant histopathological 

changes in bone marrow of infected mice including fibrosis or aplastic bone marrow 

(Fig. 3A and B). Serum iron level or MCV of infected mice were comparable to that of 

naïve mice (Fig. 3 C to F) suggesting that iron deficiency did not happen during the 

infection. In contrast, the factors indicating induced erythropoiesis including the number 

of polychromatic erythrocytes and erythropoietin in peripheral blood increased in the 

infected mice (Fig. S2A, B and C) indicating compensatory erythropoiesis was rather 

up-regulated in the infected mice showing anemic status. These results suggest 

hemolytic events occur during experimental VL. 

One of the causes leading to hemolysis is physical damage to RBCs. Therefore, 

RBCs from the infected mice were examined if they were damaged. Peripheral 

erythrocytes from the 24-week infected mice showed no apparent damage when 

examined by microscopy, and there was not apparent difference in osmotic fragility 

from the uninfected mice (Fig. S3). The other major cause of hemolysis is autoantibody 
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(22). There are some reports on emergence of anti-erythrocyte antibodies in human VL 

patients (8, 9). Therefore, direct agglutination test by using anti-IgG was performed to 

detect autoantibodies on erythrocytes. No agglutination was found when peripheral 

blood from the infected mice was examined (Fig. S4). Although the detection sensitivity 

of the presented assay was not high, a previous report described that 

autoimmune-associated hemolytic anemia patients showed positive results on direct 

agglutination test while few VL patients showed positive results and implied that the 

number of IgG on RBCs from VL was as not high as autoimmune hemolytic anemia 

patients (9). 

On the other hand, histopathological observation revealed that phagocytosis of 

RBCs by macrophages was up-regulated in the spleen of the infected mice. Because 

erythropoiesis was not dampened and other hemolytic events did not occur in the 

infected mice, hemophagocytosis in splenic macrophages was suspected to contribute to 

anemia the most in experimental VL. The finding of prominent hemophagocytosis by 

heavily infected macrophages also lowers the likelihood that damages/changes to 

erythrocytes contribute to this phenomenon, and rather suggests that hemophagocytosis 

in VL mainly resulted from hyper-activation of macrophages by L. donovani infection. 

Identification of MGCs as the major hemophagocytes (Fig. S8) also supports the idea 
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that abnormality in not erythrocytes but macrophages is an important factor for 

hemophagocytosis during VL.  

There are some reports on animal models for infection-associated 

hemophagocytosis by Salmonella (23), EB-virus (24) and Trypanosoma brucei (25). 

Different from Leishmania parasites, however, T. brucei presents extracellular 

parasitism in the mammalian hosts. Therefore, infection-associated macrophage 

activation for hemophagocytosis is not due to direct infection of those cells by T. brucei. 

In contrast, it was demonstrated that direct infection of amastigotes is an important 

factor to make macrophages hemophagocytic during Leishmania infection. This is 

supported by the finding that heavily infected macrophages were more phagocytic than 

those with no or low infection (Fig. S7). Pilonieta et al. have reported that in the case of 

Salmonella infection the bacteria can be found more precisely in hemophagocytes as 

seen in L. donovani infection (23). The authors speculated that Salmonella in 

hemophagocytes derive nutrient iron from commandeered erythrocytes. This 

speculation may be applied to Leishmania parasites because they do not have heme 

synthetic pathway (26). To ensure that parasitism is needed for generation of 

hemophagocytosis in VL, infected mice were treated with antileishmanial drug. In the 

parasite-cleared spleen, the frequency of hemophagocytes was reduced suggesting 
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parasitism is an important factor for generation of hemophagocytosis during VL.  

There are several types of MGCs including Langhans giant cell and foreign 

body giant cell. Cytokines and T cells play key roles in MGC development; IFN-γ is a 

key factor for development Langhans giant cells (27), whereas IL-4 and IL-13 seems 

important for foreign body giant cell (28, 29). Involvement of cytokines and 

lymphocytes for hemophagocytosis has been reported for various infectious diseases. 

IFN-γ and CD8
+
 T cells are central in hemophagocytosis during lymphocytic 

choriomeningitic virus infection (30). Also, IFN-γ-deficient mice failed to manifest 

hemophagocytosis during T. brucei infection (25). Both IFN-γ and IL-4 can cause 

anemia/hemophagocytosis through different pathways (31, 32). L. donovani-infected 

mice had increased splenic levels of both IFN-γ and IL-4 than naïve mice (Khatanbaatar, 

Ph. D. thesis, 2014, The Univ. of Tokyo). Therefore, L. donovani-infected macrophages 

seem to receive extra signals like cytokines to become hemophagocytic.  

Although anemia is accompanied with VL patients at high frequency, there 

have been few VL mouse model exhibiting anemia. One of the possible reasons is 

infection period; most of experimental infections with L. donovani are performed within 

8 weeks (33, 34). However as shown in Fig. S1 , anemia occur on VL infected mice at 

late stage of infection, and that finding is correspond with the character of VL; which is 
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chronic infection and take several months to present symptoms. Other possible reason is 

the strain of parasite used in the presented study. In this study, L. donovani D10 strain, 

which is different from such strains as LV9 and LV82 used in the other groups (11, 35), 

was used first as a causative agent for experimental VL. Although both LV9 and LV82 

strains cause chronic infection into the spleen, those parasites are cleared from the liver 

at late stage of infection unlike D10 keeping high infection in the liver even at 24 weeks 

after infection (36). To examine if hemophagocytosis/anemia are D10-specific or not, 

another strain of L. donovani, 2S were examined in addition to D10. L. donovani 2S 

caused sustained chronic infection in the spleen and transient infection in the liver (Fig. 

7), which resembles the infection kinetics of LV9 and LV82 rather than D10. However, 

the 2S-infected mice showed hemophagocytosis and anemia as seen in D10-infected 

mice (Fig. 7). This result supports that infected splenic macrophages are important for 

hemophagocytosis despite of infection duration in the liver, and also suggested that 

regardless of parasite strain, hemophagocytosis/anemia can be caused by with L. 

donovani infection. 

There are reports on hemophagocytosis in human VL patients (37-42). In those 

reports, hemophagocytes engulfing red blood cells were observed in the bone marrow of 

VL patients (37-42). Those hemophagocytes can be cleared after treatment with 
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antileishmanial drugs such as amphotericin B and sodium stibogluconate (37, 39-42). 

VL patients representing hemophagocytosis are often diagnosed as HPS since such the 

typical symptoms of VL as fever, splenomegaly and lymphadenopathy are also common 

in those of HPS (38-40). This misdiagnosis sometimes delays the treatment for VL (38, 

40). The fact that anemia and hemophagocytosis, the two clinical manifestations during 

human VL, can be achieved in a mouse model is encouraging to understand the 

immunopathological mechanisms. In this study, antileishmanial drug improved the both 

anemia and hemophagocytosis (Fig. S9). These results correspond with human VL case 

report (37, 39-42) . Moreover, from the results using the mouse VL model, the spleen is 

found to be a major site for hemophagocytosis rather than bone marrow during VL (Fig. 

S6). Based on this finding, the HE-stained spleen sections from VL patients obtained at 

necropsy (collected by Dr. Dos-Santos, Oswaldo Cruz Foundation, Salvador, Brazil) 

were observed for hemophagocytosis. As expected from the previous results using 

mouse model, hemophagocytes were found in the spleen of patients with severe VL. 

These results imply that hemophagocytosis occur more frequently than reported and 

could play an important role in anemia during VL. In the future, by exploring the 

correlation between the frequency of hemophagocytosis and hematological parameter 

such as hemoglobin will lead to elucidation of the pathogenesis of anemia during human 
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VL. 
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Chapter 2: 

 

Down-regulation of SIRP-α in hemophagocytes 

by Leishmania donovani infection. 

 

 

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。3年

以内に出版予定。  
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Chapter 3: 

 

Hemophagocytosis by Leishmania donovani-infected 

macrophages contributes to parasite survival. 

 

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。 

3年以内に出版予定。 
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General discussion 

 

During infection with pathogens, host immune responses are indispensable for 

protection against the pathogens, but often bring adverse effects called 

immunopathology. Some examples are described as follow. As is well known, 

symptoms in common cold or the septic shock, which is the fatal medical condition, is 

resulted from systemic response to infection (82). One of the inflammation-related 

protein, myeloid-related protein (MRP) 14 is known to contribute to this septic shock 

and MRP14-KO mice showed higher survival rate compared to WT mice in 

LPS-induced shock (104). Although MRP14 is important for activating TLR4 response 

to infection (105), by promoting accumulation of inflammatory cells in the liver and 

up-regulating pro-inflammatory molecules and NO, cause the hepatic injury to mice 

infected with Plasmodium berghei (106). Also in VL, strong humoral responses is 

activated to cope with parasites while increased B-cell and plasma cells become a cause 

of splenomegaly in infected mice with L. donovani (36). Understanding the mechanisms 

of pathological immune responses will contribute to case managements and better 

outcomes of not only infectious diseases but also other immunological disorders 
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including cancer, autoimmune diseases and allergy. This is one of the reasons why I 

have studied immunopathology of VL with the focus on anemia.  

Anemia often occurs in infectious diseases, whereas the mechanisms of 

infection-associated anemia may be variable depending on the diseases (15, 107-109). 

In VL, the mechanisms of anemia remained still elusive due to lack of appropriate 

animal models. I have developed for the first time a mouse model of VL exhibiting 

anemia as a part of my master thesis , which has led to the finding that 

hemophagocytosis in the spleen of is a possible cause of anemia during VL (14). 

However, detailed mechanisms of hemophagocytosis remained unclear. This was the 

motivation for my Ph.D. thesis to explore more detailed mechanisms of 

hemophagocytosis and its contribution to anemia during VL. 

In chapter 1, the possible causes for anemia were explored using experimental 

models of VL, and hemophagocytosis by splenic macrophages was suspected to 

contribute to anemia during VL. An essential condition for macrophages to become 

hemophagocytes in vivo seemed to be ‘being (heavily) infected with parasites’. In fact, 

treatment of the infected mice showing hemophagocytosis and anemia with an 

antileishmanial drug reversed both of the conditions (Fig. S9). In order to demonstrate 

the requirement more directly, in vitro models of hemophagocytosis were explored in 
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chapter 2. It was revealed also for the first time that infection with Leishmania parasites 

is sufficient for turning macrophages into hemophagocytes (Fig. S10). Importantly, the 

phagocytic activity of the infected macrophages was not non-specific up-regulation of 

phagocytosis, and was rather biased toward RBCs when compared with polystyrene 

beads (Fig. 8). These results suggest that parasite infection causes disruption of intact 

self-recognition of normal RBCs by macrophages. Then, what kind of molecules can be 

associated with such the untuned self-recognition? I have focused on SIRPα as a 

negative regulator of engulfment of self-cells. The molecule is a receptor for CD47 

which is identified as a marker of ‘self’ on RBCs (110), and ligation of CD47 and 

SIRPα gives ‘don’t-eat-me’ signals to macrophages resulting in inhibition of RBC 

engulfment by macrophages. It was a very intriguing finding that Leishmania infection 

led to down-regulation of SIRPα in macrophages (Fig. 9). To my knowledge, 

Leishmania is the first pathogen revealed to modify the expression of SIRPα in 

macrophages. This finding is very important because it serves as strong evidence that 

pathogens can cause collapse self-recognition in mammalian hosts. In many infectious 

diseases including infection with EB virus (111) and Streptococcus pyogenes (112), as a 

result of up-regulated production of cross-reactive antibodies to antigens of pathogens 

which is able to recognize the self-antigens, host cells or tissues could be damaged. 
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Similarly, by infection and subsequent inflammatory response, self-antigens could be 

modified and recognized as not self by host cells (113). 

Although these findings that Leishmania-induced hemophagocytosis are novel 

and intriguing, they bring another question; what is a reason for the parasites to change 

characters of the infected macrophages in that way? Hemophagocytes in experimental 

VL seemed to be hyper-activated as represented by their multinuclear phenotype (Fig. 

S8) but at the same time may serve as niche for Leishmania as characterized by heavy 

infection in hemophagocytes (Fig. S7). Is hemophagocytosis by infected macrophages 

beneficial or harmful to the parasites? To get an answer for this question, in chapter 3, 

the influence of existence of RBCs in macrophages on survival of Leishmania was 

explored. Results of in vitro experiments demonstrated that RBCs benefit parasite 

survival in macrophages (Fig. 12). In addition, one of the antioxidant molecules, Hmox1 

mRNA level was also higher in RBC-supplemented cells (Fig. 16), suggesting RBCs in 

infected hemophagocytes result in cell lysis followed by hemoglobin digestion and 

heme detoxication. Also in vivo, RBCs seemed to be degraded within hemophagocytes, 

at least to cell lysis and hemoglobin digestion as represented by Fig. 13. From these 

results, RBCs engulfed by infected macrophages were considered to be digested and 

change environment in macrophages to Leishmania-friendly. 
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Intracellular parasites deprived molecules (e.g. ATPs, amino acids, metal) from 

their host cells for their proliferation. Among these parasites, there is not so many 

species that not only take nutrients from their host cells but also change host cells to 

one’s liking. One of the rare examples is Plasmodium falciparum. In addition to 

providing nutrients, RBCs infected with P. falciparum is changed to stick to endothelial 

cells, by that alteration, infected cells could evade from transportation to the spleen and 

make rosette formation with recruited uninfected cells for further proliferation (114). 

This modification of host cells by P. falciparum is carried out through expression of 

parasites-derived proteins by infected RBCs. On the other hand, alteration of 

macrophages infected with Leishmania parasites is more unusual because parasites 

utilize the self-recognition system of hosts by manipulating expression of host’s own 

protein. In this respect, Leishmania are biologically unique pathogens. 

Together, through the presented study, it was suggested that hemophagocytosis 

in VL has influence on symptoms of the disease through direct mechanism (i.e., anemia) 

or through indirect mechanisms by offering Leishmania parasites an incubator for 

growth. Further studies on this topic may contribute to not only understanding of 

symptoms other than anemia during VL but also elucidation of hemophagocytosis due 

to other causes. Moreover, in the era that antileishmanial chemotherapy is the main 
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stream of treatment for VL, this study will offer the alternative choice for disease 

management by revealing molecular mechanisms of immunopathology for targets of 

symptom relief drugs.  
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Tables 

 

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。3年

以内に出版予定。 
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Figure legends 

 

Figure 1. Visceral leishmaniasis 

 

Figure 2. Anemia in human visceral leishmaniasis 

The frequency (A) and the severity (B) of anemia in VL patients are researched in 

literature on case reports. Mean (circle), median (square), or range (bar) of Hb levels in 

VL patients (square), treated VL patients (red), or controls (blue) are 

shown. Green symbols represent VL patients with confirmed HIV infection. Error bars 

represent SD 

 

Figure S1. Anemia caused by L. donovani infection 

Mice were infected with 1x10
7
 L. donovani promastigotes. After 12 and 24 weeks, the 

infected mice as well as age-matched naïve mice were sacrificed to examine organ 

weights and parasite burden of the spleen (A and B) and the liver (C and D), hematocrit 

(E), hemoglobin (F) and peripheral blood red blood cell counts (G). (F) and (G) 

represented results from 24 week-post infected mice and age-matched naive mice. The 

open circles or bars represent naïve mice and closed symbols or bars represent infected 
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mice. The mean and SD of at least 3 mice in each group are shown. These are 

representative of three independent experiments with similar results. P values by 

two-way ANOVA followed by Bonferroni’s multiple comparison test (for E) or unpaired 

t test (for F and G) are shown. ns, not significant.  

 

Figure S2. Up-regulated erythropoiesis in L. donovani-infected mice  

Serum erythropoietin levels (A) and ratio of polychromatic erythrocytes in peripheral 

blood (C) of 24 week-post infected mice and age-matched naïve mice are shown. The 

open bars represent naïve mice and closed bars represent infected mice. The mean and 

SD of at least 4 mice in each group are shown. These are representative of three 

independent experiments with similar results. P values by two-way ANOVA followed 

by unpaired t test (for A and C) are shown. ns, not significant. Figure S2B shows 

representative microscopic images of Giemsa-stained smears of peripheral blood from 

infected mice. Arrows indicate polychromatic erythrocytes. Scale bar, 20 μm.  

 

Figure 3. No signs of aplastic or iron deficiency anemia in L. donovani-infected mice  

Representative images of the bone marrow from naïve mice (A) and 24 week-infected 

mice (B) are shown. Scale bar, 20 μm. MCV in peripheral blood (C), Fe in serum (D), 
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UIBC (E), TIBC (F), TP (G), GLB (H) and ALB (I) in serum of mice are shown. The 

open bars represent naïve mice and closed bars represent infected mice. The mean and 

SD of at least 4 mice in each group are shown. Ns; not significant, *; P<0.05, ***; 

P<0.0005. 

 

Figure 4. Increased serum indirect bilirubin in L. donovani-infected mice 

Indirect bilirubin (A), direct bilirubin (B) and total bilirubin (C) in serum of mice are 

shown. The open bars represent naïve mice and closed bars represent infected mice. The 

mean and SD of at least 4 mice in each group are shown. Ns; not significant, ***; 

P<0.0005, ***; P<0.0001. 

 

Figure S3. Osmotic fragility of erythrocytes from L. donovani-infected mice 

Osmotic fragility profile of RBCs from naïve mice (open circles, n = 5) or infected mice 

(closed circles, n = 5). Mean and SD of % hemolysis for naïve mice or infected mice 

(A) and the concentration of NaCl corresponding with 50% hemolysis (B) are shown. 

This experiment was conducted once. 

 

Figure S4. Undetectable IgG binding on erythrocytes from L. donovani-infected mice 
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by direct agglutination test 

Individual wells shown in the lower panel correspond to individual mice in both groups 

(n = 5 for each group). As controls, blood from a naïve mouse was pretreated with 

indicated amounts of anti-mouse RBC antibody before probing with anti-mouse IgG 

antibody (upper panel). This experiment was repeated twice. 

 

Figure S5. Hemophagocytosis in the spleen of L. donovani-infected mice. 

(A, B) Low magnification images of HE-stained sections of the spleen from naïve (A) 

or L. donovani-infected mice (B). Hemophagocytes engulfing multiple erythrocytes 

(arrows) were found in the spleen of the infected mice, whereas such cells were not 

found in that of the naïve mice. (C) High magnification image of HE-stained section of 

the spleen from the infected mice. L. donovani amastigotes (arrowheads) were often 

found in hemophagocytes. Scale bars, 20 μm. 

 

Figure S6. Histology of the liver and bone marrow from L. donovani-infected mice 

Representative images of the liver (A) and bone marrow (B) of L. donovani-infected 

mice at 24 weeks post infection are shown. Arrows indicate macrophages harboring L. 

donovani amastigotes. Scale bar, 20 μm. 
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Figure S7. Heavy infection of hemophagocytes by Leishmania parasites. 

The number of amastigotes per macrophages/hemophagocytes in the spleen of L. 

donovani-infected mice was analyzed by microscopy of HE-stained tissue sections. 

Host cells were categorized based on the number of parasites per cell as none (0 

amastigote), low (1-10 amastigotes), moderate (11-20 amastigotes) and high (more than 

20 amastigotes). The graph shows percentages of cells with no, low, moderate and high 

infection in either total macrophages or hemophagocytes only. This is representative of 

two experiments with similar results. 

 

Figure S8. Multinuclear feature of hemophagocytes in the spleen of L. 

donovani-infected mice. 

(A) A representative image of MGCs engulfing erythrocytes observed in the spleen of L. 

donovani-infected mice. Scale bar, 20 μm. (B) Ratio of mononuclear and multinuclear 

cells in either total macrophages or hemophagocytes only. This is representative of two 

experiments with similar results. 

 

Figure S9. Improved anemia and hemophagocytosis by antileishmanial drug 
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Mice were infected with 1x10
7
 L. donovani promastigotes. After 24 weeks, the infected 

mice were administered with antileishmanial drug, L-AmB for 5 days and sacrificed 10 

days after the completement of treatment to examine organ weights and parasite burden 

of the spleen (A and B) and the liver (C and D), hematocrit (E), hemoglobin (F), 

peripheral blood red blood cell counts (G), ratio of polychromatic erythrocytes in 

peripheral blood (H) and percentage of hemophagocytes in total splenic macrophages 

(I). The open bars represent naïve mice, closed circles or bars represent infected mice 

and grey circles or bars represent L-AmB-treated mice (AmB). The mean and SD of 5 

mice in each group are shown. This experiment was conducted once. P values by 

one-way ANOVA followed by Tukey’s test (for A, C, E to I) or unpaired t test (for B and 

D) are shown. ns, not significant. 

 

Figure 5. Improved hemolytic status by antileishmanial drug 

Biochemical analysis of AmB-treated mice. Fe (A), UIBC (B), TIBC (C), indirect 

bilirubin (D), direct bilirubin (E), total bilirubin (F), UA (G), Cre (H), Bun (I) and Glu 

(J) in serum of mice are shown. The open bars represent naïve mice, closed circles or 

bars represent infected mice and grey circles or bars represent L-AmB-treated mice 

(AmB). The mean and SD of 5 mice in each group are shown. 



47 

Figure 6. 本項の内容は、学術雑誌論文として出版する計画があるため公表でき

ない。3年以内に出版予定。 

 

Figure 7. Anemia and hemophagocytosis caused by L. donovani 2S-infection  

Mice were infected with 1x10
7
 L. donovani D10 or 2S promastigotes. After 24 weeks, 

the infected mice as well as age-matched naïve mice were sacrificed to examine organ 

weights and parasite burden of the spleen (A and C) and the liver (B and D), hematocrit 

(F), hemoglobin (G) and peripheral blood red blood cell counts (H). (F) to (H) 

represented results from 24 week-post infected mice with L. donovani 2S and 

age-matched naive mice. The open or bars represent naïve mice and closed bars 

represent infected mice, gray bars represent 2S-infected mice. The mean and SD of at 

least 3 mice in each group are shown. These are representative of two independent 

experiments with similar results. P values by unpaired t test are shown. ns, not 

significant; *:P<0.05, **;P<0.01, ****;P<0.001. Figure 7E shows the representative 

picture of spleen from 2S-infected mice. Arrows indicate hemophagocytes. Bar; 20 um. 

 

Figure8-17.本項の内容は、学術雑誌論文として出版する計画があるため公表でき

ない。3年以内に出版予定。 
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●/■ VL patients 

● healthy control 

● after treatment 

● HIV-co-infected 

Frequency No. of patients Reference 

100% n=23 Marwaha, 1991, Trop Geogr Med 

100% n=94 Al-Jurayyan, 1995, Pediatr Radiol 

87% n=143 Cartwright, 1948, Blood 

Figure 2. Anemia in human visceral leishmaniasis 

(Goto et al., 2016, Parasitol Res) 
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Figure S1. Anemia caused by L. donovani infection 
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Figure S2. Up-regulated erythropoiesis in L. donovani-infected mice 

A 

B C 

S
e

r
u

m
 e

r
y

th
r
o

p
o

ie
ti

n
 (

p
g

/m
l)

n a iv e in fe c te d
0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0
P  <  0 .0 1

P
o

ly
c

h
r
o

m
a

ti
c

 e
r
y

th
r
o

c
y

te
 (

%
)

n a iv e in fe c te d
0

2

4

6

8

P  <  0 .0 1

95 



Figure 3. No signs of aplastic or iron deficiency anemia in 

L. donovani-infected mice  
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Figure 4. Increased serum indirect bilirubin in L. donovani-

infected mice  

I-B IL
m

g
/d

l

n a iv e in fe c te d

0 .0 0

0 .0 5

0 .1 0

0 .1 5 ****

d -B IL

m
g

/d
l

n a iv e in fe c te d

0 .0 0 0

0 .0 0 5

0 .0 1 0

0 .0 1 5 n s

t -B IL

m
g

/d
l

n a iv e in fe c te d

0 .0 0

0 .0 5

0 .1 0

0 .1 5 ***

C 

B A 

97 



Figure S3. Osmotic fragility of erythrocytes from L. donovani-

infected mice 
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Figure S4. Undetectable IgG binding on erythrocytes from L. 

donovani-infected mice by direct agglutination test 
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Figure S5. Hemophagocytosis in the spleen of L. donovani-

infected mice 
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Figure S6. Histology of the liver and bone marrow from L. 

donovani-infected mice 
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Figure S7. Heavy infection of hemophagocytes by Leishmania parasites. 
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Figure S8. Multinuclear feature of hemophagocytes in the spleen of 

L. donovani-infected  mice 
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Figure S9. Improved anemia and Hemophagocytosis by antileishmanial drug 
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Figure 5. Improved hemolytic status by antileishmanial drug 
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Figure 6.  
本項は学術雑誌論文として出版する計画があるため公表できない。 
3年以内に出版予定。 



Figure 7. Anemia and hemophagocytosis caused by L. donovani 2S-infection 
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Figure 8-17.  
本項は学術雑誌論文として出版する計画があるため公表できない。 
3年以内に出版予定。 
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